|

7/ “““\\\ A ECO" SEARCH

% // RESEARCH IN AGRICULTURAL & APPLIED ECONOMICS

The World’s Largest Open Access Agricultural & Applied Economics Digital Library

This document is discoverable and free to researchers across the
globe due to the work of AgEcon Search.

Help ensure our sustainability.

Give to AgEcon Search

AgEcon Search
http://ageconsearch.umn.edu
aesearch@umn.edu

Papers downloaded from AgEcon Search may be used for non-commercial purposes and personal study only.
No other use, including posting to another Internet site, is permitted without permission from the copyright
owner (not AgEcon Search), or as allowed under the provisions of Fair Use, U.S. Copyright Act, Title 17 U.S.C.


https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
http://ageconsearch.umn.edu/
mailto:aesearch@umn.edu

HUCAER WP # 3509

NnNNYypn n%3%3a pnn% 1310

|Hebraw  University

A -
~

THE CENTER FOR AGRICULTURAL ECONOMIC RESEARCH

Working Paper No. 8509
MUNICIPAL WASTEWATER TREATMENT AND REUSE:
I. TREATMENT OPTIMIZATION AND REUSE FOR

REGIONAL IRRIGATION

by
Ariel Dinar and Dan Yaron

GIANNINI FOUNDAR@N OF
AGRICULTUFMNOM!CS
' NE

Ll Y
N
uAR 2 4 1986

Rehovoth, Israel, P.O.B. 12 : : M




The working papers in this series are preliminary

and circulated for the purpose of discussion. The
views expressed in the papers do not reflect those

of the Center for Agricultural Economic Research.

MT DN 1t NIPOA APNNA INRN
YN YN nhapy T MwNa
IR Mapwn PR 0Na myamn
JOUNOPN 193502 ApNnd nn Myt




Working Paper No. 8509

MUNICIPAL WASTEWATER TREATMENT AND REUSE:
I. TREATMENT OPTIMIZATION AND REUSE FOR

REGIONAL IRRIGATION

by
Ariel Dinar and Dan Yaron




MUNICIPAL WASTEWATER TREATMENT AND REUSE.
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ABSTRACT

Munioipal,uastewater warrants increased attentionras a potentiali
environmental pollution and a possibleiirrigation water source. A
iong-run mathematical programming model aimed at regional optimization
withvbegard to plant capacity, treatment level allocation of the efflu-
ent to the part1c1pat1ng farms and cropping patterns at ‘each farm is
presented The model is applied to an agricultural region in Israel which
includes a town and several farms: The results‘indioate the necessity of.

a subsidy for. regional COopenation and provide-a regional setup ofb

reusing municipal wastewater for irrigation. The optimal solution

enables eacn farm to’reallocate.the fresh water quota among the dif-
‘ferent landvseotions; to CultiVate'new land areas and to expand the-
>"1rrigated crops by using effluent The acceptability of the regional
Optimal solution by the town and the farms is discussed in another

paper.




TREATMENT. OPTIMIZATION OF MUNICIPAL WASTEWATER AND

 REUSE FOR REGIONAL IRRIGATION

Municibél wastewater warrants increased attention as a potential .
environmental pollution and a.possible irrigation water sourcé. ‘Under
. .oertain conditions, use of municipal effluent (treated'waétewater):for,
irrigétion, is an effec;iye means for wasﬁewater remo?al} Using waétewaﬁer
-for irrigation;of'cértain crops (Table 1) allows a léss_stpingent treatmént
.level in comparison té‘disposing of the wastewater to lakes and rivers ﬁo
be utilized‘later andimax'thus alleviatekenvironmental pnoblems.‘ 1§ aléo
'has the advantages df providing extra’water for farmers who use the
wasteﬁater. | H

Muhicibal'wastewatér is genérally treaﬁéd‘in Weétern‘Europé'énd
par£s~or the United States (Meséer,'1982; Aséno‘andrMahdancy;:1982) for
diéchérgé ﬁ@ Streams_ahdliakes; which mightbultimateiy‘be used as sources
of drinking water. Aécordingly,'the'prdfessional literature concentrates
primarily 6n'£hié issue and éddresses:' (a) the choice 6f a treatmenﬁ
fac111t§ that fuifills given health and environmental requirements at
miﬁimal cost and (b)~the rélaﬁéd tréatﬁent coét-sharing écheme ambng the
‘éoiluﬁing agents such as dohestié aﬁd indﬁstrial users (ﬁorfman, 19725
Giglio and Wrightiﬁgtén, i972§ Papke, et al,; 1977; Loehman, et ai;,
1979; Nakamura.and Brill, 1979{ and‘Ringldi, et al. 1979);- N

Irrigation with effluent is a rather recent practice and therefore
the_litgrature in this‘fieid is not asﬁgxtensive as the literatupe
dealing with the disposal of municipél wastewa#er‘to lakes and riveps.

In arid;and.Semi-anid parts of the world like éouthern California,
Teﬁas andvIsbael, much effort is being devoted toward;coordinating

effluent quality with agricultural crop requirements, and toward adapting




env1ronmental quality regulations for us1ng effluent for irrigation as a
“cost effective outlet for wastewater (Feigin et al., 1977, Tahal, 1978;

Moore et al., 198Y4; Victurine et al., 1984; Goodwin.et al.,.lQSM,VCali;"r
fornia State Water Resources Control Board, 1984) |

This ‘paper deals ‘with a- regional approach for municipal wastewater

.management'through treatment and irrigation,»subject.to strict public health
regulation aimed at preserv1ng environmental quality. A regional

wastewater treatment system and its distribution to farms: within a region :
offers economic advantages'tO‘the potential participants; but it requires
thepestabliShment’offa special,regional organization. A region involved

‘in suchvendeavorpfaces the following interrelated problems:

al. Determinationtof the appropriate regional boundaries with due'
.,’consideration to treatment plant capacity as well as the capacity
and layout .of the wastewater and‘effluent conveyance systems;.
Determination,of the wastewater treatment level;
h Allocation of the effluent (treated wastewater) to the
farmS’withinlthe region;
d) The selection of:optimal cropping’patterns;::»

_e) Cost allocation to the participants;

) Level of government subsidy, if needed.

FA mathematicalnprogramming model which includes these components is
'formulated.‘ The model is- applied to the Ramla region which includes one
town and several farms-op the coastal plain_of Israel.: The cost. alloca—
tion’among‘the participants is»considerediin the following paper (Dinar

:et al., 1985). Asiwill be»shOwndlater, the'regional”optimization problem

can be separated'from,the cost*allocationvproblem.,




A MODEL FOR REGIONAL OPTIMIZATION OF WASTEWATER TREATMENT AND REUSE

. The objective is to maximize the regiéh's‘incéme subject to a given
supply of wastéwater,7health regulations ana the' capability of the farms
to utilize the effluent, subject'tp their.léhd'and other resource endowments,
énd the:prevailing price system-and technology.

The fbliowing énﬁities, of Wplayers" (using'game theory semaﬁtics)

are invol?ed: -

1)  The municipal authority(s) that delivers the effluent
(effluent supply);

2) -The farmers interested in using effluent in irrigation
(effluentrdemand); and

3) A‘public organizétion, such as the government or é regional
authokityfwhich serves public interests (e.g., environméﬁtal
Qﬁality)‘énd which can control the relatéd activities via regu--

lations and subsidized financing;

Apparedtly, economic potential exists for regional cooperatioﬁ
in thelﬁreatment of wasteﬁatef and the use of effluent in irrigation.
‘The‘farmers might be able to increase théir irrigated-acreageS'and _
benefits. Tﬁe treatment cost couid riSe, as the result of a treatment
level-higﬁer than required by health regulations forraischarge:td the
" sea, Eﬁt'a’share;ofﬁthe‘cbst would be borne by the farmers, and by a
governmeﬁt subsidy if needed. ‘Environmental considerations:aﬁd fresh
water savings may provide the mdtivatiod'fér the subsidy.
Thé economic analysis Eefersvto ; one-year period, wiﬁh all'loﬁg-run
costs and‘fevenues expressed on anvannual basis. It does not account for

the effect of present irrigation decisions on the future from'the'sténdpoint




of salt accumulatlon in the soil, because, with reference to the parti-

cular: reglon studled, it is not 31gniflcant’ due to salt leaching by |
‘ winterlralnfall.

The model - deals with>onevurban_authority,_several‘farhs; and;incor; -

poratesAgovernment enVironmectaL-qualiﬁy regulaticns, It neglects
;easohal_differences in wastewater quality.and'assumes‘a uniform'quality»
‘throughout theiyear.v In addition,vthe}codel assumes'cciy onebpoeeible
treatment level throughout ﬁhe-yeaf; fhis level is:chcsenbih>order'to 

maximize the regional income.

ELEMENTS OF THE MODEL

-+ The Town and the Treatment Plant

Mun1c1pal wastewater supply and quallty are viewed ~as. predetermined

‘ ‘ exogenous varlables.- For each month the following balance equatlon

holds: -

'(.1), | s =D, wi‘t_=’1,...1’.,1'2

where

S¢ is the munlclpal wastewater supply (m3) in month t;

Dt is the quantity (m3) of wastewater dlscharged after necessary treat-
mept in month t,v(dischapged tovthe sea through a wadi (rlverbed, dry most
of the year)); -

St is the-quantity‘(m3) of wastehater_diverted to a pretfeatment»stcrage S

~.in month t.




The oost of wastewater discharge is d ($/m3) and 1t is lower than the
cost per unit of_treatment required for 1rr1gat10n use, Discharge costs
" include minimum wastewater treatment (required by law) and the conveying

expense to the discharge site. The supply of wastewater is continuous

‘over the year while the agricultural demand for effluent is mainly

restrioted to the summer!months. To match agricultural demand, waste-
water is ‘stored in a pretreatment reservoir until_needed, Although some
quality improvement‘(oxidation) does take place in the stored wastewater
during winter, its extent with regard to the conditions studied is not
"known, and for the purpose of this study 1t will be con51dered as negligible.
(In general,’there is a problem whether wastewater should be stored
before treatment or after treatment; as effluent. 1In the first case,
there is the benefit of quality improvement before treatment which
reduces treatment oosts' on the other hand this implies that the treat-
ment w111 take place at the appropriate time of effluent use, and a
larger treatment“piant is reqnired. In the‘seoond oase, the‘opposite
holds. .in this’study, pretreatment storage in a large;abandoned-quarry
convenientlp 1ooated'in the region was assumed with a small operational .
reservoir for the treated wastewater (effluent) )
Denoting by t the index of the month we distinguish between the

group of the fall-winter months w, w = {9,10,11,12,1,2,3,4} and the peak
summer months, t = 5,6,7,8. The fall-winter months-qill be treated as
one group, w. We willbalso'definevT = {5,6,7,8} U w |

. The fall-winter storage treatment balance is

- S




where aAis the ioss eoeffioienthdne to emaooration and infiltration'.
dnring fail—winter; ‘ | |
J is the index of treatment‘level for use in 1rr1gation' three dlscrete
| treatment levels are assumed (J 1 2 3), j =0 denotes the dlscharge
. _ optlon before storage, w1thout a treatment plant,
Uw5 is the qnantity (m3) of wastewater transferred from fall-winter o
| storage during May (t= 5)' and
_Zﬁsvis the quantity (m3) of wastewater_designatedffor treatment'at‘
| level j durlng fall-winter..

The balanoe equatlon of storage and treatment in peak month t is:

Ut b1 is the quantlty (m3) of stored wastewater transferred at the end
' of month t to month t+1
t is the quantlty (m3) of wastewater removed from storage to the
| treatment plant for treatment level J in month t; and
B is the loss coefflclent for peak months.
Defining qJ as the maximal quantity of wastewater treated in the
plant durlng any of the peak months t at treatment level j
'qj "-'1 maxth . t,=5;6:7:8;. j=1p213
‘In the mathematical brogramming model applied; this relationShip‘ish
expressed as:
(1) S a,

J ;-th




Note that qj is linked to a negative coefficient in the objective
function thch maximizes the region's income; therefore, it»should be.as’
snall as justified. |

The region can choose one Qf the three lévels,of-tfeatmént ahd/or‘the

Jdischarge option (j=0,1,2,3). This is expressed by relationships (5)-(7): :
(5) 1 &=

with

6 . 8y=0,1 J0,1,2,3

) _ - q M. j=1,2,3

32

with M being an arbitrary large number. Thus;,in the case of j=1,2,3

For 6§ =0, qj, < 0, which implies qy = 0, for j # j%.
J* ' ,

For Gj* ='1,>qj*A'§_M; with M being sufficiently large, qjs is practically .

unlimited and continﬁous for eaéh J (j=1,2,3)kwhichqisvéhosen.‘

NoticeithabAfor j=0 the toﬁn discharges all»its wastewater; no treatment
planﬁ is eStablished. Equatién (7) allows, for j#0, the treatment of part
of the effluent and discharge of the other bart. The model assumeé certainty
in the'agricultubal demand for water; therefore.the quantity of treated ef-

- luent is debermined by the demand for water in the irrigation season; the
remainder is discharged after minimal.treatment which costs d ($/m3).’ The
quantity which was stored (after losses) 1is being trgaﬁed-in a treatment

plant and devoted to irrigation.




For each month there are balance equatlons of supply (Z ) and

uses of treated effluenti'

where

N is the number ofvﬁpléyerS“ in the region (N = numﬁer of farhs’piUé‘oné, :
the.town)§' | |

4R2313 the effluent amount (m3) at_bpeatmentiefgl J aéquired by f;rm"
'n(n=2,3...,N) during month t. -(Index.néf stands fdr the town).

. .The plant's capaclty Qj (m3/month) is determlned by qj, defined

above (4), w1th the addition of .a safety factor v

: (9) Qj = »YQJbv g . J = ‘1:12,‘3‘ .

_ The,wastewatep_treatmeht~qos£ is‘a noh—iinear fqnction (LOehman:et
.al.,'1979; Dinar, 1989),‘

A rate r of.government,shbsidy of the_treétmént cost and conveying

3,cépi£al‘co$f is aééﬁmed'56 that fhe actual cbst‘funétioh to the region

" iss
=,(T-r)Fj(QJ) s . _j=1,273

The fblloWing estimate‘(Dinar, 198U) was used:
0. 633 -0.094

F, (Q ) 2006 Q; E;




Ej is the index of treatment level represented by the percehtage of BOD
‘remaining in effluent out of the pretreatment original 400 mg/l.
For j=1,2,3, these percentages are 15, 8.75 and 4 (60, 35 and 15

mg/1), respecti#ely.

The non-linear cést fdnction (10) is incorpérated into the programming
h§del by a separable programming routine (CDC, 1977).

| The last equation qflthe foﬁn expresses the cost of transpohting.
wastewaﬁer ffom the town to the treatment plant with,thebsite ofvthe
.treatment plant 5eing predeterminedr Wastewater trénsport Qoét to the:x
plant comprises (a) capital cost, and (b) variable cost (mainly enebg&);

Specifically, the following conveying cost function'was assumed:

' 12
(11) m" = (i-r)B'(k") + v! T s

t;14t

wberé =

 m1 is’£helqﬁébéll ahnualjcost ($) of conveying.wasteﬁaﬁer from the town to the .
‘béseerib;' » |

B! is:fhe capital cost ($) as a function éf k'

‘v1'is the cost of energy pér’unit of wastewater coﬁveyed from the town .to

the storage ($7m3); and

! is the towﬁ'é maximal periodic supply (m3).

1 1

K' is determined by K = max St (t=5,6,7,8), which is formulated in

the programming model as:

(12) K : t=5,6,7,8

K! has a negative coefficient in the objective‘function which is

being maximized.




10

 When the town operates alone, its goal is to minimize the treatment and

_conveying costs:

, 2 3
‘ t:} j=1 J

1

_Within'the regional”framework which is aimed,at regional optimiza-
tion, the town increases'its expenses, assuming that the farmers will
contribute their share. The above cost function,multipiied by (-1) .

is one component'in-the regional objective function, wnich is maximized.
The Farms

The farms in the region differ in.their production faetors; fheir tech-
‘ nology and. their cropplng pattern as they relate to the possible reglonal
treatment plan;. Thelr maJor characteristlcs are _presented in this
section,along withethe relevant components of the programming model.
We denote the farms' group by G. ItVCOnsistS of N—1 farms G =

{2,3,.+.,N}. Farmn (n eG) is characterlzed by Ln land sections and -
" crop'alternatives.. Each land sectlon of each farm can be 1rrigated
with effluent, but due to sanitary regulations, it is not posslble to '.
irrigate the same land sectlon w1th both effluent and freshwater during a
season, nor to shift, overvthe years, from eff;uent.to freshwaten irrlga-
vtion, unless.epecial sanitary prevention~measures are taken and permissien'l
bis granted. anch‘farm'can‘freely transfer freshwater ameng its land |
sectione as'leng‘as'its water quota allotments are not: exceeded.

,’The farms can also install irrigation'equinment on their nonirri;
gated areas and gnew their'irrigated cropsr‘,Each-farm may have bﬁe out

~of four types of irnigation water at its disposal: k=1,2,3,4, namely




1

eff1u¢n£ at treatment 1eve1’k=1,2,3,’ahd freshwater k:ﬂ,;accbrding'to,tﬁe
farm's quota alloﬁment.~ Recall that on1y one level of ﬁreatmeht’of
effluent»thrqughout the season is possible. . |

| Férm'n{é productive capacity is,déscribed by the fbllowing equations

_and inequalities:

Land use: .

(13)

" where
Xylk is the area (ha) of crop y grown in land section 1 and irrigated
with water of quallty k by farm | n, 1= 1,...,Ln k=1,2, 3 H, y=1,...Y0
For k=1,2,3 water Quality used in irrigation is equal to quality of
" wastewater treated up to the jth level (j=1,2,3); k=4 denotes freshwater

supplled from the conventional water system.

’ Ig is the area of farm n's section 1 (ha).

Water-use balance:

n
o= L
(1) wgk_z T o
S0 1= yeY U

non . n o S ’
Mok Xy1k = Rey  beT, k=1,2,3,4; J=1,2,3; neG

where .

A;ltk is the irrigation water amount (m3) of quality k applied in

pefiod t per ha of activity y in farm n's section 1; and

n - ! ’
wtk is the farm n's irrigation-water supply and use (m3) of quality k,

in peribd t.




Effluent. supply and use:
(8) z.> £ RN, §=1,2,3; “ger
v t‘]_neG‘t‘] ”11
_Farm n's,sitefip:the region determines effluent conveyiﬁg costs
from the treatment plant_(Whése site 1is givén) to its fields. :The -

- capacity 6f the effluent‘cohvéying system is determined by the maximum
periddic effluent supply that must be tbanéported from the plant to :these:
fields: ' ’

(15) ‘ L teT, neG'
where
.Kn is the farm n's maximal'periodic efflﬁent'suppiy'(m3)..,Note’
~ that (15) is equivalent to R}, < K for j=1,2,3.

Conveying cost function from the plant to farm n's:field5-is:

(16) m® = (1-r)B"(k™) + v* £ @ RY

CteT §=1. 9

‘where
v s the energy costs ($/ﬁ3)bof'con§eyingieffluept from thé é}eéﬁment ‘
| plént to farmbn. |
The characteristics of m? ére identical to those of m1, whichkweré S
already discussediin the“ségtion conéebning the tQWn. The h“’function
“is alsobtreated with'the-aid of separablé program@ing. We assume &hat 
the énergy componént in conveying costs depends liﬁearly on theiamoupt
§f éfflueﬁt. | | |

Additional*restrictions fob farm n are represented as follows:

an S HE X <P




whére

H" is the matrix of input factors (other than water) for farm nj

2? is the vectér of activities not using water and-not generating income,
. to farm n; and |

9? is the vector of restfictions hbt related to irrigation, speéific to

farm h,
The objective of farm n is to maximize £

S 0 L" Sa o
18 M- 3 I T C n ..
(18) . 1=1 ern k=1 ylk xylk "

n
where

C;lk is the gross income ($/ha) for activity unit y in farm n's land

section 1 irrigated by water‘of quality k (market value net of

marketing cost, minus variable cost not including freshwater cost).

The.regional objeétive function fN is composed of.such N-1 individual

functions, and the town's effluent treatment cost.

The regional probleﬁ is to maximize fN;

(o) N=-rle 20z ¢ oz o xY, -n"]
n:G 121 ye¥? k=1 Y1k “¥ik
subject . to restrictibns (1)-(17) described above, and the non-negativity
restriction on the decision variables,
The model makes it possible to determine the amount of regional

income when the town's wastewater is used for irrigation within the

framework of regional cooperation.




The decision variables in this model ere:
treatment levelzof effluent or the diScharge onpion;
capaeity of the conveying system of wastenatervor eff;uent
to/from partlclpant n (n=1,2,3, U),
'treatment plant capacity for treatment level j, (Note that the
capacity and treatment level are determlned 31mu1taneously )
level of activity y in block 1 of prOdueer n, irrigated by water

of quality k.

Decision variables determined exogenously to the model are the site of
the treatment plant, and r -- the rate of government subsidy for

treatment and conveying.

Cooperative and Non-Cooperative Solutions

As'stated,
,fN,denbtes the regional gross income whenvthe farme and ﬁhe town
in the region coopenete (N ='{Tf tj G); |
" denotes the gross 1ncone or the cost generated by‘the nth B

partlclpant when -acting 1ndependent1y (n = 1 2,...,N)

A necessary condition for regional cooperatidn is that:

(20) -

where o denotes the optimal values of fN and f".
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6€her conaitions for cooperation déal with the related cost benefit

allocation'Schemes among the farms and the toﬁn. These abe discuséed in
the following pépeb (Dinar‘ef al., 1985).

The model is able to solve for bogh the cooperative and the non—
.cooperative‘éituation. ‘In ﬁhe first situation the town and_gli the farms
ig the region»cooperaﬁe to\ﬁbeah the muniéipal wastewater and use’the

effluéntifor ibrigation‘(a Vérand coalitiqn" is formed using game theory

seménticé); in the secondvsituatibn the town and each of the farms oper-
4ate independently. 1In this>eaée, the town disposes the wastewater énd
‘the farms‘use their'freshﬁater quota allotments only.

Iﬁtérmediate‘situétions, namély cqoperation among the town and>somé
of tﬁé farhs;~are also poésible ("partial coalitioné" in game theory terms),

Note that any'éooperation;’a grand or a. partial coalition, is possible

only if the town participatés and supplies effluent.

The model includes the options to treat or not to treat wastewater

for 1hrigation, and for each farm, to use or not to use the effluent.
This formulation leads to the following result:

(o] o o o
e Y e <o

(21)
o 0O o o
REAP N s ", 7 > 0; n=2,3,...,N

where -

o
el

o ,
and €1 >are the town's treatment cost in the non-cooperative

and the cooperative optimal solutions, respectively; fno and 5"0 are
the nth farm income in the noncooperative (= no use of effluent for

irrigation) and cooperative (= reuse of effluent) solutions, respectively.




Relationship (21) ho1ds because the objective function (19) is to
maximize the region 8 income whlch is the sum of the town s treatment
cost and of the (N-1) farms' incomes; If wastewater treatment iS'not
profitable from the region's standpoint (its.objective'function); i.e.,

6{ = 62 = 63 =.0, then the programming problem (1) - (17) and

(19) becomes a set of N 1ndependent programming problems and the solutlon
"represents‘the 1nd1v1duallstlc solutions of the town and each of the -

farns, with &% = ©° for a1l n. : |

' If the use.of effluent'for irrigationiis‘profitable_from thetregiOn'sf

pointbof view for_an& subset of‘farms SS;;G, then a coaiition5s*,between the
- town and’that subset will»be created; s*;s \11{1},>with the other»farms (N-s) f

acting independently. _(In terms of the model solutlon this is obtalned by

allocating effluent to the farms ngs§ ) The optimal value of the regional

’objective function 1s

O 10 0
o f'No = vf{s“}o + X fn :
' b : ‘nésk

where £15%}° is the s*th coalition income. Notice that

o> o on®  f°
_ngs® . negsit . -

s®}0 ._

¢ , £1% 0

nO

and g _Z_fn_ for all nes € s, The'value of the regional objective

function is not optimized if for some farm n, nes#, gn < ©;,

In game theory'terms,_"individual rationality" holds for each farm.

The difference th(gn - ) can be used for the ‘compensation
€ , N

to ‘the town for 1ts additional treatment cost

o | . .40 30 - ce s
Notice that ngé(gn - 2> e g1 and the compensation is

- possibie}"




. EMPIRICAL ANALYSIS

Data and.Desoription of the Region'

Thevempirical analysis is being applied to a real case in the Ramla ‘
region on the coastal plain of Israel The regional system consists of
vthree farms, a town, and a wastewater treatment plant. |
o The town supplies wastewater of a given quality - 400 ng/l BOD -
and a constant quantity - 100,000>m3/month. The cost of disposing
wastewater to_non-farm sites (in this case -- the sea) is:0.30 $/m3.
(A1l monetary ralues are constant 00toter~1980 dollars.) If a regional
treatment plant is set up, the town operates the plant with the under-
vstandlng ‘that the effluent w1ll be distributed among the agricultural
iproducers, who will purchase the effluent and pay at least for the
additional treatment costs. |

Conveyance and treatment cost funotions.were described in the model
section, for detailed data see Dinar (1984). WaStenater storage loss
coefficient for fall-winter (o) is 16% and for each peak month (B) is u%
‘(Berezik, 1982). The sanitary requirements for effluent quality are

presented in Table 1. In addition to the sanitary restrictions governing

Veffluent.use, there is also the problem of salinity damage resulting from

"effluent irrigation (the salt concentration is higher in effluent than in
freshwater). Soil salinity‘leyels were,oalculated using a modification
(Yaron, et al. 197%; 1979) to a model proposed by Bresler (1967). The
soil salinity level used in this study to calculate yield losses of crops
is the average between the spring and the fall soil salinity assuming

. that winter rains leached saltyfrom the’root zone. Yield losses are

calculated according to coefficients proposed by Maas and Hoffman (1977)




and.Yaron, et al, (1979), crop budgets are based on.Israel Ministry‘of>
Agriculture (1980).  Basic data for representative crops is reported
in Table 2. | | ‘

The farms differ in their land area, soil quality, irrigation tech-
nology, cropping pattern, freshwater quota, salt concentration of irriga—k
tion water, and distance from the suggested plant (Table 3) Farm A
must participate in any coalition established because of its location.

From the p01nt of view of water use, thewcrops grown on the farms can
be‘cla331fied 1nto four categories |

| ’j. Inten81vely irrigated field crops, such ‘as cotton (using alter-
native 1rr1gat10n technologies, including drip irrigation), tomatoes

and corn for canning.

2. Extensively irrigated field crops, such as wheat ( for grain),

sorghum, and sunflower.

3. Field crops not requiring irrigation, such‘as wheat (grain)
and forage crops grown for hay or silage.

H, Perennial fruit crops, such as citrus, avocado and v1neyards.

Some of these‘crops are sensitive to salinity‘(especially citrus
and avocado).v'Detailed data on the technology appliediin their growing,
and the estimates ofvtheir yield losSes due to’salinity can be found in
Dinar‘(1984), | | | o
Results

The optimization model is_first:solved forathe non-cooperatiVe
conditions, and offersithe-optimal.solutions for each ofothe par-

v'ticipants when they act independently. This is achievedfby imposing

0. Table Y4 presents the_results with respect




to the’freatment costs.pf thé town, the income of the farms and fhe
shéddw pfices of fréshwater.-

Scrutiny of the sﬁadow’prices of freshwater in the non-cooperative
situation (Table 4) suggests that the month of July is the most effective
water constbaint for each farm. The annual water constraint is effective
>fof Farms A and B, while the June wéter quota constrains Farm A only.

The higﬁ shadow brices of freshwater‘in July for éll farms Justify
cbhsideration of:aﬁ additionaliwater souréé to the region.

Reéional codperation in wastewater tréatment for irrigation can ’
~ariée among:the town and some or all of thé farms. the model solution
for the region studied,bsﬁggéSts that no cobperative agreement will be
justified for a government subsidy lgss than 15% of the overall treatment
and the capital éomponent of effluent conveying costs. If léss, there is
no incentive fob any of the fafmsvto use effluent in ifrigation and no
cobperativé treatment plant‘will be set dp. When the subsidy is 15%;
éoopefétion between the town and Farm A is justified,'but Farms é and C
‘will be excluded. Only a 50% subsidy provides for a full cooperation
(ﬁgrand coglitionﬁ)'among all tﬁe'potentiél participants.: |

A comparison of major results for cooberative situatiohs, given 15%
and 56%'governmental‘subsidies, is shown in Table 5. It suggests that |
with a subsidy of 50%'a‘pléht of treatment level 2 (see Table 1, column
- 2) will be established. The 50% subsidyiamquhts to $H97}000Iand the
begiéﬁéi income is‘inéreased by only $365,000. The environmental effects
of suéh a éubsidy‘are quite significant because the share‘of the regional
wastewater used in irrigation’(a good solution from the'sanitafy'point of

view) is 100% as compared with only 75% at a 15% subsidy level. At a 15%

subsidy level only Farm A uses effluent, while at 50% - all three farms




fparticipate. A comprehensive and’conclusiveidiscuSSion of the suhsidp
issue falls heyond'the scope of‘this studyr -On the basis of (a)kthe
'positiye environmental effects and (b) theufact that freshwater'is
‘,Significantly subsidized'too,ra 56% subsidy wasrassumed‘for the‘con-
‘tinuation of the analysist | |
) Comparisons of-Other’results for the nonecooperative and cooperatiwe
situations are presented in Tables 6 through 8 The optimal cooperative
.solution enables each farm to efficiently reallocate the. freshwater quota‘
: among the different land sections, to cultivate'new land areas and to
expand the 1rrigated crops by irrigating part of them with effluent.
~The changes occurring due to- the cooperative solution can be'
: summarized as_follows;‘ | '
l.; Expansion of‘Farm A{s,irrigated,areas, no.change,in Farm B's
irrigated area and reductiontin Farm C's irrigated areas; -
2. Substitution of effluent for freshwater by all producers"

the quantity of freshwater use 1n the region is  decreased. by 330 000

' m3>per year;

‘:3. Increase'in water'input per‘land unit area; decrease in the

‘area of. unirrigated crops in the region,'
T‘_M.vaxpan31on of certain crops and crops' irrigation’procedures
(new schedules of cotton irrigation drip irrigation),’and -

5. Reallocation of freshwater among each farm s various 1and
sections; according to the crOpping patterns and the demand of sensitive
crops for freshwater. | ‘b |

Tables 7 and 8 present the major changes 1nduced by the cooper-
,ation for each farm' Farm A 1ncreases the irrigated area from 110 ha to

250 ha ~of which 170 are irrigated with effluent, substitutlng effluent




250 ha of which 170 are irrigated with effluent, substituting effluent

for freshwaten.' Farm B does not increase its irrigated area but changee
>thevcropping pattern,bp increasing cotton's area to 180 ha.. Farm
c decreasee its irrigated anea bdt‘incneaSes cotton's area to 100 ha,
Farn C'also equipe 10 habwith drip irrigation fon cotton., A sdbstantial
_decrease of 339,000 m3‘of freshwater in the region is another resplt
of the cooperative eolutionv(Table 8, row 1). ThiS'quantity remains at
.the dispositicn of the'nabional'System‘and can be supplied to another regionf
Reeults in Table‘B line.3 sbow that for some of tne Farms (B and C)
there is an increase of the intensity rate of using water as is reflected
be the ratlo of total applied water per ha. ‘The high ratio for Farms B
and C explalns the decrease or stabillty of their 1rrigated area; for
Farm A the ratlo decreases because thelirrigated area expands so nuch.
Tbe reiatively 1arge.source of'irbigation water'also enables tne
vfarme to transfer fresh water from blocks which can be irrigated w1th
1effluent to blocks which are limited only to fresh water or that are

'belng cropped with sen51t1ve crops. These results are not presented

SUMMARY .

the-paper'presenbs a regional opbimization model of mdnicipal
wastewater:treatmenb and reuse'invirrigaticn. Maximizabion of the
regional inCome-is_constrained by the available production factons, given
'technologiee of agricultural production, wastewater treatment technolo-
 gles, prices;and environmental regulations.

The model was applied to a case study in a small region @n the

‘ccastal plain of Israel.. The empinical reaults-SHOW'that without a
subsidy, there is no incentive bo the farms_in the regicn to use

- treated wastewater. Partial cooperation between the town and Farm A is




:established when a subsidy‘level'of 15% 1s given.’ In this case only 75%
of the- town 's wastewater is treated in a treatment plant while the remain-i
der may cause env1ronmental»hazards. Comprehen51ve regional cooperation
is pos31ble only w1th a subsidy level of 50% In this case all the town's
wastewater is treated and all the farms in the region use the effluent for
irrigation. "The town bears the 1ncreased treatment cost for all the other:
participants,vwhile the farms increase theirlgross 1ncome, and then compen-
sate the town.- This is, dlscussed in: the follow1ng paper (Dlnar et al., 1985).‘
The town and the farms in the region derive direct benefits from
. cooperation. The environmnent and the national water’system which are
-,1nd1rectly involved -in the model, also benefit from the cooperative solu-
tion.. Environmental regulations are being followed in the cooperative
solution.v The total subsidy of $559, 000 to the region provides 330 000
‘ 3 freshwater to the national water system and the average of 1. 69

$/m can:“be cons1dered as-'a per m3 substitute for_investment‘in

new water resources. Shadow prices in Table 4 give a comparable range‘

‘ for this 1nvestment

| In accordance with the prevailing regulations in Israel the:

reéional optimization model assumeS~that.inter—farmitransfers of(
freshwater‘quotaspare notnpermissible;'andltherefore,redistribution of
"the'additionaliregional income'shouldvbeycarriedeout only:through

'monetary "side»payments"‘by thevfarms to. the town. |
'Thenacceptabiiity of the regionaifcooperative‘solution,depends on the_t
| establishmentﬁof’a redistributionlsystem which‘is acoeptable to all pardf
ticipants; Viewing'the}reéionalvproblem‘as atcooperative game with ﬁSide

payments"Tallows_the'regional optimization problem and the ‘income problem
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to be treated separately. This is an important feature of the phoblem‘

and the model from:the point of view of the computational bﬁrden.v
. The problems of redistributioh of income and specifically the pay-

ments to the town are treated in the following paper.
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Table 1: Effluent

Quality Requirement for Major.Crops 

."Crop .Group

BOD level
(mg/1)

Coliforms (bac-

teria/100 ml)

<35

<250

15

<122

Treatment
level index, J

. Crops

1 .
Cotton
Sugar beet

Seed crops

‘- Cereal

Hay crops

Silage crops

2

Fodder crops

vPeanuts‘

Olives
Dates

Almonds

- Citrus

3

UNRESTRICTED

IRRIGATION - -

Pecans

Other fruits with
inedible peels -

Deciduous fruit crops
irrigated under canopy

Fruits and vegé-
" tables for canning

. Vegetables consumed
~after cooking

. Vegetables eaten
- without peels :

,aFor,SO% of the samples.:

Source: Water Commission (1978).




Table 2: Basic Data for Representative Crops

: Var. cost : Labor Yield price Water (c.m./ha) Common
-Crop Loss not ‘inclu. =  (day/ha) : minus , _ yield
coefficient water " ‘cultiv. harvest marketing ~ May June July Aug Annual - with gpod
b a and labor i cost C ) water
($/ha) ($/ton) v . (ton/ha)

T47.5 1000 : 52

THT.5 . 900 : 5.32
TU7.5 400 600 ' 5.2

73.1 1800 100.0
1013.2 - 400 2800 : 6.0
299 ' S » 4.0
299 _ 6.0

‘ , ' 30.0
2032.7 600 1500 ‘ 12.0
1328.9 800 1000 . _ 20.0
1528.2 1000 ' 2.5
573.1 900" 900 45.0

“Cotton 3 irrig. sprinkl. . 1196
Cotton 4 irrig. sprinkl. 1245
Cotton drip - 1329
Tomato industry sprinkl. 1561
Peanut . ' 1345
Wheat grain dried . 615
Wheat grain irrigated 689
Wheat ‘silage ‘ 681
Avocado : 2835
Wine grapes ' 5814
Pecan _ 498
Citrus | 6Ll

[ G Yo I Ve R U I — i UV

mON N
o O U o

Monetary values are constant 1980 dollars.

3Lint and grain yield.




Table 3. Farmsf Major w;tervand_Land Chafacteristics

Total
o Irrigated
Participant
B , (ha)

Land Area

Fruit
Crops
Included
in Total

" (ha)

- Total

‘Annual-
Fresh-
Water
Allotment
(000 m3)"

Unirrigated
Land

(ha)

Peak
Months
Water
Quota

- (000 m3)

Water .Per Land

Unit?

Irrigated
Only
(m3/ha)

Toﬁal
(m3/ha)

Peak
Month

(m3/ha)

. Farm A 2“0,0 
Farm B 350.0

Farm‘C5" 196.9

108.4
120.0

y2.5

58.0
3712.6 - . . 902

91.1 » .0 850

}1600‘ ‘

159
300

- 138 -

6660

‘ 2580

- 4320

5360
1330

2930

660-
850

700

‘ aWithout.effiuent.




Table 4. Cost, Gross Income and Shadow Prices of Freshwaster under the Optimal
Non-Cooperative Solution :

Town - Region's Total

Cost/Income . ~-368 1,940 1,285 440 3,297
($000) : o '

Shadow prices of water ($/m

June qhota - | 0.555 0 0
July quota 1.074 0.559 1.161

Annual quota ' 0.191 - 0.139 0

. Monetary values are constant 1980 dollars.




Table 5. A Comparison of Major Results in the Regional Opbimization
' Solution at Different Subsidy Levels

Variables . R o 15% Subsidy 50% Subsidy

Farms participating E. VA only all region's farms

L]

Regional income ($000)2 k o 3,255 ‘ 3,622

Levei of treatment — - - ’ 2 . 2
Wastewater to be treated (000 m35 5 900 |

Effiuent used in irrigation (000 m3)° 700

%4 of regional wastéﬁatér' . | 58

% of regional treated wésﬁeﬁater ' A T

’Toﬁal Treatment Costs ($660) I

subsidy ($000)

Treatment Costs to Region ($000)

E Monetary values are constant- 1980 dollars. .
aRegional income with the subsidy included.

bGap'between used effluent and treated wastewater is due to v v
- evaporation and infiltration in the storage site (model egs. (2)-(3)).

chunded values.




Table 6: Average Treatment and Conveying Costs in a "Grand Coalition"

Cooperative Setting

A

.

cost/income in non- ~ 1,940
cooperative solution ’
($000)2

cost/income in coopera--
tive solution ($000)a

Overall treatment cost
($000)b

-‘Subsidy for treatment
($000)

Treatment cost net
of subsidy($000)

Total effluent purchased
(000 m3)

Average treatment cost -
net of subsidy ($/m3)

" Subsidy for transportation 25
($000) :

Transportation cost net of ‘ 27
subsidy ($000) '

Average transportation cost 0.039
net of subsidy ($/m3)

Overall average cost | 0.528
net of subsidy ($/m3)

Monetary values are constant 1980 dollars.

aBeforefredistribution of_incqme.

bInCludes towns"' transport cost.

®only for the capital component.




Table 7: Lénd Use and Cropping Patterns under the Non-cooperative and
: Cooperative Situations ' ' o

Farm A ‘ B c
Lo " _ ' Non- ' Non-
Situation‘ ’ h Coop. . Coop. Coop. Coop. Coop.

(1) Irrigated field = ~ 251.6 230.9 230.9 . 153.2 108.3
crop area (ha). .

(2) Irrigated fruit | 108.4  40.5 40.5 ~ 20.0 20.0
' crops (ha) ' o

(3) Total irrigated 360.0  271.4 271.4  173.2 128.3%
area- (ha) » ' : : .

(4) Effluent irrigated 167.8 - 94.9 120.0.

area (ha)b.

(5) ‘percent of effluent - . 47 - 35 = .16
.~ irrigated (%)c < -

(6) Unirrigated»crop 183.5 113.3 4oy, 3 42u.3
area” (ha) : ‘ ' :

L aInclﬁding,‘loo ha newly eqﬁipped forkirrigation
Prncluded in (3)

®100-(4)/(3)
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