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Abstract

Future uncertainty on water demand caused by future climate condition and water consumption leads a difficulty to determine
the reservoir operation rule for supplying sufficient water to users. It is, thus, important to operate reservoirs not only for dis-
tributing enough water to users using the limited water resources but also for preventing floods and drought under the unknown
future condition. In this study, the reservoir storage is determined in the first stage when future condition is unknown, and then,
water distribution to users and river stream is optimized using the available water resources from the first stage decision using 2-
stage stochastic linear programming (2-SLP). The objective function is to minimize the difference between target and actual water
storage in reservoirs and the water shortage in users and river stream. Hedging rule defined by a precaution against severe drought
by restricting outflow when reservoir storage decreases below a target, is also applied in the reservoir operation rule for improv-
ing the model applicability to the real system. The developed model is applied in a system with five reservoirs in the Han River
basin, Korea to optimize the multi-reservoir system under various future water demand scenarios. Three multi-purposed dams -
Chungju, Hoengseong, and Soyanggang - are considered in the model. Gwangdong and Hwacheon dams are also considered in
the system due to the large capacity of the reservoirs, but they are primarily for water supply and power generation, respectively.
As a result, the water demand of users and river stream are satisfied in most cases. The reservoirs are operated successfully to
store enough water during the wet season for preparing the coming drought and also for reducing downstream flood risk. The
developed model can provide an effective guideline of multi-reservoir operation rules in the basin.
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Fig. 1 Water Supply System with Five Reservoirs in the Han River Basin (&8 S, 2009)
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Table 1. Water Supplies to Water Distribution System in
Large Cities (F&& &, 2009)

Supply node Demand node with water distribution system
rm0(Gwangdong) | dm1, dm2, dm3, dm25, dal, da2, da3
rm1(Chungju) dm3, dm4, dm5, dm7, dm26, da3, dad, da5, da’]
rm2(Hoengseong) | dm2, dm3, dm5, dmé6, da2, da3, da5, da6

rm3(Soyanggang) -

reO(Hwacheon) -

dm7, dml5, dm16, dm17, dm18, dm19, dm21
j17(Paldang) dm22, dm23, dm24,dm27,da7,dal5, dal6,dal?
dal8, dal9, da21, da22, da23, da24

j18(Han River) dm19, dal9

€ rm:multipurpose or water supply dam, re:dam for power
generation, j:junction node, dm :municipal demand node,

da: agricultural demand node
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Water Level at
Flood Time Drought Step I (a2=0.85)

I—[— Stit
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Minimum Operated

Storage Smop
Drought Step IV (a5=0.25)

Time
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Fig. 2 Applied Hedging Rule in the Han River Basin(F&
& S, 2009)

Table 2. Reservoir Operating Policies with a Hedging Rule in Dry Seasons (9H&HZI, 2008)

Stages Operating rules Remark
Normal time supply 100% of planned water supply
Drought Step I | supply 80 ~ 90% of total planned water supply or decrease municipal water demand Effective Storage

Drought Step 11 | supply 60 ~ 80% of total planned water supply or decrease outflow for river discharge

Drought Step IIT distribution system in large cities

supply 50~60% oftotal planned water supply or decrease agricultural water demand or water

Emergency Water Supply

Drought Step IV | supply below 50% of total planned water supply or decrease municipal water demand | Water located below reservoir outlet
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Table 3. Reservoir Properties in the Han River Basin

Dam St Ser__ SO Siow Sep
Dry season Rainy season Dry season Rainy season
rmO(Gwandong) 13.13 11 7 3 0.7
rm1(Chungju) 2,750 2,385 2,134 1.490.5 1,365 596 100
rm2(Hoengseong) 86.9 83.6 77.4 46.9 45.45 13.5 33
rm3(Soyanggang) 2,900 2,543.8 2,130 1.596.9 1,390 650 280
reO(Hwacheon) 1,018.41 1,018.4 805.41 689.4 582.91 360.41 226.94
% Sfooa : Storage for flood water level
S @ Storage for regular full water level or Storage for limit water level at flood time
Ss : Average storage of and
Siow @ Storage for low water level
Smop : Minimum operated storage
Table 4. Pre-Defined Discharge to Users from the Reservoirs Unti : 105m°#yr
Dam Municipal Agricultural River discharge Remark
rm(O(Gwandong) 25.55 0.81 -
rm1(Chungju) 2,731 315 334 agricultural water supply : April ~ October
rm2(Hoengseong) 723 15.8 314 agricultural water supply : April ~ November
rm3(Soyanggang) 1,200 13 255.4 agricultural water supply : March ~ October
reO(Hwacheon) - - - for electricity
Table 5. Municipal Demand Unti : 10°mA3/yr
Node Lowest Demand Low Demand Standard Demand High Demand Highest Demand
dml 14.643 14.929 15.180 15.295 15.402
dm2 15.001 15.331 15.660 15.810 15.953
dm3 51.901 52.889 53.870 54.636 55.373
dm4 129.740 132.421 135.066 137.105 139.072
dm5 7.121 7.264 7.371 7.450 7.522
dmé6 89.096 90.885 92.639 93.405 94.170
dm7 192.541 194.981 197.386 199.727 202.067
dm8 0.000 0.000 0.000 0.000 0.000
dm9 0.107 0.107 0.107 0.107 0.107
dm10 17.048 17.262 17.441 17.556 17.663
dml1 7.772 7.844 7915 7.958 7.994
dmi2 17.448 17.627 17.806 17.921 18.000
dml3 56.060 56.647 57.198 57.555 57.884
dm14 17.992 18.321 18.615 18.758 18.865
dml5 20.075 20.182 20.254 20.333 20.404
dml6 92.453 94.171 95.888 97.606 99.323
dm17 0.480 0.508 0.508 0.508 0.508
dmi8 2,023.016 2.062.801 2.102.550 2,133.396 2,164.235
dm19 608.777 619.913 631.013 639.888 648.756
dm20 0.000 0.000 0.000 0.000 0.000
dm21 2226 2.261 2.261 2262 2262
dm22 96.718 97.928 99.130 100.225 101.291
dm23 42.812 43.177 43.506 43.836 44.165
dm24 2.555 2.591 2.626 2.662 2.670
dm25 19.381 19.381 19.381 19.381 19.381
dm26 29.529 29.529 29.529 29.529 29.529
dm27 1,120.585 1,120.585 1,120.585 1,120.585 1,120.585
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Table 6. Agricultural Demand

Unti : 108mA3/yr

Node Lowest Demand Low Demand Standard Demand High Demand Highest Demand
dal 24.303 24.669 25.017 25.164 25.308
da2 58.689 59.970 61.233 61.818 62.403
da3 93.222 95.307 97.374 98.361 99.330
da4 339.845 347.491 355.101 358.922 362.725
da5 55.900 57.196 58.488 59.220 59.952
da6 110.752 113.268 115.780 117.196 118.612
da7 354.174 361.018 367.845 372318 376.770
da8 0.000 0.000 0.000 0.000 0.000
da9 3.999 4.104 4192 4.255 4.301
dalo 45.473 46.438 47.399 47.957 48.515
dall 17.485 17.850 18.211 18.446 18.681
dal2 33.921 34.672 35419 35.738 36.040
dal3 40.014 40.786 41.541 41.902 42.263
dal4 76.847 78.622 80.376 81.383 82.369
dals 29.771 30.346 30.900 31.244 31.567
dal6 28.269 28.697 29.104 29.339 29.557
dal7 24.396 24.740 25.084 25277 25.466
dal8 110.021 111.322 112.606 113.097 113.567
dal9 183.012 186.461 189.906 191.962 194.014
da20 0.000 0.000 0.000 0.000 0.000
da21 40.513 41.386 42.242 42.821 43.379
da22 202.486 206.745 211.004 213.811 216.614
da23 112.799 114.985 117.167 118.623 120.075
da24 10.465 10.679 10.893 11.061 11.212
Table 7. Minimum River Discharge Requirement Unti : 108m3/yr
Arc Demand Arc Demand Arc Demand Arc Demand
j18—j19 3,373.989 j19—j24 3.373.989 23> j24 589.991 j24 > ol 3,844.544
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Table 8. Total Water Supply to Users in the Multi-Reservoir operation System

Demand Type Scenario Demand (10°m>/year) Supply (10°m>/year) Supply ratio (%)
Lowest 4,609.00 4,607.83 99.975
Low 4,672.15 4,670.95 99.974
Municipal demand Standard 4,734.81 4,733.60 99.974
High 4,783.91 4.782.69 99.974
Highest 4.832.73 4.831.38 99.972
Lowest 1,844.45 1,843.72 99.961
Low 1,881.47 1,880.67 99.957
Agricultural demand Standard 1,918.28 1.917.37 99.953
High 1,939.74 1,938.77 99.950
Highest 1,960.99 1,959.88 99.944
Lowest 11,301.98 100.000
Low 11,301.25 99.994
Minimum river discharge] Standard 11,301.98 11,294.00 99.929
High 11,274.72 99.758
Highest 11,235.45 99.411
Table 9. Water Shortage Ratio
Node Scenario Period Lowest Low Standard High Highest
dml 30(Oct. 3rd) - - - 0.65%
12(Apr. 3rd) - - - 5.68%
dm12 16(Jun. 1st) 100%
17(Jun. 2nd) 93.72% 100%
3(Jan. 3rd) 7.711%
4(Feb. 1st) 7.72%
5(Feb. 2nd) 7.72%
6(Feb. 3rd) 7.76%
dm25
7(Mar. 1st) 7.72%
8(Mar. 2nd) 7.72%
12(Apr. 3rd) - - - - 8.85%
13(May. 1st) - - - - 8.85%
12(Apr. 3rd) - - - - 1.37%
dal0
13(May. 1st) - - - - 1.37%
13(May. 1st) - - - - 1.67%
dal2 16(Jun. 1st) 45.68% 48.03% 50.27% 51.44% 52.55%
17(Jun. 2nd) - 1.48% 4.71% 6.29% 7.78%
1(Jan. 1st) - 0.79% 2.60% 4.01% 5.42%
2(Jan. 2nd) - - 1.44% 2.85% 4.25%
3(Jan. 3rd) - - 1.21% 2.63% 4.03%
4(Feb. 1st) - - - - 2.90%
5(Feb. 2nd) - - 1.81% 3.22% 4.63%
6(Feb. 3rd) - - 1.81% 3.23% 4.63%
7(Mar. 1st) - - - 1.41% 2.82%
j19-j24 8(Mar. 2nd) - - - 1.41% 2.82%
9(Mar. 3rd) - - - 1.42% 2.82%
10(Apr. Ist) - - - 2.43% 4.84%
11(Apr. 2nd) - - - 2.43% 4.84%
14(May. 2nd) - - - 2.25% 4.49%
15(May. 3rd) - - - - 2.24%
16(Jun. 1st) - - - - 2.21%
29(Oct. 2nd) - - - - 2.14%
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Table 9. Water Shortage Ratio (Continued...)

Node Scenario Period Lowest Low Standard High Highest
31(Nov. 1st) - - - - 1.50%
32(Nov. 2nf) - - - - 1.50%
11924 33(Nov. 3rd) - - - - 1.50%
34(Dec. 1st) - - - - 1.41%
4(Feb. 1st) - - - 8.31% -
j23-j24 16(Jun. 1st) - - - - 14.25%
30(Oct. 3rd) - - - - 6.31%
2(Jan. 2nd) - - - - 1.23%
3(Jan. 3rd) - - - - 1.23%
j24-o0l
4(Feb. 1st) - - - 0.84% 2.07%
16(Jun. 1st) - - - - 1.57%
Table 10. Comparing Demand Increment with Shortage Increment
Scenario Total Demand (10°m>/year) |[Demand Increment(10°m>/year) Total Shortage (10°m3/year) ShortageIncrement(10°m?®/year
Lowest 17.755.43 - 1.90 -
Low 17.855.60 100.17 2.73 0.83
Standard 17,955.07 199.64 10.10 7.37
High 18,025.63 270.20 29.45 19.35
Highest 18,095.70 340.27 68.99 39.54
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