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Abstract

Theobjectiveof thisstudy wasto develop themethodology for water allocation duringthewater shortage
in the multipur pose-multireservoir system. The water shortage of the multireservoir system was first
identified. The water allocation alternatives taken into account the profitability, equity and reliability
of the multireservoir system and allowing the stakeholdersinvolved in diagnosis and making decision
for thewater allocation were developed. The Upper Mun basin was selected asa case for the study. The
HEC-3 was used as a tool to simulate the multireservoir system by using 25 years of inflow data and
using the selected dry, normal and wet years data for the study of the water shortage. The results of
simulated annual water shortage in the driest year were 17.79% and 40.03% of the water demand,
occurring during July - September and December - May respectively. Thee - constraint linear
programming was used to generate 16 optimum alternatives. The alternatives were ranked by the
Analytical Hierarchy Process (AHP) based on thethree criteria as profitability, equity and reliability.
Theresultsindicated that the priority of water allocation criteria were ranked as profitability (41%),
reliability (32.3%) and equity (26.7%). Thefirst ranked alter native (29.38%) wasthe alter native which
did not allow water shortagein themunicipal and industrial sectors, the downstream requirementsfor
theecological system would lack water by 43.99% of demand (55.43 million cubic meters) and allow the
yield for agriculture reducing to 56% of the maximum yield. Thus, the water allocation methodology
developed in thisstudy can help the priority setting in water allocation and define the most preferable
alternative for the concerned stakeholders.
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I ntroduction

Water is an important natural resource for all it cannot respond at the right amount and time
lives both direct and indirect utilities. The to the demand causing water shortage and
amount of water changes al the time and this  flooding.

makesit difficult to predict correctly. Sometimes Keller et al., (1996) presented the
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Integrated Water Resources Management
(IWRM) that considered the whole river basin
area in order to use water more effectively and
efficiently. This approach corresponds to the
common water management practices in
Thailand at present. Since most of thelargescale
water resource systems are the multipurpose
type, they needs to study the behavior of the
system from the management and operation
point of view such as product potential water
uses (Molden, 1997) and the effect of water uses
on various purposes (Kite and Droogers, 1999)
in order to develop the alternatives for the
decision makers. Analytical Hierarchy Process
(AHP) is one of the methodology for analysis
and solving the water problems (Flug et al.,
2000; Schwartz, 2000).

Previously, Kongjun and Vudhivanich
(2001) studied the status of water shortage in
the Upper Mun river basin in order to develop
thewater allocation criteria. The purpose of this
study was to analyse the alternatives for water
alocation during shortage for the Upper Mun
basin consequently the maximum benefit, equity
and reliability were obtained.

Materials and M ethods

1. Themonthly rainfall and reservoir inflow data
for 25 years, from 1975 to 1999, thewater
demand for agriculture, municipal and
industrial water supply, downstream water
reguirements to preserve the equilibrium
of the ecological system in the river
downstream of the reservoir and the water
requirementsat theriver basin outlet, were
collected. Identified the probability
distribution function of the annual inflow
in order to determine the dry, normal and
wet years.

2. Simulation of the multireservoir system by
using 25 years of the inflow data and by
using the selected dry, normal and wet year
data with HEC - 3 (Hydrologic
Engineering Center, 1981) was performed
in order to study the shortage of water in
the whole river basin (Figure 1).

3. The dternatives for water allocation among
water use sectors in dry years were
generated by using e-constraint technique
(Goicoechea et al., 1982)
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Figure 1. Location of the research site and the entire basin map of Mun.



32 Multicriteria Decision Making for Multireservoir Water Allocation...

[ -

s

; -4 Gumbel B ~0.987

FX)

0% . ’f. !
.60 ~ z :
: & & Empinical !

-4 Gumbel ®? 0,977 !

IR 0.0 -
i ‘, W-LN?  R'=0977 . LN R0974
L) . 000 - -
Coom 0 0600 000 400 000 690 50.00 100.00 15040 2001 |

aflow (X, mom) Tnflow (X, mem)
(8) Lum Chae Reservoir (b) Mun Bon Reservoir

OE® I -
T co! T Y
| ow | £ &
! P
| o ;080
; ~# Emmpirical } & Empirical
Lot X — :
: ; g & Gumbel B 0978 -4 Gumbel =090
0204 [ e — o e e
: W IN2 RPe0977 : i MIN?  RP=099%0
Y —_ 5 + ) P00 r v "
L0 100 20000 30006 000 S0000 | 000 10000 000 MO0 46000 %00
| Inflow (X, mom) | Inflow (X, mem)

i
L

(c) Lum Phra Phloeng Reservoir

(d) Lum Takong Reservoir

Figure 2. Probability distribution function of the annual reservair inflow.

4. The selected the alternative was anal ysed and
selected by the multicriteria decision
making with AHP (Sahoo, 1998).

Results and Discussion

Identification of dry, normal and wet years
by using probability distribution function

The 25 years (1975-1999) annual inflow
of Lum Chae, Mun Bon, Lum PhraPhloeng and
Lum Takhong reservoirs were used for the
probability distribution analysis. The goodness
of fit test by Smirnov-Kolmogorov at the
significant level 5% showed that both Gumbel
and Log Normal 2 parameters were fitted.
Gumbel indicated a higher R?, except Mun Bon
reservoir as shown in Figure 2. Therefore,
Gumbel distribution function was used for the
anaysis. If aprobability of inflow waslessthan
or equal 20% or P(x < 0.20), it would be defined
asadry year. If aprobability of inflow wasmore
than or equal 80% or P(x = 0.80), it would be
defined as a wet year. If the probability was
20%-80% or P(0.20 < x < 0.80), it would be a

normal year. By this definition each reservoir
has 6, 14 and 5 years of dry, normal and wet
years. The occurrences of dry, normal and wet
years of the 4 reservoirs were not different.

Simulated 25 years average water shortage

The results of simulating the reservoir
systems in the Upper Mun basin by using 25
years of inflow data and HEC-3, the water
shortage characteristics of the Upper Mun basin
were identified as follow:

1. In case the requirements at the river
basin outlet were not considered, the simulated
average annua water shortage over the whole
basin was 14.88%, occurred during the dry spell
in the rainy season (July-September) and in the
dry season (December-May). The average
annual water discharge volume at the river
basin outlet was 151.37 million cubic meters
(Table 1).

2. In case the water requirements at the
river basin outlet were equivalent to the average
minimum monthly flowing from the historical
data (6.1 mcm), the average annual water
shortage over the whole basin was 17.79% and
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occurred at the same time as the first case. The
average annua water discharge volume at the
river basin outlet was 252.94 million cubic
meters (Table 1).

According to the simulation results, when
the water requirements at the river basin outlet
were not considered, the discharge volume was
lower than the lowest of the record (218.85
million cubic meters). Thismight have an effect
on water users on the lower part of the river
basin. To avoid this problem, the second case
was selected. However, the water shortage in
the Upper Mun basinincreased about 2.91% per
year. In the simulation, the boundary of a case
study wasin the particular multireservoir system
irrigated area might cause the little amount of
sideflow. In order to add the side flow to return
flow estimation, the model was calibrated by
comparison with observed gauging discharge at
the outlet but it was not shown in the paper.
Simulated water shortagein thedry, normal
and wet year.

Based on the selected dry, normal and wet
years using the nonexceedence probability of
20% and 80% as mentioned in the previous
section and assuming the required minimum
flow at the basin outlet of 73.2 mcm per year (or
6.1 mcm per month), the simulation results
indicated that the water shortage occurred in dry
and normal year. Inthedry year, it wasdivided
into extremely dry (Dry 1), dry (Dry 2) and

slightly dry (Dry 3) according to the magnitude
of water shortage of 40.03%, 24.56% and
28.61% respectively asshownin Table 2. Inthe
normal year, it was divided into slightly normal
(Normal 1), normal (Normal 2) and slightly wet
(Normal 3) corresponding to 22.35%, 9.56% and
0.35% of water shortage as shown in Table 3.
Especialy, the agriculture sector had the most
serious water shortage of 47.19%, municipal
and industrial sector of 17.74% occuring in
Nakhon Ratchasima municipality. Downstream
requirements will have the water shortage of
15.64%.

According to the simulation result, the
water shortage took place only in the dry and
normal years. Thedry year showed more serious
shortage than did the normal year. There were 2
periods of water shortage which was the same
as the 25 years data simulation. However, the
duration of water shortage depends on the annual
inflow in each year.

Generation of water allocation alter natives

The water shortage was occurred in the
dry and normal years for all water use sectors,
but therewere different in the magnitude of water
shortage. In fact, the effect of thewater shortage
on each water use sector was different even
though the magnitude of water shortage wasthe
same. Therefore, by the water allocation
aternativesto various water use sectors needed
to be developed by using the multiobjective

Table 1. The average annual water shortage of the Upper Mun basin simulated by HEC-3

using 25 year s of data.

Water users Requirement  Shortage Duration Shortage Duration
group (mcm) Volume % Initiate Terminate Volume % Initiate Terminate
(mcm) (mcm)
Agriculture  754.81 129.30 17.13 Jul. Sept.  160.83 21.31 Jul. Sept.
Jan. Apr. Jan. Apr.
Municipal- 35.55 1.04 293 Dec. Apr. 104 293 Dec. Apr.
Industrial
Ecology 126.00 6.06 4.81 Dec. May 7.88 6.26 Dec. May
Outlet 73.20 - - - - 6.31 8.62 Apr. May
Tota 989.56 136.40 14.88 Jul. Sept.  176.06 17.79 Jul. Sept.
Dec. May Dec. May
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optimization. The case of extremely dry year
(Dry 1) was used in the analysis. The objective
function of agricultural sector was to maximize
theyield as follows.

n
2 Yij

Max z, (x) =
i=lj=I

113

1)

where Z,(x) = agricultural objective; Yi =Y,
[1-Ky(1-ET/ETw)]; Yy = the actual yield;
Y. = the maximum yield; ET, = actual
evapotranspiration; ET, = maximum
evapotranspiration; Ky = the yield response
factor; i = the number of reservoir; andj = the
number of month. The municipal and industrial
sector and the downstream requirementsfor the
ecological balance would have the minimum

shortage by using €-constraint technique.

m n
Max Z, (x) :'_ZI ) | (DMi- SMij) (2
1=1l)=
where Z2(x) = municipal and industrial objective;
DM = municipal and industrial demand; and SM
= municipa and industrial supply

MaZ,(9=- 2 % (0D,-$D) @

where Zs(x) = downstream requirement
objective; DD = downstream requirement
demand; and SD = downstream requirement
supply

Therewere 16 examplesof alternativesas
illustrated in Figure 3 and Table 4.

According to the trade-off among the 16
aternativesin the extremely dry year of inflow,

Table 2. The annual water shortage of the Upper Mun basin in thedry years.

Water users Water requirement Inflow year
group (mcm) Dry 1 Dry 2 Dry 3
Dryl Dry2 Dry3 Volume (%) Volume (%) Volume (%)
(mem) (mcm) (mcm)

Agriculture 761.76 708.80 807.06 359.51 47.19 211.29 29.81 264.90 32.82
Municipal- 3555 3555 355 079 222 315 887 631 17.74
Industria

Ecology 126.00 126.00 126.00 19.71 1564 7.88 6.26 11.04 8.76
Outlet 7320 7320 7320 1892 2585 946 1293 1577 2154
Total 996.51 94355 1,041.81 398.93 40.03 231.78 24.56 298.02 28.61

Table 3. The annual water shortage of the Upper Mun basin in the normal years.
Water users Water requirement Inflow year
group (mem) Normal 1 Normal 2 Normal 3
Normal 1 Normal2 Normal3 /olume (%) Volume (%) Volume (%)
(mcm) (mcm) (mcm)

Agriculture 787.00 754.81 679.14 22391 2845 8830 11.70 0.00 0.00
Municipal- 3555 3555 3555 0.00 0.00 315 887 0.00 0.00
Industria

Ecology 126.00 126.00 126.00 448 355 315 250 315 250
Outlet 7320 7320 7320 0.00 0.00 0.00 0.00 000 0.00
Total 1,021.75 98956 91389 22839 2235 9460 956 315 035
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thetotal product was between 49-60% or reduced
40-51%. This indicated that if at all wanted to
havethetotal product of 60%, themunicipal and
industrial sectorswould lack water 85.06%. The
downstream requirements for the ecological
system would lack water by 43.99% of demand

(55.43 million cubic meters) or the water level
in the river reduced from the normal depth
(2.21 m) by 19.72% or the aternative was the
total product reduced 49%, the municipa and
industrial sectors and the downstream did not
face any water shortage.
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Figure 3. Trade-off among allocation alter natives.

Table 4. Trade-off among water allocation alter natives.

Alternatives Agriculture

Municipal-Industrial

Ecology

Max yield Yield depletion Min shortage Water use depletion Min shortage Water level depletion

(%) (%) (mcm) (%) (mem) (%)
1 60 40 30.24 85.06 55.43 19.72
2 59 41 20.16 56.71 55.43 19.72
3 57 43 10.08 28.35 55.43 19.72
4 56 44 0.00 0.00 55.43 19.72
5 58 42 30.24 85.06 37.14 12.97
6 56 44 20.16 56.71 37.14 12.97
7 55 45 10.08 28.35 37.14 12.97
8 54 46 0.00 0.00 37.14 12.97
9 55 45 30.24 85.06 18.69 6.34
10 54 46 20.16 56.71 18.69 6.34
1 52 48 10.08 28.35 18.69 6.34
12 51 49 0.00 0.00 18.69 6.34
13 53 47 30.24 85.06 0.00 0.00
14 51 49 20.16 56.71 0.00 0.00
15 50 50 10.08 28.35 0.00 0.00
16 49 51 0.00 0.00 0.00 0.00
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Analysis and selection of the alter natives by
multicriteria decision making.

There were 16 alternatives from the
trade-off analysis for multicriteria decision
making. The questionnaire was devel oped to ask
26 concerned stakeholders of the Upper Mun
basin including the 10 water management
administrators, 1 water management expert, 6
agriculturists, 2 representatives of municipal and
industrial sectors, 6 district administrators
(downstream requirementsfor ecology systems)
and 1 researcher. Each respondent selected 4
alternatives based on the three criteria, i.e.
profitability, equity and reliability. The analysis
outcomes with the AHP found that the water
alocationinthe extremely dry year had an effect
on profitability, reliability and equity 41%,
32.3% and 26.7% respectively. It was noticed
that the attitude in the water alocation of the
respondent when they were at the turning time,
they would consider the profitability more
important than the reliability and the equity
(Table 5).

Thefirst ranked alternative of 29.38% was
the fourth alternative. This aternative satisfied
100% of demand for municipal and industrial

sector, the downstream requirements for the
ecological system would lack water by 43.99%
of demand (55.43 million cubic meters) or the
water level intheriver reduced from the normal
depth (2.21 m) by 19.72% and allowed theyield
for agriculture reducing to 56% of the maximum
yield. This alternative did not allow water
shortage to the municipal and industrial sector
and the downstream requirements (ecological
balance) would use the water from return flow
(Table 6).

According to the questionnaire, some
stakeholders added 4 more alternatives which
were 171, 18", 19" and 20", These alternatives
maintained the water level in the river at the
normal depth but resulted in water shortage in
municipal and industrial sector by 5%, 7%, 15%
and 20% of demand. Twelve aternatives were
selected from the 16 aternatives that caused
different water shortage.

Conclusion

The water demand in the Upper Mun basin
consisted of agricultural, municipal and
industrial water supply, downstream ecological

Table 5. Water allocation criterion developed by AHP (%).

Informant Profitability Equity Reliability Informant Profitability Equity Reliability
1 69.6 22.9 75 14 62.7 28.0 9.4
2 19.9 73.3 6.8 15 75.0 7.8 171
3 24.3 5.6 70.1 16 333 333 333
4 76.3 6.1 17.6 17 333 333 333
5 70.9 6.0 231 18 77.8 111 111
6 68.2 23.6 8.2 19 333 333 333
7 6.7 29.3 64.0 20 6.4 13.8 79.8
8 6.8 73.3 19.9 21 6.8 199 73.3
9 733 6.8 19.9 22 6.4 13.8 79.8

10 48.1 46.3 5.8 23 6.8 19.9 73.3
11 6.0 70.9 231 24 79.8 6.4 138
12 76.4 115 121 25 6.6 14.9 785
13 15.3 7.7 7.0 26 76.3 6.1 17.6

Average 41.0 26.7 323
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requirementsand water requirement at the outl et
of the basin. The multireservoir system was
simulated by HEC-3. In case the water
requirements at the river basin outlet, the 25
years average water shortage of thewhole basin
was 17.79%, and 40.03% in the extremely dry
year, occurring during the dry spell in the rainy
season (July - September) and in the dry season
(December - May). It was noticed that the
capacity of 4 reservoirsin the Upper Mun basin
was sufficient for demandin 1999 but occurrence
of water shortage was caused by the amount of
reservoir inflow in each year. In the future the
economic development and expansion of
community might increase the water demand.
The new water resources development is now
limited. To reduce these problems, one has to
consider the demand side management.
According to these situations, alternatives for
water allocation among the water use sectors
needed to be developed particularly the case of
Dry 1. Theresult of the 16 alternativesfrom the

Table 6. Overall water allocation criterion

developed by AHP (%).
Alternatives Overall Priority
2 0.37 16
3 5.78 5
4 29.38 1
6 1.30 10
7 4.67 6
8 24.49 2
10 2.75 7
11 274 8
12 14.47 3
14 119 11
15 0.63 14
16 8.36 4
17 1.57
18 111 12
19 0.70 13
20 0.46 15

trade-off analysis showed the total agricultural
produce between 49-60% or the maximum yield
wasreduced by 40-51%. Thisshowed that if one
wanted to maintain the total produce of 60%,
the municipa and industrial sector would lack
water 85.06% and the downstream requirements
for ecology system would lack water by 43.99%
of demand (55.43 million cubic meters) or the
water level intheriver reduced from the normal
depth (2.21 m) by 19.72%. If onewanted to have
the total produce of 49%, there would not be
shortage in the municipal and industrial sector
and the downstream requirements. There were
threedecision criteriafor the alternativesranked
by AHP, which were profitability, equity and
reliability. 1t wasfound that thewater allocation
at the turning point or the extremely dry year
(Dry 1) gavethepriority weight for profitability,
reliability and equity at 41%, 32.3% and 26.7%
respectively. It was noticed that the attitude
toward the water allocation of the respondents
when they were at the turning time, they would
consider the profitability more important than
reliability and equity. Thefirst ranked aternative
of 29.38% was the aternative which did not
allow water shortage to the municipal and
industrial sector, the downstream requirements
for the ecological system would lack water by
43.99% of demand (55.43 million cubic meters)
and allowsthe yield for agriculture reducing to
56% of the maximum yield. Thus, the water
allocation methodology developed in this study
can help the priority setting in water alocation
and definethe most preferable dternative for the
concerned stakehol ders.
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