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Figure 2. Representation of different parts of study area.
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Table 1. Demands of different water users of study area (MCM/month).

O B en 5D ole o jlad

!

Number (October to September)
Water user

12 11 10 9 8 7 6 5 4 3 2 1

60.6 68.4 64.1 42.1 60.3 455 35.9 18.7 3.7 4.4 9.6 36.4 Al
488.8 5824 5764 351 4238 3562  202.8 70.6 20.5 23.1 472 3154 AL
1682 2028 201.8 117 163.8 1274 37.7 37.7 28 22.8 37.7 98.8 Aly
4524 4818 4456 4958 222 416 367.1 2418 1772 159.1 1706  356.2 Al
1157 1399 1023 1482 56.4 88.1 86.6 78.5 42 20 28.6 69.9 Als
136 118 131.5 1726 74.1 1264 109.7 1053 70.7 37.6 51.5 100.4 Al
101.7  109.2 95.2 127.4 442 86.8 72 58 13.7 20.2 30.4 61.4 AlL

46 447 38.1 48.9 17.9 333 31.7 29.1 43 11.2 16.4 25.5 Alg

58 69.2 64.1 41.9 60.1 47.6 30.2 20.5 1.4 1.8 7.5 28.6 AG,
54.6 66.3 64.1 42.1 63.7 455 447 17.7 9.3 8.6 12.5 312 AG;
65.8 86.3 80.1 494 67.6 61.1 40.3 20.3 6.5 5.5 12.5 46.8 AG;
12.2 12.2 12.2 12.2 12.2 114 11.4 11.8 11.8 11.8 11.8 11.8 Dy
65.5 67.7 67.7 67.7 67.7 67.7 65.5 65.5 65.5 65.5 65.5 65.5 D,
20.4 20.4 20.4 20.4 20.4 20.4 19.1 19.8 19.8 19.8 19.8 20.4 D;

1.3 1.3 1.3 1.3 1.3 1.3 1.2 1.3 1.3 1.3 1.3 1.3 Dy

va
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Table 2. Cropping pattern of agricultural water users in the study area (Percent).

oS
Crop B
<!
sladls
olls Ll ool S b ) Sy A olS e (,\g oy Sl Water User
Other crops Cereal Sugarcane Union e Corn Sugar beet Citrus  Wheat Alfalfa  Grain
Oilseed
12.8 8.0 0 16.1 0.8 1.7 0 1.8 432 3.0 12.5 AG,
7.1 42 22.8 9.8 0.3 1.7 0 0.4 433 0.7 9.7 AG;
6.2 42 8.5 13.9 1.3 1.2 3.8 3.5 44.4 1.8 11.4 AG;
A 53 08 ) Ol pol (22850 0 2 55 dglows il IS ale o 2o Y ot
Table 3. The average concentration of TDS in return flows of users (mg/D).
O U o 30 olo ojlas 3
Number (October to September) !
Water user
12 11 10 9 8 7 5 4 3 2 1
582 582 582 2619 2619 2619 582 582 582 582 582 582 Al
1527 1527 1527 6108 6108 6108 1527 1527 1527 1527 1527 1527 AL
1405 1405 1405 4635 4635 4635 598 598 598 1811 1811 1811 Al
1088 1088 1088 4355 4355 4355 1088 1088 1088 1088 1088 1088 Al
1088 1088 1088 4355 4355 4355 1088 1088 1088 1088 1088 1088 Als
628 628 628 3099 3099 3099 811 811 811 767 767 767 Al
5079 5079 5079 9266 9266 9266 6780 6780 6780 4035 4035 4035 AlL
1527 1527 1527 6108 6108 6108 1527 1527 1527 1527 1527 1527 Alg
582 582 582 2619 2619 2619 582 582 582 582 582 582 AG,
1596 1596 1596 6384 6384 6384 851 851 851 1451 1451 1451 AG,
1006 1006 1006 4025 4025 4025 9216  921.6 9216 907 907 907 AG;
1596 1596 1596 1596 1596 1596 851 851 851 1451 1451 1451 D,
1527 1527 1527 1527 1527 1527 1527 1527 1527 1527 1527 1527 D,
1088 1088 1088 1088 1088 1088 1088 1088 1088 1088 1088 1088 D;
450 450 450 450 450 450 450 450 450 450 450 450 Dy
333 ol 4 olaws bees o Ll SL e Cny g gl
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Figure 3. Results of Non-dominated fronts and knee points of nominal and different robust models.
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Table 4. The objective functions values and its changes for nominal and robust problems at the knee points.

v,la:auc,mi)‘cb sslal GU
Environmental Obj. Func. Economic Obj. Func. Conlabols clm e
(L) odod Jibe a5 s yalS Value i (1) odod Js a5 o yalS Value | Unizrsillnty Model
Decrease related to nominal Decrease related to nominal 1 :
((Million Rial/year
model (%) (Ton/year) model (%) ( year)
- 53,949 - 1,636,523 - e
Nominal
3.6 52,005 6.3 1,533,129 1=0.05
6.8 50,255 11.2 1,453,479 n=0.10 L
PiS e
9.7 48,700 15.9 1,375,732 1=0.15 Robust
12.3 47337 20.6 1,299,719 1=0.20
s Ja (s 515 s 53 Ol pol 4 (pamads DT -0 J g
Table 5. Allocated water to water users at the knee point of nominal model.
()ﬁj@,ibj@.a)eba)lm.i fu]
Month Number (October to September) Water
12 11 10 9 8 7 6 5 4 3 2 1 user

49.69 56.77 55.13 35.79 51.26 36.40 22.26 12.16 2.89 3.52 7.68 30.94 Al
342.16  407.68 40348 27729 317.85 28496 117.62 4942 1435 17.79 37.76  220.78 Al
68.96 4259  119.06  40.95 32.76 25.48 7.92 8.67 8.40 4.56 16.97 21.74 Al
285.01 31799 33420 352.02 146.52 27872 25697 183.77 3544 108.19 122.83 256.46 Aly
93.72  117.52 79.79 59.28 11.28 17.62 17.32 19.63 8.40 7.40 23.74 58.02 Al;s
27.20 24.78 2630  138.08 6224 103.65 92.15 22,11  17.68 7.52 11.33 20.08 Alg
85.43 57.88 39.98 44.59 26.08 4253 58.32 48.72 1151 15.15 22.50 50.35 Al
10.12 9.39 7.62 9.78 3.76 26.64 26.31 23.28 0.86 2.24 333 5.23 Alyg
47.56 29.06 32.05 16.76 30.05 20.47 12.08 9.23 0.31 1.44 6.15 22.88 AG,
19.11 14.59 19.29 8.42 12.74 9.10 36.65 12.92 1.93 1.75 2.58 6.52 AG,
23.03 52.64 27.23 21.74 2298  40.04 19.34 6.70 1.37 1.93 3.88 26.68 AG;3

(ol 0= /) &S (p88) M= 0.1 ()l sl rlaw 55 il ala o Olpo] dlab pamass Of =1 Jgua

Table 6. Monthly allocated water to water users at knee point at robustness level of n = 0.1 (When o=0.1).

Gt B ge) olo aplet o

Month Number (October to September) Water
12 11 10 9 8 7 6 5 4 3 2 1 user

41.81 47.20 49.36 32.84 44.02 34.13 20.10 10.66 2.44 3.17 6.72 24.39 Al
356.82  390.21 374.66 23517 25428 24222 111.54 4377 1394 16.86 33.04 220.78 Al
67.28  46.64 108.97  43.29 37.67 28.03 11.31 9.43 8.96 6.16 16.97 24.70 Al
27596  289.08 29855 332.19 11544 8320 25697 166.84 3898 111.37 110.89  220.84 Aly
76.36 99.33 68.54 45.94 11.84 18.50 21.65 18.06  10.08 6.80 21.16 48.93 Al;s
32.64 29.50 26.30 126.00  51.87 85.95 76.79 23.17 1838 7.90 11.85 26.10 Alg
71.19 68.80 48.55 53.51 26.52 4514 47.52 43.50 9.59 12.52 18.54 46.05 Al

10.58 8.94 7.62 11.25 3.94 24.98 22.82 20.66 0.90 2.58 3.28 5.36 Alyg
34.80 27.68 30.13 16.76 27.65 19.04 12.99 10.05 0.35 1.31 5.40 19.45 AG,
22.66 15.91 21.15 9.68 15.29 11.38 31.29 10.62 1.86 1.81 2.50 6.24 AG;

24.35 51.78 27.23 21.74 2298  40.04 18.94 6.09 1.30 1.76 3.50 25.74 AG;3
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Figure 4. The value of Gama (degree of conservatism) based on probability of constraint violation.
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Table 7. The values of objective functions at knee points of nominal and robust models with different

Probability of violation.

s mly
Objective Functions
A3 Jess Jlez| Jde
et obail Violation probability of constraint Model
Environmental Economic
(Ton/year) (Million Rial/year)
53,949 1,636,523 1 Nominal L3
52,394 1,553,808 0.7
49,283 1,423,321 0.3 Robust ;| 5zl
48,505 1,365,693 0.1

aitlitee Jase Jlazl bl gl 5 oakad gladibe 515 el 53 O ol 4 GV pamass O —A J g

Table 8. The annual allocated water to users at knee points of nominal and robust models with different

probability of violation.

Qlﬂ;‘j e P W _j

g Jlaz|
Annual allocated water to users (MCM/year) . Je
i3 S
Total Violation Model
Sum AG; AG, AG Alg Al Alg Als Aly Al Al Al probability
‘5&]93
83015 2476 1456 2280 1286 553.1 553.1 51377 26781 398.1 24911 364.5 1 .
Nominal
76497 2459 1494 210.1 1240 4938 5238 460.5 23759 407.1 23329 3264 0.7
| gul
74520 2388 1563 1988 1225 4882 507.5 4465 22930 4178 22684 3142 0.3 d
Robust
72912 2286 166.0 1887 1215 4769 4954 4218 22367 441.1 22083  306.1 0.1
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Figure 5. Monthly demands and allocated water based on nominal and robust problems when a=0.1.
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Abstract

Background and Objectives: Considering the existence of uncertainty in the data of water
resource problems, it has become more essential to design a reliable water resource allocation
model under uncertainty condition. Due to multi-dimensional nature of optimal water allocation
problem, considering multiple conflicting objectives within the optimization models is
inevitable. The aim of this study is to provide a quantity-quality optimization model which not
only balances the economic and environmental objectives, but also remains robust under
uncertainty conditions.

Materials and Methods: The nominal model of the study was constructed aimed at
maximizing the income of the entire system and minimizing pollution load entered to the river.
It was applied to the Dez-Karoon river system as a case study. Considering the uncertainties of
river flow and water demands, the nominal model was promoted to a robust multi-objective
optimization model using the Bertsimas and Sim's approach. The sensitivity of the robust model
to changes in uncertainty levels and the probability of constraint violation was investigated. The
e-constraint method was used to solve the problem and the nominal model was applied to assess
the results of the developed model. Among optimal solutions set, Knee point of the Pareto front
was chosen as the final solution.

Results: Results from the application of the developed method for optimal water resource
allocation in this case study revealed its efficiency and ability to solve the problem quickly and
accurately. Comparison of the optimal solution of knee points showed that hedging the
optimization model against uncertainties by considering the uncertainty level and violation
probability of 0.1, requires the decrease in operating the river water from 8301.5 to 7291.2
MCM/year and adjustment of the economic income from 1,636,808 to 1,365,693 million
Rial/year in comparison to the nominal model. Under such a condition in which prevents the
failure of supplying water under a given level of risk, the pollution load discharged into the river
will decrease from 53,949 to 48,505 ton/ year. The results indicated that without adding extra
complexity into the nominal model, it can be immunized against uncertainties using the robust
approach. By determination of the uncertainty level and the probability of constraint violation,
the decision maker is able to select the robustness level of the water resource allocation model
and therefore, explore tradeoff among the values of the objectives and reliability of the system.
Conclution: The results demonstrate the satisfactory, high reliability and flexibility of the
proposed robust model. Accordingly, the linear model provided in this study may be used as a
user-friendly tool in the decision making process for optimal allocation of water resources.
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