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Abstract: In order to improve the utilization rate of water resources in the flood season of the reservoir
effectively and promote wind power consumption, this paper proposes an optimization model for
the combined dispatching of wind power and hydropower based on the hedging theory. First, the
conflicting relationship between the water storage benefits of hydropower stations, flood control risks,
and the joint output of hydropower and wind power in joint dispatching is studied. The introduction
of hedging theory divides the combined dispatching of wind power and hydropower into a two-
stage dispatching problem including the decision-making stage and the remaining stage; Second,
considering the uncertainty of water forecasting and wind power forecasting, a multi-objective
optimal dispatching model of hydropower and wind power based on hedging theory is constructed.
This model aims to minimize flood control risks, maximize water storage benefits, and minimize
wind power and hydropower combined power output volatility. Finally, the non-dominated sorting
genetic algorithm (NSGA2) is used to solve the specific examples. The results show that the model
built in the article controls the flood control risk at each time period not to be higher than 1.63 × 10−3

(the flood control standard corresponding to the flood control risk in 50 years is 0.006). Additionally,
the water level of the reservoir increased from the flood limit water level (583.00 m) to 583.70 m. It
greatly increases the water storage capacity and effectively improves the utilization rate of water
resources. At the same time, the optimized scheduling scheme reduced the peak-valley difference
of joint output from 125.00 MW to 35.66 MW, and the peak-valley difference was greatly reduced.
It effectively improves the volatility of wind power. The validity of the model is verified, and the
obtained scheme can provide decision-making for the joint dispatch scheme of hydropower and
wind power.

Keywords: multi-target hedging; joint operation; water and wind complementation; wind power
consumption; comprehensive benefits

1. Introduction

The shortage of water resources in China is very prominent, and it is the main bot-
tleneck restricting the sustainable development of the society and economy. A large
population but few water resources and an uneven distribution of water resources are the
basic national conditions and water conditions of our country. Water resources are mainly
concentrated in the annual flood season, causing frequent floods and a low utilization
rate of water resources. Therefore, in order to alleviate the contradiction between supply
and demand of water resources, it is of great significance to dispatch hydropower stations
rationally in flood season, increase the water storage capacity of hydropower stations,
improve the water storage efficiency, and realize “flood resource utilization” on the basis
of ensuring that the flood control risk rate is within a safe range [1]. In addition, wind
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power, a typical renewable clean energy, has developed rapidly. As of the end of 2019, the
cumulative installed capacity of wind power nationwide was 210 GW, accounting for 10.5%
of the total installed capacity of power generation. Restricted by resource characteristics
and natural conditions, wind power has strong volatility and randomness, and the problem
of large-scale wind power consumption is still unresolved. The joint dispatch of wind
power and hydropower is an effective way to promote the integration of wind power
into the grid, which can use the good regulation ability of hydropower to stabilize the
fluctuation of wind power output and improve the safety level of system operation [2,3].

The joint dispatch of hydropower and wind power is suitable for the current actual
demand and the policy of complementary consumption of multiple clean energy sources.
Wind power and hydropower are highly complementary in the seasonal distribution of
resources. Through reasonable planning of wind and hydropower resources, the volatility
and instability of wind power can be restrained [4–7]. For example, the pumped-storage
power station’s own energy storage characteristics [8] and reservoirs with higher regulating
capacity [9] can be used to improve wind power absorption capacity. The goal of joint
dispatching models of hydropower and wind power is mostly to minimize the amount of
discarded wind [10] or the best joint dispatch benefit [11], which ignores the uncertainty of
wind power forecasting, resulting in a large deviation between the dispatch results and the
actual situation. Most of the traditional hydropower and wind power joint dispatching
models aim at minimizing the abandoned air volume or maximizing the benefits of joint
dispatching, ignoring the uncertainty of wind power forecasting, which leads to a large
deviation between the dispatching results and the actual situation. To date, researchers
achieved much progress on the randomness of wind power, including wind power predic-
tion [12–14], random description [15,16], and so on. On this basis, the cascade hydropower
units are introduced into the joint dispatching of wind power and hydropower to provide a
peak shaving reserve for wind turbines [17–19], and the stochastic optimization model con-
sidering risk constraints is established [20,21], which can improve the effect of randomness
of wind power on the stable operation of the power system. In addition, there are three
ways to deal with the uncertainty of wind power prediction: decomposing the wind power
data before forecasting [22,23], using copula theory to forecast the wind power interval [24],
and using a fuzzy clustering method to cluster the predicted value and the actual value of
wind power [25]. These methods consider the deviation between the predicted value and
the actual value caused by the uncertainty of wind power output fully, and improve the
feasibility of joint dispatching decision greatly. Existing dispatching models of hydropower
and wind power focus on how to improve the capacity of wind power utilization mainly,
but seldom pay attention to the conflict between benefits and risks within the joint system
of hydropower, which leads to the poor performance of the dispatching plan.

The concept of hedging originates from finance, which can be used to analyze inter-
related and opposite factors, and obtain the optimal solution from them. In 1946, Masse
used Hedging Rules (HR) to analyze reservoir scheduling problems from an economic
perspective for the first time. At present, the main research contents are divided into two
categories: One is to reduce the probability of water shortage or severe water shortage in
the future dispatching period by reserving part of the water in the reservoir, and improve
the water shortage problem effectively in the dry season [26].The main point of reservoir
hedging rules is to find the starting point of hedging and the amount of available water
supply, obtain the interval for implementing hedging [27], and then determine the optimal
operation scheme. After considering the influence of uncertainty of incoming water on
hedging rules [28], scheduling rules closer to the actual situation can be obtained. In addi-
tion to the application in a single reservoir, the application effect of hedging rules in water
supply dispatching of reservoir groups is also considerable [29], which can reduce the total
risk of water shortage in water supply areas of multiple reservoirs. The second type of
main research is the use of hedging rules to determine the optimal reservoir operation plan
considering flood control and benefiting. For example, the concept of hedging is applied to
the flood control dispatching of reservoirs, and the key is to adjust the storage capacity at
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the end of the period to balance the flood control risks between the current period and the
future period, so as to achieve the goal of minimizing the flood control risks [30–32]. There-
fore, the reservoir hedging rules use extensive small-scale flood losses to reduce the risk
and cost of large-scale flood losses. In addition, the benefit hedging between reservoir flood
control and power generation [33], between flood control and water supply [29], between
water supply benefits and the ecological environment [34], and between multiple goals of
reservoir dispatching, as well as interest hedging considering historical decision-making
and the optimization of hedging rules [35], are all current research hotspots. These lay a
theoretical foundation for the study of multi-objective and multi-interest conflict problems.

The above research projects show that applying the economic theory of hedging
rules to reservoir dispatching can maximize the benefits of reservoir water supply and
storage. During the flood season, on the basis of ensuring the safety of flood control and
realizing the flood reclamation and reuse, the utilization rate of water resources can be
improved fully. With the expansion of the installed capacity of new energy sources such as
wind power, the requirements for the comprehensive functions of hydropower stations
increased, and the difficulty of building and solving optimal dispatching models also
increased. Although the hydropower and wind power joint dispatching model that was
studied [20,25] has considered the uncertainty of wind power and solved the problem of
wind power utilization effectively, it has failed to consider the benefits of hydropower
stations fully. In fact, the joint dispatch of hydropower and wind power is a process of multi-
body conflicts of interest and coordinated decision-making. The problem of goal conflict
is far more complex than the simple reservoir dispatching problem, such as spatial goal
conflicts (hydropower plants, wind farms, water conservancy departments), and temporal
goal conflicts (power generation benefits in the current and future periods). Therefore,
for the joint dispatch of hydropower and wind power, it is necessary to reserve enough
water storage space during the storage period of the reservoir to meet the flood control risk
requirements, and to take into account the maximization of resource utilization and power
generation benefits during the reservoir impoundment period. The multi-interest-conflict
joint generation of hydropower and wind power is suitable to be solved by hedging, which
can solve the problem fundamentally.

Therefore, this paper applies the hedging theory to the traditional joint dispatching of
hydropower and wind power. A real-time optimal dispatching model for hydropower and
wind power is constructed with the goal of minimizing flood control risks, maximizing
optimal water storage benefits, and minimizing wind power and hydropower joint output
fluctuations. Specifically, the organizational structure of this article is as follows: Section 2
introduces theoretical methods briefly, including the application of hedging rules in joint
scheduling and analysis of the two-stage decision-making process. And the model and
solution methods of hydropower and wind power joint dispatch based on hedging theory
are established; Section 3 verifies the model with an application example, and Section 4
provides conclusions.

2. Materials and Methods
2.1. Hedging Theory

Hedging is a financial term that refers to an investment that deliberately reduces the
risk of another investment [36]. It is a way to reduce business risks while still profiting from
investment. Generally, hedging involves conducting two transactions which are related to
the market, opposite in direction, equal in quantity, and break even. Market correlation
means that the market supply and demand that affect the price of two commodities have
the same identity. If the relationship between supply and demand changes, it will affect
the prices of the two commodities at the same time, and the direction of price changes are
generally the same. An opposite direction means that two transactions are bought and
sold in opposite directions, so that no matter what direction the price changes, there will
always be a profit and a loss. Of course, in order to make ends meet, the quantity of the two
transactions must be determined according to the range of their respective price changes,
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so that the quantity is generally equal. Hedging can usually be used to analyze interrelated
and opposing factors.

2.2. Application of Hedging Rules in Reservoir Operation

At present, the hedging theory is widely used to analyze dispatching rules of reser-
voirs. The traditional reservoir dispatching rule is the Standard Operation Policy (SOP). Its
dispatching strategy is to supply water according to the current maximum water supply
capacity, in order to give priority to meeting the water demand target during the facing
period first. When the water supply objective function is the minimum total water shortage
(or other forms of a linear function about the water shortage), the SOP rule is the optimal
solution, but it lacks consideration of water shortage damage in the future period. For
dispatchers, SOP rules are easy to operate. However, for the continuous low water periods
that may be encountered in the dispatching period, SOP rules may cause serious water
shortage damage to water consumption units in one or several dispatching periods, which
will bring a greatly negative impact on the social economy. Based on this, the researchers
proposed Hedging Rules (HR) for reservoir operation. The basic idea is: Under the condi-
tion of uncertain incoming water in the future dispatching period and judging that there is
water shortage risk in the future, the water supply in the decision-making of the current
dispatching period is reduced to a certain extent, and part of the water is reserved to avoid
serious water shortage damage in the future period [28]. Figure 1 shows the application of
hedging rules in reservoir operations.
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In Figure 1, SOP is the Standard Operation Policy, and the area enclosed by the HR
line and the available water (X axis) are both feasible dispatch intervals. Therefore, the
most critical issue of hedging regulation is the determination of the HR dispatch curve.
Usually, the goal is to maximize the benefits of the current water supply and the remaining
period (two-stage water supply, time scale model). A variety of constraints are considered,
and the objective function is established. It is also possible to consider multiple goals at the
same time and solve them by a multi-objective algorithm, so as to obtain the final hedging
rules for actual scheduling.

2.3. Analysis of Multi-Objective Hedging Relationship in Hydropower and Wind Power
Joint Dispatching

In order to ensure the safety of flood control during the flood season, the hydropower
station is dispatched according to the flood limit water level. The utilization rate of water
resources in this dispatching method is low. During the flood season, the joint dispatch
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of hydropower and wind power should not only consider the water storage benefits of
hydropower stations, the flood control risks of hydropower stations, and upstream and
downstream, but also ensure the peak-regulation and power generation requirements of
the joint system. Therefore, joint dispatching is a typical multi-objective hedging problem.
In terms of time, there is a conflicting relationship between the water storage benefit goal
in the current period and the flood control risk goal in the future period. In terms of space,
there is also a competitive relationship between the current water storage benefit goal of
hydropower stations and the benefit goal of joint hydropower and wind power dispatch.

The pre-storage and pre-discharge dispatching method can be used to increase the
pre-storage volume as much as possible without lowering the flood control standard. When
the upstream water and rainfall of the hydropower station are small in the future, the water
storage capacity of the hydropower station can be increased on the basis of ensuring the
safety of flood control and the completion of the power generation task, and the water
storage benefit can be increased as much as possible. At the same time, the wind power
is adjusted by the power generated by the water discharge. On the contrary, when the
water inflow is large in the future time period, in order to ensure safety, after meeting the
power demand and peak shaving capacity, the excess water will be safely discharged, and
the water level of the hydropower station will fall back to the limit water level during the
flood season. The more water that is stored in the reservoir, the better the water storage
benefit of the hydropower station. If the inflow is predicted to be large in the future, it may
bring flood control risks to the reservoir. At the same time, the larger the water storage,
the smaller the amount of water is available for power generation, which may not meet
the power generation plan and reduce the ability to regulate wind power. If the water
storage is small, the corresponding flood control risk will be reduced, but the water storage
benefit of hydropower stations will be small, which cannot make full use of water resources,
resulting in waste. If the discharge capacity is greater than the power generation flow of
the hydropower station, the hydropower station will be in a full-scale state to avoid no
water abandonment or less water abandonment as far as possible, which will also affect
the regulation capacity of wind power. Figure 2 is a diagram of the multi-object conflict
relationship in the joint dispatch of hydropower and wind power.
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In summary, it can be seen that the joint dispatch of hydropower and wind power
is a complex multi-objective conflict problem, which can be analyzed by hedging theory.
According to the two-stage model of risk hedging described in Section 2.2, the essence of the
two-stage model is to “take out” the benefits of water supply in the future stage to achieve
the reduction risk of water supply benefits brought about by the priority water supply in
the current stage. Additionally, there is a timing correlation between the two scheduling
stages. This model method has obtained good application effects in the dispatching of
a single water supply reservoir and a group of water supply reservoirs. Based on the
implicit timing relationship between the hydropower station and the downstream control
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station, this paper uses the theoretical research basis of risk hedging rules to construct a
two-stage hedging strategy for the joint dispatch of hydropower and wind power during
the flood season. By reducing the benefits of water storage in the current time period, we
will ensure the safety of flood control in the future time period, as well as the stability of
the wind power and hydropower joint dispatch. It provides theoretical support for actual
dispatching work.

2.4. Dynamic Decision-Making Process for Joint Dispatch of Hydropower and Wind Power Based
on Hedging Theory

In the real-time joint dispatching, according to the forecasted water inflow and wind
power output in each period, the hydropower and wind power joint dispatching plan for
the current period is worked out by weighing the benefits of reservoir storage for profit,
flood control risk, joint output volatility, etc. Then, according to the updated water inflow,
wind power output, and other information, the dispatching plan for the latest period is
re-formulated. It can be seen that real-time scheduling is a process of rolling forward the
forecast and decision-making period by period based on the forecast information of the
facing period and remaining period (foresight period). Therefore, the process of the joint
dispatch of hydropower and wind power in the flood season can be regarded as a two-stage
dispatch problem, which is divided into the decision-making stage and the remaining
stage. As shown in Figure 3, stage 1 is the decision period including a scheduling period
∆t, and the remaining period of stage 2 includes T− 1 periods ∆t. The real-time scheduling
model keeps rolling forward with time, and the decisions in the decision-making period
also keep rolling forward and updating. Dt is the water discharge in each period, and NSt
is hydropower output in each period.
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Each two-stage joint dispatch of the hydropower and wind power process during
the flood season includes three goals: water storage benefits, flood control safety, and the
volatility of hydropower and wind power joint output. In hydropower dispatching, this
paper only analyzes the flood control risks caused by the uncertainty of the forecasting
interval flow, and the benefits generated by the increased water storage in the public
storage capacity. In order to consider the uncertainty of wind power forecasting, wind
power output interval forecast results are used. The hedging mechanism of hydropower
and wind power generation is mainly reflected in the variables of hedging, which means
that the complex multi-objective conflicts are processed, streamlined, and generalized
into a hedging relationship, forming a mathematical expression and providing a basis
for establishing a hedging model. Two-stage hydropower and wind farms are taken
as examples to illustrate the multi-objective two-stage hedging dispatch mechanism of
hydropower and wind power. The decision-making instructions and related regulations
are shown in Figure 4: The joint dispatch goals are: (1) the added value of the water storage
benefit B of a hydropower station; (2) the flood control risk R of downstream control
stations; (3) the fluctuation of volatility of joint output. The first goal should be maximized;
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the second goal should be minimized, and the third goal should be minimized too. Among
them, there is a hedging relationship between the flood control risk goal and the water
storage benefit goal of the hydropower station. The larger the water storage capacity, the
better the profit benefit, but the flood control risk increases. In Figure 4, Qa

i is the water
inflow in period i; Dt is the water discharged in period i; Qab

i is the inflow of water from
the reservoir and downstream section in period i, and Wi is the water storage in period i;
NSi is the hydropower output of the hydropower station in period i, and NFi is the wind
power output in period i.

Water 2021, 13, x FOR PEER REVIEW 7 of 27 
 

 

there is a hedging relationship between the flood control risk goal and the water storage 
benefit goal of the hydropower station. The larger the water storage capacity, the better 
the profit benefit, but the flood control risk increases. In Figure 4, a

iQ  is the water inflow 
in period i ; tD  is the water discharged in period i ; ab

iQ  is the inflow of water from the 
reservoir and downstream section in period i , and iW  is the water storage in period i ; 

SiN  is the hydropower output of the hydropower station in period i , and FiN  is the 
wind power output in period i . 

 
Figure 4. Two-stage decision diagram for joint dispatch of hydropower and wind power. 

2.5. Calculation of Water Storage Benefit and Flood Control Risk Considering the Uncertainty of 
Forecast Information 

In the regular operation of the reservoir, as long as the initial water level of the res-
ervoir does not exceed the flood limit water level, the flood control safety of the reservoir 
itself and the upstream and downstream protection objects in the planning and design can 
be guaranteed without additional flood control risks. In the forecast dispatching of reser-
voirs, the pre-storage and pre-discharge dispatching method is usually adopted. For ex-
ample, if there is no rain or light rain for a period of time from now to later, some water 
can be pre-stored in the shared storage capacity. However, it is necessary to ensure that 
the pre-storage water can be safely released before the next flood without increasing the 
risk of flood control downstream of the reservoir; that is, the reservoir water level will fall 
back to the original designed flood limit water level through pre-release. At this time, the 
flood control safety of the reservoir itself and the upstream and downstream protection 
objects in the planning and design can also be guaranteed without additional flood control 
risks. However, because the forecast error exceeds a certain threshold, the downstream 
flood control safety restricts the pre-discharge so that the reservoir water level cannot fall 
back to the original designed flood limit water level before the flood. If a design flood or 
a check flood occurs at this time, the flood control safety of the reservoir or upstream and 
downstream planning and design cannot be guaranteed. That is to say, additional flood 
control risks arise due to large forecast errors. 

In the two-stage dispatch model constructed in this paper, stage 1 is handled as a 
deterministic forecast, so there is no flood control risk. However, the forecast errors in 
stage 2 will bring certain flood prevention risks. Once the forecast value is too large or too 
small to cause the reservoir water level to deviate from the planned design value, the wa-
ter level will be adjusted in time by adjusting the discharge flow of the reservoir to ensure 
that the water level in the end of the forecast period is controlled at the lower limit of the 
control domain. Then, no matter whether the inflow forecast in stage 2 is too large or too 

Figure 4. Two-stage decision diagram for joint dispatch of hydropower and wind power.

2.5. Calculation of Water Storage Benefit and Flood Control Risk Considering the Uncertainty of
Forecast Information

In the regular operation of the reservoir, as long as the initial water level of the
reservoir does not exceed the flood limit water level, the flood control safety of the reservoir
itself and the upstream and downstream protection objects in the planning and design
can be guaranteed without additional flood control risks. In the forecast dispatching of
reservoirs, the pre-storage and pre-discharge dispatching method is usually adopted. For
example, if there is no rain or light rain for a period of time from now to later, some water
can be pre-stored in the shared storage capacity. However, it is necessary to ensure that
the pre-storage water can be safely released before the next flood without increasing the
risk of flood control downstream of the reservoir; that is, the reservoir water level will fall
back to the original designed flood limit water level through pre-release. At this time, the
flood control safety of the reservoir itself and the upstream and downstream protection
objects in the planning and design can also be guaranteed without additional flood control
risks. However, because the forecast error exceeds a certain threshold, the downstream
flood control safety restricts the pre-discharge so that the reservoir water level cannot fall
back to the original designed flood limit water level before the flood. If a design flood or a
check flood occurs at this time, the flood control safety of the reservoir or upstream and
downstream planning and design cannot be guaranteed. That is to say, additional flood
control risks arise due to large forecast errors.

In the two-stage dispatch model constructed in this paper, stage 1 is handled as a
deterministic forecast, so there is no flood control risk. However, the forecast errors in
stage 2 will bring certain flood prevention risks. Once the forecast value is too large or
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too small to cause the reservoir water level to deviate from the planned design value, the
water level will be adjusted in time by adjusting the discharge flow of the reservoir to
ensure that the water level in the end of the forecast period is controlled at the lower limit
of the control domain. Then, no matter whether the inflow forecast in stage 2 is too large
or too small, it can be considered that the flood control risk of the reservoir itself and the
upstream protection object in stage 2 meet the planning and design requirements, but the
downstream protection objects have certain flood control risks. When the forecast value
is too large, the actual amount of water that needs to be discharged from the reservoir
is smaller than the expected discharge, so that the risk of downstream protection objects
meets the requirements; when the forecast value is too small, compared with the expected
discharge, the actual amount of water that needs to be discharged is too large. It may
increase the flood control risk of downstream protection objects. Therefore, in the regulation
stage of reservoir water storage in flood season, when the water discharge in the predicted
period is taken as the control target, it can be transformed into flood control risk, which
only affects the downstream protection object. It is considered that the flood control risk
of the reservoir itself and the upstream protection object meet the planning and design
requirements, so as to simplify the analysis and approach the process of the rolling forward
prediction and decision-making from time to time in engineering practice.

2.5.1. Calculation of Flood Control Risk Considering the Uncertainty of Forecast Information

For stage 1, the forecasting accuracy of the inflow of the hydropower station is rela-
tively high, and it can be processed as a deterministic forecast, and there is no flood control
risk. Therefore, as long as the downstream combined water inflow does not exceed the safe
water flow, the planning and design requirements can be met.

Rb
1 = P(Qb

1 ≥ Qb
1,max) = 0 (1)

The influence of the prediction error in stage 2 on the downstream flood control risk
cannot be ignored. The water level at the end of the forecast period is controlled at the
lower limit of the flood limit water level control domain. According to the water balance
equation:

V2 = V(Z−d ) = V1 + (Qa
2 + εa

2)− D2 = V0 + Qa
1 − D1 + (Qa

2 + εa
2)− D2 (2)

Therefore, the uncertainty of the reservoir discharge volume D2 is caused by the error
of the forecast information. The expected discharge volume of stage 2 is expressed by D2
as follows:

D2 = D2 + εa
2 = (W1 + Qa

2) + εa
2 (3)

W1 is the storage capacity of stage 1; W1 = V1 −V(Z−d ). Therefore, when εa
2 > 0, that

is, the predicted inflow is less than the actual inflow, the actual discharge of the reservoir
is greater than the expected discharge; that is, D2 > D2, and the downstream needs to
bear certain flood control risks. When εa

2 < 0, that is, the forecasted water volume is
too large, and the actual discharge volume of the reservoir is smaller than the expected
discharge volume; that is, D2 < D2. At this time, the downstream flood control safety can
be guaranteed.

The probability that the total inflow of stage 2 (including the expected discharge of
stage 2 and the interval forecast inflow) exceeds the safe amount of water can be used to
define the downstream flood control risk rate, and its expression is as follows:

Rb
2 = P(Qb

2 > Qb
2,max) =

∫ +∞

Qb
2,max

h(Qb
2)dQb

2 (4)

According to the river flood evolution equation (excluding river flood propagation
time), the total discharge from the downstream control station is the sum of the discharge
from the reservoir and the forecast error. Assuming that the forecast error obeys the
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standard normal distribution, the downstream flood control risk rate with the forecast error
as the independent variable is calculated as follows:

Rb
2 = P(εb

2 > Qb
2,max −Qb

2) =
∫ +∞

Qb
2,max−Qb

2

h(εb
2)dεb

2 = P(εb
2 > σ) =

∫ +∞

σ
h(εb

2)dεb
2 (5)

where: h(Qb
2) and h(εb

2), respectively, represent the probability density functions of the
total inflow Qb

2 and the inflow forecast error εb
2 of the downstream control station in stage 2.

2.5.2. Calculation of Benefits of Water Storage

In this paper, we use the added value B of reservoir i water storage benefit compared
with the planning and design to describe the benefit goal, which is the bigger the better.
For the convenience of solving, it is converted into the smaller the better target, that is, the
benefit difference B−, which has a negative correlation with the water storage volume W.
The normalized calculation formula of the benefit difference B− is as follows:

B− = (1− W
WN

)
m

(6)

where: m is the shape coefficient of the curve of benefit difference B− versus water storage
W. The larger the value of m, the more obvious the nonlinearity. When m > 1, the above
formula is a convex function and has a minimum value. Therefore, the two-stage benefit
difference can be obtained as:

B
−
1 = (1− W1

WN
)

m
(7)

B
−
2 = (1− W2

WN
)

m
(8)

This allows for the analysis of the regulation conditions and change process of the
storage volume W of the reservoir in the two stages. If the increased water storage in
stage 1 ∆W1 = W1 −WL > 0 (WL is the corresponding water storage when the water level
reaches the flood limit level), the regulation conditions for water storage are as follows: (1)
It forecasts no large inbound flow process in time period T; (2) it is possible to release the
increased water storage capacity of stage 1 in stage 2 safely, without increasing the risk of
downstream flood control. In stage 2, the increased storage capacity of stage 1 can be safely
discharged, indicating that the regulation goal of the reservoir at the end of stage 2 is not
to store excess water; that is, W2 = WL; (3) since the final water level of stage 2 can safely
fall back to the lower limit of the dynamic control domain of the flood limit water level
(W2 = WL), even if the design or check flood occurs immediately after the time period T, it
will not increase the flood control risk of the flood control system planning and design.

2.6. Establishment of Dispatching Model of Hydropower and Wind Power Based on Hedging Theory

Based on the above content, a joint dispatching model of hydropower and wind power
based on the hedging theory during the flood season is established.

2.6.1. Objective Functions

Goal 1: Minimize the difference in profit benefit of the two-stage reservoir.

f (1) = minB−i = min(1− Wi
WN

)
m

(9)

where i = 1 ∼ T; T is the total dispatching period; B−i is the difference in the water storage
benefit in each period. In the actual calculation example, the goal is to minimize the average
value of the benefit difference in each period.
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Goal 2: Minimize the risk of flood control downstream of the reservoir at each stage.

f (2) = minFb
i+1 = min

∫ +∞

σ
h(εb

i+1)dεb
i+1 (10)

where: i = 2 ∼ T; Fb
i+1 is the flood control risk rate of stage 2. In order to ensure that the

flood control risk in each period meets the requirements, the target in the actual calculation
example is to minimize the largest flood control risk value in all periods.

Goal 3: Minimize the volatility of joint output.

f (3) = min[max(Pz)−min(Pz)] (11)

where: Nz is the combined total power generation of hydropower and wind power, (kW/h);
that is, Pz(i) = PSd(i) + PWd(i). Among them, PSd(i) is the hydropower generation in the
period, (kW/h); PWd(i) is the wind power generation in the period, (kW/h).

2.6.2. Constraints

The mathematical model considering the fluctuation of joint output involves many
constraints, mainly including: power balance, reservoir water balance, upper limit of
pre-storage water volume, output of hydropower stations, output of wind power stations,
and other constraints.

1. Hydropower output constraint

Nmin
Sd ≤ Nt

Sd = kQtHt ≤ Nmax
Sd (12)

where: Nt
Sd is the output of the hydropower station during the period t, (kW); Nmin

Sd
and Nmax

Sd are the guaranteed output and installed capacity of the hydropower station
during the period, (kW); Qt is the flow of the hydropower station during the period t,
(m3/s); Ht is the average power generation head of the hydropower station during
period t, (m); k is the comprehensive output coefficient of the hydropower station.
The output of a hydropower station cannot exceed the maximum power generation
capacity of the hydropower station.

2. Wind power output constraint

Nmin
Wd ≤ Nt

Wd ≤ Nmax
Wd (13)

where: Nt
Wd is the output of the wind power station in the period t, (kW); Nmin

Wd is
the lower limit of wind power output in this period, (kW); Nmax

Wd is the upper limit
of wind power output in this period, (kW); that is, the output of wind power cannot
exceed the maximum power generation capacity of the wind power station.

3. Combined system power generation output constraint

T

∑
t=1

Nt
Z,t∆t =

T

∑
t=1

Nt
S,t∆t +

T

∑
t=1

Nt
s,t∆t (14)

where: NZ,t is the combined output of hydropower and wind power in the period t,
(kW); ∆t is the length of the period interval.

4. Reservoir capacity constraint

Vmin ≤ Vt ≤ Vmax (15)

where: Vmin is the minimum storage capacity of the reservoir, (m3); Vmax is the
maximum storage capacity of the reservoir, (m3).
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5. Water balance constraint

W0t + Qa
1t − D1t = W1t

W1t + Qa
2t − D2t = W2t = WL

(16)

where: W0t is the initial storage capacity of the reservoir in stage 1 during the period
t, (m3); W1t is the storage capacity of the reservoir at the end of stage 1 (beginning of
stage 2) during the period t, (m3); W2t is the water storage capacity of the reservoir at
the end of stage 2 during period t, (m3); W is the corresponding water storage when
the water level reaches the flood limit level, (m3); Qa

1t is the actual water inflow of
the reservoir in stage 1 during the period t, (m3); Qa

2t is the predicted water inflow of
the reservoir in period t during stage 2, (m3); D1t is the discharge of the reservoir in
phase 1 during period t, (m3); D2t is the expected discharge of the reservoir in the
second stage of time period t, (m3).

6. Discharge flow of the reservoir constraint

Dmin ≤ Dt ≤ Dmax (17)

where: Dt is the discharge flow of the reservoir during the period t, (m3/s); Dmin is the
minimum discharge flow, (m3/s); Dmax is the downstream safe discharge, (m3/s).

7. Water level constraint
Zmin ≤ Zt ≤ Zmax (18)

where: Zmin is the dead water level of the reservoir, (m); Zt is the reservoir water
level during the period t, (m); Zmax is the normal storage level of the reservoir, (m).

8. Hydropower output climbing constraint Limiting the range of changes in the output
of hydropower stations in adjacent periods.

|Nt − Nt−1| ≤ ∆Nt (19)

where: ∆Nt is the upper limit of the output variation of the hydropower station in
the adjacent period.

2.7. Solution to the Dispatching Model of Hydropower and Wind Power Based on Hedging Theory

The dispatch of hydropower and wind power based on the hedging theory is a multi-
objective problem, which can be solved by the non-dominated sorting genetic algorithm
(NSGA2) [37]. The dispatching model of hydropower and wind power based on the hedging
theory can adjust the parameters to be optimized based on the simulation of the dispatch process
in each period, and solve the optimal parameters in the dispatch process, that is, the water
storage capacity and wind power output in each period. Firstly, a set of optimal parameters is
randomly generated in the feasible region. According to the forecast information, the current
period of water storage benefit, the joint dispatch output, and the remaining period of flood
control risk in the full calculation period are simulated and calculated, and the three optimized
objective function values of the model are obtained. The statistical objective function values
are fed back to the optimization algorithm, and the fast non-dominant sorting and crowding
calculation are realized in the optimization algorithm. Then, one must use the optimization
algorithm to cross-mutate the optimal parameters, and then select the appropriate individual
to evolve to generate a new parent population, and finally enter the simulation module to
re-simulate. One must follow the above steps to iterate until the requirements are met. The
specific process is shown in Figure 5.
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3. Results
3.1. Problem Description

This paper takes a hydropower station and a wind power station as an example to
analyze the calculation example of the joint dispatch of hydropower and wind power. The
total installed capacity of the hydropower station used is 280 MW, which is a multifunc-
tional reservoir with annual adjustment capacity. The reservoir is mainly used for power
generation and has comprehensive utilization benefits such as flood control and industrial
irrigation. The total installed capacity of the wind power station used is 150 MW. The
specific parameters of the hydropower station are shown in Table 1.

Table 1. Some parameter indexes of hydropower station.

Total Storage
Capacity (×106 m3)

Beneficial Reservoir
Capacity (×106 m3)

Dead Storage
Capacity (×106 m3)

Normal Water Level
(m)

3660 2400 1380 588

Dead Water Level
(m)

Flood Limit Water
Level (m)

Installed Capacity
(MW)

Guaranteed Output
(MW)

570 583 280 65

The relationship between water level and storage capacity of the reservoir and the
relationship between downstream water level and flow is shown in Figure 6.
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Figure 6. (a) Water level-storage capacity curve; (b) Discharge flow-water level curve.

According to the wind power interval prediction model based on the Copula function
established in the Ref [38], the interval prediction of the original wind power output is
carried out. The confidence level is selected as 0.93. As the confidence level increases,
the larger the interval coverage of the prediction result, the fewer the data points that are
beyond the limit. It means that more actual values fall within the obtained wind power
range. However, at the same time, the average width of the interval also increased, and
the prediction result is conservative, which cannot provide more effective information
for scheduling decision-making. Therefore, the confidence interval is 0.93. The result
obtained is used as the wind power output data in the wind power and hydropower joint
dispatching. The result is shown in Figure 7.
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3.2. Determine Some Indicators and Parameters

For the flood season, when moderate or heavy rain is forecasted or moderate rain or
heavy rain has occurred, the increased water storage capacity shall be released as soon as
possible; that is, the water level shall be reduced to the original flood limit water level of
583 m as soon as possible. If there is no rain in the future, excess water will be stored on
the basis of meeting other benefits such as power generation and water supply. There is a
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functional relationship between the maximum pre-stored water value, the acceptable risk
of downstream flood control safety, and the uncertainty of forecast information.

First, we analyze the error of the forecasted inflow of the hydropower station. Figure 8
shows the relationship between actual inflow and predicted inflow of the hydropower
station, and the size of relative error. There are 800 sets of data, among which 654 sets of
data with a relative error less than 20%, and the ratio is 81.75%; that is, the qualified rate is
81.75%. However, there is still a small amount of data with a large relative error. From the
analysis was found that when the relative error is greater than 40%, the incoming water
volume is very small. For example, the inflow is 125.64 m3/s; the relative error is 58.12%,
and the forecast inflow is 300 m3/s; although the error is large, it is relatively safe. The
Shapiro-Wilk method [39] was used to test the normal distribution of the forecast error,
and the result showed that the significance level was greater than 0.05, indicating that the
absolute error of the incoming water forecast obeys the normal distribution. Its distribution
is N(−2.647, 26.13652), and its average is negative, indicating that the overall forecast value
is a little large.
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According to the downstream flood control risk determination method proposed in
Ref [32], the relationship among the factors is shown in Figure 9. It can be seen that when
the forecast uncertainty level increases or the acceptable risk decreases, the maximum
allowable downstream storage capacity will decrease. According to the forecast model
established in this paper, under the current forecasting level, the forecast error analyzed
above obeys the normal distribution ε ∼ N(−2.647, 26.13652). When the downstream flood
control acceptable risk is 0.006, the maximum increasable water storage capacity can be
obtained as 63.0 × 106 m3, and the corresponding reservoir water level is 583.90 m. The
water storage level of the hydropower station is 588 m, which corresponds to a total storage
capacity of 2400 × 106 m3.
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3.3. Analysis of the Dispatch of Hydropower and Wind Power Based on Hedging Theory

According to the joint scheduling model established in Part 3, the calculation example
is analyzed and verified. The optimal frontier of Pareto obtained by using the NSGA2
algorithm is shown in Figure 10.
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Goal 1 and Goal 2.

Figure 10 shows the Pareto optimal frontiers of multi-objective optimization. Among
them, Figure 10a is the Pareto optimal frontier for the three goals of water storage benefit,
flood control risk, and joint output volatility, and Figure 10b is the Pareto optimal frontier
between the water storage benefit and flood control risk in Figure 10a. It can be seen from
Figure 10b that there is a contradictory hedging relationship between the flood control risk
value and the water storage benefit difference. When the water storage capacity increases,
the difference in water storage benefits will decrease, but the flood control risk value will
increase accordingly. However, due to the existence of the benefit goal of joint output,
there is an overlap in the figure. At the same time, it can be seen from Figure 10a that
the regulating capacity of hydropower stations will also be affected, which will affect the
volatility of the joint dispatch of hydropower and wind power. Therefore, there is a certain
competitive relationship among the three goals of the differences in water storage benefit
of hydropower stations, the risk value of flood control, and the volatility of joint dispatch:
There is an inverse proportional relationship between the profit benefit difference goal and
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the flood control risk goal of the reservoir, and the joint output volatility goal shows a trend
of first decreasing and then increasing with the increase of the water storage benefit. When
the water storage is large and the water discharge is small, the hydropower output value is
small, and the regulation ability of wind power is reduced. When the water storage is small
and the water discharge is large, in order to ensure that the amount of water discarded
is small or not, the regulation ability of hydropower to wind power will also be affected.
Table 2 presents the three sets of solutions with the best water storage benefit, the best flood
control risk, and the best joint output volatility, as well as the most satisfactory solution
selected according to the multi-objective compromise strategy.

Table 2. Comparison of optimal solutions.

Goals
Optimal Decision of

Reservoir’s Water
Storage Benefit

Optimal Decision of
Downstream Flood

Control Risk

Optimal Decision on
Volatility of

Combined Power
Generation

Optimal Decision
with the Highest

Degree of Satisfaction

Water storage benefit
difference 6.38 × 10−3 7.07 × 10−3 6.58 × 10−3 6.65 × 10−3

Flood control risk 5.56 × 10−3 1.14 × 10−4 2.48 × 10−3 1.63 × 10−3

Joint output volatility 8.11 21.3 0.56 3.57

According to the multi-objective compromise strategy and for this example, it is
necessary to ensure the safety of flood prevention as much as possible to determine the
optimal solution, and the obtained dispatch curve result is shown in Figure 11a.
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Figure 11 is a comparison diagram of the results of hydropower and wind power joint
dispatch based on the hedging theory and conventional hydropower and wind power joint
dispatch. Figure 11a is the dispatch result based on the hedging theory. It can be seen that
on the basis of ensuring the safety of flood control during the flood season, the hydropower
station stores the excess water outside the power generation plan in the reservoir on the
basis of the original flood limit water level. It is necessary to y increase the amount of water
storage appropriately, maximize the water resources during the flood season, and adjust
the wind power output. When the wind power output is small, the hydropower output
is increased, and when the wind power output is large, the water discharge is reduced
to reduce the hydropower output, so that the volatility of the combined wind power and
hydropower output is reduced. The traditional dispatching scheme is shown in Figure 11b.
In order to ensure the safety of flood control, if the water level of the reservoir exceeds
the flood limit water level, all the remaining water after the power generation task must
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be discharged to keep the reservoir water level at a safe flood limit water level. At the
same time, in order to avoid the emergence of water abandonment, when the inflow of
water is greater than the amount of water available for power generation, the hydropower
station is basically in a full power generation state, and it is impossible to adjust the wind
power output effectively. Therefore, the hydropower and wind power joint dispatching
model increases the water storage benefit of the reservoir on the basis of ensuring the safety
of flood control during the flood season. The public storage capacity is used to store the
excess water in the reservoir, making full use of flood resources during the flood season,
and at the same time keeping the joint output stable.

Figure 12 is a comparison diagram of the peak-to-valley difference between the opti-
mized dispatching scheme and the joint output of the traditional scheme. It can be seen
from the figure that the adoption of the multi-objective optimization dispatching scheme
makes the peak-to-valley difference of wind power and hydropower combined output
35.66 MW, while the peak-valley difference of the conventional scheme is 125.00 MW. The
optimal dispatching model enables part of the incoming water to be used for planned
power generation, and the other part of the incoming water is stored in the reservoir under
the conditions of flood prevention and safety, which increases the adjustment space of
the hydropower station. Therefore, the curve is more stable and less volatile, which has a
positive significance for wind power consumption.
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Figures 13 and 14 show the comparison of inflow, discharge, net storage, and total
reservoir storage between the hydropower and wind power joint dispatch based on hedging
theory and conventional dispatch. Figure 13b shows the changes in the storage capacity of
the conventional reservoir operation. In order to ensure the safety of flood control during
the flood season, the storage capacity of the reservoir is guaranteed to be below the storage
capacity (1922 × 106 m3) corresponding to the flood limit water level (583 m). When the
water storage is less than 1922 × 106 m3, or the incoming water volume is less than the
power generation water volume, the water volume beyond the completion of the power
generation plan can be stored in the reservoir, as shown in Figure 13b for period 1–period
3. When the water storage reaches 1922 × 106 m3, the reservoir must safely discharge the
excess storage, as shown in Figure 13b during the period 4–15. Additionally, in order to
prevent water abandonment, the hydropower station is generally full-load at this time,
which is not conducive to the smooth output of wind power and hydropower joint output.
After time period 16, when the inflow of the reservoir is less than the water consumption
for power generation, the reservoir needs to use the storage capacity below the flood limit
water level for power generation. The original dispatch plan made the water resources
underutilized. In Figure 13a, the hydropower and wind power joint dispatch scheme based
on hedging theory uses public storage capacity to pre-store the excess water in the reservoir
during periods of large inflows. Additionally, when the inflow of water and the inflow
of the downstream area suddenly increase, the excess water in the reservoir can be safely
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discharged. Then, the water level drops back to the flood limit water level, making full
use of flood resources on the basis of ensuring the safety of reservoirs and downstream
control stations.
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In the hydropower and wind power joint dispatching scheme based on the hedging
theory shown in Figure 14a, the hedging process of the flood control risk goal and the
water storage benefit goal appears in the period 9–12. In order to ensure the safety of flood
control during the whole time period, part of the water storage benefit was discarded in
the period 9–12. Some of the remaining water that can be stored after power generation
water is safely discharged, instead of storing all of it in the reservoir. At this time, although
the benefit of water storage is weakened, the risk of flood control is also reduced. Figure 15
shows the comparison between the water storage and the actual water storage during the
period 9–12. The figure shows the comparison between the optimal storage decision value
based on the hedging theory and the actual storage. The actual storage capacity in time
period 9 to time period 12 is less than the storage capacity in order to reduce the risk of
flood control. Therefore, some water storage benefits must be reduced. At time period
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11, because the water storage volume is already large at this time, the forecasted water
volume for the next time period is also large. In order to ensure that the flood control risk
during the entire dispatch period is as low as possible and the water storage benefit is as
large as possible, the actual water storage capacity in period 11 is very small. It can be seen
that hydropower stations reduce the benefits of water storage in some periods of time to
minimize the risk of flood control, thereby ensuring the safety of flood control.
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Figure 15. Water storage capacity during the hedge period 9–12.

Figure 16 shows the change process of net water storage and reservoir water storage in
each period of the scheme without hedging theory. The scheme that is not based on hedging
theory will store all the surplus water into the reservoir after the power generation plan
is completed. Table 3 shows the comparison between the water storage benefit difference
and flood control risk value of the two schemes. It can be seen that although this scheme
has better water storage benefits, it also greatly increases flood control risks.
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Table 3. Comparison of scheduling schemes based on hedging theory and conventional scheme.

Method Water Storage Benefit Flood Risk

Result based on the hedging theory plan 6.65 × 10−3 1.63 × 10−3

The result of the conventional plan 6.562 × 10−3 3.65 × 10−3

Figure 17 is a diagram of the reservoir dispatching process, showing the changes in
the inflow, outflow, and water level of the reservoir in 24 periods. The original dispatching
rules of the hydropower station are: (1) When the water level of the reservoir is lower
than the flood limit water level (583.00 m), power generation will be operated according to
the power generation needs, and the excess water will fill the reservoir until the reservoir
water level reaches the flood limit water level (583.00 m); (2) when the water level of the
reservoir has reached the flood limit water level (583.00 m), after generating operations
according to the power generation needs, in order to ensure the safety of flood control,
all the excess water will be discharged, resulting in a waste of water resources. In the
optimized scheduling scheme, when the reservoir water level has reached the limit water
level of 583.00 m in the flood season, the public storage capacity can be used to increase the
water storage capacity, and the water storage level can be raised to 583.70 m. It increases
the storage capacity of the reservoir and gives full play to the comprehensive utilization
benefits of the reservoir. At the same time, when a large amount of water is forecasted for
a certain period in the future, the extra water stored in the reservoir can also ensure safe
discharge and meet the safety requirements for flood control.
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4. Conclusions

In order to improve the utilization rate of water resources and effectively reduce
wind power volatility, a dispatching model of hydropower and wind power based on the
hedging theory is proposed in this paper. The specific research is as follows:

1. The joint dispatching of hydropower and wind power is a multi-objective conflict
problem, and the hedging theory can be introduced into the joint dispatching problem
of hydropower and wind power for analysis.

2. On the basis of considering the uncertainty of wind power and the uncertainty of the
interval flow, an optimal dispatching model of hydropower and wind power based
on the hedging theory is constructed during the flood season,

3. The NSGA2 algorithm is used to solve the specific calculation examples. In the
scheduling plan finally solved by the model built in this paper, the peak-valley
difference of joint output ranges from 125.00 MW to 35.66 MW. It can effectively
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solve the problem of wind power volatility and improve the capacity of wind power
utilization. Simultaneously, the water storage level was raised by 0.7 m, and the
flood control risk is controlled below 1.63 × 10−3. The optimal water storage capacity
decision is obtained, and the water storage benefit is as large as possible on the basis
of ensuring flood control risks.

Regarding future research work: The model established in this paper only considers
the impact of the discharge of a single hydropower station on the flood control risk of its
downstream control station. The cascade hydropower station has a stronger regulating
ability to wind power. Additionally, there is a time sequence relationship between the
upstream and downstream of the cascade hydropower station. Next steps will consider the
multi-objective hedging relationship of joint dispatch between the wind farm and multiple
hydropower stations.
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Abbreviations

Variables
Di the water discharge
NSi the hydropower output
Qa

i the water inflow
Qab

i the inflow of water from the reservoir and downstream section
Wi the water storage of stage i
NFi the wind power output
Rb

i the flood control risk of stage i
Qb

i total incoming water for stage i
Qb

i,max safe water volume of stage i
Vi reservoir capacity of stage i
Z−d flood limit water level
εa

2 incoming water error in stage 2
εb

2 incoming water error of the downstream control station of stage 2
h(·) probability density function
B added value of water storage benefit
B− benefit difference
WN storage capacity corresponding to normal storage level
WL corresponding storage capacity of flood limit water level
Pz the combined total power generation of hydropower and wind power
PSd the hydropower generation
PWd the wind power generation
Nt

Wd the output of the wind power station
SOP the Standard Operation Policy
HR the Hedging Rules
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