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Proposal of a construction method for a unique coefficient matrix
in matrix-based life cycle inventory analysis
Ichiro FUKUHARA and Hiroki HONDO

Synopsis:

Background, Aim and Scope. Matrix-based life cycle inventory analysis is effective to evaluate environmental
impacts of systems including closed-loops (e.g. recycling). However, the matrix method has not yet been
widely used because it is complicated and difficult for most LCA practitioners to adequately make a regular
coefficient matrix from input/output data of processes. Therefore, this study aims to develop a general
method to make a unique, regular coefficient matrix for supporting the use of the matrix method.

Methods. First, five types of basic components are newly defined to express a product system. The
combination of these five components allows for describing an arbitrary product system. Second, a system
that is re-described using the five components can be dealt with as a geometrical figure that is expressed
using the abstract concepts of nodes and edges in the graph theory. Finally, a regular coefficient matrix is
made by analyzing geometrical relationships between nodes and edges.

Results. It was proved that a unique, regular coefficient matrix can be obtained if the geometrical figure
corresponding to a product system is a planar graph. An algorithm to make such a coefficient matrix was
formulated using Euler's polyhedron theory, based on balance equations of flows of goods (e.g. energy,
materials) in a system studied. The validity of the proposed algorithm was demonstrated by applying the
algorithm to a simple, numerical example: a product system including closed recycling.

Discussion and Conclusions. An advantage of the developed method is that the complicated flows of goods
in a product system studied can be reduced to an abstract geometrical figure according to mathematically
simple rules. This means that computers can easily generate a unique, regular coefficient matrix automatically
from input/output data of processes in a product system. We plan to create software based on the proposed
algorithm, which enables LCA practitioners to easily perform the matrix-based LCA without making a

coefficient matrix on their own.
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WE2) AREO WML H LT T T

WE3) #EK: IO HBBEMY BRE, EOLOM NN % F—#
LC—sicyaael?,

WiE4) 57T 7 G OTRES & BEEDIT Gy DTHRES L 0%
HOWHMEBRIRoTVB L&, GRG,OHS 757 THs T,



Journal of Life Cycle Assessment, Japan

ZPG). BYBTOBEpG) T 5, IS, Ly Y3
YERTHEREZSG). BT HTORE(G) T 5,
7ev 75 7 GOMEREG)IE. —IAS(G)DILD TH M
Pehi 3 %3885 % Epg(G) (P-SHIOW 7 o —2xhis) L. W
Wi A3 P(G) DICO TH RN HEHE T % WA Epp(G) (P-P I DB
7 U =) ORITH S,

WiZ, ERoERKICHKOE, 31L 32T MIWITHRIL
PVAFACBIAIMTIO—DNG VAR ER D, VAT
AR, RO2MEOTae AOM 7O —D1NT v R
PEEND,

) 120t Lv s vayilERT 5320070k 2O,
Mru—ns o2z
(2) 2207 ABO, M7a—1F 2

(1) IZ2WTC 12Dk L7 ¥ a vilid3on7at A8,
EpG)DILTH HBIZL > THH L. TNEFNDMIZP-S
HoM7a—1cHY 5, LT, IhbH3207 00—,
32DTREANLRTELZ Y ar~DANS LLIEH
HOVTIhLRoTwb, PlZIE, Tat AP, OIS,
StV avSIitkoTTut AP Pl LTA
NTBEE.3200PSHoM7a—n5 v 21k, X (35.1)
DEHITHMLLTRITZLATE S,

P, (output) = S (input)
S (output 1) = Py (input) (35.1)
S (output 2) = P (input)

BIDEFRI VLY V3 yTCRIFOBEIR VDT,
WX (35.2) 2D 3D,

S(input) = S(output 1) + S(output 2) (35.2)
X (B51) & (352) »n. X (353) 135,
P, (output) = Py (input) +Pc (input) (35.3)

X (353) &, 120tV vy a o AMIZHERT S
3o TUL ABOMTT—NT Y ATHY, LL g
Y ONIERRLEREICHBRRLEON S,

COFEMRFELZ Y a v TEIEHLZENTE S, &
L7 vavyoREs(OMdc7:0. K (353) #3207
T AMOM 7 BN Y ADEUROELEM(G) L E
FT L, MG)WBRT 20D (G)TH b,

(2) 1Z2WT, 22D T T EADPEpp(G)DILDBIZE >
THHEL. COMIEP-PHoOM 7 a—IcHE T 5, BlZIE.
T AP\ HHEM LA, 70 AP IZH AT 2HE
YL L72PPHIOM 7 0 —r35 ¥ A1,

P, (output) = Py (input) (354)
TRI LDV TE S,

BHEBEpp(G)iE. BEGEG)DI B, Epg(G) % iz
bOTHb, EHIT. Eikh . EpgG)DILOEKIE(G)D
ETHLHOT, X (354) D2oD Tt AFOM 7O —

NG U AGMNRDEEEM(G) EEFRTIZ, M(G)IT)R
FTHIEOHIZ. «G) -35(G) &5 B

CZT, YUt AMOM T O—NT v REMESM(G)
EM(G)DRELGZEMG) L L, BT 2O Em(G) L E
KT, InSomIFKA (355) 29K Y o,

M, (G) = M(G), M, (G) = M(G),

M (G)NM.(G)=D, M, (G)UM, (G) = M(G), (355)

m(G) = 5(G) +(e(G) =3s(G)) = £(G) - 25(G)

—Ji. PG & S(G) & ENhZENT T 7 GOTENES NG
DERFHEATDH Y, P(G)ES(G)DILIRHVICETH 5.
WoTo KA (356) ALY VDD T,

P(G) < V(G),8(G) =V (G),

P(G)NS(G) =D, P(G)US(G) =V (G)
kX (35.7) ALY Do

v(G) = p(G) + 5(G) (35.7)

F 4 T —OZHEREHD S u(G) - &G) + f(G) = 25% 5
., X 357 ZRATHIEIZEY. KX (358) AUk
YIVASH

2(G) + 5(G) - &(G) + f(G) =2 (35.8)

T2 YAFAHIZ, 220k Ly Vg VIZEkoTEDS
NBENV—=T0H5EE. 70—Hrofdbhsd 7T 712k
PABADMES NG, TD1DDOMMKIC X - THBIE A & 5#
SNBHAL2WMT 572, HEEDOEA r OIREIZ BRI
EEHEDITITTCOMB/ADIE. r+ NE%ELLSLD, &
T KX B58) Df(GOxEEHAL. kX (359 %%,

P(G) +5(G) —&(G) +r =1 (359)

K (359) WCkoTTFutxfh, L2 vy Lo
BOBBRIREINTZD, TRIZTE =T Y 2540
LABOBKOBRA (355) #IUAT L L.

m(G) + 5(G) —r + 1 = p(G)

%135,

Tt ZAMoOM 70 —1N5 ¥ 25N OEEMG) % H
AL, 70— Y 2D5ENR0O, v v a
YEL BBOBE, 7o AKITOWTH 72 % BRR
(35.10) RD BB,

BREBATHI ZHEET 5720121k, 7aexBol7o—
NG U ALEHERPUIC, kL2 v a ORIt EET
REVATLOBRAEUBANLETH S, $TICTut
AWMDY7 T =T ¥ ZEHKIEM(G)TRD HM7=DT,
KOtV s va ryOpBEtezRRTRNE AT LD
REMaeRRTRAabET (G -r+1) AMAB ET,
VAT LAERDONTG Y AROKE Tk 2B (35.10)
PHHELL D, REATHAZIELTHIE 25 2 E0bh
%

31 TRz [V AT DITRESNDER ] H31>D
Bt (G -1 Ly va okttt Eyok

(35.6)

(35.10)
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CHINS 2, 2L 27 v a v OE»SHBOBEXALTI S
LiE Tabb, 120MKICHIET 52200V Y ¥ g
YD5BE, ELoh—HOLEMREBNT S EBUET
HHEVHITLERLTVD,

Doz ths, mEATHIA%Z (m(G) + s(G) - r + 147
Xp(G)H) EFBHE, THAZ. TatABOH 7T —N
T ¥ AGMEA IR T 4y (m(G)IT X p(G)F). &L 7”7
¥ a v OGIGEN R RIS AR ((G) - AT xp(G)F). B
B2 R ATH AR (14T X p(G) 5 D 3D DERITATHI 3K
HLATHIE A, kA (3511) THEN 5,

A, mGIT
A=| 4, 5(G) — 17 (35.11)
A, UT

SIT. TULABOM T O—1NT v R GAEA M(G)
DEHEMGY) i =1, ..., m(G) EFTHUE, 754y, D i EH
@tk K (3512) THEND,

MA(GITHIET M7 a—205,
Y IuvAPIMEP, A
.k T AL AP BB M (G THIET % (3512)
mij 7a—iz1ih o
, 7B AP M, (G HIET B W

Ja—Z&Inkw

MgiosEtelL s va vicBwT, 702 AP, 57
T AP A R0 <R, <)DWETHIET S & XiF, #
BATHN AR D ij B a,; 13N (35.13) TRENL, 7271,
TatZP OBE7O—DREEP, LT 5,

R, ,j=u
a, = -P, j=v (35.13)
0 ,JEUNV JEV

T, MlkioftL 7 ¥ a v iIZBWT, Uk AP,
OEARD I B, Tt AP, 5 5HDOMEMEHNR0 <R, <1)
DIHZ HED TV BLEC, BT Ay D ij % a, ;13K
X (3514) TIREND,

[BHRA 27 Z 7" 30%

YR, ,j
J

u
a. =4— Pa v v

(35.14)
0 ,JEUN JEY
T AP, O HREMNi & T 25510 BT
ﬁlJAFO)ljgﬁaﬁjCi?j(iﬁ (3515) "Gﬂf“énéo

1 ,j=u
a =
i |0, j#u

3.5.3 ERI{TFIDEEEA

VAT A%ILILI2OHFETT I 7 TG LT L,
WM I 70 oNb, COZLh s, P-PHEP-SH
DBOBZLT1D2TH S, #oT. 7H—NTF YV AD5
RGO T A 7t 2id. ThZPROESGT LT
RTELDLZEDS, BTN ADITRZ P VIETRT
—UKBLTH 5B,

HEVL sy a VICERT 2LOMAEDLEIXT TR
2720, L7 varogEEtRbRE 5, o T,
ARDFTR 7 PWVIETRTIEZERZ PV TH Y, —KML
Thbo

Fo, K7 A0 1VHAGT S 72 ) O T 0t 2R
BEZETHY, TRTOTTLRRESEMG)DVTFhR
CEENTWE I LN, FFTHAyOFIR 7 b VIdE
BRI INVTH Do H#oT BREATHADHINRZ b vd Ik
BRIV TH b

L7435 T, 351 DIEAATHI DL 35 2w LT
W2 OT, BREATHIAZIENFTHTH %,

(35.15)

4. T—RARAEF 41—

AW CTRE L 72 RBATHIOER T L2 BT 5 7 —
AR TF4 =L LT, ThVIHOHEGE, #H, V342
VEGAZE—EOTE—=% 2Y P, 20V AT AR
HI11IZRT. E5I1C. OV RATFLE3ITRREZY AT
AO—BHEHICL - T I 7 ICHEEELZDORXI2

B Hh 4 v ,I T NRLEP,)

TLE(Py) T

listiia
T FHF20%
A - FIE(Py) 2> HHE(P)

A 4

Y =I| ﬂfﬁ"f@lﬂéﬂﬁ)

A5 2 7 30%

iﬂ(j':»\ﬁé(})g) <

S| e
@%-ﬂﬁ@)i | T |
l P,
HESZA5(Ps)

K11 ZIVIEDTATHA TV RT L
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7O -G

30%431l5;

-0.97 1

20% 51

-1.1

Dy |«
o] =~ Dk
Dg < I 1
.05 1 -0.95 1
e m Sg Py So Ps Sio Dy
Eq
J 30%4315;
Dig
-1
-12 A \ 4
1
v -l
[ & #3—Feereswt, Pg

12

WRT, SO—MWEHATIE., HOT T L AP, ~PyD
iz, K3WRT1IMED ¥ I — 7 ut APy, ~ Py, 24
TH20 70 ZABIAE 20T 5, %70t 2
DEOBFIE T O AWE &1 ALH 72 ) OB A R
BERT,

FFTO L AMOM 70— 35 ¥ R EMEA M(G) &R
TN AGENERT B0 Ayld, H120KEL 7 ¥ 3
VICERT B 3007 uk AR 70 =5 v AN &,
2oD7at AMOBDOTO—INT Y A%MH] #FELT
W,

BIZIES, T, 70 AP, LR SN M 1285, 73 —
THE APy & T RE AP AR A LT WS, ¥3I—7
Tt AP A SN B WMIE 70 & X G B gp, (ICHEE 7
O — &P, B L7METH . FITT B2 AP T
AT W, 7 u b AEE) g5 (SRR 7 v — P, 2
L7METH Y. RONT 7 AKX D D,

PP P P, P, P, P, P P
s [1 0 0 0 0 0 0 0 0
S, 100 0 0 0 0 0 0 0
S, 10 —1.05 0 0 0 0 0 0 0
S, |01 097 0 0 0 0 0 0
S, 100 1 0 0 0 0 0 0
S, |00 0 0 0 0 0 0 1

A, =S, |0 0 0 0 0 0 0 0 0
S, [0 0 0 -1.05 0 0 0 0 0
5,10 0 0 1 ~095 0 0 0 0
S, |00 0 0 1 0 0 0 0
5,100 0 0 0 -110 0 0
S, 00 0 0 0 o 1 -1
E, [0 0 0 0 0 1 10 0

|
—_
[\S]

s

SO O O O O o o o o o o -

TIWIEDTATHA IV AT LDTZTRR

9 x1—qp3 X Pyp3—q3 X Py3=0 (4.1)
(I =70 AP, DHRE7 0 —DFREP,p; = 1. 70t
2Py DHERE 7 0 — DREP,; = 0.97)

X @) LFBE, V27 Y3 vS ~S,, 7BtA
Pe-P D7 00— Eg; R3O 54X % % & 072855017
a2 (3512) 1L AERL, X (42) TR, 2D
BIATHIOFNZ K 7 1 & ZIEE) 1 HALH 72 ) DA
HEREZRLTWD,

RIZE V7 Vg v OGN 2RI A Z 1EK
F5ho BLZ ¥ 3¥S, Ssu Sov Sy Syps Syp WIS
BREINTVE, ZOELZ T avDIH, S, Ss Son
Siov S12 Tk Myu—245lEtL 7Y a YitkoT, i
FELE (VA 7 VKR E) TR 72t X245
%o F728,, TR 20o0OH 7 u—2 Btk L s Y a itk
T, LR (MIITIEEHRILE LTwd,) T
Wy 5o

U"U

S

2
ine]

o P 1_

PD PD7 PD 8 PD D D
10 0 0 0 -1 0 0 0 0 0
10 1 0 0 0 0 0 0 0
I 1 0 0 0 0 0 0 0 0
0O -1 0 0 0 0 0 0 0 0
0 0 -1 -10 0 0 0 0 0
0 0 0 0 1 10 0 0 0
0 0 0 0 0 1 -11 o o] 42
0o 0 0 0 0 0 1 0 1 0
0 0 0 0 0 0 0 0 -1 0
o 0 0 0 0 0 0 -1 0 -l
o 0 0 1 0 0 0 0 0 1
O 0 0 0 0 0 0 0 0
O 0 0 0 0 0 0 0 0 |
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Sl 7 3 a vy, TE, TREAP, LRI
W@ 30% A% THEAPHITHEKASIN TS, ¥ 3I—
Tat APy AT BMIEZ T T & R Py OIEH gps (2K
70— P, 2 LAMETH Y. T R HEH R,
EDIZRDING ¥ AKX D,

I —
<

S, (g, x1)x0.3 =gy xP, 5 =0,(P,,, =1.0) (4.3)

T/, AL Y3 vS Tk, ¥I—=70 APy,
POEMSNAMD, TaEZAPJAHEATZHD ) H20%
EHOTWVD, THEAPJAIRATIMIEIT T APD
B e ICHRAE 7 0 — R P, 2R L72METH D, Tut
G R gps & DFICKD ST ¥ AR D 10,

Sy 1(gps x1)/0.2— g, x P, =0,(P,, =1.1) (44)

X (43). (44) LRI, 50, FiitlLryaro
GG E LT O X ) IZHM L7z, £V 7 Y3 ¥S,. Sk
Sov Sigr S12Tidy WX (45) 25, kL7 v a vS, Tk,
WA (46) BENZFNKD D,

4 :(q2><1)><03 dp3 % P,ps :Oa(Pam 1'0)
5 :(q3><l)><02 dps X Pps :0’(PaD4 —1'0)
9 :(Q4 XI)X0'3_qD1() XP,p1 = 0’(PaD10 1~0) (45)

Bl1THFI—TatADKET7 T —REP,H, 10L&
#%)

S 1 (gps x1)/0.2 =g, x P, =0,(P,, =1.1) (4.6)

DX, kL Z Y3 vosEEtFE. ELY Vs
YO/ B TRBIARLET B 200 7 1k i H o B%
ERTREZIDORET A2 TEIV. 2L L. L vV
YCHMT B30T 0 ADIKER S VO E BRI,
A THIRENRTWS [37 Ao 70—

A%&M] b R 43) X 44) TREND [/
HRFICE S 2Tu R AMO TR =S VAL 2
NOMN L7222005 0k > TBAR R RETE D

M
(&}

~ r P P P P Py [ T R
S, 0 03 0 0 0 0 0 0 0 0
S 0 0 02 0 0 0 0 0 0 0
A4, = S, 0 0 0 03 0 0 0 0 0 0
Sho 0 0 0 0 02 0 0 0 0 0
S 0 0 0 0 0O -1.1 0 O 0 0
S, L0 0 0 0 0 0 08 0 -12 0
4 = b P P P B P P B B P, Py Py
F [0 o 0 0 0 0o 1 0 0 O 0 0
98 Vol5 No.1 January 2009

NoThb, BlzIE, HlktL 7 ¥ya ST 53
DD T AP, Ppi PyDIEEIE G,y gy gz DM H
iz, X @D X 43) D225 MRNTRT I LM
k%,

X (45) & (46) 2 —HXTELZb D, A (35.13)
& (3514) THH. L2 v a vyopsttens ks
TR AR A (A7) DX HITER SR 5,

BB AT A0BRGM %X (3515) 12> Tk
T 5, TR 7 ut AP, OifEE (BEkIhiz7V I
OFHEICHE LY, Z1EThiIE. X 48) IR TER
SRR TER AT A DR E N Do TRBERARY I e
3 0,...,0,1) TELTHESND, (TIREBITHIZRT)

45N 730D, Ay Aps Ap K (3511) THE-
THEL, 70 AR PVqEBERX7 Flak
BOIY AT AERONT AKX ER (49) [TRT,

ik L 72 RBATHNZIERITH Y #4152 oo T, K
(49) ZHWT7 UL ZDWHB RN PLqzRX (410)
DEHEB,

R, COXHIICLTRDONS T 0t ADIHE)
N7 MV qE BT u—%2 £ BERX (23) ITUA
LT, Y AT AKROBRBEANPEHEINT 5,

2L
(>3

- -
- -

5. ¥&8

AWFETIE. ¥ MY v 7 AT XBLCIDOEEE FH I
THIERHMEL, 75 78 %I L CIE 28847
e —RICHIET 2 TR RE LT SR ETH VR
T AZOWT, HRICER L ZSHEORARERZOAE
WTRBLETIET, 79 7HHTY) £ 2 ADTHM
(/=F) &l (v ) TREINLEMFAN TG
FTHIERWEIZLZ: 2DXH %Y AT LDHMGALDF
Mid, AR IVATAEZHET L7 7u—Lt Dl
PREA HMABANC X > CTEBITE D 2L TH Do TORRE,
HE VAT A% RKIT HREATH 2 9 F o 72 FIHIZHES T
—BIERT B LML oo 7272 L. ARFTETHR
RLURBATYIOMSE FENH RN E D DI, R AT
A% FTRATEN BB RN 75 7 L R 26 TH 5,

2 D3 D4 PDG I)D7 PD8 D9 DI10 DIl
-1 0 0 0 0 0 0 0 0
0 -1 0 0 0 0 0 0 0
00 0 0 0 0 0 -1 0 47)
00 0 0 0 0 -1 0 0
0 0 102 0 0 0 0 0 0
0o 0 0 0 0 0 0 0 0|
PDS PDG PD7 PDS PD9 PD 10 PD] 1
00 0 0 0 0 0] (48)
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7P] P2 P3 P4 PS P6 l)7 PB P‘) PDl PDZ PD3 PD4 PDS PD() PD7 PD& PD‘J l:)D 10 PD] 1 _ _ _
5, 1o 0 0 0 o 0 0 0 -10 0 0O O -1 0 0 0 0 0 a ] (0
s, |00 0 0 0 o 0 0 0 I -10 1 0 0 0 0 0 0 0 ¢ | |0
s, |0 -1.05 0 0 0 0o 0 0 0 ©0 1 1 0 0 0 0 0 0 0 0 g | |0
s, 01 -097 0 0 0o 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 g, | |0
s, |00 1 0 0 0o 0 0 0 0 0 0 -1 -1 0 0 0 0 0 0 g | |0
S, [0 0 0 0 0 o 0 0 1 0 0 0 0 0 1 -10 0 0 0 4 | |0
s, |00 0 0 0 0o 0 0 0 0 0 0 0O 0 0 1 -11 0 0 4 | |0
S, 00 0 -1.05 0 0o 0 0 0 0 0 0 0O 0 O 0 1L 0 1 0 g | |0
4,17 S (00 0 1 -095 0 0 0 0O 0 0 0 O 0O 0 0 0 0 -1 0 g | |0
[AR}(I:S,O 00 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 ~1| |gy|=0| (49)
4| S, |00 0 0 0 110 0 0 0 0 0 O 1 0 0 0 0 0 I dps | |0
S, (00 0 0 0 0 1 -1 -120 0 0 0 0 0 0 0 0 0 0| |gm| |0
E; [0 0 0 0 0 1 -10 0 0 0 0 0 0 0 0 0 0 0 0| |gw| |0
s, 003 o0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0| |gw| |0
s, oo 02 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0| |gw| |0
s, |00 0 03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0/ |gn| |0
5, [0 0 0 0 02 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0] |gyl| |0
5, |00 0 0 0 -110 0 0 0 0 0 0 1020 0 0 0 0 0| |gw| |0
5, (00 0 0 0 0 080 -120 0 0 0 0 0 0 0 0 0 0| gl |0
F [0 0 0 0 0 o 1 0 0o ©0 0 0 0 0 0 0 0 0 0 0] |g, U
q= (0.46, 0.38,0.28,1.5,1.1,1.0,1.0, 0.2, 0.67, 0.23, 0.29, 0.11, 0.055, 0.22, 0.23, 0.90, 1.1, 0.23, 0.45, O.SS)T (4.10)

I F o P TIEH R EBATH % — g TcE 2 L
F. BHEERIC X 0 REATHI 2 B RD B Z LB S &
CLEEBRLTVD, 5HIZ. AMETIRELZTVTY
ALEMOT, SHRNRY AT LAEHET L7 2DA
W17 — % 2 S REATH 2 BB L7z LT, Y AT
LERORBEAMZ M TELY 7 by 2T 2HET LY
ETHbo V7 +7 7T 5 LT, LCAERA DR
BATHIOMSICHEBEWICH G 3, o dhiz7vTY X
L TEMIICAEED TR S 72, < MY v 72 2R
TeA Y RY PGB EHCEMGTE D LMW TE B,
F 72, SADOTFMEREIC L > TH S NI R » R RETFE
DRFUZOVTH R Y AT &% FZT RO
PIARAT LR W ITEICIER T2 PR TH b

CEBE204F4 A 28 HEZAF, “FR204F 10 H 10 HERHY)

SHRER

1) International Standard ISO 14040. Environmental
management - life cycle assessment - principles and
framework, ISO/TC207/SC5, (1997)

2) ]J.B. Guinée, H.A. Udo de Haes, G. Huppes: Journal of
Cleaner Production, 1, (1993), pp.3-13

3) International Standard ISO 14044. Environmental
management - life cycle assessment - Requirements
and guidelines, ISO/TC207/SC5, (2006)

4) R. Heijungs: Ecological Economics, 10, (1994),
pp.69-81

5) R. Heijungs, S. Suh: The Computational Structure of

Life Cycle Assessment, Published by Kluwer
Academic Publishers, The Netherlands, (2002)
6) S. Suh, G. Huppes: Journal of Cleaner Production,
13(7), (2005), pp.687-697
7) R ANV F— - T F ) A LIMBRRA A
PEM AT, AR = 2V ¥ —2258", Fikn] g &
V¥ — & LCATHAKR = 3V ¥ —2%2, Hxt, (2008)
pp. 51-81
8) J.M.Gwak, M.-R. Kim, T. Hur: Journal of Cleaner
Production, 11, (2003), pp. 787-795
9) R. Heijungs, S. Suh: Journal of Cleaner Production,
14(1), (2006), pp. 47-51
10) S. Suh, S. Nakamura: International Journal of Life
Cycle Assessment, 12(6), (2007), pp.351-352
11) M. Lenzen: Journal of Cleaner Production, 10, (2002),
pp.545-572
12) S. Suh: Ecological Economics, 48(4), (2004), pp.451-
467
13) K. Halada: Proceedings of 2nd International
Conference on EcoBalance, (1996), pp.188-193
14) HAMEFR=SM, “HERBREE & MR, $29E57 | B0,
(1999), pp.129-149
15) AT, RIRE, WHAEN: HALCA
(2006), pp.266-272
16) F. Harary: “Graph Theory”, Addison-Wesley
Publishing Company, Inc., Reading, MA, (1969)
17) J. A. Bondy, USR. Murty: “Graph Theory (Graduate

2 INE
FRNE ,

2(3),

Vol.5 No.1 January 2009 99



Journal of Life Cycle Assessment, Japan

Texts in Mathematics)”, Springer-Verlag, London,
(2007)

18) E.J. Henley, R.A. Williams: “Graph Theory in
Modern Engineering”, Academic Press, New York,
(1973)

19) R.V. Rao, O.P. Gandhi: Proceedings of the Institution
of Mechanical Engineers, Part J: Journal of
Engineering Tribology, 215, (2001), pp.25-32

20) R.V. Rao, O.P. Gandhi: International Journal of
Machine Tools and Manufacture, 42, (2002), pp.321-
330

21) R.V. Rao, O.P. Gandhi: International Journal of
Machine Tools and Manufacture, 42, (2002), pp.521-
528

22) VK. Sethi, V.P. Agrawal: Mechanism and Machine
Theory, 28(47), (1993), pp.601-614

23) O.P. Gandhi, V.P. Agrawal, K.S. Shisodia: Reliability
Engineering and System Safety, 32, (1991), pp.283-
305

24) R. Venkatasamy, V.P. Agrawal: International of
Vehicle Design, 16(5), (1995), pp.477-505

25) SK. Mukhopadhyay, KR. Babu, K.V.V. Sai: International
Journal of Production Research, 38(11), (2000),
pp.2459-2470

26) T. Ekvall: Resources, Conservation and Recycling,
29(1), (2000), pp.91-109

27) R. Heijungs and R. Frischknecht: International
Journal of Life Cycle Assessment, 3(6), (1998), pp.
321-332

28) T. Ekvall, G. Finnveden: Journal of Cleaner
Production, 9(3), (2001), pp.197-208

29) A. Azapagic, R. Clift: Journal of Cleaner Production,
7(2), (1999), pp.101-119

30) J. Guinée, R. Heijungs: International Journal of Life
Cycle Assessment, 12(3), (2007), pp.173-180

31) L. Euler: Novi commentarii academiae scientiarum
Petropolitanae 4, (1758), pp. 109-140

32) L. Euler: Novi commentarii academiae scientiarum
Petropolitanae 4, (1758), pp.140-160.

33) A. Liebers: Journal of Graph Algorithms and
Applications, 5(1), (2001), pp.1-74

34) G.L. Alexanderson: Bulletin of the American
Mathematical Society, 43(10), (2006), pp.567-573

35) C. Kuratowski: Fundamenta Mathematicae, 15,
(1930), pp.271-283

36) R. Diestel: “Graph Theory, volume 173 of Graduate

100  Vol5 No.1 January 2009

Texts in Mathematics”, Springer-Verlag, Heidelberg,
Electronic Edition, (2005), pp.96-101

37) J. Hopcroft , R. Tarjan: Journal of the Association
for Computing Machinery, 21(4), (1974), pp.549-568

38) J. M. Boyer, W. J. Myrvold: Journal of Graph
Algorithms and Applications, 8(3), (2004), pp.241-
273

39) T. Onoye, M. Ootani: Proceedings of 5th International
Conference on EcoBalance, (2002), pp.135-136

LS5t (Notation)

A BB~ ) 7R

ag  BREBR DY 2 R ADEGATH A D ij B

Ap R MY 7 24D BER G R T4

ayy  BRES B 7 ZADEGTATH Ay O i EH

A4y BRE= MY 7 RAOEGATH, Tuk A OM T
O —3F ¥ ARG ZIRTATY

a; BB~ DY 7 ZADWGATHN AR D i E

Ay BB MV 7 AADFHGATH kLT Y a Y Os
St %2R 175

B R¥izu—~<bMY 7 A

dgv) 797 GO v DU

EG) 7357 GDU%EE

Ep(G) 75 7 GOBEFEG) D) By~ S(G)DILD
TERICHRE T 205 A (P-SHoM 7 o —12xiEd
A

Epp(G) 77 7 GOBRFE(G)D ) B Wik P(G) DILD
TRUCHRET 208G (P-PHOM 7 o —ITHIET
%A

AG) 757 GOMBEEFG) IR HILDE

F(G) 735 7GOWER

G 757

m(G) TaYABOWM T O—INT v REMEEM(G)DIT
DO

MG) TutABoM7a—NT v R&0EE. B85
M(G) & M(G) DRIES

M(G) 7atAMOM 70 —"F ¥ R GMHEEM(G) DB
ES

M(G) 22007t AMD T O =T ¥ ZAEMROES
M(G) V7 ¥a vilHT 530070t Ao 70—
NG v RGN OHESE

p(G) TuLAERTHMEAPG)IET SO
PG) ZF97GOHEEESVG) DI L, TatXERT
THNES

p 7ut AP, ORE T 0 —{R%

av

q MEHREXZ MV, X7 b Vqo B #E I,
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(G199 0) &7 Do 2R L vIET O ZABERT
2L —2 ) v FEh

3L —2 1) v F22[H

kL7 ¥a R HBEESSGIRT 2O

737 GOTHEEAV G DI H, L2y yarz
AT TSRS

757 GOHBER VG RT 5 IL0%

757 GOTENES

BRAR 7 MV

A BRBE R X7 IV

797 GODEEGEG)ITRT IO

757 GOEREE
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