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GAME-THEORETIC ANALYSIS OF THE EFFECTS OF WASTEWATER
REUSE ON RIVER ENVIRONMENTAL REGULATION
WITH A FOCUS ON COST ALLOCATION

Ea g, HE '
Haruhiko WATANABE, Norio OKADA

ABSTRACTS ; Reuse of wastewater contributes to the decrease in the amounts of water withdrawal as well
as its discharges back into receiving water bodies. An integrated system of environmental management with
reuse of wastewater will also contribute to enhancement of environmental conservation. This paper deals
with a cost allocation problem such that the environinental agency concerned intends to achieve a higher
ambient standard of water quality by having water users and the sewerage manager collaborate through
developments of a reuse scheme and/or by improving treatment level. The problem is formulated as a multi-
agent management problem by use of cooperative three person game theory. A set of neccessary conditions for
instituting economically viable wastewater reuse systems are derived through mathematical model analyses.

KEYWORDS ; Wastewater reuse, Environmental regulation, Game theory
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[able 1 Notations and symbols

item symbol description
parameters d water demand of water user(in the designated reuse area) (d = dy + di)

dy water demand of ”class H” (higher water quality level) of water user

dr water demand of "class L” (lower water quality level) of water user

d, water demand of the non-designated area

Q amount of river flow before withdrawal

A proportionate share of d by dj,

17 proportionate share of (d +d,) by d

v proportionate share of Q by (d + d,)

q0 water quality of withdrawal

Q1 present water quality of discharged wastewater effulents

A target water quality at downstream

qy required water quality before use by "class H”

qL required water quality before use by "class L”
Wy degree of degraded water quality after use by ”class H”

wy degree of degraded water quality after use by ”class L”

a7 quality of total wastewater into sewerage system when a coalition T held

i’ quality of wastewater to be discharged from water user to sewerage system when a coalition

T held

qr water quality of wastewater from the non-designated area

zT amount of reused water where a coalition T held( optimum is 2T)

yT future water quality of discharges from sewerage system when a coalition T held

functions fw cost of water supply( function of water demand)

Puw cost charged by water supply system(function of water demand)

P cost charged by sewerage system(function of water demand) :

0n conveyance cost of reusing water to "class L” within the designted area( function of x7)
gz conveyance cost of reusing water from sewerage to the designated area(function of 27)

fs cost of treating wastewater at sewerage or oun-site reuse plant(function of amount of wastewa-

ter treated, quality of wastewater before treatment, and that of wastewater after treatment)

NB:water quality 1s measured in concentration; costs are expressed in terms of sum of amortized capital and annua

operation and maintenance costs.

Table 2 Costs accruing to player set 73 from main coalition Ty; Cp, (1)

Main W U S
Coalition (water supply manager) (water user in designated area) - (sewerage manager})
® Cw(S) = fuldid,) Col®) = pu@ 5 oy )
—pw(d)~pu(dr) ~ps{d)-ps(dy)
U) Cw(l) = fL.;,(cI-a:?J,d,.) Cu(U) = m{ln{pw(thxu)+ps(d—z—0) Cs(U)y = f,(cllj—zﬁ'ﬂllr,r}v, )
—puld-zy )—pu(dy 7~ -pe{d-2)-ps(d-
pu(d=2¥)-pu(d) e e peld-39)-p.(d:)
st. a¥ <dg
(Us) Cw(US)= Cus(U/S)y = ll};le]{l)“,((l—arlf"’)+g, @)+ @2 (274 fe(d-2V% 1dr, q7 7 1)
fuld-z]5+dy) us ~Us d
-puld-27%)—pu(dv) S.;f’(afusyg dL’qL) pa(d-)}
(SE) Cw(SE) = fu(d+d,) Cy(SE) = pu(d)+ps(d) Cs(SEY = e
SE | SE
-Pw(d)—])w(dr) llg};{f&(d*‘d!‘:q" Y )
45
—ps(d)-pe(dr)} )
ot, [@od=dr)gotldtdi)y®® <
L q ps
(UE) Cw(UE) = Cu(UE) = ll{’ig{])w(d—J}lIE)+I),(d-:EUE) Cs(UE) = vE
fu(d-2VE4d,) f (zug U8, au) s (U E)} fs(d—ZYUE+dr»’l‘ 1)
—puld-a¥E)oputdy) | M g A -pe(d-2VE)-pi(dy)
(Q-dImUE—d,-)qé-}(d—x”E+d.-)L <q
(USE) | Cw(USE) = Cus(USE)= | min _ {pu(d-2"""}tan (57" )4g2(s7 %)
(] d_ ‘?SE dl' S Hs 3
¢ ((dfxvs%_f () +£u(d=2"5F 4d, G5, yUE )4 fu(aV5F GU5F L) ~p.(dr)}
-Pw * PDwldy ot xUsE < d[,, (Q—(I+JJUSB—dr]QGg(d—I"'SE+M SE < g
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COLPHMETIH. B U &) /0 ibiclhB R REEMA L2 81, HHURHEL LTI EWEEZLS
SEIEDALTEZ A ENTES, AFFRICEKY ZKERES — L. o(E) OEPEKTH A REEBAE
L. 3IEINETOEEDS v(UE) bIKEREORADS VHETENINEIEN S COBEHHHT
BB FIC v(E) PHFETX 3B EIIE. Shapley IS L 2 EBHAFEENLBD. DL B0 BT AL
T, BEEBENED LS IHBRET)NEDERHT A EBUETHS. ¥—RARI T4 Tl ITOH
HEELIC L AEADFENO BEKE g ic LT ED L ITEALT 202 00TT 5,

4. F—RRI¥TF4
4.1 BMBXUKENRS A -7 HAOBE

BE LT TIN5 A — 5 Ol Table 310% Eoic, BRSNS A—71d. BRBIMHEEEOFENE
LTk Tce GERIE M ¢, ic DV TiE. SERE 2 EIC k1 22 LK EO AR MO FaEN & 143 M/m?
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£ 5%, BHORBICL Y 124~160 F/m>DIF 5D& 2B Do TREEBEIEI ¢, 12, Tk 3 EORIEHS
DEEFH 0 M/m> &g 27, BEEKIHE S BMES, A2ls DT EAGEDRAEMIC b1 5 Bk B %
b, LIR30 b/mPE L,

ORI B % Bifffio i DU T, Table 4 1R 3 BB O BMRABH® 2O TERR (f, = ¢1-2-¢22¢7,)
DIERREST > IR ¢2 > 04 ¢35 < 0 & BHAIE. BOD. COD. SS. N, P DKEEETHEATE /2, =
D5 5. ML S B -7 BOD 2% WL HIC LB A OREEE Table 5 107 T, KBICLDE T
Y ANIE =k el

[s/z(M/m?) = 93.3BODL>BODL® (R = 0.68) (47)

out J

Lot ZORYD. BABEE (16) RO X IIEETEZ Eid. gtk E (- B AICBENE TS
LI BHN TARENORAKBEIIERFAICL BEACIL 20 BWERETH O AIHEAEEUEOI LY
RaoWIRIEALIEL ZE L 5D, AT,

o= —I"  _ 93380D-053pODYS (48)

m out
(/m/(louf ‘

& LT, BOD;,=180, BOD,;=12 DHAICa =5 EHAICEELTESZ D, X HIT. MBD/I5 4 — y
MBI ERGATEY . IGEREH LUS TN DA 25 %% EH 3 Z EM S, BRIICa = 7 SHIE
[ORALT-T 22 9: : | DA ‘

IKE /5 X = F 220 T KB CHEASM SR EV D & BOD /KB R5HN U7 RE0) 282 & Ui,
BEEREIC AU, AKBEERT 325mg/C. BIE 185mg/¢. PREE 180mg/CTH 0. EKE TH D EKERH U1
BOPNKE LA Ulze Fio, WHOKFIREEEE RS/ S5 A — 5 & LT BKERED LBk K
BEAICA=0.2 £9°%, BRABXOKE Ty = 0.3, ANDKICHT 2 BEBOHKIZy=0.5 £E8T 3, Al
IREHEE I EBERNS A~ E LT EOREBEAERT A L1207,

Table 3 Parameter values in case study Table 5 Results of regression analyses

cost value pater quality value

Bmount off al a? a3 lorrealtion
arameters yen/md | parameters mg/1 water fic
. 143 ql 0 coefficient
cs 90 al 10 3000 116.9] 0.37]-0.99 0.76
a 7 wh 180 10000 | 95.71 0.35]-1.09 0. 69
B1 30 wL 325 50000 85.1] 0.381]-1.30 0. 64
82 30 qr 200 100000 | 82.2| 0.38} -1.35 0.63
g? 1§ average | 93.3] 0.37|-1.18 0.68

Table 4 Water quality parameters and costs of advanced treatment processes®)

Types aof Combined Process 1 2 E] 4 5 6 1 8 9) 0] §1 12! 13
Prc Treatnent o o T T [cask[casr | Casr [ case asp T Case
" Conventional Activated Sludge Process__ . [ O | | . B O o -
) . kumd Flllmlmn R . ™ e O ) L0
Q
Ocigimad | Aclnnlcd Carbon Ads dsorption_____| . Q
Ozonat " e SN VR S S
Process Phospharus Repova) - . e,
| Chenical Precpi lation_vith A - 1l ole o o
Combined Carbon Oxidat (e e]
| Deniteification with Chemical ipitation | R I S i B
Combined Carbon Oxidation-Ritrification 0|10
Denitrification
_Input_fevel (qin)_weg/l__ ] 180{ 180[ 180} 180] 180 180 [ I80] 2f 12} 12 32y 12| 1
Bop | Output_level Cqout) sg/y b 12y _9F 1 wl 81_ 8} 7| Tf S| 3| S| 8] 7
Variatiol  — qin/qowt_ |15.0120.0]25.7(18.0122.520.0(25.7) 1.7] 2.4} A.0) 2.4} 4.0} 1.7
Ratio of Remwval 9 90! 93| o041 921 94] 93} 94| 40} 60[ 78] 40 151 M
__Q:_3.000 »3/day(at maxinun) yon/ad | 70| 821 104]_ 84; 106) 96 118 21(_ 48] 106 90[ 88} 7
Unit "_Q=_10.000 n3/day(al saxiaum)_ yen/md 142 ) 7St 03] 50 62| s0) 72| 92| _df 79| 70j _57{ 50
Cost | @ 50,000 m3/day(nt maxinum) yen/nd _ | 251 36| 42| 3U] 37| 43| 48| 6] 19} G| 59| 1| 36
:100. 000_nd ‘dav(at maxinum) yen/nd 2] 32) 3| 2 3 3 43 S 17] 571[ 551 361 33
8 3,000 _n3. oaxinoe) [ 47] A1) 4A0] 47| 47| 48] 4.6112.3]20.0]26.5137.5[22.0[42.6
it costy | Q°10.000 #3/ Cnaxinum)  } 2.8} 2625 2.8 30( 28] 7.0[129]19.8{28.2[14.3729.2
‘qin‘qout [ Q- §0.000 m3/day(: “raxinum) L7 1.8 16 L 2, 1.9 35 7.9715.3|24.6(10.321.0
T Q°100.000 m37dnyCat aaxisun) 141 1L61 1.4 jA4f 893 1.7] 290 70104310229} 907193
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4.2 EEBMOSHT

Table 3 DEEZRIEZBOFITHRA LU FHROMNKEEAE . iC L AEMAELR LIS D% Fig.2 ILRT,
FRTE. RERAE o'(T) = AL LR LTRUTH Y BALEA/m>TH 3 (Table 6 b RB),

RIEAEOBRMBE L UTIRROER LTS 7 1% (U). (US) ItB 1 2 BRI, WTFhbilkER
BOFRER I OBREX TIT) J EORBNTH -7, 13 (9) 13, ] (U) OWBEE L L TOZITSNETE
(K oa4 MERENRE LI 2IRAED 2REET 5, ULED 3R, .0m LICRANBEINI,
—H. B (UE) ICEAMNKEORERFAIE 31) &Y ¢ = 8.1lmg/eTH O, BIROFENIKEN v +
go(1 =) =15x05+2x05=85mg/lTHB LIZHBRLTHOENERAL Y »72. ZOFMBTIE. ¢. DR
LEEGICHRAROM URIEERANMERET A0, it d TRINER B0 TH B, £hLl Lo ot
UCIHREERA o(UE) SEZH T, 1/ (SE) E. 0B LIS UTERIENT 5, 1% (USE) D
WTit, Fig3 1 (36) ROBRET U, RRTH. REEAEENHESE (d4d,) TEELLTE O, ##)
HENHEOREEEKRT 5, RELMTOHFMMHLEORRIL006=02x03THH. ZOMEE THFNA
TEIEDNBRRNENL S, Elo. /5T A P w ZIZEARMBOHRAR L I TH 2EN S, g
KB LU THEMNSBET 5, LLEDLS I, BEEEENEOAREEMN v(VE) 2%, 0@ LITHLTH
BEH &S, JOH. BARSICEOTHRLBEENS LB I ENTFEINS,
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Fig.2 Variation of coalition cost with q. Fig.3 Variation of Cys(USE) with 2VSE and q.

4.3 BRSO

Table 6 12{d, FD & BIRBORASHORENERR/NERZ0ER U, 1B (USE) WEICR/NERD
CEDS, RBEICRITHERET S Ehbh o1, (I &5 o(USE) OEMELME. RO L PRIEA M
&I B, v(UE) NERETE LWL (0. < 8.1) T 52) REBWTHET 5,

min ¢ subject to Oy +0s+0g = v(USE) (49)
—e 40y + 05 < o(lUS) (50)

—e 405 +0p <v(SE) (51)

e + 0y + 0y < o(U L) (52)

—e+ 0y <) (53)

~e+0s < u(S) (54)

Fig4 ICRAMERET Ui, v(UE) NEHTE 3R TR, ¢ O LI UBEERED AR T
%, Jhud. BERRAREE THMNAT AL EOBENTS A5 FIKE G CERARERENTS
BT lik B, Fhi, TAEEEEOAMIIHNT 2, ThUNORKBTIE, 00— E LB P RET
BN KRAEORIBIGZBY LTW L X794 MEROAORBEM o(US) BT2(H/m?*) THBI &
5. BURICBLT bIBEEEESAET XS BANEAE L. BRE TOKEHREET I HEICRSI SRR,
F VA MEBROESBELZBETILENET S, THOHOIENS, BRIMOBAIIK LT, KEYE
DEDSZOAMERRT ZHBEOLENDLH 5,
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Table 6 Sub-additivity conditions(yen/m?3)

100 o
90 \'\
combinations of Target water quality at dosnstrean g+(eg/1) " \
ses a Y
coalitions 8.5 8 7 6 H L} 3 2 } 70 \_\
v' (USE) 68.0) 74.1) 89.3110.7]143.0]197.3307.5652.3 g §0 6 N
a \
v (W)Y (S) M3 v S0 N8
T ~E
v (SE)Iv (1) T2 7.9 94.81118.5]153.9{2i3.1}331.3 6860 AN
P «.
v (SE)-v' (S)tv' (US)] 72.9| 79.6| 96.5|120.2 | 155.6 | 214.8 [ 333.0 | 687.7 : 20 4 AN
. . t ~
" (UE)-v' (D +v' (USX 76.0 B ~
BV Wi e TS B e
0 <
10 1 T T T I T T T
qs(wg/1)
Fig.4 Variation of allocated cost with g,
5. Bbbyic

WHBEROBFAIZ. HETKEREOLREM O FHRE UTOFMEARTZISAINTE /2, FHS, BRI A
FAVKERE. TARERSIIG LEDBRICHSPNTEESINTE I, JTHIFMTERE LA REEHOS B
A YA MEROBABR/MUME L L THROWTEL LD EER S, LI LSS, BRAENR~ICHNT 5
RN H HBETHE., BHEOMBEE L TR LH L. BEEI SOFME WA /S ERILELEZ SN

%o

APFLE. BWERRIBIC L SFNDKEREORREZ VRN L. BRHOKNMBE. TREELE. B
EREOWMNIANT —LELTETIMLL, RBBEAOGHTEr — AR T 1 ZTORO¥EwRERT,
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2.

3.

IKFVICED BIKE S5 A =5 (o, Gy 41, )~ KB S5 A =5 (A p,v)s BR/S5 A =5 (cu, s, i, B2, @)
DOBEN S, REERE IUVERABESET 3 I EWAREEA I (E7NVAHLD)
BIEEREOEERERMEELLWESICE. T OBSE#EALALPERIIEICED. 20A8
BRAWETIZENTES (EFVHWLD),

BEERHZOABEAR. FIDKEEE PR LT 2> TN L. BRAUMEORBEBL S C

ENG, FIKERECHL THRRAMOAEEABRT IEENLETH S LML (F—ZA X7
T4&ED)e

AHOBBE UTiE, BORERE UTIEMMLIX QM (1) 2RI BB EDOr — ARSI T4 2TH L L
HIT. BANEEIERE L LR A L OBEH LI E T VMPLETH %,

B 0K
B KB | PR 5 FEKERSE, 1993
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