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Developing a joint operation framework for complex

multiple reservoir systems
SUPPLEMENTARY INFORMATION
DHF-GYG-SW multi-reservoir system

The Huntai basin is composed of the Hun River and the

Taizi River. DaHuoFang reservoir (DHF) is for carry-

over storage and is located in the trunk stream of the

Hun River. It drains an area of 5,437 km2, and the total

length of the Hun River within the DHF basin is approxi-

mately 169 km. GuanYinGe reservoir (GYG) and

ShenWo reservoir are cascade reservoirs and are located

in the trunk stream of the Taizi River. GYG is for carry-

over storage and drains an area of 2,795 km2, while the

SW basin drains an area of 6,175 km2 with incomplete

year regulation performance. The reservoir characteristics,

annual average inflow and water-supply tasks are illus-

trated in Table S1.

Additionally, the input data are inflow and water

demand data, from the whole series of hydrological

records from 1956 to 2006. Each calculation year is

divided into 24 time periods (with 10 days as the schedul-

ing iteration from April to September and 1 month for the

rest).
Table S1 | Reservoir characteristics and tasks of water supply

Active capacity (108 m3)

Reservoir Minimum capacity (108 m3) Drought season Flood

DHF 1.34 14.30 10.0

GYG 0.35 14.20 14.2

SW 0.35 5.43 2.14

Key: supplying water to industry from reservoir directly; agricultural water demand of

industrial water demand of SW-SCH interval; agricultural and industrial water demand of S
Reservoir operation rules

The most common form of operation rule used in China con-

sists of operation rule curves and rationing factors according

to water demand, which is a kind of zone-based operation

rule. Details of the operation rule curves and their correspond-

ing water-supply rationing factors are illustrated in Figure S1

and Table S2. The active water storage of a reservoir is divided

into threeparts: zone I, zone II and zone III by twowater-supply

rule curves. Each of the water demands, e.g., industrial or agri-

cultural water demand, has a related rule curve and a rationing

factor. Because different kinds of water demands require differ-

ent reliabilities and different degrees of priorities in practice, the

rationing factors usually have different values. Assume water

rationing factors are α and β for the water-supply curves in

Figure S1. When the water storage of a reservoir lies in zone

I, water demands D1 and D2 are fully met, i.e., the amount of

water supply is D1 þD2. When the water storage of the reser-

voir is in zone II, one water rationing factor is applied to the

calculation of water supply, i.e., D1 þ α�D2. When the water

storage of the reservoir is in zone III, both α and β are applied

to the calculation of water supply, i.e., β�D1 þ α�D2.
season Annual average inflow (108 m3) Tasks of water supply

0 15.70

0 11.10

12.80

DHF-SCH interval; industrial water demand of GYG-SW interval; agricultural and

W-DLHK interval.



Figure S1 | Reservoir operational rule curves.

Table S2 | Operation rule implied by rule curves

Water supply for each demand

Reservoir storage Demand 1 (D1) Demand 2 (D2)

Zone I D1 D2

Zone II D1 α * D2

Zone III β * D1 α * D2

Rationing factor β α
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Decision variables and constraints in objective function

Decision variables

The Water Storage Rule is modified by adding the limit

curve of supply in GYG to avoid oversupply in this paper,

that is, when the actual water storage is above the limit

curve of supply, GYG could recharge SW, and when the

actual water storage is below the curve, the stored water in

GYG should be used only to satisfy separate demands of

GYG. Therefore, the decision variables are the water

storages referred to periods of each operation rule curve,

including the operation rule curves of XN-2, XN-3 and

DHF reservoirs, and the limit curve of supply in GYG.
Constraints

For the multi-reservoir system operation optimization prob-

lem, the mass balance equations are:

Si,tþ1 � Si,t ¼ Ii,t � Ri,t � SUi,t � Ei,t (S1)

Ri,t ¼ gi xð Þ, SUi,t ¼ ki xð Þ, Ei,t ¼ ei xð Þ (S2)

STmin
i,t � Si,t � STmax

i,t (S3)

Raind � 95% (S4)
Raagr � 75% (S5)

where Si,t is the initial water storage of reservoir i at the

beginning of period t; Si,tþ1 is the initial water storage of

reservoir i at the beginning of period tþ 1; Ii,t, Ri,t, SUi,t

and Ei,t are inflow, delivery for water use, surplus and evapo-

transpiration loss for reservoir i during the period t,

respectively; STmax
i,t and STmin

i,t are the maximum and mini-

mum storage for reservoir i during the period t,

respectively; Raind and Raagr are the water-supply guaran-

teed rates of industry and agriculture, respectively.

Optimization algorithm

The ε-NSGAII is a multi-objective evolutionary algorithm

that builds on the original NSGAII, by introducing ε-domi-

nance archiving, adaptive population sizing, and automatic

termination. It was selected in this study as it has been

tested in a wide variety of applications and shown to be

very efficient and effective for complex optimization pro-

blems. The ε-NSGAII parameter values used in this study

are shown in Table S3. All the parameter values are

obtained by preliminary analysis.

A global view of the tradeoff surface

Figure S2 shows the Pareto approximate sets of solutions.

These sets represent the random approximation to the true

Pareto-optimal set from a total of eight million model simu-

lations. The three objectives (SIA, SIB, and SIC) are plotted

on the x, y and z axes, respectively. The WSP objective is

shown by the color of the triangular symbols with color ran-

ging from blue to red, representing the increasing amounts

of water spill from 28:37 × 108m3 to 28:97 × 108m3. Note



Table S3 | Parameter values of the ε-NSGAII algorithm

Symbol Value Description

ninitial 12 Initial population size

ngeneration 250 The maximum number of generations in
each run

nmaximum 1 million The maximum number of model
simulations

pc 1.0 Probability of crossover

pm 1/n Probability of mutation, n is the number of
decision variables

ηm 20 Distribution index for mutation

ηc 15 Distribution index for crossover

E 3 × 104m3 Objective resolution: water shortage of
Sub-A

3 × 104m3 Objective resolution: water shortage of
Sub-B

3 × 104m3 Objective resolution: water shortage of
Sub-C

5 × 104m3 Objective resolution: surplus water of the
entire system

Figure S2 | Approximate Pareto set from four-objective minimization (SIA, SIB, SIC, and

WSP) with arrows showing directions of improved preference.
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that all the objectives are minimization objectives, thus an

ideal solution would be located toward the rear lower

corner (low water shortage index of Sub-A, Sub-B and

Sub-C) of the plot in Figure S2 and represented by a blue

(less spilled water) triangular symbol. The arrows in

Figure S2 highlight directions of optimization.
As shown in Figure S2, the red solutions with high value

of WSP locate in the top of the cube, which means they have

a very high SIC objective. However, their SIA and SIB

objectives are very low. The blue solutions with low value

of WSP concentrate on the middle section of the x, y and

z axes, which means that a too large or too small water

shortage of any subsystem would all go against the entire

system. This highlights the importance of considering the

balance of three subsystems in the optimization process.
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