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Abstract

Environmental Engineer paid much attention to air pollution and water pollution in
early periods and only until recently did they focus on groundwater pollution.
Goundwater pollution is a complex environmental problem with high uncertainty. Under
the situation without enough information, it is important for decision makers to obtain

guidance on the decision problems.

The main objective of this study is to develop a method of making decisions under
uncertainty in a groundwater-contamination context. Since traditional deterministic
programming can’t deal with uncertainty, this study uses stochastic programming and
fuzzy programming to address the influence of uncertainty on groundwater remediation.
Furthermore, multiobjective programming considering cost and health risk is
incorporated with uncertainty analysis in this study to select optimal alternative with
minimal health risk and remediation cost.

If there is enough information on probability density functions, stochastic
programming should be the preferred approach; If no enough information is available,
fuzzy programming should be used instead. The programming results of weighting
method at Wcost : Wrisk=0.5 : 0.5 under uncertainty change from air sparging(b) to
bioremediation(a) and then to natural attenuation with adding confidence levels. The
results of compromise programming under uncertainty are similar, except that for
compromise programming combined with Zimmermann method there is no feasible
solution. The result derived from other combinations of fuzzy programming is air
sparging(b), with membership degree between 0.4608 to 0.6433.

Keyword : Multiobjective programming, Stochastic programming, fuzzy programming,

Uncertainty
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Research purpnose

Uncertainty of Ground Water
remediation

Literature review

+Multiple objective programming
#Stochastic programming
#Fuzzy programming
#Ground water remediation
#Risk assessment

Data

Hydrogeologic parameters
contaminant parameters

Ground water simulation

Concentrations distribution

Optimization model
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Fig. 1-1 Flow chart of research procedures
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Table 2-1 PCE's sensitivity analysis

Parameter The change of |Relative The change of the |[Relative
the concentration |sensitivity  |concentration sensitivity
(parameter {parameter
+10%,ppm) -10%,ppm}
Longitudinal  [4.44x 1073514 | +1.57% [4.44x 107>3.8x | -1.44%
dispersivity  |x 107 107
Hydraulic 4.44x 1072479 +0.79% |4.44x 1072443 | -0.27%
conductivity [x 107 x 107
Effective 4.44x 1072478 | +0.77% |4.44x 107>4.29 -0.34%
porosity x 107 x 107
Bulk Density |4.44x 107->4.44 0% 4.44x 107>4.44 0%

x 107

x 107




Table 2-2 TCE's sensitivity analysis

Parameter The change ofiRelative The change of the|Relative

the concentrationisensitivity (concentration sensitivity
(parameter {parameter
+10%,ppm) -10%,ppm)

Longitudinal |{3.63 x 107>4.2| +157% |3.63x 10723.10; -1.46%

dispersivity  |x 107 x 107

Hydraulic 3.63x 107->3.58| -0.14% [3.63x 107>3.54| -0.25%

conductivity  |x 107 x 107
Effective 3.63x 1075284 -2.18% |3.63x 107>3.54| -0.25%
porosity %x 107 x 107

Bulk Density {3.63x 107->3.63] 0% 3.63x 107>3.63] 0%

x 107 x 107
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0.236 0.25] 0.247] 0.252} 0.258) 0.255] 0.259] 0.259] 0.261] 0.264| 0.265] 0.267

0238 0.25| 0.247] 0.25) 0.258| 0.257] 0.257] 0.259] 0.261| 0.264] 0.264] 0.2

0.2411 0.25] 0.248 0.252] 0.257| 0.259 0.259| 0.26 0.261| 0.263| 0.263] 0.267

0.242| 0.25] 0.249 0.253| 0.256{ 0.259] 0.261] 0.261| 0.261] 0.263] 0.264] 0.267]

0.244 0.25 0.249| 0.253| 0.256] 0.258] 0.262] 0.261| 0.26] 0.262} 0.265 0.266

0.245 0.251] 0.247] 0.254 0.258| 0.259( 0.263 0.26( 0.261| 0.261| 0.265| 0.266

0.248) 0.251| 0.247] 0.254 0.259] 0.261| 0.262 0.261| 0.261| 0.262( 0.265 0.265

0.249] 0.252| 0.246 0.255 0.2591 0.261] 0.261| 0.262| 0.262] 0.262} 0.264] 0.264

0.249{ 0.251| 0.245| 0.255 0.259] 0.262] 0.262| 0.264] 0.262] 0.263| 0.265| 0.265

0.247] 0.25) 0.244] 0.255| 0.26{ 0.264| 0.264 0.267| 0.263| 0.264| 0.266| 0.266

0.248 0.248| 0.243] 0.255 0.26 0.266] 0.265| 0.269| 0.263] 0.265| 0.267| 0.266

0.244] 0.246| 0.242) 0.255 0.262] 0.268 0.268] 0.271} 0.265| 0.266 0.268 0.268

0.242) 0.243] 0.241] 0.255 0.263] 0.27| 0.273( 0.274| 0.266| 0.266] 0.269) 0.269

0.236 0.238] 0.24] 0.255| 0.262| 0.274| 0.286] 0.278| 0.269] 0.266 0.271] 0.272

0.225( 0.233} 0.237| 0.255| 0.262] 0.272 0.279] 0.277| 0.272] 0.265| 0.272 0.273

0.205| 0.238] 0.235 0.254] 0.261) 0.269| 0.274] 0.274) 0.269| 0.265 0.273| 0.276

Table2-3 Possible effective porosity’s distribution
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Table 2-4 Hydrogeologic parameters

Hydrogeologic Mean Stand deviation Distribution
parameters
Hydraulic 4631x 10 4.631x 10° Log-normal
conductivity(K) -
fi/s®
Hydraulic gradient 0.005-0.008 - -
m/m
Effective 0.25 0.025 Normal
porosity (2}
Storage coefficient 0.2 - -
Longitudinal 9.84 0.984 Normal
dispersivity(Dx} - ft
Transverse 2.95 - -
dispersivity » ft
Bulk density > g/cm® 1.7 - -
fac 0.01




Table 2-5 Properties of PCE - TCE{Bennett et al.,1991)

Properties PCE TCE
Molecular weight {g/mol) 165.83 131.4
Diffusion coef. In 8.834x 10°'° 9.71x 107
water(m?/s)(Duater)
Diffusion coef. In air 7x 10°® 7.78x 10°
(m?/s)(Dai)
Koc(g/em®) 263 94
SF (ingestion)(mg/kg-d)™ 2x 107 6x 10°
SF (inhalation){mg/kg-d)”’ 5.2x 10 1.1x 102
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Fig 2-2 Advection only (Bedient et al. » 1994)

(b) #5 F+3E B +RA/RHI

FRMERRRUBEBETRERTREOOLERAL - BRLERS
FE & 75 4 48 4 4 55 430 4 Bioplume Il ¥ & & ¢ R /R M # 4] F Linear
Isotherm ~ Freundlich Isotherm ~ Langmuir Isotherm = 4§ » 4£ s & di/
% Wi Hy #) 823% & & ¥ B & Linear Equilibrium Isotherm > B

Kd=foc x koc

QEHAT

RARAFTAAML  £E2XBHALLRAEAF" > #7553

BB R B AR UERL B AR RREEMIETAY
B4R MY &y H I R A% 28 A (OHannesin et al -

11



1998) » # 5 do3k A A5% 55 3 (2001)2 3 8 PCE 12 & B 5 A & Fe*
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Monte Carlo(choice
K+ -Dx
Hydrogeologic Kriging
parameters
K~8 - Dx-
Storage Simulation Concentration
coefficient - Bulk /
density
Remediation
technology
Natural attenuation
Bioremediation
Air sparging
Pump and treat

Fig 2-4 Flow chart for groundwater contamination transport
and remediation simulation.
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¥ 2% & (operation & maintenance cost){ Brown * 1996 ; Gavaskar et al
1998) : PP BE XA AR R ¥ &4 + M & Superfund & 4o 8 TR
FENPLEARBAL B)FUAMENRREANLEIFRALE 1K
% £ 4 (Lawrenceetal » 1997) > e & XM LA A A A KRER
2ok 2-3 A% -

Table 2-6 The cost of treatment technology

Treatment Cost Cost(dollar) Site
technology elements characteristics/comm
ents

-

In-situ Total 2,000,000 TCE - DCE~VC

Bioremediation!”!  (treatment |(4/gal)
cost

Funne! and Gate!"! |installation {400,000 TCE : 100 to 400ppb
cost

Pump and Treat |Capital cost|8,034,454 TCE, PCE - DCE -
O&M 0.12/1000gal. DCA - TCA

Pump and Treat” |Capital 4,103,000 TCE 25,000ppb
O&M 0.75/1000gal. PCE12,000 ppb,

DNAPLs

GACH! O&M 500,000

Monitoring!?! O&M 250,000

Pumping cost®  |O&M 9.387 per L/s

GACP= Capital 100,000~800,000
O&M 25,000~250,000

GACFIP O&M 0.45~2.52/1000gal [Contaminant >1mg/L

15



0.22~0.54/1000gal |Contaminant <img/L

Biorestoration®™  |0&M 0.0165/gal
Pump cost® 1MGD(0.04 26,000

39m?s)
MNA! 0&M 22,800
Air sparging" Capital 156,950

O&M 62,750
Groundwater'?! Capital 70,000 to 100,000
Sparging

*  O&M : Operation and maintenance cost
GAC : Granular activated carbon adsorption
MNA : Monitored natural attenuation
[1]Brown » 1996
[2]Sharefkin - 1984
[3]Lefkoff - 1986
[4]Gavaskar et. al. » 1998
[S]Noonan et. al.,1990
[BJAFFCE » 1999
[7]1Federal Remediation Technology Roundtable(FRTR} » 2001 -

BRBRERARLFTHMAREKT SRS REAHFRERD R
FHE - SR EBRETNTETEAT AL EHALMOERR
R EAEmET AT REARIFrHE TR FRBY AL A&
HRAARR LT !
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(A)BRUF -
@B Z AKX B4 BB 50,000 X4 -
OYRY R A HRERBE - ERATEREMN T4 > &
AFFCE(1999)¢4 R 1% » #-44 22,800 A 4 -

GEXCE &)
QB EAKR G+ BEARAD  HMAHERT  BISE
70,000 £ 4 -
(D) #rAc A BAES 43K o 32 A Noonan et.al (1990)eg 3% (%
3-5%a) AEBENAFFEO00165 44 BHREIRFTFHMHEAR
38 E > &8 mi/day BE 4 F 365x 43588=1,591 £4 > A ET
{4 A 2649 m’/day © AR A 1,591x 26.49=42,146 £ 4 -

(C)id b B 22
QB E A - Kb TR R L5 ES KRR ERFO KA
BB AT0000x 2E£4 0 B FHBRBRKEYE L KSR
Noonan et.al.(1990) (& 3-5 ¥ a) #9fHi% - A 800,000 £4 ' &
£330 2 B A A4 70,000x 2+800,000=940,000 ¢
O)E B AR - ETHE R RS +HEKGEAR A » $ A Noonan
et.al(1990) (% 3-5F a) a9 F MR A S > A 250,000 L @™
RS2 A ARRA Noonan etal(1990) (% 3-5 % a) &9fL% -
# 0.0439m’/s # 26,000 5o’ B Ak M Al SUEASE m¥/day B4
# 365x 6.8548=2,502 £ 4 > B 413 FeIMBIRE > AKX A
250,000+2,502x 26.49=316,278 % 4 -

17



(D)yx &k

@BEAZTEER ERELT—EAEAKRANLAEAH R MR
d3 4 Sharefkin(1984) & FRTR(2001)z F 4 % L & X » 3Bt F35

4 : 108,983 £4 -

(DR &4 : HAFRBHA AL - L FRIR(200D I #E » &

62,750 £ 4 -

AL FHETE 27 RRELEBRBARBEL 25% -

Table 2-7 Remediation technology cost

Remediation Fixed costs Variable costs
J technology (dollar) (dollar)
Natural attenuation 50,000 22,800
Pump and treat a) 940,000 316,278
Pump and treat b} 940,000 316,278
Pump and treat c) 940,000 316,278
Bioremediation a) 70,000 42,146
Bioremediation b) 70,000 42,146
Air sparging a} 108,983 62,750
Alr sparging b) 108,983 62,750

KEBMET  HHEREAAIATLLEREGHTERES - mARA

LE S 25 345K

()= e

WA —HAREORFE T REGRE dN KX BAETL
T AR R R S0t 10 fANR A3 19203 35 3)x 10(RE

"~ 18
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M5 R U - 965K 56 R ot I 30 511 A 2
SRS A RERERA ZR(FREIN EAEE) - K(EA- LR
BA) - EM(EAEN LR BEERRAPRCLEEEK - S)MELE
MR - BB LML R BRBA - (F 0 2000)

2-6 % a M8

FIA 2 BERIESMRA BRI EERLN - HTE
KIS Excel ¢ » & Crystal ball 24888 > s A2 3 & Excel
T R ABT/HEAREN EAME  AAMEEFA Crystal
ball 4 #) OptQuest 4t » AXFBREEH - ARBHRAERAHE
$ oA EEHRHA  FERRIRRAL MRAARER - B
AAARB RO ELRE RRELEHR AR rENTEE
BARZ Bl &R 2-8T 0 RoFe e BRI K2 R#)
B BAHEA -

ERHRGHERL > EEEFRRBE N 107 8630 £0M
e RBERBRET N0 MARSHPABNEFNGATH
% -

£ RAMZAT 0 A ENAM A TR
Table 2-8 Payoff table

—

objective cost risk Decision var.( Alternative )

min cost Z1* Z2'

minrisk Z1' Z2*

LiL#

Ideal solution{cost » risk)={Z1* » 22%)
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Dec.icfe » Choice p. Decide objective | __
decision var. constraint function

Max or min Monte Carlo |5 | Best
objective simufation Sofution

Fig 2-5 Flow chart for optimization
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AL BER KT
B #% : Min Weost*Zoost{Xi)+Wrisk* Zpisx(Xi)

F&';E'Jit P Zpiskslx 10-4 EXE-I

Xi=0or1 I=1,2,....8
Weost €[0,1]
Wreisk € [0,1]
>
Weost * AN E
Wask - B ¥
(AXFPHRAMRBEARR S MLBRARER - FHB
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WCOST . WRISK=0-8 :02:05:05-02¢ 0.8)
4
Zeost(Xi) * B4 B ﬁ=2(cﬁ+30*c"l)

Zpisk(Xi) © B B #%

Xi: 845 EBY

Cfi : 8 FRiZBEERER
Cvi: 24 FRiZBEH AL
i=1, .8 AR EANEEFTES
CBRATF

AMAE (@)
CEMAT (D)

VIR RE()

L ERE(D)

D3k R (a)

P i RE(D)

P R (o)

co ~) o i B b e

Q)BEREE
AXARBRIGOBEHR AT !
B4%  Min|dcostl+ | drisk|

Rl X Zrskslx 107
|dcostl=Zcost- Zcost™
[dreskl=Zrisk- Zris™

£d:
Zeost” * BARBE(HKMAEDR)
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£y

acost=HERANHE

arisk=B At iE €
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MEABEHIoBE - FAE BREHARRT - HEREABTHAS -
BEAE R BEFRERA TR > £t RMFAIA Rk
BERRE PO T-FHERSEE  RA4BAZHH REXLE
WMEFREY  H R T T BIEB 8 2000 M AME R A URAR
AR AARKFHE  AFOLREE—RENHK > B YH
50% ~ 85% R 5% ¥ ERMELBER -

A B4 T ¢

Min Z(cost : risk)

s.t Zmx<lx 10°

o
Z(cost » risk) : #|BH FiE X BB EAARAS TR EAE

(2)45 4 30, B
(A)Verdegay 5%
AXARILGHPER AT
Min Z(cost » risk)
s.t Zpisgxsbi+(1-a)pi,Vi

ae{0,1] » x=0

B O=1-a > ABOd 01> THo k242 SRR A > 54
BERFO M TR -



h: oL
bi : Bp 1x 10*-
pi: BEBRE A ZEE BB ERMBE K6 50% -

(B)Zimmermann 3¢
#I M Verdegay i AitEeio & 2-4 2 2 BB & » EREANMY
BERAZEME ARIRIAMEARBEY AXARIOHERE Lo
F
Max A

st 1 {costrisk)=1-[Z{costrisk)-D{cosT risk) V/P(cosT risk)= A
& risk=1-[Zrisx-brisx)/prisg= A , Vi

A, it (costrisk)s £ riskE [0,1], Vi

x=0

E¢:
ACRAE
t(cosTris) * MR ARBERERZ 228 &3 BRAEY
Lrisk - MR BRZHE ¥ BRRAHMY
blcostrisk) * BARRBZE B BEBFRARK T 2 RE
& o
brisk : MRZ R B  BRASHATA T FAHE -
Ploostrisk) * AARBBRZILGA BRASEMIATRAMN
RAEZEE -
Prsk - B SR > BRHSFHUANER T RAMGRR MEZ £
% - |
RAFRBRERREARZIRE IR T !
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[£ COST,RISK
0 beosT RiSK beostRIsk+HPCOST RISK
A
1
I RISK
=

0 Dbnrisk brisk+Prisk
(C) Narashiman 7
B} Zimmermann 3% * #] A Verdegay kA 4o & 2-4 2 S HHE
A BRAANMEEALEM ETLARZMR AN BRAZAR
& & ¥ (bi-di,bi,bi+di)

IS

0 bi-di bi bi+di

AL BER T !



Max ¢
s.t
[Zi-(bi-di))/di=¢ for some i
bi-di<Zis<bi
[(bi+di)- Zi]/di=a for otheri
bis Zi<bi+di
a € [0,1] and x=0
-k
o AR
bi: AARBRKREZEZRIRE  BRAHEFURI A T2 REM
di: RARRBERLIEATHLREL BRASFEAIEAFR
ERFEEZEE -

Z~ERAHE
3-1 T AMAMSMRER

MR BEGE - LRERSOHRBAR - EEHZAEL
M AR TARAMAENM ESHAOREL - Bt ARARHARET
BRAA & HMELG T EMAY HRELRETHZIREL -
RS ERE A3 19200192x 10) Fa R AA RS 30 £
MESRABRAEE I AL TR AMMa S ERRRE 0L
HEXES#H (log-normal distribution) MA#EEBES AP » L E
MTRERAFALSBZFAL  HERPASLRLAI2H T KT
ERETERAFTARAMERILBZHE » FHldT !
(1) Natural attenuation _
AR SRYABA - EHAREKAR (A RHRSEMLR
) e @A i R 5 S R -
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(2) Pumpandtreat (a)-(b)-(c)
AR ARREEEA 2649m°/day a-~ b c = FHkH
BiEAH#HGRIMATE 23

(3) Bioremediation (a)-~(b)
AaABRZMBREMESHEL HOAURLTRLBBRAES

(4) Airsparging (a)-~(b)

A1 M E £ 98 10mg/L 4 B o) B £.45 5K 12 26.49m°/day #9ik
BENMTAEAKR Y UAREBFT LMt -ad b
BB 2365 AR C-H{LE o

Table 3-1 PCE concentration distribution

Remediation Mean concentratlo_n Concentration Std.
technology (ppm) (ppm)
Natural attenuation 0.026483 0.329497473
Bioremediation a) 0.016499576 0.155766
Bioremediation b} 0.01870893 0.168588
Air sparging a} 0.011023354 0.130770387
Air sparging b) 0.01031488 0.129325501
Pump and treat a) 0.015097 0.127626
Pump and treat b) 0.012717 0.1166
Pump and treat ¢) 0.013118 0.110805 -
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Table 3-1 & PCE & M6 Huih ¥ oL » & RMT A KL
Tkt 3R R MK® (0.0265mg/L) : £ A FEkz (0.0165~
0.0187mg/L) » =k Bis it &Mk (0.0127~0.0151mg/L) » @ f
E 3R A A B4k (0.0103~0.0110mg/L) -

Table 3-2 TCE concentration distribution

Remediation Mean concentration | Concentration Std.
technology (ppm) (ppm)
Natural attenuation 0.008591 0.10442179
Bioremediation a} 0.00557 0.05176598
Bioremediation b) 0.00557032 0.051766
Air sparging a) 0.00315355 0.03932631
Air sparging b) 0.00179629 0.02683929
Pump and treat a) 0.004911 0.043189
Pump and treat b) 0.004694 0.057822
Pump and treat ¢} 0.004079 0.034653

2328 TCERZ ¥ GBI HHER » £ R+ PCEARL
PRERGAHERMLFE (0.00859mg/L) AT ERZ
(0.00557mg/L) » AR &4 R72E (0.0041~0.0049mg/L ) » it &
el -3 R A A B 4% (0.00180~0.00315mg/L) = sk 4k » 3hd8 B ay &
SR m T ABET AP U RENHBEF LT MBI R R
FrihREFPANBEREYURARES  EZRELBTANN
EXRERRT  EREKRAETEEIGRBT » TRAZL EGHERE
£ F o R fodr ¥ - o



MR FHRERBEAAARAT 2 RUHARBRBER
AREFERAN UG XA FTH ERAERAORELAR TR
BHET & ErRBELRRNARERE(RARME)ERILLAR
B BRAFEDATORFE T A -

WA EESH (R3-1R2432) AARBBANE  THw
BRGSO RZ RN hE R ok 3385 -

Table 3-3 Risk distribution

Remediation Mean 10% percentile| 90% percentile
technology risk risk risk
Natural attenuation 1.70x 10° 1.92x 107 2.75x 107
Bioremediation a) 1.38x 10% 1.49x 107 1.95x 107
Bioremediation b) 2.05x 10° 1.70x 107 2.26x 10°
Air sparging a) 7.40x 10® 8.29x 108 1.16x 107
Air sparging b) 7.39x 10° 5.40x 108 1.12x 107
Pump and treat a) 1.05x 10° 1.79x 107 1.72x 107
Pump and treat b) 8.45x 10° 1.37x 107 1.45x 107°
Pump and treat ¢} 8.59x 10° 1.86x 107 1.61x 10°

FHRBEARSAEEMEFTEOD) (2.05x 10°) AT EX
Z (1.38x 107) Ak A4 MEFE()(1.38x 10-7) » Bk AH
HREE(a) (1.05x 10°-8.59x 10°) » M fE&& (7. 30
10°-7.40x 10°) - @@ T > BB ABRTEMN 10710725 - £
BMTE2Z3EER -
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-2 MBMEEER
HR—2EER BRI
Min Cx
st Axsb (3-1)
AW - BUIZEHFERITE A IBBNHEEN - MLUEEHEEEK
RRERE _L(C -~ B RHEEN - ST LA AR T -

3-2.1 XHEETZ%BHAREY

AEFREEZHRH T ARBBALAEMRANE N L RITF ER
HiE - BANEAMAAKRERAE > SRR 34K 3-6 FTF -

Table 3-4 Payoff table (stochastic » 50% percentile)

Cost Risk Decision var. (alternative)
Min Cost 738,256 2.201 x10° Natural attenuation
Min Risk 1,883,672 6.506 x107 Air sparging {b)

(Z1*,Z2% =(738,256 , 6.506 x 10}

Table 3-5 Payoff table (stochastic » 85% percentile)

Cost Risk Decision var. (alternative)
Min Cost 920,544 1.666x10° Matural attenuation
Min Risk 2,469,450 6.274 x10° Air sparging (b}

(21*,22%) =(920,544 , 6.274x 10%)
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Table 3-6 Payoff table {(stochastic - 95% percentile)

Cost Risk Declalion var. (alternative)
Min Cost 1,021,840 6.072x10° Natura! attenuation
Min Risk 2,802,285 2.721x10° Air sparging (a}

(21*,Z2% =(1,021,840, 2.721x 10
AR EIT ARG BRITUTHEARE  BEZERXLT -

(VE£ 8 AZRHEEM

AR ADGARABROBERREREL L F&T—F
MERBEZ  BABEXHH  UEIEAMEFR K FARK
T8k 5 2000 XM EHBURABRBREX R AR 7
E Ao Ret—RESH -HNLSHBII UM EEREL
HAEEF S BRABETRI A2 0 HB R GITETUAEH
MEEARB IR EFRARMTZ S BREEH % S 5] 50%
percentile ~ 85% percentile ~ 95% percentile # L8 £ & > LR 5 H 4o
& 3T~k 312 757 o

Table 3-7 The result of weighting method under stochastic programming

(50% percentile}

Wcost : Wrisk p2:08 05:05 08:02
Objective 1.337 1.843 1.477
Cost{50%) 1,983,672 1,983,672 738,256
Risk(50%) 6.506x 107 6.506x 107 2.201 x10°
Alternative Air sparging (b) Air sparging (b) Natural attenuation
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BRITITELE MEHEARERARAGH 0 LBREAH A
BB BENER - oMo BREGWM-CEE ¥ EHE A6 0EE
B e £0E(M) (risk=6.506x 107<2.201x 10%) » ¥ patf i A
BN R RA R ABIKE B R F ik (cost=738,256<
1,983672) e FLLEA 0208 ROS 05 ELRRF LR >
EHELEED 08: 0265 YNLEZAH LS

Table 3-8 The result of compromise programming under stochastic

programming (50% percentile)

@ cost © arisk 0.2:08 05:05 0B:02
Cbjective 0.2 0.337 0.2
Cost(50%) 1,983,672 1,329,350 738,256
Risk(50%) 6.506x 107 1.696x 10° 2.201 x10°
Alternative Air sparging (b} Bicremediation{a) Natural attenuation

AN TEHAIERAMEAT TORELERBLOMEY
FERERBRAN M LAREH ARAEHNER LR ELER
Bl & HRFE &8 % » T acost: arisk=05:056% 357 L B84
RRERAANHEY - DA T A RAINERE
(a)(1,329,350<1,983,672) » f B[\ B SR F £(1.696x 10°<2.201
x 107) o

# FAr L B 85% percentile B thir A E - R4 F ok 3-9~% 3-10
A 5T o
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Table 3-9 The result of weighting method under stochastic

programming ( 85% percentile )

Woeost ¢ Whisk 02:08 05:05 08:02
Objective 1.337 1.812 1.331
Cost{85%) 2,469,450 1,656,181 920,544
Risk{85%} 6.274x10® 1.145x10°% 1.666 x107°

Alternative Air sparging(b) Bioremediation(a) Natural attenuation

H & R4 ® 50% percentile BF K F) » £ Ftb=05: 051 &
ROPRER >  BTERAFBWELARE  HELRERPE -

Table 3-10 The result of compromise programming under stochastic

programming ( 85% percentile )

acost @ arisk 0.2:08 05:05 0.8:02
Objective 0.2 0.249 Q.2
Cost(853%) 2,469,450 1,656,181 920,544
Risk(85%) 6.274x 10° 1.145x 10® 1.666 x10°

Alternative Air sparging(b) Bioremediation(a) Natural attenuation

LW RBEL T T Aacost: arisk=0.5:058% - AFKRSH
A A Sb A 7 (trade of) a5 85 R > HURHE AR DRERE
(a)(1,656,181<2,469,450) » ELRFx(1.145x 10°<1.666x 107°).[\# & K1
FiEw s AR k@) -
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LT BB 95% percentile L K R » R R T -
Table 3-11 The result of weighting method under stochastic programming
(95% percentile)

Weost © Wrisk 0.2:0.8 05:05 08:02
1.348
Objective 1.616 1.246
Cost(95%) 2,758,998 1,021,840 1,021,840
Risk(95%) 2,749% 10° 6.072x 10° 6.072x 10°
Alternative Air sparging(b) Natural attenuation Natural attenuation

AR E ey 2 # » £ Weost : Wrisk=0.2: 0.8 85> &2 3
BAR  MALARER 05058 A8 Rk u¥E
EMEFEERG@ HFHREZEARMT A M4L Weost - Wrisk=0.8 :
028 AL REAZEIES > ATEHELLEE 05:0585 - F
FlALBREZESHARARE mEM B R R A8
REARAE  EHERLTERESAREAT £ -

Table 3-12 The result of compromise programming under stochastic

programming (95% percentiie)

acost : arisk 0.2:08 05:05 08:02
Objective 0.195 0.23 0.2
Cost(95%) 2,758,998 1,842,002 1,021,840
Risk{95%) 2.749x 10° 4.088x 10° 6.072x 10°
Alternative Air sparging(b) Bioremediation(a) Natural attenuation




a8k BT 0 {248 5] 45 o cost Zrarisk L& T » R E &Y
i AR HESRESEARE - Macost: arisk Z R BYHLRAE
W EEEE XN E  ERAYEHERA LB L -

(D CRDbZRFEEH

AH R A S Verdegay & 1 5 B A A RERAXMLZERAAD
K 4E 0 A ARSI X AR DA RE(AX 1078
50% 0 > HHO=0-01-1¥HXEAELRENER  BRELZEAY
APBEAEREDEAVESE  EAMEHARE - BFA
Zimmermann 7 & Narasimhan % > ###MESHF FER B ERAR
#] Xz E AR #4425 50% percentile - 85% percentile & 95% percentile
Z M8 -
(A)Verdegay & (b Z K=& E 1)

QUM EELRES BAE !
Table 3-13 Parametric programming table

(weighting method - Wcost : Wrisk=0.2 : 0.8)

(=] Z{cost, risk) Cost Risk Alternative

0 £6.97333 1,980,829 8.63x 107 Air sparging(a)
0.1 6.40108 1,966,400 6.2565x 107 Air sparging(b)
0.2 6.22173 1,960,220 7.7088x 107 Air sparging(b)
0.3 6.56529 2,011,887 6.4169x 107 Air sparging(b)
0.4 7.5713 2,000,301 6.7420% 107 Air sparging(b)
0.5 6.55986 1,871,448 8.7130x 107 Air sparging(a)
0.6 6.91522 1,998,843 6.6666x 107 Air sparging(b)
0.7 6.34605 2,007,838 7.8154x 107 Air sparging{b}
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a Z{cost, risk) Cost Risk Alternative

0.8 6.85858 1,998,045 8.0340x 107 Air sparging(a)
0.9 6.68317 1,979,924 6.3748x 107 Air sparging(b)
1 6.64501 2,004,224 7.1963x 107 Air sparging(b)

Table 3-13 Parametric programming table
(weighting method - Wcost : Wrisk=0.2 : 0.8}

AP SRABRAAREK MEMBEZAB AR E=14bi
o SRR AEp ARAGAZ MEZE5 > UG A BAARZ
BBEM - BBERARROYE HE XL T !

1
1
1
1
[}
[}
[}
[}
|
|
[}
[}
1
1
[}
l

\Au- (cost,risk} - gr isk
- -

G 6.22173 7.5713 0 6.2565x 107 8.713x 107
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Py L EHBAREERES AR :

Table 3-14 Parametric programming table

{compromise programming - acost : arisk=0.2 : 0.8)

o Z{cost, risk) Cost Risk Altermnative
0 22838 1,992,943 7.3208x 107 Air sparging(b}
0.1 2.50761 2,007,761 6.5443x 107 Air sparging(b}
0.2 2.60546 2,016,871 8.0876x 107 Air sparging(a)
0.3 2.66923 2,005,336 7.8157x 107 Air sparging{a)
0.4 2.12388 1,981,756 6.6420x 107 Air sparging(b)
0.5 2.16581 1,998,191 5.4248x 107 Air sparging(b)
0.6 2.22695 1,985,592 6.2766x 107 Air sparging(b)
0.7 2.22948 2,009,032 7.4103x 107 Air sparging(t)
0.8 2.48396 1,967,142 6.7124x 107 Air sparging(b)
0.9 2.18077 1,975,107 6.1047x 107 Air sparging(b)
1 2.49258 1,972,195 7.9358x 107 Air sparging(a)
BRABRKROBREAB LT :
N A

| 1

)

)

3

i

'

]

]

I

I

I

[ .

! KL (cost,risk) (L tisk

' > >

0 2.12388 2.66923 0 5.4248x 107 8.0976x 107
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(B)Zimmermann % (b & C z Rk T 14)
#] M Verdegay ;A0 £ M & - HRE 2 B 2R+
THRFARBRRERA S R3+ X Zimmermann 3 :

Table 3-15 Use weighting method as expected value

Wceost : Wrisk 0.2:08
A 0.4508
Cost 2,020,200
Risk 7.24x 107
Alternative Air sparging(b)

HRBERED) > HEHEMR AR 2,020,200 £4 0 HMARE
B 7.24x 107 > B E()) A 0.4608 -

Table 3-16 Use compromise programming as expected value

acost: arisk 0.2:08
A
Cost
Infeasible
Risk
Alternative

HRXHBBETITR RABREZBBEEEZAN G BHEFET
TRAELE -



(C)Narasimhan % (C Z Rz £ )
4o [5) Zimmermann 3% > 53R E % BARRE LS £ HAE

A ERDb R dME ERAYNERET

Table 3-17 Use weighting methed as expected value

Weast  Waisk 02:08
0.509233
a
Cost 1,999,458
Risk
6.79x 10-7
Alternative Air sparging(b)

REEFRBEIRE(D) AR KA 1,999,458 £ 4 #HRAR
84 6.79% 107 - B KA (a)h 0590233 -

Table 3-18 Use compromise programming as expected value

a cost : arisk 0.2:08
0.643398
[44
Cost 1,994 910
Risk 5.91x 107
Alternative Air sparging(b)

RELERELERED) EEZAERS © £ 0643398 > #i4
AR 1,094910 » HMBIRS 591x 107 A KE % BB ER

REARALREESELRE -
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4-1.1 $BRADZHR

MTAEEGARAPMBEA Z B8N0 HARRULS BEARER
BTFRZWE ™S ARAN GO ANE RS B RN RHEL
WA EEF R EAEFFERRIRER  FARHEBESESR
HEas  #ERANIENALER B ERAB 5 #4B4KH
WM MERARKEMER LA RS RUEDBERBORES
O BEAREGERAE  RHEENTEL RS mEGREE
ZRBHPEAERL MM R oE2REAERAAETAR R
HBRE T HEIUABRNHOE LA LREAEY  FHARANER
EBASENHERALE B HARATFRIFRAMT TS RETR
ARUGFHWEL ¥ B AFHEETHARRASAMAMC
gy -

4-1.2 MEMA SRR i

MR I MR RRYENENTEFH LT A Haa K
Eoth mhEEFTOAROMERT A XETHMEAINER
UARMBERB LGN AR ERERE 228850 0b)
2R T ER@QBEEBRAT PR e . MR ENERAIEER:
RED) BRARGI ALERTY R ARBANMTH
04608~0.6433 ' FRABRABERATALAOER  RTRFARER
EWER - |
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4-1.3 EHHFFZEHBHEXR

AR GNFAERAR AR KRB LR GHE PR
FTRAEME L HAHRET  RABBMBIERERAR LN RS
B REBEHELRM—BESZ oL REUREHEFER
BB IR EA 4o T

& 3-1 &K - Min Cx

s.t  Axsb

Casel : €% A - CHIFR#HZ ' b A E(b=1x 107

S BEANER B ELEHELA02:08 X EAE
AiED)  HELAO0S: 055 FHwE ptbtb B A EFGIE R %)
HEEAMEFTRQBAREIERAT R EBANEARRES L
thir AR R R A6 c Macost T arisk=0.2: 0.8 FAERED) - a
cost  arisk=0.5: 0.5 85 & 4 #4& F 7k(a) > acost : arisk=0.8 : 0.2 #}
BaRILE k- |

Case2 : #FZ A -b-CHHR=HER

PP LA Zimmermann kR E > #HEEHE R A A ED) K
22,020,200 £4 > BHARA 7.24x 107 - 28 £ & 04608 ; &5
REEANSERAEBTITAR -

Cased: FXA -CHRHE > AEEbHFRHEAX

Bp o4 Narasimhan 7k 4y 832 - # 098 R B £k(b) - #HR
Ak 1,999,458 £ 4 BiHIRR S 6.79x 107+ 28 A B 0509233 ; %
Rk B E FoED) - BMAAR S 1,994,910 £4  BRE S 591
x 107 » 3% & % 0.643398 -
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(1) ARG ECANBTLS BREFTHELH I HESAF S
B b 7 T R SRS r a0 & EH AN TR - £
FHEENNANHF FLEZASFSSIELHN B
HNBERPRGBEBRBE CHEL - FTHEHRRZI— ) FH
HERFTFEAN  REBOMRUMAKRLLEE o
T2VOC A RERE R ARG RAMNERL LS RAHAR

&
= °

(2) REAEMIFA G SBE S HFELERCASMAELSLEFIEZLTRE
Mo MBEBAEARLSTENA FHELEEEEAEHRE
AMrEt - PRAKAME-

(3) AXRBMEF  HAHMFGRBFNAL » FURTFHRORE
RA > BRHEAMBIGH RIS MMM 2AWTARE
FoREAFERAMTRERSMARLES EXEHEE R
W EHRLREHF S ARGOME o Hyun(1997)F A X 5 /%
(zoom)F AF R AN E S 4 > MERFARE T EwANEHRT
BigAs o R AMBAEAS  PRAAMELAHME -

(4) BB BLERSFREZHEE  AXNMA R LLAREEHE
7% 13 49 Verdegay ~ Zimmerman & Narasimhan... £ %% » &
WA BRI AR ERERARREIERR S » MEAHREL
BAMMMMR R Hd - BALBARY  ERFHIHAE
R RN > XK ES RGBT EX PR
MRAL > HABRZOFREN - AR BRTHEHALE
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EHRERAFMBENTHER - SF L X0 FTE L - RIGEX
ko ARGERE  PRAFETHA DL TRARS -

(S) MELREBAINETPHHELTRAEFRAIREE  UE

NERTEEEREE  BRTUABRATHE - FFME
EERRE -

(6) BB ERNBEARERBERECHMML LA RIS R

ERTALAREHEAE TR B LS FmBE S KR 30
S AFPFBPHELEHZIER EXSRFHFma#RE s
k¥ RRAAEOEES  HEMTERALLEV TS
—BRFASRT R EAFHHA R &I (Inuiguchl et
al. »2000) » FURBFBETHBAHTHER RN > £F
AEBMERARAEZYEY -

(7) BREFVALEATEE > TEARARDEEGHRA - 7T

HRENEGHBEEEEF - AmAREH T EBERGEE
REAEHBMAMIINH EREHRRE - MoTRA%S
FEEABRAMHELPNBRAHOES AT —EAREHEH
ROEL  BERRRUK AR LEARAGEA

(8) EEMIBFEA-ALSHOHE  FFHRBRE > 8F

HMRASSER LA S Az R BN A S BRAY
BRSBTS FTERL  BTRELARAG LS O
K — A |
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