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Abstract

Water scarcity and flooding constitute major problems for developing countries located within the tropical climatic region
of Southeast Asia. In addition, regional water consumption is increasing, and water usage patterns have been changing
recently. Therefore, an advanced water resource management framework that considers both water supply and flood control
is needed. Multipurpose reservoirs are widely used to manage water resources efficiently; however, water-related problems
occur with reservoirs in Southeast Asian watersheds because of inadequate operation rule curves. We developed a method
for constructing optimal operation rule curves for Dau Tieng Reservoir, which is one of the largest multipurpose reservoirs in
Vietnam. The reservoir is used for flood control, domestic water supply, industrial uses, environmental flows, and agricultural
uses, in the order of priority. The operation rule curves of the Dau Tieng Reservoir comprise five reference water levels:
the retarding water level, upper water level, lower water level, critical water level, and dead water level. Water release from
the reservoir is determined based on the relationship between the reservoir level and the rule curves. In this study, the rule
curves were newly determined using the shuffled complex evolution method of the University of Arizona (SCE-UA method).
The objective function for optimization was defined by focusing on the improvement in insufficient supply for agricultural
uses and environmental flow downstream of the Dau Tieng Reservoir. Inadequate solutions were prevented by introducing
penalty functions into the objective function. Experimental results indicate that the proposed optimization method efficiently
searches for optimal rule curves.
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Introduction lifestyle and recent socioeconomic activities (ADB 2016). It

is important to ensure that water demands are met, and this

Water scarcity is a major problem for developing coun-
tries in Southeast Asia because of tropical climatic factors,
increasing populations, and saltwater intrusion into the lower
reaches of large rivers (Kummu et al. 2016; Adepelumi et al.
2009). In addition, regional water consumption is increasing,
and water usage patterns are changing because of changes in
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requires the development of a method for water resource
management that can adapt to future changes in land use,
climate, and the pattern of water usage. In addition, flooding
occurs almost annually in the wet season and flat low-lying
areas are frequently subject to substantial damage associ-
ated with inundation (WMO/GWP 2008). Accordingly,
an advanced framework for water resource management is
needed urgently, which considers both the demand for and
supply of water and the control of flooding.

Multipurpose reservoirs are widely utilized for the effi-
cient management of water resources. The role of a mul-
tipurpose reservoir includes flood control and the supply
of water for each element of demand, e.g., domestic water,
industrial water, hydropower generation water, agricultural
water, and environmental water downstream of the reservoir.
Environmental water refers to water used to impede salt-
water intrusion into a river mouth and to maintain the river
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environment. Reservoir rule curves that define the operation
regulations according to the demand for and storage of water
are set for each reservoir, and the release operation is deter-
mined based on the relationship between the reservoir rule
curves and the existing reservoir level. However, with regard
to reservoirs in watersheds in Southeast Asia, water scarcity
and floods currently occur because of the inadequacy of the
reservoir rule curves (Ngoc et al. 2014).

In recent years, artificial intelligence technologies such
as artificial neural networks, genetic algorithms (GAs), and
fuzzy logic have been used to overcome problems related to
hydrology and water resource systems. Regarding the opera-
tion of multipurpose reservoirs, there have been many cases
of research using artificial intelligence technology to deter-
mine water release and storage volumes in particular. For
example, Chaves and Chang (2008) optimized the release of
a multipurpose reservoir using an artificial neural network.
Suen and Eheart (2006), Chen and Chang (2007) and Ngoc
et al. (2014) optimized the release of a multipurpose reser-
voir using a GA. In addition, Chang et al. (2010) determined
the water storage appropriate to satisfy the various needs
of a multipurpose reservoir using a GA. Many studies have
addressed the optimization of water release and storage vol-
umes of multipurpose reservoirs using artificial intelligence
technology. However, only a few studies have considered
the optimization of reservoir rule curves; e.g., Chang et al.
(2005), Ngo et al. (2007) and Khan and Tingsanchali (2009).
Therefore, the development of a more efficient optimization
method for reservoir rule curves is required.

In addition, in the Southeast Asian watershed, problems
such as the absence of necessary hydrological, climatic, and
watershed data or predominantly low-reliability data exist.
Thus, considering the problem of data scarcity, appropri-
ate reservoir rule curves are needed. The present study was
conducted to develop a method for constructing optimal
reservoir rule curves for a multipurpose reservoir located in
a watershed in Southeast Asia. The shuffled complex evolu-
tion method of the University of Arizona (SCE-UA method),
proposed by Duan et al. (1992, 1994) and Sorooshian et al.
(1993), which has been shown to have an overwhelmingly
powerful global optimal solution search capability in com-
parison with GAs (Tanakamaru 1995), was used in this study
for optimization of the reservoir rule curves.

Study area

Dau Tieng Reservoir

The Dau Tieng Reservoir watershed is located in southern
Vietnam, approximately 90 km northwest of Ho Chi Minh

City (Fig. 1). The land use of the total watershed area of
2700 km? is predominantly forest and cropland. The average
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Fig.1 Topography and rainfall stations of the Dau Tieng Reservoir
watershed, Vietnam

annual rainfall is 1800 mm, although 77% of this rainfall
occurs between July and November.

The Dau Tieng Reservoir is one of the largest multipur-
pose reservoirs in Vietnam, with an effective storage capac-
ity of 1.58 X 10° m>. The reservoir is used for flood control,
domestic water supply, industrial uses, environmental flows,
and agricultural uses, in order of priority. The reservoir
contributes significantly to the water resources of Ho Chi
Minh City, which is located downstream. In Ho Chi Minh
City, flooding often occurs during the rainy season (July to
December), and there is often water scarcity during the dry
season (January to June). One of the causes of these prob-
lems is the inadequacy of the operation rule curves of the
Dau Tieng Reservoir. Furthermore, according to the exist-
ing reservoir operation regulations, it is also a problem that
the supply of agricultural and environmental water with low
priority is insufficient (Ngoc et al. 2014). Therefore, it is
necessary to construct appropriate operation regulations of
the Dau Tieng Reservoir.

Reservoir operation systems

As shown in Table 1, the Dau Tieng Reservoir has set
monthly demand water volumes for domestic, industrial,
environmental, and agricultural water. The operation rule
curves of the Dau Tieng Reservoir comprise five reference
water levels from the higher level: the retarding water level
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Table 1 Monthly water demand of the Dau Tieng Reservoir

Monthly amount of water demand (X 10° m?)

Domestic Industrial Environ-  Agri- Total
water water mental cultural
water water
Jan 15.5 71.3 21.4 213.8 322.0
Feb 14.0 64.4 29.0 235.2 342.6
Mar 15.5 71.3 32.1 342.2 461.1
Apr 15.0 69.0 31.1 141.5 256.6
May 15.5 71.3 16.1 0.0 102.9
Jun 15.0 54.3 0.0 69.3 138.6
Jul 155 71.3 0.0 173.0 259.8
Aug 155 71.3 0.0 0.8 87.6
Sep 15.0 69.0 0.0 0.0 84.0
Oct 155 71.3 0.0 0.0 86.8
Nov 15.0 69.0 0.0 238.6 322.6
Dec 155 71.3 0.0 217.7 304.5
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Fig.2 Current operation rule curves of the Dau Tieng Reservoir

(RWL), upper water level (UWL), lower water level (LWL),
critical water level (CWL), and dead water level (DWL).
Each curve consists of 12 reference water levels on the first
day of each month (Fig. 2). The following operational regu-
lations are set based on the reservoir rule curves and the
reservoir storage level.

1. When the existing reservoir level is above the RWL, the
spillway is opened immediately to its maximum in an
attempt to reduce the reservoir level rapidly to the UWL.

2. When the reservoir level reaches the RWL, the spillway
is opened immediately in an attempt to reduce the res-
ervoir level rapidly to the UWL.

3. When the reservoir level exceeds the UWL, water
release should be maintained at a high priority in an
attempt to maintain the reservoir level at the UWL.

4. When the reservoir level is below the LWL, water
release is restricted. In this case, water supply should
satisfy domestic and industrial demands but be reduced
for agricultural uses.

5. When the reservoir level drops to the DWL, water
release is halted for the supply of all demands except
domestic uses.

The RWL and DWL are indicators of high risk of flood-
ing and extreme water scarcity, respectively, and they are
inevitably determined by the dimensions of the reservoir
and the dam. Therefore, in this study, the UWL, LWL,
and CWL were newly determined using the optimization
method.

Optimization method for reservoir rule
curves

Optimization method

Recently, global search methods such as GAs and the SCE-
UA method have been widely used as optimization meth-
ods. A global search method is a method that searches for
the global minimum point by examining the entire search
space, and it can cope with the problem that the solu-
tion might fall to the local minimum point (Tanakamaru
1995). The GA proposed by Holland (1975) is an algo-
rithm based on the principles of biological evolution, e.g.,
selection, crossover, and mutation. Wang (1991) applied
a GA to the identification of seven constants of a rain-
fall-runoff model and showed that GAs are effective as
a global search method. Conversely, Duan et al. (1992,
1994) and Sorooshian et al. (1993) proposed the SCE-UA
method, which is a global search method that incorporates
the concepts of random searching, population mixing, and
competitive evolution, similar to the GA in the Simplex
method proposed by Nelder (1965). The SCE-UA method
was applied to the identification of 6 or 13 constants of a
rainfall-runoff model and its effectiveness was clarified. In
addition, Tanakamaru (1995) used the local search method
of the Simplex method and the Powell method, and the
global search method of the GA and SCE-UA methods
to identify the 16 constants of a four-stage tank model
numerically, which revealed the superiority of the SCE-
UA method in terms of both solution accuracy and search
efficiency. Therefore, in this study, we adopted the SCE-
UA method to optimize the rule curves of the Dau Tieng
Reservoir. The optimization calculation was performed by
repeating the procedure illustrated in Fig. 3 a preset num-
ber of times (specifically, 500 times).
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Fig.3 Procedure for optimization using the SCE-UA method
Reservoir operation model

The water storage of the reservoir was calculated using
Eq. (1):

Ws,t+1 = Ws,l + Ins,t + Rs,z - Es,l - Res,t (1)
where s is the calculation year (= 1-10), ¢ is the calculation
day (=1-365), W, , is the water storage of the reservoir (m?),
Ing, is the inflow volume to the reservoir (m®) that was cal-
culated using the rainfall-runoff model proposed by Takada
et al. (2018), R, is the rainfall to the reservoir (m?), E,is
the evapotranspiration from the reservoir (m?), and Reg, is
the water released from the reservoir (m?). The value of Reg,

365
Nyear Agr2
£ = Max Q) SpE? x KA
=1

st

function for agricultural water, and fipen is the penalty func-
tion. The solution with the minimum objective function F°
was taken as the optimal solution.

The sub-objective function for environmental water /£
was calculated using Eq. (3):

365
Nyear
fEnv — MaX\_;f 2 SIE][‘IVZ x KEov
t=1

SEnv _ { DF“V _ (Rem _ D?om _ D;nd)’ Res,t _ Dgom _ D;nz < Dgnv
t _ om __ pln nv
S 0, Res,l D t Dt 2 Dt

(©)

where s is the calculation year (= 1-10), ¢ is the calculation
day (= 1-365), Nyear is the number of calculated years (=10),
Df“" is the demand volume for environmental water (m>),
DP°™ s the demand volume for domestic water (m?*), DI
is the demand volume for industrial water (m?), and K*™ is
the weight coefficient of environmental water (=20.0). Here,
SE;“’ represents the difference between the amount of water
when deducting the demands for domestic and industrial
water with higher priority than environmental water from
the release volume (=the amount of water that could be sup-
plied for environmental water) and the demand for environ-
mental water. The weighting coefficient for environmental
water was set with consideration of the priority of the water
demand items in relation to the Dau Tieng Reservoir.

The sub-objective function for agricultural water f*¢" was
calculated using Eq. (4):

“

Agr D. Ind E D Ind E Agr

gher _ { D/ — (Re,, — DP°™ — DI"d — pEv) | Re , — pPom — pind _ pEnv < D[A
Dom Ind Env gr

0, Re;, — D°™ — D" — D™ > D;

was calculated based on the operation regulations and the
water demands of the Dau Tieng Reservoir listed in Table 1.

Objective function

The objective function was set by paying attention to the
insufficient agricultural and environmental water supplies
with reference to Ngoc et al. (2014). Thus, Eq. (2) was set
with the aims of reducing the difference between the demand
and supply for both environmental and agricultural water
and of satisfying the demand as much as possible:

6
JObj =fEnv +ngr + ZJ(;Pen7 FOY% _, Min )
i=1

where F° is the objective function, f£" is the sub-objective
function for environmental water, /" is the sub-objective

@ Springer

where D;\gr is the demand volume for agricultural water
(m®) and K*¥ is the weight coefficient of agricultural water
(=10.0). Here, Si;gr represents the difference between the
amount of water when deducting the demands for domestic,
industrial, and environmental water with higher priority than
agricultural water from the release volume (=the amount of
water that could be supplied for agricultural water) and the
demand for agricultural water. The weighting coefficient for
agricultural water was set smaller than that of environmental
water based on consideration of the priority of water demand
items in relation to the Dau Tieng Reservoir.

Penalty function
The six penalty functions [Egs. (5)—(10)] were added when an

inappropriate solution was derived in the optimum calculation
process to prevent the generation of an inappropriate solution
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(Abedian et al. 2005). In the following, W , is the water storage
of the reservoir (m?), WR¢d i the water storage at the RWL
(m?), W PP" is the water storage at the UWL (m?), Whower jg
the water storage at the LWL (m?), WCritieal js the water stor-
age at the CWL (m?), and WID‘“ld is the water storage at the
DWL (m?). Each function was set with reference to Ngoc et al.
(2014), and each weighting coefficient was set to a relative
value in consideration of the needs of the study area.

The sub-penalty function f]P " imposed when the water
level of the reservoir exceeds the RWL, was calculated using

Eq. (5):

365
Pen _ Nyear Retard
L= Maxs=1 Z Cres XK
t=1
Retard Retard (5)
etar etar
Clos = { Wer = Wi WrR . < W,
»8,1 etar
09 Wt 2 WY,[

Because the risk of flooding becomes extremely high when
the reservoir level exceeds the RWL, the value of weighting
coefficient KR was set as 1.0 x 10°.

The sub-penalty function sz ", imposed when the water
level of the reservoir is below the DWL, was calculated using
Eq. (6):

365
Ny .
szen — MaXS:la Z Cosr % KDedd
Dead - Dead (6)
eal ea
WP W, < W
2,8,t 0, Ws,t > WtDead

Because the risk of water scarcity becomes extremely high
when the reservoir level is below the DWL, the value of
weighting coefficient K** was set as 1.0 x 10°.

The sub-penalty function f3P " imposed when the water
level of the reservoir is below the CWL, was calculated using

Eq. (7):

365
Pen _ Nyear ritical
f3 = Maxs=1 2 C350 X KC
=1
. ; . (N
ritical ritical
o[ e WL W, < W
35,0 T 0 w.o> WCritical
4 s,0 = t

To satisfy the water demands, it is desirable to maintain
the reservoir level above the CWL; therefore, the value of
weighting coefficient K4l was set as 4.0.

The sub-penalty function ff ", imposed when the water
level of the reservoir exceeds the UWL in the rainy season
(July to December), was calculated using Eq. (8):

365
N,
Pen __ year Upper
fy " =Max 7 Z Chss XK
t=1
®
Upper Upper
c — Ws,t - Wt ’ Wz < Ws,t
45t —

0’ ‘/VtUpper Z Wv,l

To prevent flooding, it is desirable to maintain the reservoir
level below the UWL; therefore, the value of weighting coef-
ficient KUPPT was set as 5.0.

The sub-penalty function fspen, imposed when the water
level of the reservoir is below the LWL in the dry season

(January to June), was calculated using Eq. (9):

365

Pen _ Nyear Lower
f5 = Maxs=1 2 Cs50 X K
=1
; ©)
— WzL ML =W, Wy, < WzL ot
5,5,t 0, Ws‘t Z W[Lower

To prevent water scarcity, it is desirable to maintain the res-
ervoir level above the LWL; therefore, the value of weight-
ing coefficient KX was set as 2.0.

The sub-penalty function f6P ", imposed when each line
of the reservoir rule curves intersected, was calculated using
Eq. (10):

fé’en _ { KRule

0 WDead < WCritical < Waner < WUPPer < WRelard
t - t - t - t - t
(10)
As it would be extremely inappropriate for each line of the

reservoir rule curves to intersect, the value of weighting
coefficient KR! was set as 1.0 x 10%.

Water Level (m)

06‘ \;04 oec’
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N

Fig.4 Decision variables used for optimization
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Decision variables for optimization

Optimum calculations were conducted using a total of 36
points as decision variables, i.e., 12 points of the UWL, 12
points of the LWL, and 12 points of the CWL. However, it
was difficult to generate appropriate solutions because, for
example, each line of the reservoir rule curves intersected at
all of the generated solutions. Therefore, to obtain optimal
solutions reflecting the rainy and dry seasons, represented by
smooth lines without intersection, the 36 variables shown in
Fig. 4 were taken as decision variables. Thus, the decision
variables were the minimum and maximum values of the
UWL (U,,;, and U,,,), the decrease in the minimum and
maximum values from the UWL to the LWL (A, and A,),
the decrease in the minimum and maximum values from the
LWL to the CWL (7, and y,), and the rate of increase in the
water level of each line in each month (a,-a,,, b,—b,,, and
¢;—¢}o)- The decision variables that minimized the objec-
tive function were adopted as the optimal solutions, and the
values of the UWL, LWL, and CWL were obtained.

To prevent flooding and water scarcity, the water level
must be at the minimum at the time of switching from the
dry season to the rainy season and at the maximum at the
time of switching from the rainy season to the dry season.
Optimum calculations were performed in nine ways because
U,.;, ranged from the latter half of the dry season to the first
half of the rainy season (May to July) and because U, was
in the latter half of the rainy season (October to December).
The search space of each decision variable was set as shown
in Table 2 based on the following values: crest elevation
of the dam =26.5 m, minimum water level of the reser-
voir=14.0 m, and full water level =24.5 m.

Results
Optimum calculation of the daily steps was performed

using the SCE-UA method with input data from 2000 to
2009. Conventionally, the operation rule of a multipurpose

Table 2 Feasible space of decision variables used for optimization

Decision variable Feasible space

Unnax 22.0-25.1 (m)
Upin 21.0-24.0 (m)
A, 2.5-6.0 (m)
A, 1.0-4.0 (m)

71 1.5-4.0 (m)
72 1.0-4.0 (m)
a—ay 0.0-1.0
bi-by, 0.0-1.0
c1—Cyo 0.0-1.0
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Fig. 5 Optimum solutions of the operation rule curves

reservoir is developed based on extreme rainfall (10 years
or 50 years return period) by statistical analysis. However,
long-term observation data necessary for statistical analy-
sis could not be obtained for this study area. Therefore,
we used data from 2000 to 2009, which were available, as
input values. As a result, the objective function showed the
minimum value for the combination of the minimum value
of the UWL (U,,;,) in July and the maximum value of the
UWL (U,,,x) in December. The optimal solution is shown
in Fig. 5. The water level of each rule curve showed a ten-
dency to decrease toward the beginning of the rainy season
and to increase toward the beginning of the dry season.
It is considered that the proposed optimization method
efficiently searched for the operation rule curves. It can
be seen that the UWL is set lower than the current opera-
tion rule curves shown in Fig. 2. It is conceivable that the
sub-penalty function when the reservoir level exceeds the
RWL ( flpe“) with a large weight coefficient had consider-
able influence on this. In other words, the reservoir water
level could be maintained at a low level by encouraging
release from the spillway due to the decline of the UWL
such that the water level of the reservoir could not exceed
the RWL. In addition, it can be seen that the CWL during
November to February is set higher in Fig. 5. It is conceiv-
able that the sub-penalty function when the reservoir level
is below the DWL (fZPE“) with a large weight coefficient
had considerable influence on this. The reservoir water
level is prevented from falling below the DWL by limit-
ing release during the months of relatively high demand,
shown in Table 1, due to the increase of the CWL.
However, when compared with the reservoir level
calculated using the obtained rule curves, the reservoir
level is lower than the DWL for all of the calculated years
(Fig. 6). The calculated reservoir level is low overall, and
it can be seen that there is much margin until it reaches
RWL. In other words, it is conceivable that the obtained
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Fig.6 Comparison of the 27.0

obtained rule curves and calcu- N
lated reservoir level

1

Reservoir Level

2000 2001

rule curves greatly affect the flood control. It is clear that
the set penalty functions and the values of the weighting
coefficients largely affected the result. Therefore, it is nec-
essary to verify the diversity of the obtained rule curves
from both the flood control and water supply based on the
needs of the study area, and to improve the method used
to set the penalty functions and weighting coefficients in
further studies.

Conclusions

The objective of this study was to propose a method for
setting optimal operation rule curves for a multipurpose
reservoir located in a watershed in Southeast Asia. We
developed such a method for the Dau Tieng Reservoir,
which is one of the largest multipurpose reservoirs in
Vietnam. The reservoir is used for flood control, domestic
water supply, industrial uses, environmental flows, and
agricultural uses, in order of priority. We calculated the
water release and reservoir storage volumes based on the
monthly water demand and operation regulations of the
reservoir. The objective function in relation to the Dau
Tieng Reservoir was set to satisfy, as much as possible,
the low-priority demands of agricultural and environ-
mental water uses. Penalty functions were introduced to
prevent generation of inappropriate solutions during the
optimal calculation process. Optimum calculation using
input data from 2000 to 2009 was performed using the
SCE-UA method, which is a global search method. In the
optimal solution, the UWL was set at a low level compared
with the current operation rule curves and the CWL dur-
ing the months with high demand was set at a high level
to limit the release volume. It is necessary to verify the
diversity of the obtained rule curves from both the flood
control and water supply based on the needs of the study
area, and to improve the method used to set the penalty
functions and weighting coefficients in further studies.

2002 2003 2004 2005

2006 2007 2008 2009
Year

The proposed optimization method efficiently searched
for optimal operation rule curves in a watershed where
the long-term observation data generally necessary for
developing operation rules could not be obtained. There-
fore, this method can be applied to other watersheds where
long-term observation data are not available.
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