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A B S T R A C T

Hydropower facilities are an ideal solution to complement the intermittent production of energy from wind and
solar photovoltaic facilities in electric power systems. However, adding this task to the multiple diverse duties of
a reservoir (e.g., flood mitigation, water supply, and power generation) poses a challenge related to pursuing
multiple and sometimes conflicting objectives. This study proposes an approach for integrating hydro, wind, and
photovoltaic power during a reservoir’s refill period. Specifically, this approach simultaneously minimizes the
fluctuation in the combined power output of these three resources and maximizes their combined power gen-
eration while adhering to the target reservoir’s water levels. The proposed approach uses a multiobjective op-
timization model that prescribes a day-ahead optimal hourly operation for a hydropower facility in terms of
spilled water, water stored in the reservoir, and water used for power generation, while meeting a daily target to
refill the reservoir. The prescribed scheduling is then used as the input into a model that simulates the actual
operations of the power system. This study focuses on a hydro-wind-photovoltaic system located in southwestern
China, where the peak power generating capacity of the hydropower facility is ten percent larger than the
combined installed capacity of the wind and solar power. The results show that by using the proposed model, the
hydropower facility effectively smooths the fluctuations in the combined power output caused by variable wind
and photovoltaic power and concurrently meets the reservoir replenishing targets under dry, moderate, or wet
hydrologic scenarios. Furthermore, the trade-offs between power generation maximization and power fluctua-
tion reduction were found to depend on two conditions: whether the reservoir is full, and whether the turbine is
generating electricity at its maximum capacity. The hydro-wind-photovoltaic integration is more cost-effective
when the reservoir is not full and the turbines are not generating electricity at their maximum capacity. When
the reservoir is full, hydropower still has the ability to balance the wind and photovoltaic power without cur-
tailment but tends to result in water spillage (22–402m3/s) and reductions in electricity generation
(0.1–11.4 GWh per day). The proposed method for scheduling operations allows hydropower facilities to com-
plement wind and photovoltaic power output, while meeting the target water levels during the refill period.

1. Introduction

Hydropower plays a central role as a source of energy storage and
energy balance to supplement highly intermittent and variable energy
sources such as wind and PV (photovoltaic) energy [1], which are the
crucial components of future power systems with a high penetration of
renewable energy [2]. However, many reservoirs have already been
burdened with multiple responsibilities for flood prevention/

mitigation, water supply, power generation, the provision of down-
stream water flows for environmental protection, and recreation [3].
Furthermore, hydropower operations are subject to changes in water
availability, which has both seasonal and random variability [4]. Thus,
managing a hydropower reservoir is already a complex mission [5], and
adding the new task of complementing wind/PV power represents both
a significant opportunity and an outstanding challenge [6].

The literature presents several studies on the modeling and analysis
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of coordinated operations involving hydropower and wind/PV to
achieve a range of objectives, including maximizing the benefits asso-
ciated with power generation [7], profits [8], wind/PV integration [9],
minimizing water consumption [10], power curtailment [11], power
fluctuation [12], ramp rate [13], and the difference between generated
power and load demand [14] or mitigating ecological consequences
[15]. Nevertheless, most of the previous research on this topic fails to
consider the full complexity of hydropower operations, and it does not
account for the constraints associated with the seasonality of reservoir
operations. The hydrological year is commonly divided into a dry
season and a flood season. A flood season can be further partitioned
into the following three subseasons: preflood season, primary flood
season, and postflood season [16]. Varying hydropower operation po-
licies are employed during these different periods of the year [17].
During the postflood season (i.e., refill period), when the probability of
encountering a flood is low, water retention is also a primary obligation
of the reservoir, to provide water resources during the dry season. Al-
though less emphasis is placed on maximizing power generation,
let alone helping to integrate the wind/PV power, the refill period is a
phase when the reservoir has both the available water resources to
generate power (e.g., ramping up) and the accessible reservoir storage
capacity to store surplus water energy (e.g., ramping down without
curtailment). Thus, there are profitable opportunities for hydropower to
complement wind/PV power during the refill period.

Many studies involving reservoir regulation during the refill period
have focused on formulating refill rules [18], determining refill prob-
abilities [19], devising strategies for flood risk control [20], dynami-
cally controlling the water level during the flood season [21] and other
issues. Specifically, Liu et al. [18] proposed a model of single reservoir
operation to derive refill rules aimed at maximizing power generation.
Their results showed improvements in both the refill probability and
the mean power production. Subsequently, Liu et al. [22] improved the
refill operation model by considering multiple objectives in terms of
minimizing the flood risk and spilled water as well as maximizing the
power generation and refill probability. A case study on the Three
Gorges Reservoir showed that these objectives were achieved without
decreasing the flood control standard. Regarding the joint refill op-
eration of cascaded reservoirs, Li et al. [20] proposed a method that
combined the impoundment principle [23] with the K-value dis-
criminant method to determine the optimal impoundment sequence of
cascaded reservoirs. Furthermore, Zhou et al. [24] proposed joint refill
rules for cascaded reservoirs by combing flood control risk and utili-
zation benefits (e.g., power generation and refill probability). Their
results indicated that the tradeoff between flood control and water
utilization could also be managed in the cascades of reservoirs. The
pressure to challenge the management of refill operations is increasing
with the formation of clusters of extremely large storage reservoirs
[23]. Nevertheless, to the best of the authors’ knowledge, the integra-
tion of hydropower wind/PV power with refill operations has not been
investigated. The major challenge is to integrate the renewable energy
and refill the reservoir simultaneously. This is difficult because both
tasks have specific water level requirements that can sometimes be

conflicting. To fill this gap and overcome this challenge, this paper
proposes a model of hydro-wind-PV power (HWPP) integration during
the refill period and analyzes its performance in a case study.

China, already a world leader in clean energy in terms of both total
renewable installed capacity and renewable electricity generation [25],
will increase the share of nonfossil fuels for use in primary energy
consumption to approximately 20% by 2030 [26]. A renewable power
project with a total combined capacity of 60 GW has been designed in
the Yalong River basin to demonstrate the integration of hydro-wind-PV
power, and at completion, these energy sources will make up the largest
HWPP cluster in China [27]. This paper addresses the case of Ertan,
which is the major hydropower facility in the basin and one of the
largest plants hydropower in China, with an installed capacity of
3300MW and a large reservoir of 3370×106m3 that takes several
weeks to refill. This hydropower plant is representative of similar fa-
cilities that periodically need to refill their reservoirs. This study pre-
sents a case study of Ertan’s combined hydropower, wind, and PV re-
sources to illustrate the rationality and potential of a modeling
approach to using the power balancing and storage capabilities of hy-
dropower facilities optimally during their refill period. The novelty of
this study is that it proposes an approach to use hydropower effectively
to complement wind/PV power while meeting the water level con-
straints that are present during the refill period. It proposes a new way
of dispatching the hydropower facility to integrate wind/PV power at
an hourly scale while simultaneously meeting daily target water levels.

The remainder of this paper is organized into the following sections:
1) a description of the modeling approach; 2) details of the mathema-
tical function measuring the temporal variation in power output; 3) the
solution algorithm of the model; 4) the results and discussion of the
proposed coordination mechanism of the HWPP system and its im-
plications for the Ertan project; and 5) the conclusions.

2. Dispatching the hydropower facility to meet target water levels

To complement the fluctuating power output from wind/PV sources
and produce a stable source of electricity, hydropower generators
should be dispatched in a reciprocal manner. Fig. 1 presents two ex-
amples of when hydropower is dispatched to complement wind/PV
power. During the refill period, which usually lasts several weeks, the
reservoir gradually impounds water based on a daily, weekly or
monthly schedule. Accordingly, the water level of the reservoir in-
creases daily, weekly, or monthly. Barring any requirements for specific
water discharges (e.g., to cause an artificial flood), hydropower can be
dispatched with relative freedom as the reservoir water level reaches its
scheduled targets. Therefore, the objectives to complement wind/PV
power and to impound water in the reservoir can be simultaneously
achieved by dispatching the hydropower in a reciprocal manner while
constraining the target water level.

As long as the hydropower production is reciprocal to the wind/PV
power generation (i.e., when the wind or PV sources generate high/low
production, the hydropower generates low/high production) the com-
plementarity of these power sources is achieved, even if the

Fig. 1. Reciprocal output processes of hydropower and wind/PV power (W refers to wind power, Hy refers to hydropower, and PV refers to PV power).
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hydropower output is uniformly higher or lower. Thus, the total hy-
dropower production over the dispatch horizon can still be increased or
decreased to reach the target water level without compromising its
ability to balance the wind and PV power production. The procedure for
dispatching hydropower to meet the target water level is as follows:

Step 1: Calculate the reservoir’s water level at the end of the dis-
patch horizon (Hend) resulting from the initial hydropower dispatch
process (i.e., the Hy dispatch process before increasing/decreasing,
as shown in Figs. 2 and 3). The initial hydropower output process is
set to be reciprocal to the output of wind/PV power, but its water
level at the end of the dispatch horizon does not necessarily meet the
target water level.
Step 2: Calculate the gap (Hgap) between the target water level
(Htarget) and Hend. Hgap = |Hend−Htarget|.
Step 3: If Hend is higher than Htarget, uniformly increase the hydro-
power output process, ensuring that the increased output does not
exceed the maximum power generating capacity of the hydropower
facility; otherwise, uniformly decrease the hydropower output, en-
suring that the decreased output is above the minimum power
generation level considered safe for the hydropower facility. As
shown in Fig. 2, the maximum hydropower generation capacity of
100MW implies that at 3:00 and from 17:00 to 20:00, the power
output cannot be greater than this amount. Fig. 3 shows that the
minimum hydropower level of 35MW implies that at 6:00, 10:00,
13:00, 14:00, and 22:00 the hydropower output cannot be lower
than this amount.
Step 4: Calculate Hend and Hgap with the adjusted process obtained in
step 3.
Step 5: If Hgap is less than a prespecified criterion (e.g., 0.01m), then
stop, because at this point, the hydropower output process that
meets the required target water level is obtained. If not, proceed.
Step 6: If the Hend is higher/lower than the Htarget and there is space
to increase/decrease the amount of dispatched hydropower, then go
to step 3. If not, stop and use the optimal hydropower dispatch

process for which the water level at the end of the dispatch horizon
is closest to the target water level.

3. Model of hydro-wind-photovoltaic integration during the refill
period

An exploration of the HWPP integration during the refill period
allows for a better understanding of the ability of hydropower to help
meet two competing objectives, namely (1) minimizing power fluc-
tuations from the combined wind/PV power projects and (2) max-
imizing the total power production for the HWPP project. To comple-
ment the fluctuating wind/PV power output, the hydroelectric reservoir
must (1) use water in the reservoir to generate more power (probably
losing the water head) or (2) reduce power generation, either by storing
inflows, or, when that is not possible due to lake levels, “spilling” water
(i.e., discharging water downstream without generating electricity).
The loss of the water head and the spillage of water leads to trade-offs
between minimizing power fluctuations and maximizing power gen-
eration. This trade-off was noted in a previous study [12] that examined
the case of a prefectural-level power grid in southwestern China.

The primary contribution of the model proposed in this work is that
the temporal horizon considered here is the period when the reservoir
must be filled. This consideration imposes additional constraints and
requires an improved technique for hydro-wind-PV integration. The
primary constraint of the HWPP integration model during the refill
period is set by the requirement to meet a target water level at the end
of the daily dispatch horizon. Due to safety and economic considera-
tions within power system operations, this model also considers two
objectives, namely, minimizing the total power output fluctuation and
maximizing the total power production. Its results illustrate the me-
chanism of HWPP integration during the refill period. It is assumed that
hourly HWPP system operations are planned the day ahead to optimize
the two objectives simultaneously. The model finds the optimal day-
ahead schedule of the HWPP system by considering the forecast for the
wind speed, solar radiation, and water inflows to the reservoir. Then, in

Fig. 2. Diagram illustrating a uniform increase of 15MW in hourly hydropower output when considering an upper boundary imposed by the installed capacity (e.g.,
100MW): (a) hydropower dispatch processes before and after increasing the power output and (b) wind power output combined with hydropower output processes
in the left panel.

Fig. 3. Diagram illustrating a uniform decrease of 30MW in hourly hydropower output when considering a lower boundary set by the minimum permissible output
(e.g., 35MW): (a) hydropower dispatch processes before and after decreasing the power output and (b) wind power output combined with hydropower output
processes in the left panel.
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real time, the hydropower facility operates as needed to adjust to the
actual conditions in terms of the wind speed, solar radiation and water
inflows, while striving to meet the power production schedules planned
the day ahead. This modeling framework represents the situation of a
power producer that commits to injecting a set amount of power gen-
eration from its HWPP system into the grid one day ahead, for each
hour over the next 24-hour period. The deviation in the water level at
the end of the day is caused by a forecast error and will be balanced
during the subsequent day-ahead plan, and hence it is avoided to the
extent possible. The solution to the multiobjective problem solved in
the day-ahead model is a Pareto frontier (a set of nondominated solu-
tions, each of which represents a situation in which no objective can be
improved without sacrificing at least one other objective). Pareto
frontiers are identified using an evolutionary algorithm called the
nondominated sorting genetic algorithm II (NSGA-II [28], described in
Section 4).

3.1. Objective function

There are two competing objective functions involved in this study,
that is, minimizing HWPP output fluctuations and maximizing HWPP
power generation.

3.1.1. Minimizing output fluctuation
This study employs the Mei-Wang Fluctuation index [29], which

combines the standard deviation and rotation angle to quantify the
power output fluctuation in the HWPP system. Other indices such as the
Richards-Baker Flashiness index [30], the first-order difference, and the
standard deviation are also commonly used to quantify the variability.
However, a comparison of these indices (Section 3.1 in [29]) shows that
the Mei-Wang Fluctuation index has better performance by accounting
not only for the quantitative variation but also for the contour varia-
tion. In recent literature, the Mei-Wang Fluctuation index has been
employed to quantify the variability in power outputs of PV-wind-
pumped storage system [31], PV-wind system [32] and wind-PV-hydro
system [33] effectively.

In the Mei-Wang Fluctuation index, the rotation angles associated
with a time series of the power output can be observed in a two-di-
mensional graph of power output vs time (Fig. 4). For each level of
power output Pi, there is an associated power output rotation angle that
depends on the magnitude of the power output at one time instance
relative to the trend observed during the immediately previous periods.
In this way, the power output rotation angle captures the magnitude of
sudden fluctuations. In addition, using this index, one large rotation
angle is weighted to a greater degree than several small rotation angles;
this type of event might be associated with the need to start up and/or
shut down plants in a power system, which can be a considerable ex-
pense for system operators. In the subsequent research [34], this
weighting is achieved by taking the exponential function of each angle
before adding them up. In this study, the advanced Mei-Wang Fluc-
tuation index [34] is employed to characterize the output fluctuation.
The objective of minimizing the output fluctuation of the HWPP system
is formulated as shown in Eqs. (1)–(7).
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where subscript i refers to the time interval; N is the total number of
intervals in the time horizon; is the standard deviation of Pi

co [MW];
is the summation of the exponential value of i [radian]; Pi

co is the total
power output of the HWPP system in the ith interval [MW]; P̄co is the
average value of Pi

co during the time horizon [MW]; i is the rotation
angle of Pi

co in the ith interval as shown in Fig. 4 [radian]; ki is the
gradient between Pi

co and +Pi
co

 1 [MW/h]; Pi
Hy is the hydropower output

in the ith interval [MW]; the superscript Hy refers to hydropower; Pi
W is

the wind farm power output in the ith interval [MW]; the superscriptW
refers to the wind power; Pi

PV is the PV power output in the ith interval
[MW]; the superscript PV refers to PV power; Pi

Hy exp, is the maximum
output of hydropower in the ith interval, namely, the largest output that
could be generated with the inflow and the water in the reservoir
[MW]; and i is the ratio of the hydropower output in the ith interval,
which is the variable in the model and ranges from 0 to 1. The detailed
definitions and calculations of these parameters can be found in [29].

3.1.2. Maximizing power generation
The objective of maximizing the power generation is expressed as:
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where t is the temporal length of single time interval [h].

3.2. Constraints

The model of HWPP integration during the refill period has three
types of constraints, namely the natural resources (e.g., inflow, wind
speed, and solar radiation), the power grid (e.g., the power grid to-
pology and transmission capacity), and the power station (e.g., the
water balance and ramping ability). In this paper, the lack of specific
data on the power grid in the study area prevents the consideration of
the power grid constraints. It is assumed that there is enough electricity
demand to consume all the power produced by the HWPP. Details on
the power grid constraints and their influence on HWPP integration can
be found in [12].
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where Htarget is the target water level of the hydropower reservoir at theFig. 4. Schematic diagram showing the rotation angle of the output progress.
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end of the dispatch horizon [m]; Hend is the water level of the hydro-
power reservoir at the end of the dispatch horizon given as a result of
the optimization model [m]; Hgap

ctr is the control value of the gap be-
tween Htarget and Hend [m]; Vi is the volume of water stored in the re-
servoir at the beginning of the ith interval [m3]; Qi

in is the inflow of the
reservoir in the ith interval [m3/s];Qi

out is the outflow of the reservoir in
the ith interval [m3/s];Qi

out turbined, is the outflow from the reservoir used
to generate hydroelectric power (i.e., “turbined flow”) in the ith in-
terval [m3/s]; Qi

out spilled, is the spilled outflow from the reservoir, which
is not used to generate power (i.e., discharged through the spillway) in
the ith interval [m3/s]; and Pi

spilled is the hydroelectric power that could
have been generated with the water spilled during the ith interval
[MW].

Note that regardless of whether water is discharged through the
power plant (i.e., turbined outflow) or discarded through the spillway
(i.e., spilled outflow), the water quantity that passes downstream is not
altered. However, spilling water can be limited by environmental reg-
ulations on the flows downstream of some hydropower reservoirs [35].
Because spilling large volumes of water can cause high levels of dis-
solved gases that are harmful to fish [36] while allowing the water to
pass through the turbines to generate power does not cause this pro-
blem, in some power systems (e.g., the Federal Columbia River Power
System), the operators will strategically curtail the wind/PV power and
not the hydropower.

(2) Wind power

=
<

<P
WS WS WS WS

gen WS WS WS WS
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where WSi is the wind speed in the ith interval [m/s]; WScut in is the
minimum wind speed required for power generation at this wind tur-
bine [m/s]; WScut out is the maximum wind speed at which this wind
turbine can generate power [m/s]; and gen (*) is a function that outputs
the amount of electric power production of the wind turbine for a given
wind speed.

(3) PV power

= × × + ×P IC R R T T( / ) [1 ( )]i
PV PV

i stc PV i stc (14)

where ICPV is the installed capacity of PV [MW]; Ri is the actual in-
tensity of solar radiation in the ith interval [W/m2]; Rstc is the solar
radiation intensity under the standard test conditions, equivalent to
1000W/m2; PV is the temperature coefficient of power output from the
solar cell module (−0.35%/°C); Ti is the actual temperature of the
module in the ith interval [°C]; and Tstc is the temperature under the

standard test conditions (25 °C [7]).

4. Solution algorithm

Typically, reservoir refill periods last from several weeks to several
months. As mentioned above, in this study, the scheduling and opera-
tion of the HWPP system are conducted hourly (i.e., operation resolu-
tion), for one day (i.e., operation horizon) at a time, which is repeated
for the duration of the refill period. This combination of the resolution
and the time horizon results in an acceptable computing time. Using a
more granular resolution or longer planning horizons will increase the
computation time and do not alter the conclusions of this study. It is
assumed that the power output fluctuations over longer time periods
can be better managed when starting up, shutting down, or ramping the
power output up and down from conventional generation resources.
The “refilling” stage is the period between the day when the reservoir
starts to refill and the day when the reservoir is fully filled. The “filled”
stage is any day after that point. In other words, the refill period is
divided into a refilling stage and a filled stage.

Because there are errors in the day-ahead forecasts of the inflow,
wind speed and solar radiation, the operation of hydropower in real
time must be adjusted to meet the power production schedules. For this
reason, this study simulates the daily operations of the HWPP system in
two phases, the scheduling phase and the operation phase. During the
scheduling phase, the forecast runoff, wind speed, and solar radiation
are used to find the optimal plan (i.e., day-ahead schedule) for oper-
ating the HWPP system; during the operation phase, the actual condi-
tions (i.e., forecast data+ forecast error on wind, solar, and water flow)
are considered. During the scheduling phase, the operations are
planned to achieve the power production maximization and power
fluctuation minimization objectives while meeting the water target
level set for the end of the day and other operational constraints. In real
time, the hydropower plant is dispatched to generate the power pro-
duction using a day-ahead schedule, and hence, due to forecast errors,
there may be a difference between the target water level of the reservoir
at hour 24 and the real water level at that time. This difference will be
balanced during the subsequent day. The two phases are illustrated in
Fig. 5.

With rapid improvements in computer performance, heuristic al-
gorithms such as the genetic algorithm (GA) and particle swarm opti-
mization (PSO) are increasingly used to solve hydropower system or
energy system optimization problems [37]. The HWPP scheduling
model is multiobjective and nonlinear, so it is solved with the non-
dominated sorting genetic algorithm II (NSGA-II [28]), which has been
frequently applied to solve multiobjective problems [38] because of its

Fig. 5. Simulation of HWPP system scheduling and operation.
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low complexity, fast convergence and uniform distribution of the Pareto
frontier. In this study, the multiobjective optimization toolbox in MA-
TLAB based on NSGA-II [39] is employed to determine the optimal
coordination of the HWPP system and to obtain the Pareto frontier
between the output fluctuation and the power generation (See Fig. 6).

The solution process is completed in six steps as described below:

Step 1: Simulate the independent/uncoordinated power generation
process of the hydropower/wind/PV facilities. The uncoordinated
operation of the hydropower facility is dispatched according to its
operational rule curves as shown in Fig. A.1, Appendix A. The power
generation process of the wind/PV facilities is calculated according
to the wind/solar resources, as shown in Figs. A.3 and A.4 in
Appendix A. The water level of the reservoir that is determined at
the end of the day is the target water level Htarget .
Step 2: Randomly generate an initial solution set (in the jargon of
genetic optimization algorithm, this is called “the first population”)
of i for i=1…N values, which are the decision variables of the
model (i.e., a value from 0 to 1).
Step 3: Calculate the hydropower production corresponding to the
values of i and adjust the hydropower output process to meet the
required Htarget by uniformly increasing/decreasing production as
noted earlier.
Step 4: Evaluate the quality of the solution (which is called “fitness

of the current population’ in the terminology of the genetic opti-
mization algorithm). The fitness value (f1, f2) is calculated where f1
is the fluctuation in the combined power output from the hydro-
wind-PV facilities and f2 is the total power generation corre-
sponding to the two objective functions.
Step 5: If the stop criterion of NSGA-II (i.e., the number of itera-
tions/generations) is satisfied, then stop and export the final optimal
coordinated dispatch. Otherwise, proceed.
Step 6: Generate an alternative solution (i.e., generate “the offspring
population” by using methods such as crossover, mutation, and se-
lection) and go to step 3.

The flow chart of the solution algorithm is displayed below:

5. Case study

This study presents the case of the Ertan hydropower station located
in southwestern China with a wind farm and PV power station that are
planned for construction in the same region.

5.1. Data

Ertan hydropower station is one of the largest hydropower stations
in China, with 3300MW of installed capacity, 3370×106m3 of water

Fig. 6. Flow chart of the solution algorithm.
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conservation storage (i.e., the portion of a reservoir’s live storage that is
normally conserved for beneficial use at-site or downstream, but does
not include any live storage space reserved exclusively for flood control
[40]) and 46.5 GWh annual mean daily power production. Due to its
large storage capacity, a full reservoir would allow the hydropower
facility to generate power at its full installed capacity for 15 days.

Usually, the Ertan reservoir starts to refill in late September or early
October. In this study, it is assumed that the hydropower reservoir refill
operation starts on October 1st and that the installed capacity of wind
and PV power are 1000MW and 2000MW, respectively. This study
addresses the period from October 1st to 31st and focuses on two stages,
the refilling stage and the filled stage. The refilling stage starts on
October 1st and ends on the day when the reservoir is fully refilled,
while the filled stage refers to all the subsequent days until October
31st.

Three different inflow time series with insufficient, medium, and
abundant water resources (i.e., three hydrologic scenarios) are tested to
explore the impacts of the year-to-year differences in stream-flow
availability. These time series correspond to observations during the
month of October over three different years that were selected from
over a period of 20 years, and hence they are representative of the
hydrologic conditions in the region. The optimization of HWPP in-
tegration is performed day by day. Under each scenario, there are 31
optimizations, each of which is used for finding the values of 24 vari-
ables. The optimization is solved by using the following parameters for
the NSGA-II: the population size is 100, the crossover rate is 0.5, the
mutation rate is 0.01, and the generation number is 50. The errors in
the day-ahead forecast on the availability of the three natural resources,
namely, wind, PV and water inflow, are assumed to follow a normal
probability distribution according to recent improvements in fore-
casting techniques (e.g., artificial neural networks [41], support vector
machine [42], meta-heuristic techniques [43], and extreme learning
machine [44]). A summary of all the data used here and the assump-
tions regarding the forecast errors can be found in Appendix (A).

5.2. Results and discussion

The potential use of hydropower to complement wind and PV pro-
duction is examined by comparing the operations under two operation
modes, an uncoordinated mode and a coordinated mode. In the un-
coordinated operation mode, hydropower is dispatched without any
consideration of the energy produced by wind and PV; in the co-
ordinated mode, hydropower is dispatched as needed to complement
the wind and PV power while meeting its technical constraints.

5.2.1. Uncoordinated operations
When the operations of the hydropower facility are not coordinated

with the wind/PV power resources, the reservoir is operated in a con-
ventional manner; it may run as a peaking, intermediate, or base-load
power source. In the uncoordinated mode, it is assumed that during the
refilling stage, Ertan runs continuously to supply base load power,
which is dispatched according to the operational rule curves that spe-
cify the amount of power production that can be generated for different
water levels in the reservoir (as shown in Appendix A); during the filled
stage, Ertan generates power output according to the runoff (i.e., run-
of-river hydropower). As mentioned above, three inflow time series
with different water amounts (5.80–7.74 billion m3 over a 1-month
period) are used to study the refill processes under various hydrologic
conditions. Three scenarios with insufficient, medium, and abundant
water resources are considered (called Scenarios 1, 2 and 3). The results
of the reservoir water level and the power output of the HWPP system
in the uncoordinated mode are displayed in Figs. 7 and 8.

The refill stage starts on October 1st and ends on the day when the
reservoir is fully refilled (i.e., when the reservoir water level reaches
1200m, as shown in Fig. 7(b)). Due to differences in water availability
across Scenarios 1, 2, and 3 (5.80, 6.36, and 7.74 billion m3, respec-
tively), the duration of the refill stage decreases from 30 days to 27 days
and 16 days, respectively (as shown in Fig. 7(b)). The reservoir water
levels displayed in Fig. 7(b) are then used as constraints (i.e., daily
target water level) in the HWPP integration.

5.2.2. Coordinated refill
When the generation of the hydropower plant is scheduled to

complement the wind/PV power, it is said to be operating in a “co-
ordinated refill” mode. During the coordinated refill mode, the re-
servoir water level at the end of each day is required to be the same as
what is obtained in the uncoordinated mode (as shown in Fig. 7(b)).
Within the day, the optimization of the HWPP system is performed on
an hourly basis to optimize its two objectives.

5.2.3. Cooperation mechanism
Pareto “nondominated” solutions for the two objectives of the

scheduling optimization are displayed in Appendix B. To explore the
dam’s ability to smooth the total HWPP power output, the Pareto so-
lution with the smallest power fluctuation is selected for further com-
parison between the uncoordinated and coordinated refill modes.

Fig. 8 shows that within any given day, the total output of the
HWPP system in the coordinated refill mode is smoother than it is in the
uncoordinated mode. This is because under the coordinated refill mode,
the hydropower facility is deliberately scheduled to complement the
wind and PV power production and dispatched to maintain this sche-
dule. Using the first day as an example (displayed in Fig. 9), in the
coordinated refill mode, the hydropower output is purposely ramped up
from 571MW to 1833MW to complement the wind and PV power,
whereas in the uncoordinated mode, its output has a constant value of
1028MW.

Regarding the water level, the hydropower schedule under the co-
ordinated refill mode results in a water level that is equal to the target
water level (1157.91m) at 24:00; however, actual hydropower opera-
tions result in a water level of 1157.82m at 24:00, which is 0.09m
lower than the target water level. This deviation results from the
forecast error and depends on the prediction accuracy. The deviation
from the water level targets is addressed during the scheduling process
on the subsequent day, which produces a plan to meet the target. Under
Scenario 1, the deviation ranges from−0.22 to 0.05m, which is a small
amount compared to the 45m target for the water level required for the
refill. Similar results are observed under Scenarios 2 and 3.

These results illustrate that hydropower can be dispatched to com-
plement the wind/PV power while closely following its daily im-
poundment target during the refill period. Similar outcomes under dry,
moderate, or wet hydrologic scenarios show the robustness of the
proposed approach. Because the coordinated operation of the HWPP
system is performed within its temporal horizon (one day, in this
study), there is an abrupt ramping between two adjacent horizons (as
shown in Fig. 8, 457 h and 481 h). Adding a ramping limitation between
two adjacent horizons can fix this mismatch.

The outcomes of the coordinated operation show that with the op-
timal dispatch of fast ramping and flexible hydropower, the total output
of the HWPP system can be stable and sometimes even flat, mimicking
the power output of a base load plant. This result suggests a promising
future for systems with high penetration of intermittent renewables and
hydropower [45], a possible solution to the need for the ramping up
capability that is now traded as a product in organized electricity
markets in the United States [46].
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5.2.4. Trade-offs during the refilling and filled stages
Previous research [12] notes that smoothing the total output from

HWPP systems causes a conflict with the objective of maximizing power
generation. Using the results of this study, a comparison of the Pareto
frontiers for the refilling and filled stages sheds light on this trade-off.

Six Pareto frontiers are displayed in Fig. 10 (additional frontiers are
displayed in Appendix B). The top row shows the results during the
refilling stage; the bottom row shows the results during the filled stage.
The columns (left to right) show the results for Scenarios 1, 2, and 3.
The results during the refilling stage (first row) indicate that when the
reservoir is not full, a slight reduction in power generation is enough to
improve the power smoothing significantly. This is because the penal-
ties are only 0.15, 0.21, and 0.20 GWh under Scenarios 1, 2, and 3
respectively, which represent 0.3%, 0.5%, and 0.5% of the annual mean
daily power production of the Ertan reservoir (i.e., 46.5 GWh per day).
However, in the second row, when the reservoir is already full,
smoothing the power output leads to remarkable reductions in power
production of 11.7, 15.0, and 15.5 GWh under Scenarios 1, 2, and 3,
respectively, which represent 25.2%, 32.3%, and 33.3% of the annual
mean daily power production of the Ertan reservoir. This is because the
hydropower output is ramped down to offset increases in wind/PV
production completely when the reservoir is already full, or because
when the reservoir storage capacity is insufficient, the water has to be
spilled, reducing opportunities to generate electricity later. This finding

demonstrates that during both the refilling and filled stage (i.e., before
and after the reservoir is full), hydropower can complement the wind/
PV power by smoothing the total output fluctuation at the expense of
reduced power generation. However, it is more economical to co-
ordinate the HWPP operations during the refilling stage when the re-
servoir has the available storage capacity.

5.2.5. Storage capacity and electricity generating capacity
In addition to the storage capacity of the reservoir, the mean power

output being generated by the hydropower plant during a given time
(e.g., the mean daily power output) also affects the integration of the
HWPP. The storage capacity reflects the amount of energy that can be
stored or provided in the form of water in the reservoir, while the mean
power output relates to the amount of power production that can be
produced within a given time. Fig. 11 illustrates a partition of all the
possible situations combining the reservoir storage level at the begin-
ning of the operation horizon (e.g., full or not full) with the mean power
output during the operation horizon (e.g., equal to the maximum power
output or not).

In Situations 1 and 3, when the reservoir is full, and hence there is
no capacity to store any water energy, a reduction in hydropower
generation results in spillage (as shown in Fig. 12, from 385 h to 552 h).
In Situation 2, when the reservoir is not full, the water that cannot be
used (because the power production is already at maximum capacity)

Fig. 7. Refill process for hydropower in the uncoordinated mode: (a) the average daily inflow of the reservoir and (b) the water level of the reservoir at the end
(24:00) of each day.

Fig. 8. Output of the HWPP system under Scenario 1.
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can be stored (as shown in Fig. 12, from 193 h to 240 h). In this case,
the hydropower cannot complement the wind/PV power unless its
output is decreased, which would either violate the constraint of the
target water level by over-refilling the water in the reservoir
(Fig. 13(d)) or contravene the common routine of reservoir operation
by spilling the water when the reservoir is not full. In Situation 4, there
is both sufficient storage capacity and the ability to alter the power
output. This means that if the hydropower production is reduced, water
can be stored, and if needed, the hydropower production can be in-
creased (as shown in Fig. 13(h)). Thus, Situation 4, in which hydro-
power can complement wind/PV power without any spillage, is the best
situation of the four.

5.2.6. Water spillage and associated forgone hydropower
When the reservoir is full, smoothing the fluctuating output of

wind/PV power through the coordinated operation of the hydropower
plant may result in water spillage (i.e., water is passed downstream
without generating power). Across the three scenarios tested here,
water spillage occurs under Scenario 3 when the inflow is abundant.
The spilled outflow ranges from 22m3/s to 402m3/s and the daily
power curtailment ranges from 0.1 GWh to 11.4 GWh. The results show
that in a full reservoir situation, employing hydropower to smooth the
varying wind/PV power requires a significant reduction in hydropower
production and the spilling of large volumes of water, which can cause
environmental problems (e.g., harmful concentrations of dissolved
gases). This finding confirms that the integration of the HWPP at the

end of the refill period, when the reservoir is full, should be dis-
couraged.

6. Conclusion

Hydropower facilities are ideal components of power systems with
large shares of intermittent power production from wind and PV

Fig. 9. Intraday operation of hydropower on the 1st day.

Fig. 10. Pareto frontiers of coordinated HWPP optimization during the refilling and filled stages: the first/second rows show the results for the refilling/filled stage,
while the first, second, and third columns show the results for Scenarios 1, 2, and 3, respectively; the red arrows point to the preferred values of the objectives.

Fig. 11. Four possible situations of hydropower reservoir operation: when the
mean power output is equal to the maximum power output (i.e., installed ca-
pacity), the hydropower plant cannot produce more power at that time, re-
gardless of the reservoir’s water level; when the reservoir is full, the water in-
flow must be spilled or used to generate power.

X. Wang, et al. Energy Conversion and Management 198 (2019) 111778

9



sources. This paper explores the operation of HWPP systems with large
reservoirs during critical refill periods. First, during the scheduling
phase, the proposed model employs a day-ahead optimal hourly op-
eration of hydropower facilities that aims at simultaneously minimizing
the fluctuation in the combined power output of these three resources
and maximizing their power generation while adhering to the re-
servoir’s water level and other common constraints. Then, during the
operation phase, the prescribed scheduling is used as the input in a

model that simulates the actual operations of the power system. The
coordinated operation of the HWPP in this model not only dispatches
the hydropower with a reciprocal output process to smooth the hourly
fluctuation, but it also adjusts the hydropower output to achieve the
target water level. The model is applied to a case study consisting of a
large base of wind-photovoltaic-hydropower located in southwestern
China. It compares the hourly operation of an HWPP in the un-
coordinated mode and in the coordinated refill mode under three inflow

Fig. 12. Output of the HWPP system under hydrologic Scenario 3. The zones for Situations 1–4 reflect the output of the HWPP in the uncoordinated and the
coordinated refill modes under various situations of reservoir and mean power output.

Fig. 13. Intraday operation of hydropower for Situations 1–4.
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scenarios (dry, moderate, and wet). The results show that (1) with the
proposed model, the hydropower operations effectively smooth the
output fluctuation of the HWPP system without influencing the daily
refill procedure; (2) when the reservoir is fully filled, the hydropower
facility is still capable of smoothing the output fluctuation, but it incurs
high losses in power production; (3) HWPP integration is more appro-
priate when the reservoir is not full and the hydropower output is below
the installed capacity; and (4) when the reservoir is full, high spillage
(22m3/s–402m3/s) and reductions in hydropower generation
(0.1 GWh–11.4 GWh per day) suggest that the integration of the HWPP
should be avoided.

Future work on the optimal operation of HWPP systems should be
extended to other periods of the year (e.g., the preflood season or
ecologically sensitive periods), which have complex constraints on the
output shape, water level, discharge, and other aspects. Further po-
tential impacts of multienergy source integration should be analyzed as
well, such as the effects on the costs, reliability, air emissions, and other
environmental metrics.
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Appendix A

The data, software and parameters applied in this case study are displayed below.

(1) Data

All the data were obtained through communications with the operators and planners of a cascaded hydropower system in southwestern China
and listed as tables and figures below. All the data displayed in the figures are also available upon request (See Table A.1, Figs. A.1, A.2, A.3, A.4 and
A.5).

Table A.1
Parameters of the power stations.

Facility Installed capacity (MW) Normal water level (m) Conservation storage (106 m3) Dead water level (m) Inactive storage (106 m3)

Hydropower 3300 1200 3370 1155 2420
Wind power 1000 – – – –
PV power 2000 – – – –

Fig. A.1. Operation rule curves for the reservoir: the
reservoir is dispatched according to the zone
decided by the water level and the date. In Zones 1,
2, 3, and 4, the power output of the reservoir are
1028MW, 1650MW, 2805MW, and 3300MW, re-
spectively (If the water level is 1182m at the be-
ginning of October 5th, it is in Zone 2 and accord-
ingly its power output is 1650MW).
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The day-ahead, forecast error of the inflow, wind speed, and solar radiation is assumed to be a random variable that was independent and
identically distributed (See Figs. A.2, A.3, and A.4). It is expressed as a percentage of the forecast and follows a standard normal probability
distribution (i.e., with a mean of zero and a standard deviation of one). In addition, there are other assumptions or simplifications, including the start
date of refill period, the constraint of the power grid, and the temporal scale of the integration. These assumptions are helpful for solving the
optimization model efficiently. Because the characteristics of the system most likely to affect the HWPP operations during the refill period (e.g., the

Fig. A.3. Wind speed of the wind farm (from 1:00 on October 1st 2011 to 24:00 on October 31st 2011, source: POWERCHINA Kunming Engineering Corporation
Ltd).

Fig. A.4. Output of the PV power station (from 1:00 on October 1st, 2015 to 24:00 on October 31st, 2015, source: POWERCHINA Kunming Engineering Corporation
Ltd).

Fig. A.5. Wind turbine power curve (the rated capacity is 2 MW, source: POWERCHINA Kunming Engineering Corporation Ltd).

Fig. A.2. Inflow of hydropower (from 1:00 on October 1st to 24:00 on October 31st, source: POWERCHINA Kunming Engineering Corporation Ltd).
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uncertainty and variability of the wind and PV power, the flexibility of hydropower, and the procedure for refilling the reservoir) must be main-
tained, the conclusions are unlikely to be affected by these assumptions.

(2) Software and parameters

The scheduling model is solved in MATLAB using the NSGA-II method, a tool for multiobjective optimization. As mentioned, the NSGA-II
parameters used were as follows: 100 as the population size, 0.5 as the crossover rate, 0.01 as the mutation rate, and 50 as the generation number.
Other parameters, such as the crossover type, mutation type and selection type, were left equal to their default values.

Alternative optimization methods (e.g., Particle Swarm Optimization) and software (e.g., Python) could have been used to solve the multi-
objective model proposed here. While the computing time and exact values of the variables obtained using different techniques and parameters could
have been different, the overall results should be similar and should not affect the conclusions.

Appendix B

The Pareto frontier solutions under Scenarios 1, 2, and 3 are displayed in Figs. B.1, B.2, and B.3 respectively.

Fig. B.1. Pareto frontier solution for the multiobjective optimization of HWPP integration under Scenario 1: the abscissa is the power generation, the unit of which is
10 GWh; the ordinate is the output fluctuation, the unit of which is 10 GW; and the red arrow points to the preferred value of the objective, which is similar hereafter.
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Fig. B.3. Pareto frontier solution of multiobjective optimization for HWPP integration under Scenario 3.

Fig. B.2. Pareto frontier solution of multiobjective optimization for HWPP integration under Scenario 2.
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