12th International Conference on Hydroscience & Engineering
Hydro-Science & Engineering for Environmental Resilience
November 6-10, 2016, Tainan, Taiwan.

Comparing the Generating Strategies of Hydropower of Cascade Reservoirs to Mitigate the Shortage of
Water Supply
Frederick N.-F. Chou, Linh Thi Thuy Nguyen
Department of Hydraulic and Ocean Engineering, National Cheng Kung University
Tainan, Taiwan

ABSTRACT
There are four reservoirs in series located on the Be River in the
Southern Vietnam. The major purpose of the three upstream reservoirs
is hydropower generation; however the fourth one has the major
purposes of water supply and irrigation. The management of water
resources up to date of this river always focuses on hydropower.
However the increasing water demands for household, industry and
agriculture may be satisfied by improved policy of water management.
This study will recommend a better strategy to increase energy
generated and mitigate the shortage of water supply.
This paper applied the GWASIM model (Chou and Wu 2010) to
simulate the daily hydropower generation and water resources
allocation of the system. The results showed that when domestic and
industrial demand has prior priority access to water and energy
generation comes second, the shortage index for all demands reduced
and the hydropower generation was quite the same in both scenarios.
This better strategy for operating cascade reservoirs can improve
energy production from hydropower and water supply.

KEY WORDS: hydropower; water supply, cascade reservoirs, Be
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INTRODUCTION
Water is one the most important resources and irreplaceable for the
maintenance of life. However, pressures related to overpopulation,
urbanization and industrialization having the serious impact on water
resources. Vietnam is located in the tropical monsoon and faces various
disasters. Drought is one of the most frequent natural disasters and
which has been becoming more severe due to the impact of climate
change. This urgent situation requires national attention toward suitable
solutions to protect and develop sustainability of critical water
resources.
The Dong Nai River Basin is the largest national river basin and the
economic center of the country in southern Vietnam. This river basin
ranks second in hydropower potential in the country and in 2000, total
installed hydropower capacity reached 1,182 MW (Ringler et al., 2004).
The Be River basin is one of sub-basins in the Dong Nai River Basin in
the South Vietnam. It lies between latitudes 11º10’ to 12º16’N and
longitudes 106°36’ to 107°30’E. It is located in the Dak Nong, Binh

Phuoc, Binh Duong, and Dong Nai provinces and has a basin area of
7,650 km2, including a small part of the basin in Cambodia with an area
of about 200 km2. The average density of the river network is about
0.56 km/km2. Fig. 1 shows a map of the Be River Basin with four
reservoirs which are Thac Mo, Can Don, Srok Phu Mieng and Phuoc
Hoa. The Be River Basin has hydropower potential with three
hydropower plants. Furthermore, this catchment is an important water
resource provides water for urban water supplies, agriculture, and the
industry in not only Be River basin but also Sai Gon River basin. The
conflicting objectives lead to significant challenges so it is necessary to
have comprehensive solutions for this river basin. Moreover, the
increasing water demands for household, industry and agriculture may
be satisfied by improved policy of water management. In order to
improve the existing situation, studies on generating strategy of
hydropower are needed.

LITERATURE REVIEW
Many studies have concerned reservoir problems and also cascade
reservoirs problems about planning and operation. It is difficult to give
the best solution for water management. A reservoir system is in
general made to meet many purposes, such as, water supply (domestic,
industrial and irrigation), flood control, hydropower production etc (Ko
et al., 1992). Many studies have concerned reservoir problems and also
cascade reservoir problems about planning and operation. Studies vary
in several ways, including the objective optimized, time horizon for
optimization (long- vs. short-term), system size and configuration, and
the representation of uncertainty (Olivares, 2008). Some studies
concerned about operating rules such as optimal upper and lower rule
curves studied by Rani and Moreira (Rani et al., 2010) and optimize the
decision variables studied by Fang et al (Fang et al., 2014). Operating
rules are always identified using either fitting or simulation-based
optimization methods (Celeste et al., 2009; Rani et al., 2010).
Simulation-based optimization methods are one of the most important
and efficient methods of deriving reservoir operating rules within an
implicit stochastic optimization framework (Celeste et al., 2009; Rani
et al., 2010). Deterministic optimization techniques, including linear
programming, nonlinear programming and dynamic programming, can
be implemented to produce samples for fitting (Labadie, 2004; Rani et
al., 2010; Yeh, 1985).
Hydroelectricity is a renewable energy source that has been exploited in
many countries, so the scheduling optimal hydropower problem has
been studied. To solve the problem of scheduling optimal hydropower,
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several hydropower optimization techniques have been developed.
These techniques can be classified into two main categories. Firstly,
mathematical programming techniques, which are applied to
quantitative information with well-structured algorithmic processes,
such as network flow optimization, linear programming, stochastic
linear programming, nonlinear programming and dynamic
programming (Fu et al., 2011). The second is these heuristic
programming techniques. Moreover,
simulation is a modeling
technique that is used to approximate the behavior of a system on a
computer, representing all the characteristics of the system largely by a
mathematical or algebraic description (Yeh, 1985). In addition,
optimization models involve allocating resources, developing stream
flow regulation strategies and operating rules, and making real-time
release decisions within the guidelines of the operating rules (Wurbs,
1993). Some study combined the simulation model and optimization
model to get an optimal solution. Chen et al. (2013) proposed a
simulation-based optimization model of dynamic control of the flood
level water level that made an effective trade-off between the flood
control and hydropower generation of the Qingjiang River cascade
reservoirs (Chen et al., 2013). In a study by Suiadee and Tingsanchali
(Suiadee et al., 2007), combined simulation-Genetic algorithm (GA)
model software with graphical interface capability was developed to
determine the optimal upper and lower rule curves and to optimal
control of water quality, downstream of a reservoir (Dhar et al., 2008).

METHODOLOGY
Generalized Water Allocation Simulation Model
The generalized water allocation simulation model (GWASIM) was
developed based on Network Flow Programming (NFP). It is a
generalized water allocation model referencing MODSIM of Colorado
State University (Labadie) intended to resolving NFP problems by
using the Out-of-Kilter Algorithm (Barr et al., 1974; Fulkerson, 1961).
GWASIM sets cost coefficients on the artificial demand and storage
arcs in order to guide the water allocation mechanism. The cost of arcs
is not referring to the actual value of currency, but rather refers to some
priority (or weighting factor). The cost of artificial storage or demand
arcs in GWASIM is hypothesized as below:

ci = −10000 + 10 × priori

(1)

where: ci = Unit shipping cost of artificial arci; priori = Priority of
artificial arc i
In analyzing the reservoir operations, GWASIM precisely simulates the
operating rule, non-consumptive demand such as minimum
environmental flow or power generation demand, reservoir evaporation
and channel losses, reduced yield in treatment plants. Since a regional
water supply system can be schematically represented as a capacitated
network flow, users can simulate the water allocation with GWASIM
by preparing the data files and input hydrologic and demand data only,
and without altering any computer code.
A well-designed water-shortage index plays an important role in waterresources planning and management. The GWASIM can simulate the
yield of a regional system under specific design criteria, SI, with a
simulation time step of 1 day
SI =

100 N  DFi 
∑  D 
N i =1 
i 


2

(2)

where: SI = The shortage index; N = Total years of analysis duration;
DFi = The water demand in the i-th year; Di = The shortage in the i-th
year

SIMULATION AND RESULT
Simulation strategy
The Strategy

Fig. 1 Location map of the Be River Basin

This study analyzed two strategies concerned with setting the first
priority as hydropower generation and domestic and industrial demand.
In strategy 1, water will be delivered to the hydropower plant demand
first, and other water users will be satisfied later. This means that the
main purpose of the Be River is to generate electricity. This object has
been applied to Be River basin to date. However, domestic demand is a
special demand, which is one of the most important for survival of the
life. Domestic demand will be considered as the first target in the
strategy 2. A decision made by the Prime Minister (No. 1590/QD-TTg
dated October 9th, 2009) made industrial demand at the same level of
priority as domestic demand.
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When the total storage is under the lower limit, only 90% of the total
domestic and industrial water use demand and 80% of the agricultural
demand should be satisfied. When the total storage lies between the
lower and upper limits, each consumptive demand in this system should
be fulfilled. When the storage is below the low hydropower limit, the
hydropower plant should be generated with low hydropower generation
hours (HL). When the storage is higher than high hydropower limit, the
hydropower plant should be generated with high hydropower
generation hours (HH).

Purpose

Table 1 Shortage index of each demand site in scenario 1 (Case 1-1)
Demand

Domestic
and Industry

Upstream
Thac Mo
Can Don
SRPM
Downstream

Agriculture

Upstream

Others

In the original GWRASIM, rule curves based operation is simulated by
assigning ordered cost coefficients to artificial storage and demand arcs
to reflect the operating regulations. The discounting strategies adopted
by this study are referred from the project report reservoir system
operation studies in the Dong Nai - Sai Gon Basin for flood prevention
of Ho Chi Minh City (2009). Comparative scenarios were simulated
through changing the released water rations in different zones of the
rule curve. The rations for scenario 1 which followed the current rule
curve of the cascade reservoirs and those rations are descried below.
When the storage is under the lower limit of rule curve, only 80% of
the total domestic and industrial water demands and 70% of the
agricultural demand will be satisfied first. When the storage lies
between lower and upper limits, the water supplied to domestic and
industrial demands should be restricted to 90% and the agricultural
demand should be restricted to 90% of demand. When the storage is
below the low hydropower limit, the hydropower plant should be
generated with low hydropower generation hours (HL). When the
storage is higher than high hydropower limit, the hydropower plant
should be generated with high hydropower generation hours (HH).
In scenario 2, the water supply rations in different reservoir storage
zones are described below.

and Can Don demand sites dropped sharply from near 57.75 to 1.39 in
Case 1-1 (Table 1). The Thac Mo and Can Don demand sites have the
largest shortage index. In table 1, the highest shortage index of the
downstream area was 9.96 in alternative 6 while in upstream area, it
was 81.69.

Thac Mo
Can Don
SRPM
Phuoc Hoa
Downstream
Phuoc Hoa
environment
Water
diversion

Demand

Results

Thac Mo
Can Don
SRPM
Downstream

Agriculture

Upstream

Others

Each scenario has six alternatives which consider about hydropower
demand. According to the operating rule, the reservoir will release
water to satisfy hydropower demand with low hydropower hours when
water level in reservoir is below high hydropower limit and with high
hydropower hours when water level in reservoir is higher than high
hydropower limit. In six alternatives, the low and high hydropower
hours are 6 hours and 13 hours; 9 hours and 13 hours; 9 hours and 15
hours; 11 hours and 15 hours; 11 hours and 24 hours, and 24 hours and
24 hours.

Domestic
and Industry

Upstream

The alternative

Alternative
1
2
3
4
5
6
HH = 13 HH = 13 HH = 15 HH = 15 HH = 24 HH = 24
HL = 6 HH= 9 HL = 9 HL = 11 HL = 11 HL = 24

0
1.39
1.51
0
0
0.00
5.65
3.68
0.00
0.00
0.00
0.00

0
9.74
6.67
0.01
0.01
0.00
18.79
8.34
0.00
0.05
0.04
0.28

0
10.63
7.69
0.01
0.01
0.00
20.29
10.08
0.01
0.06
0.05
0.31

0
22.09
16.10
0.05
0.05
0.00
35.48
16.72
0.09
0.36
0.55
1.47

0
28.41
21.21
0.06
0.06
0.00
46.76
25.05
0.10
0.41
0.66
1.73

0
57.75
48.85
0.30
0.29
0.00
81.69
50.49
0.97
1.45
5.36
9.96

0.00

0.21

0.23

0.93

1.08

8.56

Table 2 Shortage index of each demand site in scenario 1 (Case 2-1)
Purpose

The scenario

Thac Mo
Can Don
SRPM
Phuoc Hoa
Downstream
Phuoc Hoa
environment
Water
diversion

Alternative
1
2
3
4
5
6
HH = 13 HH = 13 HH = 15 HH = 15 HH = 24 HH = 24
HL = 6 HH= 9 HL = 9 HL = 11 HL = 11 HL = 24

0
1.39
1.66
0.00
0.00
0.00
5.65
3.68
0.00
0
0
0

0
1.83
1.67
0.00
0.00
0.00
16.63
9.15
0.00
0.00
0.00
0.04

0
2.03
1.81
0.00
0.00
0.00
18.04
10.69
0.00
0.00
0.00
0.04

0
2.12
1.96
0.02
0.02
0.00
32.94
19.05
0.02
0.12
0.10
0.51

0
2.85
2.57
0.02
0.11
0.00
43.15
28.93
0.02
0.12
0.11
0.53

0
2.88
2.66
0.31
0.30
0.00
81.67
55.05
0.99
1.49
5.53
9.95

0

0.05

0.05

0.37

0.38

8.17

Comparison of priorities of allocating water
Strategy 1 is when the hydropower demand is the main purpose, and
the domestic and strategy 2 is when industrial demand as the first
priority. The performance indices of strategy 1 are listed in Table 1, and
Table 2. These tables give the information about shortage index for all
demand sites. In general, the drought was less serious when
hydropower generation hours were reduced, and the drought for
agricultural demand was more serious than it was for other water users.
The water supply increased sharply at the Thac Mo and Can Don
agricultural demand sites in all scenarios from alternative 6 to
alternative 1. For agricultural demand, the water shortage decreased
from 81.69 to around 5.65 in Thac Mo and from 50.49 to 3.68 in Can
Don (Table 1).For domestic demand, the shortage index of Thac Mo

The obvious difference between the two strategies is the significant
reduction in the shortage indexes for domestic and industrial demand in
all sub-catchments in strategy 2. The Table 1 shows that the highest
domestic and industrial shortage index for the Thac Mo and Can Don
were 57.75 and 48.85 in alternative 6 while those indexes were only
2.88 and 2.66 in alternative 6, as shown in Table 2. As shown in Table
1, the highest water shortage in strategy 1 of the Thac Mo and Can Don
demand sites were 57.75 and 48.85 respectively while the highest
indices were 2.88 and 2.66 in strategy 2, as shown Table 2. This was
significant with regard to guarantee water supply for the most important
water user.
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Comparison of different rations
As mentioned a strategy has two scenarios, which were Case 1-1 and
Case 1-2 analyzed in strategy 1 and Case 2-1 and Case 2-2 also
analyzed in strategy 2. The difference of two scenarios is changing of
the rations. The scenario 1 is the current rule curve rations and scenario
2 use of changing rule curve rations. Six alternatives were considered
with increasing hours for electric generation from alternative 1 to
alternative 6. In general, all demand sites of scenario 2 involved the
water shortage supply less than water shortage of scenario 1.
Considering the Can Don agricultural demand and domestic and
agriculture demand, in alternative 6 of strategy 2, the water shortage
was 2.66 and 55.05 in Table 2, while this shortage was 0.59 and 51.48
shown in Table 3. This was explained that the changing of the rations in
rule curve in scenario 2 improved water supply in this basin. Beside
average energy, the firm energy and secondary energy are critical
issues in a restructured power market. These are commonly used to
measure the reliability of supply. In this study, firm energy is defined
that the energy that a plant can generate 95% of the time (Linsley et al.,
1992) and secondary energy is interruptible but is available more than
50% of the time (Mays, 2010).
Although the total annual average energy in all alternatives was quite
the same, firm energy and secondary energy were significantly different
between all alternatives Fig. 2 shows that the firm energy and
secondary energy reduced sharply when hydropower generation hours
were increased. The firm and the secondary energy in alternative 1
were the highest compared to the other alternatives, which were 1,459
Mwh/day and 1,649 Mwh/day, respectively. Firm energy and
secondary energy dropped to around less than 200 Mwh/day and 600
Mwh/day.

Domestic
and Industry

Purpose

Table 3 Shortage index of each demand site in scenario 2 (Case 2-2)
Demand
Upstream
Thac Mo
Can Don
SRPM
Downstream

Others

Agriculture

Upstream
Thac Mo
Can Don
SRPM
Phuoc Hoa
Downstream
Phuoc Hoa
environment
Water
diversion

Alternative
1
2
3
4
5
6
HH = 13 HH = 13 HH = 15 HH = 15 HH = 24 HH = 24
HL = 6 HH= 9 HL = 9 HL = 11 HL = 11 HL = 24

0
0.21
0.18
0.00
0.00
0.00
2.28
1.43
0
0.00
0

0
0.39
0.33
0.00
0.00
0.00
9.70
4.46
0.00
0.00
0.00

0
0.41
0.35
0.00
0.00
0.00
9.91
4.99
0.00
0.00
0.00

0
0.47
0.41
0.02
0.02
0.00
25.12
12.90
0.02
0.12
0.10

0
0.53
0.46
0.02
0.02
0.00
33.62
18.98
0.02
0.12
0.11

0
0.71
0.59
0.31
0.30
0.00
80.16
51.48
0.99
1.50
5.55

0.00

0.04

0.04

0.51

0.53

9.95

0.00

0.06

0.07

0.37

0.38

8.17

Moreover, all of the scenarios had the same power generated while
strategy 2 was a better policy for total firm power and secondary power
as shown in Fig. 2. In addition, this figure also shows that annual total
hydropower generation of the cascade reservoirs in all strategies and
scenarios were stable and quite similar.

Fig. 2 Annual average energy, firm energy and secondary energy in the
Be River Basin

CONCLUSIONS
This study focused on reducing the water shortage of a cascade
reservoir system of the Be River Basin of Vietnam by altering the
reservoir operation in different hydropower generation policies. The
GWASIM model for simulating water allocation was adopted to
evaluate different policies while satisfying the requirement for
generated energy. Two strategies, two alternatives, and six scenarios
were considered. With various generating hours of hydropower in a day,
six scenarios were analyzed in each alternative and strategy.
Under different strategies, the trade-off between water shortage and
hydropower generation of this cascade reservoir system was obtained.
The results showed that strategy 2 which used different water release
rations had less water shortage compared to strategy 1, which was
actual operation adopted. With respect to hydropower generation, the
average annual energy has a stable value in all strategies.
In addition, the priorities of either hydropower or water supply were
considered with two scenarios. Scenario 2 has the water shortages of all
demand sites were less compared to another scenario, while the annual
average energies were essentially the same for both scenarios.
The results also showed that the alternative of generating hydropower
in which hydropower is generated with fewer hours than in a day was
better than 24-hour generation in terms of water supply and
hydropower.
The results demonstrated that the model could efficiently simulate the
system performance of multipurpose cascade reservoirs and assist in
decision-making for improving the performance of water supply and
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hydropower generation of the cascade reservoirs of the Be River Basin.
The efficient operation of this system is the most important task of
water resources management. In the next phase, optimization of the
cascade reservoir operation may be carried out with not only joint rule
curves but also the balance curves among the reservoirs.
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