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ABSTRACT. Most ecological operation charts of hydropower stations have focused on the average ecological benefits over a long peri-

od of time, while the possible ecological damage caused by flood or drought is often overlooked or averaged out. This study proposed a 

new hydropower-ecological operation chart of cascade hydropower stations, in which limited ecological curves were introduced and op-

timized to alleviate the negative impacts caused by drought or flood events on fish habitat and to maintain the long-term average habitat 

quality without reducing the power generation. The optimal ecological discharge range at a given ecological conservation target was de-

termined from the weighted usable area-discharge curve using the physical habitat simulation model, and then the upper and lower 

limited ecological curves were obtained by reverse calculation, which together with the conventional operation chart (COC) formed the 

ecological operation chart (EOC). The limited ecological curves were further optimized with the goal of reducing the ecological damage 

frequency in wet and dry extremes, and then incorporated into COC to form the optimized ecological operation chart (OEOC). A case study 

was performed with Jasajiang (JS) and Madushan (MDS) cascade reservoirs on the Yuan River in southwestern China. The results show that 

the EOC that takes into account the ecological benefits can reduce the ecological damage frequency compared to the COC, but potentially 

at the expense of the overall ecological benefit. However, further optimization of limited ecological curves in OEOC makes it possible 

to obtain higher short-term ecological benefit and lower ecological damage frequency with the loss of lower overall ecological benefit. 

Specifically, OEOC is helpful to reduce the ecological damage frequency and improve the power generation and overall ecological ben-

efit at an ecological target of 60 ~ 80%. Notably, at an ecological target of 80%, OEOC results in a 4.1% increase in power generation 

and a 11.25% decrease in ecological damage frequency for JS-MDS cascade reservoirs compared with that of COC, respectively. 
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1. Introduction 

The operation chart gives a graphical representation of 

reservoir operation rules, making it the most intuitive and pop-

ular tool for controlling the reservoir operation in many coun-

tries. However, the application of conventional operation chart 

(COC) to multipurpose reservoirs may be limited as it often 

considers only power generation or water supply but does not 

take account of the potential impacts on the river ecosystems. 

Most previous studies have focused on the average ecological 

benefits over a long period of time, while the possible ecolog- 

ical damage caused by flood or drought during a certain period 

is often overlooked or averaged out. Actually, these hydrolog-  
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ical extremes may cause severe irreversible damages to river 

ecosystems (He et al., 2014; Tan et al., 2017; Wang 2017). 

Here, attempts have been made to balance power generation, 

long- and short-term ecological benefits in operation of cascade 

reservoirs. 

Operation chart is usually derived by the reverse calcu-

lation method (Cheng et al., 2010). However, this is by no 

means a simple task and it needs to be modified manually. 

Considerable attempts have been made to optimize operation 

charts, but most previous studies have focused on water supply, 

power generation and flood control, with less attention to po- 

tential ecological impacts. Table 1 summarizes recent advance- 

ment in ecological operation and operation chart optimization 

of reservoirs. 

Most previous studies on ecological operation of hydro-

power stations have focused on the average ecological benefit 

over a long period of time, while the possible ecological dam-

age caused by flood or drought during a certain period is often 

overlooked or averaged out. Accordingly, the objective of these 
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Table 1. Sensitivity Analysis for the Parameters  

Authors 

(year) 

Optimization targets/objectives Ecological requirements 

quantification and modeling 

techniques  

Key conclusions 

Zahraie 

and 

Hossein 

(2009) 

Reservoir operation policies/Minimize 

the total loss in the supply of water or 

the waste of water resources 

None Fuzzy linear regression is used to develop the 

optimal operation policies, which are shown 

to be helpful in balancing the variations in 

monthly releases with respect to the range of 

probable demands in each month. 

Jiang et al. 

(2014) 

Total output operation chart/Maximize 

the total power generation of cascade 

reservoirs over the entire planning 

horizon 

None The combination of the total output operation 

chart and the output distribution ratios performed 

better in power generation and assurance rate; 

the output distribution rules obtained via this 

model enabled the operation at the current 

stage to have an optimal influence on 

subsequent stages, resulting in the maximum 

total power generation of all operation stages.  

Taghian et 

al. (2014) 

Conventional rule curve coupled with 

hedging rules/ Minimize the cost — the 

unit penalties for violations 

corresponding flow deviation from the 

desired condition and storage violation 

from the rule curve 

None The proposed policies performed better in the 

long-term system and the annual system 

during failure years. However, as the hedging 

rules will adjust demand when a drought is 

expected, the number of years with small 

shortages is increased. 

Jiang et al. 

(2016) 

Energy storage operation 

chart/Maximize the guaranteed output 

and annual average power generation 

None Compared with the current operation method, 

the optimized operation chart resulted in a 6.8% 

increase in guaranteed output and a 0.26% 

increase in annual average power generation. 

Zhou and 

Guo 

(2013) 

Reservoir operating rule curves/Mini-

mize the downstream flood control risk; 

Maximize the downstream water de-

mand, water diversion, power genera-

tion and ecological water demand. 

Optimize ecological supply 

water curve 

Ecological operating rule curve can alleviate 

the negative effect of dam on the river 

ecosystem without reducing conservation 

benefits and flood control standard. 

Sale et al. 

(1982) 

Reservoir operating strategies/ 

Maximize {i.e., ‘maximize the 

minimum’) function of WUA values 

produced by the expected releases for 

each time period. 

The flow corresponding to the 

optimal fish habitat area is used 

as the optimal ecological 

flow, and make the reservoir 

discharge is as close as 

possible to the optimal flow 

The linkage between IFN (biological instream 

flow needs)/EQ(environmental quality) object- 

tive and conventional reservoir design param-

eters is obtained, and the operation under the 

optimized policies could improve instream 

flows provided below lake shelbyville 

Suen and 

Eheart 

(2006) 

Reservoir operating strategies 

/Maximize ecosystem needs, public 

(domestic and industrial water supply) 

and agricultural water needs, and power 

generation. 

Maintain the flow regimes as 

similar as possible to that 

least affected by human 

activities (ecological flow 

regimes) 

The optimized model can find the Pareto 

optimal frontier between ecosystem and 

human water needs; and provide optimal 

trade-off between human needs and 

maintenance of ecological flow regimes. 

Yang et al. 

(2012) 

Reservoir operating 

strategies/Maximize the ecological 

requirement of rivers under the flood 

control requirement 

Take natural flow regimes 

into ecological objective 

based on the RVA method. 

The change of post-dam water regime is 

controlled in the ecological requirement-based 

model. This can improve the riverine 

environment, but the power generation is 

reduced because of excessive abandon water. 

Rossel and 

de la 

Fuente 

(2015) 

Reservoir operating strategies 

/minimize the total operational cost of 

the electric power plants 

Add ecological flow 

constraint to the multi-

objective optimization model 

to improve the water quality 

Under a wet scenario, the environmental flow 

constraint has no signify-cant effects on any of 

the parameters (hydropower generation, water 

level variations) during the simulation period. 

For normal and dry hydrology, the inclusion 

of environmental constraint to the operation of 

the hydropower plant increased chlorophyll-a 

concentration in the reservoir. 

Chen et al. 

(2015) 

Daily reservoir operation strategies 

/maximize the annual hydropower 

generation 

Add ecological flow 

constraint to the optimization 

model: the discharge from 

reservoir to de-watered river 

channel should meet a time-

varying flow requirement 

The monthly-based optimization model 

provides an approximate result for further 

improvement, and then the 10-day based and 

daily-based models give a detailed operation 

scheme by scaling down the time within the 

bounds determined in the previous model. 
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studies was to improve the average ecological benefit of the 

basin without considering the possible negative impacts caused 

by wet/dry events (e.g., flood or drought) on the ecological sys- 

tems (Zhou and Guo, 2013). On the other hand, ecological re- 

quirements are sometimes considered as constraints (Mei et al., 

2009; Yin and Yang, 2011; Chen et al., 2013), making it easy 

to avoid serious ecological damage under extreme conditions 

but difficult to maximize the overall ecological benefit. Thus, 

challenge remains to balance the average ecological benefit 

over a long period of time and the ecological damage under 

wet/dry conditions. 

Given the complexity in the optimization of reservoir op-

eration chart, the ecological flow is simply assumed to be a con- 

stant, which can be estimated by the Tennant method or other 

simple methods (Tharme, 2003). The discharge demand of fish 

species in different growing seasons may vary substantially. 

The Physical Habitat Simulation Model (PHABSIM) is a clas- 

sical habitat simulation technique proposed in the early 1970s. 

Now, it has been widely used to characterize changes in the hy- 

draulic habitat of fish species in response to the alteration of 

flow regimes, based on which the optimal ecological flow can 

be obtained (Wilding et al., 2014). For instance, PHABSIM has 

been used to determine the ecologically acceptable flow re- 

gimes of Kielder reservoir and water transfer system (Gibbins 

et al., 2001) and the ecological demand of fish species in China 

(Li et al., 2015; Wen et al., 2016) 

In this study, we proposed a new hydropower-ecological 

operation chart of cascade hydropower stations, in which lim- 

ited ecological curves were introduced and optimized to alle-

viate the negative impacts caused by drought or flood events 

on fish habitat and to maintain the long-term average fish habi- 

tat quality without reducing power generation. The limited eco- 

logical curves were optimized with the goal of reducing the 

ecological damage frequency in wet and dry extremes and then 

incorporated into conventional operation chart (COC) to form 

an optimized ecological operation chart (OEOC), and param-

eters such as reduction coefficient and ecological conservation 

degree target were proposed to flexibly balance short- and 

long-term ecological benefit and power generation benefit. 

Finally, a case study was performed with Jasajiang (JS) and 

Madushan (MDS) cascade reservoirs on the Yuan River in 

southwestern China to evaluate the performance of OEOC and 

the effects of different combinations of parameters. 

2. Data and Methods 

2.1. Study Area and Data 

The Yuan River is located in southwestern China (East: 

100.01° ~ 105.67°, North: 22.45° ~ 25.53°), as shown in Figure 

1. The Lishe River and the Shiyang River, the two main up- 

stream tributaries of the Yuan River, originate from the Wei- 

shan City of Yunnan Province and join at the Sanjiangkou, and 

then it flows through the southwestern China and Vietnam with 

a total length of 692 km and a drainage area of 34,629 km2. Its 

large branches include the Nanxi River, Tengtiao River and 

Panlong River. Although the Yuan River is famous for its high 

aquatic productivity and hydropower potential, most of its 

branches and the upper reaches of the river are essentially unex- 

ploited. JS and MDS hydropower stations are the two largest 

hydropower stations constructed on the Yuan River, whose 

main functions are power generation, ecological protection and 

flood control. The basic parameters of the JS-MDS cascade 

hydro-power stations are shown in Table 2. 

 

 
 

Figure 1. The geographic location and river networks of JS 

and MDS reservoirs. 

 

Table 2. Basic Properties of the JS-MDS Cascade Hydropower 

Stations 

Properties Unit JS MDS 

Basin area km² 18102 31356 

Regulation ability - Annual  Seasonal 

Normal water level m 675 217 

Dead water level m 640 199 

Output efficiency - 8.6 8.8 

Guaranteed output MW 80.48 78.6 

Available storage million m³ 820 260 

Turbine installed 

capacity 
MW 90 × 3 96 × 3 

Head loss m 0.000046598Q2 0.89 

Maximum turbine 

release 
m³/s 90 × 3 163 × 3 

* Q is the turbine release 

 

The study area has a subtropical plateau monsoon climate 

with distinct wet and dry seasons but a small temperature dif-

ference between different seasons, and the main aquatic organ-

isms include phytoplankton, zooplankton, zoobenthos and fish. 

Cyprinus rubrofuscus Lacépède is the major fish species in the 

ecological preservation area located downstream of the JS re- 

servoir on the Yuan River, and it is an economically and ecolo- 

gically important fish species and plays a critical role in the bio- 

diversity of the river. B. rutilus is another economically and 

ecologically important fish species distributed downstream of 

the MDS reservoir, and its population is significantly reduced 

after the operation of the reservoir due to its short-term migra-
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tion habit for breeding. In this study, Cyprinus rubrofuscus 

Lacépède and B. rutilus were selected as the representative fish 

species of the downstream reaches of JS reservoir and MDS 

reservoir, respectively. 

The flow rates of JS and MDS reservoirs were collected at 

the Yuan River station and Manhao station (Figure 1) on a 

monthly basis from January 1981 to December 2010, respect- 

tively. 

 

2.2. Physical Habitat Simulation Model 

PHABSIM can be used to characterize the relationship 

between stream flow and physical habitat of a given fish spe- 

cies, based on which the optimal ecological flow required for 

the fish species at different growing stages can be obtained 

(Bovee and Milhous, 1978). PHABSIM is composed of hy-

draulic simulation and habitat modeling modules (Waddle, 

2001). In the former module, the MANSQ model (Manning’s 

equation) is used to determine the depth and velocity of the 

stream; while in the latter module, the Habitat Suitability Index 

(HSI), which can reflect the preferences of the fish species for 

flow velocity, depth, and channel properties (Bovee, 1986; 

Booker and Acreman, 2007), is used to obtain the physical 

habitat availability (WUA) for each fish species/life stage, as 

shown in Equations 1 and 2: 

 

1

n
i i

i
WUA A C


   (1) 

 

( ) ( ) ( )i i i iC f v f d f c    (2) 

 

where Ai is the area of cross section i, Ci is the combined HSI 

of cross section i, and vi, di, and ci are the HSI of cross section 

i with respect to the velocity, flow depth and substrate size, 

respectively. 

The optimal ecological discharge corresponds to the ver-

tex in the WUA-discharge curve. However, it is practically im- 

possible to exactly follow the optimal ecological flow in reser- 

voir operation. Li et al. (2015) used landscape indices and 

WUA to determine the ecological discharge requirement of a 

given fish species. Here, the ecological requirements can be 

described by the discharge range corresponding to the area 

exceeding a given WUA in the WUA-discharge curve, which 

can be more flexible to balance hydropower generation and 

ecological conservation. Furthermore, ecological target is a 

flexible technique to better adapt to the complex situation in 

practical operation of reservoirs. Considering the competitive-

ness of diverse objectives, a higher ecological target implies a 

higher ecological conservation degree and thus more sacrifice 

of other objectives. The target should be adjusted dynamically 

during the operation process according to current and expected 

conditions. A schematic of this procedure with a 80% WUA is 

shown in Figure 2. 

If the runoff is within the optimal ecological flow range 

([Q1, Q2] in Figure 2) or the conservation degree is larger than 

the conservation degree objective (80% as an example here), 

then the ecological condition is conserved; otherwise, the eco- 

logical condition is damaged. Accordingly, the ecological da- 

mage frequency refers to the ratio of ecologically damaged 

months to the total number of months in the study period. For 

instance, there are a total of 120 months from January 2000 to 

December 2010 and ecological damage is assumed to occur in 

12 months, then the ecological damage frequency is 12 / 120 = 

10%. 

 

 
 

Figure 2. A schematic for the determination of ecological 

requirements. 

 

 
 

Note: I. Lower limited ecological zone; II. Reduced output zone; III. 

Guaranteed output zone; IV. Increased output zone; V. Upper limited 

ecological zone. 
 

Figure 3. A schematic of the reservoir operation chart with 

upper and lower limited ecological curves. 

 

2.3. Optimization of the Operation Chart of Cascade 

Reservoirs 

2.3.1. Framework 

The reservoir operation chart has found numerous appli- 

cations in reservoir operation due to its ease of implementation. 

In the operation chart, the total storage space of a reservoir is 

divided into a number of zones, and the release target of the 

reservoir at the beginning of each month can be defined based 

on the respective zone in which the water level is located 
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(Taghian et al., 2014). The COC is often composed of the upper 

basic guiding curve, lower basic guiding curve and increased 

output curve, which can divide the chart into the guaranteed 

output zone, reduced output zone, and increased output zone. 

As shown in Figure 3, when the reservoir water level falls in 

the reduced output zone (Zone II) the output should be reduced; 

when it falls in the increased output zone (Zone IV), the output 

should be increased; in the guaranteed output zone (Zone III), 

the planet should be running to maintain the firm capacity. The 

main objective of the operation chart of a hydro-power station 

is to maximize the power output, which often does not take into 

account the potential ecological consequences. 

In order to address this issue, this study proposed a new 

method to optimize COC with the purpose of minimizing the 

ecological impacts in hydrological extremes on the premise of 

ensuring the power generation and ecological conservation. 

This is achieved by incorporating the upper and lower limited 

ecological curves into COC. The upper limited ecological cur- 

ve is derived using the upper boundary of the ecological dis- 

charge range determined from WUA-discharge curve, and the 

area above the upper limited ecological curve is the upper 

limited ecological zone (zoneⅤ); similarly, the area below the 

lower limited ecological curve is the lower limited ecological 

zone (zoneⅠ), as shown in Figure 3. When the water level is 

located in the upper/lower limited ecological zone, then the re- 

lease should equal to the upper or lower boundary of the ecolo- 

gical discharge range, respectively. However, it is important to 

note that the limited ecological zone has the priority over other 

zones. When the limited ecological zone overlaps with other 

zones in the operation chart, the discharge should follow the 

rules specified in the limited ecological zone. 

 

2.3.2. Development and Optimization of Limited Ecological 

Curves 

2.3.2.1. Development of Limited Ecological Curves 

The operation chart is a practical and widely used reservoir 

scheduling rule consisting of several guiding curves, which can 

divide the reservoir capacity into several zones. In order to 

reduce the ecological damage frequency in flood or drought 

periods, new guiding curves are incorporated into the conven-

tional operation chart, forming the hydropower-ecological op-

eration chart, and these new guiding curves are referred to as 

limited ecological curves. 

An important consideration in the study of hydrological 

extremes is the temporal scale (hourly, daily, weekly, and 

monthly) as the characteristics of hydrological extremes may 

differ substantially on different temporal scales. Unlike real-

time reservoir operation, the operation chart is a rule-based 

policy, which is often derived based on the historical hydro-

logical data on a long-time (usually weekly, ten-day, or month-

ly) scale, therefore temporal scale the hydrological extremes 

should be the same. In this study, the monthly scale is con-

sidered in operation chart optimization, and thus the hydro-

logical extreme refers to the situation in which the monthly run-

off is significantly lower or higher than the historical monthly 

runoff. 

The limited ecological curve can be obtained by the rever- 

se calculation based on the principle of water balance. Specifi- 

cally, the water level at the beginning of reservoir impound- 

ment is reversely calculated from the dead water level at the 

end of a given period according to the inflow amount and the 

lower/upper boundary of the ecological flow range in this pe- 

riod using the water balance formula, and the upper/lower en- 

velope curve in dry years is defined as the lower/upper limited 

ecological curve, respectively. In this study, the limited ecolo- 

gical curves at an ecological conservation target of 60, 70, 80, 

and 90% are obtained, which together with the COC form the 

ecological operation chart (EOC). 

However, it is important to note that the limited ecological 

curves are not hard constraints, which can cause the problem of 

no solution under extremely dry or wet conditions. It is a very 

flexible regulation technique, which can reduce the frequency 

of ecological damage under extremely dry or wet conditions, 

and it can also make adaptive adjustments in case of conflict 

with other important objectives. 

 

2.3.2.2. Optimization of Limited Ecological Curves 

The above limited ecological curves need to be optimized 

as manual intervention is required, which may affect the perfor- 

mance of the novel operation chart. In this study, an optimiza- 

tion model for limited ecological curves is proposed, including 

the objective function, constraints and optimization algorithm. 

Finally, the optimized ecological operation chart (OEOC) is 

obtained and compared with the conventional one. The object- 

tives and constraints of OEOC are described as follows:  

(1) Objective functions of OEOC 

The aim of limited ecological curves is to alleviate eco-

logical degradation in hydrological extremes, and to balance 

the overall hydropower and ecological benefits. Thus, the obje- 

ctive function is to minimize the ecological damage frequen-

cy, which refers to the ratio of the periods with ecological da- 

mage to the total number of periods, as expressed in Equation 

3. The hydropower production and average ecological conser-

vation degree are taken as constraints: 

 

,
1 1

1 min 100%;

n T
i t

i t
m

E
T

  
  , ,

,

, ,

0,

1,

i t d t

i t

i t d t

R R
m

R R


 


 (3) 

 

where E1 is the ecological damage frequency, n is the number 

of cascade reservoirs, T is the total time step, Rd,t is the ecologi- 

cal target, and Ri,t is the ecological conservation degree corre- 

sponding to the discharge of hydropower station i during period 

t, respectively. 

(2) Constraints 

① Water balance constraints 

 

, 1 , , ,( ) ,i t i t i t i tV V I Q g t     1,2,..., ;i n 1,2,...,t T  (4) 

 

where Vi,t  is the storage of reservoir i during period t (m³), Ii,t 

and Qi,t are the inflow and outflow of reservoir i during period 
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t (m³/s), respectively. 

② Reservoir storage constraints 

 
min max

, , , ,i t i t i tV V V  1,2,..., ;i n 1,2,...,t T  (5) 

 

where min

,i tV and max

,i tV are the minimum and maximum storage 

limit of reservoir i during period t (m³), respectively. 

③ Output constraints 

 

,, min , max,i ti iN N N  1,2,..., ;i n 1,2,...,t T  (6) 

 

where Ni,t is the output of hydropower station i during period t 

(W), and Ni,min and Ni,max are the minimum and maximum out-

put of hydropower station i (W), respectively. 

④ Outflow constraints 

 
min max

, , , ,i t i t i tQ Q Q  1,2,..., ;i n 1,2,...,t T  (7) 

 

where min

,i tQ and max

,i tQ are the minimum and maximum out-flow 

of reservoir i during period t (m³/s), respectively. 

⑤  Minimum power generation and ecological benefit 

constraints 

To ensure the hydropower production and ecological con-

versation after the incorporation of limited ecological curves, 

the relative decrease rate of hydropower generation and eco-

logical conversation degree should be less than 5% compared 

with the performance without limited ecological curves: 

 

2 eE E  3 pE E   (8) 

 

where Ee and Ep are the power generation and ecological con-

servation degree of the operation chart without limited eco-

logical curves, and β and γ are the reduction coefficients, both 

of which are set to 0.95 in this study. 

 

2.3.2.3. Optimization Algorithms 

The optimization of the reservoir operation chart is a 

multi-dimensional and multi-stage problem. There are many 

optimization algorithms such as Dynamic Programing and 

some Evolutionary Algorithms (EA) such as Genetic Algo-

rithm (GA) and Differential Evolution Algorithm (DE). Al-

though most EAs have been successfully used in optimization 

of reservoir operation charts, DP is not an appropriate approach 

for such a multi-dimensional and multi-stage problem because 

of curse of dimensionality. The reservoir storage is divided into 

several zones in the operation chart by guiding curves. It is 

possible that the optimization technique could propose the 

same releasing policy in different zones, which would affect 

the crossover and variation process of the EAs, resulting in un-

stable optimization performance. 

Dynamic Programming Successive Approximation (DP- 

SA) has been shown to be particularly effective in solving 

multi-dimensional problems (Larson and Korsak, 1970; Shi et 

al., 2015). Its basic idea is to decompose the problem with 

multiple decision variables into a number of subproblems, and 

each sub-problem has only one decision variable and less state 

variables than the original problem, resulting in a reduction of 

computational cost and time and consequently a rapid pro- 

gresssion to an excellent solution (Yi et al., 2003; Opan, 2010). 

In this study, COC is taken as the initial solution. The distance 

between the guiding curve f and the guiding curve g is used to 

describe the similarity between the two curves, which is de- 

fined as in Equation 9: 

 

1
( , )

K
k k

k
D f g f g


   (9) 

 

where fk and gk are the reservoir water level for the guiding 

curve f and g during period k, respectively. 

Similarly, the distance between two operation charts with 

the same type of guiding curves is defined as in Equation 10: 

 

, ,
1 1

( 1, 2) 1 2
S K

s k s k
s k

D C C C C
 

    (10) 

 

where C1s,k and C2s,k are the reservoir water level for the 

guiding curve s in the operation chart C1 and C2 during period 

k, respectively. 

The optimization processes can be summarized in the fol- 

lowing steps (Figure 4): 

Step 1: Fix the values of all points on the operation chart 

except the one to be optimized. This point is optimized within 

the permitted scope, and simulation calculation is carried out 

using the long series runoff data. Then, the point is replaced 

with the one that can maximize the objectives of all operation 

stages. 

Step 2: Optimize the point for the next stage on the current 

guiding curve L until all points on this curve are optimized. 

Step 3: Repeat Steps 1 ~ 2 until the distance between two 

guiding curves meet the accuracy requirement. 

Step 4: Repeat Steps 1 ~ 3 for other guiding curves which 

need to be optimized on the operation chart from the bottom to 

the top, and finally a new operation chart is obtained. 

Step 5: Calculate the distance between the two operation 

charts. If the distance meets the accuracy requirements, then 

stop counting; otherwise the obtained operation chart is taken 

as a new operation chart, and repeat Steps 1 ~ 4. 

3. Results 

3.1. Determination of the Optimal Ecological Discharge 

Given their high genetic diversity and economic value, 

Cyprinus rubrofuscus Lacépède and Bagarius rutilus Ng et 

Kottelat (B. rutilus) are selected as the target fish species of the 

Yuan River in this study. A nature reserve is established in the 

downstream of JS Reservoir to protect Cyprinus rubrofuscus 

Lacépède. However, the habitat and population of B. rutilus 

decrease significantly in recent years, and now it mostly lives 

in the downstream of MDS Reservoir. The relationship between 
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Figure 4. The flowchart of DPSA in guiding curve optimization. 

 

Table 3. The Optimal Ecological Discharge Range of Cyprinus Rubrofuscus Lacépède and B. Rutilus 

Fish species Month 
Optimal ecological discharge (m3/s) 

90% 80% 70% 60% 

Cyprinus rubrofuscus 

Lacépède 

Dec ~ Mar 57.2 ~ 162.5 41.8 ~ 199.9 32.6 ~ 241.4 25.7 ~ 2.9 

Apr ~ Aug 48.0 ~ 202.4 34.6 ~ 246.8 24.5 ~ 291.6 17.9 ~ 373.0 

Sep ~ Nov 194.3 ~ 582.3 114.8 ~ 679.5 73.2 ~ 785.4 52.4 ~ 895.4 

B. rutilus Apr ~ Jul 282.8 ~ 624.1 204.1 ~ 744.4 158.4 ~ 849.5 121.7 ~ 966.7 

Aug ~ Oct 317.6 ~ 697.3 237.9 ~ 836.1 158.4 ~ 849.5 144.4 ~ 1089.6 

Nov ~ Mar 224.6 ~ 563.0 150.6 ~ 694.5 104.7 ~ 822.4 54.2 ~ 954.0 
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WUA and flow rate for different life stages of Cyprinus rubrofus- 

cus Lacépède and B. rutilus in the Yuan River is obtained using 

the PHABSIM model, as shown in Table 3 (Wen et al., 2016). 

 

3.2. Optimization of Multipurpose Reservoir Operation 

Chart 

In this study, EOCs at an ecological target of 60%, 70%, 

80%, and 90% are obtained by incorporating the limited eco-

logical curves into COC. In doing so, the limited ecological 

curves are calculated according to the historical runoff series 

for the period 1981 ~ 2010 and then optimized. JS and MDS 

reservoirs are operated following COC, EOC, and OEOC. The 

limited ecological curves and optimized limited ecological 

curves of JS and MDS reservoirs at an ecological target of 60, 

70, 80, and 90% are shown in Figure 5, respectively. 

In general, increasing the ecological target from 60% to 

90% results in an upward movement of the lower limited eco- 

logical curve but a downward movement of the upper limited 

ecological curve in EOC of JS and MDS reservoirs, and conse- 

quently an increase in the area of the limited ecological zone. 

This is because as the ecological target increases, a more strin- 

gent requirement is imposed on the ecological discharge range. 

The increase of the lower limited ecological curve allows the 

ecological conservation degree not to exceed the lower boun- 

dary. On the other hand, the upper limited ecological curve is 

reduced, and the decrease of the maximum ecological dis- 

charge allows the discharge in the main flood period not to 

exceed the upper boundary, and thus it is necessary to discharge 

water at the beginning of the wet season. At an ecological target 

of 60% and 70%, the lower limited ecological curve of OEOC 

is higher than that of EOC for both JS and MDS reservoirs. 

Accordingly, the lower limited ecological zone of OEOC is 

larger than that of EOC. This is because in dry season, the ave- 

rage discharge for power generation in the reduced output zone 

and guaranteed output zone of JS Reservoir is 38.4 and 76.7 

m³/s, respectively, which is higher than the minimum discharge 

at an ecological target of 60% and 70% (e.g., 25.7 and 32.6 m³/s 

from December to March of the next year, respectively); 

whereas that of MDS Reservoir is 112.4 and 146.4 m³/s, respec- 

tively, which is also higher than the minimum discharge at an 

ecological target of 60% and 70% (e.g., 54.2 and 104.7 m³/s 

form November to March of the next year, respectively). As the 

limited ecological curve increases, the minimum ecological 

discharge is used in case of low reservoir storage in order to 

save more water for later periods.  

At an ecological target of 90%, the lower limited eco-

logical zone of OEOC is smaller than that of EOC, which can 

be attributed to the higher minimum ecological discharge re-

quired to maintain this ecological target. At the beginning of 

the wet season, the lower limited ecological zone overlaps part 

of the increased output zone, resulting in an increase in dis- 

charge. For instance, the average discharge of JS Reservoir in 

the 1.5-time increased output zone is 115.1 m³/s, which is lower 

than the minimum discharge of 194.8 m³/s required at an ecolo- 

gical target of 90%. Therefore, although the ecological require- 

ment in early stages can be satisfied, ecological damage may 

occur more intensely in dry season, and also the decrease in 

water head in dry season can result in a decrease in power gene- 

ration.  

 

3.3. Optimization Performance of JS-MDS Cascade 

Reservoirs 

3.3.1. Simulation of Different Operation Charts at a 80% 

Ecological Target 

The operation of JS and MDS reservoirs for the period 

1981 ~ 2010 was simulated according to COC, EOC, and 

OEOC at a 80% ecological target as an example. The month 

OEOC at a 80% ecological target as an example. The month 

with a discharge higher than the maximum ecological dis-

charge or lower than the minimum ecological discharge at a 

80% ecological target is defined as an ecologically damaged 

month, as shown in Figure 6. 

It clearly shows that at an ecological target of 80%, the 

ecological damage frequency of JS and MDS reservoirs fol-

lows the order of COC > EOC > OEOC, and the ecological 

damage mainly results from the fact that the actual discharge is 

lower than the minimum ecological discharge. The main flood 

period of JS Reservoir is from July to September. More water 

can be stored at the beginning of the flood period, and the 

available storage capacity will be significantly reduced at the 

end of the flood period. In this circumstance, a large discharge 

can be expected. Although the allowable maximum ecological 

discharge of Cyprinus rubrofuscus Lacépède in the down-

stream of JS Reservoir is not always high throughout the year, 

it is significantly increased from September to November, re- 

sulting in a low frequency of ecological damage in JS Reser-

voir; while for MDS Reservoir, the allowable maximum eco-

logical discharge of B. rutilus is always high throughout the 

year, also resulting in a low frequency of ecological damage. 

The ecological damage frequency of JS Reservoir due to low 

discharge is reduced from 9.17% under COC to 0% under 

OEOC, while that due to high discharge is reduced from 4.27% 

under COC to 3.61% under OEOC. Similarly, the ecological 

damage frequency of MDS Reservoir due to low discharge is 

reduced from 28.06% to 17.22%, while that due to high dis-

charge is reduced from 3.06% to 1.67%.  

The minimum ecological conservation degree of JS and 

MDS reservoirs under COC is 51.1% and 42.9%, respectively. 

In comparison with COC, EOC results in a decrease in eco-

logical damage frequency, but an increase in ecological dama- 

ge severity with a minimum ecological conservation degree of 

30% and 17.6% for JS and MDS reservoirs, respectively; while 

OEOC results in a decrease in both ecological damage fre-

quency and severity in ecologically damaged months, with a 

minimum ecological conservation degree of 60.8% and 44.6% 

for JS and MDS reservoirs, respectively.  

 

3.3.2. Optimization Performance of Different Operation 

Charts at Different Ecological Targets 

In order to explore the effects of ecological target on the 

ecological and power generation benefit, the performance of 
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Figure 5. EOCs and OEOCs of JS and MDS reservoirs at different ecological targets. 
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Figure 6. Time-series of monthly discharge of JS Reservoir for the period 1981 ~ 2010 and the optimal ecological discharge 

range (circle refers to occurrence of ecological damage). 

 

 
 

Figure 7. Time-series of monthly discharge of MDS Reservoir for the period 1981 ~ 2010 and the optimal ecological discharge 

range (circle refers to occurrence of ecological damage). 

 

Table 4. The Performance of JS Reservoir Based on Different Operation Chars at Different Ecological Targets 

Operation chart Performance 
Ecological target 

60% 70% 80% 90% 

COC Average output (MW) 126.14 126.14 126.14 126.14 

Average ecological conservation degree (%) 92.71 92.71 92.71 92.71 

Ecological damage frequency (%) 1.39  4.17  13.89  21.94  

 EOC Average output (MW) 126.44  127.64  129.36  130.89  

Average ecological conservation degree (%) 92.75  92.61  88.02  84.86  

Ecological damage frequency (%) 0.00  1.11  12.50  32.78  

OEOC Average output (MW) 127.20  128.44  128.20  127.96  

Average ecological conservation degree (%) 92.11  91.87  91.77  90.16  

Ecological damage frequency (%) 0.00  1.11  3.61  14.17  

 

 Table 5. The performance of MDS Reservoir Based on Different Operation Charts at Different Ecological Targets 

Operation chart Performance 
Ecological target 

60% 70% 80% 90% 

COC Average output (MW) 138.72 138.72 138.72 138.72 

Average ecological conservation degree (%) 83.29 83.29 83.29 83.29 

Ecological damage frequency (%) 3.06 11.39 31.11 64.72 

 EOC Average output (MW) 143.28 141.39 132.13 127.01 

Average ecological conservation degree (%) 83.45 83.46 81.03 79.25 

Ecological damage frequency (%) 2.22 3.89 29.44 63.33 

OEOC Average output (MW) 141.70 147.35 141.67 145.07 

Average ecological conservation degree (%) 83.25 83.44 83.95 82.28 

Ecological damage frequency (%) 1.39 3.33 18.89 49.17 
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different operation charts at an ecological target of 60% ~ 90% 

was simulated, and the results are shown in Tables 4 and 5.  

The annual average output of JS hydropower station under 

COC is 126.14 MW, and the average ecological conservation 

degree is 92.71%. In comparison with COC, EOC results in an 

increase in power generation; a slight increase in average eco-

logical conservation degree at an ecological target of 60%; but 

a decrease in average ecological conservation degree at an eco- 

logical target of 70% ~ 90%. In addition, the ecological damage 

frequency is reduced at all ecological targets except that at a 

90% ecological target, and the most pronounced decrease is 

observed at a 70% ecological target. OEOC results in an im- 

provement of power generation, a slight decrease in ecological 

conservation degree, and a significant improvement of ecologi- 

cal damage. The annual average output of MDS hydropower 

station under COC is 138.72 MW, and the average ecological 

conservation degree is 83.29%. As the ecological target in- 

creases, the power generation and ecological conservation de- 

gree under EOC and OEOC first increase and then decrease, 

and the ecological damage frequency is reduced compared with 

that under COC. The power production, ecological conserva- 

tion degree and ecological damage frequency of JS and MDS 

reservoirs under EOC and OEOC at different ecological targets 

are shown in Figures 11 and 12, respectively. 

(1) Power generation  

Under EOC, the power production of JS-MDS cascade 

reservoirs decreases with the increase of ecological target from 

60% to 90%. However, it is noteworthy that increasing the eco- 

logical target results in an increase in power production of JS 

Reservoir, but a decrease in power production of MDS Reser- 

voir. This is because the JS Reservoir is an annual-regulated 

reservoir with a storage capacity coefficient of 19.3%, whereas 

the MDS Reservoir is a seasonal-regulated reservoir with a sto- 

rage capacity coefficient of only 2.9%. Thus, increasing the 

ecological target can have more significant impacts on the 

power generation of MDS Reservoir. Under OEOC, the power 

production of JS-MDS cascade reservoirs is higher than that 

under EOC. However, the power production of JS Reservoir at 

an ecological target of 80% and 90% is lower than that under 

EOC. This is because the JS Reservoir is located at the up-

stream of the MDS Reservoir and has a higher regulation ca-

pacity, the power generation of MDS Reservoir is improved at 

the expense of a reduction in power generation of JS Reservoir, 

in order to maximize the power generation of JS-MDS cascade 

reservoirs. 
 

 
 

Figure 8. Ecological conservation degrees of the JS reservoir during different period: (a) Whole time period; (b) Ecologically 

destructive months. 

 

 
 

Figure 9. Ecological conservation degrees of the MDS reservoir during different period: (a) Whole time period; (b) Ecologically 

destructive months. 
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(2) Ecological conservation degree 

Under EOC, increasing the ecological target results in a 

decrease in the ecological conservation degree and ecological 

damage frequency of JS-MDS cascade reservoirs. The average 

ecological conservation degree of JS Reservoir is more severe-

ly decreased than that of MDS Reservoir, which is probably 

attributed to the higher adaptability of B. rutilus at the down-

stream of MDS Reservoir. For instance, at a 80% ecological 

target, the average ecological discharge range is [188 m³/s, 746 

m³/s] and only [57 m³/s, 339 m³/s] at the downstream of MDS 

and JS reservoirs, respectively. 

Under OEOC, the ecological damage frequency of JS 

Reservoir, MDS Reservoir and JS-MDS cascade reservoirs is 

reduced compared with that under EOC. As Cyprinus rubro-

fuscus Lacépède and B. rutilus have a low requirement for 

ecological flow at an ecological target of 60% and 70%, EOC 

is sufficient to reduce the ecological damage. In this case, there 

is no room for OEOC to further improve the ecological benefit. 

At a 80% ecological target, the fixed output zone overlapped 

with the limited ecological zone increases due to the decrease 

in the ecological discharge range and the increase in the mini- 

mum ecological discharge, which can reduce the ecological 

damage frequency and meanwhile have a notable effect on the 

overall ecological benefits. EOC can significantly decrease the 

average ecological conservation degree, but it is not effective 

enough to improve the ecological damage frequency. The ave- 

rage ecological conservation degree under OEOC is similar to 

that under COC, but the ecological damage frequency of JS and 

MDS reservoirs is significantly reduced by 74.0% and 43.8%, 

respectively. At a 90% ecological target, both EOC and OEOC 

perform poorly in ecological conservation. Thus, the ecological 

requirement at a 90% ecological target may be too high to be 

achieved for JS and MDS reservoirs under OEOC and EOC. 

 

 
 

Figure 10. The variation rate of output, ecological conservation degree and ecological damage frequency of JS Reservoir under 

EOC and OEOC at different ecological targets. 

 

 
 

Figure 11. The variation rate of output, ecological conservation degree and ecological damage frequency of MDS Reservoir under 

EOC and OEOC at different ecological targets. 

 

 
 

Figure 12. The variation rate of output, ecological conservation degree and ecological damage frequency of JS-MDS cascade 

reservoirs under EOC and OEOC at different ecological targets. 
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In general, EOC results in an increase in ecological benefit 

and power generation of both JS and MDS reservoirs at an eco- 

logical target of 60% and 70%, but a decrease in ecological be- 

nefit at an ecological target higher than 80%. However, OEOC 

can result in satisfactory ecological benefit and power genera- 

tion even at an ecological target higher than 80%. 

4. Discussion 

Reservoir ecological operation has been a subject of consi-

derable interest in recent years. It is clear that both long- and 

short-term ecological requirements should be considered in 

evaluating the ecological operation of cascade reservoirs. In the 

literature, the ecological requirement of a river basin is taken 

either as a constraint or as an objective to be optimized in the 

reservoir operation model. However, there is evidence that 

reservoir operation, whose objective is to maximize power gen-

eration, flood control or other objective with the minimum or 

appropriate ecological flow as the constraint, can only guar-

antee the basic ecological requirement of the river basin down- 

stream of the reservoir (Sale et al., 1982; Yeh and Becker, 

1982; Chen et al., 2015). In comparison, the incorporation of 

upper and lower limited ecological curves into OEOC in this 

study makes it possible to adjust the release to the upper and 

lower limit of the ecological discharge range in wet and dry 

years in order to strike a balance between hydrological extreme 

pressure and ecological requirements. 

The average ecological requirements over a long period of 

time can also be taken as the objective to be optimized, which 

however may lead to the possibility that the ecological damage 

caused by flood or drought events in a given period is often 

overlooked or averaged out (Szemis et al., 2012). In this study, 

we have proposed an operation chart to balance long- and 

short-term ecological benefits. With the goal of minimizing the 

ecological damage frequency, the limited ecological curves 

were optimized under the constraints of the overall ecological 

profit determined by the reduction coefficients γ. Priority was 

also given to the overall ecological requirements in some pre- 

vious studies. Chen et al., (2012) used the flow alternation de- 

gree instead of the ecological hydrograph to measure the differ- 

rence between regulated discharge and natural flow, which en- 

abled the actual discharge to follow the natural flow as much 

as possible at an expense of a significant (26.4%) loss of social-

eco-nomic benefit. In order to mitigate potential impacts on 

power generation due to the optimization of ecological require- 

ments, the minimum power generation is constrained in the op- 

timized limited ecological curves of OEOC, making it possible 

to in-crease the ecological profit without significantly affecting 

power generation, and as a result the generation reduction coef- 

ficients β can be adjusted more flexibly according to the power 

generation requirements and the ecological profit. 

Both long-term average and short-term ecological benefits 

are incorporated in OEOC, making it possible to effectively re- 

duce the ecological damage frequency while maintaining gen- 

eral ecological benefit. Another important advantage is that the 

operation policy could be adaptively adjusted by determining 

appropriate ecological targets and other parameters according 

to actual situation, also the operation rules can be changed 

based on the preference and experiences of decision makers. 

5. Conclusions 

This study proposed a new hydropower-ecological oper-

ation chart of cascade hydropower stations, in which limited 

ecological curves were introduced and optimized to alleviate 

the negative impacts caused by drought or flood events on fish 

habitat and to maintain the long-term average fish habitat qual-

ity without reducing power generation. PHABSIM was used to 

quantify the hydrological requirement and determine the opti-

mal ecological flow range of the target fish species at different 

life stages. The limited ecological curves were derived and fur-

ther optimized with the goal of reducing the ecological damage 

frequency as much as possible in hydrological extremes. A case 

study was performed with JS and MDS reservoirs on the Yuan 

River in southwestern China. The main conclusions can be 

summarized as follows: 

The EOC that takes into account the ecological benefit can 

reduce the ecological damage frequency compared to the COC, 

but potentially at the expense of the overall ecological benefit. 

However, further optimization of the limited ecological curves 

in OEOC results in higher short-term ecological benefit and 

lower ecological damage frequency in flood or drought ex-

tremes with less loss of the overall ecological benefit. In cas-

cade reservoir operation, it is necessary to flexibly adjust the 

ecological conservation degrees and weights of different ob-

jectives, so that an appropriate OEOC can be obtained for 

different conditions. 

For JS and MDS reservoirs, OEOC can result in higher 

ecological and power generation benefit than EOC and COC at 

an ecological target of 60 ~ 80%. Despite the slight decrease 

(approximately 1%) in ecological conservation degree of JS 

Reservoir, the ecological damage frequency is significantly 

reduced by approximately 70 ~ 100%. In particular, at an eco-

logical target of 80%, OEOC results in a 4.1% increase in 

power generation and a 11.25% decrease in ecological damage 

frequency for JS-MDS cascade reservoirs compared with that 

of COC, respectively. 

The reservoir operation chart proposed in this study has 

focused on the balance between the long- and short-term eco- 

logical benefit, especially the ecological damage frequency. 

However, it is important to note that the ecological damage 

magnitude is also important in short-term ecological require-

ment, and thus further studies are needed to elucidate how to 

balance ecological damage magnitude, ecological damage fre-

quency and the overall ecological benefit. With the improve-

ment of hydrological prediction accuracy, there is also a need 

to incorporate multi-scale hydrological forecast information 

into the optimized reservoir operation chart. 
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