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PREFACE

Water resource systems have been an important part of
resources and environment related research at IIASA since its
inception. As demands for water increase relative to supply,
the intensity and efficiency of water resources management must
be developed further. This in turn requires an increase in the
degree of detail and sophistication of the analysis, including
economic, social and environmental evaluation of water resources
development alternatives aided by application of mathematical
modelling techniques, to generate inputs for planning, design,
and operational decisions.

During the year of 1978 it was decided that parallel to the
continuation of demand studies, an attempt would be made to in-
tegrate the results of our studies on water demands with water
supply considerations. This new task was named "Regional Water
Management" (Task 1, Resources and Environment Area).

This paper is oriented towards the application of systems
analysis techniques to water management problems in Western Skane,
Sweden. These problems concern the allocation of scarce water and
related land resources among several mutually conflicting uses,
e.g., municipal, industrial, agricultural and recreational water
use.

The paper is part of a collaborative study on water resources
problems in Western Skgne, Sweden, pursued by IIASA in collaboration
with the Swedish National Environment Protection Board and the
University of Lund. The paper describes a methodological proposal
concerning allocation of water resources to different and mutually
conflicting uses. This proposal is illustrated by a numerical
example concerning water resources management in Western Sk8ne.

Janusz Kindler
Task Leader
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ABSTRACT

A water resource allocation problem in Western SkSne,
Sweden, is formulated as a two-level multiobjective program,
which reflects a decentralized institutional framework of the
region. The upper level model deals with the region as a
whole and seeks for technically feasible alternatives and their
associated costs. The lower level models are concerned with
activities of different water users which often conflict each
other.

Both the upper and the lower level problems are solved in
a stepwise manner using reference objective methods. Advantages
of this class of multiobjective methods as a tool for aiding
decision-making and conflict resolution are noted. Uses of
the model and further extensions are also mentioned.
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A MULTIOBJECTIVE APPROACH TO
ALLOCATING WATER RESOURCE FOR
MUNICIPAL, AGRICULTURAL AND
RECREATIONAL USES

Tsuyoshi Hashimoto

I. INTRODUCTION

It has been recognized in a past decade that water resource plan-

ning problems are almost inherently of multi-objective nature. This

is certainly true when the planning takes place in decentralized
institutional systems in which each decision-maker acts more or )
less independently of other decision-makers to attain his objec-
tives, as is the case in Sweden that is studied later. Even if

there exists a central planning authority, water resource plan-

ning may take a form of multi-objective problem, if there are a

number of functions which have to be fulfilled by water resource
systems and if all the functions cannot be satisfied to the ful-

lest extent at the same time.

Naturally many methodologies have been proposed for solving
multi-objective problems and applied to water resource planning
problems (for a survey, see Cohon and Marks, 1975, or Haith and
Loucks, 1376). The two most popular of these methods are
the multi-attribute utility method applied by Keeney and Wood
(1977) and others, and the Surrogate Worth Trade-off method
which has been applied extensively by Haimes and others (1975,
1977} . There are also variants of these methods which are based

on evaluation of decision-makers' utility and preferences by
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means of trade-~off ratios or functions among objectives (see,
for example, Seo and Sakawa 1979, Neuman and Krzysztofowics,
1977). All of these methods, of course, are based in one way
or another on interactions with decision-makers. Differences
are, when and how extensively the interactions are made and
also the kinds of gquestions asked to reveal decision-makers'

preferences.

A relatively new approach which has been advocated by
Wierzbicki (197%9a, 1979b) is the reference objective methods.
The basic idea of this approach is to let decision-makers to
specify reference or target levels (called "aspiration levels"
or "utopia points" as the case may be) for all the objectives
and to find such a Pareto efficient solution that is as
close as possible to this reference point, where the
closeness is measured in some appropriate way. This is in con-
trast with the more conventional methods described above which
in essence depend on evaluation of trade-off ratios among objec-
tives to reveal decision-makers' preferences. An advantage of
this approach is that individual decision-makers are apt to
think in terms of goals or desirable levels of objectives
rather than in terms of utility and preferences (Wierzbicki,
1979b) . ’

In case where multiple decision-makers (aggregated or not)
are involved, the reference objective approach has an additional
and significant advantage that aggregation of decision-makers'
"preferences" can be done in easier and more natural way. For
instance, the minimum of reference values of multiple decision-
makers may be taken as the aggregated reference point for some ob-
jectives which are to be maximized. Or for some other objectives,
the sum of all the reference values specified by individual
decision-makers may give an appropriate reference value for the
group. On the other hand, in the case of multi-attribute utility
method or other methods based on trade-off functions (e.g.
Surrogate Worth Trade-off method), group assessment of utility
or preferences may be more difficult. Application of the

reference objective approach to water resource planning, however,

is still very limited (Kindler, Zielinski and deMare, 1980).
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In this paper, water resource allocation problem in Western
Sk2ne, Sweden is formulated as a two-level multiobjective pro-
gram. The formulationreflects the institutional framework of
the region, which is an important consideration as discussed in
Section II. Section III describes the case study area with
respect to its institutional, geographical, physical and other
background features as they relate to water resource planning,
and the problem that it faces. In Section IV, the general for-
mulation of water resource allocation model is presented and
solution procedures based on reference objective methods are
described. The following two sections present specific and
detailed models for the water resource allocation problem in
Western Sk3ne region. In Section V, the upper level problem
which deals with the region as a whole is presented, and Section
VI offers description of one of the lower level problems -
Kdvlinge river basin subproblem. In Section VII, these problems
are solved in a stepwise manner using data obtained for the
region and the results are analyzed. The example illustrates
how such a multiobjective model can aid in solving decision-
making problems concerning water resource planning with multiple
decision-makers. Finally Section VIII contains suggestions for

potential uses of the model and also for its possible extensions.

II. INSTITUTIONAL FRAMEWORKS AND MULTI-OBJECTIVE METHODS

Obviously how to formulate a water resource planning problem
as a multi-objective program and which solution methods should be
used depend very much on institutional framework of a particular
planning site. 1If thereexists a central planning authority,
the first step to formulate the water resource planning as a
multi-objective problem is to aggregate objectives of each
water-user into different accounts which will serve as separate
objectives for this planning authority. For instance, as done
by Haimes et al (1977), soil loss from different agricultural
sites in the planning region may be aggregated to define total
soil loss of the region which may constitute one objective to
be minimized; or sum (weighted as appropriate) of net benefits
of all agricultural water-users derived from irrigation may be
used as another objective.



In more decentralized institutional systems, this kind of
aggregation often is not justified, since each decision-maker
may be concerned about objectives of other decision-makers only
to the extent that they affect attainment of his own objectives.
In this case, water resource planning problem takes in general
the form of multi-objective, multiple decision~maker probiem,
which often is intractable. One way to alleviate this problem
is to decompose it into more tractable subproblems. A question
is how - geographically (e.g. by river basin), functionally
(e.g. municipal use sector, agricultural use sector) or juris-
dictionally (e.g. by municipalities)? The answers to the ques-
tions again depend on the institutional framework of the region

of concern.

One important consideration in this case is to decompose
the entire planning problem in such a way that will facilitate
assessment of preferences and values of decision-makers. 1In
this respect it is meaningful to distinguish two different
characteristics of multi-objective problems. First, many prob-
lems are characterized by multiple physical attributes (e.g.
quantity of water distributed in different parts of the system)
which affect objectives of decision-makers and which can be
varies only according to a range of technical feasibility.

Thus search for technically feasible alternatives constitutes

a multi-objective problem. Secondly, individual decision-makers'
objectives depend on one or more of these attributes and may
interact (and often conflict) each other through these attributes
as media. Thaf is, these physical attributes have different
values for decision-makers. This kind of conflicts on value
judgements constitute another aspect of multi-objective problems

with multiple decision-makers.

In reality, the distinction described above is not so clear.
Two variants can be considered, each of which has definite implica-
tions for institutional framework. Suppose first, a "single"
decision-maker (or agency) can be identified for each attribute
in the first type of multi-objective problem. For instance,
water yield from a reservoir to serve public water supply may
fall under the control of one decision-maker (or agency); release

from the reservoir for downstream low-flow augmentation may be
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the responsibility of another decision-maker, and so on. In this
case, the multiobjective problem can be solved based on assess-

ment of preferences of these aggregated decision-makers.

If a "single" decision-maker cannot be identified for each
attribute in the first type multi-objective problem, preference
assessment procedure will be more involved. This situation arises
if, foriinstance, several independent decision-makers are
interested in release from a reservoir in relation to their own
objectives (e.g. of maximizing crop yield by irrigation or securing
water supply for municipal uses). A decomposed multi-objective
program then has to provide some means to aid conflict resolution.
First, a device is required to interpret values of the attributes
or objectives in the first type multi-objective problem in terms
of each decision-maker's objectives; secondly, a method or a
procedure is necessary to aggregate decision-makers' preferences
for each of these attributes so that the entire water resource

system can be evaluated.

It is not intended in this paper to cover all the possibili-
ties described above, nor to developr a general framework for
analyzing decision-making problems with multiple goals (see,
Wierzbicki, 1980). Rather a particular case in Western Skgne,Sweden
is studied to show how the water resource allocation problem
can be formulated as a multi-objective program, reflecting the in-
stitutional framework of this particular region and to illustrate
how such a model can aid decision-making problems- concerning

water resource planning with multiple decision-makers.

The paper is devoted to a particular application rather
than development of general theories or a planning framework.
Therefore, data as specific and real for the region as possible
are used and particular solution methods are adopted. However,
the way the problem is formulated reflecting institutional
arrangements of the study area, also suggests a general procedure

which may be applicable to other cases.

III. SWEDISH CASE STUDY

The study area is Southwestern part of Sweden called

Western Skgne, which coincides with Malm&éhus County consisting



of 20 municipalities (Figure 1). The area, which covers appro-
ximately 5,000 kmz, includes two major river basins - Kdvlinge

and R8nne - and several smaller ones.

At present most of the municipal water supply is drawn from
three sources: local groundwater and two pipeline systems which
distribute water from two lakes Vombsij®¥n and Ringsj®n located
respectively in Kdvlinge and R8nne river basins. Five major
municipalities taking water from these lakes are shown in Figure
1. In addition, a major project to obtain water from a lake
located north of the region (Lake Bolmen) via an 80 km tunnel
was proposed in late 1960's to meet the future demand which was
projected to more than double by the year 2000. However, after
the initiation of the project, it became apparent that the ex-
pected increase in demand for municipal water would not materi-

alize.

On the other hand, water use for supplementary irrigation,
which was non-existent until a few years ago, has increased
rapidly. The increase is expected to continue,since the climate,
soil conditions, and crop structure of the area are favorable
for irrigated agriculture (Aﬁdersson et al, 1979). Also demand
for water-born recreation has been quite high in the area, but
some concerns about adverse factors - e.g. lake level fluctua-
tion in Vombsj®n or water quality problem in Ringsj®n - have
been expressed recently. However, point source pollution has
been largely controlled in the area to a high level, following
a stringent Environmental Protection Act passed in late 13960's,
and many existing wastewater treatment plants have excess
capacity to cope with any foreseeable increase in wastewater
of point source origin. A major water pollution problem will
be caused by non-point sources, typically by agricultural run-

offs, if irrigation should increase significantly.

Another factor that plays a major role in water resource
planning of the region is the Swedish system of governance
which is characterized by a high degree of decentralization.
The basic decision-making unit concerning the use of land, water
and other natural resources is the municipality. The existing

local water supply systems are owned and operated by different
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sets of municipalities. A company, called Sydvatten, was formed
in the late 1960's by several municipalities to plan long-term
water supply, and management for the region. It now consists

of 12 municipalities and is implementing the new inter-basin

water transfer project described above.

The preceding discussion suggests the main characteristics
of water resource management problem of the region. First, the
physical framework of water resource management is rigidly set
for the region, since the Bolmen system will be in operation
sooner or later to provide sufficient quantity of water and no
substantial investments in wastewater treatment plants are ex-
pected in the near future. Thus nothing much can be done about
facilities location and scheduling related to water; more impor-
tant is operational planning. Secondly, introduction of the
Bolmen system will not only provide additional water for munici-
pal use but it will also increase the possibility of reallocat-
ing local water resources to other uses, mainly recreation and
agriculture. The basic question therefore is how to allocate
available water to agricultural and recreational uses as well
as to municipal uses; or in other words, how to operate the
Bolmen, Ring and Vomb systems joingly for collective benefits
of the region evaluated on a broader base to satisfy different
users in all the municipalities, which act in principle in-

dependently of each other.

IV. GENERAL FORMULATION OF WATER

RESOURCE ALLOCATION MODEL

Given highly decentralized institutional system of the region
and three major water uses - municipal, agricultural and recrea-
tional -~ to be considered, the allocation problem typically
takes the form of multiple decision-maker multiple-objective
problem. This problem can be decomposed into more tractable
subproblems as suggested before; specifically a two-level hier-
archical structure is introduced. On the upper level, a multi-
objective problem with objectives related to physical attributes
as well as a cost objective is formulated. That is, physical
possibilities of the regional water supply system and costs
associated with operating the entire system to obtain a par-

ticular performance are analyzed.
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Given a solution on the upper level, a set of multi-objective
problems with multiple decision-makers may be solved on the lower
level. Resolution of conflicts among independent water users

derived from interactions of their uses through the physical
attributes of the upper level problem can be aided by these

multi-objective models on the lower level.

Upper Level Problem

The upper level problem may be formally written as:

max f(x) (1)
pad
[1a] subject to
g(x) <O . (2)
L

This is to be solved following the procedure called STEM
(Benayoun et al, 1971). This method is a type of reference
objective method, but instead of changing reference levels at
each iterative step as most methods in this class do, a decision-
maker is supposed to do the following. First the decision-maker
identifies satisfactory objectives, if any, based on the results
of the previous step, and secondly for each satisfactory objec-
tive specify the amount of permissible reduction in this objec-
tive attainment in order to improve values of unsatisfactory

Objectives,

STEM uses the following penalty scalarizing function:

s(f - m) = max w, {m. - f.(x)} => min , (3)
- = 3 ] ] ] - X

where mj is the maximum attainable level of objective fj(i) over

the feasible region g(x)< O in the absence of other objectives,

and the weights w are determined as follows. First, a sensitiv-

ity parameter Yy and a scaling parameter oy are defined as:
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and
T2
My o if m > O for all?
. = PRy 2
] . v, .
{mj + (1 - min m)}Zml 7 = min ) if any m < o (5)
22 L i 1

where n. is the minimum value assumed by fj(i) over the feasible
region. Then the weight is given by

Wy o= ;; . (6)

]

The reasoning behind this definition is the following. If the value
of fj(i) does not vary much from its maximum attainable level mj for
various solution vector x, this objective is not sensitive to a
variation in the weighting values wj, and thus a relatively small
weight can be assigned. As the variation in fj(f) becomes
larger with changes in x, the weight wj will become correspondingly

large.

As noted by Cohon (1978), this rather elaborate procedure for
the calculation of weights is supposed to minimize the need for
value judgements. Thus this method may be more suitable when a
decision-maker can not be easily identified for each objective
of the upper level problem and evaluation of alternatives generated
by the upper level problem therefore is left for the lower level.
In this case the function of the upper level problem is to obtain
a reasonably balanced solution at each iterative step. Note,
however, that the relative weight calculated by this procedure
has nothing to do with the relative political importance of the
corresponding objective (Haith and Loucks, 1976), and the trade-off
coefficients can be calculated a posterior:? after a solution is
obtained.
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Using the above penalty scalarizing function with appropriate

weights, the upper level problem is to minimize the upper bound d

of the weighted deviation wj{mj - fj(i)}‘
" min d (7)
X
[1b] subject to
d > W {m. - f‘(i)} ¥ j (8)
(x) <O (9)
Li__

The solution to this problem gives values of decision variables
x* and the objective function values f*. The next step of the
procedure is to show the results to the decision-maker and ask
him to identify satisfactory and unsatisfactory objectives, and
for each satisfactory objective fj to specify the amount Afj

that can be sacrificed to improve attainment levels of unsatis-

factory objectives.

Depending on a particular institutional framework, there
are alternative modes of operating the model at this stage.
These are described in the remaining part of this section with
the aid of Figure 2. If a "single" decision-maker can be identi-
fied for each objective of this upper level problem as discussed
in Section II, each of them can tell whether the level of his
objective attained by the previous iteration is satistfactory,
and if satisfactory, even specify permissible reduction of his
objective in the light of a planned or expected level for his
own objective. Even in more decentralized institutional systems,
satisfactory and unsatisfactory objectives and amounts of permis-
sible reduction for the satisfactory objectives may be specified
joingly by multiple decision-makers without aid of any mathematical
model. For this to be possible, all the decision-makers' specifi-
cations have to be aggregated in some way. Obviously if one
decision-maker finds attainment of a certain objective unsatis-
factory this is an unsatisfactory objective and is so specified
in the next iterative step. How the aggregation of permissible

levels can be done depends on a particular problem and objeztives.
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Once the values Af are specified for all the objectives
(where Afj = 0 for any unsatisfactory objective fj), the next
iteration of the upper level problem is performed by solving the

following modified problem:

[ min d (10)
X
ject to
[1c] subjec
- f. . (11)
d > wj{mj fj(i)}' VJ .
£(x) > £(x*) - 0, (12)
13)
g(x) <o , (
B i
where w. = O if Af. = O and the weighting w has been rescaled

accordingly. The iterative procedure continues until all the

upper level objectives are found satisfactory (see the upper half
of Figufe 2.a) .

Termination of the procedure with successful identification
of a compromise solution implies that all the decision-makers
have agreed on basic operating rules of the‘entire system.
The remaining questioh-is, given these "optimal" values of deci-
sion variables x and objectives f, how to allocate water in dif-
ferent parts of the system among concerned water-users and also
how to allocate total costs of the system operation. A set of multi-
objective allocation problems may be solved on the lower level to
aid the resolution of conflicts among multiple decision-makers -

i.e. independent water-users (see the lower half of Figure 2.a).

Specification of satisfactory and unsatisfactory objectives
and permissible reductions for the satisfactory objectives by
multiple decision-makers may not be so easy as described above
in some cases for two major reasons: (i) Each decision-maker
may not be able to tell if a certain objective on the upper level
is satisfactory without interpreting it in terms of his own
objective; (ii) Decision-makers may not know how their objectives
conflict with each other, and aggregation of individual specifica-
tion of permissible reduction for satisfactory objectives may not
lead to reasonable results. In this case, some device would be

necessary to aid decision-makers to determine which objectives
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in the upper level problem are satisfactory and also to compromise
the conflicting objectives with each other. Again a set of multi-
objective models on the lower level can be used for this purpose

as described in the following (see also Figure 2.b).

Lower Level Problem..

The lower level problem may be formulated using the "opti-
mal" values f* of the upper level objectives as inputs. One of

the lower level problems may be formally represented as:

-
max E(zlg*) (14)
Y
[2a] subject to
g(zlg*)i o . (15)

To clarify the structure of the entire problem, this may be
written in the following form, assuming the y terms and f* terms

are separable in each constraint.

max F(y) (16)
Y
[2b] subject to
G(y) < h(f*) . (17)

Attainable levels of the lower level objectives naturally depend

on the values of ;*.

To solve the lower level problem, the following penalty

scalarizing function may be used

S(FE - M) = max [p qu{Mj - F.(pl, I{M; - F (y)}] +

3 J i

+ iei{Mi - Fi(z)}——>m¢n , (18)

where Mj is a reference level of the objective Fj(z), p is a
penalty coefficient which is greater than or equal to the number

of objectives and ¢ is a non-negative vector of parameters. Eacn
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objective is assumed to be normalized so that the deviations

Mj - Fj(x) are comparable on the same basis. This function is
found most reasonable by Kallio et al (1980).  In the subsequent
application, this function is used with p equal to the number of
objectives and ¢ = O. Selection of a particular scalarizing
function, in general, represents certain reasonableness and
fairness to be incorporated in a compromise-aiding procedure,
but it is not decisive of the validity of the entire planning
structure formulated herein. Other forms of functions may as

well be used (see Wierzbicki, 1979, for other practical forms).

By defining the bound D for p{uj - Fj(z)} and Z{ui - Fi(l)}'
the lower level problem is solved in the following form:

(19)

[ min D
Y
subject to
[2c] D > p{My - Fy(y)} Vo (20)
D > i{Mi - F (9} (21)
G(y) < h(£%) : (22)

As stated before, in order to specify amounts of permissible
reduction Af for the upper level problem, it may in some cases
be necessary to relate Af to objectives Fj of the lower level

problem., First, trade-off coefficients u among objectives can be

determined;zposmnﬁori for reference objective methods (Wierzbicki,

1980). Secondly, examination of slack variables s associated with
non-binding constraints (22) of the lower level problem may tell
how much the attained level f* of the upper level objectives can
be reduced without sacrificing the lower level objectives F.
Also the dual variables ) associated with binding constraints
(22) can relate sacrifice AFj of the lower level objectives Fj
to its effects on the objectives of the upper level problem.
Figure 2.b illustrates the mode of model implementation in this

case.
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V. REGIONAL WATER ALLOCATION MODEL

Objectives

The upper level problem concerns operation of the regional
water supply system consisting of Bolmen, Ringsjdn and Vombsjén
as water sources (see Figure 1). The following five objectives
are considered for the entire vegetation season of a certain year
in this application:

(1) Minimize total costs of operating thewhole system;

(2) Minimize deviation of water level in Vombsj®n from

the optimal level for recreational purposes;

(3) Maximize minimum release from Vombsj®n for downstream

uses;

(4) Minimize water level deviation from the maximum level

in Ringsj¥n for recreational purposes;

(5) Maximize minimum release from Ringsi®n for downstream

uses.

As stated in Section III, water quality problem is a more
serious disturbance for recreational uses of Ringsj#n. However,
effects of inflow water quality on lake water quality depend on
the storage volume of the lake. This is why minimization of
water level deviation from the maximum level in Ringsj¥n is

taken as a proxy of water guality objective.

Constraints

A firm yield type model (a kind of implicit stochastic
model) may provide a suitable structure for the upper levsl
problem. The following mass balance equations hold for Vombsjdn

among the inflow qtv, the yield Y V, the precipitation Ptv,

t
evaporation and seepage losses ltV, and the release to down-

stream rtv, all in time period t, and the storage Stv, St+1v
in Vombsj¥n in periods t and t+1:
\ v v \ \ v o_ Y
st + gt Py lt - Y, ryo =8,,, - ¥t (23)
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The time periods t=1,2,...,T cover the entire vegetation season.
The inflow time-series {qt} are either generated by synthetic
hydrology or taken from historical records. Assume the lake

is full at the beginning of the vegetation season:

S =S5 . (24)

) vt (25)

The similar constraints apply to Ringsj®n, too. That is,

R R R R R _ R

S, +a. + P -1 YU - T, =S, o, ¥t (26)
R _ . R

5o = Smax ! (27)
R _ R R

ht = f (St ) . Yt (28)

The following variables are defined for water level in, and
release downstream from, both lakes:

v . v

h' = minn "’ , (29)
E t
v , v
r = min r, R (30)
t
2% = min 0 %, (31)
t
— e R
rR = mtn rt . (32)

Also defined are the maximum water level hm§ of Ringsij¥n and

X
A .
the water level h' of Vombsj¥n which is considered optimal for

recreational purposes.

Costs associated with each component of the water supply
system are defined as follows. Costs of transporting water

from Bolmen to treatment works at Ringsj®n are given by
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Costs of treating water from Bolmen and Ringsj&n, and treatment
costs for Vombsj®n water are respectively

c® = Rk, ¥8) (384)

(35)

Costs of local distribution of water depend on both water demand
X for five major municipalities shown in Figure 1, connected to
the supply system and origins of water:

cCo=C(x, Y, Y + Y7) . (36)

The total cost is given by

c=cB +cRecV et . (37)

Mass balance relationships have to be satisfied between
water demand for some municipalities and the yield from alterna-
tive water sources. Typically the following should always hold:

R B

YN+ YV o+ YR = x, + ox +

1" *ta T ¥ T Xp T Xm (38)

where x X and x,, represent the water demands of

H' *ra’ ¥z *wp M
Helsingborg, Landskrona, Esldv, Lund and Malm®, respectively.

Also the water demand of each municipality has to be satisfied.

In addition, there may be other relevant constraints related
to requirements on final storage or minimum water levels of
Vombsjén and Ringsj¥n, and capacities of treatment plants or
intake facilities at Vombsj¥n and Ringsjén.

The regional water allocation problem is formulated as the

following multi-objective program:

min TC (29)
A
min |hY - hY| (40)
max ¢ (41)
. R R
min hmax - b (42)

max (43)
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subject to the constraints (23).(38) and additional constraints

if appropriate.

VI. KAVLINGE RIVER BASIN MODEL
A Lower Level Problem

Based on both jurisdictional and water-shed boundaries,
five aggregated agricultural users can be identified, who are
assumed to act in principle independently. Also two separate
recreational activities - the lake-based one and the one in the
downstream of K4vlinge river - are identified. The system is
schemetically represented by Figure 3. The agricultural users
are identified by superscript S1, S2, Ld, Ev and KL, which stand
for the municipality of Sj8bo in upper Kdvlinge sub-basin and
in Klingavalsgn sub-basin, Lund in Klingavalsgn, Eslov in mid-
stream Kdvlinge and the municipalities of K&vlinge and Lomma
(combined) in downstream Kdvlinge, respectively. The recrea-
tional activities are represented by V and K for Vombsj8n and

Kdvlinge.

Objectives

Assume each agricultural water user tries to increase crop
yield from his area by irrigation and fertilization. Alternatively
net benefits from agricultural production may be used as the ob-
jective for each agricultural user, but this is not attempted

here.

Water-based recreational activities depend on quality and
quantity of water available at recreation sites, lake water level
and its fluctuation and other factors. Since no model is avail=-
able to relate these different factors to a more commensurable
or composite measure in order to represent recreational activities
just consider in this study optimizing water quality at appropriate

points - i.e. at Vombsj8n and at the downstream Ké&vlinge.

Constraints

For the agricultural user S1, the following constraints apply.

First, the mass balance for soil moisture in agricultural land
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land is given by

2 SL . sl _ sl _ Sl Sl _ s1

t t t t £ - Mey . VT (44)

represent soil moisture in time periods
Sl 1 Sl Sl N .
t and t+1, U 7y Ve E. and Pt are irrigation, surface

run-off, evapotranspiration and precipitation forthe agricultural

Sl Sl
where my and mt+ls

land in period t. Seepage to groundwater is ignored. The dif-
ference between actual and potential evapotranspiration Ets1
and Ept in period tS?ivided by the latter defines relative
moisture deficit dt :

£ = (E - E )/E . ¥t (45)

S1 S1
(dy

defined as a function of the relative moisture deficit, and the

A yield reduction function a, ) for period t can be

effect of fertilizer application fSl on crop yield is represented
c

by another function b(f“1). The production function for this

agricultural activity relate these functions to the total yield

51

Per unit area Y Assuming linearity, the production function

is given by

S1 _ sl - _ Sl sl S1
Y = Yoax (1 5{1 a, (dt )1 + b(E7) (46)
where Y S1 is the maximum potential yield without fertiliza-

max
tion, if there is no moisture deficit during the entire vegeta-

tion season. The similar relationships hold for other agricul-

tural users.

Let quantity and quality of inflow in period t into the

system on three tributaries be (qto, wto), (qt1, wt1) and
(qtz, wtz) as shown in Figure 2 (where the subscript t is

: . 1 S2 Ld Ev KL
omitted for clarity). Let th PR and dy
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denote the quantity of water available for respective agricul-

tural users. These are given by the following:

1
qts = qto . (47)
2
qts = qt1 . (48)
thd - thZ _ (utSZ _ vtSZ)Asz + ItSZLd . (49)
Ev Vo Vo v Ld
Q. =Ty - (@ - ag ) rag -
ILd 14, .Ld LJdEvV
- (ut - Vi )A + I (50)
thL _ ntv _ (utKL _ V£KL)AKL . ItEvKL N qtz . (51)
Here ASZ, ALd and AKL represent respective agricultural area,
and ItSZLd’ ItLdEv and ItEVKL are interflows between agricul-
tural sites S2 and Ld, Ld and Ev, and Ev and KL, respectively.
Note in the equation for ntv, the release from Vombsjdn rtvo

given as an output from the upper level problem is adjusted by
difference between original and actual inflow qtvo and qtv into

Vombsj¥n; the latter is given by

Sl s1,,S1. SV (52)

where ItSlv is interflow between agricultural site S1 and

Vombsjén. Finally, flow th in period t at control point of

downstream Kévlihge river is given by

_ KL _ . KL,,KL

Irrigation rate at each agricultural site is constrained
by flow available at the site:

where AG represents any agricultural user.
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Next, water gquality at each agricultural site and at
Vombsj#n and the downstream Kdvlinge is also computed based on

mass balance for a conservative substance (e.g. total phosphorus,

a major concern in agricultural run-offs). For time period t,
these are given as follows:

Sl _ o (55)
wt hand wt I
s2 _ 1
We = Wy ' (56)
Ld _ S2 $2,82 S2 s2,82, S2
W, = {(qt - u A A + v.TTATTR +
S2Ld. S2Ld Ld
+ I, L, }/qt , (57)
Ev Vo vo v v Ld Ld,Ld Ld
woo = [({r, - (q " - gy )}wt + (q 7w A YW
Ld,Ld, Ld LdEv, Ld4EvV Ev
+ v AR 4 Ty L, 1/4a, ' (58)
XKL _ Ev Ev, Ev Ev Ev,Ev_ Ev
woo = {(qt u, AT)w T+ v TTATTRTT 4
EvKL. EvVKL 2.2 KL
. 5
I v W ey ‘ (39
v o_ sl S1,S81 S1 51,815 S1
weo = et ug AW T s vy t
siv. stv v
+ 1.7 LT T, / (60)
K _ KL _ KL, KL KL KL, KL, KL K
W= {(a, upg AT ) Wy + v TATTR }/qt , (61)
. S2 Ld Ev Sl .
where Rt ' Rt ’ Rt ' Rt and RtKL are quality of surface
run-Offs from respective agricultural site, and LtSZLd, L LdEV,
. EVKL s1v . . . t
" and Lt represent quality of interflow. Since the

operating rule for Vombsj¥n has been specified by the upper

level problem, quality th of lake water in Vombs3j®n can also

be given by simple mass balance for the conservative substance:

v o_ v, Vv VO v vo
We' = (g@uwe +s oW /8.7 9. , vt (62)

vo . . .
where St 1s the storage in period t specified by the upper

“level problem. The quality of agricultural run-offs in general
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is a function of irrigation rate and fertilizer application:
) ' (63)

where AG represents any agricultural user.

Finally some additional constraints are necessary to com-
plete the list. Define bounds for water quality in Vombsjén

and downstream K4vlinge:
We <W (64)

K <Gk vt (65)

Set water qguality standard and minimum flow requirements at the

control point of downstream Kdvlinge.

wE < w K , (66)
_— max
K K
qt > qmin . (67)

The Kdvlinge river basin problem is formulated as the

following multi-objective program:

max Yol (68)
max Y52 (69)
max y-< | (70)
max YEV (71)
max YKL (72)
min W' (73)
min Wt (74)

subject to the constraints (44)~.(67) and others suggested in the

text above.
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VII. NUMERICAL EXAMPLE

The two-level multi-objective program for water resource
allocation problem in Western Sk8ne is solved using as much as
possible data obtained for the region. The model implementa-
tion scheme given in Figure 2.a is followed for this example.
Non-linear relationships are approximated by either linear or
piece-wise linear functions. A month is taken as a time period
t for the upper level problem, and t=1,2,3,4 and 5 cover the
vegetation season - May through September - and lower level

problems deal with the same season.

Upper Level Problem - Regional Water Allocation Model

Data

Water demand for five municipalities connected to the
regional water supply system is based on forecasts made for the
year 2000 and given in Table 1. Data given in Table 2 on inflow
into Vombsj®én and Ringsj¥n, precipitation and evaporation for
these lakes have been taken from records for year 1976, which
is a recent dry year. The storage functions for Vombsjdn and

Ringsj¥n are approximated by linear functions for ranges of

concern:
A v
h,' = 0.087s. Y + 13.1 (m)
4525,.% < 90 (vm?)
R
h, = 0.0265% + 49.2 (m
109 < s.% <218 om’)

Assume water level of Vombsj®n that is considered optimal for
recreational activities be 20.9 m. Unit cost of treating and
transporting water is given on each arc of the network in

Figure 4 . Additionally minimum requirements are set for release
from Vombsjsn and Ringsjsn as r' > 0.78 Mm>/month and r® > 1.30

Mm3/month based on current operating rules for these lakes.

Solution and Results

A preliminary step of STEM is to construct a pay-off matrix.
Each row of the pay-off matrix given in Table 3 corresponds to
the solution vector obtained by solving an auxiliary problem

which is to optimize one objective subject to the same set of
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Table 1. Forecast Water Demand for Five Municipalities

Municipality Demand (Mm3/month)
Helsingborg 2.58
Landskrona 0.79
Lund 1.63
Malmé 6.14
Eslév _ 0.55

Total 11.69

Source: Sydvatten, Prognos 73

Table 2. Hydrologic and Related Data for Upper Level Problem

Time period
1 2 3 4 5
May June July Aug. Sept.
3

Vombsjén Mm~/month
Inflow qt" 3.88  5.24 0.32 0.48 1.32
" Precipitation pfv 0.81 0.59 0.78 0.20 0.59
Evaporation loss ltV 1.08 1.60 1.84 1.60 0.97

Ringsjén

Inflow q ~ 5.73  6.01 4.07  1.34 2.13
Precipitation p " 1.87 1.71 1.52  1.21 1.42
Evaporation loss 1% 3.44  5.10 5.88 5.10 3.10
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Legend: ¢ Treatment arc

+—— Transmission Arc

The unit costs are given in 103 Skr/month
per unit water flow expressed in Mm3/month

Figure 4. Unit Cost of Treatment and Transmission
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The

row 1s the optimal value of the

the upper level problem.

level problem, and off-diagonal
by other objectives when the ith

It is interesting to note that the

release from Vombsj®n and Ringsjdn is at respective minimum

level when other objectives are optimized.

That is, these

objectives tend to be sacrificed in favor of others unless they

are explicitly considered in

multi-objective programs.

Noting three out of five objectives are to be minimized

(i.e. negative of these objectives is maximized), weighting

vector 31 in the upper level

acccrding to equation (6) as
0.075}.
21 yields the solution given

Table 4.

The first iteration

Next a question is

problem [1b] can be computed
w' = {0.358, 0.225, 0.113, 0.229,
of STEM using this weighting vector
in the first row of the matrix in

asked to the decision-maker, to

identify objectives for which the levels of attainment are

satisfactory to him.
from Vombsj®n and Ringsjé&n.

Suppose he is satisfied with the release

Then the decision-maker is asked

to specify the amounts of permissible reduction for these

satisfactory objectives in order to improve attainment of three

other objectives - total cost of system operation, water-level

deviation in Vombsj®n and Ringsjén.

The decision-maker is

willing to accept levels of the satisfactory objectives £V and
£R as low as 4.79 Mm3/month and 8.42 Mm3/month, respectively,

as indicated in Table 4.

The second solution in Table 4 is obtained by solving

the modified upper level problem

{o, 0, 2.0, O.

0.282, 0}, which is calculated in the same way as before.

weights for satisfactory objectives are set to zero.

8.0} and weighting vector 22

[1c] with the specified Af =
= {0.441, 0.277, O,
The

Observing

the second solution, the decision-maker finds the water level

deviation in Ringsj®n to be satisfactorily small, and decides that

it can be increased to 1.30 m at most. He also decides to accept

somewhat lower attainment for two objectives that have already

been found satisfactory - i.e. EV

> 4.29 and ER > 7.42 - in an
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Payoff Matrix of Five Objectives of

Upper Level Problem
4 A ;

Objectives TC hV-hY EV hmix-QR ER
MSkr/ m Mm3/ m Mm3/month
season month

TC - min 9.91 3.52 0.78 0.39 1.30

fv - hY + min 10.76 0.28 | 0.78 0.39 1.30

r’ - max 11.50 3.09 | 10.42 2.60 1.30

R R .
- > . . . . 1.30

h o, -h min 10.44 3.52 | 0.78 0.13 3

R+ max 10.84 3.52 | 0.78 | 2.16 21.88

Table 4. Implementation of Upper Level Problem with Five
Non-inferior Solutions
. Ay v v R R

Solution No. TC h'-h by hmax h r
MSkr/ m Mm3/ m Mm3/month
season month

1 10.77 1.66 6.79 1.92 16.42
d l
4.79 8.42
2 10.77 1.66 u179 1.13 8.42
4.29 1;30 7}42
3 10.72 1.56 4.29 1.30 10.07
u.%o 7;@0
4 10.72 1.45 4.00 1.30 10.07
S 10.64 1.56 4.00 1.30 10.07

Specification of permissible reduction for satisfactory objectives

at each iterative step is indicated by arrows.
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attempt to improve values of two other objectives that are
still unsatisfactory to him.

For the third iteration, weighting vector is calculated to
be 23 = {0.613, 0.387, 0, 0, 0}. Observing a modest improve-
ment of total costs in the third solution, the decision-maker
decides to satisfy himself with this level of attainment and
wants to improve the water level deviation in Vombsjdn by
further sacrificing the release objectives £V and £R as indicated
in Table 4, and the fourth solution obtained. The decision-maker
may also want to find out effects of minimizing the total costs
under the same conditions specified after the third iteration.

The results are given as the fifth solution in Table 4.

It may happen in the course of iterative procedure that
the decision-maker finds it impossible to improve some objectives
to satisfactory levels without driving other objectives which
have been found satisfactory in earlier steps to unsatisfactory
levels; that is, STEM may fail to find a compromise solution.
In this case, decision-maker's preferences have to be changed
or the upper level problem has to be reformulated with modifica-
tons such as reduced demand for municipal water uses. The
previous round of iterative procedure may still serve for an
educational purpose, and lead the decision-maker to change his
requirements in a more realistic way. Then another round of

iteration may be initiated with modified pay-off matrix.

The more details of the fifth solution is summarized in
Table 5, where the storage and the water level in, and the
release from, two lakes, and the water yield from three alter-
native sources are given for each month. Note the yield from
Vombsj¥én and Bolmen vary among months, and Ringsijdn is utilized
to its maximum intake capacity for all the months. Lower level

problems may be solved using this solution as the input.

Lower Level Problem - Kdvlinge River Basin Model
Data

The K&vlinge river basin model - one of the lower level
problems - is solved in this subsection using the conditions
specified by the fifth solution (See Tables 4 and 5) of the
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Table 5. Details of a Compromise Solution
(the fifth solution in Table 4)

Time period
1 2 3 4 5

Vombs j8n

Storage Mm> 90 85 82 77 72

Water level m 20.9  20.5 20.2 19.8  19.4

Release Mm3/month 4.00 4.00 4.00 4.00 23.28

Yield Mm3/month 4.73  3.38 0 0 4.73
Ringsjén

Storage Mm> 214 206 194 180 163

Water level m 54.8 54.5 54.2 53.9 53.5

Release Mm3/month 10.07 10.07 10.07 10.07 10.07

Yield Mm3/month 3.55  3.55 3.55 3.55  3.55
Bolmen

Yield Mm3/month 3,42 4.77 8.15 8.15  3.42

upper level problem as inputs. Analysis on the lower level
problem may be based on the most critical month identified by
the upper level problem. However, considering different effects
of irrigation in particular time of the season, the entire
vegetation season is divided into three periods - May/June,
July, and August/September.

Hydrologic data including water quality expressed in
concentration of total phosphorus are given in Table 6 for the
three periods. Also given 1s potential evapotranspiration for

these periods.

Components of production function for agricultural water
users are estimated based on the University of Uppsala study
concerning effects of irrigation and fertilization on potatoes
(Johansson and Linner 1977, Linner, 1979). First the yield

reduction function for each period is approximated by a piecewise
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Table 6. Hydrologic and Related Data for Kdvlinge
River Models (a lower level problem)

Time period
1 2 3
o) 3
Inflow o [m~/sec] 1.17 0.12 0.09
q,1 0.35 0.15 0.12
q,2 0.47 0.19 0.24
Interflow I° 'V [m3/sec] 0.59 0 0.60
pS2td 0.35 0.14 0.12
TLdEV 0.19 0.08 0.07
[ EVKL 3.56 2.01 1.31
water w. %, 15"V [ ug/2 148 210 226
guality 1 S2Ld total
wt , L
LLdEV phOS‘ 92 68 69
phorus]]
wt2 - 830 3510 2800
L EVKL 142 160 140
Potential evapotranspira-
tion [ mm/period] 195 103 119

linear function as shown in Figure 5. Effects of fertilization
are expressed as incremental yield obtained by applying a cer-
tain kind of fertilizer. Piecewise linearization is used for
this component, too, as given in Figure 6 . The maximum yield
Y oax without fertilization is estimated to be 27.2 ton/ha and
assumed to be the same for all the agricultural sites. Field

capacity of soil is 57 mm in root zone.
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vield B 099 Yield
reduction reduction
coefficient | coefficient
a1(d1) | a2(d2)
| 0.0
| Ll
0.75 1.0 0.2 5 0.5 0.7 5 1.0
Relative moisture d1 Relative moisture d2
deficit deficit
Yield
reduction
coefficient
a3(d3)
Relative moisture
deficit
Figure 5. Piecewise Linear Approximation of Yield Reduction
Functions for Three Periods
Additional r 121.3
crop yield 10238
b(f) |
ton/ha e : :
| I |
| l l
| | |
o >
91 182 273
kg/ha
Fertilizer application
Figure 6. Piecewise Linear Approximation of Fertilization

Effects




Irrigation area for each agricultural user is given in
Table 7. Surface run-offs from agricultural sites depend on
soil moisture, irrigation practice and other factors, but in
this example, simple water loss coefficients as given in Table
7 are used as rough estimate of a part of irrigation water

not returned to the stream system (i.e. consumptive uses).

Solutitons and Results

To solve the lower level problem, the penalty scalaring
function (18) is used with p = 7 (number of objectives) and
€ = 0, after all the objectives are normalized so that deviation
from reference objective levels are comparable to each other.
To normalize the objectives, first maximum attainable level in
the absence of other objectives was found out for each objec-
tive, by optimizing each objective subject to the same constraints
that constitute the lower level problem. Table 8 gives the
maximum values for seven objectives, where water quality at
Vombs j®n and downstream K4vlinge is expressed in terms of improve-
ment from the worst - 506 ug/l and 830 ug/l of total phosphorus,
respectively. All the objectives are divided by the respective

maximum values (minimum value for each objective is zero).

A reference point at first is taken to be the maximum
values of all the objectives. This point naturally cannot be
attained. The reference point optimization with the penalty
scalarizing function defined above yields the results given in
the first two rows of Table 9. Attainment ratio AR for each

objective is calculated according to

AR = Attained value ’ (75)

Best value

and given also in Table 9. The attainment ratios are well
balanced among seven objectives in this problem. The decision-
makers may accept this solution, but if not, the reference point
is changed and the same procedure will be followed. A simple
way suggested by Kallio et al (1980) to change the reference

point is to ask each decision-maker to move his reference
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Table 7. Irrigation Areas and Water Loss Coefficients
for Five Agricultural Sites
Agricultural site S1 S2 Ld Ev KL
Irrigation area in ha 974 440 309 820 897
Water loss coefficient | 0.9 0.9 0.9 0.8 0.8
Table 8. Maximum Attainable Values for Seven Objectives
of Lower Level Problem
T g PR |
Objective yST yS2 yld yEY yXo v wK
Maximum Value 39.39 39.21 38.55 34.00 32.81| 403.0 521.4
————— V‘ o ——
ton/ha ra/l total
phosphorus*
* - -
Water quality objectives # and wk are expressed in_terms of im-

provement from the worst:

i.e. WY =

Table 9. Two Non-inferior Solutions of Lower Level Problem
Objectives
- 1 g Fu |
YS‘I YSZ YLd YEv YKL wv , wk
. ton/ha ug/l total
Solution phosphorus*
Value of objec-
tive 29.83 29.66 29.17 25.77 24.93,353.4 394.7
Attainment
ratio 0.757 0.756 0.757 0.758 0.760|0.877 0.757
Value of objec-
5 tive 29.98 28.81 28.34 26.70 25.83|369.3 396.1
Attainment
ratio 0.78710.916 0.760

1 0.736 0.735 0.735 0.785

* Water quality objectives W' and w"
improvement from the worst:

. ~y!
l.e. w =

v

are expressed in terms of
505.8 - W

and wt =

800 - w

505.8 - WY and wK' = 800 - wk.

k
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objective level towards the solution just obtained, at least
some fraction 8 ( o < B < 1) of the entire distance between the

solution and the original reference level.

It may be useful for the decision-makers to see more details
of the solution obtained in order to determine if the solution
is acceptable, or if not, how the reference levels should be
changed. 1In Table 10, soil moisture, evapotranspiration,
moisture deficit and irrigation rate in each period, rate of
fertilizer application and the yield per hectare are given for
each agricultural user, and water gquality at Vombsj®n and the
downstream K8vlinge in each period is also given. The results
show, for instance, that agricultural user S1 applies 117 mm of
water for irrigation in period 1 to obtain maximum soil moisture
in period 2, which is the most crucial period for crop yield,
and 32 mm and 8 mm in the subsequent periods; 33.2 kg/ha of
total phosphorus is also applied during the season to obtain

eventually the crop yield 29.8 ton/ha.

The downstream agricultural users Ev and KL cannot apply
fertilizer, and Ev cannot even irrigate, since combined effects
of fertilization and irrigation on water gquality at control
point downstream of K8vlinge river are much more significant
for these agricultural users than the upstream users. The
agricultural users Ev and KL may find such a solution unfair.
In the next step therefore, Ev and KL move their reference
objective levels only 40% towards this solution, while the
upstream agricultural users S1, S2 and Ld are required to move
60% of the entire distance between the solution and the original
reference point; recreationalists V and K move their respective

objective levels by 50% of the entire distance.

Values of seven objectives and attainment ratios for the
second step solution are given in the last two rows of Table 9.
Details summarized in Table 11 show that the downstream agricul-
tural users Ev and KL cannow apply both irrigation and fertiliza-
tion in a modest degree to increase their crop yields as a result
of reduced fertilization by upstream agricultural users. They
can further improve their production, if they succeed in
manipulating next moves of the reference objective levels in

their favor.



-38-

0°GEC £€°G0h £°g8l xw
b Zal £°9¢l £°eCl >3
[ snaoydsoyd
T1e3ol
potasad suwTy K311enb xo3em
€6 he 0 13 h 9 LE 0S SL SL ZS 6h 13 6h oh| T
LL" ST 0 0 0 0 he £c 69 6L 6L L9 L€ LS Ot | ad
LlL°6C L’ he 0 0 l G¢C LT LS 68 SL L6 Gh LS oh| P1T
99°67¢ 1T 3 ¢e€ 0Oh €6 9 0 £e ZLlL €01l <ZCeEL] Oh LS on| ¢S
£8°6¢ AN ) 8 AN AN 0 0 0 6LL €0l S61l| 99 LS Ot| LS| A8sn I23eM
Teanynotaby
13 4 l 13 Z l 13 4 l 13 4 l
ey/uoy ey /by uni ¥ uni
uoT? 21vI1 uoTt?l unut
pieTA doxp [-ezT1113194| uoT3eHTIIII|ITOTISP 8aINISTOW | -eardsuexjodeadg| aanjstow TTOS
— . 1 .

waTqoxd ToAdT I9MOT JO (g @T9ed, UT)

— -_——

| uoT3Inyos Jo syIeIaq

‘0l @19ed



Table 11.

Details of Solution 2 (in Table 9) of Lower Level Problem

Soil moisture ‘|Evapotranspira-| Moisture deficit|Irrigation |Fertiliza-| Crop yield
mm tion rate tion
mm % mm kg/ha ton/ha
1 2 3 1 2 3 1 2 3 1 2 3
Agricultural
water user |S1 [40 57 57 195 103 119 0 0 0 117 32 8 22.5 23.98
S2 |40 57 4o (132 103 112 33 0 6 93 40 32 22.8 28.82
Ld |40 57 45 97 75 89 51 27 25 1 0 0 24,2 28 .34
Ev |40 57 31 61 83 89 69 23 25 2 2 11 3.2 26.70
KL |40 49 53 49 52 84 75 50 29 6 4 12 3.8 25.83

Water quality

Time period

[1rg/1
total ! 2 3
.phosphorus ]
! ~v
W 116.0 124 .8 136.5
~K
182.0 403.9 222.5

_68-
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Summary and Conclusions

The water resource allocation problem in Western Sk8ne,
Sweden, formulated in Sections V and VI as a two-level multi-
objective program, was solved in this section. The example
illustrates how this model can be solved using reference objec-
tive methods. The upper level problem dealing with the region
as a whole was solved using the procedure called STEM, which
identifies a compromise solution in a relatively small number
of iterations. As an example of the lower level problems, the
K4vlinge river basin model was solved using a solution from the
upper level as inputs. A particular penalty scalarizing func-

tion was used with reasonable results.

The example studied here also indicates the feasibility of
implementing the model by interactions with multiple decision-
makers. With this respect, an obvious advantage of a reference
objective method is in its simplicity. PFirst, dialogues between
decision-makers and a planner to reveal their "preferences" are
rather simple; the decision-makers can think in terms of real
values of objectives and specify a desired level for each
objective of concern. When multiple decision-makers are involved,
theirpreferences may be aggregated in a simpler and more natural
way for reference objective methods than other kinds of multi-

objective methods.

Another advantage of using a reference objective method is
flexibility that it allows in implementing multi-objective
models. Since decision-makers do not know in advance the range
of feasible solutions or even their own preferences, implementa-
tion of a multi-objective model has to proceed in a stepwise
manner, and at each step the model has to be modified taking
account of information obtained from the decision-makers. Multi-
objective methods should also allow for changes in decision-
makers preferences during the iterative procedure that may

occur as a result of learning and interaction among themselves.

A few more points specific to the example studied here are
noted. First, it was shown by the upper level problem that
amounts of water drawn from threa alternative sources - Vombsj¥n,

Ringsj®n and Bolmen - vary depending on relative weight given
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to each objective of upper level problem. If more emphasis is
placed on regulation of water level in Vombsj®n and Ringsj8n for
recreational purposes or on increasing release from these lakes
for downstream users (mostly agricultural), more water is
introduced from Bolmen, although this source is inferior from

the viewpoint of the cost objective.

Secondly, a classical problem of upstream/downstream con-
flicts was clearly illustrated by the lower level problem. A
possible way suggested by this example to resolve such conflicts
is to adjust moves of reference objective levels at each itera-

tion.

The third point illustrated by the example is that although
dialogues between decision-makers and a planner take place in
objective space, more detailed information on each solution
obtained should also be presented to the decision-makers in
order to enable them to make unerring decisions concerning
acceptability of the solution. For instance, the first solution
of the lower level problem appears to be well balanced with
respect to attainment ratios of objectives, but some decision-
makers may claim it unfair by looking at what that solution

implies in terms of their own activities.

VIII. USES OF THE MODEL AND POSSIBLE EXTENSIONS

A typical use of the two level multi-objective water
allocation model studied in this paper may be visualized as
follows. At the beginning of a dry season, all the independent
water users sit together to determine basic rules for operating
Vomb, Ring and Bolmen systems jointly. The upper level model
will be mobilized using appropriate data to generate informa-
tion on physical possibilities of the system, which vary
depending on meteorological and other conditions in a particular
year, and the total cost of system operation is also computed.
The water users will evaluate alternative operating poliéies
in the light of their own objectives. Their conflicting interests
can be adjusted with the aid of lower level models like the one

studied here for K4vlinge river basin.
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The model can also be used for longer-range planning if
some normative mechanism which accords with existing or proposed
institutional arrangements is incorporated into the lower level
models. For instance, it may provide guidelines for permitting
new water rights to agricultural users in an equitable way and
also in a way compatible with recreational activities. Such a
specification of equity or reasonableness is partly reflected
in selection of a particular penalty scalaring function to be

used in reference objective approach to multi-objective problems.

Naturally usefulness of the model as a practical planning
tool depends heavily on how to specify each component of the
model, which in turn is dependent on availability of data for
a particular region of concern. With this respect, there exist
many limitations in the way the model was solved in this paper
for Western Sk&ne region, which motivate further extensions.
Especially improvements are required in many aspects describing

agricultural activities.

First, more than one crop need to be considered in combina-
tion with different soil types. Irrigation and fertilization
practice may be different depending on each combination.
Naturally a production function has to be estimated for each

crop taking account of soil type, too.

Effects of irrigation and fertilization on receiving water
bodies have to be treated more carefully. Surface run-offs
from agricultural areas are function of soil moisture, irriga-
tion practice and other factors. Nitrogen leaching from
agricultural areas and its effects on groundwater may also be
considered. More than a single water quality parameter, non-
conservative as well as conservative, may have to be considered
to evaluate the effects of agricultural activities on receiving
water. This calls for more sophisticated modeling for surface

water and groundwater response.

A better objective for each agricultural water user is
net benefits rather than crop yield itself, since irrigation
and fertilization involve costs and prices for crops may change

in future.
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Water-based recreational activities depend not only on
water quality but also on many other factors. A model to relate
different factors to a more commensurable or composite measure
to represent the recreational activities may be desirable. Con-
sideration of effects of recreational activities on receiving

water may also be necessary.

The entire model hinges on quality of hydrologic data.
Characterization of streamflow and interflow by rainfall-runoff
analyses and synthetic hydrology may help in this respect. The
upper level problem can be solved repeatedly with various com-
binationsof inflow time-series for Vombsj®&n and Ringsj®n. This
allows to incorporate different levels of hydrologic uncertainty
into the model. 1In this connection, more explicit introduction
of risk-related objectives (e.g. reliability, resilience and

vulnerability) may be appropriate.

Other lower level problems have to be formulated and solved
in appropriate ways to complete the analysis of the regional
water resource allocation. ROnne river basin problem may be
formulated in the similar way as the Kavlinge river basin

problem studied in this paper.

The municipal sector may be treated separately on the lower
level from agricultural and recreational sectors. This is jus-
tified in the case of Western Skgne, since municipal water uses
do not interact much with other uses except through water
Jquantity in Vombsj®n and Ringsj®n, which is dealt with by the
upper level problem. A major allocation problem concerning
the municipal water users is how to allocate total costs of
system operation. Other relevant studies are available for

this general problem (see, for example, Young et al 1980).

However, if for instance, it turns out during the implementa-
tion of the upper level problem that attainment of the cost
objective cannot be brought down to a satisfactory level, or if
other objectivés cannot be satisfied fully without driving the
cost objective to an unsatisfactory level, the upper level
problem itself has to be modified by relaxing certain require-

ments that constitute the constraint set of the upper level
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problem. One way is to suppress water demand for municipal

uses by'using appropriate measures (Kindler, Maidment and Gouevsky,
1980). If this option can be defined in specific terms, it could
as well be incorporated formally in the upper level problem.
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