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1) BN
BEM DB HILNC DV THRER & BRAEROMREZIRATER LI 2 5,
TC =1170-Q° -727-Q% +151.Q +13.6 (2.1.3)

R?=0.92
BEbNT, 22T, TCIIEEHOEEMAG. QIXTRAMBI A/LERE (10 )
Thsb,
Lo T, BRAEFAMCIZQIZOWTHMY LT,

MC =3510-Q* —1454-Q +151 (2.1.4)
L n,
2 7I7vnm

7T VN DOEFIAINNTONTHER L BBRAEROBMREZIRATEL L L Z
N

TC =1440-Q° - 715-Q2 +130-Q + 9.46 (2.1.5)

R’=0.77
BEbNT, 22T, TCIIEEHOEENAGT. QIXTRAMBILALERE (10 )
Th b,
L7Z2> T, BRAEAMCIZQIZ oW TS LT,

MC = 4320-Q2 —1430-Q +130 (2.1.6)

L%,
@) d&TAVAL
T AV A OBHEIAFNNZ OWTHREE L BEAERORBARZIRATIER L L
NN
TC =28100-Q° —7790-Q? +727-Q + 4.14 (2.1.7)

R?=0.95
BEbNT, 22T, TCIIEEHOEENAGT. QIXTRAMBILALERE (10 )
Th b,
L7Z2> T, BRAEAMCIZQIZ oW TS LT,

MC =84300-Q? —15580-Q + 727 (2.1.8)

LB,
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(4) ROW (Rest of World) % o it 5

ROW (Z DO F) OEGLA LI DWW CTHRER & RIEAEEROBEKREZIRA T
LhLicE A,

TC = 25500- Q% —5300- Q2 +340-Q +10.7 (2.1.9)

R?=0.85
BELNT, 22T, TCIHREBOLE G, QIR A4AERE (1068 )
ThBb,
L7=Mo> T, BRAZEHMCIZQIZOWW T LT,

MC =76500-Q? —10600-Q + 340 (2.1.10)
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217 ALl E AR OHE

FFL I DWW T b [FEERIC, Stk 7 — & 28 U RFEApE & & e H o Btk
G B AR OHEE 23 iR & VT T o 72,

Mine Cost7 — % X— 2 CTH h s 5 R 2R OFGE L O —& 2 [X2.1.912 7~ 7, KT
MEMNZ AR L DOEER 2 & 0 | BRI TR E R MRV FL L2 & W &0 LD A pE & 4
BELEbLO LR > TWVD, AEFIITEATOHESREEAH®E (1,000 ) ZHALE L
TW5, DFV, LI K> THERT 2HAOHFMMITIIEIETH LN, AT —4
IHSEAEPERICMM Z 0T CRBENEE&RE CRIIN TS, BRIES -84 1%.
PLILN T 7 > b TRERE: - e S 721, 30%REE DB ILE T LA S5 -0l
BROLTRE (F®) IO D, @B SN &N TV D, Z OS5
ESREZIHT 2T RWET 2 0EN S LA, @ RBPT ISR &R OGS ALE S
D2 ENZNTED GRS BT ~EIL A R T 5 2O OB RN D, T ORI,
BEL, Wk, WO WO TR THRETLIETORMEE -, SHie A — B Y -
VOBEBMEZHEH LIZbDOR, ZZTOREETHL, AHHIZK > TCGETHIMAT S
BB AR ST T — X LT 5,

AHRIIZ OV TR O 1 E A 132,630US$/t (119US$/Ib) TH Y . I L 22,8008/t
DUV TE - ax boflemax MULOER®H 5 Z Lbind, BIEOHIE
F738,000$/tH T2 CHEB L TWDHZ L E2E X DL, 200%DFIZEHE L 72D | Hifli 2
B DI D DI E VI T STV D Z e R DD, B, AT —FX—X(TEL
HENTHWEETOIILDEFERAFNL222H M Th o, &BRAEEICHET 5
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ETIE, FEEZBRW A OHEEFE DA F 23201042 T1,47905 b o, &R T1,590 05
}\:/‘/Gé)/)f:o

© www.minecost.com
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X2.1.11 HHRSETOSHIEILFRRE ik

21,907 — Z ) 6 R EER TOHFIILEEE ORBEO L ZRY L, BHOK
WEEIISBIEIC 7 1y b LD XK2.1.10TH 5, HEiZFE U AEREOBRETH S,
CGEET /WICRAE R Z X T 72D, ETITRE AR EHE T XK/ F
ETHELZITo T, SRIEA OGS LRI, EXMEHTZ ., b7 4T 4V I RR
< MBANBSTI—7 2 LT oREHEM L LART 23R 2mM LIz, #HEED

TC =9.71-Q°* -152-Q% + 768-Q +1034 (2.1.11)
R?=0.90
DELNT, 2T, TCIBELEOLEH AR, QIXIRHEMIAEER (WEHE)

(1005 h>) TH D,
L7228 > T, BRAEFAMCIZQIZ W TS LT,

MC =29.1-Q2 —304-Q + 768 (2.1.12)

ED, 2R TEIND ZORAE MR EZAEEDO BEHIEICE LD X2.1.11
LB,

218 HIRZT L D E AR OHEE (SAd L)

WIZE CHERF 2 U Z L i T = ghilic > W T b+ 5, #ils Xk, AEED
RHAEEOZWIEIZ, M7 AVD, &7 A VD, T =27 - T7VT7, 77V,
g—u v /%« ROW (Rest of the World) T®H %, #EIZH W=7 — X & H:EHE % Hhilk
T EICIK2.1.12~[X2.1.161Z 7~ T,
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(1) Mm7AV D
T AU OS> CHRER - BRAEEROBBREISKX O LELE 25,
TC =77.9-Q%-648-Q°% +1593-Q + 980 (2.1.13)

R?=0.86
NELNT-, 22T, TClIBmEHOLEHAR. QEIREBEUIE AR (HEH &)
(1005 F>) THhDH,
Lo T, BRAEFAMCIZQIZ oW T LT,

MC = 234-Q? —1296-Q +1593 (2.1.14)
L%,
2 d&TAVA
AT AV B OMPNNZ DN THEER & REAEEREOMMBEZIRAATEMLZE 25,
TC =4148-Q°% —8762-Q? +6263-Q + 873 (2.1.15)

R?=0.86
NELNZ, 22T, TCIH#BEHRO2HE G, QIBEMSL A4 ER WHEaE)
(1005 h>) TH D,
L7 »o> T, RAEHAMCIZQIZ W T LT,

MC =12440-Q? —17520-Q + 6263 (2.1.16)

LB,
(B) FET=7 - TIT

T =T T T ORI ONTERER L REAEREOBBREIRATEL L
=LA,

TC =3590-Q3 —11047-Q? +11114-Q + 631 (2.1.17)

R?=0.96
NELNZ, 22T, TCIH#HBEHRO2HE G, QIBEMSIL A ER WHEaE)
(1005 F>) TH D,
L7 »o> T, RAZEHAMCIZQIZ W T LT,

MC =10770-Q? —22090-Q +11114 (2.1.18)

LD,
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@4 77V
770 B ORI OV THRER & REEEROBFREIRRTELLEZE 25,
TC =13554-Q° —17062- Q> +8756-Q +1092 (2.1.19)
R’=0.95
BELRTE, 22T, TCHBREROLB A, QARSI G /AER e A &)

(1005 b)) TH D,
L7z T, REEHMCIZQIZ W TS LT,

MC = 40660 - Q2 — 34120 - Q + 8756 (2.1.20)

L%,
(5) =F—wu vy ,X+ROW (Restof World) & Dt 5
I =1 v /8 ROW (£ OMLAEF) OHRGEIIIZ SV THEER & BRAER O %3
RATHBLIZE 25,
TC =670-Q° -619-Q? +1514-Q + 2081 (2.1.21)
R?=0.91
B"EbIZ, 22T, TCREBEROEEMART. QUIEAMBKILALER (HEAH &)

(1005 h>) TH D,
Lo T, RREHMCIZQIZ DWW TS LT,

MC =2010-Q? —1238-Q +1514 (2.1.22)
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X|2.1.16 F—u v,%« ROWTOSGE LEREE iR (HRIIHER)

219BEBEOAR (FBE LNV —F)

INETERZOVWTEREEDGF ZH - TS, LLLARBL, T—H &5 &
4 CGEET MU TIEAFR TR, HBE., =XV F—BOXFRLENTND
=, BETLOLEND D,

7 — ZBAFHTO PR TIE, #IEN S LITAERICK > T LD A RSN D
EFEZ TV, SRELA, SHLILE BIZHEBRICT =2 20+ 2 L HRETRONRICH
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PAREMNIIFTE Lo o, K2 LATIZIEZEMN ORI AL LI DWW T, #ERDAF
PIRWILII D AERELRE L T, BEESKRICHED D7 @E L XL F—F DL
70y FLEbLOTHDL, ZNUDLREEETLE, 1) HBERI LY —B%

IZEEI>TWD, 2) Z< OFLTHBEOLENGWVE TR LF—BHOHEL
785, 3) ENRFHWVIEILZRS EAEEIZISCTHIZW S L IEE T O FREERM
MDA LD, FLIZE, 1) . 2) oo b oo, 3) OEmITAE
b7z,

ZITIDI) ZRAETDHIDICEFERL, FHBELE IV —BHEZ2ADE-EH
DOFEEFRT (X2.1.18LX2.1.19) ., SEINOSFAHL (X2.1.18) 75X, HFEMN
ORI AEFER N D A VRN E R LTS Z L, 400005 b E TIH20% i1 THE
BL., TN EOAEEOIIINIFTI0ONREICETIKRT T ENnbnd, LoLeRn
5. FAFROKZ R OFLIIZ O THIWTH D £ X2.1.200 L 9 I2Z O H S
<720 10% 2 550% F THAEHBICEHDL ST, IKKAMLTWDLZ LERDNnD,
b2 TEITDHETHE400007 b ZBZDHHILIE0% E B 2 581172 < 720, Zh
ETHLRMOMEITIRA D7 o TETND

7 AV OG0 (1¥2.1.19) 25 i\éﬁi®&ﬁw%MT®&A%$
FREREND Y, EEEDHEINT DI LN - TL0% 0 H50% R E KL TL 5
ZEnbhote, AEENDRVIILTIHIED DE N KE WD EIXEIL AL & A
ThoHN, EEBORERIEILTOTHEE =RV X—OF HILENFE WD & B8
DB THDHENZ D,

U bEDpHraiEsr <, Ft s =3 X —FONFRITHM RN L LT, BN
ZHH T DICIEAIEILOEEIZBE L TEDX I R FEEZBEAL TV D E TR AIA
LVERNDDEEZ D, ARTIE, ffERIELE LT, Mk L icymBE s o xLXx
—BOHELFEE)TRD, TOUELZHREBELGIIIRLDLZ L THEHONREZ RN
THZ LT D, BIATIIZOWTHIRBI O @E L RV X —BDEEE LD
T=D)RF2.1.1, SFLIZONWTOHONRFE2.1.2L 75, 2 b8k aciddeT AV
T DG « TRV F—FHERPFHNZ L FMOZ R F—FHRPMME L SFL LT
THIERN S FEVFEE LR ENgholz, 2O XD RO RS Z2 T — X I A0
T2, HIRRHIRBNZ G T 72T — X ORI BPMLETHLES AL D,
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#2.1.1 #ER, BEHESECESDDIFEE L XNF—EHDLR

FWE | =x xR
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222 HERl, BEEBEESEKCEDIFEE L XNV FT—FEDLER (HFLL)

57 18 £ TRILXF—H
M7 AUh 27% 20%
72U H 29% 16%
T T =T - TVT 30% 14%
T7UH 29% 14%
3 —n v /% - ROW 29% 16%

2.1.10 #E&%

AHiTIX, CGEET LV TERKMNDOEEL KRBT H OO HERE L L CEILAHLIL &
SAPLIL D A2 IWEE - S Hr U, S AIEk o0 Sk 85 AR PE IR o0 BRT e b AR & it 57 S Ik
DOFNAEPERF DR E R A HEE L, 612, BANRE L THBR L= X LT —
BIZEBL, TROBEAPEILEEROBERICEDDIEEEE T LT,

WA ENT I DA EAEFEBICE > THBEILIZE 2 A, M, 77V, b7 A
U7, Ot (ROW) 12431025 Z EBREILATLILIC DWW TIERECTHDHZ &, F
8Lz >N, 7 AV, kT AV A, AT =T - TYT, 77U A, 9
—n N ZOMHR (ROW) ICHURGEIT 52 ENET LV ERETHDH Z &2 Fn
L7,

SHOBEE LT, BERA T — 2P REBOHZLThHoT2Z b, BREDT
— 2 EHBT, RO EITH)> 2 &, BEEDOHARIZONWTHEMNMRT —% O%HH
ERTC, EERBELOBBREHLNCT A ENESR TS, FEETOLEBEER
ODHBEENSHBOLERTDIEE2E2D L, 10FELET TOMERTHICAT O A
K, #HO LA ZTHT 52 bAETHD, 2720, itk EHORICITK
XRBEOVREHTZD, TORIZONWTOSHNEITTAILERD S,
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2.2 SRILE - SRSLABLRRTHIR O b T bR R AT

22.11F T ®IC
ﬁ%@ﬁﬁﬂ\W%MT%EéﬂtﬁﬁEk%ﬁﬁ®ﬁM@ﬁ%%%ﬁ% % HiIi
DO BIR B TR DO FH R ATRE 72 — X ¥ (Computable General Equilibrium : CGE) €7

JUZE AL fkﬁk%ﬁ@mﬁ% TR S VT AR HLR S fiE SR 1T - 2 B BRI

DOWTHLNZTHZ ETH D,

FEE LEOQER TERICHVEBIEMERBEENSHE L THLIR, AR %<
BERREREZTZEL TVWDLIHESA V R EE2E80 T V7 KEFEMIRIC SV T
HTCHD &L 1975470 520054 120 1F CTZ O EWN A B I E R & X450 By 7
S TW5D D zIT, FEARMIZ ﬁﬁA@%ﬁK%é(wwpmn)oit\797k$%
f@ﬂw)lﬁmzoosﬁm BEGIZOWTHTHD L, EREMEIIZE > TTHHE,
AV R, AV RRT T TlAMEFERNA0% LT TH D08, ZOMIF0% %2 TW\d
(Giljumetal. 2010) ., DFE VD, 7 ¥ 7 KEFEHIIC OV TV R IE, £ O TR iR %
BOERICEREOEBEYWEREENDH . TOEL BB O AR LITIEHE
BEAEWI-TIENTERVWI LT i,cé

ZDOX D RER BRI ERTEEIC L HEAMERLS IR D THIIZE
ERILMEROFIINAEL D Z & :ti,cb\ ubw EIRILMIIRARETRTH Y | iEJE\c“
BICHRLN D D1, £/, BEENESH -2 LTH, &BEMEIR O )
HEREWVIHEE SN TIE R D20, &BICERLTHMIE, —MIC, RiIELT
WILIIZNBHE D D TV, Ko T, SBREMAEELZHMIE T GE, BRIBICX
DERNBPPDHIILEBRE L T RTIE R DR, X512, SLLBIREENE
I BB IZRE YO < DI Tid e < EBRICHERN RS2 ETIKIE T4 L7 73 4%E
C 2,

INGRBIEMEROFEER MR EREZEZ 5 L. TFEMNMPEAITHEML T
LHHC, SN EIAICITB WA T S &S &V O B TTERIE I E IR O B HK
DAECDAREENRD LT HDLEZEZXOND, BBRIEMEROLEMGIL. BFH
BOEXFETHY, ROPEBRVWERZRTHD, £ C, AHiTIEL, KW T—¥ %2 AFL
KT VR LA FICEY B, S5A & S5 A Ak o b F I KB &3 5 B IR HlK
MFRRFICHEZDEB IO VWTONT S LT 5,

BREM & B Z BN, BEME, BERCILBICERA SN M TH LD, Zhb R
LT HLHMMRBEINIINETIZTH N ORI TV D, IEAK (2002, 2004)
TlX, BAREEZMSRE L TRANIE « 227 7 v FTHMEHE LD YA 7 V505
MEEHAREZER L, RRER CTHIBEAZERNT 2P TRAEEE VYA 7L
MToHr8RAT Ty T AT 28 LRAELZVIMRICH TR CEXEME TV

Loyl - 23 (2006) kDL, BRELAICE L CIT R A BRI ITA U D ATRRESME WV B
OO, G, fa, HIRR EIZOWTIIAE O ATREMEIT A E TE 20,

69



EHEL, X7 T v Tk THED G DB 72D I BRE~DZE L /i LT D
2, A OEEHEBET LV THEM SN D TARE —EDIREN b I AR ALER L §
20Ty FEANRITOHEHFT B L CEHESNTEEFICRoTLED 2, S8
DYVHFA T NCONWTHTET LV EZHEL CHEEEMET VEEE T2 L TIO
R Z [ERE L TWDONHEmR EOREMER> TS, 72, BREAIZOWTOHL
BRI PE L B R & H W T2 7 e — N L7 & iU E 3608 B £ 7 /L & L CldHinterberger and
Giljum (2003) 235, & HIZ, FEEHEMEETAZTLIZLT, BH., =X LF—,
G, TR EOFTETALEMEL, FETAEFEF IS e — L - 2T L L
L T, Meyer (2005) ®PANTA RHEIE 7 /L <°Meyer and Lutz (2007) {Z & 5 GINFORS
ETNARENRD D,

—J7. @il B (2009) IFHAREEZRNR LT L0 TH DN, CGEET /L& #
ANy ZHEFFET VOEFE S AT L2 Ay, WWHSM OAEPEIZI T 2EFIC L 58
PR D "L IR BN E~OEELZH LI LTV D, 7o, ik (2010)
X, T YT RREHISERT 020004 T VT EEREEE AR A A - PEO Z[E R R
L7 BT, S PICOWCHFE L BIF 2007 — 2 _X—2%Ef L7z, £L T,
ZOT—HICHES HR ZERICGEET VAMHE L, PEREIEKR TV A E2HEL
7o ECHYPRE., BRMES. S0 ZBLRBHEHEIC O W THHr 217> T
Do

EROf 2 kG & T D L MMREE T A E AW oHICBET 2 8T, Bl X9
W20 HDb0D, SO EHMNN ZBILRFHRHEOBE THL HONREL,
THEKML (2002, 2004) 1%, R LRFBHEHEO AL TIE R, BFEEKEZHFRLE LTV
LIS, BEAT Ty Tk DEELSHT TH Y . SLEIR T H 2 BRI A iSO LB EJE
STV,

Fo. ERROEAITHIEDNSFMEZ R E LI D THo72DITxF L, B (2002) 1%,
W ERE R E Lic 7 a— i —RGHE T V2 BR5 L, 8850 O A K
BT 209 EfT-o T3,

BEICR~To K5 Ic, A% EILA - SRgATREITE M L, AEEN T 512168k
Paf - SILAMAE S ER T2 2 ENRRFFGICTREIND, i, mifi2.11c 80 TEREE
- SRPL AR LR E R AR 3R B Tl b K< P SN2 b b6 TH S,
Lo U, IS&E7e i B 03 & 2 BBl <08 0 4 PE 1 W B 722 BR8A 38 X OMREE A 2 BRI
WS TERB OB HEZ D 2SN T RVWONRBIRTH D, ko T, AIFZEIX4 )Rk

OB A SNSRI G ST LT AR A B - A - AR (2000) X, EXHEBEARICEREEEZE T
BEEHRY X —%2MN4T 52 L THEELLET -4 2HAVWTHARKFDOCGEET T VERF L T
YL EI RO EEZ ST L TN D,
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th -0.255 | -1.701 | -2.773 | -3.774
i [E 0.107 | 0.886 | 1.508 | 2.264
ASEAN 0.100 | 1.000 | 2.170 | 3.814
P -0.066 | -0.383 | -0.599 | -0.175
P eS| 0.155 | 1.129 | 2.045| 0.328
Z Dt dbk | -0.136 | -1.202 | -2.751 | -3.886
el 0.032 | 0.289 | 0.509 | 0.997
7TV -0.107 | -1.262 | -3.382 | -5.168
Z DOk | -0.065 | -0.398 | -0.879 | -0.850
%M -0.253 | -1.643 | -2.775 | -4.146
T7UH 0.000 | 0.205 | 0.694 | 1.946
Z DS | -0.040 | -0.476 | -1.495 | -2.491
5 G -0.019 | -0.123 | -0.255 | -0.473

R 2R COMMAEFEDOHER T, X2.24080 THDH, SEIEELR UL, FHOAEE
B & & BT ULEET 5, Lo L, #8caEH g Edosa v 71k b, 2012
EE TIEAEEIZRBL T2 00, 2013 LIEIT O TN TIEH 2 B8 INICEE L 5,

F2.2.41%, [H - HIEHIOEAEEDERES TV A NS DERERT-LDTH S, +
TSR AEPEE - M3k TH HASEAN, £ DAL, Z Ol K TEHA FE O N
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K&V, HREETOFAEELEICI T 25 E - ko84 E 2L O % 53 % T H
%L, 2013 LA O SRAEFERI N 1T, SAAPE DB K XV KE, BN, B ARSI Z
T, 77V REEICBWTAEERENM LI ERRESEBRLTWD Z Enbd,
T OBRIZT, ARSI A O PE AR 20T NI AEE N B Lo lo 2 &
ERU (BEA EA T T v 7 ORER K OHEGE A PE H A ICBE 32 100% L F DR 2
AN—F) ThdEEZLND, 1277, HOLEIE., FRICEINICR S EEREZH DK
E COGLAMIE~DY a v I N RKRENDSTLZENIA T T v T ~DNREEZ R AL
LizZEMREVWEEZILND,

335
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2004

2008

2012

2016

2020

224 [H - HIKBIHEEDZERES TV FDLOEMLEK (%)

X224 GAEE (HFF. 10 L)

2005 | 2010 | 2015 2020
EES 0.295 | 2.976 | 7.151 | 14.158
o [E] -0.741 | -5.704 | -8.028 | -4.765
it [ ] 0.459 | 4.522 | 9.557 | 13.041
ASEAN -0.812 | -8.386 | -20.857 | -35.198
P2 0.096 | 0.910 | 1.486 | 3.487
¥ [ 0.506 | 4.529 | 10.273 | 15.318
Z ok | -0.846 | -8.041 | -18.772 | -32.185
RN 0.293 | 2.678 | 5.326| 7.251
75V 0.215 | 1.627 | 1.889 | -0.521
ZDOMEgk | -0.752 | -7.667 | -21.756 | -41.763
M -1.133 | -6.258 | -4.589 | 0.681
77Uk 0.717 | 7.298 | 16.797 | 30.301
Z Ot | 0.093 | 0.409 | -1.417 | -5.421
1 R -0.017 | -0.058 | 0.174 | 0.575
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() FEREKH - AFERMHOLEE

BREM 8 & T E I 5 PEEERM b SRIL A - SREL A O FE AR 22 b &l U 7o 8k L R o
HEFEBROEICDEBELZTHEEZOND, FERSML D VRO FEETMTH D
SR, HEE, ZoMilgsmsas, M - R, ERoFmMIck T AR To
HFEDEAITFR22501E) Thd, ZOMKRNOH OGN K ST, FERERHM - 875
FWEEHM 2 TICB W TAENED LTS, LarL, BAOREIX, EEIZEL->THE
R0, ARG, BEIE, B - RIEICBOTEVEL R RE W EHARAALND, &
D ZODEEMM L duE, BEROAERD I N2V BRBTH D, SRS, H
BhEL, 2 Ol gas . MR - B IR, BREM - SREFIC B M b oA D L <X
I BADO EEE - SAFEMMOEEY 2 TRIBEAL LTHER L TWDEIE R E
W 7, BRI T, S b FERA L LTER SIS b OO, SEH - il X
VIR LE L VERT S 2 & ZomBEERM O AEEALENEBR ML, B
BhE M- R L VSO R P RAREOEN R EREELTVWEILDEEZI LN,

#£225 FTEGHM - FAEEWMAOAEEDERET TV AL LOERER (HREH. %)

2005 | 2010 | 2015 | 2020
4 I B -0.008 | -0.056 | -0.114 | -0.213
B &) -0.018 | -0.124 | -0.260 | -0.523
Z O EE RS | -0.011 | -0.064 | -0.107 | -0.129
Kihk - 22 -0.013 | -0.093 | -0.225 | -0.487
e -0.002 | -0.011 | -0.022 | -0.038

(6) GDP

X12.2.51%, ARG CTCOGDPOHEZ /R L TW\WD, £3, W)+ U A F CHHRGDPIX
BN U 5, £z, SkELA 7 O BT A Offitk EF D> a v 7iC ;D\Eﬁﬁﬁ
T LR CGDPRERE L F U A D35 2 LN PRI NZN, TOTHEEY IZED L
2o L22L, KM225TZ 7 7MZIE KL TWDZ ENLMLR L DT, Sk
ERYa v 71X 2R EEOGDPHIZE TH/hE L, gﬁ%ﬁ%ﬁ%%ﬂbf%
FEAEE{L TR, £2.2.60%, [FH - HUIKBH TOGDPOIEHRE T F U A6 DAL
KTHDHN, BHRENZ LICHAROGDPIZE TN L7z, F72, #EH 20104 £ Tk
AT E A ER L, 201ME L VA Ligo T, B L7c & idvw i, #E O GDPE/D
FITHARLAOE - Ml & b ~uiX, L Th/hEn, AREEEICHET L2001, &
ﬁ%@ﬁ?%b\ﬁ%ﬁ%%%ﬁ%ﬁ&hf%ﬂﬁ%ﬁb\EWTi%K%;EEL
TWARWEWI HETh D, RIFFRICEWTIE, S8A 72 5 ONTEgE A O A PEE - #il
CBWT, TRooEHMiks ER S5 a3 v 7 25 27, SELAC88L5 0 04
ETIlE, 202008 MMNEEREELRoTWDL I ERE W, DF 0 FEHME
ERYay 7k, FEEXOEENBDT L2 L FEEAEERORFICE XD
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BHBPREL R SIA LA ZEH L2V AKRKLEGEEASDOREN I Z > T
MCThHoTobDEEZEZIDBND,

e BELFUS A

54
e IR U /
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40

2004 2008 2012 2016 2020

X|2.2.5 GDP (H#tF3. 13k Fv)

226 GDPOEXHELF U FHDE{R (%)
2005 | 2010 | 2015 | 2020

H A 0.000 | 0.004 | 0.008 | 0.016
i -0.067 | -0.287 | -0.455 | -0.626
[ 0.000 | 0.000 | -0.005 | -0.006
ASEAN -0.016 | -0.082 | -0.131 | -0.176
PV -0.031 | -0.147 | -0.239 | -0.348
K -0.004 | -0.027 | -0.056 | -0.101
Z ok | -0.022 | -0.121 | -0.217 | -0.313
KM -0.008 | -0.041 | -0.069 | -0.101

7TV -0.007 | -0.045 | -0.083 | -0.123
Z Dk | -0.035 | -0.201 | -0.333 | -0.438
ZM -0.044 | -0.183 | -0.222 | -0.286
77U -0.026 | -0.155 | -0.250 | -0.333
Z O iR | -0.011 | -0.075 | -0.143 | -0.210
L3 -0.011 | -0.060 | -0.106 | -0.159

2.2.4 fEim

AEI T, ATEI2.LCHERE L 72 8REEA - SSE A 85 1L BRI R 5 2 il R & 22 ek ok vk
B RICGEE T /WA L, 8IEA - Sl A E N EA O a v 7 BN E 2 5%
IR AN LTz, ZORER, HIRICK > T, MEBOHHCKRE SIZEVWVAHD LD
O, HREETHRIE, SEOARE, GDP, EE/REKEN - ST ZE P o A I EE
FUAEDEEOTHZENHLENE T2, —FH, SOAEIZOWTIE, HTTIX
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HOBEM U=, LT, 885A - SRS A OENME EF v 3 v 713, EEELFET
EHMOMRAAEFESEMHADOCGDPEEREL F Y A LWL TR T SE 5,

RS O EERFHE O 1 G8MY B G20~FAT L, H1[E A3 GDP O B T Fi 27 |12
D572 8 BER FENGHELRERERZZT 5050 REHBESIEKLTWVD
T, BREBBIZHEIE—FIVE—varbERELTEY, 88 - SHOFTE T & KYE
THBE LW EZEZ NS, —F., 88l - A2 FET HEREIL, LEERIZBIT 5 E
HHEXTHLHY, sl S AEETHEM - iXFEIND, BILA - SILA 1T, 8k
%EFE%EF ERIPERWVIEMEITH | SR K& ORI TR ZL 0 8 RITERIL A - $AFE

WEOWRKEZERT 5, ZOBKIA - SILAFTEOERIENEDAEFEL NS
fw<&21@fm%%§%@ﬁ#T?;9 LEOBEMWITh 0B A ITRD L <ER
I D3WBEBITIH > TEA LT, RIFEIZBITLHMENRLTND LD IT,
20204EFF A2 i26£%$zz5iﬁﬁaz» ZERSE A O PEHIAS BRI TH B, Hia OPEH
ks BRI TAEFEORVENRRE SN TWZDIE, EIZAZ T v 7 L OREBER
EBRERH L TCWA 70 Th D, SELA 7 5 ONTERIEA ISR L 7= 88 - 804 PE 1T Rife
AREEIIBAONT, AT v T EIEH LY YA 7 v ERiRE LIAEENRATRKT
HHLEWR D,

AWFFEIX, ERELA & SASE A O pE AN EA N5 2 5 HRBEECOREIZHONTHL
#be%tﬂ\um%?w#%mﬁ%%@gf CESWTHEMOEI L A NH S

MNZIND DD, Z DTN - MEAIZEBTENE I NEHLNZTHZ

EIXTERY, ZOREDTHITIELENZRmME - FEICESSETV VI PRHLE
Lo T b, CGEET N EZHWIESHI CTHLIAHM THLNZIT DI ERTERND
DFIZHONTIE, kER23ICBNWTC~T VT A 70— A~y 75O FiEZRH W, 8
o - SR A OIS HIRICBI T 2 XV EEM AR T 24T O,

AEHAWZET VT, SRR DWW THRF TR EEF LR CEREIN RS2
LD O T HBES A TIT WV, EREA AR DO BT TR & EIF TR TITE R -
TLAHLEEZBN, ZOHEIFTYIal—Ya UREAPELATHAERE YRRV
DD DL, WEEM TOSHMO TRNEEROT — X LHD5b DD, RFETT L TIX
TAERIEREH A ERE DO T — B L 72D, BARDR LMD ﬁ@ﬁ%ﬁﬁﬁfiﬁﬁ
DHTREBNT =2 NS DHHLOO, TOMDOE « Ik L7225 & X BT —X DO ANFNEH

Lo TLEI, GBRIEVWERZXILLETHRIFEET LOWICBNTIE, 4% ED
FREE TN BT =2 RNBoNIDPNZEORREOEEZED EEZEXOND,
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23 MBETAICEAZAT Y TANT V XAOKEE
2.3.1 Ao HK

AE T, Aifi2.2 TR LUEZCGEET M E HWIE o ROBKRIEEZITH>, ZHETH
RSN TEREL I, TRTCEEEHM TR E, 4T LL TEMICEMRT &1
SRABRWAEERBICESSCCEET VDM RIZIFE LTHEDONT A E R, £
T, INEZET H720IZ, CGEET DB LN HRICFEHEALZ 00T 5 L 9 eI
TO, fliG~T IV T A 70 —=FHOEODETNEY AT AEAFT I RAZL-T
WESTL22LT, 7 —EWBEOB LR ELR> TRV ERIET D 2 & BNARMED
HHICTH D, ZZCREE I, BERMICIZAZ 7y FTHBONRT U Z2DBETH 5,

CGEET VO THNAEMIZAY T v I EOFREE TEITH Z LIFIHEFITEL
Wy Bl ZIXETEI2. 2T L72CGEE T /UVIZEHEX— A Th 28, #if A4 pE & & i A4
FERIHIEWRHEAETHD, ETNEZZTCARRTDEMENIAZ 7 v 72k -
THDONERETHIN, THLTHLZDRT T v TR RERENE I RN D
RV, ZHUTRZ Ty FICET AERAN BT 2 T bR, b LKnE L
ENDAT Ty TEMBAREEZBZ 20 THNIE, Zo#KEmIZILAVWES
Z&9,

VAT LEAF I A (LLFSD) . 19504ERICMITOMIZE 7 v — 72 & - TR
SNTZFETHY, n—~27 771285 TFEDORR] (Meadows etal. 1972) (ZF W
THWbBREZETHOND, TORMIIET VOMBEORTLEZ ATRICT H Y —1
WZdH D, AElOET AL TIEStella 9 & 3557 #JIZ Microsoft Excel = TVBA (Visual Basic
for Applications) (2 X270/ T LAEiTo7z, TETVOMMREREZMHEICKEL, <
NZEN O ERF OR KGR, LERYME, ~"TA—2FEEZANNTHZ LT
Ralb—varEITo,
232BWENPDLBEILSONTOTIT AT R — « X kv I 5T

BREICB TS~ T VT A7 =558 (LLFMFA) | ~7 V7V A~y 7 5580 (LA
TMSA) a3 2=7 4 —([FXIHEFITHEATH D0, S EHCEET 5 Z O S 13 g
B, FRICERIC X 2 ERBEE RO BSEGICITh C& 2 &8, 25 L7k
RaBWORELED TCELLEEXOND, 2, ERICELDZMFAIMSAIZEBWT, H
WP B AE I T ORI & 4 2 SRS S & (In-Use Stock) (25 H LZ OHEGH 21T
STET & (B 238 B AKX 2010) 1 XFFEICET 5,

Fio. BSOS 7 v —Z 8IS EICE L TOMT 288121, MR OB RITE L
LT BR0, EEOREETLHNZ LI, ZTOEELZITET D Z LITHEF
WZEEL W, il T, ZoRicHEcs RIERBARLOMOSRA Y T v T TTAF Y
JETHLNREENTNDL I LITFERETHD, WEE~ATTIE, KETERLTND
ET VO, B ZITE-wasteZg ERMEL E L TIRAL TWAEEZTRET L Lo 2k
HEARRIZT H Z & A RIS, REICRN T 2SDET MIIHEI N TV D,
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TOMDER A I BB BIZONT, D72 & %R L~V TOMFAIMSAITE
TW5, $koHE BT, 8, $h. i, TALI=TALEEo7m 0 bW D IEH— 2 2
B AZHDWTIEET VFEN AR 2R ILIC H 5 13,

Z O BREHI BE T 2 B AT O SCHRIZIEF 12 2\, TRAEIZBI T 2 MFAIZ DWW
THEPEHOEFIZLED2LONEFICHWVEZEY, T b Tcd D, T,
R P DN 21T > 72 3CHk & LTk, Wang et al. (2007) & EiF5 Z &Enisks, =
OLERITM R P ogkdo~7 ) 7 v e —&2 gL, FEHA, #iskh], & L TR e
EWVWIBODEL LA — L T~T VT A7 —% < ZLITRBHLTWDS, &
L, MFAD 22 X o2 =7 ¢ — TIIFEFITH 4 72 Yale K7 O Graedel % 2\ 5 STAF
Project& MEIZN AT 0y =7 FOEM TH L, ZDOT NV —TIFHEFICELL 04
BMFAICET % Tk A BE L T\ 5, ZOCHERC LT, 20004E o 744K T o 8k
O~=T VTN 7a—L, #MMRENTESSS M (HERERY T v 71T TR
FIHESND LEZEBET D) | ZOWN2E67005 > DJFEN A7 Z v 7 Thlibiviz
LtancTtnsg,

RZNV—=T0nHE0H 9 —>OEEZREFEIL. Muller et al. (2006) TH 5, Z i,
XD ORMMNDEICA Ny 7 GO EHOBBREOEFRERICEH L, Oair-o
TW5, BERIITHE D INESNT-T — X IT1900EN BT D, FRELN 5 Z OCHRD
KBIIFELTT AV IOHRTHLN, BB otre LTIE, oL RIRETED
FREOA Ny 7 WEETDIONEEEL TV D 2 ENIEFICHREY, flziE, 2o
LHRCTHEH S 1T, 2004F X 5T, KENTHEHAFTORBICE ENL80X, HIFIZH D |
HEFERRRTHLIMBEL DV L RENVEL TS, 72, ®HEoFEMIKZTHDELD
DR SN2 NA My 74 (MFAO 2 X 2 =7 ¢ — Tl LI LIiXObsolete Stock (7R )
R LIESR) FEFICREL HUREICH L TS0% U EOREETHDE LTH, &HIC
HONTHOFIZENRVOERHDLZ LR EEHEHLTWS,

Ho b b EENOHIREVD L, RAEE L HEREREZ H b KENDED IR A
kv 7 BIT19004ERICEB W T LT TWAH EWI L Thb, T, MBI HEE
fAEEAL, FEHENTHAEEL, T, HE. AR EZIToTHLH T, A
FTUAL L TIEHBABIRIC/R> TWEZ L&Y, ETCOMHAFARELAEITE S
2O, KEIXEOSHERZHE LGS TWD Z LD,

BRICBET 2~T U 77 a—r a8V T, RIS E O SHTITER L Cid s oM
BEBNTIERORWNWZ EIFMEFEEOREFEICEBVWTHRRTZ LBV THDH, LML
RL, TOEENHE LW ELELFETHDL, MEEOREETCLEMR L, ¥
Ga— R EOMETH LN, KR2I3UHELDO—2>DOMBETH LA 7 T v i b N
BA T Ty TOENENDRFNC LD FERMEEHE T T 7 TR Lz, 2% F CICHIMi
EHEOHFMESHEREZTTNUMR TR LTSS, KO10FE0T —F05b005 X H I

13 il 2 (¥Hatayama et al. (2009)% 2 &M S /-, F7=MFA/MSAIZBE T 5 L E = — X ERE - A
(2009). #f_L - #&74< (2010). Gerst and Graedel (2008)5 |2 LWV O TER I N=WY,
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Z28R20004E DIBRHP NS LT DENEL o TLE-TWVD, 20084FE A L TlEmA MO
RN L) EMMEL THHEBZONTE N, THIC K0 FICERERTH L
X725 TWn5b, £, HMESCHEHEBROHBE LA THL ZOMBEE ORICHBEIIXR
ST, HMICHFIOMED FENREDL o EBEXDHZ L LNTER,

5,000 G

4,500

4,000

3,500

3,000

2,500

2,000

1,500

1,000 A

500 A

(e -0
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
 Cu Scrap Export from JP to CN [1,000 tons] s Cu Serap Import of €N from IP {by Chinese Stat.)
 Export of low-grade Steel scraps from JPto CN [1,000 tons] | port of low-grade steel scraps of CN from JP (by Chinese Stat.)
| I E Elactric Copper Price[1995=1] sl Consumption for Electric Copper[1995=1]

X231 HHOEEHKHIIBITIZIRI T v 7HEIEDOKS

233VATAEZATFTITRAETNMIIONT

EFNICBITAEMOBEDO~T U 770 —%X2.3.212RT, XS IZHOWNT
IF3E L UL, SR 7 m— L\ H 2 L 2RISR LTV D,
PEFEDFEIZ OV TIX CGE & — R |2, SRE/ERH 4 o FEFTFEIF IO T, K
WCRLIEE DTS EM~ENTE DL HICEZLNTWDS, Lo T, Z ISR
F9. SkER/SAH A, T LCiliA s 7 v 7BEMM 2N 272 11 MM ERD & BT
x5,
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K233 KBV AT LA AF I AV 7 by =TStellabicinhnizE7 Lo
T, K232IZFBA SN BERIZ S OB TV AHETICOVTRT, K&22o0
TP TWDEN, EoT ey 7 BEMEMHEE T v v 7 Th b, Ml b RRE
R, BRE-HEESRE I A, EMAE0SBND AT 7y TG LA
USRS AN TN D, 29 LTAEESNTHMIZ., TOBREDOENLA~E FES
P CHEEIN, AESREMITEEAZR AW THEE IS, HLEZRIM
MAERERIMIZ, A7 7y 7L TBEnN2 22, ZE Eory 7 0fh
~ERYSGMAEE~EDIL TN D,

BT VITEARMICCGEET A DHE LN LT — X I12xf L T HEAL A 5 %
HZETROLNDLDIZOWVWTIIFHE LTV D, Bl 21E, BEHERG I > W T,
FRILAEFEIZ DWW T S MIC, CGEE T /W RBIT 285 ILERF O kK 2R &2 W1 HIEIZ ' U
HZETRETDIEIICR-TEY, TN EOBEFE I TORW, 72720, W20
DOEFKIND D, £, SBFEE L LTIEAZ Ty FRIEFICRESRMLEZ EDTND
WzEs, A7 7y 7LD THA R WIEAEOBRILLUNET D L 5 R EI
o TWb, T, $XRTOFEEL AT T v 7 FEHREOHM TGS 2 2 L 135
LWZEnn, fliSmMic, &KIETH HBEI QNS Z OB E 0TI >V T,
FAHRKPDLOMAETHZEND XIICRENRINT NS, TORIZHOWVTIELDY
MR BRANBEL RS, 7277, WTRICE X z2iE-ERnEaiconTidd s
FEOMAENEL TNDHEBXLRETHY, A7 T v T EmmERMM 2 4ET D
TEODOEMEFNMLETHDEEZ S, £, MILERAERICOWTIZAEICBT A Z
D2 OFEEZMH - L LTS BICREDHVITENEE TS L2112k D, o
FD IO OEIFHEMOICNES R AT T v TEEERO,

225y FIZEALTIRENEELZELE LSS, RESICOWTIZEE TS~ &
THEOIBRMWMEELE L ThD, FICENBERAY T v 7 TRERFEENHZ SN2 WE
ACIEEBETESEN O A7 7y TE@AT DL LD, A7 Ty 7RART, ENEK
HTBEIIH L THFMEG 2D ETHBIND, MSADET LG TE ZIXLM
(Lifespan Model) #H W TW5, (ALAEIOET MIFRITEBO LD TH H72DIC,
R R Fm o mITEZ DTy, Fo, FIEMEE L TR Ny 7 OO EREDR 2
FUZR DD, ZHICHOW TSN RHEF 2TV E 220 HR E LT,

ASENIEBEHSEE I O W T TWin, Ko T, BHDNT R & Mxt T
S ZLIFAMLEZ, ZhIEBELLCCETT AN I REEETHILN, MG E
ERETu v AZED L L THEZITO ZEIFWETHDL, LOLEHAEZDO L
DIFHEPNTND, TATHATINDAT T v TUNOKEREIZB VT, ENHERE
LMD REZCCGETT A NHEDH Z & T, WMl ELZ IR LEETHE~E HFL T
W5, £ BAEICOWTIE, HREEBICOWTITENY O K KREE L AN O &K
MTEBEOWENOFHEAINL TS, FECHMIZOW TR RS Z AL X > THI D
IIrlicitE s T3,

Flo, VIab—va VIR0 THL I EEBE X, BEEBLAICHZ O
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EIELTVARY, ZREVHE TS 0N EEEN S THD 2 L a2E 2 IEMS
LR, 2L 22K ETVEMET LI L bAETH L, MOTT Vb4
FARRICHE ATV D,

ZOXIIT, CGEETAMNLHE LN F U AT, £& LTEAREXD Ty
BEHEMTHE L, SIS T 25N, TRbbiiaLERE 27 7 v 7 HGED
NG U AERETIVNLNENICHETHZET, T VT ANRTUAREBNLL 72
WrERERT D2 L S DICREFE T THEM S 2 IR0 AT 72 D O AR 72 Feffl 72
EHETLZEN IOV IaL—varETAMEOHNTH 5,

234 Iab—va UREBROWKREE

Aald CGE T /N CITEHE T TV A4, fiGhHHs T U 4L —on v+ U 4z
HEAONWEFHREAZHE B L WD, TNENOSEA ., HEAES AKX 2.3.4 12777,

1,000

WAFR HASA HAUS HBRA mCHN HEU HIND HAFR WASA BAUS WBRA WCHN WEU ®IND

HJPN ®mKOR mMROW mUSA mXNA = XSA ®mJPN mKOR HMROW mUSA mXNA = XSA

1,600 1,600

1,400 1,400
- 1,200

1,200 -

1,000 B 1000 B

HAFR EASA ®WAUS mBRA ECHN mEU ®=IND HMAFR EASA mAUS mMBRA ECHN MEU ®IND
HJPN ®KOR HMROW mUSA mXNA = XSA WJPN ®mKOR MROW M USA mXNA = XSA

X234 @A (L) Z5CCHSMAEEERE (T) OHIBRBIHES
B F U () #EHRKTFT U 4 (F) ESAHRE 1005 H ]

Knbbond L olc, AT U I AMEHEH T U 4 TOF A A PEEIT O
RV, TSk UCHSTAE BITIZIERBROREE E =D 2D, U A 7 VEEO
FHENREZ D ZENEZOND, £ 2 C, WICHEEMER & HMFEE 2K 235 [Z/
5. 2B, LTOXP CIIERTF U A% TUCS (unconstrained D) | . fAGHIK
v U A% [BAU| L EiT 5,
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EFTHT T 7ICHMBRHEIRK ST U AR T AR T v 7 ik O M4 EE
ERLTWD, LT, il 77 7 CHEIAER L FER, S HIZRAFhOR 7 Z
v THRIZOWT, ZhiFfiadi s 7 U A BTV F o J U FIZoOn TR
L7z, 7, HHlOFTHBITWMD TNANT AL TWD, THITHRDO XL HITEZ DR,
TNETNDOBEN—ZADOMEIZFHEMZR L TNWD Z L 2B 2T, — 0O R G PENFHE
RENTEVRD,

1,600 45.0%
1400 - 40.0%
- 35.0%
1,200 - 55t
: i i 30.0% I ScrapUse
~ . (]
1,000 - I Ore Mined
I I I - 25.0%
200 eme ST Prod
| 0,
| I I I 20.0%  _ o1 use
I I I - 15.0% s sc Ratio BAU
400 -
I I I - 10.0% —@-Sc Ratio UCS
200 - I I I - 5.0%
0. - 0.0%

X 235 MHHATELFBMER (1005 b, %)

ZDH 2T, BEFIZEDDL AT T v FJEEHE (Sc Ratio BAU/UCS) &L T
722 by BRNS, IAREIOLe N U FICBWTZohRITELS 2D,
MEIXZDOBEDO R T v FRFEAEED, LW R TH DD, fimn b5 2 XAl 6
Thb, 1oT, AEIOYIalb—3 3 VORRBIZREAZMEL R LTIZWVARY,
WICHEEEIIRFT LR Do 28I VT HENRNT UV ADF = v 7 %175, $he <
CFRIEZEIrZ & 2T 5,

FTIX 2.3.6 THA LNV TOHEZIT) &, WP U A M CTOMEIZIEFIZK
EAAN
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HPN" EKOR" M ROW'SIUSA™ B XNA" B XSA" W PN" EKOR" MROW"S USA™ B XNA" B XSA"

X2.3.6 LA EEROMIRFIHS
EH#F U 4 () ®EHHT )4 (F) [$AMsE1,000 k]

30,000 45.0%
40.0%
25,000
35.0%
- Q,
20,000 30.0% - rapUse
Q,
15 000 - 25.0% I Ore Mined
Q,
20.0% s===Sc Ratio BAU
10,000 15.0%
' ? emm=Sc Ratio UCS
10.0%
5,000 A
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2004 20062008201020122014201620182020

X 2.3.7 $AHEFEROERK (1,000 ¥, %)

Z 2 CRRITICHBHI T U AICBT 20 A, A7 Ty THEHEEFEFIZHED
HAZ Ty TOUMEROWB LM T U AITONTRLE,

ﬁv%)z‘FEJTODX&7/7J$HtE;t2020$ X 100% LW EZRETnD, 5
FEEDOBMOLGAITHAND & ZOEVITEFICRE Y, THE L, AR TV A
WZBirsz @%@@@U%#%;k%&%wf%éo%%&@ﬁmih&\xﬁ?y
TS EIIRAEDPARBRETICEDL L) TIEHDEN., LB BRIENSLETH D,

235 KFHDOE LD

INFEFTRLTEZLOIC, AFEHITIEZINE TR INTEXZMFA/MSAIFZE T 5
NTWHIE#REZ D &I, %@H%?ﬁﬁﬁ:ﬁo7:675@%%9’97&%9&7/1/723&1@1,\ CGE
ETNVORRNERFZWI-ETWDEN, TbbiiaElERL AT T v R ERE
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EEZTBRIC, 2R EO=T U TV EFTBEL TRV OIEREZIT 7205, FrIZh
BT EhRehofc, LhrL, 27 Ty 7 EMHGAIERICE SN TS 2 &
DAL ERoTe, ZOZEnD, HIMOEER~T VT VT H—« X by 7 3HO
AL 725> T D, CGEET MM Lt I oMM EER LY LRID X0 2REEBR H
STEHAE, A7 7y TOBBRENEEL, v~ T VT NI ABRRANTLE D ATEE
WRDHDEFEZ D, TERA V R EOFBEICENTHEZIILD LT 2ERFEN
AL TCWARNEEZTZSE, VA 7 VRER EOBFEDROLBFEITZILLAAD
ZE. BEHEME E CHIFICANTE XV RO RBOREA MR T OULERNHDHZ L&
AT RE L TV D,

MBI, R CTRATZ AT L XA F I v 7 X (SD) 1L D CGE EF V& MFA
DEFET VIZONWT, SHOBELHE LN Eholz, T A7 7 v T ORAER
ThHoHrRE, BEOMMIEAMERAREDOT — 2 BNLT LLRibRVENHETH D,
AT, EFWICRKREREDORAT Z v TRFTASINIZZ LITHh>TWVD, EEICIE, F
MENZR T 2BEOHMMBEATTEANIT IV /NSRGEELHEY . 2 OABPHEEREH
WD ERFNEZERM L TV DEIEED R, £, A7 7 v T EEG5MD—>T
bHZENL, ABAT Ty TORGWMEIBIERIL LTIZSGE. A7 T v T HE G R
AEICHZ D BLEBEBICANDILERH DL, ZOLImzdE LT VT AN
T UADRREN S HDORETH D,
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24 BACGE EFNMT LB LT 7 — AL HIF DR3BS
24.1 XL ®IC

LT 7 — A (FFEE) AZ VAT 2ERGDEFEEREZED TV D, NEE M
BEKAAICHEDND F AT L (Nd) . PAT YT L (Dy) R0, B/ SFALHKTF
L XOMBRIICHE DS EY 7 A (Ce) 72, LT 7 — AR EM, Wn7T LY
MO HBEVHIZDZ HMEAWVEEIICRE R WEE E 2o TWD, 72, HARDMEIRSE
AR EZEDD ECHRENGHETHETHRINIANAT Y v FESLEKHABE, b
HWVERGHARF VRN BEREOFET XL —HIFICBE N THL LT 7 — AN
ERHENDTD, VLT T7T—AOEBEWHITIAHBAEEDIEEBZZLOND (RRIFEEXSL
2009) .

LrL, BAEIZLT 7T —20HBE0OIFEAEEZ, RO LT 7 — A AEFEDIE &
HOLHEIZEH> TRV, 2010F0HEO LT 7 — Rt S CBE/ Le & 91T,
LT 7 —ADMIE ) A7 13 R&E B e ch s, /o, FEELTLICLT T —R
OMRFEITAMWE L CRBY, MEEERATTICEZ TS, Z0H, HAETIE
G D2k, VYA 7V ~OmMY A, BLOREBEME OB L ED DR E, L
T T = AR HIFIC K L CHEFR - ISR AR ED TWD (RFEES
2009) .

AT, LT 7 — 2B L 2R BEH 2 X N EHEET R AL LT, &K
ERTOFETMIZE LS H &S (CGE) ET A EHWEoH&E1T5, VT T
— 2 EMOICHEGIZELE L THREFE|EICHD D ERIIMD T/hEWED, CGEET
MZBWT LT 7 —AZEMEM - e LTI Z &LV, RFETIE, N7
Uy RE-BREBEOEES, NIBAZRX I TORARTZT 2 OAFEIZBWT,
XAV LEER LR EERE AN R HBEAM Lo TIND Z LI
EHHL, 24T LOMEHK DB LB RS RIBISHD T2 LI285, b
D D A FE D RGN 5 BRE B A TN L 7=,

ZOBRMT, "7 Yy N - ERABHESLIORENTT 2 2L U7 EEE
ML, 2NHOHM~OFRBEADLNVEHMABS LRI OOMITRT 2 HMFE
EDZWEM A2 F.0Iz, £2.4.URT30EM O 2FH1T5] (SAM) % 20054F FE
SEEHBARIEARGFHBRICHESEER LT,
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#2411 PEESE

No. | &= JE 5 Y No. | %5 JE Y
1 Xag | FEMOKEE ¥ 16 | mee | Z ol &M

2 jcoa | fifk 17 | mes | & 7

3 oil JE 18 | xme | F itk

4 gas | KR A 19 |hev | A7V v R, EXHBHH
5 omn | F DO nE 20 | xcr Z O fih & F

6 ppp | & - L - HIRI 21 | xmv | Z o H B

7 p_C | A - AR, 22 | otn | =Dl E AR

8 chm | {80, 23 xmf | Z o g2

9 prp | 77 AF v s - LML 24 |ely | &S

10 |i_s & 4R 25 | cns ey

11 | nfm | g &R 26 |otp | pE FiE#

12 | fmp | &)@ M5 27 | tpn | = OfhiE R

13 | meg | — ki 28 |ud [

14 jac | BEHzT = 29 |obs | #F - W3

15 | mec | & ol B4 M ER LS 30 | xsv | Zof—E X

ZDOSAME FEART —H _X—2 L L THA—ECGEET VEZMHEEL, RAEN-T 2
(ac) BEUONATY » RE - EXHEHE (hev) ODAEFENKRELSELI LI &I X
HRBFEBESNT D, SDIC, FEMTREA=TT 2 (ac) EZDOMRAHAER
BZR (mec) DO, BXBANA T Y » N - EXHEBE (hev) & ZDfiFEHE (xcr)
OMOMREEATRENE, B L OVEERM & AR OB OB TEEMEIC DWW T AR E
BEDLZLICEDEBIIONT LM ZRKA S,

242 534 — v
(1) HACGEEFNVOME

AL THWE B AR —ECGEE T Vi, FHEHHMM I RIZE T 2 M - — v 2 flikg
RERMAE e EE2 TR L7 ECHRARKILET S ZHMAT7 2B REEET LV TH
Do FEHFTFHICRI T 2 IFERCEFHEENEE (Rl 7)) ITNELEKE L TRkDON
D, ek, BT NVOEAREEILXI2H O AR - PIE - wiE - ZINATECGEET /L & [H]
CThY, FEMamiconTiEs2fiz 2R E iz,

FRHITWROBE AR R EOAEER A ERTMICRMET 52 & THEFICE > T,
Bralolt - —CREZEAT I, HDOWVWIIEHEEOE TIHFET D, ATT L TIE
EREMMAEEREFE L LTHEATLIER (WE) LFEHEE (HfE) 2#X3IL TS
o, FRHEENDOWRANIMOBERFHE L IZR LT FnE o TWD, RiEiTHE
FIT ATy pTfs  icEEE X HoZE L LCikE D, FrtOoABEKIC W Tix, Fit
AEFEREL T 7' —F (Becker 1965) #&& (2, FilHdtkx i CHREI S M - W
—ERADHEEICE ST AV —E R 24K - HETDHERET D, 20 AV
—ERVAEERBRICIE 2T =7 7 A ERE L, 22 C.REHZT =2 (a_c)
EEOMRAREBESELZ (mec) O, BXUOANA T Y v FHE - EXHBE (hev) &
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ZOMFEHE (xer) 1XZ N ZHCES (Constant Elasticity of Substitution) ! B8%% ¢ Rtik
ENDARENREBEZIE Lz, REBMEMEIC O W TR, EFiET — 2 I L S H#EFHEN A
FTERMoTTZD, 28IE LT,

EEHMOBEREIZ OV TE—E2&MICB T 2R KEME S L TERX
ftanTnb, REITEESKEZISE LT, FllRXEZENE L THMB LD
EEBRERA LM - —E R Z4APET D, EE I8 - % — B X |XCET (Constant
Elasticity of Transformation) Bt CENTSE LIV 51 b, S HIZZE DOl
ARG & - EICCETRIBAM TR SN D EIRET D, E-ENTHICHHR S
7ot e — R EE U Ry O AR - — B A L CESHIBEL TRiik S b A e
Toh D &3 HArmington (1969) OIREZHMT 5, BT 2 REMMEEIX, ~—
T a KFEWRE G 5 v Z —BERK LIZGTAPT — ¥ X — R B TR O e %
A=,

EEBPTHBMRED L &, THBHEMCB VT - V- 2B L OEEEROFE
MNE LD LI REOFIEN I D LD LT 5, AFEEFFIZ OV TIL,
EARRLTIE) & o To A PEEL R D O A I E M &2 A2 PE 3 2 BT iz > W\ TR AR 2R

(CESTIEA%¥) Z#EL TW5, AFETRIIAMI#, KA E, G, LHB X
ORGP E L, FHB L OERICOWNTIIEMAME cHE afFE, T KRG
WA MRAR EIRE LTz, RARBIRB LR LEMICOW T REEOMGFEDO £ EHE
E L, BB R X ORS8O IR T RIT N —T 2 KR E G0 v % — M ME
Llc~ 7 aBETHT —2IZESERET DL ERE LT, ERIZOWVWTIE, FHED
FAIERNT R TCEARAEBICRE SN EVIREDD L TEFNMICE > THAER
WCIRE SN D, MIMEM &P o8 E LT - b — e 2 &2 AT 5 Bl
ONWTIEH RBEORWL A F = 7RAEFERBAIRE Lz, 2 LRAHTT 22 (a_c)
LxoMmEAERESHE (mec) OMICIEAZEERELE L, REREEEIZONT
T2 E LTz, 2B, ZORERRWVWEESE, L7 7 —2HBHKIC X2 RARTT
S UEFED RKIEE HIABN, RAEHTZ T a2 P AM & LTV DT opEEE
MOEREOKIERHIAARZSERZT, "7V v NE - EXHEHE (hev) 2o
THEKEEME LTOTFREOHRLRE LD, FREANTErTH D,

B IXEERET — IR SN TV AEHCEENLOBINAL L OBUFEE S
FOEFEHEEET VKT 2 L 0o &ZENTINZ . RETRTHEIHIBOR & LT
Fldo D5 WITHBI A AT 9, BUFHE R X OBUFREIZOWTIE, BUFHESCEUY
BARNBEZH T —EZANGHBEKICKBEE N TN RN &b, — Ad7z b BUFTHE
BB LOBNEEREICOWTHEEFOKET—EL L TH-o T,

~/narnu—y — oW TIE, BRI B 2 T 2 X 5 ICBUFI IR T (F
TIEAR) 2B EZFOMO—FEBIEEZIT- 72, £, BEIN T IEAEFEKET—
EE LT,

BRI 2L —aiZBIFDHA AT v ITIFELE L, T —F_X— 2D HHEE
Td H20054ENH2015FEF Ty I ab—va VA2 ER L, RBETLHRKILGAMS
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(General Algebraic Modeling System) ~ 7 K 7 = 7 % FH\\ TAT W IR A FE A4 1 (Mixed
Complementarity Problem) & L TEX{b L7= E T . PATHY A R—%Z W TRV TV 5,

2 F—#

AWFFECHEA L7z BARE OSAMIZ, RAEH=T 2> N4 7Y v FNE - BEXHH
HAOHBBALREZN D OPRBFELRNEVEE LML L EER L LT
WO XIICHARDFEEEARERSIAE 2 K2.41D30M 3 EICHE Lz,

ERAMT T a2 /250 Tid, 20054F pE € B R AR AR IZB W T—2 D REZEF M
ERHER L TWA DI B OB TR WN, NA Ty REEBXBEBHEIZOWT
FoElEshTnwin, "7V y NELEXKABEOHERIHREHNETCH L Z L
O, EXEEBERICBTIERMEHMEZANA TV v NHE - EXHENFHM & Z Ol
HIZHETE e L, BABEL AL T Y v REIZOWTIE, BRFEESR O TRK21
FEAEFEBNRER G (BEMUGRERE) (220074 DA ER R E AFEEBEOT — X 0N b 5, HES)
REREEE 232007 DT —Z 72D T, FEXHEBEROEEFELOTIRH DL DD Z DEWN
EEALIDERET D, ZNUODOEEIMERTOT =X NOLRHAEIZHD DA T
Uy REOEFEN—ATDOY 2T ZRODHIENTES, &2, AILTFT—%L01
BHTYDOME LA LMD, ZOMRE. A7V y REOFPEERHELD b
LAMEMAS NN E R BN E Ao T,

BEN—AOT = TIZLDEHMASENL, ~NA 7Yy RE - BELKHBE & Z O
BHRRE CHENCEEINTHWDZ EZRBICEEL TS, LnL, BT, HHmE
HELOANA TV v R - EXHBHEOEEICEAD DD IEE I R>TVD, 20
BEHABEEKMEIEL7-0, NA TV vy REOMENE NI OEEICET D
BRHOLEDMNDEREL, BFENR—Z2ADT =7 (6.1%) THELI-OBIZALTY v R
B BREBEHAOBAEZLAAG LT, T OMERETIC OV T, FHEEHMN
MHNAT Yy RE - ERBBETMEZZ LWzt 0L LTIRELTE, 70k, SAM
TERLFNRIZ DWW TIE3.280123 17 2 BA - [ - wiE[E - ZIN40 ESAMIER & FEARRIZ
IR L Th 5, SAMIERR DRI OWTIE3.28iofishaz BRI N0,

243 VI a2 l—varviER

I AV L ORER DI D, REFHZT7 2> (ac) BEONATY v KHE - &
KABE (hev) OEFEKIER/IZ., 2N OEMHOEERAEFENE (TFP) O KIEBIKT
L LTCCGEET MITIRLT-, BARIIIZIZ, T B2 DOTFPIZ DWW T, FEHEFRIZF
YU 7 Lb—yaryTRELEEMEICRL, @77 72— F 5 TET L
e, ZD7 7 7 Z—R30.0500 F TIRBMEMA —HEonenZ ERHLE, £2
T, Ry Ialb—varTiE, XAVLRBHO ST AT, Zhb2EMHo
TFP%Z ., eV X (BAU) > F VU A HD0.06(% (T720b5H94%I) LT 54423y
I xb5 2T, B, ETNVOREMREZMHET D20, FEHEFE (20054F) 1BV Tidsh
B a vl B Z TR,
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AKyIalb—varTid, 23T LAHAGEHIK T U A F TEANAEN KIEICE HIA
DRAEH=T a2 (ac) EnA 7V y RE - BQHEEHE (hev) Lo TENTET
RETEL0, FEMAMEENTETRBTELINICL - T, BREFELENRKRE AR
HZENRTRIND, ZITINLORBHMENEE - HEGORELEL DY
TREi L7z, T7ebb, REBEEEMICEAT 22U TO3IS2D 7y —RIZ2N T alb—
varEirTolt, I T,

o MU — 2 (Base) : FHitd MY —v 2] AFERBICBTLIREMNTT 2
(ac) &z ERARBELSHEL (mec) O MMAE (eh-ac) . BLOANA T Y
v N - BREHBH (hev) &ZDOMMFEHHE (xer) OREEHMEE (eh-vh) 22L& 1K
E, THMBACBITAIRAEAHT T 2 (ac) &ZFOMmEARAESHKLZ (mec)
DORAFHMEME (ep-ac) Z2EWE, RAEM=T 2 (a_c) i A - pE o (R i
PEE (em-ac) BEXUINA 7 U w NE - BB HEBE (hev) o AR -[E FE A AU
PEME (em-hv) (ZGTAPT — & X — X EETH O Hi % £ H.,

o WEMMEEr—A (AD) : FEMOMRZRHMAE (eh-ac, eh-vh, ep-ac) % FL#Er —
AD2AUE (=4) [TRE,

o BAME 7 —R (A2) : g A -[EEM AR (em-ac, em-hv) % FE#Er — 2
D12fE IR T,

ek AR — R (A2) 1220 T il AR -[E pE B R4 (em-ac. em-hv)
BRUES —Z2DUFICTHHRELRATZN, ZORT A —F ORI TREL,
DO BN S DN oo, B — 20120528 Lz,

REBIMEE 2w < BRET DAL — A B L A2 — A, EAERY 72 AT D 7 gk
EDOEIZH T DEEST TH DR, LRI TIEH Db DLLTD LD iR b fIRET
HAHY, Thbb, BEMNEEr — 2O TIL, BB OB I 72 & Bl 85z &
DT VLA EEDRVENREORBEZREE L — A LMRTE, £/, AR
By =R o0TE, Zho 0oENcH T 2MEOBEF IR EmED | AL LD FEE
FTRENDLVEZII o2 — A ERINTX 5,

INB3ODT—ZADH ETD, 24T LMEEHIK S T U FI2 X 5 EEGDP~D
BE2A4LUIRT, ok, XAV LAMHEHEIK ST U AT X 2EIL, BAUT T U 4 h
O O TR 5,
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----@--- Base —e—A1l A2
0 o
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-;000 \ - = /
1500 \ 1«0“”“/’

-2000 M
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2005 2010 2015

K241 XA LEEEHIRC L A EECGDP~DEE (10/2M)

HEEIIAFTVLIBANRAREEZONDIRANZTa U BLONA T v K
H - BREBEOEELIFIEA Ny 7T 5 &0 W22 G HRIC X 2 FEEGDPD 1
AL, AMVEY 3 v 7 B S ITERYIOFETH H2006F 128 W THRb RE <, LS —2
(Base) BLOFEMAE 77— (AL THR2.UKM, AREFr—2 (A2) THL1
JKHIZE L, TOREBAICEAD/NSLSBRoTWFERERSTZ, VI2b—va v
WM (20054E 7> 520154) OMEBLIEMNIE (Fl5l 7 v —D &) & #2.4.212577,

$#2.42 AT AMHEHIKINC X B B GDPHMIRIEME ~D B2

Uy — 2 EEAMAREE S — A i AR 7 — A
(Base) (A1) (A2)
-12.23JkH -12.03JkH -9.46JkH

W r— A L LT, FEARBRSCEANRBZRET S 2 L ORFENELE (GDP
o A OEMEIZHE) 1. FEMARE (AD) 7 — A T2054EM ., BANE (A2) ¥ —AT
2JK7756(E M & e o T, FRICHAM TORBNED 1T D Z LI L DRBEIELE N K
XWER Lo T,

Ay Ialb—ra AlBWNWT, XA Y LHEHKIZ E D X O iR TRIFICE L
BLIELTWAE 0T s7bic, RAA=T 2> (a_c) A7V v KE - ER
HEVHE (hev) . BLOZFORBEMICHOWT, ENAEE, FitlTs L O A 2RBAU
MW ERIETAREE L7 R RRGE L T,

TP, F AV LRERICL Y, REFAZ T2 (ac) £ 7 Uy RE-ERXH
#hH (hev) OEWNAERELY, BAUICEKIT A AEFEREE100%E L2 & & DHE TX2.4.2
2R,
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=7ay NATZ Yy LB H B H

1.0% 5%
H’"H“""“H—-—Q——.’._.’
0.8% 4%
0.6% 3%
--¢--Base —e—Al A2 --¢---Base —e—Al A2
0.4% 2%
0.2% 1%
0.0% T —A—A—p 0% T !
2005 2010 2015 2005 2010 2015

X2.42 T LIMHEEHINICEZENEE~DEE (BAU=100%)

INDDOEHMOTFPZ/N—t » MEJK L72/ER, RAEHZ Y 2 28 W TIIRIE
HEFEANYy T NAT7 Uy FHE - EXHBHFEIZONTHIS/N—E 2 ML EEAD LT
HTENSMD, B AR (A2) F—RI2BWTIE, AEMNMIIFEA by 7T 55
BElhot,

XA LEHEHK N 2 OMORBFMOENEEICE 2 5 EE, BAUNDOE
b & L CIX2.43127R77,

ZDOMEE Z D3 ] H
5% 4%
--4@---base —e—Al A2 R
4% oo o oo oo o0 3% - — Qrasefys o
3%
’ 2% |/
2% /mombase —e—Al A2
1 1% 1f
(o] q
7 f
0% ‘j 0% +
_1% f T 1 -1% T 1
2005 2010 2015 2005 2010 2015

X243 AT LHGHIFIC Z DREMENEE~DORE (FBAUELER)

FTRLEZEY, REAAZT7T a0 BIXOANA 7Y v RE - BEXHEHBEOENAEENIE
FFEIETHZ LIk, REMOENAEENENT 5 Z LN ER SN, RBRAH
7 a2 ORBIZON T, &% (Base) 77— X Zxf L, FTFEMMRE (AL 77— R
TIIREBMAESFEICEML, FicEmARE (A2) TEAEIETLTEY, T4
ENHfERERoT, NA TV RE - EBRKEBEOMRBMIC OV TIL, FEROBM
NHHNDHDDETHRD T/NE <, 7220094 £ Tl ARE (A2) 77— TRE
WAEPFEREIMT DRER R oTo, ZHE. TOEMIZITICHEH T 5o Bl ok & &
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W, T ARTOHEMM I XL OMME & oM A B Ul — RS ISR 2 8 R Th
a3
WIZ, A A Y IMERHFINC LD 2D OMOFFHEE~OEEE | BAUD D DAL
L L TK44TRT,

S = Z DI ZE
10% 0.0% «
J\ \ ...4.-base —e—A1l A2
0% o -0.1% A
&x .4--Base —e—Al A2 \
-10% \,& -0.2% \
-20% \ -0.3% x
-30% \ —— -0.4% X /
-40% j -0.5% w
-50% T , -0.6% T )
2005 2010 2015 2005 2010 2015
NAT Y RE A H B Z D3R H
0% 1.0%
\ 0.8% —x—
-20%
\m#mBase —e—A1 A2 0.6%
-40% \ 0.4% MM
0.2%
-60% /e base —e—Al A2
0.0% +
-80% T , -0.2% l T )
2005 2010 2015 2005 2010 2015

244 AT LPHGHIKNC K DFEHHEE~DEE (IBAUELR)

FitHEM TR, MAMICEZ2REBERAETH LD, REAZ T 2Bl UNA
7Yy RHE - BEXRABEOENEEMZIZEILETHICHLELL T, HEOELIAZ
T7 3 T30~503—k » MRE, NA TV v FH - EBXHEH T50~65/3—% > bk
BEIZEEEFSTND, TRENLZEY, W ARE (A2) F— A TIIFFICHEDOE D
AAPERMENTWS, —FH, RBMOMEEIZONWTIE=T 2 oREM (ZoMmE
) AZOWVWTIEME, N 7Yy RE - BEXESHHEONRBY (ZoMmFEHE) I2o0
RITWIE L WORERE o7, TR, HEto [PV —Ev 2] AEREAKICE TR
B LEbEEEGME L T TS, KN ORELEEZ T LIM (=
Tarnl) OMEEEEHEEICL D oMok T s KA E . RO M
ZAL DR YR BFRIZ K O REM OWEE OIS IREL N Th D, BEETIIARA
T LSRN K D HEEM M ~DEE Z | BAU DL DO LR E L THM2.4.512R7,
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7oy ZDIFE

100% 0.2%
oo+
80% / 0.0% ¢
60% \
/ -0.2%
40% / \-~0~-base —e— Al A2
20% -0.4%
----¢--- Base —e—A1 A2 AWWWF’——.—."*‘ .....
0% T 1 '0.6% T 1
2005 2010 2015 2005 2010 2015
NAT Y RE AR H B Z DA FH H
200% 0.5%

--¢--base —e—Al A2
150% ! 0.0% ¢
/ o
100% \
/ 1.0%

0,
50% 15% 1 A—A—A—A A AA—A—A—
--#..-Base —e— Al A2

0% T o -2.0% T \
2005 2010 2015 2005 2010 2015

X245 XY AMHEHIRIC L DHEBEEMH~DFE (RBAUELZE)

Bl z1X, ZOMFEHEIZOWTIWMK FTEREOMEBIZERTRE L, OB
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L5 e, FELOENA~DEE~DT 4 AL T 4 TR BN YA 7
~EDLLIEFEOBNPEZLAEMELHDIN, 202 EEERIZLTEW & TlER
W, ZOHEFEN, BAOLEZRNGE LTS Z E2EETNE, BESCEERED
L OHILC Z NN HEPREZEAL L D E L TWVWAKENZOHEMHARAICSMLIESEEIC,
EHEOENY A 7kt 7 X —DREDOT-OOEEIC, EBREHRMERICET 5 E
BRE SO OEEFE L TCHEERLOLRVEDLZ BN ND, ZhE&EAE
PEVEERS A, VYA 7 VEBEEES L L CEATIIE, VA 7 VEEO SRS
SPRE, BRIV A I NVEZTA~OFHHECRIEV AT LOENESLE L TUEHTE S
b LAt

314% L ¥

i« = ERXRHEEND L IR EHMEM COBHEDFELmDLETO, B
BB L OVEIRF MBI BOR IIE, WSO 0BRAMEHINTWD, 2 b ORR
WL LRRFE R EBIRA A OFT v 7V v 7 FEBT 5 20id, BIRAEN, %)
KO EORIZHD D TER L, BIRFHOMENZ SRR L2BERNLETH D EEZ
SID, KRG, FEER T X —DFRY EIFITEBL LY YA 7 )VEF~D 4 B 4~
EIEATABOR., BEEDEHEERME R EOBKRE Ry r—Y L LTERTDH L
T, BRFAZO L OOMEl, FHBREIRIC L 2RO MRE, BEREROMEZ M3 72
DICHBER ) YA 7 IVEXOEREHE O K, BEREIRNREAS ~1T < Bk
DHFETE B,

—Ji. BEFAHMHE OO OBUR, FICRENTFEEEA LGS, AR ¥ —
DOEBEFS O FRBUC X 2 RIEIRDONE~DIRFOB K, WS ~DFE¥E 7
X =D EORDOEBENMDAEEELH DL b, BR Xy r—v L TIh
LORADHREEMZDBUREH N MLEL 2D, 2O XK REBORHFIZEBWT, RiFE
TLABLOREEEETVOREGIC L IBREERODRONELIERN T2 LN E
HThHAHH,

BRANy = VU NEREN R AN A =N R eSO L2 ELHLZ L
nE . BFEAAMEEZ, AR —EHOREICE EELRNWT UT 2EROREE L TRIG
LT EEbic, TUVTIRIERER T +— T L EA2EA LT, KEE OERHEEE, HE
7a s T AMOBEEICLVERTLILERD D, IO XD R EBEEREE 2 EBT D

¥o220fEMIc oW TR, EEMERESEEY - VA7 VI EES BR - BIHEBY -3
TIN—T TRBEERBSEEY - VYA I AEE KEY A7 LEIEFMGRAENEES A
Aaf (2008) . THEEY VA 7 VHIEOKEITRNOFEAM - mFHET 2@ EE] ot s
LR MOBEOHIEICKESE, HITOV S A 7B EE T THELTWD, K148(EH &
WIOETIZOWTIX, FELALB OB OB AENBF ORI E —HThs EREL TEHELE,
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T2, R AT aE e BWIRE BE - WIRIEZR 0 BF CO ZEME S A W = X LD &
TYT VAV TORICES AN R P EEN D,
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3.2 ZHilk CGE £7 MIZ &L 2 BIRIEEMENICE 3 2 ERESR B O R
3211 U®iz

T M A EHICHRA SR TORRFENL DT 5m, F T & HEAH 07
DIITERDFELEDO —BOMREICMZ, BIRHEOREZIEIT 5 L5 L0 EA
AATERIRP ML EZE 2 55, M TIZEU® [Sustanable Europe 2020 D ffE D —>
&L CHE rTRE 72 B IRAI I M 72 e Ry 72 IRV AR AR D IAE N TV 5D 2, HARIZ
BWTHHEIM I, BENITEEN T LT TIEe <, FiF TR mid TR El
HES~ORERENREEINTWD R EEIEFAMGIR 2 BT 2 LT RIMFICEE
NTWD, EMICS, TERMTSEARMEEILAREFE2RICB W CEREREOHTH
LRI DEREY [ RIEIROEEZIE L, RBE~OAMN TE 57T KRS
o] LLTEY, ZORTHEARAALTEMREBEATHHREDESTND (I
B - &0 2003) .

— 5T, BARPHEMCTEFEFAMBIRZEAT L2 LITIFVWSO0ORERH 5,
—20X, HEBS I OBDL~DRETH L, REAMONEIZ, D &b
WIXAEFE T XA NI ORMM DT, BHARD BN K 2§ - 7oA ([ EH BEHE4 11 03 b
L. AEESOWBNABIEIZORN D, Whwd ) —r—UDBRENnH 5, v, &
FPRRETTTUERMSINTWLIRETH S, W2, BAROXRNEEREES %28 LT
flEICEE L RWEELZ 52X 5 EbH 5, £, ERFAHMEIRIIRLZ 17
YA I NEB LT ARDE WL YRR - RENRRDL ZENTHRINDN, B
BICAL AR e El AT > TV D EPIZ OV T, & B o & JREHE BB T o
ANLE LWIEES, BARBHEMTHIET 2 Z & ix# LV (/ME 2011 ; Kojima et al.
2011) .

INHOMEIIH L, BHEBDICE2BORBHAPAD LB ON D, FEDERMEIC
HOERRDBERNMASICKIS LEBREZMAGDEDL 2 LT, KVEBERDFEOEW
Ny =D TRARBIZIR D ERIFFIC, V==V EOEFE L W KR D
BRSNS, 7o, BG5BT ER IR O EHEF ISR LT3
ERDD, BURBHAZBL TRV ZSOETHHELTUTI Z LT, —FY7Z) OFJK
FIAHMENICET 2 A EZBKT 5 2 L nHfFTE 5,

AL TR, 2O XD 2EBERBHIC L 20R 2 EENICTHMET 2B L
LT, BB & e K ORBEHTFIEIC L DXl Z(b O B2 T 5 Z LN TE
LM — B (CGE) 7 A EZ MWz iT o>, MREWREL L TUE, KPLIZHEH
INTHBY, ORI Ty TOBRAMEOGEmV, FELFEEER L LT LU %
By EFs, BEWICEBERBRER CHLZ LM, BEET NVITHLERT —X
DAFAREMENIEBHE N N OFFGE L L TEELZDOTH- T, S A XL
O OWHEMH 2 RBET 2B TERVnW I LICBE SR,

RGEX, BAR, RE, #@EH, ZMNO4TEE L, ZMNITERIEA B XA O
FHEAEETHY . POFHEMHETH L, FEIZSIL A B L ORIL A O F2EAEFEE
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D—DOTHhHHN, ENFEENEFICRESEBKLEAB LW ALZIAL TWD, i
[E13 A A & RIS S PER X OIS H OB CHEEETH 58, EWN TIZILA 2 E
HENZWEDKREIZHEAZIMA LTS, ZOX I ICIAEER X O ASZ —
YORBRDHANEEMGLETH LT, HEERBROBANEEELZHL 2 L4 BE
LT3, #3218 X 0F3.2.212% EH O S A B L OERILA O 45 &, il ARR X
WHEEEETNEN T,
#321 BEOHKGEADAEEERE, WMBARS LOHEEER (20054)
HAAZ @ 1000 k >

A FE iy iy A H#
H A 0 55 132,285 132,230
H 284,500 2 275,260 559,758
i [E 451 0 42,250 42,701
N 257,525 238,763 1,547 20,309

H 8L Steel Statistical Yearbook 2011

#3222 HREOSFHADOLEEERE, MHAERRIOEEE (20054)
BT 1000 k>

A pE i i A (EE=
A A 0 0 1,320 1,320
i 762 0 1,009 1,771
i [5] 0 0 348 348
N 930 449 0 481

Hi 8 . Australian Commodity Statistics 2010

ek - SRE T IC A B L72CGEE 7 /W Je4THF9E & L T i, Schumacher and Sands (2007)
NRA Y ERGEE Lz —EHCGEET L& MW T, REAMKZEANL A DCOHEH
BB L OESMAEERE~DREBIZOWNT, Bk - S E M E L TRoHGa &
2ODEIF TR L2 0D BIF TREZFLSTRICHEI LGS 2SI LN d 5,
Schumacher and Sands (2007) 235\ Tl FFEAM TGS TRA XA LRy, §7eb
LEM A MIIZ2REBEEZ2HEL TS, BAREZXNRE LTI E LTIE, &
(- #EH (2009) 2320004F pEEHBI R 2 & & BBk - BREAEEM 2 M8 (ds)r) & Hin

(BIF) ZETLSHMMICES L, IV A 7 VEMEEEY YA 71 &L
DBV F A 7 VK4 Lz —[ECGEETFT VAL L, ZDCGETT /L&A b v
7 BHEEETFT L LA DETESNY — A E T, BIEMEEREGEER U 44 L
TEFHLREZ N A EH SE18E8 OCO P BRI A BB L ORFEHEIZON
THMLTWD, ZOMETIE, IFMEEFMEZZOT X TOHMFEAICK LT
RENE ST WL A U F = 7B AEL TWD, 1 (2010) 1%, 20004E 7
DT EEERE IR (IDE 2006) . 20004 #6554 2E 3 8 B 5 J6 JL UN20024F H [E [E K i
FRBAEHEOT — 2 &2 AW TRk - A 2 &miE ., 505, EF OIMMIZ X5y
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L, SR Ty T VI A 7 VEMEZ XSS Lz HHEMCGEE T V& fEEE L |
HFEREOIRICHEVAEARN S FE~OEHAZ T v THNEMT 5 2 LIk 5%
BB L OB DCOMEH EIC G 2 2B A2 5T L T\W5, IR (2010) 1%,
4 B B P O R AR LB & TR ORLER O I B N O Bkt L T ARSEA R (CESH B
¥) BREL., TN FEME A L THEIRERNE =L bt F o 7Hl
B AEREL TV 5D,

AL N D OEATHIR, FICHEFLEBEFORSELINKR 7 Z v 7V A 70
Zaoiomil - B (2009) 5 L LR (2010) O FiEESEIC LoD, SKELA D
Bl e, R T TV A T NN~ODBRIRE DT D720 DET VB EITH
oo SHICAHZEETIEISGEBOER L L THAEMRICMA, FREROENICLY
EOLIRBERERBOEWVWHELN D bE Lz, ElROFEITH%EN 3 TCO,HE
MES~OEBIZER L TWDOICxE L, RAFFE TIERIRE PE B M BOR & &6 5
EROERERBFAICEB L TEBY, MAEOEWH LWERAALLE WIS,

LIF, 3.22T40 [ECGEE K ETNE T LI O\ T L v A+ 5, %i23.2.3
TERICBAT 2 EBRBUR il OSBGOS R A4 . £723.24 THNTBE T 2 [E ERBOK R
DEBEBFMOBRERET D, KEBECASIT CHELONIZBREEEZ3.25CE LD D,

3.2.2 BUREEBFMET NV
(1) BH@EZFIVECGEET INVOME

AR CTHWERAA, BE, BEBIOZEMNO4ATEZ S L LI LB CGEE T
i, FEHBPANRRICB T A - U — Al E B A% e K A2 TRl L2 B TR
MKACEAT D ZEHM T LEBEARBEET L THY | ZetIHICx T A IrERCHEE
FENAE % (FI73) INAEEHKLE L TROOLND, 207, BFERN FRLIE
MD—TEH DL L THIHENE X 2 AR H U, FEGDPAEA L THEiHH
FKHERAREAKEN LR DL H D Z I E SN,

RKET VTR T L EAETT NV ERRD | FIHMRM - — 2R
ik OFF AR IR IZ DN T, BIRFROKET—EL AR L TEFERELEZITI &V D,
RHEMAMEER 7o 22 RELTWVWD,

PR ERITFR . REBIOBUFTHERINDS, HEZESICOWTIE, mA|IZ>
WCIXEWRE S & A S O, 3 KO A e D 272 2 [/ —# A &b O [H O 2B¢fE T, CES

(Constant Elasticity of Substitution) Bt Ttk s s RE2RBEEREL (7T—I v
N RE) L W AT B FARICE AN TS AT & O], F8 OV H SE oD e 2 TR
— g HH &h D ] D 2% TCET (Constant Elasticity of Transformation) B%t Ttk & 5
RERMNEEZNE L, xR4DEMO2EME S 7 1 —IZ 2 Tidl A FE 5 358 C1ff
FAXWAEIZRE D ERE L, ZOMR (ROW)E OG>0\ TIT/NNERE % £
ML, M- = 2XDEEMEITIIERICIRED ERET D,

BRI alb—va B2 A4A AT vy TIRIFEL L, T —F_X— 2D AR
T H20054E70 H20204F £ Ty ab—va v EFE L7z, BT T /LB IZGAMS
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(General Algebraic Modeling System) Y 7 b =7 Z HW T\, | RAE A E
(Mixed Complementarity Problem) & L CEHfb L7z £ T, PATH Y L 3 —% F T fig
WTW5,

BURSC B ORI FRR 1L, BEF 2R~ R8I L TIEFEGDP, EEEHS /JIZ oW
TITEBOREENPREVWE TRIND FEREM 2 —F — L L TERICOWTITH B HE
FI. SIS DWW TR - RIEEFI O5E E~DEBEZ 5T 5, REZEIC OV TIEE
ABRBHRBEIC R T 2 CO P E~DEE L ST T 5,

BREASH T EIT LR TV LBRZ A2 WSS (Wb HBAUY T U )
O DAL TBUOR B AN 2 FIETIE <, BORAELAHE L LT, KiELR
LBORY T U ATkt U CHUR B LM T 2 HikZ28HT 5, 2k, BUEEZE AT
HE LR TVWAHMER (BREZFEML2WGEAEDOHERED, RELHa A N) »N
EREANBWGEDO YT FIIRKMEI N T RN L ThD, FMEAT A N
ENTNRWT TV A EEREICBRY TV AOLEMERD Z Lix, BURIC X 5 H%
(MEAIARDOIKT) ZHE L CBER a2 A NOLEZFIT 2 2 L1230, HEiw
EloHFMICEHIIBGEND D, Koo FEX, BORAEO YR’ EEN (5D
WIFBHREY) I T ANDBINTND EWVIHITET, X0 XWEKRA T v g v 2KET
HZEHAMELTVD,

1) &t

FEHI T BB AR EOEFEEFEEZFEETMCRET S L CHEHBFIc Lo T,
e ipflt - V—EREZWEAT L0, HLVEFHEEOE CHET 5, AET LTI
AEPESSPI N AEPEEIR &L L CTHRAT 2EAR (WHE) LZEFEE (i) ZXHlLTwd
T2, FKEFEENS O ANTMOBERFE L TR TRV TD, T2D5
BARL O AEFEER N O OFTFHTAEEERIO — AH 7z 0 i (x") ICEH M (wh)
ENTTebDTHLN, ZFtEEN DL DN ATEBRAMTRIND —ANHTZVFEFE
PE(m) 2SR (r) 20T 7eboliesd, LeBosT—AdH W OFFHIHIKIIL
UTTERIND,

fof [P}
Dowx' +rm =" pict +8,
f i

ZZTp EM - RiOfik, ¢ T - F—E RO~ AbT 0 W, S 1L
ANYBT0IFETH D,

FatEER T 7 v —F (Becker 1965) #5512, Fitldtkx i clslsnd
B« H—bE2OWEBICL->T (A —E 2] 2UTFOXHICAEFE - BT LNE
T 5,

CITAPE - HEINT=HY—Y R, o IIFFHEEBRKICB T M - F—EXiD
VT IRT A= THDH,
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ARETNTIERRUCE T 20T, FREAICBNTEORROHH I —E X
DHBNOHFEONDLHRE (7= T 4) ORAUTIST D BUAEME TR E 5 & RE
3% (Kojima 2007) , FIRF MR HM{E 4 sE 95 CIES (Constant Intertemporal

1-o
Elasticity of Substitution) %7 =V > 7 ¢ BI%% u(c,)= (©) ERETDHE, FZitORh

l-o

M FRAEBEIZUL To Loy icEfbTx %,
N[lci Utzi(l+vju(cs)

P 1+p

m, +S
s.t. m“lzlt I SE N0 ZWt X! +rm, = Zptct+st

+v

p ITHIERERERAF R, v I ADBINREE T,

ZZTHEEBYM - Y — Al ORI 7 & DI A ZEE ORI D T HLRE
MOKET—EE L2 L TEFREILZIT) E VIR EMAFHOMEK KR =
TAERET D E, ZOFHDARKEMEONSHE LT, UTOSHHI—EAD
BB AKENRRD BN D,

e 141, )" 1
H[(:;—J }{1+ r _(1+V{ﬁJ x mt+rt_vzflwtfxtf
RBBKY I 2l —va B0 TE, Bx 2B W THEE L= LT o E v
77
i o' v
L
i t

(1-td,)
>{mt +(1 ) ttk z<1+tf )N }

_Vf

*

C; =

::ft§iw-%~em«®%%m\ﬁf1§Ku%@gﬁM@®£ﬁ%%«@
B, tk ZFLEAT 228, td IXFETRREICT 2R &£,

;@%ﬁﬂqu‘“‘fxa)%iﬁ?ﬁ§'7kﬁﬂ%’j‘%\ 4% CHAl S b M - — B RiD il
HEKEIZIUTTEZ NS,

i o
o =ct*><( wi)p' H{(lﬂst:)ptk}

4

BRAEHIC, REIFEEITITA DTS s REHEXHOESL LTIRED,
2) 1%

WEEFMOFTRREIC OV TE AR T 2 &EE(EREE L TEX
fbsn T, EEIFEESM A2 L LT, FlilkRIbz BN E L THEMB LT
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HEPREER ALY - =22 4T 5, AEINTRE - 3 — B R IICETR %
TENTS EEHICEY ST b, & 510t R s & o - 56 ICCETR % T
SERIND EIRET D, EEENTGICEGESNTM - 3 — XX U X506 A
W —t 2 LCESRIRE TRl S 5 R Thd 5 & 4 5 Armington (1969) D
WEEHRA L, SHICRALDLEMATH S OEARM « —E X L CESHEHK TR S h
HAREEREBETHD & T H2BCEST Fu—F 2 RE LT, ZaBATiRED S & |
MIGHHRICB T - Y- AB L PEEEROF BN ELI 2D E LB, &
EoFENR IR b0 T 5,

MR ZIZONTIE, LFTOBEESFEZBRAL TWD (£3.232H) |

#323 EXNE
No. | %= JEE ZE R Y No. | &5 EE !
1 | xag | EEMOKPEZE 13 | fmp | &)@ 85,
2 | coa AR 14 | mvh | @&
3 |oil JEL I 15 | otn Z O i G 105 1 B
4 |gas | KRR A 16 | ome | BEMR - %0
5 |ior BRI A 17 | rey VYA 7
6 |cor | SgLA 18 | xmf | Z o fh ik 3
7 |omn | FogrE 19 |ely EH
8 | p_c | A - AxREN 20 | cns | B
9 |i_sb | &8 (k) 21 |otp | FE i
10 |i_se | &K&W (FBIF) 22 | tpn | Z Ol
11 | cop | 4 23 | XSV | O Y —E R
12 | xnf | ZOmIESRE R

AFEFMICOWTIE, BAST @ & o 72 A FETHE D S A IMIE I %2 4 PE 3 5 5l
WZOWTIEARZERMNE (CESHEE) ZMEL TWD, AEERZILAM @, KA
T, EA, LB LORKRERE L, 578k L OERIZOWTIEEM [ CRE) AT EE,
T & RRETINZ DWW TUIEH PR & RE Lz, RAREPER L LI oW T i
FOAFEOE EEE L, B @3 X ORAET@ O &IX S —7 2 KRR
Gttt Z—PER LT~ 7 e R TIT —ZICEDEWRET D ERE L, BAR
WZOWNWTIE, BEOFEHITEN TR TERALEHIIKEINDLWVWIREDS & TET
M E > THEMICREES NS,

A & & M2 S8 & LTl - =B X2 A FET D IRV TR
DNV A F = 7REFERBARE LTz, L7Zh > CTEWFHAEFEIC I 2 85 A %
ANDRDIE, FUCLLBTOEBFHMAEOR D Z b6 T 2 8270 b, 7272 LEEXER
FOERKEEH & B IF 8 o B A d X OVEF S oA dids VY 14 7 i
AL O REM AN L TEAERRE (CESHBEE) ZIRE L7, 547 8 — & 457 8
i D AR B LZ DTl WG KM (2004) 23808 O —FE T o 2 FEEIZ D\ THERIF B
o, FEIF T, AT ORI E 2 SRR RIS EHEE LTV, (L (2010)
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. RSP O E L, B O PR AICE LA ARET L T25, FEET
wfmméhﬁbfméo:ng@ﬁ@%ﬁﬁm\ﬁﬁ%fﬁ%ﬁ%@ﬁﬁﬂé%f
b2 HBE, ZoOfiERE S KO - & E O3 >V TR HMEEZ0.2L
L., TRUANADOEMIZONTIF2E LTS, EBFMESMOERFH—Y o1 71
T L P R e NS kT AR AR B 2 & E L T,

DWW TITERIL A — U A 7 LR 85 A R e T3 2 RO PR A 2 & (R
E LT,

I OREBEEMICOVW T EIET X ICEDERMTIRZ LV NG, FEESD

WMr&a1t->72,

3) BN

BUFIZEEHERE T — Z IS LTV D FEFHREEN S ORIAL L CBUFIHE B
FOBRNEREEZET VIS 5 &0 BENIIMA, RAGREEIHEOR L LT
Bl 2 WITHBI &S 21T 9, BURFHE B X OBUFRE 2o\ Tk, BUFTHE S BUF
BEANELH T —EZARIABEBICKBREN T RN LD — ANH T2V BUFH
B L OBUNREREICOWTREFEOKETEL L THo7,

4 ~r/muru—Tx—

v/ s a—Y % — IOV, BUFIN XM %2 T 5 £ 9 ICBUFI &R (F
AR ZBINEFHOBO —EBIREZIT 72, F7-, BRI IFIELAEFKUET—
ELE LTz,

5) REREFMTY2—V

CO BRI BHERH 1T, KE AN =T 2 RFEWFE G o8& > & —2ER L Tu 520044
F:#E D Global Trade Analysis Project (GTAP) 7 — &% X — X FETRRIZE LT B LA
BtOMHICE S =3 v X —Tm—F —% B LA BREHE OB BERF CO HF H AR 2K

(Lee 2008) # M7=, 7Z2d, Al - ARESEBFIC L 5 I KO R O /M

ANFKRESBEMEE LTOEHEZEZOND Z D, ZOHEMEAIL L HCO;,
P T e W EIRE LTz, S BT, EEFEIZEIT 24 EOCO Pk &N EE T L ¥ —
BRI X D HERHE (IEA2011) & —E¥ 5 X O ICHBEEALEA L,

BRI A F L ORIEATHE BT, £3.21B X UORI22IRTEEFITB T 2 HERIC
L, YIa2b—vaUERELTHEONDHEEREOE(LZ T AL THE LT,

2 T—%

HERT =2 X—=2Th 547 E+255H75] (Social Accounting Matrix : SAM) |
FEOEZHEERE S EIER LTz, A LEREERIZILLTO®Y Th 5,

o H K : 20054 iR 5 48 L ot J) E 36 B SR SE A Ay e (4073 M43 J50)
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o H[E : 20074 pEFEE R (1355F 950 %H)
o iE[E| : 20054F pEFE RS R (4035950 %H)
o ZZJN : 2007-20084F pE 3£ B % (111589 75 %8)

HEBRSSESICET 27 — ¥ CHEEEBEXRNDIIHETE 2V E DI 20T,
GTAPTF — Z R— ZEIRMN HHETE L=, GTAPT — & N — X THIL 200445 i Td 5
M, 20050 T — & A7 LT Uiz, EoAEERMB OB, [EHEM—
i AU ] O AR HEMEME (Armingtonf®%%) 72 EDRT A —ZEIZ OV T HGTAPT — ¥
N—=ZEIRDO b DEEH LT, 728, SAMERDZEMIC W TIZEROHHEZ SR
S AN

3.2.3 SREET WS E I BT 5 EBEEOR 3 0 B B
1) BELF YA

FP. BARDHMTEPRF G - BRBER AT xR EMDBOR TV 4 ()
ELT, SEICHT 2 EEDIPEHIERMRME L. RMENADY Vo 7 VEM~DH
%éiﬁ%ﬁﬁ#é%oﬁ@@@ﬂ%ﬁ\mwﬁ%aﬁﬁtﬁﬁb 2015412
HARDERILAHEE &N, BURKE AN o 285512 < 53 T10%HI8 S 125 iR 84 s
REBRET D,

Wiz, B A AROFICMAZ, BB TOxE & L TEMMPERIA T3 5 KK
BB AEANTHHZERBH TV A QA | BLXOHAROKKIZM A, #ENH
ARERBEOBEFEYPEHEERMEEZEAT D L L LT, SINE IO EDKKE R
BEANTH4DEEERBGH T VA JACK) 2, HADHEIM THIKZ D56 L ik
L. [HEBBRBHOBORE B 29T 5, LigicH 7= - Tk, X TH T F U 4 T2015
@"TéﬁﬁE@MﬁlA%%%%ﬁﬁE’ﬁéio IZBLER - BERZRE LT,

WOBK YT VA OFHEMITILLTO®ED Th 5,

o AARBMIFTUA () : KM (SFEH. EF#) BEXOU A 7 5% Bk
< AMMOEE Y &ICx LR — B o & Mezift L, #EeRAE Y A
7V TEHMOEY EFICRT AR EZLE TTL2ROMBe L LTHHET 5,
iR < BT, 20154 0 A RO SIL A HE &, BUREZ AN WG 510%H
BT DEIICHET D,

o HEBURWHI T U A (JA)  BARIZHABEMS TV A LFEUBOR (7272 LERR
(X8R %) ZERY D, FINTERIEATRILEFT 0 78 L1256 URIRNE B2 BB L

20 ZKARFIOSRIE BEH BE, S8 (EsIPER. BIFMOAE) BARICHH TS EEE L., KA
L BRE PR RO R A SRR L2 BEFEY EEE IR 0.06bK (I ATIE —ERAFZEE 2010) & b &
WZHERE L 7=,
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BT R BT D, BiR - BT, AAREZEMNETNZH O A M E&E
B DT v A EEB LoD, 20154E 1281 5880 D4Ah EAFHHEEN A AR
M F VA LEECICRDEHIICHKET D,

o AHEEURWH T U A (JACK) : HAREL®EEZX, AAREM ST U A & [F UBUK
(7272 URFRII B2 %) 2R T 5, SN EFHENT, Sk8La RIS o5E Eiokt
URREHRBLZBL L, BIIUIZEFHC —EBET 5, B - BRI, 4EZNE
ORI ATHE BN RRE IR D L HICEE LoD, 20164281 5 8k
A OAIEGHBEEENAAREMS TV A LFECICRD LI ICHRET D,

B R 1X20064E 7 5 K95 ERE L1z, Zhid, EREFEICBRY a v 7 28 AT 5
CETHELOMENEZ D Z LEEBT L7200 TH D, B « BHRIZ OV TIL20064
NH20200EE T —EE Lz, £72VU YA 7 AT 2B &RIZHOWTIL, K4E
CBT2HEENAL VA 7 AVEHEMOREY EiFE2 S & ITRICEDOFEICHEA L7272
SITFREANA L WEXHENE L RD X IICHET DM, RE LM a3
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NTWHCPITT 7L — kL2, T—20O% 7 HMIE, 1997407 A H 520064
DIULH DIOFEM T, T—FIZTXTHRT =X Th 5%,

RERHNT —Z X LI LIBFEEFREEZ ST O TH DL, 0D, T HAMRKE
(augmented Dickey-Fuller (ADF) test) # i L7-, € O#ERITRLLIITRLIZEE
D Toh b, FH25NFXITLDOEERST — Z (2 %4 5 Mackinnon approximate p-value T 0 |
FIFNI A AR O —EIREEICKH T DpEa R L TV D, FHaFliL, ADFFRE THWZ 7
TEhEFELTWD, ZIZ T, 771%, Breusch-Godfreyf € st &4 AW T, R¥IFHE %
BTt RESE LTS, FALITR LM EIZ, INQFUA D+ N T oL
N—ElOREEEL LD EERERDZEETILTND,

22 P EENLAEHRHP O T — & <~ — = (http://www.stats.gov.cn/tjsj/) & Ot =& &1t (2010)
TEGDPIRE : RAUTMMIELMMIIEERE S, MELAT T v 220098 E, = v b1 HLi#
WF2eAT (http://www.nli-research.co.jp/report/flash/2009/flash09_135.pdf) # &M L 7=,
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#4.13 ADFRE

I ) U 1R 7= vzl

InQ”® 0.2871 0.0000 4
InQ™" 0.0738 0.0681 21
InQ"® 0.4969 0.0083 8
InQ"" 0.2863 0.0000 12
InP” 0.9731 0.0000 2
InPE 0.4885 0.0000 3
InpY® 0.6114 0.0000 4
Inp"* 0.4883 0.0000 3
InY 0.8417 0.0000 1

() B OERH

INQ™: HAMNLHE~D A2 7 v FlathE (L) ©HRxK
INQEY: EUMNB FE~D 27 T v Flai&E (b)) O HKNK
INQYS: KEMMLHEA~D A7 T v FlahE (L) OB Rk
InQH: HEMHLHE~D A7 T v FlathE (L) O H A%
INP*P: A 2R o e v i HH A 4 0> B 885 %

INPEY: EU 5f Hfv i H Al s o> B 4855 %

INPYS: K [ 0 e v i HH A 1 0> B 885 %

InPH: 2 ok 0 sef v i HH A 4 0> B 885 %

InY:  HEOHETEAEPEREO B Ktk

WIC, B HERICB O TS OBBER D 5 2 E 9 M ERGE L 720 InQEV ik iE # 1k
B HIZTRERST — 4 TIEARWO T, ZORIECINQ™ITME 2 22\, Liza - T, #i<
HTCIEINQF BRI A S &+ 5 HRRRITHE 2 0,

F4.1.41%, % AR T 2 HFn4r o 7= B O Phillips-Ouliarisi & O #& £ %2 7~k L T
Do HBATIE. BEAN O FEA~OE M 2L & Lz FRAIC k9 2 o e
OFER  (Phillips-OuliarisOthi i & & zftit &) Th b, KALMHIRLIEMHBRIT, £F
FMCBWTHMONEFEET LI A2 LTV, Z O/ E %% 17T, Fully modified
OLS (FMOLS) #t7& (Phillips and Hansen 1990) & Dynamic OLS (DOLS) #txE (Stock
and Watson 1993) #9252 &2 L7z, o, ThooH#HEEHFIETIT, HOHER
WAMORENEGRES N TWND Z ERM LTV D 23,

23 Phillips and Hansen (1990) ¥ X (’Stock and Watson (1993) &M I/,
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#4.1.4 Phillips-Ouliarisk &5 52
i [ TR = Zh A &
EIZN -5.8411 -53.2016
(-0.0034) (-0.0024)
K [E] -9.7455 -102.9887
(0.0000) (0.0000)
B -7.5776 -80.3327
(0.0000) (0.0000)
(1) FEINANIL. Mackinnon®pfEz £ LT\ 5,
(3) MHBRLEIBKEE
HEFH G B A2 #£4.1.5~F4.1.7107 T,
#4.15 HEFHMER: BR
DOLS FMOLS
¥ P YERA E R P YERA E
Inp>® -1.4667 0.3479 | *** -1.4890 0.2696 | ***
InP=" 0.0328 0.1567 0.0347 0.1131
InpY® -0.1399 0.1700 -0.1328 0.1194
InpP*« -0.1171 0.2360 -0.1506 0.1770
InY 1.8119 0.1823 | *** 1.8728 0.1478 | ***
Constant 6.8709 0.4969 | *** 6.6792 0.4052 | ***
adjRr? 0.8476 0.8442
D.W. 0.8230 0.9359

(1) *** 1% HE,

*>* 5% AR, * 10% A &

(1E2) InQP & Wi HZ & LTW\Wb, DOLSHEEIZH WS N-EIT T 7 L6175 7 (lags
and leads) O F ZISICHEHEREHEICL LSV TRESNL TV D,
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#4.16 HEREER  KEH

DOLS FMOLS

E¥ FEHERR 7 E¥ FEHERR 72
InP> 0.5958 0.5191 0.5473 0.4207
InP=” -0.1165 0.2338 -0.1454 0.1765
Inp® -2.5560 0.2536 | *** -2.6504 0.1863 | ***
Inp"" -0.7585 0.3520 | ** -0.6463 0.2762 | **
InY 2.6426 0.2720 | *** 2.7167 0.2306 | ***
Constant 3.8949 0.7413 | *** 3.7018 0.6324 | ***
adjR’ 0.9154 0.8838
D.W. 1.5034 1.6287

(FEL) *** 1% A E, ** 5% A&, * 10% A &
(FE2) InQUSEBEHAZH L LT\ %, DOLSHEEICH WS ALT=BIT T 7 & 56475 2 (lags
and leads) DO F ZISICHEHEREHEICL LSV TRESNL TV D,

F417 HWEHER . B
DOLS FMOLS
5% FEAERA 1% %% R
InP”? -0.2444 0.3131 -0.2814 0.2727
InPEY -0.3644 0.1410 | ** -0.3524 0.1144 | ***
InPY® -0.2234 0.1530 -0.2868 0.1208 | **
InpH* -0.9344 0.2123 | *** -0.8448 0.1791 | ***
InY 1.3749 0.1641 | *** 1.3676 0.1495 | ***
Constant 7.2791 0.4471 | *** 7.3158 0.4100 | ***
adjR? 0.7855 0.7567
D.W. 1.3972 1.5354

(L) *** 1% FE, **; 5% A5, *, 10%F &
(FE2) INQMM & WH A L LT 5, DOLSHEEIC WV b= 1T 7 7 & %477 ~ (lags
and leads) O &K SIISICIHFRELEIC L LSV TIRESINL TV D,

HEMEE NS FE» O IXZ OO Mg & ARICADHBEEZ L D, 72,
FEOXFEHII P EORE TEAERKEARICEOHBEE LS, ZAOITEB L —
BT 5, MERZ 797 EORBUEOREEZRT ST A =Xy OfF 5D WL DIEIE
ThHMN, FEVIFATHSL, ZONRIFIA—EZBRETHIHIZTEAEDTr —RIZEBWTIX

BT, ZRDRATHLILEXIZARLER->TND 2, ZOZ X, KFEDORY

2 BMNVREBENARONZDOIF EUDHHRICBWTEUD R T v 7L HRD R T T v T O D H
Tbhb,
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7y ZEHORICRBEEIZFEL 20, FELTHLHERICHVLOTHL Z LK

LTV,
Fo. BA, KEOHGFRICTHE W T, FHEOE LI DT A =2 BAITHR> TN
Do ZHUE, FEEPHPHEOPHHTHL LM LTIZbDTHDL LEZLND,

é%#%¢l;mMénéx77y7®k#iHK\*l#%é% HbLAERED
DTHY, LER-ST, HDHENDS O &N Z OEO#E A & AOMHBERBERICSH
HEVIRERNEFHEOE MK IO I TND &%Z%ﬂéo

FIDVREEMEITHS 22— R720449 L WH R LE B MBI EIND A7 T v 7 DAL
ﬁ%m%ﬁﬁfﬁﬁofwéﬁ%ﬁ%m%#éo;hi\mm%5®%¥%ﬁ®éw
RHE NS = T A TAFANVDENVERLRL TNWDL I EREZILND, HDWVIT
B BHEEN K EM TR > T D720 s Lz,

AHEFHRE R DI, RBRBERAH 5 &0 ) PRI U, i E R o RV &
Wz b, bbb, HROEMPHS &5 WIXERNY 1 7 AV fEERRIND L, BAR
ENFESHEMT L8R E LT, AAROKFEHBDZ 70T B8, 2O—JTT A
U#, EU, HEOFlgHIEME 7203809 ERRORBICK L, —H O FI4 % Bk
W, BAROS Fig b fiks o LH23, KE, FEOShim 2B EnsEs 2 L
Lo tz, TNEZ A, BALIZHL IS r—A 3T 6b o7z,

FEfERIc I, BARRNENRNY YA 7 V2 HaE L i A2 GRS 5 BE 2 B,
A7 Ty FEANEOEANIRY . AR Z T v FAICELTX, AEERY YA 71
PED BREEVE RO SN D Z L2 D,

L2, MEEENEERLTHGEEOLDO LG ARMEIER Y A 7V —RIZH D
DTHY ., %ﬂ%%ﬁﬁﬁ%féﬁﬁiii@bﬂﬂa"ﬁﬁfi JTCiERW, A7 Ty Ol AR R
o, HlziX, BERVY A7 NVEREL, @WEV VA I NVEELEERTDHE O %2
HHADSL VIZ. BEOMEER X 6T, LVRNRBORTH L ATREBENR® 5,
B, Shinkuma and Managi (2010) (X, HFERA v FE W EEICBWNT, U Y
AINDTAB AGFEDOENTIETH L LEwmAM T TnD

4) Fé&®

BWEETORBEER) VA 7 VvEMEL T 20 THNIE, —EIC XL D8 HHIRIC
STH—EOHREE EIFDZENTE D0, EWHHIRICES O TiEi<, —/EOD%E
il Lzt 2380 oo, 0@ EEICB W TEER VA 7 v BB hbh
LE o, EREERMEBOMELREHOZDOEEBHR h2HETIRETHD, TD
t%kﬂ\)%47w®74t/xﬁg D N E & i H E oo R oo B O HE I X B
FEAIM 28, WIE) YA 7V EHBET D200 Y A 7 VEHEDOFRKICORMN D K
DR THDLEEZDLND,
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41247 F—=) VI A 27 VOER4L
(1) Ay 7x—<N VA7 NVOERBEREOLEN

T VT KLEHUIE TR ATRE R BIRFIH 217 - T < BT, BEEW OMEERF I B
TDAMNBREIRINRD 5TV 5, Shinkuma and Managi (2011) 12 L, BEFEME
(T FEIZKRDOISDOMELZIWZTWD EWH, FH—IT, BN ZEZ0REDE ST KO
FEEMEFTDREEYW O 2 A ML TREIEREZFF-> T D L) HFHHROIEXR
PEDORBECTH D, B0, BEEVEETOBEERINNTITEMHM R AZRBRETVE NS ¥
FROREMEOMBECTH D, £ LTE=IL, EEWI XA IR EL 2D ERERETD
HEFENRHTLALEVWHIMETH D, ZO=Zo0ORMEIZINZ TT V7 KEFEHIROE |-
E Tl S DITEREEO R MO, FEFMLIRIZ X 0 BAT W L 515 %R,
FEFEMBLOBRIZHBENAGET Y A7 REEFEIC L 28RN & v o 7R
BHLOHF LTV d, EEERER~OBSOREWRERL, 29 Lizg EEORNR
WCER DD ET D bI1E, 29 LR ZUET 572D O R B9 72 BUR S AR H B
WM EERTLZLITIIE®RRD S,

o7 o7 o EEICBT 2BEEDLEOZL FA v 7+ —~ k7 % — (FEAKX
IRRRFEER) LRI D HIER ., FEAOICERBEE SRR T T TR, A
VI~ X BITABEEMLEE LD AR R AT ATV M
NTITS DR RERBEL > TWVWD, 2oV o-BEaEz., v 77—~k
B —Z EIIEHAEEE TV RENDLEWIRENS T VT O FEIEY G IR R
TEENLIMIE L SBOBEIZOWNWTIm W EE S,

ILO and WTO (2009) (2 & % &, 21f42IC A - TH ik EETIXEHE D60% 5 5 80%
WA T —<wLE I B2 —IZB L. £ 7+ —~/LE s Z—0%& FLEOENBEFEIC
0 5 FE1330%H40%ICh D EWnWS, AT —~vk s X —id —RITIEA
AT TIHHERE SN TN ENEL, £2D04OEY | EICIZARIZITR O bR
TR WRESCHBEE ELHMTHD, A v 77—~ LB ¥ —DEFRIL, B L
EMTUIEULIZEZA D Z L2034 < (Bacchetta et al. 2009) . & EOHH/BICH DT —
AEWNETHZ LT TIEHEA L 74—~ EB I X —DU B A7 LEHMIZONTDORE
RAHETL2O0FIFEFICHETCH D, 2o oHEFELHY, BURTIZ, 174+ —
~ Nk —DRA HMEEBENICON L TV LIHEMNE TS E VIThIL TR
Y,

AWFgECix, (W) HERBRBEERAS T CREBAN 7 ¥ 7 BRI R SUHEEE R O — B8 &
L C0IL4EIC Y U AR — VTR Lo, 797 KPEERIB O EFREDE B L O Yo
TNV ET DA 7=~ X —ICEHTHIEMELED V- v a vy T D
RIS X, FOEBEONREHOMAZERT L L 2RAT, O LT, BEE
WEBBIRV YA 7 NVICEDAAS v 73—~ X2 —OKREEEM, BLOHEMB
TOHMELHP ST LT BT, B, BEOMEN D ORIERRBURN AL 7~
g U NCOWTHEm - MRt &7z, 22Tl A v 74—~ k® 7 X —%—(Ki b
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DEHLET, ZOEREBOEM NG TIE, By 7, 5l o Threk, Bel)
(A, BiAGb) I8 L, ZNZENOKEB L OZNICERET 5 Ax ORA DK
BN RORBORN AOER L 2R D LT, A v T4 —~bk 7 X —DEREICHO
WTHOZINETOMAEZBOR FEOFRBEE L TEAEL -,

2 Av7x—~<n-V¥AL 7 VOESE

AT =<7 F =R e AL LTERS N, 2L O5E R F2
5~10ANKRMDOHEKETH Y . BEITRBE - RABET XA THS (Amin 2010) EX
it s hize v 2 TR ARV BAERES AT, G& bRV, EEDEH -
VYA I NI =T, INOLDOEVRRFIEZL DA, VoA AN yF 7 (2
HIRV) ICHEFTLEENRNE 7 =D HDHWTY YA 7 VA RER B IR A B .
ST BT ORBREREE AR E AT AR/ X —DELLNTH DL ERBR ST
2o

PEEMEELY A VIR T DA v T —~ b7 ¥ —Dkkx IBEREIX, £
EFEDEH - VA I NTF == IZBITIMROBEBEZ L2, H2 0T Z0WiRic
B XKL, R b,

Bz X, PEIZKIT 5EFREEDORNDTE L, Chietal. (2011) (2 X % & | “street
collectors”, “E-waste traders”, “resellers of secondhand products”, I X T8 “dismantlers,
remanufacturers, components traders, devices separaters, manual recycling shops, leaching
facilities” 2 LR 2 ER R E A KR EIZHHIND, 4 FIZB T 2B TRERED ORI
OE X, Jain (2006) (2L % &, “vendor lobby (e-waste buyers) . “scrap dealer and
scrap dismantler”, I & O*“extractors/recyclers of electronic items, plastics, and metals”(Z 4y
b, £ Fxv7 o084k, Damanhuri (2010) (2 X 5 & “waste-used goods
traders”. “LAPAK (a dismantler and wholesale dealer of specific reyclables) 7. “BANDAR
Intermidiate (junk dealers) 7. 3 & O*recyclers”iZ S5, 7 4 UV BB L TIE.
[ 52 [ 2 B e i B B4 (NSWMC) (2 L % & | “waste buyers”, “waste pickers/jumpers”.
“junk shops”, ¥ X O*recyclers”iZ 3 S5 (NSWMC 2009) , 4R 5, EFio
Bt W—OMENERRDIVEOIFEHLFENRELERT DAEELH D,

W7 VT REEOMEEIC L 2WMEONIE, BIOBMHFHAEREFICESE, 22
TIEA T+ —~» VYA 7 NWIEBEB O 2BERRIZ DWW T, RICET 23~
SEERDT, RBINDLOIEIET XTI 4 —~v b A U T+ —< I H 725 H]
RS L Z EITHEE IRV,

1) B, EyFrr, BRI

ZOREICHE Y T LIRENC I, RO IT BIBRIC L D EREEY ORI Y
AT VARR R A MW E T AT ODREI - By XU TIEE) Yy g v T
DAY T TN, V¥ 7 mOBEINA Y —OMIZ, BEEDO LKLY A 70T
== TCEBEIR SN o7 YA VAR ERE ZAMNS M Ty = A M Y
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X7 ORLTHETHIEEN DD, ZOMEEICIT, BEMEZ ) VA 7 VAlRERE
JRE L THRT DIEES0, BT E WO RDBEFSIZIE VAL, L %< ODE%H&%H‘%)
TELEEND, ZOMWEIX, VA7 AVARAEBHONY 2 —F = — B0 T,
RHIEWEEEZZ biLD,

N T IZTFvazfit LTAry 77—~ & s ¥ — L+ 2NGODAIFH
Magsood SinhalZ L5 &, £ v 7 4+ —~ /b7 ¥ —05@E 1L, —BAIZEIY - 55 51E
HZFH T T 5 25, Magsood Sinhafk o RLAE Tid, 8 8) 722 BN & F8 AR 57 Bl 2 FE i 3~ 4
X, A 74—~ U AT NVICEHDAIRWELETHZENTE D, T LR
W2, EATS T A 7 VAR ERICH T 2MOVTFEL AL T Z AR TH
Do

2) Bk, Bl

VA7 VFx2—2TlE, AidD “UUE, VoA A RME YT 7 BLOSH” #
BICIEFET DAL U P A 7 VAR ER A B - AT OB, 41 7+ —~v B
CRANEEREEE R LTS, 9 LEEE YRR, XIS/ O R EE
FHS VYA 7 VARERERZREI L7z BT, MHics T 2 EHAMS O LB U T,
INHOY YA 7 IVARARERZ S IR, ved. 20, A Ik, 52H13 5 26,
Z OfREIX. £ < O A “vendor lobby”, “scrap dealer”, 35 XU “scrap dismantler” & F¢
ENDEERNPEZLTCND, 42 FRTT Tk, ZOBEEICHESE L T2 i/
B OFEARZLAPAKE L, LAPAKOR A, L O%, BLXOMEBEZZBD L
B ) KRR O 3K 2 Boss LAPAK E # L Cu\ % (Damanhuri 2009) , il z 0%, /4 > F
XTI BTDA T H—~</b U A 7 NLVDOMEMART, 2O TRA-145) O%R%E
AL LT\ % (Damanhuri 2011) , A /72L~<7/I/J87 2 —NOHAEAEH O %
T2 ET, A v 7a—~ - UH A I NHGOFEREEFT L LTI+ —~I)b
Y7 X =L OMEERZERT S LT, ZOBEITERRMNAZ 5D, [BUIREEICE
%%&HL\ﬁ%ﬁ%ﬂ%d%Uﬁ%ﬁwﬂ%ﬁ%ﬁ®ﬁ%%&m?éo%ﬁ%éﬁ

IBTFHA T =~ X —DWERLE LT, LIXFUIXEA O/, H DV ITHT

WOULE, T2 A A NE XU BIODH” IEENIEET D A& 2L L-H
EREZARTDHIENERIND, ZOLHITEL L THEERINTZFEEKD L
LT, ¥4 ORMZ*EHE (Wongpanit) BZEITF 55,

25 2011410 H4HIC Y v AR — NV CHIME S 7= 255[m1“Asia Resource Circulation Policy Research”
U —7 = v 7T, Waste Concerndt (A gI5% % 3 i (L. 2 % © Abu Hasnat Md. Magsood Sinha
BTol 7 LBV T —varyb@&EmIicEk3nTins,

26 PE DO TES-AMMAR 55 At O BLHL G IC K D & | i filiA& (TS U2 EBR E IR o Bs1iE. U
AV NEEDOAE LB FETDNTWD, HFHRIE : TES-SAMMO R ZR~DA > F B a—,
2008411H,
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3) B4, AR

COMREICHEY T AIEENIIEA THDEN, T2 TEHERV YA I VAR EREE
T B £ 7 13 IS B - BRET 2 720 Ofb SRR F - (T BV B A i) &
By B 5, oML, BAICL o Tk, miiko TiFE, W51 MEEE2 Y45 F
(EREBEBEL TS, /17—~ VP A 7B LERE~OBSIL. 20
BERBICRE T D REG RS A7 2T LR E2 0, VA A ME vy F 7B
B UV AT N~ORBITIE, AT+ —~/b - U A 7 GBI T D F R E R E)
D=2z bbb, LnLEOgae, 7T RER EEICBIT 20 - VA7
Ui, BREE B IEAREIRAED ARV, 7 —~ I XV BREE B IE A B A R
TREEZHEATNE, a2 MR ERD, A>T —~b - UH A7 VORI EKBT 5
ZEIRBIEAD,

B AvT7x—<N - VA7 NVOKRET L OREDOHE

Sang-Arun (2011) I EFfFc AlREMED = AEZ Y B, A > 74—~ UH A 71
R AR Y A 7 LV E R RATHNTH BT, B, BREBLMEESEWVWI3D
DORBLDMMEDR DD EFHETWD, FlZIX, FFlErgER Y A 7 LB R A%, fEER
BRZDB LIV AN EEDRRALTH I ET, MGFALMIMEIC LD INE - #Hif -
WGy SN DBEFEM ZHIRT D, 2D Z LT, WpgEnsOFEERWEOHENY 27 #{K
WL, N—=T BRI D840 - il - EPEICIE D GHGZ D L., BEIEM ORI
VEE SN EHFIHZRAD T2 2 ERHED, BREMME S, FEErTRER Y A
JIVE VR ADHENIL, BlZIERELEDOZDDOREM EFEOAIHLY YA 7 LA FER
BROTBIEREB®RT S, SHI, £ v 74—~ U A 7 AIEBIREES O 5@
KO SER, BEDVERICRLVED Z L 2 ERICHM ST LBkt ., 42
Rl % BB ARSI LEL H D,

INHORLEAMEICE NV TRRINDREFEOELN ST, 17—~ -V
YA 7 VIEENZ O WTHIR L7723 DHWAREDR CE - 7-< B 5,

1) ER, ©yxr7, BLUOGH (BEHOY Yy I — LINEE)

MEOHEL R &, “WNE, V=A A My F 7 BLODH” EREB KIS
BREEY X7 LRSI, BEREY, BEMOE Y X 7EE @ E T, BEHOE v
F U RMEICREFETHH T, A IFCRENELA 2 EDLHEREPRSA MY 2 R
DF LD LARTIZHESED, 29 LT I ORELTER T O LBLICE
DL, LnL, TOEENRDIEZRL T, MGAMMHKIC I 0 INE, #Eik, LB
NEREFED OB SRR DAL HD7EA 9,

FEBREN S R D & FIICZAMONL THTOR AT S NRVIREBETO T IHWT
AT, 29 LIS E T2 N x OB @ARMIE, £ &b RBENRMT 580 L1
BES AWK H D, Friz, THMIEMTY = A4 XA Py F 0 7RI EFT
HDANRIFELXICL T, ZOFEZRBMSNRN-720 ZO XD RIGEFENIHE S bR
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NOREIN TN T 5, ZOMEIZY VA 7 vTF = — 2 TCOMERAIEIZE
WTHRBIEWRY Y a VITHESIT oD, BENICEEATOARY, o T,
ZoRIEIZ 0gE . RE - EHETHOARNMBE S ECBER L TV D,

IO LTHBINEFETEIANOFERESSEL, @EY A7 2D ST 572010,
FLANBREEHOE, HH5NE T4V O HOETRR N LADN I AT,
DA ARNEYXFUIIEBEZOT 72 AFBFICESNVTEY, BEHFITITT 77,
I, v AR EO#ERAREMLI S,

T VT RYEMAR IR, VA 7 VI E OMEICE AN ENINL TN D, EDTD,
TEEREIROINE « E W E 7+ —~ b T2 L1, 2o L7 R2a2REaR NG
DHLOLEL, BEREORT vy bbbl d 5, Mx T, BUFIE, 2F LN
NTHE DY —ERAEZRUTEDFIEOTRBBE LB ZHL2WVWEAERZ N, 20
o, MEZELSEI25560H 5,

COBERRIIML T, HEZRICET B EE L OB & TRV BR N B D
— . ERBRBREBREA~OBE L OBD 0 ITHE D220, NGOSE AU A 7 v
CREEMEFHICB TR VTV —~ I =L DaTRL—Ya L ERET DL
TR EX L TA 7+ —~ L RIEEHNIIWNEFET H A2 27 BIRERE L ONGO7Z
WIEE T D7+ —~< VeI - B AN =X NCHEET DL 2BHRT 5,

2) BTk, Bl

Bk, Bal & LTI, A 7+ —~ VIRBEEM TS BB O A v — Rl ¥R,
FEVFRENETEND, ZOMRETIZ, RBEHRETHLLICETLIBEIL. VA
7 VA RER EIR DR - RIKHFIEIC L o TRAR D, —RNIZ, =7 AFR—Vy— -V
27 L, EREN K& WEED O (Fl 2 (XehigEEm, EELCTYHE.
TP OHEH SN D72 L) CIXEERZ2WEAEIL. 2 OBMEENEZ 7B M A5
ablod I idewn, LrLl, ZOKEICHED T LFEEFRITIZLIOEE, 1
N, Eyxr 7 BLOGHNCEFRT 5 A4 & “boss and subject”BIfR % fE N2 L T 5,
ZH LESAITIE, MEILENEE L TV ABERH Y, VA7 ERNF I3RSt
SMEEZ ST LIMEOIRRIC 228N DB DD, £D—TF, VA 7 VAR E
D=—ZAPEML TWLBREZZERT DL, U A7 Va2l Ut 8ok 3
IR, ZOBREICIIRENREO RN 5,

3) B4, FR&b

ZOFBIIHMEFUBRSLBNEBZ O MEOBAEICWFET DY A 7 VEEDE
FNDH, AT H—~ I U A7 LD3ODEEDOF T, U R 7 KUENFEIEY O
TN Lo TRRD OO, ZOMEBIZFICEHVREFRY 27 LEFKELTWS, &
PEED) 2 B BAIE, BAMER E 23R I L 2&RE - UH A 7, 2ok
BEICRE YT 5, 29 LIEHEEDO Il LTIE, 2B LAERTF v 72 BETHRED
W7V MEWRE A= —CRESE D TEAEZZOLND, (6o T, ZOMHEICIEY
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B b L OREMELE, BARBENFEE LS, 2O—F, ZOKREICITHE
BRI B b e ed, iz, 74V TCETEEWOL 7 4 —~
e VP A I NVCHEFT DAL Extge s Lz, 5l (2010) 2k 2 &, HElcEDD
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EENTWVWD, LERS THBHEENLDOTFEICKEL ELAEND TP Y LT
. AARTOYET ZAHH AL CHET ABLHIKEREREMICHE - ShbZ & TR VY
AOEBEEEEH AR L L TN ETDE, BRET AV BIIBIT DTV AT
GOk EEN P IXTRE D ARELN S D LB BND,

Z T, AT AARICEBONTHB HEPEY X HH 2R & A7 ERLLTAEL0H O LRl
CIE#ROT — X EH W, %ﬁXﬁﬂﬁ%Méﬂéﬁk&TH%%®ﬂﬁV?Aﬁ%
DAl EEN I EALN R Z o 72 E D D EMAE LT, T —ZIZB L Tk, W T¥p
s LG AT (TOCOM) & = =2 — 3 — 27 FEEHGIAT (NYMEX) O/8T 20 A0kl
DAk 2 > 7=, W HiEE LTk, 48 Tib~<7=Johansen and Juselius® 14y 43 112
Mz T, FRRITHL0H LI OB RFN T — X % 4 I — B e LTHREL, Zhaxkfy

IR EAT O BRICIN AL E E L CTEJEIZ AL 5 Carrion-i-Silvestre and Sanso (2006) @ 3t
Moot oFiELE i,

F I, EELTHL0A R O FH2F M O R RSk 7 — &% (CERk164-10 H ~ /%18
FOH) ok LT, Hilt# OMiEZE (L% B EIZ AiL 5 Carrion-i-Silvestre and Sanso®
M TRARET AV I ONT DT ATHGITMASEENED & > 7o & 9 2% FRFE

2 (QebA BEEO =t fas s LTHED TV, A&IXEAR & = oM ~o
RGBS NI VYL LEIEHEEENLOTFEICTIFEIARNVEZEZLONLTVD
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L7229, WIZFEEED T — & X[H THHI % O IE 2 L %2 & EIZ Vi 72 W Johansen and
Juselius®Fnor M2 FEIT L, 2O DOfEREZ I LT, &ZIC, RIZ DD Ffms)
N TR DFERNTEHA, BRElC L > THX AT T AOMikgEEIMEICZ(EN H
ST EEZEZLNDTO, S BITFEL < BHilATE O E BN DO L& AT, T D Fik
LT, HlilaT CERR16410H ~FEk17489H ) & Bkl CERLTA10H ~FRL184:9
A) kT — 2 &KL, ThZEoT — & XEIZ% L Clohansen and Juselius® 3t
MO Z2ITO L) FiEaToTz,

#+*4.2.3 Carrion-i-Silvestre-Sanso O IFno KR E
LM-type test statistic 95% Critical values

Model 1 0.214* 0.155
Model 2 0.324* 0.106
Model 3 0.183* 0.073
Model 4 0.071* 0.056

Note: * represents significance at 5% level. The critical value for each model is taken from
Table 1 of Carrion-i-Silvestre and Sanso (2006) when 2=0.5, and k=1. The Oct. 2004 to Sept.

2006 period is used.

#4.2.4 Johansen and Juselius® F£F14y ¥ &

Period Dates Ho: rank=r Trace test Max test  Variables
r=0 62.26* 61.34* NYMEX

Oct. 1, 04 - Sept. 29, 06
Whole ¢ e re=1 0.93 0.93 TOCOM
Before Oct. 1, 04 - Sept. 30. 05 r=0 49.19* 39.84%  NYMEX
i P =% r<=1 9.35% 9.35*  TOCOM
r=0 20.26* 15.89* NYMEX

After Oct. 3, 05 - Sept. 29, 06
r<=1 9.16 9.16 TOCOM

Note: * represents significance at 5% level.

F4.23, 424N OO OFRERTH L0, ZHIC K D & HHE OIS A
% # B2 A XL 7= Carrion-i-Silvestre and Sansol & CIZHARE T A U B DT V7 AT
5 O RN VAT R E B M 23 70 W 8 . HiLI % O A E 224k & B I A 72 W Johansen and
JuseliusD M & Tl ik EEIME N & D (F4.240 KXW (Whole) Zff - 7=/ #r it B %
ZH) LWORENELN, ZODORETIIR IO RE o7, ZTHD DT
FERN O DT WRLTHELOA OB T T H KD /NT 27 Al 5 O i A& 58 B
WIEEERNEZ o7 ZENRBEIND, 2O EZMRT DO, HlilaT

(Before) & #iilt: (After) @7 — & X[IZES L Tlohansen and Juseliusf & % FE L

2 RTETF LM G E T L4LECarrion-i-Silvestre and Sanso (2006) 3 F T H TG LT S An,
A. B, COA-DET L EXIGELTWD,
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Teo ZOFHTIC LD & HBIRNEZ A KD /RZ 20 NGO MBI IS E B M 1T 72023
HHZ MM EHE DN S D L WO RN E DT (F4.2458)

UL EDOFERNG, BARTO BB EPET 2 oR(kIZ L0 B B kT 2 H K E D [H
BRI HE AL SN ERRATELIRE, AAL T A U O V0 Ay O Mk EEh T
HRESTZEWVWI T ENRBIND, LIRS T, NI LAMENREETEGE L TA
< BEWNAEIE R 2o ET DHEEELR-T IO LT 2121, FEOART DT A
MG B E RIET XL O RBORIISFE TR L D KRBT L2 EREE L, 20
T OIITEEEA R EEIC L > CTHEBOBROENZHO L TN ZENRMLETH
HEEZOLND,

4) F£&

AKETIEEICHERET AV IOAGLENRT VULV LT XX LOEBEET S
DK BB O F NS LT A X VITIZEBEM CHED R MBERNMsEZES T 5
DONENIBERTOEBTSGOFEICOVWTRIE LTz, Offick-T, 272 Eb
20014E LI, HARL T AU I DAL TV T AHGORICITMEEEERH O, H
BB IIFEET D EVWI ZEDRHAL N otz, 2, LT A X LOEE S~
DERNEIEBETINE NI HICONT, TOEOFEEICHEEL 525 X5 I HH

Vo mERIE, BBIKENERRBICE U XL 9125 X9 RBOR O 5 0N E B 2 R
HENMEDORIZITAN THD E N ) ZENRBREINTZ, ZIVSTERT, LT A X
NOEBETSOREICIE., EENREEICE > THEEMOBUROEWES LT
EOEBHFAL TN 2N, LT AZLOEBETHBEOEHRIIZATHDL LWV 2
EDRRBEIND,

4.2.2 A7 F v THTH GO M O BB O RRFE
1) i

AETIIHEBERBOT THRICY A 7 VROEVEHICHOWT, A7 T v Tt
DBUR CTIXBEBRHIT G EHERXRTEDOILIITHEL TWDI NI ZEE, A7 Ty
TG NE TS REOR TED L I ITMIEEREZ L TWDD0E WS HENn6 o
T 5, BARIZIZA Y7 Z v Tt oWty k OVE KT & OffitsEshie, I
LIZZh D DOETEE OISR O R TOMitgoEEMEIC OV TR S,

HREICHTEN S E L, FEROERMHOEEMEITE E > T\ 5, Zeltner et
al. (2007) Tix., A% b HFAYITEH OTHE 23 2 HE 1T FUIEL304 7> © 50FAZ LT 1L 23 A
RTHAEELHDEVITFTIFEZHMNTEY, HEROBERANA L VO BEEKTO
277 T HGORENIETETRELRDLTHAI, TOVIEKRTHERKRE LT
SHDOAT T TGN, AHHEEROFTEDOIIITHEEL TWDEINE D Z &I
LH%A T THGBEADAHL T EDOEKRENLET BBV THLHEHZ
BEERDTHA D,
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AW TIZEDO R 7 Z v TG, Jetmish,. B O Rl T35 O Al # B 4 12D
THMr L, DR 7 T v iR, Fiifis s ol TRETEE L Toke
ERELTWEIONEZRS, SBICAEIOZETIE, AMEDRLD —HSODA 7 Z
T HGER Y LT, AT Ty THBIEME OE VI X o TG O BB S B o
TL DD ENH Z bt 5, BEMIZIZEO R 7 Z v 7 iy e LT, oM
DOEWIEHR, L Wo MR 7 7 v TG RO, #figh & 0G4 THME DK
WS, EHEI E W o IR 7 Ty TG E VWOMEDOR D oo AR
YT LT, MECERDZ A7 T v T HGAiEOEEMEE W) K THERSTSHD
MENWSIZELHRL, ZOZERbINIERZ Ty THENEKHORETLE LT
DERNEZRTEZTONEIDERLDLIBIC, A7 7 v TOMEIZL > TH T TEXTO)
RN LRV E NS ZEERTIEICORND,

ORI BRED AT Ty T & O KT O AR B M 2 AT L7 iT B
FORBZLRVD, BITHIEE L THIF 5 & 3 4uiE Xiarchos and Fletcher (2009) @
WHEN & F 415, Xiarchos and Fletcher (2009) (%, 1984475200107 A U 71D
HWRT — 2 &\, SO R 7 Z v 7l L Bl i o B X R MM & BRI L1
OEEMENH D Z L 2R LTS, BODOHFZETIIM E MM L THE O LTER
D, ZNHLOEBTH A7 T v 7y & Rl i G I3 M ET MR FET D &V O f
REBIHLTCWD, EELESOBFZECIXM O TS ME 2 & 2 DBICEE L 72 51
¥ HL (price discovery) OEEEIZI W TEE L 72 5 hiss & Ok EEIMEIZ SOV T
Wb TRy, BTGNS MERE AOBKRICEB W T REREE 2 R L3
BOSE TS MmO TEY (Carter 2002) . HHENIELL LV L < DOIFHE R
L TWD 0% /L2 BRI S e s 2 Re il 4% 12 B 2 2 BT R E W,

T TCAMETIIEM TG L EOTMTHICB T 2807 7 v FhiGokE %
BTN, FTEATHIE & idag ., R, 27 7 > 7 ifilh & BIZA RO H Ik
T2V, BRICBT2H8DORA 7 7 v S HiGoMigEEEE2 R 5, 72720, o
VT HIIARICITELFE LW D EMMEIZEA L Cd=2—3 — 7 OpF i
51T (COMEX) Offits 7T — % M35, HAROEDO A7 7 v T HiGBIcET 50
X9 kR EENC BT AT EFLIF L AL SN TE LT, S%ED 7 5 v T HiS
MEIFEREL TV RENEEZDBICZ DX D RUFESH OfE B IT RIS T
HTIENTEDHTHAD,

2 F—#

AMFFE TIE20004F 7> 5 20104 £ D 6> DT 5 D A W E¥IMiks 2 > TW\Wb, Zih
O Ofifg IR E < oiF 5 L eWiits, Fefiffits, M2 7 7 v I litk, FHA 7 T >
TG IZ T E D, £4.2.50 J 5 1Mtk == —3 — 27 Opganlis| fr (COMEX)
DAWEL M ZFER LTS, BREOEM, M7 5y 7 RONEHA 7 T v
DA FE 1T BRIHT AL SRR L TV 5 B o A RESlkE 2 DT b, figixs 7 v
TOT —ZIXLEHRE L N LSO oD TGO AR EEMiE, EHRA T T o TR
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& EEH R O % 0 A R Ao TV D

o i IT B KT % T

h/ét@®%wETM%’ﬁmbk%®%%wfwé
F42512HD LD

Y

Ty ThY, —IICIIEOE A H65%., HiEh D5 A #H35% Th D E Ofl R IT AR
WMo & TR, H&E LTk, Wb, v FEH,. =2 %7
—, XE AR T — A TA X =D =R ERZ N, O XD IZEWEH. BR
i, BiSAAZ T T EEMAT T v T TIEHMOMENRER2->TEBY, TOHG®L Ei

S TWD DY OMEEENE &V D TR,

A, TR
ﬁ”ﬁ@ﬁmf%b

(NapisEZE TN

L. 18R, EERIXER O M 2N IEE I

— 4570l

mlZh

“¥M®ﬁﬂkbfﬁbhé_&#§wo_M@4o@%mé
FgA A 7 7 o FICB W THEOMEIX97% L E & TR,
— HCEWAYZ 7 7 THDHEW L ONERE Y XM H I L G EED R Y

B, M2 7 Ty T D

F"ﬁf“ TEBERH L LN TFRENL T, WA 7y FHiBEInsors L

THEEN 2T

ENRTHEND,

F425 FHFE TR -EHOBIEOEE

TS5

§1

#i o

i

R

Je i

BREHICL > THRESAZETH Y Z O Ix
9% LL ETASTM (7 2 U BB BRI S) Bk
(B115-00) %27~ L TW5A, Yl E|IF==2—3
— 7 MBI T (COMEX) TiThbhTW\Wb,

i
A

FOMEIT9.8% TH Y, HEHIZ L - THREATL
WTHY ., TOBBEMETIEFICE S, BRSO
Me LTORMMENE,

NECANIENINE-2 5

15§

HOMEIL7% L ETH D, ISHMKICHE S AT F
v 7HTH Y . BEERLIMmMLL EORER TIRAY D 2
WHEDTH D, BIETIL, E=—L#anitd o
LHV ., BB HESsTNBEHEDONE N DRI
(e ELTEBlanbdZEbE0,

o]

SORPEILT% U ETH D, E0.3mmLl L, —id
DO IN10mmLl EH 28K, k. E R ED A
7Ty THTH D, WEA, SBEMKE Vo B
HOENEAYFIFREODEYERAL TN &
b EHO ST L 725 TV D,

. s
X
iy

RS

XX
i
+ HE

NECANIENRNG-—):-

BT

LW OAELETHLLIEML LLITERDO AV F
v I ThDH SHEHEN65%. HINE A E2135%
AL o JISHKE TIZ, E&0.2mmil B, I DE XX
10mmL ETH D ENEMFLENT VD,

i)

HESC R LS DA 5w T Th LN, LR
EIREoBMEIT <, Wk, &, B, KOVED
HID S F RIS D, R LEST IV
REULEVSTEREYORAN L W, KUK
DLIRNEDTHDZENEFLE SN TWD, B4
E&EI ) L ThHlRBlEh T,

WAt
VT
a xRy
—. X E,
i s
— A, 7
A B —D
=R 73
v
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X424 IAKRBIE TR Tt T — 2 %2 7T 712 LiZbDTHLIN, DX )iy
8, AR, 15, RO BT IS 2228 Bl A/ & < A& s Bl 4 23 58 W AT RE ME
ME, — 07, FrE L OS2 5 X 7 7 v 7 G oM X Mo iUt o
itk L0 bR, BT RIS T 2T 550 A0, @MEOHZ %5 M
G L X R 2 BN AR T ERNEBEIOND, ZO LD R TRORKICLL TR ERE T
DFEEE ST —H 2 i, 2O OHEOMEESMENERE > 2->T0 5
DI TN,

10000
9000 o
8000 5. bty JJAN .
R~ < . K
{ii IV y YR
#® 7000 & % FA
R P /- 728N
I 6000 A AW AA ] ! :
~ 5000 At \ [ \”\“ y ﬂp a\ ; A
- A = [\ S 2 ”l \
A 1% TN S
4000 ) the a4
Ry~ / ,,,/;
ot ee ] 4
3000 P -;’ 7~ ~ / / \{,
A = AW
2000 fo,.eisStee.,.. o g =T ko
SRR S eer T
SsoeeCSosasSa— & —~— ————_=
1000 | T TSteesI=e=eesee-
0
1/1/00 1/1/01 1/1/02 1/1/03 1/1/04 1/1/05 1/1/06 1/1/07 1/1/08 1/1/09 1/1/10
= Y ceeeoc BRI —— 15 — —L# —HER ----- skl
B4.24 SffikkD s 7 7
(3) HIITFik

filik& o> 3# B |2 > CTidJohansen and Juselius (1990) o H:Fn4y D45 #r Fik & - T
W5, Gonzalo (1994) (X% &, syt o F1C & Johansen®d FiE 1L, e/ R IE
% 55 L3 5 Engel and Granger (1987) <CIEHRIE HeiE % JH S Stock (1987) LW 7
O FEEEREET LWHHNTEDL W), MG OSIIIIERT 2T — % 2%k
METHRITCEFICRD Z ENLESRMFE END, RRITTER &L IXRRIT —F
DEFEMSTERFICFE CRIETT — IR EHIC R HGEEET., 7 —F BEKRILTE
HTH D0 E D T BALRMIE IS & > THEES %, AHFE TlEDickey-Fuller (ADF)

(1981) . Phillips-Perron (PP) (1988) . Kwiatkowski-Phillips-Schmidt- Shin (KPSS)

(1992) O =FEF O HALARM E & AN TV D, ADFKR PP E CITX AR IEE 7 T
HDHEVIIREIHERE T D OICx L TKPSSTIZER TH D & 9 it MR %
ET D,

Johansenfi i |2 IXLL F OFREEEET L (VECM) ZH L TW2o,
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p-1
Ay, =Hyt-1 +ZriAyt-i THHE (4.2.1)
i1

772l (4.21) RIZBWT, ydIWAELE, pld~7 VA BT ORE, pidfk
BERZ DT RV gdIfREZTHE S DT MOV TERSMICHSI RTUA M)A A TH

p p
D, O=—1+Y11, . T,==DTI, Thb b, HHHRGLRLERSNT — & IHB D
i=1 j=i+l

HHME I DIIITINOREE (F 7)) [ZBb-TL< %, HlZITRIC >ORERSIT
—ZWNEE L TWDLENE I DERLGE. (THREROBEITR K T2E2508, 21
5 ODEBMICHFN G R NAGFEET DT OIITITHINO BRI TH 2L BN H
Do DEVEENLITHLDIMEIMERBREL, 1THDAIHEAILIZ2DORF OO
HEMENH DL EZERT 52 L1075, Johansen®D F{ETIXZ OB EILILL F O A
(Likelihood ratio: LR) #it=

ﬂ’trace(r): -T zln(l_il) (4.2.2)

i=r+l

Ay (1,7 +2) =T Inl- 4, ) (4.2.3)

RSV TN (NIfTAINOEE, TIXRE TR =2 HoKE2ERLTWD) |

(4.22) XOMFHEEZHVDHREIL ML —AMRE (trace test) . (4.2.3) XOKFH&
X KA fERE (maximum eigenvalue test) & FRIEN THR Y | KBFFEOOHHER S 2
DZODREIEAMEHA L TV D,

BRI~ PANFET D 5HE, D7 bvid, —fRickfing~27 bro
THIBLE G ~DHREZEREST DT A —Hazk T, MN=af L RHTDHZLNTE
%, Johansen® F{ETIX Z N Ha, BOITHI A 5 2 & ThlikgEENM RS EDOEIT K-
TEMOB B S~ EMEREIND D00, DV E Ok HFnsy 22 M o o CRRét
TELDREELRIET HZ N TE D, RKFETIIFICHOR 7 Z > TG oS
BIRDOHFTOEENZ FLD &S R B HITS O E B2 2 TV D 72 i 2
77w T ROPEFA Y T v T OG22 H D OBRIIMEDKRFEZIT 9, Z OBRIMED
FRAE Tl S22t G o ol x ot s 2 TEvl—>2>ohG L e L
e a. Hx OGN REICTH L TRELRIFT R RIRIATELENE > nE
RTW2, RIZ, H2MTERRATED L VIOBENBONTEE. ZOlG T
TS EEO P COMBBEEPERTH WD Z L2 EWRT D,

(4) AT R

HALRBUE ORI ETOMBT =2 BIEEST =X 2IMNEEF 2D L0 )
FERPFF BT, ADFBE KR OPPIRE TIXT — 2 RIFER Th D & O Ji B S
ESNDN, F£426ICHDE D ITEDEZWDATOT — & TIHIREAGITEEA S 2
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ST, IEES M- T ZITFEETIIEASINET TH DL EWIEENZHE S
TW5, FEKPSSHETIEIZ L LDOMEL XN CTT— X BNEH Th D)% I A &
LTRET DN, ZOREMBED B RERICETOMBET — % D125 % BUUXE
HThHDHEVWIERIE LN,

426 BARERTE

I ks 7 — & 1= T — X
ADF PP KPSS ADF PP KPSS

S8R 1171 -1.294 1.091* 3.731* | -7.801* 0.057
SR -1.300 -1.333 1.085* 3.574* | -8.825* 0.056
1268 -1.239 -1.290 1.088* -3.500% | -9.140* 0.061
4 -1.316 -1.386 1.069* -3.642* | -8.590* 0.055
sy -1.417 -1.403 1.000* -8.799% | -8.883* 0.068
ST -1.693 -1.417 1.007* -8.465% | -8.512* 0.061

(E)*II5%BEEAKETCHE TODLI Z L2 7 T, ETORMBREICITUFZEA TS,

At L7z & 9o iE 217 9 202 ToME T — 2 NER T TER Th
HZEBMERMELEINDID, ZOFRMENHEIZ SN TND Z EREMRIRE TRIN
Teled, WITHMBREEIToTo, ZORRITRI2TERL28IZE LD TWD,
427 TIE AL TOMIEEEEORE ., #4.2.8 TIIMIE TH D724 T Ok fH
R TOMBEBMEDOREZITo RN REN TS,

FPTRA2TOFERN S R TV T2, £4.2.7TiE A Ok #E B %2 FFE L <
WD T2, FICIR RIATHINIMEE AL T H VXM EEEN LT 5 2 itk b, #
427TiX r=0 DIEHA I r<l BiE SNAVE SIS EB S FET 5 2
EEEWRT S, £7. MELXOHBOm CEEBMEOE W TH 5, Wi & R
Lo, MEHA Y 7y THIGICET 2 HEEOH, HIHA T T v 7SO 8E O
DM O EENZ DN TR TWE TV, £L2T7I2XD L. el & EXH, it
18R, sl s Lal, BRI L 15, BRME L, Lot & L, 5
EHEBIH ORI ITMASEIRERHD E NI ZERNE XD, LN > THUMED H W
SAORNITMBEEB N H D LD Z ER Do T, TS, FESCHRNE S R
DN AMIEBNEDN DD DN E VD T L HRA2TOFRERN G LTV, LIz bk~
To S ET TS & BEHEI X, e, BRE, LSRR, B e D EMENK L Z
OHBLRR->TWS, ThEaBE - ETHRI23Z/AL &, L, EXH. 15
iR, ESELOMASDE T TMEESN RO DDz L, 2 O & #r
WA, S A S AT EAOMAEDE TIZE TR EE N 20 E WO FERNTT
WHZ ENDLND, DFEV, K424 TRIESNTWEZ & THED > 2RO ME
DT DL, WE O WY & MR E B AN 7 < RIS R 722 Dl RS k&
LTWHEWS ZERFZXD,
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#4277 ZEEILRMGKRE

K HO: rank=r L — AR E % K [ A AR E
SeWdil vs B r=0 18.36* 15.93*
r<=1 2.44 2.44
SeWd vs 158 r=0 30.44* 27.77*
r<=1 2.67 2.67
Sendi vs L4 r=0 20.08* 17.83*
r<=1 2.26 2.26
SeWsi vs BT B r=0 4.08 3.69
r<=1 0.38 0.38
SeWER vs HEERE] K r=0 11.61 8.86
r<=1 2.75 2.75
B vs 158 r=0 40.09* 38.25*
r<=1 1.84 1.84
wE vs _E g r=0 27.74* 25.09*
r<=1 2.65 2.65
B vs BT B r=0 6.86 4.70
r<=1 2.16 2.16
ERM vs HEERE] K r=0 11.64 9.36
r<=1 2.28 2.28
18 vs b4 r=0 29.56* 28.15*
r<=1 1.41 1.41
15 8%R vs sk 8 r=0 6.61 4.04
r<=1 2.57 2.57
158R%R vs B8 HIK r=0 12.28 9.83
r<=1 2.45 2.45
4R vs TR R r=0 9.07 6.45
r<=1 2.62 2.62
R vs FEERHIEY r=0 12.03 9.22
r<=1 2.81 2.81
B s vs SR E] K r=0 15.83* 13.63*
r<=1 2.20 2.20

() *I5%FABKETHETHD Z LE2TT,

RKA2TOFERIZ LY | Jepiish, Feflitish, M2 7 T v 7 & v ) ERM TS & o
RBYED & 2 TG TIIMMSET A S W FROILF LA TH HDITx L, #HEA 7
Ty TGO X D RMEN R 5 HIGITEKST S &M ESEN <, BEXMTS
ORBHHE LTUIEEL TV ANt W) Z Rl bhotz, TREMWAY 7 v 7
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@;ofﬁfﬁfm&u\éﬂ i%ﬂm%éﬁmthf%m%w HEIME IR NDEAS I nE VD
e ERDTEDICRIZZER OIS BEZIT > T,

LRI O ILF3FE Tk, RIZ *ﬁfz GENDIEHINTH > 72854, n- 1EO T
SEEN R O NAIETHHEN TR EESMERH D EVWH Z &R 2l
IR EE X FE ERLS RN E VWD) Z LIRS, TOZEERFICANT ETH
428% W5 L. KISt CH -T2 ToMtiHEZ —2>08iiis & LTHR-o 7256,
FERIEZOFETUNEEL TWR WD, Z OGN T oM EE) M ILZ T 5l
KRV EVWIFERBELNTND I LR DLND,

ZDOXEIBRFERPTFOND DXL DA ST xS T - 72 Z2 80N il kg HE 8 12 %
HBLTWRWZ EREBEZ LMD OWRICAFE TIIRAMMDREEZIT>TVD, ZD
FRE TR AT ER SR OERERINTEZDLENIHLDOTHY , SR THEH-
SRS EENEICF S LTS EE X DO ERG A IR T
ﬁ%ﬁwo%Ma_iék_®%ﬁﬁﬁ#$ﬂéhfwé®i%%% 8, 1540
MO =ZDDHTY CTh D, LIz o> TENLADOERN ., B, SEHIHm O 15T
ST 2R OMBEEEEIZIZTFS LT RWNnE NS ZEiZhd, ZOREEEEZD
L BEKITGRE THLHIA 7 7 v TG OT S & O Mk EEER 72 &
WO ZENREINTZ LT D,

#£428 ZBEEILMIKRE

e K A B
B HO: rank=r b — ARE & R & /b E
5 W) 6l r=0 132.53* 50.55* 12.41*
CoEiC r<=1 81.99* 34.86* 2.42
175 8l i r<=2 47.12 27.18 15.11*
45 r<=3 19.94 12.93 7.61*
B 5 8 r<=4 7.01 6.99 0.05
EgclElE r<=5 0.02 0.02 0.00

() *II5%HEAKETHETH D Z La2RT,

(5) F&®

AW CIEER O ety Reflitiss, MR 27 Z v 7, SR 7 7 v 7l e
WO R DETEEZ R, S ORI EEENGFET 200 ERAET 5 Z L1
XoT, A7 7y 7HENBRE L TCEKMTHONRETREE L TokE257-1
TWLDONENS ZEITHOWTRHREE, ki RICK D &, EXEMEN S < REE
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ABSTRACT

This study analyzes the price linkage among the U.S. major energy sources, considering

structural breaks in time series. We use the Johansen cointegration method and find that

only weak linkage sustains among the NYMEX WTI crude oil, Brent crude oil, gasoline,

heating oil, coal, natural gas, uranium, and ethanol futures prices. Our tests reveal that the

uranium and ethanol futures prices have very weak linkage with other U.S. major energy

source prices. This indicates that the U.S. energy market is still at a stage where none of the

probable alternative energy source market is playing the role as a substitute or a

complement market for the fossil fuel energy market.

Keywords: Futures market; Structural breaks; Johansen cointegration method
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1. INTRODUCTION

With climate change becoming one of our major concerns, it is becoming
more important for the United States to reduce its current level of CO, emissions.
In order to achieve this mission the U.S. will have to find ways to replace
carbon-intensive fuels with lower-carbon fuels that do not emit much CO, such as
hydropower, nuclear, wind, or solar power (Jean-Baptiste and Ducroux, 2003).
However, nearly 80% of the energy consumed in the U.S. came from
non-renewable energy sources such as petroleum, natural gas, and coal in 2008
(EIA, 2008). The use of nuclear power and renewable energy is increasing, but
those sources still account for only a small portion of the total energy use in the
Us.'!

Understanding the major energy source markets and their relationships is
helpful for constructing an effective policy to change the types of major energy
sources and reduce the dependence on fossil fuels. If the prices of multiple energy
sources follow similar time trends and that the energy markets in the U.S. have
long-run linkage, those energy sources can be approached via the same policy

because integrated markets often share price information. However, if energy

" Nuclear power and renewable energy accounted for about 8% and 7% of the total U.S.

energy consumption in 2008 (EIA, 2008).
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source prices move independently, there will be no information flows among the

energy source markets and for policies to take effect on each market they need to

be treated individually. Bachmeier and Griftin (2006) showed that the major U.S.

energy source markets, such as crude oil, coal, and natural gas were very weakly

linked and that there was not a primary energy market in the U.S. between 1991

and 2004. As shown in this study, the U.S. energy source markets may not be

integrated as one market but it is likely that price linkage does exists between

some of the major energy sources, such as between crude oil and coal or between

natural gas and coal. However, at present, such price linkage among the current

U.S. major energy sources has not been characterized in detail.

To fill this gap this study examines and identifies the overall price

linkage among the major energy source markets in the U.S. Along with testing the

linkage among the U.S. energy source markets, the study considers effects of

structural break in times series. To find the market linkage among the major U.S.

energy sources, we test the price relationships among crude oil, gasoline, heating

oil, coal, natural gas, uranium, and ethanol futures contracts traded at the New

York Mercantile Exchange (NYMEX). To our knowledge, there are no previous

studies testing the overall linkage among the major U.S. energy source prices in
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which uranium and ethanol prices are included in the model. Furthermore, all of

the data used in this study come from a single institution — NYMEX — whereas

most previous studies use data from various local regions of the U.S. or from

multiple countries. Hence, this study minimizes the effects of spatial differences,

regulation differences among market institutions, and other factors that influence

energy source prices.

We also tested the price relationship under the effects of structural breaks

because it is known that considering the effects of structural breaks in natural

resource prices is important for proper econometric estimation of the series (Lee

et al., 2006). Recently, several studies have addressed structural breaks when

using time-series data. For example, Maslyuk and Smyth (2009) allowed the

structural break when testing the price relationships among various grades of WTI

(West Texas Intermediate) and Brent crude oil spot and futures prices. They found

that spot and futures prices were cointegrated during the period of 2001-2009 but

they suggest that their study is limited because they included only one structural

break when testing the cointegration between the spot and futures prices. This

study overcomes that limitation by using the Bai-Perron (1998) test, which can

test for multiple structural breaks, and applying cointegration tests to each period
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created from the break dates determined by the Bai-Perron test. We treat the

structural breaks differently from Maslyuk and Smyth (2009). This is because in

our study the breaks are identified exogenously while Maslyuk and Smyth (2009)

take the breaks as endogenous in the cointegration model. This study uses data

from the 2001-2010 period, a period that includes Hurricane Katrina in August

2005 and the global financial crisis in September 2008. We study whether the

break dates identified by the Bai-Perron test are related to the dates on which

those events occurred and to determine how the break dates affected the price

linkage among the major U.S. energy sources.

The following section provides a brief literature review of studies testing

the price relationships among various energy markets. In the third section, the

empirical methods used in this study are explained. Details of the data are

presented in the fourth section, and the results are presented in the fifth section. In

the last section, conclusions and implications are discussed.

2. PREVIOUS STUDIES

Several studies have tested the long-term relationships among prices of

crude oil, natural gas, and coal (Asche et al., 2006; Bachmeier and Griffin, 2006;
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Mohammadi, 2009). It is known that crude oil and its refined products exhibit

long-run relationships. For example, Asche et al. (2003) find cointegration

relationships between crude oil and refined oil products in the U.K. market using

monthly price data collected between 1995 and 1998. However, only weak price

linkage seems to hold among the crude oil, coal, and natural gas markets.

Bachmeier and Griffin (2006) discover that crude oil, coal, and natural gas do not

belong to one economic market and that they are linked only superficially. They

argue that substitution between these energy sources is limited to the number of

facilities that can burn multiple fuels. Brown and Yucel (2008) show that since the

year 2000, the price of natural gas has moved independently of the price of crude

oil. Hartley et al. (2008) suggest that the natural gas and petroleum markets are

moving together in the long run, but they find that variables such as weather,

inventories, and hurricanes could affect their relationship in the short run.

The U.S. may soon increase its use of non-fossil fuels, such as nuclear or

biofuel, to reduce the effect of energy consumption on climate change. However,

few studies have included uranium and ethanol, which are important components

of nuclear fuel and biofuel, when testing the market linkage among the major

energy sources.
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The study by Mjelde and Bessler (2009) is one of the few that include the

price of uranium to test the market integration among the U.S. electricity

wholesale price and the major fuel source prices. They test the dynamic price

information flows among U.S. electricity and major fuel source prices and found

that crude oil, coal, natural gas, and uranium markets in the U.S. were not fully

integrated. However, they did not identify the individual long-run relationships

among the price of uranium and other energy sources because their study

conducted only a multivariate cointegration analysis. Amavilah (1995) tests the

price relationships between uranium, crude oil, and coal between 1965 and 1989

using a structural model and finds that the price of uranium is significantly

affected by the price of coal.

Among studies on renewable energy prices, Zhang et al. (2010) and Peri

and Baldi (2010) analyze the price relationships between petroleum-related

products and vegetable oils, but those studies focus only on the price flows among

the oil and vegetable oil products. Therefore, coal, natural gas, and uranium prices

were not considered in those studies.
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3. METHODOLOGY

The Johansen method (Johansen and Juselius, 1990) is used for testing

the price linkage among the NYMEX energy source futures prices. Many studies

have used the Engle and Granger test for examining the price linkage (see

Goodwin and Schroeder, 1991), but this study uses the Johansen method.

Johansen method is more efficient when analyzing the variables of interest as

endogenous in the model and is more useful in a multivariate framework. Darrat

(1998) suggests that the Johansen test has an advantage over the Engle and

Granger test even in a bivariate cointegration framework because the Johansen

test does not require Gaussian errors.

All price series used in this study need to be integrated at the same order

for the series to be cointegrated (Quan, 1992). Before performing the

cointegration tests, all price series are tested for their stationarity by the

augmented Dickey-Fuller (ADF), Phillips-Perron (PP), and

Kwiatkowski-Phillips-Schmidt-Shin (KPSS) unit root tests. The ADF and PP unit

root tests test for the null hypothesis of non-stationarity of the price series, while

the KPSS tests for the stationarity of the series. Once it is confirmed by these tests

that the variables are integrated of the same order, multivariate and bivariate
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Johansen tests are conducted among the energy prices.’

Let Y; bethe n X 1 vector of the non-stationary variables and k be the
order of the vector autoregressive process. Then, the vector autoregressive model
used for the Johansen cointegration test is denoted as follows:

Yo = 25 Y + @D + & (1)
where Y; are the endogenous variables of interest (prices of the energy sources),
I1; is a n Xn matrix of parameters, ® is a coefficient parameter, D; is a
deterministic term that includes a constant and a linear time trend, and &; denotes
a normally distributed n-dimensional white noise process. Converting this model
into the error correction model leads to:

AY; = MY,y + XIS TiAY, + DD + & )
where IT=—I1+ YK, II; and T; = —Z]k:iHHi. Because the Y; variables are
integrated of the same order by assumption, whether the variables of interest
become cointegrated depends on the rank of the I'T matrix. The rank of a matrix is

equal to its number of significantly positive characteristic roots, which is called

? As explained in the next section, the period used for the cointegration tests is different
when ethanol and uranium prices are included in the model. This is due to the data

availability of the NYMEX uranium and ethanol futures prices.
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the eigenvalue. Using this eigenvalue, the trace and maximum eigenvalue tests are
performed among the price series.

The Bai-Perron (1998) test is used to identify the structural breaks in the
series. The Chow (1960) test has long been the major method for determining
structural change in time-series data, but it is inadequate when the break date is
unknown (Rapach and Wohar, 2006). Quandt (1960) and Andrews and Ploberger
(1994) developed a method based on the Chow test for testing structural breaks
when the break is unknown, but those methods were limited to testing one
structural break and deficient in identifying the breakpoints when the series were
nonstationary (Hansen, 2000). The Bai-Perron test overcomes these problems and
is useful for finding breaks when the potential break date is unknown and the
series tend to have more than one break.

The first stage of the Bai-Perron test considers whether the price series
contains unknown breaks using the “double maximum tests” (UD max and WD
max tests) (see Bai and Perron, 1998). Those tests use the maximum F-statistic
that is calculated from the global minimum of the sum of squared residuals of the
m-partitioned multiple regression models:

ye =z +u, where j=1,--,m+1 3)

227



where y; is the dependent variable at time 7, z; is a vector of covariates, 9; is
the corresponding vector of coefficients, m is the number of breaks, and u, is
the disturbance at time 7. When the double maximum tests do not reject the null
hypothesis of having no structural breaks in the series, there will be no significant
evidence of a break in the series.

In the second stage, if the results of the double maximum tests suggest
that there is at least one break in the price series, the number of appropriate
potential breaks is identified by testing the null of [ breaks versus the alternative
of |+ 1 breaks. The null hypothesis of [ breaks is rejected in favor of [+ 1
breaks if the overall minimum value of the sum of squared residuals of a model
with [ + 1 breaks is sufficiently smaller than that of the [ breaks model (Bai and
Perron, 1998). Because this test uses the supF(l + 1|l) test statistic, this test is
called the supF test, and the critical values are provided in Bai and Perron (1998).

The natural logarithm of ratios between the energy prices is used for the
Bai-Perron test because this test is specifically tested on single series. For
example, the log of the price ratio between the prices of WTI crude oil and
unleaded gasoline is used for testing whether breaks existed in the relationship of

the two price series. The price ratios are obtained for all combinations of the eight
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price series used in the study, and the Bai-Perron test is conducted for all of those
price ratios.’

After the breaks are determined by the Bai-Perron test, the two price
series that will be used to test the price linkage are split into periods using the
break dates. Then, the bivariate Johansen cointegration tests are performed on all
combinations of energy prices for each period separated by the break dates. Unit
root tests are performed on every energy price for each period that was identified
as explained above. If those tests suggest that the price variables are not integrated
of the same order during the test period, it would mean that those variables are not
cointegrated because cointegration tests require the test variables to be integrated
of the same order (Quan, 1992).

The bivariate cointegration tests conducted on each period identified by
the breaks are useful for understanding if the cointegration relationships between
the two energy source prices changed before and after each break date. If the
results suggest that the cointegration relationship differed between the periods

before and after the breaks, it would imply that the breaks found by the

3 Here, too, the period used for the Bai-Perron test is different when the prices of

uranium and ethanol are included due to data availability.
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Bai-Perron tests influenced the relationship between the two energy price series

during the test period.

4. Data

The daily futures prices traded on the NYMEX are used for each price

series. The daily price data is the continuation data created by taking the highest

traded volume contract for each commodity and is obtained from the EODData,

LLC. For all energy price series except for the uranium and ethanol futures

markets, the period of the study is from July 2001 to May 2010. That term was

selected because the coal futures market on the NYMEX opened in July 2001.

The NYMEX launched the uranium futures market in May 2007 and started to

trade ethanol in April 2008, so the terms used for these price series are from May

2007 to May 2010 and from April 2008 to May 2010, respectively. Hence, the

cointegration and the Bai-Perron tests are conducted only after May 2007 and

April 2008, when uranium and ethanol prices are involved.
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Fig. 1. Time series plots of natural log futures prices for WTI crude oil, Brent
crude oil, unleaded gasoline, coal, uranium, natural gas, and ethanol traded at the
NYMEX.
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Two crude oil futures prices are used in the analysis. One is the futures

price of WTI crude oil, which is also known as Texas Light Sweet. The other is

the price of Brent crude oil. This is based on a light sweet North Sea crude oil.

They are very similar in product but differ in that WTI crude oil is mostly used in

the U.S., while Brent is demanded more in Europe. Unleaded gasoline and heating

oil are both refined products of crude oil, and both prices are for physical delivery

at the New York Harbor. The NYMEX futures price for coal is based on Central

Appalachian Coal; the price for natural gas is based on physical delivery at the

Henry Hub in Louisiana; the uranium price is based on the UxC index published

by Ux Consulting Company; and the ethanol price is based on physical delivery at

the New York Harbor.

Fig. 1 plots the natural logarithms of futures prices for all energy sources

used in this study. As explained above, the time periods considered are different

for uranium and ethanol prices versus the other energy sources, but it appears that

after mid-2008 all of the energy source prices decreased dramatically. This price

drop may have resulted from the global financial crisis that began in September

2008. It is also noticeable from the graph that the petroleum related-products

(WTI crude oil, Brent crude oil, unleaded gasoline, and heating oil) all seem to
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show similar trends. The graph for coal seems to be smoother compared to that of

petroleum products and is slower to recover after the price decline in mid-2008.

Natural gas shows a different pattern from those of all other energy sources. It

exhibits a spike in 2005 in addition to the spike in 2008. The spike in 2005 may be

related to the effects of Hurricane Katrina, from which the Henry Hub suffered a

direct hit. For the graphs of uranium and ethanol, no data are available before May

2007 and April 2008, respectively. The uranium price seems to show a downward

trend, while the ethanol price spikes around mid-2008 and late 2009.

5. RESULTS

Table 1

Unit root tests

Variable Log Level First difference of log level

ADF PP KPSS ADF PP KPSS

WTI crude oil -1.448 -1.410 4.508" 8332 -50.178" 0.065
Brent crude oil -1.455 -1.426 4619 -53.017" -53.005" 0.044
Unleaded gasoline -1.810 -1.796 4328 49.822" 49.885" 0.028
Heating oil -1.453 -1.454 4518 -51.239" -51.232" 0.071
Coal -1.123 2013 3.186" -10.452" 93.073" 0.054
Uranium 2.036 2.151 3.048" 20.653" 40.817" 0.107
Natural gas 2287 2,671 1.542" -11.390" 49227 0.081
Ethanol -1.759 1773 1.381" 23.943" 23.937" 0.120

Notes: * denotes significance at 1%. All the unit root tests for the level and first differences include a constant. Lag orders
for the ADF tests are determined by the AIC and the bandwidth for the PP and KPSS tests are identified by Newey-West
using Bartlett kernel (Siliverstovs et al., 2005). July 17, 2001 to May 11. 2010 period is used for the WTI crude oil, Brent
crude oil, unleaded gasoline, heating oil, coal, and natural gas price series. May 8, 2007 to May 11, 2010, and April 1, 2008
to May 11, 2010 periods are used for the uranium and ethanol price series respectively.
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The natural logarithms of the price series are used for all statistical tests

conducted in this paper. Table 1 shows the results of the ADF, KPSS, and PP unit

root tests using the data between July 2001 and May 2010 for all price series

except those for uranium and ethanol. The unit root tests are conducted for the

May 2007 through May 2010 period for the uranium prices and the April 2008

through May 2010 period for the ethanol prices. The results indicate that all price

series are integrated of order one during those periods. Thus, multivariate and

bivariate cointegration tests are appropriate tests for finding price linkage among

the energy source prices.
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Table 2 Multivariate cointegration tests

Test A. Model with all variables (CL, Test B. Model without ethanol (CL,

SC, UG, HO, QL, UX, NG, QB) SC, UG, HO, QL, UX, NG)

Tested period (April 2008 - May 2010) Tested period (May 2007 - May 2010)

Hy:rank=r  Trace test Maxtest Hy:rank=r  Trace test Maxtest
=0 184.88"" 66.01"" =0 160.34" 63.66

r<=1 118.87 33.99 <=1 96.69"" 36.45
<=2 84.88 27.66 r<= 60.24 27.64
<=3 57.22 21.10 <=3 32.60 15.95
r<=4 36.12 18.27 r<=4 16.65 10.01
r<=5 17.85 9.98 <=5 6.64 3.87
<=6 7.87 4.77 <=6 2.77 2.77
r<=7 3.10 3.10

Test C. Model without uranium and Test D. Model with oil related products

ethanol (CL, SC, UG, HO, QL, NG) (CL, SC, UG, HO)

Tested period (July 2001 - May 2010) Tested period (July 2001 - May 2010)

Hy: rank=r Trace test Maxtest Hy: rank=r Trace test Maxtest

=0 199.37°" 93.19" =0 134.01°" 67.23""
r<=1 106.18™" 50.417" r<=1 66.78"" 38.127"
<=2 55.77°" 30.02"" <=2 28.66 26.09"
r<=3 25.75 13.70 <=3 2.58 2.58
r<=4 12.05 9.52
<=5 2.53 2.53

Note: ** represents significance at 5% level. CL, SC, UG, HO, QL, UX, NG, and QB are
the WTI crude oil, Brent crude oil, unleaded gasoline, heating oil, coal, uranium, natural gas
and ethanol log futures prices.

Initially, the following four multivariate cointegration tests are conducted
to see the overall linkage among the energy source markets in the U.S. (tests A, B,
C, and D). Test A includes all eight energy prices, test B does not include the
ethanol price, test C does not include the uranium and ethanol prices, and finally
in test D, only the four oil-related price series are included. The results of those

tests are presented in Table 2. Tests A and B have only one or two cointegration
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relationships. Their results imply that energy prices are very weakly linked during

the examined period. Test C has three cointegration relationships but here too the

overall linkage among these markets is not so strong since the test was performed

for six energy prices. Finally, test D resulted in three cointegration relationships,

suggesting that the oil-related energy markets have strong overall linkage.

Because the only difference between tests C and D is the inclusion of the coal and

natural gas prices along with the oil prices, the test results indicate that the coal

and natural gas futures markets are not integrated with the oil markets and that

they show different trends from the oil markets.
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Table 3 Bivariate Cointegration tests without breaks

Variables Hg:rank=r Trace test Maxtest Variables Hg:rank=r Trace test Maxtest

CL and SC =0 61.89 59.87 UG and QL =0 13.72 11.17
=1 2.02 2.02 =1 2.55 2.55

CL and UG =0 38.61 36.51 UG and UX =0 6.76 441
<=1 2.10 2.10 <=1 2.35 2.35

CL and HHO =0 33.03 31.03 UG and NG =0 12.14 8.66
r<=1 1.99 1.99 r<=1 3.48 348

CLand QL =0 11.95 9.85 UG and QB =0 6.24 4.56
r<=1 2.10 2.10 r<=1 1.68 1.68

CL and UX =0 7.28 5.90 HO and QL =0 12.07 10.18
r<=1 1.39 1.39 <=1 1.89 1.89

CL and NG =0 10.12 8.26 HO and UX =0 7.08 5.80
<=1 1.86 1.86 <=1 1.28 1.28

CL and QB =0 7.64 545 HO and NG =0 10.73 8.53
r<=1 2.19 2.19 r<=1 2.20 2.20

SC and UG =0 32.26 30.35 HO and QB =0 10.99 8.39
r<=1 1.91 1.91 r<=1 2.60 2.60

SC and HO =0 31.62 29.37 QL and UX =0 7.99 5.29
<=1 2.25 2.25 r<=1 2.69 2.69

SC and QL =0 11.35 9.18 QL and NG =0 15.08 11.87
<=1 2.18 2.18 <=1 3.21 3.21

SC and UX =0 7.07 5.55 QL and QB =0 15.72 12.52
r<=1 1.52 1.52 r<=1 3.20 3.20

SC and NG =0 9.82 7.84 UX and NG =0 7.67 6.04
r<=1 1.98 1.98 =1 1.63 1.63

SC ad QB =0 6.80 4.76 UX and QB =0 15.62 11.88
<=1 2.05 2.05 <=1 3.74 3.74

UG and HO =0 25.30 22.72 NG and QB =0 13.28 10.13
<=1 2.58 2.58 <=1 3.15 3.15

Note: ** represents significance at 5% level. CL, SC, UG, HO, QL, UX, NG, and QB are the WTI crude oil,
Brent crude oil, unleaded gasoline, heating oil, coal, uranium, natural gas and ethanol log futures prices.

Bivariate cointegration tests are also conducted on all possible

combinations of energy prices. As seen in Table 3, the pairs among the four

oil-related prices, WTI crude oil, Brent crude oil, unleaded gasoline, and heating
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oil prices are all cointegrated of order one, which is consistent with the result of

the multiple cointegration test (see test D of table 2). However, the bivariate tests

among the prices of oil products, coal, uranium, natural gas, and ethanol indicate

that no price relationships exist among these prices, except between coal and

ethanol and between uranium and ethanol. Although cointegration relationships

are found among coal, uranium, and ethanol, these relationships are very weak.

The maximum eigenvalue statistics reject the cointegration relationships among

those products, and the results of the trace tests became statistically insignificant

when tested at the 10% significance level. From Table 3, we see that price linkage

persists only among the oil-related energy sources and that inter-fuel price linkage

is weak among the major U.S. fuel sources.
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Table 4

Bai-Perron tests

In(CL/SC) In(CLUG) In(CLUHO) In(CL/QL) In(CL/UX) In(CLUNG) In(CL/QB)
Test Statistic Statistic Statistic Statistic Statistic Statistic Statistic
UDmax 117.66" 23.53" 6.39 25.10" 11.74" 17.32" 12417
WDmax 117.66" 27.12" 7.81 28.06" 14.58" 17.32" 12417
sup-F(2|1) 24.90" 2116~ 9.48 4.99 8.43 13.16"
sup-F(3[2) 6.51 4.95 571

In(SC/UG) In(SC/HO) In(SC/QL) In(SC/UX) In(SC/NG) In(SC/QB) In(UG/HO)
Test Statistic Statistic Statistic Statistic Statistic Statistic Statistic
UDmax 47.39" 1822 27.62" 15.26" 17.38" 8.27 11.66"
WDmax 4739" 25.53" 30357 15.26" 17.52" 12.62" 11.66™"
sup-F(2|1) 1535" 27.76" 6.32 6.76 9.31 4.66
sup-F(3[2) 449 5.39

In(UG/QL) In(UG/UX) In(UG/NG) In(UG/QB) In(HO/QL) In(HO/UX) In(HO/NG)
Test Statistic Statistic Statistic Statistic Statistic Statistic Statistic
UDmax 18.66" 19.017 17.90" 17.08" 28.28" 16.30" 21217
WDmax 23.95" 19.01" 18.03" 17.08" 34.58" 21347 21217
sup-F(2|1) 7.77 3.59 7.88 4.80 31.18" 19.69™ 8.62
sup-F(32) 3.92 8.43

In(HO/QB) In(QL/UX) In(QLNG) In(QL/QB) In(UXNG) In(UX/QB) In(NG/QB)
Test Statistic Statistic Statistic Statistic Statistic Statistic Statistic
UDmax 9.83"" 87.68" 28.49" 6126 13777 20.32" 21.00"
WDmax 15.09" 87.68" 2849 63.76" 17.51" 20.32" 21.00”
sup-F(2|1) 9.08 31.97" 7.95 49,55 5.65 12.58" 772
sup-F(3[2) 7.10 3.03 3.27

Note: ** and *** denote significance at 5%, and 10% respectively. CL, SC, UG, HO, QL, UX, NG, and QB are the WTI
crude oil, Brent crude oil, unleaded gasoline, heating oil, coal, uranium, natural gas and ethanol futures prices.

To test whether the price series contain structural breaks and how such

breaks affect the relationships among the energy source prices, Bai-Perron tests

are conducted on the series.* The results of this test are enumerated in Table 4.

The tests are conducted for every price ratio among the energy source prices. If

the double maximum tests are both rejected, the tests continue to determine the

* The maximum number of breaks (m) and the trimming value () are set to 3 and 0.20

(see Bai and Perron (1998) for more technical details).
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appropriate number of potential breaks using the supF tests. As seen in the table,

most of the price ratios contained structural breaks, except for the price ratios

between WTI crude oil and heating oil (In(CL/HO)) and between Brent crude oil

and ethanol (In(SC/QB)). The appropriate number of breaks is either one or two,

and none of the price ratios were identified to have three breaks.

Table 5
Bivariate Cointegration tests with breaks

Period CL andSC R CL and UG R CL and QL R CL and UX R
1 Jul. 17,01 - Feb. 21,05 'y  Jul. 17,01 -Jul. 31,03 'y Jul. 17,01 -May 19,05 n May 8,07 - Mar.27,09 n
2 Feb. 22,05 - Feb. 21.07 n  Aug 1,03 -Jul. 10,07 'y May20,05-May 11,10 n Mar.30,09-May 11,10 n
3 Feb. 22,07 - May. 11,10 'y Jul. 11,07 -May 11,10y

Period CL and NG R CL and QB R SC and UG R SC and HO R
1 Jul. 17,01 - Dec. 19,05 n  Apr. 1,08 -Sept. 4,08 n  Jul. 17,01 - Aug. 1,03 y  Jul. 17,01 - Aug22,06 'y
2 Dec. 20,05 -May 11,10 n  Sept. 5,08 - Feb. 11,09 n Aug. 4, 03 - Jul. 10, 07 y Aug 23,06-Aug 5,08 vy
3 Feb. 12,09 -May 11,10 n  Jul. 11,07 -May 11,10 'y Aug. 6,08-May 11,10 n

Period SC and QL R SC and UX R SC and NG R UG and HO R
1 Jul. 17,01 -May 12,05 n  May 8,07 -Jul. 15,09 n  Jul. 17,01 - Dec.20,05 n Jul. 17,01 - Dec. 19,05 y
2 May 13, 05-May 11,10 n  Jul. 16,09 -May 11,10 n Dec.21,05-May 11,10 n Dec.20,05-May 11,10 n

Period UG and QL R UG and UX R UG and NG R UG and QB R
1 Jul. 17,01 - May 19,05 n May 8, 07 - Mar. 27, 09 n Jul. 17,01 - Feb. 09,06 'y Apr. 1,08 -Dec.25,08 n
2 May 20,05 -May 11,10 n Mar.30,09-May 11,10 n Feb. 10,06 -May 11,10 n Dec. 26,08 - May 11,10 n

Period HO and QL R HO and UX R HO and NG R HO and QB R
1 Jul. 17,01 - Feb. 21,06 n May 8,07 -Nov. 13,08 n Jul. 17,01 - Dec. 19,05 n Apr. 1,08 - Oct. 1, 08 n
2 Feb. 22,06 - Jul. 23,08 'y Nov. 14,08 -Jul. 15,09 n Dec.20,05-May 11,10 n  Oct.2,08 -May 11,10 n
3 Jul. 24,08 - May 11,10 n Jul. 16,09 - May 11,10 n

Period QL and NG R QL and QB R QL and UX R UX and NG R
1 Jul. 17,01 -Jul. 22, 08 n Apr.1,08 -Feb. 18,09 n May8,07-Nov.13,08 n May 8, 07 - Sep. 4, 09 n
2 Jul. 23,08 -May 11,10 n  Feb.19,09-0ct. 9,09 'y Nov.14,08-0Oct. 1,09 n Sep.7,09-May 11,10 n
3 Oct. 12,09 -May 11,10 n  Oct.2,09-May 11,10 n

Period UX and QB R NG and QB R
1 Apr. 1,08 - Jan. 2, 09 n Apr. 1,08 -Nov. 12,09 n
2 Jan. 5,09 - Sep.11, 09 n Nov.13,09-May 11,10 n
3 Sep. 14,09 -May 11,10 n

Note: CL, SC, UG, HO, QL, UX, NG, and QB are the WTI crude oil, Brent crude oil, unleaded gasoline, heating oil, coal, uranium, natural
gas, and ethanol log futures prices. The column labeled R gives the cointegration test results based on the 5% significance level using the
trace statistic: y represents the existence of a cointegration between the two price series and n means that there is no cointegration. n is also
applied when unit root tests conducted for different periods for each variable suggest that they are not integrated of the same order.

The unit root tests are first performed on each period before conducting
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the bivariate cointegration tests for every period identified by the breaks. If this

test result indicates that the price series are integrated at different orders, these

variables are not cointegrated. If the result suggests that they were integrated of

the same order, the bivariate Johansen test is performed. The results of this

cointegration test with breaks are presented in Table 5. The dates in the table

represent the time period used for the cointegration tests. Because the Bai-Perron

test identified different numbers of breaks for different price ratios, the number of

periods and the time period used for the cointegration tests depend on the type of

price relationships tested.

Here, too, it is noticeable that a cointegration relationship existed

between the oil-related products for most of the periods identified by the

Bai-Perron test. However, as seen in the test results between WTI and Brent crude

oil (CL and SC) and between unleaded gasoline and heating oil (UG and HO), the

break that occurred in 2005 changed the cointegration relationships for those price

series. Both of the price relationships had cointegration relationships before the

break in 2005, but they ceased to be cointegrated after the breaks identified in

2005 (February 22, 2005, and December 20, 2005). Another break that appeared

in the price ratio between Brent crude oil and heating oil (SC and HO) in August
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2008 also changed the cointegration relationship between those price series. Brent

crude oil and heating oil were cointegrated before August 6, 2008, but that price

relationship disappeared after the break occurred. As explained before, the four oil

prices had strong linkage over the whole test period. Thus, these changes in the

cointegration relationships during the break periods imply that the breaks that

occurred during 2005 and 2008 had large impacts on the price relationships

among the U.S. major energy sources.

For the non-oil-related energyc sources, no significant linkage exists

between the pairs of energy prices based on the results in Table 5. Coal (QL) was

cointegrated with heating oil (HO) and ethanol (QB) in one of the periods

identified by the breaks, but these cointegrations were not present during other

periods. It is likely that these energy sources are not cointegrated in general, as

indicated in the test result without breaks in Table 3 and that the cointegration

observed in one period reflects the effects of structural breaks in the series.

No cointegration with uranium prices were observed in any of the periods

identified by the breaks, and none of the breaks affected the price relationships

between uranium and other energy sources. Uranium also showed no

cointegration relationship when tested without breaks (see Table 3). Hence, the
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test results with breaks in Table 5 suggest that the uranium market is very

independent from other energy markets and that its price relationship with other

energy markets is not affected even by structural breaks.

The results in Table 5 suggest that natural gas prices did cointegrate with

unleaded gasoline (UG) prices between July 2001 and February 2006. As seen in

Fig. 1, natural gas prices experienced a spike during 2005, which is likely to be

related to the effects of Hurricane Katrina. Thus, the break found for the price

ratio between natural gas and unleaded gasoline in February 2006 may be

associated with this spike. Because that break changed the cointegration

relationship between natural gas and unleaded gasoline, the results indicate that

the natural gas market was strongly influenced after the break in February 2006. It

is likely that this break caused the independent movement of the natural gas

market throughout the study period.

Finally, the ethanol market did not have strong linkage with any of the

energy source markets. As seen in Table 5, ethanol prices were only cointegrated

with coal prices during the period from February 2009 to October 2009 and did

not exhibit a cointegration relationship in other periods. The result of the bivariate

cointegration test without the consideration of structural breaks also indicated that
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ethanol prices are very weakly linked with other energy source markets. Therefore,

the cointegration with coal prices that occurred for a short period in 2009 is likely

to be an effect of the structural break in the series.

6. CONCLUSIONS

This study investigated whether market linkage exists among the major

energy source markets in the U.S. when structural breaks are considered in price

series. We showed that strong price linkage exists among the NYMEX WTI crude

oil, Brent crude oil, gasoline, and heating oil futures markets but only weak

linkage holds among these four oil-related markets, coal, natural gas, uranium,

and ethanol futures markets. The price linkage among the four oil-related markets

is not surprising because it is known from a previous study that price linkage

exists among oil-related products (Asche et al., 2003) and it is common to find

price relationships between input and output prices (Mjelde and Bessler, 2009)

such as between crude oil and gasoline and heating oil prices. However, our

finding that only weak linkage exists among the four oil-related products, coal,

natural gas, uranium, and ethanol markets provides important empirical evidence

that at the moment no primary energy source market exist in the U.S. and the
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major U.S. energy markets move independently. This implies that when applying

market intervention policies for the U.S. energy market every U.S. major energy

source market will have to be treated individually.

The test on price linkage when structural breaks are considered also

suggested that the price linkage only exists among the oil-related energy markets

and only weak linkage exists among the U.S. major energy source markets.

Especially we found from this test that the uranium and ethanol futures prices

have very weak linkage with other U.S. major energy source prices. This indicates

that the U.S. energy market is still at a stage where none of the probable

alternative energy source market plays the role as a substitute or a complement

market for the fossil fuel energy market.
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Abstract A system requiring a waste management license from an enforcement
agency has been introduced in many countries. A license system is usually coupled
with fines, a manifest, and a disposal tax. However, these policy devices have not been
integrated into an optimal policy. In this paper we derive an optimal waste manage-
ment policy by using those policy devices. Waste management policies are met with
three difficult problems: asymmetric information, the heterogeneity of waste manage-
ment firms, and non-compliance by waste management firms and waste disposers. The
optimal policy in this paper overcomes all three problems.
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1 Introduction

In a market for waste management, we are confronted with three characteristics:
asymmetric information, heterogeneity of waste management firms (WMFs), and
non-compliance. Waste is worthless both for disposers and WMFs. Disposers of waste
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are unconcerned and are unaware of how their waste is treated and how it damages
the environment (i.e., asymmetric information). Competitiveness in the waste man-
agement market has not resulted in improving the quality of waste management but
in lowering waste management fees. As a result, waste has been treated with a min-
imum level of technology and the environment has been seriously damaged. The
lower level of technology makes it easier for firms to enter the waste management
market. Indeed, various types of WMFs operate in the market (i.e., heterogeneity
of WMFs). Although regulators have made efforts at improvement by setting stan-
dards for how waste must be treated, the unconcern on the part of disposers has
encouraged non-compliance by WMFs. In addition, disposers may dump waste by
themselves.

A representative standard-based regulation scheme, a license system, has been
introduced in the US, several countries in the EU, Japan, and elsewhere. Table 1
shows how many different policy options there are in the world. A license from an
enforcement agency is generally required for all waste-related activities involving
large volumes of material and material that poses a significant risk to the environ-
ment.! Disposers of waste are prohibited from having a contract with firms without a
license. Operations by the latter (such as informal and clandestine backyard recycling)
are also prohibited. WMFs need to undergo periodic inspections. A disposer of waste
must receive a verification letter, called a manifest, for proper waste treatment from
a licensed WMF. In addition, several developed countries have introduced a disposal
tax.

However, these license systems coupled with fines, a manifest, and a disposal tax
have not been integrated into an optimal policy. The way these policy devices are
mutually related has not been recognized. Indeed, several of these policy devices have
often been introduced independently of one another. The object of this paper is to
derive the optimal license system. By characterizing the optimal policy, we can see
these devices as an integral package in a waste management policy and we better
understand the roles of these policy devices.

In this paper we handle two sources of distortion: the possibility of non-compliance
by WMFs and disposers, and asymmetric information about the types of WMFs. The
latter means that both the government and disposers do not know the treatment costs
of WMFs. To make the role of each policy device clear, we derive an optimal policy
for three cases. The first one is a benchmark case where there is no possibility of
non-compliance by WMFs and disposers under symmetric information. In the second
case, relaxing one of the two assumptions in the first case, we assume that there is the
possibility of non-compliance by WMFs and disposers under symmetric information.
The third case is the most realistic one, and we derive the optimal policy assuming the
possibility of non-compliance and asymmetric information.

I More precisely, a firm is required to have a waste management license if it stores waste that it did not
produce, treats waste (including recycling it), and disposes of waste. When a firm holds a waste management
license, it must comply with all of the conditions contained in its license and with any formal notices that
its environmental regulator issues to it, and pay the annual renewal charge for the license.
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Table 1 Options in waste management policy

usS Canada UK France Germany The Netherlands Denmark
Manifest ok % w3k ok ok % ok
requirement
License % ok ok sk ok *k sk
requirement
Fines on disposers ~ ** oK ok * sk ok o
for their own
illegal disposal
Fines on improper ~ ** ok o #* - ok ok
waste treatment
by a waste
management
firm
Fines on disposers ~ ** ok ok * ok ok *%
for contracting
with
non-licensed
WMFs
Waste disposal tax ~ ** ® ok Aok *ok o o
Japan Korea China Taiwan Philippines Vietnam Thailand Malaysia
Manifest Ak #k ok * ok * B ok
requirement
License *ok wk # ok % EE ok *
requirement
Fines on disposers ~ ** wk ok ok ok _ ok %

for their own
illegal disposal
Fines on improper ~ ** - ok * * _ ok _
waste treatment
by a waste
management
firm
Fines on disposers ~ ** * ok * * ek o sk
for contracting
with
non-licensed
WMFs
Waste disposal tax ~ ** ok - ok _ _ _ _

Notes: (**)Functions well/clear regulations; (*)does not function well/regulated partially/ready to imple-
ment new law; (-) not regulated. Sources of the information are based on our surveys on each country’s
responsible ministry of environment, industry, or economy, and/or its environmental agency

There are few theoretical studies on licensing systems in environmental econom-
ics, even though the literature in this field includes analyses of emission charges
(or disposal taxes), subsidies for reducing emissions, standard-based regulation such
as command-and-control, and an emission permit trading system (see, for example,
Hanley et al. 1997).

In addition, environmental regulation focusing on enforcement and compliance has
been studied intensively. The literature that originated from Becker (1968) extends
Becker’s model. Some authors look at restriction of penalties (e.g., Shavell 1986) or
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consider a situation in which offenders are able to obstruct the enforcement process and
challenge regulatory decisions through various channels (e.g., Heyes 1993; Khambu
1989). Others examine several new types of regulation, including state-dependent reg-
ulation (Harrington 1988) and self-reporting (Kaplow and Shavell 1994; Malik 1993;
Sandmo 2002). An excellent survey on enforcement and compliance is provided by
Heyes (2000).

A license scheme is a standard-based method of regulation, but it is similar to
a self-reporting system if a license specifies a required action for the environment.
Obtaining a license is equivalent to self-reporting a specified action. Three key works
related to the topic of this paper analyze the role of self-reporting. Malik (1993) pro-
poses a scheme that makes homogeneous firms self-report their true state. Using a
similar model to that of Malik (1993), Kaplow and Shavell (1994) propose an incen-
tive-compatible mechanism that makes heterogeneous firms self-report their actions
where asymmetric information exists. Because Kaplow and Shavell (1994) assume
that the type of each heterogeneous firm is determined by the potentially available
action of each, the authors can concentrate on how to make those firms self-report
their true types (or actions). If, however, the type of each heterogeneous firm is deter-
mined by other characteristics (e.g., treatment costs) and if each heterogeneous firm
can choose its actions freely, the regulator would be met with non-compliance by firms.
That is, the true actions would differ from what is self-reported. Sandmo (2002) pro-
poses a self-reporting scheme that overcomes non-compliance by homogeneous firms.
Sandmo (2002) shows that the regulator can achieve the social optimum by imposing
a Pigouvian tax on self-reported emissions and imposing a (nonlinear) fine on detected
non-compliance (the difference between the self-reported and true emissions). There
exists little literature that deals with all three characteristics in the waste management
market (i.e., asymmetric information, heterogeneity of WMFs, and non-compliance).
In this paper, we indicate the characteristics of an optimal policy, a license scheme,
for an enforcement agency to manage the waste problem.

However, in this paper it can be shown that self-reporting cannot attain the social
optimum, since the regulator must know the true type of each WMF in advance under
a self-reporting system. This implies that in addition to a license we need other policy
devices (fines, a manifest, and disposal taxes) to attain the social optimum.

The outline of this paper is as follows. In the next section we present our model
and derive optimal policy under perfect compliance and symmetric information. In
Sect. 3, while keeping the assumption of symmetric information, we characterize an
optimal license policy under the possibility of non-compliance. In Sect. 4, we derive an
optimal policy under asymmetric information and the possibility of non-compliance.
In Sect. 5 we derive the second-best policy when there exists the maximum possible
fine. In Sect. 6 we compare a license scheme with a self-reporting system. Section 7
comprises our conclusion.

2 Symmetric information and perfect compliance model

In this section, we present our model, derive the socially optimal conditions, and then
characterize the optimal policy under symmetric information and perfect compliance.

@ Springer

253



License scheme

We consider a competitive waste management market consisting of a single dis-
poser,” n types of WMFs, and the government. It is assumed that the single disposer
does not have any technology for waste treatment.

A technology level is represented by some level of environmental care’ that is taken
for one unit of waste. The extent to which the environment is damaged by treatment
of one unit of waste depends on the actual environmental care Cthat is taken for the
unit of waste. The environmental damage resulting from the one unit of waste is rep-
resented by E(C). It is assumed that E’(C) < 0 and E”(C) > 0. Let 0 stand for the
cost of one unit of environmental care.

In general, the unit cost of environmental care differs among WMFs. A technolog-
ically inferior firm should pay more to acquire a waste treatment technology than a
technologically superior one, but this depends on financial accessibility, which differs
from firm to firm.

The n types of WMFs differ from one another in regard to parameter 6. Without
loss of generality, we assume that 6 < --- < 6,. The number of type-i WMFs is
denoted by «;.* The volume of waste treated by each WMF is fixed at 1. The volume
of waste emitted by the single disposer is assumed to be fixed at A. We assume that
the government knows the total volume of waste and the capacity of each WMF.’

In addition, we assume that

n
Zai > A.

i=1

It is socially optimal that only the cost-efficient firms treat waste. There exists the
number k such that

k—1 k
Zai <A< Zai.

i=1 i=1

The type k represents the marginal WMFs.
We can characterize the social optimality as follows. The social cost can be written
as

2 Strictly speaking, the assumption of the single disposer contradicts a competitive economy in the sense
that there is a monopsonistic buyer of waste management services. However, this problem can be solved
by assuming that there are many competitive buyers. Although this modification makes the model slightly
more complex, it does not affect our results at all.

3 Environmental care refers to how waste is treated or disposed of (e.g., whether it is preprocessed for miti-
gating harmful effects, incinerated, or recycled before final disposal or not—that is, landfilled directly—and
whether the polluted water from preprocessing and final disposal is controlled or not).

4 The distribution of WMFs (or the magnitude of ¢; ) does not affect our theoretical results at all. Although
our model implicitly assumes that the government knows «; , this information is not necessary. In fact, the
government can present k' (> k) types of licenses when «; is not known, where &’ is a sufficiently large
number. Some of the licenses (from type k + 1 to k") will be inactive, and these license holders choose to
exit the market.

5 The government can know the total volume of waste if an information system is constructed for collecting
production and consumption data.
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k—1 k—1
Zai(HiCi +E(Ci))+(A_ ai)(Gka + E(Cy)).
i=1

i=1 i

The government minimizes the social cost. The FOC for the socially optimal environ-
mental care C; can be represented by

0 +EC)=0 i=1,...k (1)

The government is supposed to attain the social optimum represented by (1) through
a licensing system. The government sets a standard for the technology level to be
applied in the waste treatment process for each type of license. The standard for
environmental care is denoted by Ci. A type i license can be successfully assigned
to type i WMFs, because we assume that the government knows the true type of
each WME. In addition, we assume perfect compliance by WMFs and the disposer.
Then the government can attain the social optimum by simply setting the standard as
éi = Ci(0;),i = 1,..., k. Note that C;(6;) is defined implicitly by (1). No policy
devices (fine, manifest, or disposal tax) other than a license are needed.

3 Non-compliance and symmetric information model
3.1 How to set standards

While keeping one of the assumptions in the previous section, symmetric information,
we relax the other one, that is, perfect compliance. The government can still correctly
assign k type licenses (é’, i=1,..., k) to WMFs. However, WMFs can violate the
standard by, for example, skipping some processes required by the standard or by
using less costly but more harmful waste-treatment methods prohibited by the law. If
xstands for the non-compliance rate, the actual environmental care C is calculated as
c=C (1 —x). Let us introduce a fine on non-compliance. When an ith-license holder
does not comply with the required standard C; and its non-compliance is detected, the
government can impose a fine (denoted by z) on the firm. The non-compliance rate
is denoted by x;. The probability of detection is represented by », which depends on
non-compliance rate x;. It is assumed that r'(x;) > 0, 7" (x;) > 0, and r(1) < 1.
The profit of a WMF (type i) can be expressed as

I, =P — Gié‘i(l —x;) —rxj)z.

The firm decides on non-compliance rate x; so that I7; can be maximized. The FOC
for the optimal non-compliance rate x; can be represented by

6;Ci —r'(x})z = 0. 2)

The government must decide on standards C; so that the ex-post environmental care
can be equal to the socially optimal level. In this case, the government must choose a
standard C; that satisfies the following equation:
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Ci(1 —x}) = Ci(6)), 3)

where C;(6;) and x* are defined implicitly by (1) and (2) respectively.

We can easily see that the social optimum can be attained if the government sets each
standard such that xl-* and éi satisfy both of (2) and (3). How can we set a standard for
each type of WMF? Although it is socially optimal to relax the required environmental
care for cost-inefficient WMFs, it does not mean that standards also must be lowered
for cost-inefficient WMFs. The rule for setting the standards is slightly complicated.

To see this, let us define two elasticities, p and o. The first one, p, is defined as

IE' C
oC E'”

p=-

This p is the rate of increment of marginal environmental damage when environmental
care decreases by 1%. The larger the value, the more hazardous the waste is. We can
calculate p by (1) and (3).

_E'C(—x*)

7 “4)

Another important elasticity is o, defined as

_axty

oy x*’

where y = 6C represents the compliance cost. Therefore, o is the rate of increment of
the non-compliance rate when the compliance cost increases by 1%. We can calculate
o by (2);

16C
oc=——-. (5)
r’ zx
We can obtain the following results on comparative statics of (2) and (3). These
results show how the relationships between the standards and the targeted non-com-
pliance rates depend on hazardousness of waste.

Lemmal (i) p < 1. dC/d6 <0, if and only if x* € (0,1/(1 +0)) U (1/(1 +
po), ). In addition, dx*/d6 < 0 and d(Gé)/dG <0, ifand only if x* € (0, 1/(1 +
o)). (i) p > 1. dé/d@ < 0,ifand only if x* € (0, 1/(1 + po))U(1/(1+0),1).In
addition, dx*/d6 > 0 and d(@é)/d@ > 0, if and only if x* € (0, 1/(1 + 0)).

Proof See Appendix A. O

However, the participation constraints represented by IT; > 0 = 1,...,k) are
violated if d(6C)/df < 0. To see this, note that in the competitive equilibrium the
profit of the marginal firm (type k) must be zero.

My =P — 6 Cr(1 —xf) —r(xf)z=0 (6)
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If d(@é)/d@ < 0, it can be easily shown that IT; < [T} = 0 for i < k. Therefore, the
inequality d ©6C) /d6 < 0 violates the participation constraints. Therefore, by mod-
ifying Lemma 1 to the next proposition, we can see how the standards must be set
under symmetric information and the possibility of non-compliance.

Proposition 1 (The optimal standards for the environmental care in the case of non-
compliance and symmetric information) The standards for the environmental care
must be set non-monotonically as follows. (i) p < 1. The standards must be set as
Sfollows: dé/d@ > 0 in the lower values of 0 and then d@/d@ < 0 in the higher val-
ues. The targeted non-compliance rate must satisfy dx* /d0 > 0 and x > 1/(1 + o)

foralli. (ii) p > 1. The standards must be set as follows: dé/d@ < 0 in the lower
values of 0 and then dC /dO > 0 in the higher values. The targeted non-compliance
rate must satisfy dx*/d6 > 0 and x} < 1/(1 + o) for all i.

Proof Suppose that p < 1. Note that d ©0) /d6 < 0 violates the participation con-
straints. When we exclude the range of x* in Lemma 1 corresponding to d (0 0) /do <
0, we can see that x; > 1/(1 + o) for all i. In this range of x*, as stated in the propo-
sition, we can see dx*/d6 > 0. In addition, we can state that dé/d@ > 0 in the same
range if and only if 1/(1 +0) < x* < 1/(1 + po). This implies that dé/d@ > 0in
the lower values of 6 and then dC /d6 < 0 in the higher values because dx*/d6 > 0.
We can also prove the statement in case (ii) in a similar way. O

Figures 1 and 2 illustrate the results of the proposition. If two curves representing
(2) and (3) crossing each other twice or we have two candidates for the solutions of
those equations, we are indifferent between them because both can attain the social
optimum. One of the two candidates is a combination of a high standard and a high
non-compliance rate, and the other combines a low standard with a low non-compli-
ance rate. However, one of them violates the participation constraints, as stated above.
In addition, the proposition shows that the optimal targeted non-compliance rate is
lower (higher) if waste is more (less) hazardous.

Contrary to our result, Sandmo (2002) shows that direct regulation (interpreted as a
standard) cannot attain the social optimum where non-compliance is a possibility. One
major reason for this is that he sets the standard at the socially optimal level (C; (6;)).
We can easily see from Eq. 3 that where non-compliance is a possibility the standard
must be set at a higher level than the social optimum (i.e., Ci > Co).

3.2 How to set a fine

At what level should a fine be set to support the optimal standards stated in Proposi-
tion 1? To answer this question we need an additional function or Z; (x;"). Note that
the social optimum can be attained at any x; by adjusting z. Indeed, for a given x},
we can define the level of z that assures that the socially optimal care can be attained,
or C; and x7* satisfy both (2) and (3).

Definition of Z; (x): For a given x, define Z; (x;) such that each type i WMF
chooses the targeted non-compliance rate x;* and the socially optimal care. We can
easily calculate Z; (xlf") by using (2) and (3):
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Fig. 1 The optimal policy for the case p < 1 and k = 2 (symmetric information case). The solid curves
and the dotted curves represent (3) and (2) respectively
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Fig. 2 The optimal policy for the case p > 1 and k = 2 (symmetric information case). The solid curves
and the dotted curves represent (3) and (2) respectively
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Zi(x) =

Then we can obtain the next lemma.

Lemma 2 Z; (x)) is minimized at x} = 1/(1 4 o).
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Fig. 3 The optimal policy for 3
the case p < land k =2

(symmetric and asymmetric

information case). The symbols

filled circle and open circle

represent the first-best outcomes

under symmetric and

asymmetric information case, Z
respectively

o5 lro

Proof The derivative of the denominator of Z; (x;) can be calculated by (2) and (5) as

(1 —xHHr'(x)) _ r'(x})

*
0x; ;

(1 —=(1+0)x)). ]

This lemma shows that curves representing (2) and (3) in the (x — é) plane can
only be tangent to each other at x* = 1/(1 4+ o) (see Figs. 1 or 2). In addition,
we can obtain the following lemma, which states that whether Z is a decreasing or
an increasing function of 6 depends on the magnitude of the hazardousness of the
waste (p).

~

Lemma 3 (i) p < 1. For any x, Z is a decreasing function of 0, i.e., 7| > -+ > Zj.
(ii) p > 1. For any x, Z is an increasing function of 0,i.e.,2; < -+- < Zj.

Proof By differentiating the numerator of zZ(x*) with respect to 6 at any given x*,
we can obtain L% = C(6) +6C'(6) = C(6)(1 — 1). The calculation is done by
following by (1), (3), and (4). |

From Lemmas 2 and 3 we can draw Z; (x;) in the (x/ — z) plane as illustrated by
Figs. 3 and 4. Figure 3 illustrates a situation in which the fine is set at the minimum
required level such that type 1 WMFs provide the socially optimal care and it is larger
than that for type 2 WMFs® (or z = 21(1/(1 + ¢)) > Z2(1/(1 + &))). On the other
hand, Fig. 4 illustrates the opposite case, where the fine is minimized for type 2 WMFs
and it is superfluous for type 1 (or z = Zo(1/(1 + o)) > z1(1/(1 4+ o))). Note that
these figures correspond to Figs. 1 and 2, respectively.

From these results, we can immediately state how to set the fine z. The statement
is summarized in the following proposition:

Proposition 2 (The optimal fine z* in the case of non-compliance and symmetric
information)

6 The government can make type 2 WMFs provide the socially optimal care under an even lower fine.
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Fig. 4 The optimal policy for 5

the case p > land k =2 4
(symmetric and asymmetric
information case). The symbols
filled circle and open circle
represent the first-best outcomes
under symmetric and 7z
asymmetric information case, * '
respectively 2 '
]
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(i) p < 1. Any level of fine that is equal to or larger than Z1(1/(1 4+ o)) can
attain the social optimum. (ii) p > 1. Any level of fine that is equal to or larger than
Zk(1/(1 + o)) can attain the social optimum.

Proof (i) p < 1. Suppose that z* > Z;(1/(14+0)). Then it follows from Lemma 3 that
¥ > 2]-(1/(1 +0)),j =2,...,k. From Lemma 2, Egs. 2 and 3 have two solutions
for x¥ (j = 2,...,k). One is larger and the other is smaller than 1/(1 + o) (see
Fig. 3). The larger one must be chosen because the other violates x* > 1/(1 4+ o)
and dx*/d6 > 0 (see Proposition 1). We can also prove the statement in case (ii) in a
similar way. O

It is socially optimal to relax the required or ex-post environmental care for cost-
inefficient WMFs. This means that the curve represented by (3) must be pushed down
to the southeast in the (x — C ) plane as 6 increases (see Figs. 1 and 2). If waste is
not hazardous, the required environmental care can be further relaxed. In this case,
cost-inefficient WMFs confronted with a laxer requirement or ex-post environmental
care can easily satisfy the requirement even if the fine is set at a lower level. Therefore,
the government can focus on compliance by the most cost-efficient WMFs. On the
other hand, if waste is hazardous, the government needs to focus on compliance by
the most cost-inefficient WMFs.

3.3 The role of the manifest

We have shown that the license system can make licensed WMFs (from type 1 to
type k) provide the socially desirable environmental care if symmetric information is
assumed. However, in addition to WMFs, the disposer can also adopt non-compliant
courses of action. Then we need an additional policy device: a manifest requirement.
When the disposer deputes waste to a WMEF, the government obliges the disposer to
receive a verification letter (manifest) from the WMF and submit it to the government.
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Even under such a manifest requirement the disposer might ask a licensed WMF
to issue a false verification letter (pseudo-manifest) in exchange for a rebate in order
to dump the waste by himself.” It can be shown that a manifest requirement prevents
the disposer from dumping waste.

To see this, note that, in the symmetric information case, only license holders can
issue a manifest because the government can identify the type of every WMF. Note
also that the government knows the total volume of waste and the waste-treatment
capacity of each WMF (i.e., one). Consequently, each WMF can issue at most the
amount of verification letters that corresponds to its capacity. From the point of view
of profit maximization, each WMF issues verification letters to the maximum. Let w
stand for the proportion of false verification letters issued. Then the profit of a type i
WMF can be written as

0 = (1 —w)P +giw; — 6;Ci(1 —w)(1 — x;) — r(x; +w; —wix))z, (7)

where ¢; represents the rebate that the WMF receives from the disposer. Note that in
this case the non-compliance rate is x; + w; — w;x; and the probability of detection is
represented by r (x; + w; — w; x;). By simple arrangements of the FOCs we can easily
see that g; = P.

Now suppose that the disposal firm asks a type i firm to issue a pseudo-manifest and
intends to dump the waste by itself. Then the marginal benefit of a false verification
letter for the disposer is P. However, the disposer needs to pay the rebate g; = P to
the type i firm for the latter to issue a false verification letter. Then the marginal net
benefit of the disposer vanishes. This result can be stated as the following proposition.

Proposition 3 Ifthe government knows the total amount of waste and the waste-treat-
ment capacity of each WMF, no fine needs to be imposed on the disposer in a system
that requires a manifest.

It has been considered that a manifest requirement can deter non-compliance by
WMFs. However, according to the argument stated above, it discourages non-compli-
ance by the disposer rather than by the WMFs because the former must pay a rebate
that is equivalent to the price for waste treatment by licensed WMFs.

In addition, a manifest requirement can prevent the operation of non-licensed
WDMFs. Note that more cost-inefficient WMFs than the marginal license holders (type
k WMFs) do not hold any license under the symmetric information case. If a WMF
without a license operates, he also must pay the same rebate to a license holder. Then
the profit is clearly negative and he chooses to exit the market.

Note that the license scheme still does not need any disposal tax in the case of
symmetric information.

7 It has been reported that disposers of waste have conspired with WMFs and as a result not a few false
verification letters (pseudo-manifests) have been issued (Ishiwata 2002).
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4 Non-compliance and asymmetric information model
4.1 Introducing discriminatory disposal taxes in a screening mechanism

In this section, we assume that only WMFs can know their true type. We need a screen-
ing mechanism. Discriminatory disposal taxes are the key driver in the mechanism.

The government presents k types of licenses and sets the standard for environmental
care represented by é’i (i =1,...,k). The license scheme is similar to that presented
in the previous sections except that here each WMF can choose any type of license.
If a WMF obtains the ith license, the holder must take environmental care C i

The government also introduces the following disposal tax (denoted by #;). The
manager of the disposal firm can contract with any type of registered WMF. When he
chooses an ith-license holder, he must pay a tax represented by #; in addition to
the market price P;. The government also obliges the disposer to receive a verification
letter from the WMF that treats his waste (i.e., the manifest requirement).

In the competitive equilibrium the disposer must be indifferent with regard to each
type of licensed WMF and, therefore, the following equation must be satisfied:

P, +1; = Pj +1;. )
The profit of a WMEF (type i) taking the jth license can be expressed as
m;; = Pj — 6;Cj(1 — xij) — r(xij)z.
The subscript #j implies that the cost parameter of the firm is 6; and the firm obtains
the jth license.

To guarantee that the type i firm chooses the ith standard Ci voluntarily, the fol-
lowing inequality must be satisfied:

P —0,Ci(1 — x}) —r(xj)z > Py = 6;C;(1 — x}) — r(x})z )
P;—0;C;(1 —x¥) —r(xiz > P = 0;Ci(1 — x%) — r(x¥)z foralli # j.

(10)

The inequality (9),((10)) shows that the profit of each type i(j) WMF can be maxi-

mized when applying the i (j) th license.® We can obtain the following relation from
these inequalities.

(1)

8 (9) and (10) are not both necessary, but for the derivation of the inequality (11) or (12), it is more
convenient to present them both.
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It is convenient to transform (11) to a reduced form (the incentive-compatible
conditions):

{9161' (1—xf) +r(x) Z} - {916‘.,' (1 - xl*]) tr (xl*f) Z}
<{osei (=) 4 () o) = {ois (1 =)+ () o) a2

The next lemma shows how we can set standards such that they satisfy the incentive-
compatible conditions (12).

Lemma 4 Suppose that 6; < 0; and c < C; (or that C is a decreasing function of
6). To guarantee that inequality (12) is satisfied, it must be that x* < 1/(1+ o) for all

i. Alternatively, suppose that 9; < 0; and C‘j > C; (or that Cisan increasing function
of 0). To guarantee that inequality (12) is satisfied, it must be that x; > 1/(1 + o) for
all i.

Proof Suppose that 6; < ¢; and o) < Ci. To guarantee that (12) is satisfied, it is
sufficient to prove that the following inequality can always be satisfied:

3 9 [ A . .
6 E {9C(1 —x") +r(x )z} > 0. (13)

The left-hand side of (13) can be calculated as follows:
5 {9(1 —r16C/2)

00
=1-r"10C/2) =" (0C/2) x OC/2) = 1 = (1 + 0)x™.

9 90 A * * _ 9 ]
038 {pea -2 +ranz} = o0 -3} =

The first equality is obtained by applying the envelope theorem and the second equality
is obtained by (2). Therefore, the desired re§ult can be obtained.
Alternatively, suppose that §; < 6; and C; > C;. Note that inequality (13), which

is required for (12), must be replaced by %% {9@(1 —x*)+ r(x*)z} < 0. Then
the desired result can be obtained in a similar way. O

Inequality (13) corresponds to the Spence—Mirrlees condition (Bolton and Dewa-
tripont 2005). The following corollary derived from the lemma is useful in character-
izing the optimal policy.

Corollary 1 To guarantee that (12) is satisfied, it must be either that dé/d@ < Oand
x* < 1/(1 4+ o) foralliorthat dC/d® > 0 and x} > 1/(1 + o) for all i.

Putting all the results derived in Lemma | and Corollary | together, we can obtain
the following proposition. Note that Lemma | can also be applied to the asymmetric
information case.
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1 i
T 140

Fig. 5 The optimal policy for the case p < 1 and k = 2 (asymmetric information case). The solid curves
and the dotted curves represent (3) and (2) respectively

Proposition 4 (The optimal standards for the environmental care in the case of
non-compliance and asymmetric information) (i) p < 1. The optimal policy can be
characterized by dé/d@ < 0,dx*/d6 < 0, d(Qé‘)/dG < 0and x} < 1/(1 4 o) for
all i. (ii) p > 1. The optimal policy can be characterized by dé/d@ < 0,dx*/d6 >
0,d(0C)/do > 0and x} < 1/(1 + po) for all i.

Remark The proposition excludes the case that p <1,d C /d6 >0, dx*/d6 >0,
d(Qé)/dG > 0and xl.* € (1/(140), 1/(1+po)) for all i, because there is a possibility
that the targeted non-compliance rate cannot be restricted in the domain represented
by (1/(1 + o), 1/(1 + po)).

Although both Propositions 1 and 4 are derived from Lemma 1, the former and
the latter are also consistent with the participation constraints and Corollary 1, respec-
tively. It makes several differences between those propositions. Firstly, in the asym-
metric information case (Proposition 4), standards must be set monotonically; they
are to be decreased as 0 increases. This monotonicity of the optimal policy cannot be
seen in the case of symmetric information (Proposition 1).

Secondly, the targeted non-compliance rates in the asymmetric information case
are smaller than those in the symmetric information case (see Figs. 3 and 4). In addi-
tion, the asymmetric case requires x* to be smaller than an upper bound regardless of
the degree of waste hazardousness. This feature makes it easier for the government to
design the license scheme. Figures 5 and 6 illustrate Proposition 4.

4.2 The fine and taxes and their role in the screening mechanism

In this section, we derive the optimal fine and disposal taxes which support the license
scheme stated in Proposition 4. The following proposition characterizes the optimal
fine.
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Proposition 5 (i) p < 1. The fine z* imposed on WMFs must satisfy

&= 21(1/(1 + 0)). (14)
(ii) p > 1. The fine z* imposed on WMF's must satisfy

Z* > 2 (1/(1 + po)). (15)

Proof (i) p < 1. Because Proposition 4 requires x* < 1/(1 + o) and dx*/d6 < 0,
we must set the fine such that it is equal to or larger than the maximum value of
Zi(1/(1 + 0)). By Lemma 3 we can easily see that it is Z;(1/(1 4+ ¢)). What is dif-
ferent from Proposition 2 is that the smaller solution for x;f (j = 2) must be chosen
(see Figs. 3 and 5). We can also prove the statement in case (ii) in a similar way (see
Figs. 4 and 6). O

Again we can compare the case of asymmetric information with the case of sym-
metric information. Figure 3 shows that the minimum required fine is the same under
the two cases when the hazardousness is relatively low. When the waste is more haz-
ardous, however, the asymmetric information case requires a higher fine than that in
the symmetric information case (see Fig. 4).

Proposition 6 The optimal tax is given by t;‘ (j = 2), which is determined sequen-
tially by’

= {Hj_léj—l(l—x;f—lj—l) +r(x;<—1j—1)z}

— o5 G051 p + e e} + oy (16)

Note that tf is an arbitrary nonnegative number.
Proof See Appendix B. O

As a general rule, all WMFs prefer laxer standards, although it is socially optimal
for cost-efficient WMFs to obtain higher-grade licenses. Disposal taxes result in price
discrimination. It follows from (8) and (16) that P{ > P, > --- > P. This price dis-
crimination, however, induces not only cost-efficient but also cost-inefficient WMFs
to obtain higher-grade licenses. In order to prevent cost-inefficient WMFs from apply-
ing for higher-grade licenses, the regulator needs to impose fines on non-compliant
courses of actions by WMFs. The total cost to cost-inefficient WMFs is higher than
that to cost-efficient WMFs when fines are imposed on non-compliant WMFs. As a
result, cost-inefficient WMFs give up applying for higher licenses.

In addition, the discriminatory disposal taxes have another important role in the
optimal policy. In the symmetric information case (discussed in the previous section),

9 Strictly speaking, the tax schedule {t;‘} given by (16) does not satisfy (11). Note, however, that this
inequality can hold by setting tax #; at a level that is slightly smaller than tj’.‘.
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S

Fig. 6 The optimal policy for the case p > 1 and k = 2 (asymmetric information case). The solid curves
and the dotted curves represent (3) and (2) respectively

note that 4 (6C) /d6 < 0 violates the participation constraints (see Proposition 1). In the
asymmetric information case, however, d 0C) /d6 < 0 in the optimal policy when
p < 1 (see Proposition 4 (i)). In this case, the discriminatory disposal taxes pro-
posed in Proposition 5 also make the participation constraints always satisfied even if
d®C)/do < 0.

To see this, we calculate the difference between I7;; and IT; _1;_1.

Mi—yioy — M = Pioy — P — {6;1Ciy (1 — X)) (o)
HOCi(1 = x}) +r(xf)z) = (6:Ci (1 — xf) + r(x5)z)
{01 Ci(1 — xf_ ) +r(xf )z} > 0

The second equality follows from (8) and (16). Note that in the competitive equilib-
rium the profit of the marginal WMFs is equal to zero, or [Ty = 0. Therefore, we
can assert that the participation constraints are always satisfied in the optimal policy.
In addition, the argument stated above means that less cost-efficient WMFs than the
marginal WMFs or type kK WMFs always choose to exit the market.'?

Note that the government needs to focus on the compliance by the most cost-
(in)efficient WMFs when waste is less (more) hazardous (see Proposition 5). These
characteristics are similar to the symmetric information case (see Proposition 2). The
manifest also functions to discourage the disposer from illegally dumping even in the
asymmetric information case. Proposition 3 is still valid in this case.

10" Consider two WMFs; one is a type i WMF and the other is a type j WMF. We assume thati <k and j > k.
The screening mechanism of the license system assures that IT; < [Ty, = 0. By the envelope theorem, we
can show that IT;; < ITy;. Therefore, a type j WMF chooses to exit the market, because I7; <0.
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5 The maximum possible fine and the second-best policy

It is difficult to set the fine on a particular non-compliant behavior at an extremely
high level, because every penalty imposed on murder, theft, illegal dumping, or any
other crime is adjusted to the severity of the non-compliant behavior. In this sense, it
is useful to incorporate a restricted fine in our model of the second-best policy.

Firstly, suppose that p < 1. Note that Z; > --- > Zx by Lemma 3. In addition,
suppose that the maximum possible fine level denoted by 7 satisfies the inequal-
ity z;(1/(1 + o)) > Z > Zj+1(1/(1 4+ o)). Fix the fine at any level that satisfies
Z >z > Zi+1(1/(1 4+ 0)). Note that by the definition of Z the government can make
some WMFs (from type i 4 1 to k) provide the first-best care (see Proposition 5 (i)).
However, the government fails to make the other WMFs (from type 1 to i) provide the
first-best care even though z is set at the maximum z. This situation also corresponds
to the case where two curves representing (2) and (3) have no common point for those
WMFs. How should the standards for those WMFs (from type 1 to i) be set?

This second-best problem can be formulated as how the standard CA‘. jG=1...,1)
should be set when each WMF chooses the non-compliance rate x; optimally.
Formally, this problem can be written as'

Max C; (1 — x;)

Cjoxj
. A , 2
subjectto 8;C; —r'(x;)z =0
xj <1/(1+0), (17)
and
C;>Cip, j=1,....0 (18)
Note that for j =i + 1,...,k we obtain the first-best outcome and Proposition 4

(i) is applicable, which requires dé/d@ < 0,dx*/d6 < 0 and x;‘ < 1/ +
0)(j=1i+1,...,k). Even Proposition 4 (i) is not applicable for j = 1,...,1,
the screening mechanism (represented by Corollary 1) requires that d c /d6 < 0 and
x;.‘ < 1/(1 4+ o) for all j including from type 1 to i (see (17) and (18)).

Let us solve the problem while ignoring the two constraints (17) and (18). We then
obtain a candidate for the second-best solution xj =1/(14+o0) and c ;=r'a/a0+
0))z/0j for j =1, ...,i. By Proposition 4 (i) we can state that 1/(1 + o) > x;k+1 >
-+» > xi. Thenitcanbeasserted that x| = - - - = x = 1/(14+0) > xj" | > -+ > x},
or constraint (17) is satisfied. We can also state that constraint (18) is satisfied for all j,
because for j = i it can be shown that é,- = r(1/d + 0))z/6; > C‘,-H =
r’(x;‘+1)z/9i+1 and for j < i it is obvious that C’j > é‘j+1. Note that this solu-
tion implies that the optimal fine is the maximum possible level, or z* = Z, because

1 1t follows from Proposition 4(i) that x; < 1/(1 + o). For a technical reason, however, we relax this
constraint (see (17)).
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the second-best environmental care is an increasing function of z for j = 1,...,1.
From this we can obtain the following proposition.

Proposition 7 (i) p < 1. Suppose that z;(1/(1 +0)) > 7 > Z;+1(1/(1 + ©)). Then
the optimal fine z* is given by 7. The standards for comparatively more cost-inefficient
WMFs (from i + 1 to k) must (and can) be set at the first-best levels satisfying (2) and
(3). On the other hand, for comparatively more cost-efficient WMFs (from 1 to i) the
standards C | must be set as follows:

r'(1/(1+0))z

Cj=—"g
J

, J=1,...0 (19)

Secondly, suppose that p > 1. This case is more complicated and the second-best
policy can be characterized as in the second half of the proposition.

Proposition 7 (ii) p > 1. Suppose that z; (1/ (14 po)) <7 < Zi+1(1/(1 4 po)). The
optimal fine 7* is also given by 7. The standards for comparatively more cost-efficient
WMFs (from 1 to i) must (can) be set at the first-best levels satisfying (2) and (3). On
the other hand, for comparatively more cost-inefficient WMFs (from i + 1 to k) the
standards C j must be set as follows:

r'(x)zZ

AL 0; J=i+1,....m—1

O | ke G,k (20)
e f’(léfnl—j-lﬁ))z > é,’ _r (gl )z - r/(l/(91m+g))2,
Proof See Appendix C. D

The government can focus on compliance by the most cost-efficient WMFs if
waste is not hazardous and compliance by the most cost-inefficient WMFs is crucial
otherwise (see Proposition 5). The second-best policy reflects those features of the
regulation. For example, Proposition 7 (ii) states that the government should give up
the first-best compliance of some cost-inefficient WMFs when waste is hazardous.

Note that the optimal tax schedule {t;‘} is also given by (16) when there is the
restriction of a fine. Proposition 6 is still valid because the proof does not depend on
the magnitude of z (see Appendix B).

6 License scheme versus self-reporting
A license scheme is similar to a self-reporting system. Obtaining a license is equiv-
alent to self-reporting a specified action required by the license. In this section we

show, however, that the social optimum cannot be attained by self-reporting. To show
this, we begin by restructuring our model to represent a self-reporting system. In a
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self-reporting system WMFs self-report their environmental care levels and the regu-
lator has to subsidize self-reported environmental care.'”
The profit of a type i WMF can be represented by

;=P —6;HCi(1 —x;)) +sC; —r(x;)z,

where the subsidy for self-reported environmental care is denoted by s. For a technical
reason, it is assumed that the cost for environmental care is represented by a nonlinear
function H and it is also assumed that H' > 0 and H” > 0. The FOCs for C; and x;
can be represented by

—6;,(1 —x)H +s5=0 21
0,C;H —r'(x)z = 0. (22)

If the government sets s and z, x; and éi are determined uniquely. However, it must
set s* and z* carefully so that the solutions for x; and C; satisfy the following equation

in order to attain the social optimum'3:

Ci(1 —x;) = Ci(6) (23)

Generally, such a policy represented by s* and z* depends on 6;. This contradicts
the assumption that the regulator does not have any information about 6;. Therefore,
a self-reporting system cannot attain the social optimum.

Under a self-reporting system, it is necessary to make each WMEF self-report a spec-
ified environmental care C. This in turn requires that the regulator knows the true type
of each WMF. In a license scheme, however, the regulator does not need any informa-
tion about the true type of each WMF, because each WMF must choose a license in
the list of environmental care options that is presented in advance. As a result, the reg-
ulator can induce each WMF to obtain a specified license by an incentive-compatible
mechanism that is supported by the discriminatory disposal taxes and fines on non-
compliance by WMFs. In Kaplow and Shavell (1994) self-reporting functions well,
but the theoretical result relies on their assumption that heterogeneous firms cannot
choose their actions freely and their choice is restricted to a limited number of actions,
which is what we can expect in a license scheme.

12 1f the self-reported variable is the emission level, it is required to impose a tax on the self-reported
emission level (Macho-Stadler and Pérez-Castrillo 2006; Sandmo 2002).

13 Note that C; (6;) is the solution for the social optimization problem:

b=l i=1

k—1 k—1
Min 3 a;(6;H(C;) + E(Ci)) + (A - Zai) (OkH (Cr) + E(Cp).
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7 Concluding remarks

A license scheme has been introduced in environmental policies, especially in the area
of waste management. It is required for all waste-related activities in some countries.
Almost all of them at present use only one type of license, or a single license. Although
the introduction of a license scheme has mitigated the problems associated with ille-
gal disposal or with improper treatment of waste, a considerable amount of waste still
continues to be treated improperly or disposed of illegally.'* One of the significant
defects of the existing license schemes is that they employ only one type of license.

We characterize an optimal waste management policy and recommend a multi-
license scheme that includes a manifest requirement, discriminatory disposal taxes,
and a fine imposed for improper waste treatment by WMFs. The recommended multi-
license scheme adds a slight but important modification to a self-reporting system. It
overcomes three difficult problems in waste management policy: the heterogeneity of
WDMFs, asymmetric information, and non-compliance by WMFs and disposers.

The number of licenses required in the optimal policy depends on the industrial
structure in the waste management market in each country. In 2005 Japan added a
new criterion to the original single-license scheme for selecting better licensed firms.
The criterion consists of three conditions: (1) applicants have not been detected for
non-compliance for at least 5years; (2) they must disclose information about such
things as their waste treatment methods and the annual volume of waste treated, and
provide financial statements; (3) they must be environmentally friendly, which may be
verified by acquisition of ISO14001 (Ministry of the Environment, Japan 2005). We
may consider this policy in Japan to be a double-license scheme, although its effect
on illegal or improper waste treatment has not been ascertained yet.

In the recommended multi-license scheme we find a role for the manifest and dis-
posal taxes that has not been noted before. Although the manifest has been seen as a
deterrent to non-compliance by WMFs, it is the behavior not of WMFs but of disposers
that the manifest can effectively control. Disposal taxes have been seen as reducing
waste generation and encouraging recycling, but the results described in this paper
add a new role to disposal taxes. Discriminatory disposal taxes can provide a screen-
ing mechanism that induces WMFs to reveal their true types, and, though disposal
taxes are seen as giving disposers of waste the incentive to illegally dump waste—
Sigman (1998) finds that state policies that increased the treatment costs of used oil
substantially increased the frequency of dumping—the optimal license policy derived
in this paper solves this problem. The key driver of this mechanism is provided by the
manifest requirement.

At the first glance, the optimal licensing policy seems too complicated to imple-
ment. To find the optimal standards, non-compliance rates, fine, and disposal taxes,
the regulator can assume a quadratic function for the probability of detection. The
simulation helps the regulator to calculate the optimal policy variables and to imple-
ment each policy device optimally. In addition, the regulator can easily examine the
effectiveness of a licensing policy due to the monotonicity of the standards and the

4 my apan, 102,000 tons of waste were illegally disposed of in 2007 (Ministry of the Environment, Japan
2008).
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targeted non-compliance rate. The regulator can concentrate on either the compliance
of the most cost-efficient WMFs or that of the most cost-inefficient WMFs.

The final note is related to the restriction of the license system. The license scheme
recommended in this paper assumes that the government knows the total amount of
waste of disposers and the waste treatment capacity of each WMF. However, it is
difficult for the government to know, who emitted waste and how much and what
kind of waste is supposed to be disposed of. To collect the necessary information, the
integrated control might be needed on the material flow from the production and sale
of goods to disposal.
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Appendix A

Proof of Lemma 1 By totally differentiating (2) and (3), we can obtain

0 —r"z\ (dCjdo\ _ (-C
l1—x —C dx/do ) — \ C' )’

Solving them, we obtain

dé 62 c'r

A (A1)
Ao  —0C +r"z(1 — x*)

dx* 0C’ + C(1 — x*

t red=x (A2)

A9 —6C +r'z(1 — x*)

If we substitute (4) and (5) into (A1) and (A2), they can be rewritten, respectively, as

dc C(1-q *
- 1=+ po)r” (A3)
do pd | 1= +o0)x*
dx* _ ox*(1 — )C*)(,O - 1) (A4)
do pO(1 — (14 0)x*)
By applying (A3), we can obtain
d9C¢  dC . C [(p— D —x%
—=0—+C=—{—1. A5
do d9+ p[l—(l—i—a)x* (A3

Note that 1/(14+0) < 1/(1 4 po),if p < 1. The desired result follows directly from
(A3) to (A5). In similar fashion we can prove the desired result in case (ii).
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Appendix B
Proof of Proposition 6 (i) p < 1. We must show that the disposal tax schedule {t;‘}

given by (16) satisfies (11).
It is convenient to rewrite (16) as follows:

r=U01,Ci)—UO;-1,.Cp+1i,  j=2 (B2)
whereAwe define a function U (0, é) as U (o, é) = 9@(1 —x*) +r(x*)z and note that
U0, C) is always minimized by adjusting x*. To show the statement of the proposi-
tion, it is sufficient to see that (11) holds forany j € (2,...,k) andi < j. Itis also

convenient to rewrite (11) as follows:

U®;,C)—U®i,Cj) <tj—1t; (B3)
ti —t fU(Qj,éi)—U(Qj,éj). (B4)
Firstly, we prove that the tax schedule {t;‘} given by (B2) always satisfies (B3). It is

clear that, by the definition of t;‘, (B3) holds fori = j — 1 with equality. Suppose that
it holds fori = j —m (m > 1). Then we obtain

m
=t = D i = 12) 2 U=, Cjmn) = U®j-m. Cj).  (BS)
v=I

Fori = j — m — 1 we have to show the following inequality holds:

A

=t g =y — iy + i A pg1 —1i—p) ZUOj—m—1, Cjm—-1)
v=1
—U(j-m-1,C)).
By (B2) and (B5), however, it is sufficient to show
U@j-msCjm) = U®j—m: Cj) > U@Oj—m—1,Cjm) = U@Oj-m—1,C}). (B6)

Since we have already proved % %U 0,C) > 0in the proof for Lemma 4, we can

state that (B6) holds. Note that C‘j_m > C’j and 60;_,, > 6;j_,_1. By induction, we
can also state that (B3) always holds.

Secondly, we can prove (B4) in similar fashion. Note that it holds fori = j — 1,
because we have already proved that (12) holds. Suppose that (B4) holds for i =
j —m (m > 1). Then we obtain

m
0=t = (W — 1) SUW®;Cion) — U, Cp). (B7)
v=1
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Fori = j —m — 1 we have to show the following inequality holds:

m
=t = o = oy + D2 gy = 152) U, Cjmn)
v=1
~U@®;,C)).
By (B2) and (B7), it is sufficient to show

U, Ciom1) = U@, Cjm) > UOj-m1.Cim1) = UOj—m1,Cjm).
(B8)

However, note that we have already proved this inequality (see (B6)). By induction,
(B4) is proved to hold.

(i) p > 1. The proof for this is quite similar to that for the previous case and can
be omitted.

Appendix C

Proof of Proposition 7 (ii) If the fine is set at any level that satisfies 7 > z > Z; (1/(1+
p0o)), the government can make some WMFs (from type 1 to i) provide the first-best
care. Therefore, Proposition 4 (ii) is applicable for j = 1, ..., i. However, the gov-
ernment fails to make the other WMFs (from type i + 1 to k) provide the first-best
care. The second-best problem for those WMFs can be written as

Max C;(1 — x;)

Cj,xj-

, . 2
subject to 0;C; —r'(x;)z =0
xj < 1/(1+0), (ChH
and
Cioi1=Cj, j=i+1,... k (C2)

Proposition 4 (ii) requires that dé/d@ < 0,dx*/d0 > Oand x; < 1/(1 + po) for
j = 1,...,i. Then the screening mechanism (represented by Corollary 1) requires
that dé/d@ < 0Oand x;‘ < 1/(1+ o) for all j including from type i + 1 to k (see (C1)
and (C2)).

When the constraints (C1) and (C2) are ignored, the candidate for the second-best
solution is x; = 1/(1 + o). It depends on the distribution of & whether this solution
does or does not violate (C2). If the solution does not violate (C2) for j =i + 1, the

@ Springer

273



License scheme

second-best solution is given by x7 = 1/(1 +0) and C; = ’/(1/(91%))1' We can easily
check that this solution satisfies (C2) for j =i + 1, ..., k.
r'(x})z

Alternatively, suppose that éi < é‘i+1 when x;+1 =1/(1+40) or that C‘i =—7

r’'(1/(140))z

arE— In this case the constraint (C2) is binding for j =i+ 1, and x| and C‘,-H

() '(x}) A ( )
r;:sz:r g < andC,+1 Ci=
where x and C; are determined by (2) and (3) simultaneously because the first-best
solutions can be obtained for type 1 toi WMFs. We can see that x;* < x/° | < 1/(1 +0),

are implicitly determined by respectively,

because C; =~ (gii 2 ’/(1/(41 +”))Z by the supposition and —(X’rll)z . (gii )z
If the constraint (C2)is also bll’ldll’lg forj=i+2o0rC; =" (xl i ’/(l/é}:g”))z X

r'(xf 5)z r (X*)z
42
o), which satisfies (C1). However, there may exist a number m such that C P =

r'(/(+o))z
Om

is given by C,-+2 = =Ci=

.Againweobtain x; <x | <x/, <1/(1+
r'(x)z
O; >

or (C2) is not binding. Then for j =m, ..., k the constraint (C1) is bind-
i ion is oi = Ao /1 +0)

ing and the second-best solution is given by x;‘ =1/(1+o0) and C; = e—jz
G=m,... k). NotethatC,_M ..:ém_lzw>émzw

Om—1 Om
> Cr= W, which satisfies (C2).

Finally, we prove that z* =Z.For j = 1, ..., i, any z satisfyingz > z > Z; (1/(1 +
po)) can attain the first-best care. Because the second-best care is an increasing func-
tion of z for j = m, ..., k, it is better to raise the fine. However, it is ambiguous
whether raising the fine can increase the second-best care for j =i+ 1,...,m — 1.
For j =i+ 1,...,m — 1 (the constraint (C2) is binding), the increment of z makes
the constraint (C2) stricter. To see this, note that

aC; r’(x;k)éi r'(xox}

9z 66+ —x) 60— +o)x])

<0, (C3)

which can be obtained from comparative statics of (2) and (3) with respect to z. There-
fore, itis ambiguous whether the environmental care can be increased by raising the fine
z. However, we can show that a slight change of z satisfying 7 > z > z;(1/(1 + po))
also increases the maximized care level for j =i 4+ 1,...,m — 1. To see this, the
following result can be obtained:

AC;i(1 —x*) a¢, . ax*
;_(1_ *)_’_ —L (C4)
0z 0z

by differentiating the objective function of the second-best problem for j = i +
1,...,m — 1. Note that 9C;/dz = 9C;/dz because the constraint (C2) is binding.
Note also that by comparative statics of (2) with respect to z we can obtain

ax*  —r'(x*)+06;0C;/0z ox*
i A Rt L (_’ * 9436-8) Cs
0z r(x7)z 0;Ci PO F0i9G%2) ©
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By substituting (C3) and (C5) into (C4), we can calculate it as follows:

AC; (1 —x*)  or'(x* 1—(1+o0)x*
! T O Y i xF+xit >0.
9z 6; I—(1+o0)xf J
Note that x} < x;‘ <1/(1+o)forj=i+1,...,m—1.Therefore, we can conclude
that z* = 7.
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Abstract

Our objective is to analyze the effectiveness, against the illegal disposal of waste, of a
licensing system that has been introduced in a waste management policy. We
theoretically find enforcement leverage in the licensing system, then examine the
theoretical result empirically in a three-stage estimation. The results in the final stage
of our estimation suggest that extending liability to disposers, which forms the basis of
the enforcement leverage, deters illegal disposal more effectively than increasing
penalties for illegal disposal. We also obtain evidence (in the first stage) of
transboundary movement of illegal disposal, and find (in the second stage) how the

court determines penalties for illegal disposal.
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1. Introduction

In recent times, considerable attention has been paid to compliance with
environmental regulations. Illegal disposal of waste in particular is one of the most
serious problems. Our objective is to examine the effectiveness of a licensing system
that has been introduced in waste management. We first develop a theory that is

empirically testable and then examine it.

There are two problems in a waste management market: asymmetric information and
noncompliance. These problems followed from the simple fact that waste is worthless
to both waste disposers and waste management firms (WMFs). Waste disposers are
unconcerned about, and unaware of, how their waste is treated and how it damages the
environment (i.e., asymmetric information). Although stringent regulations have been
introduced to set a standard for how waste must be treated, the lack of interest on the part

of disposers has encouraged noncompliance or illegal disposal on the part of WMFs.

To address these problems, a license (or permit) to conduct waste management has
been introduced into the industrial-waste management policies of many developed
countries." Waste treatment by unlicensed WMFs is prohibited under such a system.
One of the most significant features of this policy is that it extends liability to the
disposers. As a result of asymmetric information, disposers cannot know which
WMFs treat waste properly and which WMFs dispose of waste illegally. To remedy
this, disposers are obligated to consign their waste to a licensed WMF. We are calling

this the consignment obligation. A second feature of the licensing system is that it is a

" The Resource Conservation and Recovery Act (RCRA) Permit Program in the United States
prohibits treatment, storage, or disposal of hazardous waste by any person who has not received an
RCRA permit. The European Union has adopted a number of Directives aimed at harmonizing
waste disposal policies throughout Europe. The Waste Framework Directive requires member
states of the EU to establish both a network of disposal facilities and competent authorities with
responsibility for issuing waste management licenses.
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two-group state-dependent regulation; WMFs are classified into two groups: licensed or
unlicensed. Licensed WMFs can have their licenses suspended if they are caught
disposing of waste illegally. Still, if a WMF whose license has been suspended does

not operate illegally for a certain number of years, the license is returned to it.

Extending liability in a licensing system to the disposer via a consignment obligation
can deter illegal disposal through the _enforcement leverage‘ that was originally
advocated by Harrington (1988) and Harrington and Heyes (2001). Becker (1968) held
that criminal activities can be deterred only if the noncompliance cost, including
penalties, exceeds the compliance cost. But Harrington (1988) and Harrington and
Heyes (2001) show that, in a two-group state-dependent model, firms may have an
incentive to comply with the regulation even though the cost of compliance exceeds the
expected penalty. This property has been called _enforcement leverage’. In
Harrington‘s model, firms move between two groups that differ in the treatment they
receive from enforcement officials as regards frequency of inspection and severity of
fines, with inspections more frequent and higher fines imposed on firms in the
frequently offending group (the bad group) than in the case of firms in the more
law-abiding group (the good group). Firms with intermediate compliance costs in the
bad group will comply with the regulations in order to move out of the bad group even
though compliance costs may exceed noncompliance costs. This is how enforcement
leverage works in his model. From the regulator‘s point of view, too, enforcement
leverage has its benefits in cost efficiency, since conditional audit rules or a
state-dependent policy can achieve regulatory compliance with fewer inspections than
are required by random auditing. Harrington‘s model has been extended or reexamined

by several later studies, for example Harford and Harrington (1991), Heyes and Rickman
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(1999), Raymond (1999), and Friesen (2003).

The structure of our licensing model of waste management is similar to that of
Harrington (1988) and Harrington and Heyes (2001). We investigate a license policy
that is a two-group state-dependent regulation; the first group is one of license holders
and the second group is of those who do not hold licenses. We theoretically show that
enforcement leverage occurs in a licensing system—as in Harrington (1988) and
Harrington and Heyes (2001)—but for a different reason.” In our model, it is

extending liability to disposers that creates the enforcement leverage.

We examine the enforcement leverage of a licensing system in waste management
using 47 regional panel data in Japan covering the years 1995-2005. We obtain several
interesting results in a three-stage estimation. In the first stage we find a transboundary
movement of illegal disposal whereby waste tends to be illegally disposed of where there
is less population, more available space, in a location closer to the original source of the
waste. In the second stage we find how the court determines penalties for illegal
disposal and for violation of the consignment obligation; penalties increase with the
volume of dumped waste and the hazardousness of the waste. In the third stage we find
that the licensing sytem is effective in deterring illegal disposal. Not simply imposing
penalties on WMFs for dumping waste but also extending liability to disposers (i.e.,the
consignment obligation) is significantly effective in reducing the volume of illegal

disposal.  As a result, we find evidence of enforcement leverage in a licensing system.

An effective licensing system thus includes two mechanisms to deter illegal disposal:

punishing illegal disposal and extension of liability to a third party. Examining the

? We note that the results of previous models such as those of Harrington (1988) and Friesen (2003)

may not be robust in the presence of asymmetric information (see Raymond, 1999).
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effectiveness of such a licensing policy both theoretically and empirically enables us to
decide which policy can reduce illegal disposal more effectively — increasing penalties
for illegal disposal, or extending liability to other parties involved. The latter choice is
enshrined in the Comprehensive Environmental Response, Compensation, and Liability

Act (CERCLA—commonly known as Superfund) in the United States.’

Our estimation results show that the penalty imposed for violations of the consignment
obligation is more effective than the penalty on illegal disposal itself, although the
deterrent effect of increasing both penalties is not as large as expected; if the expected
actual penalty on illegal disposal is increased by about $100 per ton, the rate of illegal
disposal can be decreased by from 0.052% to 0.93%, while if the expected actual penalty
imposed on disposers violating the consignment obligation is increased by about $100
per ton, the rate of illegal disposal would decrease by from 0.052% to 2.07%. This
suggests that extending liability to related parties can deter illegal disposal more

effectively than increasing the penalty on illegal disposal.

This paper is organized so that Section 2 sets out the background to our study; a
theory of a licensing system and the methodology used for an empirical analysis are
provided in Section 3; we implement the empirical analysis in Section 4. Section 5

contains our conclusion.

? Under CERCLA, the Environmental Protection Agency can require liable parties to conduct
cleanups of a contaminated property. Section 107 of CERCLA defines a liable party as: (1) the
current owner and operator; (2) any owner or operator at the time of disposal of any hazardous
substances; (3) any person who arranged for the disposal or treatment of hazardous substances, or
arranged for the transportation of hazardous substances for disposal or treatment; and (4) any person
who accepts hazardous substances for transport to the property and selects the disposal site. In
some cases, banks that hold mortgages on property as secured lenders are included among
CERCLA's liable parties.
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2. Background
2.1. Review of the literature on empirical studies
2.1.1. Enforcement leverage of state-dependent regulation

Direct empirical evidence on enforcement leverage is scarce and only a few empirical
studies use field observation; among them are Helland (1998) and Eckert (2004).
Helland (1998) examines the effect of a targeting policy, similar to the state-dependent
enforcement of Harrington (1988), in which firms judged most likely to violate a
regulation are targeted for inspection. Helland tests whether or not environmental
regulators audit and fine firms according to Harrington‘s model. He finds that firms
that are found to be violating the regulations are subjected to more frequent inspections
for a period of three months or six months. He concludes, however, that targeting does
not deter violations, although it encourages firms to report violations. Eckert (2004)
investigates the role of warnings in environmental policy. Issuing a warning rather than
prosecuting violators is a common practice in the United States and Canada; its role is
considered to be similar to that of the state-dependent enforcement discussed by
Harrington (1988). Eckert finds that warnings can deter future violations through the

threat of stronger enforcement, but the effect is small.

On the other hand, a few laboratory experiments directly examine enforcement
leverage.  Clark et al. (2004) find that conditional audit rules (Harrington‘s
—Rast-Compliance Targeting” and Friesen‘s -Optimal Targeting” (Friesen 2003)) achieve
regulatory compliance with fewer inspections than required by random auditing.
However, Cason and Gangadharan (2006) reexamine Harrington‘s model through an
experiment and conclude that enforcement leverage is not as strong as the model

predicts.
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2.1.2. The effect of increased penalties on noncompliance with environmental regulations

Becker (1968) supported the deterrent effect of penalties on noncompliance. More
recent theoretical literature has thrown doubt on such an effect, notably Leung (1991),
Bose (1995), Kadambe and Segerson (1998), Lear and Maxwell (1998), Heyes (1996),
and Livernois and McKenna (1999). While a few empirical studies, such as those of
Sigman (1998), Stafford (2002), and Shimshack and Ward (2005), have included
penalties explicitly in their analysis of environmental enforcement and compliance,”

there is no consensus on the deterrent effect of penalties.

Sigman (1998) investigates the effect of enforcement and penalties on illegal disposal
and concludes that there is no evidence that the state‘s maximum criminal penalty for
hazardous waste violations affects the number of reported dumpings. Stafford (2002)
shows that an increase in the maximum penalty led to fewer violations for hazardous
waste pollutants. However, the study concludes that increasing penalties was not as
successful as expected in increasing compliance. This conclusion is based on the
observation that the estimated increase in compliance appears to be somewhere between
10% and 20%, even though some penalties were increased tenfold. On the other hand,
Shimshack and Ward (2005) point out that previous empirical literature focused only on
the responses of the sanctioned plants (firms) and may have underestimated the efficacy
of penalties; they argue that fines have a deterrent effect both on the fined plant (the

plant-specific effect) and on the other plants regulated by the same authority (the

* Many empirical studies have focused primarily on the relationship between compliance and
enforcement; see Magat and Viscusi (1990), Grey and Deily (1996), Laplante and Rilstone (1996),
Nadeau (1997), Helland (1998), and Earnhart (2004).
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regulator reputation effect), and find that the regulator reputation effect induces a 64%

reduction in the statewide probability of a violation.

2.2. Licensing policy for industrial waste management in Japan

Japan‘s basic law for waste management was enacted in 1970. The most important
feature of the law is licensing. Waste management services are restricted to licensed
WMFs, and operating without a license is prohibited by the law. If a licensed WMF is
caught violating the regulations (for example, through illegal disposal), a penalty is
imposed on the WMF and its license is suspended for several years. A similar

licensing system has been adopted in the United States and in EU countries.’

To reinforce the licensing system, liability has been extended to the actual disposers
by making them legally obliged to consign their waste to licensed WMFs. If a
disposer violates this consignment obligation and the violation is detected, that disposer
is penalized. The flow of waste from disposers to licensed WMFs is also reinforced by
the introduction of a manifest system. The manifest is a ticket that has information on
the flow of waste, including who emitted the waste, who transported it, who treated it,

how it wastreated, who finally disposed of it, and the name of the final disposal site.

Since 1970 the law has been revised several times, and the penalties increased. At
present, the maximum penalty that can possibly be imposed for illegal disposal is the

equivalent of about $100,000 for individuals and $1,000,000 for corporations. Table 1

> In the RCRA Permit Program of the US, owners or operators of hazardous waste treatment,
storage, or disposal facilities are required to apply for RCRA permits. Those who generate waste
must not pass on their hazardous waste to unauthorized treatment, storage, or disposal facilities. In
the EU, operators of industrial and waste installations covered by the Integrated Pollution Prevention
and Control Directive are required to obtain an authorization (environmental permit) from relevant
authorities in EU countries. There, too, those who generate waste are prohibited from contracting
with unauthorized WMFs.
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gives a brief history of changes to the law. Other penalties not included in the table are
those for illegal burningof waste, reconsignment of waste to other WMFs, transporting

waste for the purpose of illegal disposal, and issuing a pseudo manifest.

3. Methodology
3.1. Framework of our analysis

We investigate the effect of a license scheme on illegal dumping. Our data includes
the volume of waste emitted (denoted by w;) and waste illegally disposed of (denoted by
Xi) in prefecture i. However, we do not have data on how much of the waste emitted in
prefecture i (w;) is illegally dumped (it is not necessarily equal to X;) and where it is
dumped. This data restriction makes it quite difficult to analyze illegal dumping
empirically.

The supply of illegal dumping in prefecture i is represented by 1(C,,P., f, f', z)w,,
where | represents the rate of illegal disposal. The proportion of illegal dumping (or
the rate of illegal disposal) is, as shown below, an increasing function of the final
disposal cost (Cqg), a decreasing function of the scrap price (Py), the probability of
detection of violating regulations ( ), and fines for such violations (f, /), where f and f~
represent fines imposed on the WMF and the disposer, respectively.

On the other hand, the demand of illegal dumping in prefecture i is represented by Xi,
if there is neither transboundary illegal disposal nor illegal dumping in other prefectures.
Suppose that all of the illegally dumped waste in prefecture i is supplied in the same
prefecture; in such a case it is possible to make the following illegal dumping

estimation:
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% =1(Cy, R, . ' 0w,

In reality, however, there is the possibility of waste being brought from other
prefectures. That is, there is a demand of illegal disposal from other prefectures.
Denote by bjj the proportion of the waste volume originally emitted in prefecture i
among the total sum of waste illegally dumped in prefecture j. Then the demand of

illegal disposal in prefecture i from prefecture j is represented by bjxj. The total

n
demand in prefecture i from other prefectures is represented by Zbijx ;- Therefore,
i

the equation to be estimated is:

I(Cd,Pr,f,f’,y)wi=ibijxj. (1)
J

See Table 2 for the list of variables in this paper.

Unfortunately, we cannot directly estimate the above equation because data on bjj is
not available, and so we need to estimate bjjin the first stage. In addition, we need to
estimate f and /”. Although we have data on the maximum penalties (Table 1), we
need to know the penalties that are actually determined by the courts, so in the second
stage we estimate the predicted value of actual penalties. In the third stage of our
estimation we are finally able to estimate equation (1). Figure 1 provides a sketch of

the analytical framework of our study.

3.2. Supply of illegal dumping

Before the empirical analysis, we theoretically derive the rate of illegal disposal

function IG.R

> f, 1,0 We develop a simple model to examine the effectiveness

>,

of a licensing scheme for waste management. This produces the structure of the waste

management law described in Section 2.
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Suppose the government sets an environmental standard for proper waste treatment.
We assume that the waste management cost per ton (denoted by @) required to attain
that standard will differ from one WMF to another. We also assume @is distributed
between O, —O and O, +6 where @,,denotes the average cost. For simplicity‘s
sake, it is assumed that the capacity of each WMF is fixed at 1 ton.

Suppose that the government introduces the following license scheme. Any WMF
is able to obtain a license for proper waste management if it applies for it. Both illegal
dumping and for a WMF to operate without a license are prohibited by law. The
probability of the detection of illegal dumping or operations by an unlicensed WMF is
denoted by u S If illegal dumping (or operating without a license) is detected by the
regulator, a fine f is imposed on the WMF. In addition, if the WMF that is caught for
illegally dumping is a license holder, the license must be suspended for a prescribed
period. At the end of that period, the suspended license is returned to the WMF as
long as it has not been caught operating without a license in the meantime.

The law prohibits disposers of waste from consigning it to unlicensed WMFs. Ifa
transaction with an unlicensed WMF is detected, a fine f’ is imposed on the disposer.
We assume that if illegal dumping by the unlicensed WMF is detected, the disposer is
also detected. Therefore, the probability of detection of a violation of the consignment
obligation is also represented by 4 .

WMFs have two options: proper waste treatment, or illegal dumping. Intuitively,
WMFs that are licensed and have a relatively lower value of € will comply with the

required standard for waste treatment. On the other hand, WMFs with a higher value

% As stated in the Appendix, unlicensed WMFs have no incentive to comply with the standard and

always dump waste because operating without a license is prohibited by law. So the probability of

detection of operating without a license is assumed to be equal to that of illegal disposal.
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of 6 will violate the standard. In our setting, the critical value of @ that is
represented by @ can be calculated as follows:
O=4f +12F 2)

See the Appendix for the derivation of (2). Note that an increment of 0 implies
that the proportion of compliant WMFs increases, thereby decreasing illegal dumping.
Becker (1968) stated that crime can be deterred only if the noncompliance cost (4f )
exceeds the compliance cost (#). However, according to (2), some WMFs whose
compliance costs exceed the noncompliance costs do comply with the standard.
Therefore, the second term at the right-hand side of (2) represents the enforcement
leverage of the licensing policy. Note that it is extending liability to disposers that

creates the enforcement leverage.

For further analysis, assume that @is distributed uniformly between 6, —O and

@, +06 Then the rate of illegal dumping IG.R

r>

f, ) canbe calculated as:

>,

, 0,50 1 6, 6 1 6, uf+u’f
o B = s "2 2% 25 2 28 26 )

This equation shows that illegal disposal is encouraged by higher legal disposal cost

o

av?

as Sigman (1998) argued. Proper waste treatment includes recycling part of the

waste before disposing of the residual at a dump site. Thus the average cost for proper

waste treatment 6, can be considered a decreasing function of the scrap price denoted

by Pr and an increasing function of the final disposal cost denoted by Cq. In the

empirical analysis in Section 4 we assume a specific function 6,,(C,,P.):

&, (C,.R)=¢,+¢C, —G,R. 4)
Substituting (4) into (3), we obtain the following equation for supply of illegal

disposal:
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0,+5-0

1(Cy, P, T, T/ )W, =
(C, M) ( 25

Jwi =(4+$Cy — P —duf —gu W (5)

Note that we expect all ¢ parameters to be positive.

Substituting (5) into (1), we obtain the equation to be estimated:

(6 +4.Co ~ P, — dusft —$is* 1w = S yx, ©)

3.3. Demand of illegal dumping

To estimate (6), we need to take into account the transboundary movement of illegal
disposal and estimate bjj(i.e., the proportion of the volume of waste originally emitted in
prefecture i included in the total volume of waste illegally dumped in prefecture j).

Note that the following relation must be satisfied:

Zn:bi Fl-Db; (7)

i
We estimate this equation directly.

We expect illegal disposals to be made in places that involve lower transportation
costs and that offer less chance of being seen following gravity modeling. Suppose
that i# j. We hypothesize that, on average, the illegal disposal demand of prefecture
i from prefecture j is expected to be large when: a) prefecture j is close to prefecture i (=
less costly); b) the population density of prefecture j is relatively small (=less chance of
being seen); and c) the volume of waste illegally dumped the previous year in prefecture
j is relatively small (= fewer patrols).” Therefore, the function bij is a decreasing

function of the distance between prefecture i and j (denoted by dj), an increasing

7 If the amount of waste illegally dumped in a prefecture the year before decreased, patrols and other
precautions in that area tend to become laxer, which then could make it easier to successfully cover up

illegal dumping in the present year.
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function of the difference in population (denoted by popi-pop;), a decreasing function of
the difference in area (denoted by areaj-area;), and an increasing function of the

difference in the previous year‘s illegal dumping of waste (denoted by pre;i-pre;):

R;=cd,;+ A pop—popR)+(areg —areg,)+Aprg —prg). ()

The expected signs of the parameters are: <0 , /3>, 7 <0,and & > 0.
Next, let us consider the case of i = j. It is natural to assume that the larger the

volume of waste emitted in prefecture j (W), the smaller will be the proportion of the

volume of waste carried from other prefectures i (i # j) to prefecture j for dumping, out

of the total volume of waste dumped in prefecture j (or Z b; ). We then expectb; to

i#]
increase with wj, and then, if we use a simple relation,

1] J
Note that the expected sign of ¢is positive. By a simple arrangement, equation (7)
can be rewritten as:
O‘Z d; + B(total _ pop —nx pop;)+y(total _area—nxarea;)

i] (10)
+d(total _ pre—nx pre;) +ew; =1

The expected signs of the parameters are; <O , >0, y <0, ¢ >0 and ¢ > 0,
By applying the maximum likelihood method, we estimate the five parameters

a,B,y,0,and €.

4. Empirical application
4.1. The first stage: where to throw away the waste?

This subsection estimates demand equation (10). For this study we used data on
illegal activity compiled by 47 prefecture panels covering the years from 1995 to 2005.

For the distance variable we use the distances between prefectural capital cities as set out

290



in a road distance table compiled by Logistics Support & Partners. Co., Ltd. Data on
waste emissions and on illegal activity used for the following estimation (except for
scrap price and the price for final disposal discussed below) are taken from the relevant
issues of the Annual Report on Illegal Disposal of Industrial Waste of the Ministry of
Environment, Japan. The population and area data are obtained from the Bureau of

Statistics and the Director-General for Policy Planning, Japan.®

Table 3 shows the estimation result. For Specification 1, the sign of the distance
() is not negative. One of the reasons is that djj is always positive, while the right-
hand side of (10) is always the positive value of one. To solve this problem we also
estimate (10) by replacing dij with 1/d;;.° The result is shown as Specification 2.
Note that the expected sign of 1/dj (or «,) is positive. In Specification 2 all
estimated parameters except y (area) are significant. The results show that there is a
transboundary movement of illegal disposal and that illegal waste is transferred to
prefectures that are located relatively close to the emission site, where the population is
relatively low and where the volume of waste dumped the previous year was not

large—where, in other words, monitoring is more relaxed and detection less probable.
Substituting the estimated parameters into (8) and (9), we obtain the predicted value of

bt) . For further analysis, we use the predicted value of bjj(t) estimated from

¥ We studied 132 recorded cases of violation (discussed on the next page) through an online search
of Kikuzo II Visual, a news database retrieval service of The Asahi Shimbun. In these cases, the
courts dealt with dumping activities whose detection took about three years (i.e., the summation of
waste over year t, t-1, t-2 equals waste detected and reported in the news of year t). Hence we
assume detected illegal wastes are accumulated equally over three years for all prefectures and years.

’ When i=j, we assume 1/d;=0.1. 'We also tried using the values 0.01 and 0.2, and the results are robust

when the value is so changed.
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specifications] and 2: bjji(t) and bip(t), respectively. We are then ready for the third

stage, the estimation of (6) using these values.

4.2. The second stage: what determines the actual penalty?

To estimate (6) we also need to obtain the predicted value of actual penalties, f and
f', which are explanatory variables of (6). The licensing policy includes penalties
imposed both for illegal disposal and for violation of the consignment obligation. As
stated in Section 2, the maximum penalties for both violations have been increased
several times, but the actual penalties differ from the maximum possible penalties.
This is because actual penalties are determined by a court that relies on previous court
decisions. Since firms are expected to respond to the expected actual penalties to be
imposed rather than the maximum possible penalties, we use the estimated actual

penalties in our third-stage estimation.

To obtain a predicted value of actual penalties each year (per ton), we studied 132
recorded cases of violations written up in major national newspapers over the years
1996 to 2008 (through an online search of Kikuzo II Visual). The data includes the
year of the court decision, the type of violation, the volume of waste dumped, the type
of waste dumped, the classification of the offenders (whether individual or a
corporation), and the size of the penalty. We estimated the penalties using ordinary
least squares (OLS). In dependent variables were the year of the court decision, the
volume of waste dumped, the type of violation (dummy variable for violation of the
consignment obligation), the type of waste dumped (dummy variable for hazardous
waste), the classification of offenders (dummy variable for a corporation), and dummy

variable for large-scale illegal disposal (i.e., dummy variable for waste greater than
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10,000 tons).

Tables 4 and 5 show the descriptive statistics and the estimation results, respectively.
All financial variables are adjusted to year 2000 real terms based on the domestic
corporate goods price index provided by the Bank of Japan. Because maximum
penalties have been raised, the actual penalties have been increasing over time, as
shown in Table 5. In addition, they increase with the volume of dumped waste and
with the hazardousness of the waste. These results are consistent with Hamilton
(1996), Kleit et al. (1998), and Oljaca et al. (1998), who also find that penalties increase

with the severity of the environmental damage.

To predict penalties for dumping and for violating the consignment obligation from
Table 5, we use additional data from the 132 cases studied (see Table 4). The rates of
offenses by corporations among all incidents of illegal disposal are 44.7% for dumping
and 40% for violating the consignment obligation; the rates of large-scale incidents are
0.08% for dumping and 0% for violating the consignment obligation; and the rates of
hazardous waste are 15.4% for dumping and 40% for violating the consignment
obligation. The average volume of dumped waste per incident for the period studied is
438.9 tons. Using the estimated results reported in Table 5, we estimate the predicted
actual penalties for dumping and violating the consignment obligation per incident, and
by then dividing this value by the average volume of waste per incident (438.9 tons),we

obtain the predicted values for the penalties per ton.

4.3. The third stage: to extend liability to disposers, or to increase the penalty for illegal

disposal?

Next we proceed to the final step in estimating the supply-demand equation for illegal
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disposal (6) derived in Section 3:
(6h+ 4.Co — P, — sl — g 1) = S byx, (©)
i

We use the average price for final disposal in the Kanto region (which includes
Tokyo) as the proxy for the final disposal cost (Cqy) because this region, where one-third
of Japan‘s population lives, is the only region for which sufficient data is available.
The price for final disposal depends on the type of waste, so we weight each of the 19
types of waste to obtain a weighted average price per ton; the weight data is taken from
Emissions and Treatment for Industrial Waste, a report compiled by the Ministry of
Environment.

Various materials can be recovered from industrial waste. Rubble can be recycled
into cement, metal scrap (ferrous bars in ferroconcrete, scrapped machinery, etc.) can be
recycled into iron, and waste plastics and bark residue can be recycled into fuel. Each
of these accounted for 56.7%, 17.2%, and 3.8%, respectively, of all illegally disposed
waste, according to data from a 2007 survey by the same Ministry of Environment. As
a result, as a proxy for the scrap price we use the price of pre-oxide iron published by
The Japan Ferrous Raw Materials Association, the price of cement recorded in the
Annual Cement Yearbook, and the contract price of C-heavy oil fuel published by
Tokyo Electric Power Co. We measure the scrap price per ton (Pr) both by simply
averaging these prices and by weighting by annual emissions data taken from the
Emissions and Treatment for Industrial Waste report. The simple average price and

the weighted average price are represented by Py and Py, respectively. Table 6 shows
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our data on the cost for final disposal (Cy), scrap price (Pr), and the actual probability of
detection ( z)."

We estimate (6) for four cases. These results are shown in tables 7 to 10. Tables 7
and 8 show the estimation results for the case of bjj=bjj;, while tables 9 and 10 show the
results for the case of bjj=Dij, (see Section 4.1. for bj;; and bip). In tables 7 and 9, Py, is
used as the average scrap price but replaced by Py, in tables 8 and 10. In addition,
parameters associated with two penalties (f and f') are estimated simultaneously in
Specification 4 in Table 7, while those parameters are estimated separately in
specifications 4a and 4b. We estimate them separately because there is a strong
correlation between these two penalties.

Decreasing the final disposal cost and increasing the scrap price are both expected to
decrease illegal disposal (Sigman, 1998). And in most of the four cases, increasing the
scrap price is indeed significantly effective in deterring illegal disposal. Contrary to
expectations, however, increasing the final disposal cost does not increase illegal
disposal significantly, and in some cases the parameters are even positive.

Our results on the deterrent effect of penalties also seem to be robust. Both
penalties significantly deter illegal disposal if they are estimated separately, with the
exception of specifications 6b and 7a. If they are estimated simultaneously, only the
penalty for violation of the consignment obligation significantly deters illegal disposal
in most cases (see specifications 4, 5, and 7). Though correlation causes one of the

variables to be insignificant, we are able to say that the penalty for violation of the

"% The data on detected illegal disposal (tons) and the waste dumped are available in the Annual
Report on lllegal Disposal of Industrial Waste. The probability of detection is calculated on the

basis of these data.
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consignment obligation more effectively deters dumping than the penalty for dumping
itself. That is, our results show evidence of the presence of enforcement leverage.
Although increasing the penalties is statistically effective in deterring dumping, the
magnitude is unfortunately not as large as expected. If the expected actual penalty for
illegal disposal is increased by $100, the rate of illegal disposal would decrease by from
0.052% to 0.93%. The deterrent effect of a penalty for violation of the consignment
obligation is also limited, though it is larger than that of a penalty for dumping. An
increase in the expected penalty by $100 decreases the rate of illegal disposal by from
0.052% to 2.07%. These results are consistent with those obtained in Stafford (2002).
Several implications for industrial waste management policy can be established from
our results. Firstly, a subsidy for recycling could mitigate illegal disposal problems.
Our results show that increasing the scrap price has a significant effect on deterring
dumping. Secondly, our results imply that further extension of liability to related

parties can be an added deterrent to illegal disposal.

5. Conclusion

We examine the enforcement leverage of a licensing system in waste management.
Several interesting results are obtained. We find a transboundary movement ofillegal
disposal whereby waste tends to be illegally disposed of in places of lower population,
larger area, and closer proximity to the original source of the waste. In the second stage
we find how the court determines penalties for illegal disposal and for violation of the
consignment obligation; penalties increase with the volume of dumped waste and the
hazardousness of the waste. In the third stage of our estimation we find that not simply

imposing penalties on WMFs but also extending liability to disposers (i.e., the
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consignment obligation) is significantly effective in reducing the volume of illegal

disposal.

Our estimation results also suggest that the consignment obligation more effectively
deters illegal disposal than increasing the penalty forillegal disposal. Further extension
of liability to other related parties—for example, producers that supply goods to (future)

disposers, or banks that lend money to WMFs—can deter illegal disposal even more.
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Appendix. Derivation of (2): The waste management cost of a marginal WMF

that is indifferent as to compliance or noncompliance (9)

In the equilibrium, disposers must be indifferent as to the choice of consigning waste

to licensed WMFs or to unlicensed WMFs.  If we represent by p,and p, the waste

price per ton offered by a licensed and an unlicensed WMF, respectively, the following

equation must be satisfied in the equilibrium.
R=R+4 (A1)
Consequently, the waste management fee charged by an unlicensed WMF ( p, ) is lower

than that offered by a licensed WMF ( p, ).

WMFs have two options: proper waste treatment, or illegal dumping. Intuitively,
WMFs that are licensed and have a relatively lower value of @ will comply with the
required standard for waste treatment. On the other hand, WMFs with a higher value
of 6 will violate the standard. Note that all WMFs want to be licensed because the
fee for waste treatment is higher for a licensed WMF (see equation Al). Therefore, in
the stationary state, there are three types of WMFs: licensed WMFs that will comply
with the standard (let us call them compliant licensed WMFs), licensed WMFs that will
violate the standard or illegally dump the waste but will still keep their licenses
(noncompliant licensed WMFs), and WMFs whose licenses are suspended (unlicensed
WMFs). Note that unlicensed WMFs have no incentive to comply with the standard,

because any operations of an unlicensed WMF are themselves illegal.
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To obtain the steady-state equilibrium, we have to compare the current-value profits
from proper waste treatment and illegal dumping with each other. Before calculating

them, we need to look at the following list of notations.
7" . The current value of the total amount of profit that a compliant licensed WMF can

earn from the current period to an indefinite future period. The superscript p and
the subscript 1 represent proper waste treatment and the licensed WMF,

respectively.

7, : The current value of the total amount of profit that an unlicensed WMF can earn

from the current period to an indefinite future period. The superscript i and the

subscript 0 represent illegal dumping and the unlicensed WMF, respectively.
| : The current value of the total amount of profit that a noncompliant licensed WMF

can earn from the current period to an indefinite future period.

p: The discount factor.

First we derive the current value of profit for proper waste treatment (7). A

compliant licensed WMF earns p, —é&very period. Then the following equation

must be satisfied:
”1p =P, _9+ﬂ”lp. (A2)

We can easily calculate 7 as follows:

_pn-o
=15 (A3)

Next, the current value of profit for illegal dumping can be derived as follows. The

profit of an unlicensed WMF, 7, must satisfy the following equation:
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7y = Py — i + Blumy + (- )7} (A4)

Note that the expected fine imposed for illegal dumping is denoted by f . In
addition, if an unlicensed WMF is not caught operating without a license during the
current period, the suspended license is returned to the WMF at the beginning of the

next period and the firm becomes a noncompliant licensed WMF in that same period

(the probability is 1—zz). Otherwise, the license of the WMF continues to be
suspended during the next period. Therefore, the expected profit earned by an
unlicensed WMF from the next period to an indefinite future period can be written as

the bracket in the second term of (A4).

Similarly, for 7| (the current value of profit of a noncompliant licensed WMF), we
can obtain the following equation:
7 = py =+ B = ) + um} (AS)
Note that a noncompliant licensed WMF has to pay a fine (f) and loses its license in the

next period if illegal dumping is detected (the probability is u ), but otherwise it can

keep its license in the next period, as shown in the bracket of equation (AS).

By (A4) and (AS5) we can calculate ﬂ(i) and 7z1i .

J (1= B)(p, — ) + Bu(p, — i)
1 -3

; 1 i
7= P — 0 o] (A7)

(A6)

Improper WMFs include both noncompliant licensed WMFs and unlicensed WMFs.
Denote by « and 71—y the relative proportion of unlicensed WMFs and
noncompliant licensed WMFs among all WMFs illegally dumping waste, respectively.

In the steady state,a must stay at a unique value. Note that unlicensed WMFs can
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apply for and obtain a license in the next period if they are not caught operating without
a license during the current period. In the steady-state equilibrium, then, the

proportion of unlicensed WMFs that will acquire licenses in the next period ((1— ) )

must be equal to the proportion of the noncompliant licensed WMFs that lose their
licenses in the same period (u(1—«)). We can, therefore, obtain the steady-state

value of o
a=nu (A8)

The expected profit of a WMF that illegally dumps waste represented by E(7 ) in
the steady state can be calculated as
E(z")=an,+(-a)x,. (A9)

As stated above, whether WMFs choose proper or illegal dumping depends on the
level of 6. In other words, only licensed WMFs with a lower value of € comply

with the standard for proper recycling. We can now derive the critical value of & that

is represented by 6. Since the marginal licensed WMF with @ must be indifferent as

to compliance or noncompliance, the following equation must hold:
7P =E(r') (A10)
By substituting (A6), (A7), and (AS8) into (A9) and solving (A10), we can derive the

critical value of & (or é?). The result is represented by (2) in Section 3.2.
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Table 1.

Penalties in Waste Control in Japan

(1) Penalties for illegal disposal of industrial waste

Revision Maximum possible fine Maximum possible imprisonment period
year
1970 $500 —
1976 $3,000 6 months
1991 $10,000 for hazardous waste | 1 year for hazardous waste
$5,000 for other waste 6 months for other waste
1997 $100,000 for individuals (for | 3 years (for all waste)
all waste)
$1,000,000 for corporations
2000 $100,000 for individuals 5 years

$1,000,000 for corporations

(2) Penalties for operating without a license

Revision Maximum possible fine Maximum possible imprisonment period
year
1970 $1,000 1 year
1976 $5,000 1 year
1991 $30,000 3 years
1997 $100,000 3 years
2000 $100,000 5 years
2005 $100,000 for individuals 5 years
$1,000,000 for corporations

(3) Penalties for violation of the consignment obligation

Revision Maximum possible fine Maximum possible imprisonment period
year

1976 $3,000 6 months

1991 $10,000 1 year

1997 $30,000 1 year

2000 $100,000 5 years

2005 $100,000 for individuals 5 years

$1,000,000 for corporations

Note: $1=100 yen (average exchange rate between June 2008 and May 2009)
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Table 2. List of variables

Variable | Explanation Data source
Wi Waste emission in prefecture i Annual Report on lllegal Disposal of
Industrial Waste (Ministry of
Environment, Japan)
Xi Waste illegally disposed of in Annual Report on Illegal Disposal of
prefecture i Industrial Waste
bij Proportion of volume of waste Estimated from equations(7) to (10) using
emitted in prefecture i among total | data from road distance table compiled by
volume of waste illegally dumped | Logistics Support & Partners. Co.,Ltd;
in prefecture | Annual Report on lllegal Disposal of
Industrial Waste; the Bureau of Statistics
and the Director-General for Policy Planning,
Japan
f Actual penalty for illegal disposal (per | Estimated by using data taken from
ton) Kikuzo II Visual of The Asahi Shimbun
f Actual penalty for violating the Estimated by using data taken from
consignment obligation (per ton) Kikuzo II Visual of The Asahi Shimbun
u Probability of detection of illegal Annual Report on lllegal Disposal of
disposal Industrial Waste
Cq Final disposal cost (per ton) National Federation of Industrial Waste
Management Association, Emissions and
Treatment for Industrial Waste (Ministry
of Environment, Japan)
Pr Scrap price (per ton) The Japan Ferrous Raw Materials

Association; Annual Cement Yearbook;
Tokyo Electric Power Co.; Emissions and
Treatment for Industrial Waste
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Table 3.

Transboundary movement of illegal disposal:

Estimation of by

Specification 1 2
0.0000 —
a; 1 dj
(0.69)
— 3.3579
o, :1/dj
(2.15)
A 0.0471 * 0.0184
R (2.19) (2.21)
y:area; —area, 0.0000 0.0000
(0.26) 0.31)
o pre; —pre —0.3233 —0.1098
(—2.21) (—2.23)
0.9370 * 0.2526
£1W;
(2.20) (2.15)
Log-likelihood 0.3316 1.5344
# Observations 517 517

Note:

* Significant at the 5% level. Values in parentheses are t—values.

Table 4. Descriptive statistics for actual penalty estimation

Obs Average Stderror Min. Max.
Illegal disposal (ton) 132 3172.00  39.98 1 135000
Penalty ($100) 132 414.62 1402.41 2845 9786.33
Reported year 132 2001.85 3.36 1996 2008
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Table 5. Estimation results for actual penalties

Specification 3

Dependent variable: Penalty ($100)

Illegal disposal (ton) 0.079 **x*
(31.47)
—212.725 *
Dummy: violation of the consignment obligation (—193)
Reported year 0.042 **
(2.01)
Dummy: corporation 278.979 ***
(4.75)
Dummy: hazardous waste (sulfate pitch, acids, oil, medical waste, 140.299 *
etc.) (1.82)
Dummy: large-scale incidents (larger than 10,000 tons) —6197.750 ***
(—13.27)
Number of observations 132
R2 0.921
AdjR? 0.917
F test 244,560 ***

Note: * Significant at the 10% level. ** Significant at the 5% level. *** Significant at the 1%

level. Values in parentheses are t—values.
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Table 6. Data on final disposal cost, scrap price, and probability of detection

Final disposal Scrap price (simple Scrap price Probability
cost average) (weighted average) ofdetectionof
illegal
disposal
Cy P P #
1995 0.54 1.24 1.01 0.70
1996 0.64 1.37 1.08 0.70
1997 0.55 1.42 1.10 0.70
1998 0.61 1.10 0.94 0.72
1999 0.71 1.18 0.95 0.79
2000 0.75 1.36 1.01 0.74
2001 0.82 1.30 0.99 0.66
2002 0.92 1.50 1.05 0.71
2003 1.02 1.68 1.09 0.61
2004 1.00 1.95 1.19 0.61
2005 1.10 2.39 1.44 0.67
Note:  Unit of $100 per ton.
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Table 7. Estimation results for rate of illegal disposal (bj= bjj; and P,=P)

Specification 4 4a 4b
Dependent variable : Zhjlx i
J
4+ intercept 0.000504 0.000000 0.000504
I p 0.21) (1.01) (1.35)
) . 0.000600 0.000512 0.000600
¢, : final disposal cost(Cy ) (1.02) (121) (1.35)
4, - scrap price (simple average)( P, ) 0.000852 0.000935 0.000852
3 r (1.56) (2.31) (1.61)
¢, : expected actual penalty for illegal disposal 0.000000 0.006671 B
(1f) (1.42) (2.33)
@5 : expected actual penalty for violation of the 0.019297 B 0.019297
consignment obligation( luz ) 2.21) (2.18)
Log-likelihood —3.6444 —3.6448 —3.6444
Number of observations 517 517 517
Note: * Significant at the 5% level. Values in parentheses are t—values.
Table 8. Estimation results for rate of illegal disposal (bj= bjj; and P,=P,)
Specification 5 Sa 5b
Dependent variable : Zhjlx i
J
4 : intercept 0.001385 0.000000 0.001385
' P (0.22) (1.02) (1.54)
) : 0.000143 0.000159 0.000143
¢, : final disposal cost(Cy ) (1.01) (1.22) (1.34)
) . . 0.001767 , 0.001861 0.001767
¢, : scrap price (weighted average) (P,,) (2.29) (2.34) (2.31)
¢, : expected actual penalty for illegal disposal 0.000000 0.009297 _
(4f) (1.46) (2.24)
¢@s : expected actual penalty for violation of the 0.020730 B 0.020730
consignment obligation( luz fh 221 (2.21)
Log-likelihood —3.6441 —3.6442 —3.6441
Number of observations 517 517 517

Note: * Significant at the 5% level. Values in parentheses are t—values.
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Table 9. Estimation results for rate of illegal disposal (bj= bjj, and P,=P/)

Specification 6 6a 6b
Dependent variable : Zhjzxj
i
4+ intercept 0.0010 0.0000 0.0002
I p (0.17) (1.05) (1.21)
) . 0.0001 0.0002 0.0002

¢, : final disposal cost(Cy ) (1.31) (1.34) (1.51)

) . . 0.0002 0.0003 0.0002

¢, : scrap price (simple average) (P,) (2.45) (2.67) 2.31)

@, : expected actual penalty for illegal disposal ( 4f ) 0.0001 0.0019 _

(1.39) (2.31)

@5 : expected actual penalty for violation of the 0.0048 0.0048

consignment obligation( ,U2 ) (1.43) (1.39)

Mean log-likelihood —2.3524 —2.3526 —2.3524

Number of observations 517 517 517

Note: * Significant at the 5% level. Values in parentheses are t—values.

Table 10. Estimation results for rate of illegal disposal (b= bi, and P=Py,)
Specification 7 7a 7b
Dependent variable : Zhjzxj

i
4, intercept 0.000462 0.000049 0.000462
' p (0.55) (1.42) (1.40)

) . 0.000026 0.000038 0.000026
¢, : final disposal cost(Cy ) (1.33) (1.42) (1.26)

) . . 0.000507 0.000519 , 0.000507
¢, : scrap price (weighted average) (P,,) (2.20) (2.19) (2.18)
@, expected actual penalty for illegal disposal ( £f ) 0.000000 0.002473 _

(1.28) (1.27)
s : expected actual penalty for violation of the 0.005204 B 0.005204
consignment obligation( luz fh (2.19) (2.21)
Log-likelihood —2.3522 —2.3523 —2.3522
Number of observations 517 517 517

Note: * Significant at the 5% level. Values in parentheses are t—values.
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Figure. 1 Brief sketch of our three-stage estimations
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U-shaped relationship between environmental quality and per capita income (Grossman and Krueger,
1995).! The EKC is supported if the income elasticity of environmental degradation turns from positive at
lower levels of per capita income to negative at higher levels. It is striking that the ad hoc parametric
specifications of linear, quadratic, and cubic polynomials in GDP per capita have been used in the liter-
ature on EKCs (see Millimet et al., 2003). However, popular parametric applications have been criticized
because different parametric specifications can lead to significantly different conclusions (Harbaugh
et al., 2002; Stern, 2004). Although this concern has invoked recent papers using nonparametric tech-
niques, there are a few applications of nonparametric specifications (see Azomahou et al., 2006; Van
and Azomahou, 2007; Auffhammer and Carson, 2008).

This paper studies carbon dioxide (CO,) emissions because they play a crucial role in the debate on
sustainable development and climate change. While CO, emissions are directly and positively related
to the use of energy, reductions in energy use are not easy to effect because energy is a vital factor in
the economy. The International Energy Agency (IEA, 2007) reported that if governments maintain
their current policies, the world’s energy needs in 2030 will be more than 50% higher than they were
in 2005. The IEA calls this the reference scenario. It forecasts that fossil fuels such as coal and oil will
account for 84% of the increase in global energy consumption between 2005 and 2030. Coal is more
carbon-intensive and contributes more to climate change than oil and gas. Additionally, coal is much
more abundant than are oil and gas in the earth reserves and the future price of coal is expected to be
lower. Therefore, coal will be a key energy source once remaining oil deposits are used, even though
the share of coal has been decreasing. The IEA (2007) forecasts that coal’s share in global commercial
energy will rise from 25% to 28% between 2005 and 2030. The share of coal in energy use, therefore, is
expected to have a significant effect on CO, emissions. Here, we should note that coal’s share in all
energy is correlated with GDP. To consider a tradeoff between economic growth and environmental
quality, it is important to take into consideration an omitted variable problem, wherein the share of
coal is correlated with GDP and its omissions will bias the coefficient of GDP. In this study, we consider
the effect of including coal share into our model on the functional form of CO,.? Although Azomahou
et al. (2006) offer the first nonparametric study of CO,, the determinants of the shape of the EKC apart
from GDP are not identified statistically. In their study, Azomahou et al. focus on the shape of the rela-
tionship between CO, and GDP and the effect of determinants that are correlated with GDP is captured as
the effect of GDP.

Additionally, understanding why some countries have negative (or non-positive) income elastic-
ity with respect to the EKC provides fruitful information regarding the shape of the EKC. In this
paper, we identify common features of the countries with negative income elasticity. Because of
the data limitation of the coal intensity variable in non-OECD countries, we focus our analysis
on 30 OECD countries during the period 1960-2003 to consider the cause of non-positive elasticity
via country-level estimation using a nonparametric smoothing method. We use nonparametric esti-
mation of generalized additive models. Unlike the other nonparametric methods, this method over-
comes the difficulty of including multiple independent variables in nonparametric specifications.
Using this method, we are able to explore the effect of variables other than income on a generic
EKC.

The remainder of the paper is organized as follows. In Section 2, we briefly review the literature. In
Section 3, we describe the research methods. Section 4 presents the data and econometric results. Sec-
tion 5 concludes.

1 Simon Kuznets postulated that economic growth and income inequalities follow an inverted U-curve (Kuznets, 1955). The
same relation to income has been claimed for environmental quality. One simple explanation of the EKC is as follows: economic
growth exhibits a scale effect that has a negative effect on the environment in the early stages of economic development. However,
economic growth also has positive impacts on the environment through a composition effect. As income grows in the later stages
of development, the structure of the economy changes and there is an increase in cleaner activities that produce less emissions. See
Brock and Taylor (2006) for a review of the theoretical literature. Many studies have investigated whether the EKC exists. Starting
with the seminal work of Grossman and Krueger (1995), a number of empirical studies examined this relationship for various
pollutants, regions and time periods.

2 We consider index of coal share as proxy of energy substitution. Because oil is also a carbon-intensive fuel next to coal (for
instance, old-type diesel generators might not be a desirable option), the problem is much more complicated in reality.

314



542 T. Tsurumi, S. Managi/]. Japanese Int. Economies 24 (2010) 540-551
2. Literature

In general, the EKC patterns are more likely to appear for short-term and local impact pollutants
than for more global, indirect, and long-term impact pollutants (see Arrow et al., 1995; Managi,
2006). It is striking that the EKC literature on CO, is largely inconclusive. Table 1 summarizes these
results.

For example, although Shafik (1994) concluded that CO, has a monotonically increasing trend, Holtz-
Eakin and Selden (1995) found an EKC. However, their turning point was excessively high, and therefore
the EKC hypothesis could not be confirmed. In addition, Schmalensee et al. (1998) used the same data as
Holtz-Eakin and Selden (1995) and found a negative income elasticity at high-income levels within the
sample using spline regression. Bertinelli and Strobl (2005) used a semiparametric regression estimator
for a panel of countries for 1950-1990 for CO, and sulfur dioxide (SO,), and their study found a positive
relationship for low incomes, that flattened out before increasing again at high-incomes.

Recent empirical studies have used updated and revised data, and these studies found that common
EKC results are highly sensitive to changes in sample, specification, or functional forms (e.g., Stern et al.,
1996; Stern and Common, 2001; Harbaugh et al., 2002). The econometric applications have been criti-
cized because of a lack of robust econometric methods (Stern, 2004). This concern has inspired recent
studies using nonparametric techniques. Nonparametric specifications have been used to test the
robustness of previous studies because they are more flexible than popular parametric functional forms
(see Azomahou et al., 2006; Van and Azomahou, 2007). Azomahou et al. (2006) rejected parametric
functional estimation, investigated world CO, emissions using the nonparametric estimation of local
linear kernel regressions, and they found that emissions are rising at high-income levels.

3. Methodology

Several nonparametric methods can be used to estimate the regression line. However, many non-
parametric approaches do not perform well with more than two explanatory variables in the model.
There are two obstacles to usual nonparametric multiple regressions. First, as the number of explan-
atory variables increases, the sparseness of data inflates the variance of the estimates, and massive
amounts of data are required for accurate estimation. This problem of rapidly increasing variance is
called the curse of dimensionality. Second, because a nonparametric regression does not provide an
equation relating the average response to the independent variables, we need to display the response
surface graphically by slicing the surface. When the number of explanatory variables exceeds three,
the shape of the sliced surface becomes difficult to interpret (see Hastie and Tibshirani, 1990).

These problems led to the development of additive regression models (Stone, 1985). First, because
each of the individual additive terms is estimated using a univariate smoother, the curse of dimen-
sionality is avoided at the cost of an inability to approximate universally. Second, the interpretation
of additive models is relatively simple because a two-dimensional plot suffices to examine the esti-
mated partial regression function holding the other independent variables constant.

Table 1
Previous studies on EKC applied in CO,.
Data Method Result
Shafik (1994) 1960-1989 (153  Panel regression (fixed time and country Monotonous relation
countries) effects)
Holtz-Eakin and 1951-1986 (130  Panel regression (fixed time and country Inverted-U (outside-sample
Selden (1995) countries) effects) peak)
Cole et al. (1997) 1960-1991 (7 Panel regression (fixed time and country Inverted-U (outside-sample
countries) effects) peak)
Schmalensee et al.  1950-1990 (141  Nonparametric regression (linear spline) Inverted-U (within-sample
(1998) countries) (fixed time and country effects) peak)
Bertinelli and 1950-1990 (108  Semiparametric regression (fixed time and Monotonous relation (except
Strobl (2005) countries) country effects) for middle income)
Azomahou et al. 1960-1996 (100  Nonparametric regression (country-specific Monotonous relation
(2006) countries) effect)
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In this study, we use generalized additive models (Hastie and Tibshirani, 1990).3 Especially, we ap-
ply cubic spline smoothing” iteratively to minimize the partial residuals, which are the residuals after
removing the influence of the other variables in the model. In this iteration, the estimation loop stops
when the model fit cannot be improved.

4. Estimation results
4.1. Categorizing three patterns of EKCs: country-level estimation

Several studies have concluded that generic empirical specifications such as the parametric panel
model might yield biased results because the shapes of the emissions-income relationships may be
country specific (see Stern et al., 1996; Barbier, 2001; Coondoo and Dinda, 2008; Deacon and Norman,
2006). In fact, Deacon and Norman (2006) found various emissions-income relationships among
countries for SO,, smoke, and particulates. Hilton and Levinson (1998), Harbaugh et al. (2002), and
Stern and Common (2001) also indicated that EKC results are sensitive to sampling. Additionally,
Lopez and Mitra (2000) and Brock and Taylor (2004) indicated that a single EKC function need
not fit all economies. Therefore, we estimate within-country emissions—income relationships using
generalized additive models®, as follows:

Eie = o1 + f1(Iit) + &1ic, (1)

where E; is the log of CO, emissions per capita for country i in year t, I;; is the log of income per capita
(GDP per capita), o4 is a constant term, and &y;; is an error term.® f;(-) is a generic flexible functional
form allowing a potentially non-linear non-monotonic relationship.”

In this country-level estimation, income is the only explanatory variable. Therefore, the effect of the
determinants, which are correlated with GDP, will be captured in the effect of GDP by including the
GDP variable. See Azomahou et al. (2006) for more discussion focusing only on the effects of GDP. Data
on per capita CO, emissions are from World Development Indicators. CO, emissions are those stemming
from the burning of fossil fuels and the manufacture of cement. They include CO, produced during the
consumption of solid, liquid, and gas fuels as well as gas flaring. Per capita income, which is defined as
real GDP per capita (2000 $), is from the Penn World Table 6.2. Table 2 shows descriptive statistics for
the data used in this study.

Figs. 1a-c show the estimated graphs for each country’s emissions-income relationship over the
1960-2003 period. We classify 30 OECD countries into three groups. The first group (Fig. 1a) has a neg-
ative slope for the high-income levels, the second group (Fig. 1b) has a monotonically increasing trend
at all income levels, and the third group (Fig. 1c) displays other trends or has confidence intervals that
are too wide to interpret.® The middle curve represents the estimated results. The upper and lower
curves correspond to the upper and lower bootstrap 95% pointwise confidence intervals. We use the wild
bootstrap to construct the confidence intervals and to account for heteroskedasticity and unrestricted
correlation over time between observations for a given country.

What determines the shapes in Figs. 1a-c? To answer this question, we explore the possible effect
of shifts in primary energy demand from carbon-intensive energy to cleaner energy. The US Congress,
Office of Technology Assessment, 1990 indicated that energy substitution has a large effect on CO,
emissions. In addition, Grubler et al. (2002) also concluded that induced innovation is likely to be a
less powerful factor in implementing climate change policies than energy substitution. These previous

3 Auffhammer and Carson (2008) also use generalized additive models in EKC to analyze the CO,-income relationship using
province-level data from China.

4 When we used the loess function in place of the cubic spline function, the results were almost the same.

5 We use the normal distribution for estimation. The link function is the identity.

5 We use the log-linear model because of statistical fit to the data. Schmalensee et al. (1998) support using log-linear
specification to analyze the relationship between GDP per capita and CO, emissions in nonparametric estimation.

7 Smoothing parameters are determined to minimize the generalized cross validation (GCV).

8 We show only the representative figures of each group because of space limitations. The countries that are not included in the
figures in this paper have almost the same tendency as represented figures of the group. We present all countries listed in Table 3.
All figures are available upon request from the authors.
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Table 2
Descriptive statistics.
Variables Unit Time span Obs. Mean Std. Dev.  Min Max
CO, emissions Metric tons  1960-2003 1211 Overall 8.993 5.712 0.611 40.155
per capita Between 5.250 1.958 28.765
Within 2.084 —2.548 20.382
GDP per capital $2000 1960-2003 1211 Overall 15745.17 7174982 2250397 49262.13
Between 5358.228 3968.584 25746.72
Within 4952.074 2918.245 39260.58
Coal share - 1960-2003 1211 Overall 0.226 0.175 0 0.931
Between 0.160 0.018 0.746
Within 0.095 -0.193 0.718

30 countries, 44 years

conclusions that substitution has a large impact on emissions are largely consistent with our result for
the first group. Table 3 reports each country’s coal share. We calculated the coal share (period-average
values) with data on energy balance. These data were obtained from the IEA/OECD Energy Balance of
OECD Countries.® The data are expressed in a common energy unit of tons of oil equivalent (toe). With
some exceptions, Group 1 countries, which have negative income elasticities, have reduced their coal
shares the most among the three groups over the past 50 years.

To test the hypothesis that the reduction in coal’s share has a large effect on each country’s func-
tional form of CO,, we analyze another specification. We include, as an additional explanatory vari-
able, the share of coal as follows:

Eir = oo + fo(Iit) + f3(Cit) + &ait, (2)

where C;; is the coal share.

Fig. 2 shows the representative estimated graphs for each country’s emissions-income relationship
over the period 1960-2003. It is notable that we are not able to find the country with negative income
elasticity.'® This indicates that substitution has a remarkable effect on reducing per capita CO, emis-
sions.'! In Section 4.2, we investigate how large the substitution effect is on average.

4.2. Effect of coal share in OECD countries

4.2.1. Average trend without coal share
We examine the average emissions—income relationship using data from 30 OECD countries. We
estimate a generic EKC following the generalized additive models'? for EKC:

Eie = o3 + fa(lie) + Ms; + V3t + E3i, (3)

9 These data consider the following factors: energy supply, the transformation sector, the energy sector and distribution losses,
as well as the final consumption. Energy supply comprises the production of primary energy (i.e., hard coal; lignite/brown coal;
peat; crude oil; NGLs; natural gas; combustible renewable energy and waste; nuclear, hydro, geothermal and solar energy; and the
heat from heat pumps that is extracted from the ambient environment), imports, exports, international marine bunkers, stock
changes, transfers, and statistical differences. The transformation sector consists of the conversion of primary forms of energy to
secondary forms and further transformation. The energy sector considers the amount of fuels used by the energy producing
industries. The final consumption is equal to the sum of the amounts of consumption in the end-use sectors. Energy used for
transformation and for the energy producing industries’ own use is excluded. We use the final consumption data to obtain the coal
intensity variable by calculating the share of coal in the final consumption figure. For more information concerning data definition,
see International Energy Agency (2009).

10" Although we do not present all figures because of space limitations, we find monotonous increasing trends for all OECD
countries.

11 Although we are not able to show the graphs for each country’s emissions-coal relationship because of space limitations, we
find that most countries have positive relationships between per capita CO, emissions and coal share, which implies that reducing
share of coal results in a reduction in per capita CO, emissions.

12 We use the normal distribution for estimation. The link function is the identity.
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Fig. 1a. Within-country relationship between CO, emissions per capita and GDP per capita. This group (Group 1) has negative
elasticity in high-income range. Note: The middle curve represents the estimated line and upper and underneath curves
correspond to upper and lower bootstrap 95% pointwise confidence intervals. We show only the representative figures because
of space limitations. The countries that are not included in the figures have almost the same tendency as the group. We present
all countries list in Table 3. All figures in this group are available upon request from the authors.
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Fig. 1b. Within-country relationship between CO, emissions per capita and GDP per capita. This group (Group 2) has
monotonic increasing trends in all income range. Note: The middle curve represents the estimated line and upper and
underneath curves correspond to upper and lower bootstrap 95% pointwise confidence intervals. We show only the
representative figures because of space limitations. The countries that are not included in the figures have almost the same
tendency as the group. We present all countries list in Table 3. All figures in this group are available upon request from the
authors.

where E;; is log of CO, emissions per capita for country i in year t, I;; is the log of income per capita
(GDP per capita), o; is a constant term, p,; is the country fixed effect, vy, is the time fixed effect,
and &y is the error term.' fy(-) is a generic flexible functional form allowing a potentially non-linear
non-monotonic relationship.'*

Fig. 3 plots the graph of the nonparametric estimation of the relationship between CO, emissions
per capita and GDP per capita using data from 30 OECD countries data from 1960-2003.

We obtain a flat trend in the high-income range. This implies that, as we saw in Figs. 1a-c, some
countries have negative income elasticities and some have positive income elasticities in the high-
income range. The overall elasticity averages out to close to zero. Our OECD result is inconsistent
with the previous nonparametric study by Azomahou et al. (2006), which found that emissions rise.
This difference might exist because we include data that are more recent, where the share of coal
in energy use is relatively low, as discussed below. Although the figures are not presented here due

13 We include country dummy and year dummy to take into consideration individual and time fixed effects.
4 Smoothing parameters are determined to minimize the generalized cross validation (GCV).
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Fig. 1c. Within-country relationship between CO, emissions per capita and GDP per capita. This group (Group 3) has the other
trend from Group 1 to Group 2 or confidence intervals that are too wide to interpret. Note: The middle curve represents the
estimated line and upper and underneath curves correspond to upper and lower bootstrap 95% pointwise confidence intervals.
We show only the representative figures because of space limitations. The countries that are not included in the figures have
almost the same tendency as the group. We present all countries list in Table 3. All figures in this group are available upon
request from the authors.

to space limitations, our sensitivity analysis shows that the fewer recent years we include in the esti-
mation, the greater the monotonically increasing trend.

4.2.2. Average trend with coal share

We explore the possible energy substitution effect for a generic EKC, which is suggested by the
results of Fig. 2 in Section 4.1. With generalized additive models, we are able to remove the effect
of energy substitution from the EKC specification by controlling for the share. If the shape of the
emissions-income relationship changes dramatically through the inclusion of the coal share in the
model, this implies that the effect is large.

We use the following generalized additive model:

Ei = oa + f5(Iie) + f6(Cit) + Wy + Vae + Eair, (4)

where C;; is the coal share.

Figs. 4 and 5 show the estimated shapes of the emissions-income relationship and the emissions—
coal relationship, respectively. The shape of the emissions—income relationship in Fig. 4 greatly differs
from that in Fig. 3, especially in the high-income range. That is, the slope in the high-income range in
Fig. 4 is monotonically increasing rather than flat. This implies that the negative effect in Fig. 3 in the
high-income range stems from a reduction in the coal share in high-income countries,'® and there is an
omitted variable problem in Eq. (4).'° It is notable that economic growth is not sufficient to decrease CO,
emissions if the effect of energy substitution on CO, emissions is removed.!”

5. Discussion and conclusion

In this paper, we examine the EKC hypothesis using a nonparametric method of generalized addi-
tive models, which enables us to use more flexible functional forms and includes several independent

15 This is clearly supported by the evidence in Fig. 5, where the relationship between per capita emissions and the coal share has a
positive correlation.

16 To consider the relationship between coal intensity and income, we apply another specification as follows:
Cit = a5 + f7(Iit) + Us; + Vs¢ + &sir. The estimated graph is shown in Appendix A as Fig. A.1. The estimated slope displays a
monotonically decreasing trend and becomes steeper at high-income levels. This relationship is expected to affect the emission-
income relationship.

17 We note that there are possibilities of other omitted variables being similar to the one we discuss with coal intensity, which
would argue for a biased coefficient in our regression. These can include technological changes and price-induced effects. Although
it is important to consider whether these other variables cause an omitted variable problems, this study focuses on the effect of
energy substitution.
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Fig. 2. Within-country relationship between CO, emissions per capita and GDP per capita (coal share is also included in this
specification). Note: The middle curve represents the estimated line and upper and underneath curves correspond to upper and
lower bootstrap 95% pointwise confidence intervals. We show only the representative figures because of space limitations. The
countries that are not included in the figures have almost the same tendency as these graphs. All figures in this group are
available upon request from the authors.
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Fig. 3. Relationship between CO, emissions per capita and GDP per capita (coal share is not included in this specification). Note:
The middle curve represents the estimated line and upper and underneath curves correspond to upper and lower bootstrap 95%
pointwise confidence intervals.

variables in the model. Using OECD emission data for CO, for the period 1960-2003, we find that
economic growth is not sufficient to decrease CO, emissions, and the reduction of the coal share
has a significant effect on the emissions-income relationship especially in the high-income range,
which indicates that the omitted variable problem cannot be ignored.

The IEA (2007) forecasts that between 2005 and 2030, coal will show the largest increase in de-
mand in absolute terms among all primary energy sources. The [EA (2007) also reported that the share
of coal will rise from 25% to 28% between 2005 and 2030, while the shares of natural gas and oil would
change from 21% to 22% and 35% to 32%, respectively. If the coal share continues to increase, it will be
difficult to reduce per capita emissions.'®

18 Under the reference scenario of IEA (2007), CO, emissions will increase by 57% between 2005 and 2030.
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Fig. 4. Relationship between CO, emissions per capita and GDP per capita (coal share is also included in this specification).

Note: The middle curve represents the estimated line and upper and underneath curves correspond to upper and lower
bootstrap 95% pointwise confidence intervals.
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Fig. 5. Relationship between CO, emissions per capita and coal share (GDP per capita is also included in this specification).
Note: The middle curve represents the estimated line and upper and underneath curves correspond to upper and lower
bootstrap 95% pointwise confidence intervals.

In a situation where a tradeoff between economic growth and per capita CO, emissions does
not exist, we have to consider other effort to reduce emissions. For instance, we need to devote
more efforts towards the development of less carbon-intensive technology and the diffusion of
technology, even though there are studies indicating that induced innovation is likely to be a less
powerful factor in implementing climate change policies than substitution (see Grubler et al.,
2002).
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Log(GDP per capita)

Fig. A.1. Relationship between coal intensity and income (country and year fixed effects are also included in this specification).
Note: The middle curve represents the estimated line and upper and underneath curves correspond to upper and lower
bootstrap 95% pointwise confidence intervals.
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Efficiency measures incorporating waste generation

Makiko NAKANO
Shunsuke MANAGI

Abstract

This study measures the efficiency and productivities incorporating waste generation.
We compare several models using directional distance functions. We find the
heterogeneity of the abatement factor has the impact on the frontier shift rather than
efficiency change. The results also show that there are wide variations in the efficiency

scores among regions.

Keyword: efficiency, waste generation, data envelopment analysis, Luenberger
productivity indicator, undesirable output

JEL classification: Q53, C61
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1. Introduction

The increase in the generation of waste has caused serious concern in many
countries including U.S., Europe and Japan (see Powell et al., 2001). One of
the main reasons for the concern is the shortage of final landfill areas. For
example, the landfill areas for municipal waste and industrial waste are
expected to be used up in the next 15.5 years (according to a 2008 estimate)
and 7.7 years (according to a 2006 estimate) in Japan, respectively.
Therefore, it is important to take waste emissions into account and analyze
whether the region is generating less waste. We intend to analyze all regions
in Japan. Although the disaggregated data such as firms or cities would be
preferred, many previous studies on Japanese productivity used the
prefecture level data because of the data availability (See Yamano and
Ohkawara, 2000; Managi, 2003; Nemoto and Goto, 2005; Nakano and
Managi, 2010 forthcoming) In addition, these studies do not include waste.
Therefore in the context of studies on Japanese prefecture level productivity
analysis, the study takes waste generation into account.

We analyze the efficiency and productivity measures in Japan.
Efficient production activities are considered to increase our welfare.
However, when environmental externalities (i.e., undesirable output) are
generated, welfare measures focusing on only marketable output (desirable
output) and inputs (capital and labor) are not an adequate index to show our
welfare. No matter how efficient the production of marketable goods, when

the production process emits huge environmental burdens, the process is not
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successful 1n terms of social welfare. Therefore, we incorporate waste
generation in efficiency and productivity measurement.

We use directional distance function by modified data envelopment
analysis (DEA), which is a mathematical programming technique, to
measure efficiency. Methodologies to incorporate undesirable output into
efficiency calculation have been investigated in the literature. Fare et al.
(1989) first introduced the assumption of the weak disposability on
undesirable output. Weak disposability implies that firms can decrease
undesirable outputs by decreasing the activity level. Currently there are two
major methodologies in the literature. One is advocated by Féare and
Grosskopf (2003, 2009) and the other is advocated by Kuosmanen (2005) and
Kuosmanen and Podinovski (2009). However no empirical comparison has
been reported other than Nakano and Managi (2010, forthcoming) in which
the difference of the two technologies including CO2 emissions is examined.
Applying these recently discussed two methodologies, we compute efficiency
with the weak disposability assumption on the undesirable output and
incorporate waste generation as the undesirable outputs.

In calculating efficiency, we assume the variable returns to scale
(VRS) production frontier. There is a debate over the form of the output set
when using VRS frontier with undesirable outputs. The debate is regarding
the assumption on the abatement factor. Fare and Grosskopf (2003, 2009)
advocate the use of a uniform abatement factor across decision-making units.
On the other hand, Kuosmanen (2005) and Kuosmanen and Podinovski

(2009) suggest different abatement factors across decision-making units.
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Therefore, we calculate the efficiencies with both assumptions on the
abatement factor. If we find the values are similar, the results imply that the
heterogeneity of the abatement factor is not important in Japanese regional
level analysis for waste management. However, it is crucial to model the
heterogeneity of the abatement factor in policy analysis.

After formulating the output set, we choose the measurements of the
distance between each prefecture and the frontier (i.e., inefficiency). This
study uses two orientations, “undesirable output orientation” and “input,
desirable and undesirable output orientation.” In the undesirable output
orientation model, we measure the distance based on the undesirable output
reduction. On the other hand, in the “input, desirable and undesirable
output orientation,” the distance is measured based on the proportional
reduction in input and undesirable output and the proportional increase in
desirable output. If two are found to be significantly different, the choice of
orientation has a profound effect on the efficiency.

Not only the efficiency analysis, we calculate the Luenberger
productivity indicator. Using the indicator, we can examine the productivity
change incorporating both the efficiency change and technological change
(i.e., frontier shift).

Our results show that there are wide variations in the efficiency
scores between the two orientations. However, we find that the heterogeneity
of the abatement factor has the impact on the frontier shift rather than
efficiency change.

This paper is structured as follows. Section 2 describes the
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background. Section 3 describes the efficiency and productivity measures,
while Section 4 presents the data. Section 5 describes the results. Finally,

Section 6 provides concluding remarks.

2. Background

This paper uses DEA to calculate efficiency (see Managi et al. (2004) for
intuitive explanation of DEA). The advantage of this approach is that the
production technology is described without specifying functional forms. This
mathematical programming technique was originally developed by Charnes
et al. (1978) and Banker et al. (1984). In early studies, DEA deals only with
desirable outputs. However, most production processes emit environmental
burdens. As a result of increasing concern about environmental issues, some
studies have examined the environmental externalities.

Shephard (1970) introduced the notion of the weak disposability of
outputs. Applying this notion, Fare et al. (1989) propose several approaches
for considering undesirable outputs. One of the approaches is to impose a
weak disposability assumption on undesirable outputs and a strong
disposability assumption on desirable outputs. This approach has been
adopted in many studies (Yaisawarng and Klein, 1994; Fare et al., 1996;
Tyteca, 1997; Taskin and Zaim, 2001; Picazo-Tadeo et al., 2005; Kumar and
Managi, 2010).

We calculate the Luenberger productivity indicator introduced by
Chambers et al. (1996) and Chambers and Pope (1996) using directional

distance functions developed by Luenberger (1992a,b). While the Luenberger
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productivity indicator was originally developed without considering the
undesirable outputs, we take account of both desirable and undesirable
outputs. Chung et al. (1997) and Ball et al. (2001) use directional distance
functions to calculate efficiency and productivity! with undesirable outputs
on which a weak disposability assumption is imposed.

As for studies on Japan, some previous studies estimated the
productivity of Japanese prefectures. Yamano and Ohkawara (2000), Managi
(2003) and Nemoto and Goto (2005) estimated productivity using
prefecture-level data. However, they do not include the emissions of
environmental burdens. Nakano and Managi (2010, forthcoming) considers
COz emissions but not include waste emissions.

We measure efficiency and productivity with the focus on Japanese
prefectures using data from 2000 to 2003, including waste generation as the
undesirable output. Our efficiency measures allow us to obtain more precise
information on our welfare while not being biased toward the economic

aspect.

3. Model of efficiency and productivity measurement
The production process assumes that the inputs are used to yield the

desirable and undesirable outputs.

Let x= (x,..,x,)eRY be the vectors of inputs. y=(y,...y, )€ RY and

b=(b,...b,)e R] are the vectors of desirable and undesirable outputs,

respectively. Expression (1) defines the outputs sets that represent the
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technology:

P(x )={(y ,b ):x can produce (y ,b )} (1)

We assume that the output set is convex. We also assume the weak

disposability of undesirable outputs which is expressed as:

If (y.b)eP(x) and 0<6 <1then 0y ,0b )e P(x ). )

When reducing undesirable outputs is achieved through decreasing the
activity level, @1is interpreted as the abatement factor. On the other hand, as
for inputs and desirable outputs, we assume strong disposability. The

strong disposability of desirable outputs is expressed as:
if(y.b )eP(x) and y' <y then (y',b )eP(x) (3)
The strong disposability of inputs is expressed as:
if(y,b )eP(x) and x <x' then (y ,b )e P(x") 4)
This means that desirable outputs and inputs can be discarded without

using additional resources. We assume the VRS technology. Here we assume

that at each time period, there are k=1,..., K observations of inputs ,

desirable and undesirable outputs; ( x',y!,bf ). Therefore, using the

Kuosmanen technology (Kuosmanen, 2005; Kuosmanen and Podinovski,

2009), we define the output set at time ¢ as follows:
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The directional distance function is defined as follows:
D;‘Et) (Xt’yt’bt;_gxt’gyt’_gbt ) = max{ﬂ : (yt +IBgyt’bt _Ingt)e f)tK(X, _/ng;)} (6)

where g= (-g,,,g,,-8, ) is a direction vector. # is the maximum
proportional amount that desirable outputs can be expanded in the direction
of g, ,, while inputs and undesirable outputs can be reduced in the direction

of —g , and -g,,, respectively, given the technology at time t, T(¢:) which

is defined by PX(x,). The superscript W means that the directional

distance function is calculated under the assumption of weak disposability of

undesirable outputs.

To obtain the efficiency score S, we solve the mathematical

programming problem. In “input, desirable and undesirable output
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orientation” measurement, the direction vector is setto g=(-g ,g ,—g )=
’ xt yt bt

(—x,,y,,-b,). Therefore, expression (7) gives us the efficiency score for

production unit k” at time ¢ :

W (Kuosmanenl) K’ K k" K K K o
D (Xl 5y, b, 5—=x_ .y, ,=b, )= Max B

T (1)
K ’ ’
s.t. Zﬁtkz,kyi,2(1+ﬁk)yr’;t, m=1,... M
= k_ ko k PN
> ootz bl ==Y, j=1,1

K
Zz,kxf,S(l—,Bk)x,'f,, n=1,...,N

(7

On the other hand, in “undesirable output orientation” measurement,

the direction vector is set to g=(-g,,.g,,,-g,,) =(0,, 0,, —b,). Therefore,

expression (8) gives us the efficiency score for production unit k* at time ¢:
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k=1

(8
While Kuosmanen (2005) and Kuosmanen and Podinovski (2009)
suggest different abatement factors for different decision-making units, Fare
and Grosskopf (2003, 2009) advocate the same abatement factor among all
the decision-making units. Based on Fire and Grosskopf technology (Fire

and Grosskopf 2003, 2009), the output set is defined as follows:

K
PZF(XZ):{(yZ’bl):elZZlkyyl;lZymt’ m=17 '7M
Qszbk= o J=lond
K
Zzth’l; S)Cm, nzl’ 7N
k=1
ZK:Z]C:] )

0<6 <1, k=1,...,.K

t

1
for some z,,...,z,
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The directional distance function is defined as follows:
Dy, (x,y,.b,:-8,,.8,,-8,, ) =max{B:(y, + g, ,.b, - fg,)e B  (x, - fg.)} (10)

To obtain the efficiency score [, we solve the mathematical programming
problem. In the “input, desirable and undesirable output orientation”
measurement, solving (11) gives us the efficiency score for production unit
k" at time t:

W (Farel) k’ k’ k. k’ k’ kN _ k’
DT(r) (Xt Y, ’bt X, LY, ’_bt )_Max ﬁ

K
s.t. 9,2 2yl >+ gy, m=1,...,.M

=~
—_

K
0,> z!bl =1-BpY, j=1,...J
k=1
K ’ ’
Z Zth:tg(l_ﬁk)x,]:t, n=1,....N
k=1
K
dozf=1, 20, k=1,..,K
k=1
< <
pEoEl (11)

In the “undesirable output orientation” measurement, solving (12) gives us the

efficiency score for production unit k* at time ¢:
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K
k  k k’ —
s.t. 9,2 Y 2 Vs m=1,..

K
6,> z,‘bl =1-B")b}

it j=1,...,J
k=1

K

k _k k —

Z < X Xois n = 1’ ’N

k=1

K
>zt=1 7' 20, k=1,...K
k=1

(12)

For each combination of technology and orientation (Table 1 summarizes the

combination), we calculate the Luenberger productivity indicator. based on

the decomposition by Chambers et al. (1996), the Luenberger productivity

indicator is defined as:

TFPY =

{D;‘Ez) (Xz’yz’bz;gt ) - D;‘:t+1) (Xt+l ’yz+1’bt+l 3841 )}

1 {Dxtﬂ) (Xt+l’Yz+1’bt+l;gt+l)_DW

T(1) (Xt+l 4 Yz+1 ’bt+l ;gz+l )}
3 W v : (13)
2 +{DT(t+1) (Xt’yt’bl;gt)_DT(t) (Xl’yl’bl;gt )}

where g, = (_gxz’gyt’_gbf)'

the first difference represents efficiency change (EC) and the second

arithmetic mean represents technological change (TC). EC measures
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changes in the position of a production unit relative to the production
frontier. TC measures shifts in the frontier. The superscript W means that
the directional distance function is estimated under the assumption of weak

disposability of undesirable outputs.

4. Data

This study uses data from 47 Japanese prefectures. The efficiencies are
calculated from the years 2000 to 2003. The analysis uses two inputs, one
desirable output and one undesirable output.

The inputs are labor and private capital stock. In this study, we are
not able to add material input because of the data unavailability. It is
important to consider eco-efficiency defined by environmental load per
material input (see Huppes and Ishikawa, 2007). Our study, however,
intends to apply production function approach. In production function,
traditionally, capital and labor are the most essential inputs. The
environmental load 1s a by-product of production. The importance of
considering these inputs with desirable outputs production for analyzing
environmental efficiency is discussed in Managi and Kaneko (2010).
However, eco-efficiency is also important to examine efficiency and adding
material is very important for future study.

We calculated the labor by multiplying the number of workers by
working hours. We obtained the data of the number of workers for each

prefecture from the Annual Report on Prefectural Accounts published by the
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Cabinet Office, Government of Japan. The data of the working hours for each
prefecture is obtained from the Monthly Labor Statistical Survey published
by the Ministry of Health, Labor and Welfare. We obtained the data of
private capital stock from the CRIEPI Regional Economic Database
estimated by the Socio-economic Research Center, Central Research
Institute of Electric Power Industry, Tokyo.

The desirable output is the annual real production by each prefecture,
which is estimated in Kainou (2006, 2007). These studies calculate the
annual real production based on the Annual Report on Prefectural Accounts
published by the Cabinet Office, Government of Japan (The base year of the
statistics is 1995).

The undesirable output is waste generation. In the Basic Act in
Establishing a Sound Material-Cycle Society (promulgated in 2000) , the
priority of material cycle measures is explained. In the law, reducing waste
generation is given the top priority followed by reuse, reclamation, heat
recovery and proper disposal. The lower priority measures require energy or
lands that are scarce in Japan. Therefore, this study focuses on waste
generation. In this study, the waste consists of industrial waste and general
waste from business activities. We obtained prefectural waste generation
data from the Industrial Waste Generation and Disposal and the Survey on
the General Waste Disposal published by the Ministry of the Environment.
As for the industrial waste, the prefectural surveys on industrial waste
generation are not carried out every year. The timing of the implementation

of the survey is different among prefectures. Therefore the data includes
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estimates from output or labor. From the nature of the data, we have to keep
in mind that the comparison of efficiencies and productivities among

prefectures or periods includes the limitations.

5. Results

We summarized the model specifications in Tablel. The average efficiency
scores for each sample period are shown in Table 2. In DEA analysis, the
efficiency score means the difference from the frontier activities. Therefore, a
zero efficiency score means that a prefecture is on the frontier and a large
score implies that there are large differences between the performance of top
runner and the prefecture. When we focus on only waste (Model B and D),
the scores are larger than those of Model A and C. Large scores mean that
some prefectures lag behind the advanced prefectures in waste reduction.

In Japan, in the law of the Basic Act for Establishing a Sound
Material-Cycle Society, the reduction of waste generation is most important
followed by reuse and recycle activities. In this study, waste generation is
used as the undesirable output. Therefore, we can examine the effect of the
reduction in waste generation. However, these scores are large. This means
that the production activities in Japan have a large variance and there is a
huge difference in the performance between the advanced prefectures and
others. On the other hand, for input, desirable and undesirable output
orientation model (Model A and C), the scores are much smaller than those
of Model B and D. Model A and C examine the room for proportional increase

in desirable output and proportional decrease in inputs and undesirable
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output. Therefore, the constraints of the measurement are stricter than
those in Model B and D. This is considered to result in the smaller scores in
Model A and C.

The comparison of the efficiency scores from the viewpoints of time,
we need to take the frontier shift into consideration. Therefore, we calculated
the productivity indicators called Luenberger productivity indicator2. Using
this indicator, we can consider both the frontier shift and efficiency change.
Figurel, 2 and 3 indicate the productivity change, technological change and
efficiency change, respectively. The year 2000 is set to the standard. The
cumulative mean values of their indicators with a base year of 2000 are
presented in each figure. According to figurel, compared with the 2000, all
models show the productivity decrease in 2003. This trend comes from the
technological change and efficiency change. According to figure 2 and 3, as
for model A, B and C, the frontier shifts inside and the efficiency was
decreased in 2003 for model B and D. Both of these results show negative
change in the trend.

From the above investigation, we found that there are some
inefficient prefectures in all models. How much waste generation should be
reduced for lagged behind prefectures to achieve the frontier? We calculated
the necessary reduction in waste generation. The results are summarized in
Table 3. We need to keep in mind that the results are not necessary related
to the feasibility. According to table 3, the figures in Model A and C are
smaller than those in Model B and D. In Model A and C, the inputs, desirable

and undesirable outputs should be changed in a proportional manner.
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Therefore when the management of inputs and desirable output does not
have much room to improve, waste generation cannot be reduced much.
Therefore the small figures in Model A and C show the relatively efficient
activities in inputs and desirable output. On the other hand, Model B and D
show relatively large figures because they focus on only waste management
activities. This means that there is a wide variance in waste management
activities among the prefectures.

For the investigation of the differences in areas, Figures 4, 5, 6 and 7
show the average efficiency scores of each prefecture during the sample
period under Model A, B, C, and D, respectively. As for the Kuosmanen
technology, Hokkaido, Saitama, Tokyo, Shiga, Nara and Tottori prefectures
are efficient in both orientations. However, Chiba, Yamaguchi, Ehime and
Miyazaki prefectures are efficient in “input, desirable and undesirable
output orientation”, while inefficient in “undesirable output orientation”.
This is same for the Fare and Grosskopf technologies.

According to the Annual Report on Prefectural Accountsin 2003, as
for the industrial sector’s production amount, Tokyo ranked first and Tottori
ranked last (The share of each prefecture relative to the whole of Japan is
18.37% and 0.38%, respectively). Since both of them are on the frontier, the
size of the economic activities is not related to the efficiency. This is the
advantage of using variable returns to scale technologies.

Some prefectures are interpreted as efficient using “input, desirable
and undesirable output orientation”, while inefficient in “undesirable output

orientation”. For example, Chiba constructed eco-town in west-central area
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in the prefecture in 1999. The concept of eco-town 1s based on the
zero-emission initiative, that is, all the waste emitted from an industry are
used as materials in the other industries. The eco-town project was started
in 1997 in Japan. Plans made by prefectures or cities and approved by the
Ministry of the Environment and the Ministry of Economy, Trade and
Industry are able to obtain support from the government. In the eco-town in
Chiba, there are many facilities such as eco-cement production facilities,
weld facilities, methane fermentation facilities, and many kinds of recycle
facilities. These facilities are cooperating with each other and aiming at zero
emissions as a whole. Using this eco-town, Chiba has been reducing waste
emissions. This eco-town concept is aiming at doing efficient production
activities making cooperative relationship with related industries. Therefore,
Chiba seems to be on the frontier in “input, desirable and undesirable output
orientation”. In Chiba, although the share of the manufacturing sector is
high (20.7%) in the total industry sector, the agriculture, forestry and
fisheries industries are also doing production activities. As for the content of
waste, the animal excreta and rubbles account for about 20 % of waste
emissions. These kinds of waste are not dealt with in the eco-town. Therefore,
in Chiba, there are the advanced sectors and lagged sectors in waste
management. In advanced sectors (manufacturing industry, especially,
chemistry industry and ceramic industry), whole production processes are
improved, however the lagged sectors in waste management (agriculture and
construction industries) emits large amounts of waste emissions. This is

considered to be the reason why Chiba is not located on the frontier in the
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undesirable output orientation models. Therefore, when a prefecture
includes both the advanced and lagged sectors, the results of “input,
desirable and undesirable output orientation” model might differ from the
results of “undesirable output orientation” model. To examine the efficiency
in more detail, we need to conduct the industry level analysis.

To examine whether there are differences in the results between the
“Kuosmanen technology” and “Fare and Grosskopf technology”, we
conducted the Wilcoxen signed rank test. We calculate the average efficiency
scores and productivity change rate of each prefecture and conducted the test.
The results are shown in Table4. The null hypothesis is that there is no
difference between “Kuosmanen technology” and “Fare and Grosskopf
technology” in population. According to Table 4, there is a difference in the
frontier shift effect (technological change) between “Kuosmanen technology”
and “Fare and Grosskopf technology”. This difference in frontier shift effect

caused the difference in productivity change.

6. Conclusion

This study calculated Japanese prefectures’ efficiency and productivity
measures from 2000 to 2003 taking waste generations into consideration. We
used several measures and compared the results. Our results show that
there are wide differences in the efficiency scores among prefectures. We also
find the heterogeneity of the abatement factor has the impact on the frontier

shift rather than efficiency change.
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In this study, we apply production function approach where labor
and private capital stock are inputs and desirable and undesirable outputs
are produced. For the future work of efficiency in terms of environmental
issues, material input plays an important role. Therefore it is crucial to
analyze the eco-efficiency defined by environmental load per material input.
Using both our efficiency scores and eco-efficiency scores, we are able to

better judge totally the production process.

Notes.
1. They calculate the Malmquist—Luenberger productivity indicator.

2. In calculating mixed periods distance functions, we found that some
mathematical programming problems are infeasible. We excluded the

infeasible observations from calculating the cumulative means.
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Tablel Model specifications

Model A Model B Model C Model D
Orientation Input, desirable Undesirable Input, desirable Undesirable
and undesirable output and undesirable output
output output
Technology  Different ~ Different ~ Same Same
as abatement
factor
Calculated (@  ® @  a»
Expression

Note: Kuosmanen technology assumes heterogeneous abatement factor while Fire and

Grosskopf technology assumes uniform abatement factor.
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Table 2 The average efficiency scores for each year

2000
2001
2002
2003

Model A
0.04598
0.04702
0.04533
0.03833

Model B
0.50333
0.49681
0.48841
0.50974

Model C
0.04601
0.04702
0.04532
0.03834

Model D
0.49212
0.47729
0.47062
0.49764
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Table 3 The possible reduction in waste generation (1,000 tons)

2000
2001
2002
2003

Model A
15,897
16,579
15,843
14,170

Model B
202,479
200,625
190,281
211,787

Model C
15,921
16,579
15,851
14,184

Model D
199,220
194,330
184,985
207,514
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Table 4  The Wilcoxon signed rank test (3%¢1)

Efficiency score
input, desirable and undesirable output orientation

undesirable output orientation

Productivity
input, desirable and undesirable output orientation
Productivity change
Technological change

Efficiency change

undesirable output orientation
Productivity change
Technological change

Efficiency change

Test statistic

13
861

71
71**
6 (3%2)

1647
2345
267

»¢1 The test is conducted with 5% level of significance. ** means significant at 5%

level.

#:2 This statistic is tested with one-sided test, while all the other statistics are tested

with two-sided test. Because many of efficiency change rate take the same value

between the two technologies, we could not conduct the two-sided test.
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Possibility of efficient use of fossil fuel and metal resources:
Proposal of resource productivity measurement

Kenta Tanaka, Shunsuke Managi, Tetsuya Tsurumi

Developing countries has been increasing consumption of fossil fuel and metal resources rapidly. The stable use of
resources is one of the most important problems for each country. Moreover, effective use of resources is one of the
ways to mitigate resource depletion. The typical index to evaluate of effective use of resources is resource productivity.
Recently, government of Japan focuses to improve the resource productivity. However when we try to evaluate the
resource productivity, we need to consider the change of several production input factor. But there are few studies to
propose the measurement of resource productivity which consider such a problem. In this study, we propose new
measure of the resource productivity by applying non-radial directional performance method. In addition, we measure

the inefficient using of resources by our proposal method.
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Abstract

We tested the price linkage, the law of one price (LOP) condition, and the causality of the price linkage between the
U.S. and Japanese gold and silver futures markets with consideration of structural breaks in the price series. The LOP
condition did not hold for both the gold and silver markets when structural breaks were not considered but it sustained
in some periods when it was tested for the break periods. We found from the causality test that the price linkage
between the U.S. and Japanese gold and silver futures markets were led by the U.S. market.
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1. Introduction

Whether international linkage exists for the gold and silver futures markets is
an important issue. This is because gold and silver have been historically considered as
asset to hedge against economic uncertainty. International linkage among futures
markets has been studied for agricultural commodities such as wheat (Goodwin, 1992)
and soybean meal (Yang et al., 2000) but there are not many studies examining this for
gold and silver futures markets. To fill this gap we analyze the price relationship
between the U.S. and Japanese gold and silver futures markets. The study identifies if
the U.S. and Japanese gold and silver futures markets move together in the long-run,
examines the law of one price (LOP) condition, and tests the causality of the long-run
relationships. We use the 2001-2010 daily data, which includes the global financial
crisis of 2008. Hence, we test the price linkage when effects of structural breaks in the
price series are considered as well.

The results of the study will reveal whether international linkage exists for the
gold and silver futures markets, the degree of the linkage, and the cause of the linkage.
Therefore, the study will be useful when constructing effective global risk management
strategies for investors and industries involved in the gold and silver markets.

In the next section the methods used in the study are explained. The third
section describes the data. Results are shown in the fourth section. Section five provides

the conclusion of the study.

2. Methods
The long-run price linkage, the LOP condition, and the causality of the
long-run relationship between the U.S. and Japanese gold and silver futures prices are
tested under the Johansen cointegration method (Johansen and Juselius, 1990).
Cointegration requires all price series to be integrated of the same order so initially unit
root tests are performed on all price series used in the study. We use the augmented
Dickey-Fuller (1979), Phillips-Perron (1988), and Kwiatkowski-Phillips-Schmidt-Shin
(1992) unit root tests for this purpose. If we find that the price series are integrated of
the same order from the unit root tests, we perform the Johansen test between the U.S.
and Japanese gold and silver futures prices. The Johansen test is performed using the
following vector error correction model:
AY, = Y,_; + X TiAY + p+ g (1)
where Y, is the n x 1 vector (Yiy, Yaor, -+, Yoe) of futures prices, ¢ is the order of the

vector autoregressive process, I1 = —I+Ziq=1Hi and I} = — ]gzi +1 1 where TI;
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and II; are the m X n matrix of parameters, p is a constant, and & is a normally
distributed n-dimensional white noise process. When cointegration relationship is found
between the price series it is known that the Il matrix in equation (1) can be
decomposed as IT = aff’ (Johansen, 1991).

The LOP condition and the causality of the long-run relationship are tested by
imposing restrictions on the Il matrix. Thus it is necessary that a cointegration
relationship holds between the U.S. and Japanese gold and silver futures prices. The
LOP condition is tested under the following equation:

PUS = a + bP) + e, 2)
where PUS and Pt]P are the prices of the U.S. and Japanese gold and silver futures
contracts at time 7, a is a constant, b is a coefficient, and e is the error term.! In this
study we tested whether b = 1 holds in equation (2), which is called the weak version
of the LOP test (see Asche et al, 2004).> This test is performed by putting a restriction
on the [ part of the IT matrix. The causality test is performed by incorporating a
restriction to the a part of the II matrix. The hypothesis tested in the causality test is
that the U.S. price leads the gold or silver futures prices to reach the long-run
relationship.

The Bai-Perron test (Bai and Perron, 1998) is used to identify whether
structural breaks exists in the price relationship between the U.S. and Japanese gold and
silver futures prices. This test is useful for identifying multiple structural breaks in the
price series when breaks are unknown. First the test performs the un-weighted and
weighted maximum tests to find out whether at least one break exists in the price series.
Once the existence of one break is confirmed by these double maximum tests, the
Bai-Perron test goes further to statistically identify the appropriate number of breaks by
the supF(l+ 1|1) test. The supF(l + 1|l) test tests the null hypothesis of having [
breaks in the price series against the alternative hypothesis of having [ + 1 breaks. The
price ratio between the U.S. and Japanese futures prices for gold and silver (PVS/ Pt]P) is
used for the Bai-Perron test.’

After the breaks are determined by the Bai-Perron test the whole gold and
silver price series are separated into break periods using the break dates identified by the
Bai-Perron test. Then the same unit root tests, Johansen cointegration test, LOP test, and

causality tests are tested for each break period to see if the price relationship between

! The prices of Japanese gold and silver futures contracts are converted into U.S. dollars.

% In the strong version of the LOP it also requires a = 0 to hold in equation (2) (see Asche et al., 2004).

? We followed Kristofersson and Anderson (2006) of using the price ratio to identify the structural breaks
in the price relationship between the two price series. In the Bai-Perron test we set the maximum number

of breaks to five and the trimming value to 0.15 (see Bai and Perron (1998) for details).
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the U.S. and Japanese gold and silver futures markets changed before and after the
break dates.

3. Data

For the U.S. gold and silver futures prices the daily continuous futures prices of
Commodity Exchange Inc. (COMEX) gold and silver futures contracts are used in the
study. The daily continuous price data for these COMEX futures prices are obtained
from the EODData, LLC.* The Japanese gold and silver futures prices are taken from
the Tokyo Commodity Exchange (TOCOM). The furthest contracts are the most active
contracts at the TOCOM market so the daily continuous TOCOM gold and silver
futures prices are created using the prices for the furthest contracts. January 2001 to
June 2010 period is covered for the COMEX and TOCOM gold and silver futures
prices.

To match the minimum price units, all daily gold and silver futures prices are
converted to U.S. dollars per gram. The TOCOM gold and silver prices are converted to
U.S. dollars by using the daily currency rate between the U.S. dollars and Japanese yen.

The daily currency rate is obtained from the OANDA Corporation.

* The futures prices for the most active contracts were used for the continuous price data.
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Figure 1: Plots of U.S. and Japanese gold and silver futures prices and their price

differences

Figure 1 presents the plots of U.S. and Japanese gold and silver futures prices
and the price difference between the U.S. and Japanese prices for gold and silver. In
both the gold and silver futures markets the U.S. and Japanese prices seem to move
together during the period used in this study so it is likely that the U.S. and Japanese

prices will have a cointegration relationship in these markets.

4. Results

Before performing the Johansen test we performed the unit root tests to check
if all price series used in the study are integrated of the same order. The unit root tests
conducted for the whole test period revealed that all price series are integrated of order
one (see Table 1). Hence, we performed the Johansen test between the U.S. and

Japanese futures prices for the gold and silver futures markets.

371



Table 1: Unit root tests

Variable Log Level First difference of log level
ADF PP KPSS ADF PP KPSS
U.S. Gold -1.978 -2.121 1.025% -11.454* -46.632* 0.020
U.S. Silver -3.252 -3.367 0.324%* -11.197* -48.093* 0.026
Japanese Gold -1.965 2312 0.996* -13.096* -52.365% 0.018
Japanese Silver -3.021 -3.253 0.327* -15.931* -50.583* 0.029

Notes: * denotes significance at 1%. All the unit root tests for the level and first differences include constant and
trend. Lag orders for the ADF tests are determined by the AIC and the bandwidth for the PP and KPSS tests are

identified by Newey-West method (Newey and West, 1994).

Table 2: Cointegration tests without breaks

LR test statistic for

LR test statistic for

Test variables Hy: rank=r Tracetest = Maxtest . Variables .

the law of one price the causality test
U.S. Gold vs =0 104.80** 104.03** 22.75%* U.S. 1.58
Japanese Gold r<=1 0.77 0.77 Japanese 94.23%*
U.S. Silver vs =0 247.25%*  246.75%* 20.02%** U.S. 0.00
Japanese Silver <=1 0.50 0.50 Japanese 214.07**

Note: ** represents significance at 5% level.

As seen from Table 2, for both the gold and silver futures markets, the U.S. and

Japanese prices have a cointegration relationship and there is a long-run price linkage

between the gold and silver futures markets of the two countries. However, for both the

gold and silver markets, the LOP condition did not hold between the U.S. and Japanese

futures prices. The causality test showed that in both the gold and silver futures markets

it is the U.S. price that binds the U.S. and Japanese prices to move together in the

long-run.

Table 3: Bai-Perron tests

Gold Silver
Test Statistic Statistic
UDmax 153.17** 49.84**
‘W Dmax 165.97** 55.73%*
sup-F(2|1) 117.73%* 12.99%*
sup-F(3|2) 20.23%* 11.46%*
sup-F(4)3) 10.17 2.67

Note: ** denotes significance at 5% level.
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The Bai-Perron test revealed that three breaks exists in the January 2001 to
June 2010 period covered in this study (see Table 3). Hence this whole period was split
into four break periods using the break dates identified by the Bai-Perron tests. The
details of the break dates for gold and silver markets are presented in Tables 4 and 5.
The same above mentioned unit root tests, the Johansen test, the LOP test, and the
causality test are performed on these break periods. Tables 4 and 5 show these results

for the gold and silver futures markets.”

Table 4: Cointegration tests with breaks for the U.S. and Japanese gold futures markets

Period Dates H,: rank=r Trace test Max test LOP Variables ~ Causality test
1 Jan. 4,2001 - Jun. 3,2002 r<1==01 230'?)2** 236?8** 2% Jl:in 1 51;303**
2 Jun.4,2002 - Oct. 7, 2005 ::01 7 6364** 722** >3 Jl:in . 11.';44* .
3 Oct. 11,2005 - Aug. 14,2008 r<1:=01 392;;)* ’ 372'.7080** 035 JZ;.)Sa‘t.n 3;;; «
R A i

Note: ** represents significance at 5% level.

Table 5: Cointegration tests with breaks for the U.S. and Japanese silver futures markets

Period Dates Hy: rank=r Trace test Max test LOP Variables  Causality test
1 Jan. 4,2001 - Jul. 18,2002 ::01 22';39** 182%9** 0% inn 935;1*
2 Jul 19,2002 - May 2, 2005 r1<::01 20?35* ) ZOZgi* ) 7o Jj}jn 182(6); *
3 May 6,2005 - Dec. 13,2006 ::01 43;1* " 4162(2* " 036 JS;'“ ETZ::
4 Dec. 14,2006 - Jun. 30, 2010 rI::Ol 12335);;** 12(3)3:** 1320 JI:;.H 9901(;2**

Note: ** represents significance at 5% level.

Tables 4 and 5 reveal that in both the gold and silver futures markets in every
period the U.S. and Japanese markets have cointegration relationships. This implies that
the price linkage between the two countries for the gold and silver futures markets was
not affected by the breaks. However, the results in the tables suggest that the LOP
condition and the causality of the cointegration relationship are affected by the
structural breaks in the price series. Table 4 shows that the LOP condition holds for the
gold market until August 2008 but this condition did not meet in the fourth period. The
LOP condition also did not hold for the second and fourth period for the silver market

> The results of the unit root tests suggested that in all break periods the price series used in the test
periods are integrated of the same order.
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(see Table 5). For the silver market, Table 5 shows that the causality of the cointegration
relationship between the U.S. and Japanese markets are also affected in the third period.
These results imply that although the price relationship between the U.S. and Japanese
gold and silver markets sustained even with the effects of structural breaks, the level of
arbitrage and the cause of the price relationship between the U.S. and Japanese markets

did have an influence from the breaks in the price series.

5. Conclusion

This study tested the price linkage, the law of one price (LOP) condition, and
the causality of the price linkage between the U.S. and Japanese gold and silver futures
markets with consideration of structural breaks in the price series. We find price linkage
do exist between the U.S. and Japanese gold and silver futures markets. This suggests
that gold and silver futures markets are interdependent and price information can be
shared between the two countries. The LOP condition did not hold for both the gold and
silver markets when structural breaks were not considered but it sustained in some
periods when tested this condition for the break periods. This implies that for the whole
test period arbitrage was not perfect between the U.S. and Japanese market but there
were periods where arbitrage was very quick and price information were perfectly
shared between the two countries. The causality test revealed that it is the U.S. price that
leads the gold and silver futures markets to reach the long-run relationship but this price

leadership was also affected for the silver market when tested for the break periods.
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Introduction

As vehicle emission standards become stringent worldwide,
we see an increase in the demand for the platinum group metals
(PGMs) from the auto industry. More than half of the platinum
and palladium supplied internationally in 2008 was used for the
catalytic converters (Johnson Matthey Plc, 2009). Unless techno-
logical improvements occur in the catalytic converter production
and substitutive materials for platinum and palladium become
available, demand for these PGMs will continue to rise in
countries that have higher emission standards. If the differences
in vehicle emission standards affect the demand structures of
regional PGM markets the prices of PGMs may differ by their
market locations. Hence, whether an international PGM market
exists and how regional PGM markets are linked are becoming
important issues for the participants in the PGM markets to
obtain valuable price information.

In theory, as stated by the law of one price (LOP), identical
goods must have a single price (Lamont and Thaler, 2003) and if

* Corresponding author. Tel.: +81 46 826 9572; fax: +81 46 855 3809.
E-mail addresses: kentka.aruga@gmail.com (K. Aruga),
managi.s@gmail.com (S. Managi).

0301-4207/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.resourpol.2011.09.003
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the world PGM market follows this law the regional PGM markets
should be integrated as one market. Because PGMs are easier to
standardize and store compared to other commodities it is likely
that the price difference is small among regional PGM markets
and that a world market exists for the PGMs. However, if
transaction costs and trade barriers are high among the regional
markets, these markets will not be integrated. Asplund and
Friberg (2001) state that violation of the LOP occurs when
demand and costs are different across locations and there are
price rigidities and fluctuations in exchange rates. Therefore, if
the demand structures are different among the regional PGM
markets the LOP condition will be violated and there will not be a
world market for this commodity.

Identifying whether the LOP holds for the world PGM market
will be valuable not only for the suppliers and consumers of PGMs
but also for arbitrageurs and speculators trading the PGMs as
financial asset. If the LOP holds among the regional PGM markets
it will mean that in the long-run the regional PGM prices become
the same and price information of the other markets will be
useful even when the markets are far apart or traded at different
time zones.

Although there are several studies testing the LOP for different
commodities such as wheat (Goodwin, 1992), soybean meal
(Yang et al., 2000), fish (Asche et al., 1999, 2004), lumber
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(Nanang, 2000), natural gas (Walls, 1994), and cars (Goldberg and
Verboven, 2005), not many studies have tested this condition for
the platinum and palladium markets. Previous studies testing the
market linkage among different locations for the precious metal
futures markets focus on the price relationship between the spot
and futures prices (Chow, 2001) or on the difference in volatility
(Xu and Fung, 2005). For study on the information flow between
the U.S. and Japanese precious metal futures markets, Xu and
Fung (2005) find that it is the U.S. market that plays the leading
role in cross-border information transmission. A study testing the
price linkage for the U.S. and Japanese gold and silver futures
markets (Aruga and Managi, 2011) also reveals that information
flow between the futures markets of the two countries are led by
the U.S. market. Hence it could be that the information flow for
the PGM futures markets of the two countries is also led by the
U.S. market.

The objective of this study is to provide some empirical
evidence on whether an international market exists for the PGM
markets by testing the LOP and the causality of price information
flow between the U.S. and Japanese PGM futures markets. For this
purpose, we use the platinum and palladium futures markets of
the New York Mercantile Exchange (NYMEX) and the Tokyo
Commodity Exchange (TOCOM), which are the world’s two largest
futures markets for PGMs. The LOP test will identify if the U.S. and
Japanese PGM futures markets can be integrated as one market. In
the causality test we will find the direction of information flow
between the PGM futures markets of the two countries. This will
allow us to see whether the U.S. and Japanese PGM futures
markets are dependent.

We will also test the LOP and causalities among the price
series when structural breaks are considered because recently
several studies suggest that the price linkage can be affected by
structural breaks and that price relationships among the price
series can become different before and after the break periods
(Beyer et al., 2009; Aruga, 2011; Aruga and Managi, 2011).
Although many other related studies incorporate structural
breaks in the cointegration methods (Hansen and Seo, 2002;
Park et al., 2007) we use the general cointegration method for
testing the price linkage because we are more interested in
identifying effects of structural breaks on the price linkage
rather than testing the overall price linkage by including the
breaks in the test model. This way of testing the price linkage
for periods before and after the breaks allows us to see in detail
how the breaks in the series affected the price linkage. If we use
special treatments to incorporate the breaks for testing the price
linkage in the cointegration model we will not be able to examine
the changes in the price linkage before and after the break
periods.

There are still relatively a few studies focusing in the effects of
structural breaks on the price linkage but Aruga and Managi
(2011) have shown that the price linkage between the U.S. and
Japanese gold and silver futures markets was influenced by the
structural breaks in the price series. It is likely that if such
structural breaks do exist in the PGM price series we might find
that the price linkage between the U.S. and Japanese PGM
markets is also affected from the structural breaks. Testing the
effects of breaks on the price linkage is important because we use
the 2001-2010 period in our study which includes adverse events
such as the global financial crisis of 2008 and it can be that such
events have influence on the price linkage for the U.S. and
Japanese PGM futures markets.

In the next section, we explain the methods used in this study.
In the third section, we illustrate the details of the data. The
results of the tests conducted in this study are described in the
fourth section. Finally, the last section provides some concluding
remarks.

Methods
The LOP and the Johansen cointegration tests

The law of one price is tested using the following equation:
InPYS = A+BInP’ +u, 1)

where PYS and P are the prices of the U.S. and Japanese PGMs at
time t, A is a constant, B is a coefficient, and u, is the error term.’
When transaction costs or transportation costs exist among the
U.S. and Japanese markets, A represents these costs. The LOP holds
when B=1, but the weak version of the LOP also requires A # 0,
while the strong version of the LOP assumes A=0 (Asche et al.,
1999).2

Cointegration is a necessary condition for the LOP to hold
between different markets, so the Johansen test (Johansen and
Juselius, 1990) is conducted first. When the prices do have a
cointegration relationship, the sufficient condition, that B=1
holds for Eq. (1), is tested under the Johansen method. Cointegra-
tion requires all price series to be integrated of the same order.
Therefore, before performing the cointegration tests, all price
series are tested for their stationarity. We use the augmented
Dickey-Fuller (ADF), Phillips-Perron (PP), and Kwiatkowski-
Phillips—Schmidt-Shin (KPSS) unit root tests to examine this.
The null hypothesis for the ADF and PP tests is that the price
series are non-stationarity, while the null for the KPSS test is the
stationarity of the series.

It is known that the Johansen method can avoid the problems
that occur in the Engle and Ganger method such as the normal-
ization of the test variables and that the normal inference
becomes invalid (Asche et al., 2004). Furthermore, the Johansen
method can overcome the simultaneity problem such that the
test results become different based on the choice of the depen-
dent variable. The Johansen method can avoid this because the
Johansen test is carried out in a Vector Auto Regressive
(VAR) model.

The VAR model used in the Johansen test has the following
form:

p
Xe= Z ViXe—it+U+6 2)
i=1

where X; is the n x 1 vector (X;,Xa¢, . . ., Xnt)" Of prices, p is the order
of the vector autoregressive process, J; is a n xn matrix of
parameters, u is a constant, and & is a normally distributed
n-dimensional white noise process.> This can be written in the
vector error correction (VEC) form:

p—1
AXe=TIXi 1+ Y TidXe_i+p+er 3)
i=1
where IT=—I+3Y7%_ Il and I';= —Z}’:H] I1;. Whether Eq. (3)
shows a cointegration relationship between the U.S. and Japanese
PGM futures prices depends on the rank of the IT matrix.* The
trace and maximum eigenvalue test statistics are used for the
cointegration test

)vtrace(r) =-T Z 1D(1 *j-i) (4)

i=r+1

! The prices of Japanese PGMs are converted into U.S. dollars.

2 In this study, the weak version of the LOP is tested because there are some
arguments that the assumption of the strict version is too strict, which could lead
to biased estimation results (Asche et al., 2004).

3 n is the number of non-stationary variables used in the model.

4 Other parts of Eq. (3) are stationary because the X variables are integrated of
the same order by assumption.
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IMa(rr+1) = =TIn(1—Jr 4 1) (5)

where /; is the estimated values of the eigenvalues, T is the
number of usable observations, and r denotes the number of
possible cointegrating vectors. The appropriate lag length for the
VAR model is determined by the Akaike information criteria (AIC).

The LOP condition in Eq. (1) is tested by imposing restrictions
on the cointegrating vector in the Johansen procedure. For
restriction testing, Johansen defines the IT matrix as Il =af,
where f is the matrix of cointegrating vector and « is the speed of
adjustment parameters that are outside the cointegrating rela-
tionship. The cointegration between the U.S. and Japanese PGM
futures prices is a necessary condition for the LOP. Therefore,
cointegration between these prices needs to be verified before
performing the LOP test.

If Eq. (3) is cointegrated, it implies that there exists a
cointegration vector such that aﬁ/(P?f],PJt[i])’ is stationary. Using
this condition, the LOP condition can be tested under the coin-
tegration framework by applying the restriction ' =(1,—1) for
B'X¥ where X} = (PSP Y.

The following test statistic is used for this restriction test:

roo1-

L=-T> In

i 1-4A

(6)

where /; and ;1? denote the ordered eigenvalues of unrestricted
and restricted models. This test statistic follows an asymptotic >
distribution with degrees of freedom equal to the number of
cointegrating vectors.

Causality test

The causality test or the weak exogeneity test between the U.S.
and Japanese PGM futures prices is tested by implementing the
restriction on the o matrix. In this test, we examine whether
af (PYS,,PF ) is stationary when the restriction is applied.
Defining o/ = (ot1,062), if o1 # 0, the deviation from the long-term
equilibrium will be mainly adjusted by the change in the U.S.
futures price, while if o, # 0, the deviation will be adjusted by the
change in the Japanese futures price. This would mean that if
o1 =0, the U.S. price is weakly exogenous to the Japanese price,
and there are no changes in the U.S. price to adjust the price
toward the long-run equilibrium price. In this case, all corrections
to reach the long-run equilibrium are done through the changes
in the Japanese price. On the other hand, if o, =0, the Japanese
price is weakly exogenous to the U.S. price, and the changes in the
equilibrium will be adjusted by the U.S. price. Therefore, if the
results of the restriction test suggest that oy = 0, the U.S. price will
lead the Japanese price and vice versa when o, = 0. However, if
o1 # 0 and o, # 0, there will be no price leadership. It cannot be
o =0 =0, as this would violate the assumption that there is a
cointegration relationship.

Bai-Perron test

The structural break test is performed by the Bai-Perron test.
This test has the advantage in testing for multiple structural
breaks when the breaks are unknown. Furthermore, because it
allows for serial correction in the errors and heterogeneity across
segments (Bai and Perron, 2003), it is useful than the other
multiple structural change test such as Yao’s method using the
BIC criterion (Yao, 1988).

In the Bai-Perron test, the double maximum tests (UD max
and WD max tests) (see Bai and Perron, 1998) are first conducted
to see whether at least one break is present in the price series.
When the presence of one break is confirmed by these tests, the
number of appropriate breaks will be detected by the supF(I+1|l)
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test. The null hypothesis of this test is | breaks, and the alternative
hypothesis is [+ 1 breaks. The maximum number of breaks has to
be set initially in the Bai-Perron test and it is set to five in this
paper.® The price series used for the Bai-Perron test is the natural
logarithm of price ratios between the U.S. and Japanese platinum
and palladium futures contracts.

After the breaks are identified by the Bai-Perron test, the
platinum and the palladium price ratios are split into periods using
the break dates suggested by the test result. Then the unit root tests
are performed on each price series for each period determined by
the Bai-Perron test. When both the U.S. and Japanese price series are
confirmed that they are integrated of the same order, the bivariate
Johansen cointegration tests are conducted on each period for every
price ratio separated by the break dates. Finally, if this result
indicates that the U.S. and Japanese price series are cointegrated,
the LOP and causality tests are conducted in the same way as
explained previously in this section.

Data

The daily continuous futures prices of NYMEX platinum and
palladium futures contracts are used for the U.S. platinum and
palladium prices. The data for these NYMEX futures prices are
obtained from the EODData, LLC. The Japanese platinum and
palladium futures prices are taken from the TOCOM. The furthest
contracts are used for the TOCOM precious metal prices because
they are the most active contracts. The NYMEX and TOCOM are
the two largest futures markets for these precious metals and
TOCOM is the largest commodity exchange in Asia (Xu and Fung,
2005). We covered the period from January 2001 to April 2010 for
the platinum and palladium prices.

To enable the testing of the LOP between the U.S. and Japanese
futures markets, all of the platinum and palladium prices of these
markets are expressed in U.S. dollars. The daily currency rate
between the U.S. dollars and Japanese yen is used for converting
the PGM prices of the TOCOM market into U.S. dollars.® The data
on the daily currency rate used for this purpose are obtained from
the OANDA Corporation. The prices are also adjusted to match the
price units between the TOCOM and NYMEX markets. The original
data for the NYMEX platinum and palladium prices are both
provided in one troy ounce (=31.1g), whereas the TOCOM
provides its PGM futures prices in grams. In order to match the
units between the U.S. and Japanese PGM markets the prices of
the NYMEX platinum and palladium are transformed into price
per gram.

Fig. 1 is the plots of natural logarithm of the platinum futures
price for NYMEX and TOCOM and the plots of the price ratio
between the NYMEX and TOCOM platinum prices. Fig. 2 presents
these plots for the palladium. Comparing Figs. 1 and 2, it is
apparent that for both platinum and palladium markets, the price
paths for the NYMEX and TOCOM are similar. However, there is
more divergence between the NYMEX and TOCOM prices in the
platinum market compared to the palladium market. This price
divergence between the NYMEX and TOCOM platinum futures
markets is also seen in the plots of price ratio. Comparing
Figs. 1 and 2, the price ratio between the NYMEX and TOCOM
palladium markets is much more stable compared with the
platinum market. It can be expected from these figures that the
LOP condition stands stronger in the palladium market than in the
platinum market.

5 A trimming value is also set based on the maximum number of breaks. As
suggested in Bai and Perron (2003), we used 0.15 for this value.

5 This approach of conversion is common in studies examining market linkage
among different futures markets using daily data (e.g. Xu and Fung, 2005).
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Fig. 2. Plots of natural logarithm of NYMEX and TOCOM palladium futures prices and their price ratio.

Results

Cointegration requires all of the test variables to be integrated
of the same order. Therefore, before examining the cointegration
relationship between the U.S. and Japanese PGM futures
prices, unit root tests are conducted for all price series used in
this study.

All of the price series used in the study are integrated of order
one (see Table 1). The null hypotheses of non-stationarity are not
rejected with the ADF and PP tests for the levels of the price
series, but they are rejected for the first differences of the series.
The KPSS test also indicated that all price series are stationary
after differencing the series once. The null of stationarity is
rejected in this test for the levels but is accepted for the first
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differences. We, therefore, proceeded to test for the cointegration
between the U.S. and Japanese PGM price series.

The results of the Johansen tests are provided in Table 2. It is
clear from this table that both the platinum and palladium
markets are cointegrated of order one. This means that the U.S.
and Japanese prices for the platinum and palladium markets
move together during the test period. Because cointegration is
only a necessary condition for the LOP, we further tested the
sufficient condition for the LOP, which is the restriction test to
determine whether Eq. (1) holds between the U.S. and Japanese
prices. This test result is also provided in Table 2. The null of the
LOP condition is rejected for the platinum market, while this null
is accepted for the palladium market. Therefore, this suggests that
the LOP does not hold for the platinum market but it does for the
palladium market. The rejection of the LOP for the platinum
market may imply that the demand structure between the U.S.
and Japan for the platinum was different during the 2000-2008
test period. In fact, according to Johnson Matthey Plc (2009), a
large portion of platinum was also used for jewelry in Japan.
However, in the U.S., platinum was mainly used for catalytic
converter and the use of platinum for jewelry in the U.S. was
much less frequent. On the other hand, in both the U.S. and Japan,
palladium was mostly used for catalytic converter, and the two
countries’ demand structures during the period 2000-2008 were
very similar. This could be why the LOP condition sustained
between the two countries for the palladium futures market.

The result of the weak exogeneity tests in Table 2 indicates
that in both the platinum and palladium markets, the prices of the
NYMEX PGMs are weakly exogenous to those of the TOCOM
PGMs. This suggests that the discrepancy from the long-run
equilibrium relationship between the two markets is adjusted
by the TOCOM market. Therefore, the price information for the
platinum and palladium markets is first incorporated into the U.S.
market, and it is the U.S. market that plays the leading role in
transmitting the price information between the U.S. and Japanese
PGM futures markets.

Table 1
Unit root tests.

Variable Log level First difference of log level

ADF PP KPSS  ADF PP KPSS

NYMEX platinum  —2.257 -2.282 0.371% —46.976* -46.972* 0.080
NYMEX palladium -2.586 -2.434 0.674* -33.787* -44.231* 0.110
TOCOM platinum  —2.732 —-2.388 0.397* —-9.575* —47.774* 0.077
TOCOM palladium —2.390 -2.388 0.665* —47.774* —47.774* 0.100

Notes: All the unit root tests for the level and first differences include constant and
trend. Lag orders for the ADF tests are determined by the AIC and the bandwidth
for the PP and KPSS tests are identified by Newey-West method (Newey and West,
1994).

* Denotes significance at 1%.

Table 2
Cointegration tests without breaks.

These LOP and causality tests are also conducted for the case
where the effects of structural breaks are considered in the model.
First, whether structural breaks exist in the price series is tested
by the Bai-Perron test. Table 3 provides this result. The double
maximum test statistics for the price ratios between the U.S. and
Japanese platinum and palladium markets are both rejected,
which means that at least one structural break exists in the price
series. In both the platinum and palladium futures markets, the
supF test statistics in the table reveal that the appropriate number
of breaks is four. The platinum and palladium price series are split
into five periods by these four breaks, and for every period, the
Johansen, LOP, and causality tests are conducted.

The results of these tests for the platinum market are pre-
sented in Table 4.

The results of the Johansen test in the table reveal that the
NYMEX and TOCOM futures markets have a long-run relationship.
For all periods, the NYMEX and TOCOM platinum futures markets
are cointegrated of order one. However, as seen in the table, the
test results for the LOP condition and the causality tests had
different results among the tested periods. The LOP condition
does hold for the first and fifth periods in the platinum market,
but this condition is rejected during the second through the
fourth period. The NYMEX and TOCOM platinum prices diverged
from the equilibrium price from March 2004 to June 2008. This
period accords with the time where global economic boom
occurred, so it could be that this divergence between the U.S.
and Japanese platinum futures prices is related to this boom. The
result of the causality test for the platinum market is largely
affected from the structural breaks. As seen in Table 4, whenever
there is a break, the price leadership changes between the U.S.
and Japanese platinum markets. It is noticeable that there is no
price leadership during the fourth period, which is the period
before the global financial crisis hit the world economy.

Table 5 provides the test results with breaks for the palladium
market. Here the Johansen test reveals that the NYMEX and
TOCOM palladium markets are cointegrated except for the first

Table 3
Bai-Perron tests.

Platinum Palladium

Test Statistic Statistic
UDmax 265.22** 184.05™
WDmax 286.75™* 184.05™
sup-F(2[1) 225.88** 46.82**
sup-F(3|2) 43.64™* 45.01**
sup-F(4|3) 20.34™ 29.02*
sup-F(5/4) 11.16 0.00°

** Denotes significance at 5% level.

2 Given the location of the breaks from the global optimization with four
breaks there was no more place to insert an additional breaks that satisfy the
minimal length requirement.

Variables in the test Ho: rank=r Trace test Max test LR test statistic for Variables LR statistic under
the law of one price exogeneity
NYMEX platinum vs TOCOM platinum r=0 25.44** 23.27% 13.40** NYMEX 1.08
r<=1 217 217 TOCOM 8.75**
NYMEX palladium vs TOCOM palladium r=0 76.01%* 67.29* 3.02 NYMEX 0.04
r<= 8.72 8.72 TOCOM 48.55%*

** Represents significant at 5% level.
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Table 4
Cointegration tests with breaks for the platinum series.

Period Dates Hop: rank=r Trace test Max test LOP Variables Weak exogeneity
1 January 04, 01-March 30, 04 r=0 29.10™ 28.28** 1.75 NYMEX 0.29
r<=1 0.82 0.82 TOCOM 15.09**
2 March 31, 04-August 25, 05 r=0 45.03* 38.00% 14.37** NYMEX 8.47**
r<=1 7.03 7.03 TOCOM 3.22
3 August 26, 05-January 17, 07 r=0 31.87* 27.79** 5.90** NYMEX 2.16
r<=1 4.08 4.08 TOCOM 22.66™*
4 January 18, 07-June 30, 08 r=0 35.09™ 32.18** 5.54** NYMEX 7.51%*
r<=1 291 291 TOCOM 29.24**
5 July 01, 08-April 30, 10 r=0 44.56™* 4227 3.00 NYMEX 17.76**
r<=1 2.29 2.29 TOCOM 0.38
** Denotes significance at 5% level.
Table 5
Cointegration tests with breaks for the palladium series.
Period Dates Hp: rank=r Trace test Max test LopP Variables Weak exogeneity
1 January 04, 01-August 26, 02 r=0 30.71* 19.60™*
r<=1 11.11** 11.11*
2 August 27, 02-June 25, 04 r=0 102.37** 98.12™* 1.69 NYMEX 0.67
r<=1 4.25 425 TOCOM 82.50™*
3 June 28, 04-February 10, 06 r=0 74.82* 74.08** 23.78™ NYMEX 2.77
r<=1 0.74 0.74 TOCOM 70.56™*
4 February 13, 06-October 20, 08 r=0 79.22% 78.82%* 6.06™* NYMEX 2.62
r<=1 0.40 0.40 TOCOM 69.79**
5 October 21, 08-April 30, 10 r=0 167.09™ 161.73** 13.77** NYMEX 5.14**
r<=1 5.36 5.36 TOCOM 82.59™*

** Denotes significance at 5% level.

period.” The LOP condition sustains until the second period but it
is rejected in periods after the second period, which are periods
after January 28, 2004. The results of the weak exogeneity test
reveal that the palladium price is led by the U.S. price until the
fourth period, but this price leadership disappears in the fifth
period. In the fifth period, the null hypothesis of price leadership
is rejected for both the NYMEX and TOCOM palladium prices and
no price leadership is found for this period. It is likely that the
linkage between the U.S. and Japanese palladium futures markets
was influenced by the severe movements of palladium prices
during the global economic boom from 2004 to 2008 and its
collapse in 2008.

Conclusions

In this paper we tested if an international market exists for the
platinum-group metal (PGM) markets by investigating the law of
one price (LOP) condition between the U.S. and Japanese platinum
and palladium futures markets. A large amount of these metals is
traded globally and examining the market linkage for the U.S. and
Japanese markets will be helpful for policy makers who are
providing sustainable markets for these metals. Creating effective
policy to distribute these metals efficiently among different

7 The reason that the cointegration is not found for this period is likely to be
related to the effect of the so-called "Palladium Incident” in the TOCOM market in
2000. The palladium market was put under control by the TOCOM due to its
extraordinary price jump and the amounts of trades were limited for a while and
this withdrew the participants out of the TOCOM palladium market. After this
event the TOCOM palladium futures became inactive for a while.

industrial sectors is becoming especially important because
demand on these metals from the auto industry for catalytic
converters is rising to meet stringent emission standards.

First, we examined whether long-run relationships exist
between the U.S. and Japanese PGM futures markets. The results
indicated that in both platinum and palladium futures markets,
the U.S. and Japanese markets are cointegrated, which suggest
that these markets are linked in the long-run and there are
information flows between the U.S. and Japanese PGM markets.
We then investigated if the LOP condition sustains between these
futures markets. We found that the LOP condition is statistically
rejected for the platinum but it does hold for the palladium
market. Hence there is not a perfectly integrated international
market for the platinum futures market but the palladium futures
market can be considered as one integrated international market.
This implies that it would be difficult to influence the interna-
tional platinum market with one policy but this may be possible
for the international palladium market.

The test for the causality of the price information flow
between the U.S. and Japanese platinum and palladium futures
markets suggested that in both markets, it is the U.S. price that
plays the leading role for the international market for these
commodities to move together in the long-run. This result is
consistent with the previous study testing the price leadership on
gold, platinum, and silver across U.S. and Japanese markets (Xu
and Fung, 2005). This study also finds information flow from the
U.S to Japanese market among the metal markets. This finding
tells us that even though the U.S. and Japanese PGM futures
markets are traded at different time zones the price decision of
the participant in the Japanese market is affected by the U.S.
market and these markets are dependent.
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The LOP and causality tests were also conducted when
structural breaks were considered in the price series. The test
revealed that four breaks existed in both the platinum and
palladium futures price series, so the series were split into five
periods. The LOP and causality tests examined for each period
disclosed that for the platinum market, the LOP condition held
between the 2001-2004 and 2008-2010 periods, while this
condition sustained only during the 2002-2004 period for the
palladium market. However, for both markets, this condition did
not hold between 2004 and 2008, when most of the commodities
increased due to the global economic boom. The causality tests
were also affected by the break dates determined in the study.
The price leadership between the U.S. and Japanese PGM futures
markets changed every time the break occurred for the platinum
market, and it disappeared after October 2008 for the palladium
market. These results showed that the price relationship between
the U.S. and Japanese PGM futures markets was largely affected
from the structural breaks. Hence, consideration of such breaks is
useful for understanding the impacts of the breaks on the
international price linkage in the PGM futures markets.
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