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Abstract: In order to analyze the year-end water level of multi-year regulating reservoir of the
cascade hydropower system, this paper studied the joint operation optimization model of cascade
reservoirs and its solving method based on multi-dimensional dynamic programming, and
analyzed the power generation impact factors of cascade system that contains multi-year regulating
reservoir. In particular, taking the seven reservoirs in the middle and lower reaches of Yalong River
as an example, the optimal year-end water levels of multi-year regulating reservoir under the multi-
year average situation and different inflow frequencies situation were studied. Based on the optimal
calculation results of multi-dimensional dynamic programming, the inflow frequency difference
considered operation rule of year-end water level of Lianghekou reservoir was extracted using the
least square principle. The simulation results showed that, compared with the fixed year-end water
level in multi-year, the extracted rule can improve the cascade power generation by more than 400
million kWh in an average year, representing an increase of 0.4%. This result means that the
extracted rule can give full play to the regulation performance of multi-year regulating reservoir
and improve the conversion efficiency of hydropower resources in cascade system. This is of great
significance to the practical operation of cascade reservoirs system that contains multi-year
regulating reservoir.

Keywords: multi-year regulating reservoir; year-end water level; inflow frequency; operation rules;
Yalong River basin

1. Introduction

Hydropower energy is a kind of high-quality and efficient energy which is developing rapidly
all over the world. It has the characteristics of being clean and pollution-free, renewable, low
operation cost, fast start-up and shutdown speed, rapid output response, etc. [1,2]. In particular, the
fast response to power load makes hydropower energy often be used as peak load and frequency
modulation power supply, system load standby power supply, etc. [3]. It plays an extremely
important role in the safe and stable operation of power system [4].

At present, the development and utilization of hydropower energy is mainly through building
dams and reservoirs in the river, centralizing and raising the water head of the scattered water energy
resources, and then converting the water energy into electric energy efficiently through the hydro
generator unit in hydropower station. For the type of reservoir, according to its regulation
performance, it can be divided into daily regulating reservoir, seasonal regulating reservoir, annual
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regulating reservoir, and multi-year regulating reservoir [5], etc. The regulating reservoir here means
the reservoir that has a certain storage capacity which can be used to regulate the inflow process. The
regulating performance corresponds to the available storage capacity.

In general, the flow water of the river has the characteristics of dry—wet change law within the
year, and the different water quantity between years. Considering the periodicity of hydrological
year, the actual reservoir operation generally takes a hydrological year as the operation period. At
this time, the annual regulating reservoir can well regulate the water inequality within the year [6].
However, in the actual hydrological process, there is also some difference between the annual water
volumes (i.e., different water quantity between years), so it is necessary to carry out water
distribution and regulation between years. Only by making full use of the regulation capacity of the
regulating reservoirs and carrying out reasonable water distribution between years, can the
abandoned water of the reservoir be reduced as much as possible, and the multi-year power
generation of cascade reservoir system can be maximized. The multi-year regulating reservoir can
achieve the water distribution between years at this time [7]. Therefore, for the multi-year regulating
reservoir, how to determine its operation mode in a regulation cycle has a great impact on the final
power generation benefit.

At present, the research on the operation mode of multi-year regulating reservoir mainly focuses
on how to determine the reasonable year-end water level. The year-end water level here means the
water level of multi-year regulating reservoir at the end of a hydrological year in regulation cycle.
For example, Zhang et al. [8] presented a new method of deriving an operational model (rules) for
the year-end water level of multi-year regulating reservoir, which considered all of the operational
information using decision trees. Guo et al. [9] researched the year-end water level problem of multi-
year regulating reservoir for timed power tariff. Aiming at the optimization problem of year-end
water level of long period storage reservoir, Wang and Yuan [10] established the optimal model based
time-of-use pricing by considering long-term optimal generation scheduling characteristics. Based on
the analysis of the determining methods of year-end water level for the multi-year regulating reservoir,
Liu et al. [11] studied the year-end water level problem by using two prediction methods which were
multi-objective decision model and statistical regression predictive function. Wang et al. [12] developed
an operational model that used for determining the optimal year-end water level of multi-year
regulating reservoir, and was validated using the case of Longyangxia reservoir in the upper reaches
of Yellow River, China. Considering the power market environments and long-term scheduling of
power generation, Yuan and Wang [13] developed an optimal model to simulate the year-end water
level of a multi-year regulating reservoir.

However, it can be seen that most of the previous studies have focused on the separate operation
of multi-year regulating reservoir. With the construction and operation of various types of reservoirs,
the cascade reservoirs system with the water quantity and water head connection of upstream and
downstream has gradually formed [14]. After the formation of cascade reservoirs, the traditional
single reservoir operation method has not been able to meet the needs of the joint operation of cascade
system [15,16]. Therefore, at this time, it is necessary to study the operation mode of multi-year
regulating reservoir in the cascade reservoirs system [17]; that is, to determine the optimal year-end
water level of the multi-year regulating reservoir in cascade system. In addition, the current
researches on the operation mode of multi-year regulating reservoir only considered the year-end
water level from the perspective of multi-year average, and ignored the impact of inflow frequency
difference in different years [18]. So, there are still some deficiencies to be improved. The inflow
frequency here is the empirical frequency corresponding to each year, obtained after frequency
calculation of inflow water for many years. For specific calculation method, please refer to the
literature by Liu et al. [17].

In view of this, in order to extract the practical determination rules of year-end water level under
different inflow frequencies, this paper takes the multi-year regulating reservoir in the cascade
system as the research object, and studies the optimal year-end water level of multi-year regulating
reservoir after the formation of cascade reservoirs system. The research results are of great
significance to the practical operation of cascade reservoirs system that includes the multi-year
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regulating reservoir. The following parts of this paper are organized as follows. Section 2 is the
Methodology, including the joint operation optimization model of cascade reservoirs, the model
solving method based on multi-dimensional dynamic programming, the power generation analysis
and the year-end water level optimization of multi-year regulating reservoir. Section 3 presents the
case study by taking the seven reservoirs in the middle and lower reaches of Yalong River as an
example, the optimal year-end water level of Lianghekou reservoir under multi-year average
situation and different inflow frequencies situation are studied, and the results will be presented and
analyzed in this section. Finally, the conclusions of this study will be provided in Section 4.

2. Methodology

2.1. Cascade Reservoirs Operation Optimization Model

A significant benefit derived from a cascade reservoirs system is the clean and renewable
hydropower energy. By developing an optimal plan over the entire planning horizon, the cascade
reservoirs operation optimization model aims at maximizing the power generation while satisfying
some constraints, including water volume balance constraints, reservoir volume limits constraints,
outflow limits constraints, power generation limits constraints, boundary conditions limits
constraints, etc. Generally, the objective function of this optimization model can be represented as
follows [19].

n T n T ) )
E=max ) > Ni-Ar=max » > K'-q,- H- At )
=1 t=1 i=1 t=1

where E is the total power generation over the whole operation period, unit: kWh; T is the number
of stages over the whole operation period; N+ is the output of the ith hydropower station in the tth
stage, unit: kW, and the reservoir indexes from upstream to downstream are 1, 2, ..., n; Ki is the
efficiency coefficient of the ith hydropower station; g+ is the outflow through the turbines of the ith
reservoir in the tth stage, unit: m¥/s; Ht is the average water head of the ith hydropower station in the
tth stage, unit: m; At is the duration of a stage, unit: h; and the specific value of At here can be
determined according to the actual data.
The following equality and inequality constraints are considered in the model.

(1) Water volume balance constraints,
q,=(ViL—v1)[3600A+ 11+ 0, —w'i— Ep, )

where Vi is the storage volume of the ith reservoir in the tth stage, unit: m3; I+ is the inflow water of
the ith reservoir in the tth stage, unit: m¥s; Q' is the total outflow water of the ith reservoir in the tth
stage, unit: m3/s; W+ is the abandoned outflow water through the flood outflow gate of the ith
reservoir in the tth stage, unit: m3/s; and Ep+ is the evaporation capacity of the ith reservoir in the fth
stage, unit: m¥/s.

(2) Reservoir volume limits constraints
where Vismin is the lower limit of Vi; Vitmax is the upper limit of V.

(3) Outflow limits constraints

Qll,‘,min S Q; S Q;,max (4)

where Qitmin the lower limit of Q'; Q/max is the upper limit of Q.

(4) Power generation limits constraints
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M,lﬂn S M S M,max (5)

where Nismin is the lower limit of N's; Nixmax is the upper limit of N'; Nismin is usually determined by the
allowed minimum output; and Ni,max is usually determined by the installed capacity and expected
output of hydropower station.

(5) Boundary conditions limits constraints
Vo=V
Vi=vyi
where Vi is the storage volume of the ith reservoir at the beginning of the first stage; Vi is the storage

volume of the ith reservoir at the beginning of the whole operation period; V7 is the storage volume
of the ith reservoir at the end of the Tth stage; and V. is the storage volume of the ith reservoir at the

(6)

end of the whole operation period.

2.2. Model Solving Based on Multidimensional Dynamic Programming

Dynamic programming is a branch of operations research and a mathematical method to solve
the optimization problem of decision-making process. In the early 1950s, Bellman et al. (1951) put
forward this method when studying the optimization problem of multi-stage decision-making
process. This method transforms the multi-stage process into a series of single-stage problems and
solves them progressively using the relationship between each stage [20]. Dynamic programming has
the advantages of global convergence, no requirement for initial solution, and good at solving the
multi-stage and nonlinear problems. Based on this, dynamic programming is often used to solve the
reservoir operation optimization problems, in particular, the single reservoir operation optimization
problems [21].

Dynamic programming can be used to solve the multi-stage decision-making problems
recursively, and the reservoir operation optimization problem can be regarded as a multi-stage
decision-making problem by dividing the whole operation period of reservoir into a series of short
stages (time intervals). In the application of dynamic programming in solving the reservoir operation
optimization problem, there is a recursive procedure which can be expressed by the following
recursive equation for the tth stage [22].

fj(Vt—l) = n'BX{Nz(Vt—th)'i_f;l(Vt)}
* f 7)
fT+1(VT) =0

where f+'(V) is the optimal cumulative output; V: is the state variable at the beginning of the tth stage;
Ny) is the output of the tth stage determined by Vi1 and Qy; Qr is the decision variable which is
determined by Vi1 and Vi and Dris a set of feasible decisions that satisfy the constraints of reservoir.
The cumulative output means the sum of the output of each stage in the candidate process from
present stage ¢ to last stage T, and the optimal cumulative output means the sum of the output in the
optimal candidate process. In the reverse recursion procedure, starting from the last stage, the output
can be calculated up to the first stage, and the optimal operation processes can be obtained at last by
a chronological order recursion calculation.

The number of reservoirs is two or more in cascade reservoirs operation optimization problem,
and many variables and constraints are involved in solving this optimization problem. For example,
if there is a cascade system that contains n reservoirs, then M" combinations of discrete points of
storage volume can be obtained if the discrete accuracy of storage volume for each reservoir is M.
According to the reverse recursion calculation of dynamic programming in reservoir operation
optimization problem, each combination can be taken as a state. Then, the reverse recursion
calculation can be carried out by the exhaustive enumeration over all storage volume combinations
of each stage. The optimal storage volume combination of each stage can be got by the chronological
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order recursion calculation at last, and the maximal total power generation over the entire planning
horizon can be obtained too. In solving the cascade reservoirs operation optimization problem, the
recursive equation of multidimensional dynamic programming can be formulated as follows,

Fi(V i) =max{N,(V',-0,)+ Fra(V.)]
D ®
F;H(VT) =0

where Vi1 = (Vi-11, V12, ..., V1) is the state variable vector; Q:= (Q#,Q%2,...,Q+")’ is the decision variable
vector; and Vi, V2, and Vi are respectively discretized to M discrete points, i.e., (Vi1, Vil2, ..., VM),
(Ve ver, [, VM) and (Vid, V2, |, Vi),

Taking a hydropower station system which has two reservoirs as an example, the whole
flowchart of multi-dimensional dynamic programming in solving the cascade reservoirs operation
optimization problem can be illustrated by Figure 1, and its reverse recursion calculation procedure
can be expressed with Figure 2. In Figure 1, Ub and Db represent the index of beginning state variable
of upstream and downstream reservoirs, respectively. Ue and De represent the index of end state
variable of upstream and downstream reservoirs, respectively. M is the number of discrete points of
storage volume for each reservoir. Each beginning combination (Ub and Db) and end combination
(Ue and De) constitute a candidate paths of a stage, so there are M2 end combinations corresponding
to one beginning combination in calculating the optimal candidate paths of a stage.

\[=T-1] [Ub=1][ Db=1] [ Ue=1 | [ De=1 ||
V
Calculate the cumulative output and each
reservoir’s stage output of the end combination

(Ue, De) which corresponds to the beginning
combination (Ub,Db), and save

N De=De+l

N Ue=Ue+tl

Calculate the optimal cumulative output and
the corresponding optimal candidate path of
beginning combination (Ub,Db), and save

N  Db=Db+1

Based on the saved optimal candidate paths,
from the first stage to the final stage to
determine the consequent output trajectories,
storage trajectories, and outflow trajectories
for each reservoir

Figure 1. The flowchart of multidimensional dynamic programming in solving the cascade reservoirs

operation optimization problem.
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Figure 2. Reverse recursion procedure of multidimensional dynamic programming in solving the

cascade reservoirs operation optimization problem.

The reverse recursion procedure can be described as follows.

Step 1: In the last stage T, there are M discretized points for the storage volume of each reservoir
at the beginning of this stage, and M? combinations of these discretized points can be obtained.
Because the storage volumes are fixed at the end of this stage, the optimal candidate path of each
combination is unique at this moment.

Step 2: In stage T - 1, the storage volumes of each reservoir are not fixed at the end of this stage,
so there are also M discretized points for the storage volume of each reservoir and M? combinations
for these discretized points. For any combination at the beginning of this stage, we can find out its
optimal candidate path by traversing all M? combinations of the storage volume at the end of this
stage. Then, save the optimal candidate path and the cumulative output of this combination for the
usage of next stage.

Step 3: Repeats step 2, then the calculation of stage T - 1 can be finished by implementing the
same work for the other M2- 1 combinations of the storage volume at the beginning of this stage.

Step 4: Repeats steps 2 and 3, then the whole calculation of all stages over the entire planning
horizon can be finished by this reverse recursion procedure, and the optimal candidate path of each
combination and its optimal cumulative output can be obtained after the calculation.

Step 5: Obtains the route and other details of the optimal operation by chronological recursion
process.

2.3. Power Generation Analysis and Year-End Water Level Optimization of Multi-Year Regulating
Reservoir

The difference between separate operation and cascade combined operation of multi-year
regulating reservoir is that, only the water head of its own reservoir is considered in the separate
operation, while in the combined operation, if the multi-year regulating reservoir is located at the
upstream, the water head of power generation is the sum of the water heads of all the downstream
reservoirs. When the multi-year regulating reservoir operates alone, a high year-end water level is
generally determined, the main purpose of this is to make use of the water head benefit. That is to
say, the benefit of storing partial water to raise the water head is higher than that of using this partial
water volume to generate electricity. In the combined operation, the available water head of each
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cubic meter of water for multi-year regulating reservoir is the sum of the water heads of downstream
reservoirs. At this time, if the year-end water level is raised, it is at the expense of the water efficiency
of whole cascade reservoirs to obtain the high water head of current reservoir. Whether this is
economic needs further proof.

If the multi-year regulating reservoir operates alone, and assuming that there are different year-
end water levels Zi, Z2, and Zs, and Z1 < Z2 < Zs. As shown in Figure 3, then there are

(1) Water head of power generation: H1 <H 2 < H3;
(2) Available water for power generation: V1> V2> Vs, ie., Q1> Q2> Q.

Normal water level
1)
Year-cnd level Z; 05
oy

Jead level

Normal water level Normal water level

v,

Vi

Year-cnd level Z,
Year-end level Z;

Jead level Jead level

(a)Year-end level is Z; (b)Year-end level is Z, (c)Year-end level is Z3

Figure 3. Schematic diagram of different year-end water levels when multi-year regulating reservoir
operates alone.

At this time, if assuming that the output efficiency coefficients of different hydropower stations
are the same, then the power generation benefit of each year-end water level can be simplified as
E=K-Qi-H1 T

E>=K-Q»H2 T
Es=K-Q3Hs-T

At this time, the value of E1, Ez, and Es is affected by Q and H together, which is difficult to judge
their size relationship.

However, when the cascade reservoirs formed by multiple reservoirs, especially when the multi-
year regulating reservoir is the leading reservoir and followed by several non-regulating reservoirs,
not only the water volume of the multi-year regulating reservoir can generate electricity in its own
hydropower station, but also in the downstream hydropower stations, as shown in Figure 4.



Energies 2020, 13, 5345 8 of 21

First v,
reservoir
Year-end level Z', 1
QI 1
Second
reservoir
Third

reservoir

o
=
@
g
S
e
<
=3
<
T
<
jeN

Fourth
reservoir Operating water level Operating water level

. . 3
] . .
. . .

Figure 4. Schematic diagram of different year-end water levels of multi-year regulating reservoir in
joint operation.

At this time, if assuming that there are different year-end water levels Z!1, Z'2 and Z's in the
multi-year regulating reservoir, and Z1 < Z12< Z'3, then there are

(1) Available water for power generation: V1 > V12 >V13, e, Q1> Q2> Q'3;

(2) For the water head of power generation, it is no longer a simple H1<H"><H's at this time. When
the downstream water level is fixed, itis (H1+ H2+ H3+ H*+ ...) < (H2+ H2+ H3+ H*+ ...) <(H"%
+H2+H3+ H*+...).

At this time, the total power generation benefit under the three year-end water levels can be
simplified as

E=K-Qu-(Hu+H2+H3+ H*+...)-T
E=K-Q»(H2+H2+H3+ H*+...)-T
Es=K-Q%s(Hs+ H2+ H3+ H*+...)-T

ie, E=KQ-(H'+ H*+ H3+ H*+ ...) -T. At this time, the value of E1, E, and Es is affected by Q and
(H'+ H?>+ H? + H* + ...), which is also difficult to judge their size relationship directly. However, in
general, when the sum of the water head of downstream hydropower stations is quite large, it is more
advantageous to “release water to use the downstream water head for power generation” than “store
water to raise its own water head”.

It should be noted that the above description is under the simplified situation that the inflow
water of reservoir does not take into account. In fact, the inflow water must have an impact on the
power generation in the actual operation process. Moreover, we also know that the power generation
of the reservoir or cascade reservoirs system is not only related to the water head, but also the natural
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inflow. Therefore, in the process of analysis, it is necessary to further consider the influence of
different inflow on the optimization of the year-end water level.

In order to obtain the optimal year-end water level of multi-year regulating reservoir
considering the inflow uncertainty, according to the above-mentioned joint operation model and
multi-dimensional dynamic programming algorithm, one way is to establish the functional
relationship between the inflow frequency and the optimal year-end water level. The steps of this
method include:

Step 1:  Within the feasible water level range, discretize the year-end water level to obtain a series
of discrete water level values. Carry out the following calculation by setting different discrete
water levels as the water level boundary in the joint operation model, which is the water level
constraint corresponding to Equation (3).

Step 2:  According to the inflow and joint operation model, the optimal year-end water level of each
year can be determined from the series of discrete water level values by taking the maximum
power generation as the optimization goal.

Step 3: Based on the optimal operation results of many years, draw the scatter chart between the
inflow frequency and the optimal year-end water level, and find out the corresponding
functional relationship between them, and extract the control rules of year-end water level.

Step 4:  Carry out simulation calculation based on the obtained control rules of year-end water level,
and analyze its rationality.

The overall flowchart of this method can be shown in Figure 5.
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Figure 5. Year-end water level optimization of multi-year regulating reservoir.

3. Case Study

3.1. Basic Data

Yalong River is the largest tributary of Jinsha River in China, which originates from the south
foot of Bayan Kala Mountain in Yushu County, Qinghai Province. The main stream has a total length
of 1571 km, a drainage area of about 136,000 km? and a natural drop of about 3830 m. The average
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annual flow of the estuary is 1910 m3/s, and the annual runoff is nearly 60 billion m? accounting for
13.3% of the total water in the upper reaches of Yangtze River. The Yalong River is rich in hydropower
resources. A total of 22 hydropower stations have been planned in the main stream, with a total
installed capacity of about 30 million kilowatts and an annual generating capacity of about 150 billion
kilowatt hours. The middle and lower reaches of the Yalong River are the key reaches of hydropower
development at present. There are seven hydropower stations, namely Lianghekou, Yangfanggou,
Jinxi, Jindong, Guandi, Ertan, and Tongzilin. Among them, Lianghekou, Jinxi, and Ertan reservoirs
all have regulation performance, among which Lianghekou reservoir has a multi-year regulating
performance, Jinxi reservoir has an annual regulating performance, and Ertan reservoir has a
seasonal regulating performance [23].

In particular, Lianghekou reservoir is the control reservoir for the cascade hydropower stations
in the middle and lower reaches of the Yalong River, which has a great impact on the whole cascade
power stations development of Yalong River. After putting into operation, it can realize the multi-
year regulation of the cascade reservoirs in the middle and lower reaches of Yalong River. At the
same time, it will have a positive impact on the development of the lower reaches of the Jinsha river,
it can improve the power generation quality of the Three Gorges and Gezhouba hydropower station
and reduce the flood control burden of the middle and lower reaches of the Yangtze River.

The geographical location of the seven reservoirs in Yalong River basin is shown in Figure 6, and
the key parameters of each reservoir are shown in Table 1.

104.10E

Maerkang
°

$30.66N- -~

sammvaenn. 2 5

Chongqing

Gk 265N
‘ L1
104'10E

Figure 6. Geographical location of the 7 reservoirs in Yalong River basin.
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Table 1. The key parameters of the 7 reservoirs.
Item Unit Lianghekou Yangfanggou Jinxi Jindong Guandi Ertan Tongzilin
Normal level m 2865.0 2088.0 1880.0 1646.0 1330.0 1200.0 1015.0
Dead level m 2785.0 2094.0 1800.0 1640.0 1321.0 1155.0 1010.0
Flood control m 2845.9 none 1859.0 none none 1190.0 none
level
Regulation . . . . Season .
Multi-year Daily Annual Daily Daily Daily
performance al
Installed g 3000.0 1500.0 3600.0 48000 2400.0  3300.0 600.0
capacity
Guaranteed 1130.0 253.0 1086.0 14430 709.8  1028.0 227.0
output
(1155.0
2845.9— 1859.0— -
Range of §8§550? or isi?)go()) or 1200.0)
operating water m : 2092.0 ) 1644.0 1328.0 or 1013.5
lovel (2785.0— (1800.0— (11900
2865.0) 1880.0) . ’
1200.0)

In this case study, there are ten-day runoff data of the river basin from June 1957 to May 2019, a
total of 62 years, so the At is ten-day (i.e., 240 h) in Equations (1) and (2). In the joint optimal operation
model, the initial and final water level of each reservoir with regulating performance are set as dead
water level, and the other reservoirs without regulating performance operate according to the water
level in Table 1. In the output calculation of the model, the output coefficient difference of each power
station in different operation stages is also considered. In addition, it should be noted that the purpose
of this paper is to extract the operation rules of multi-year regulating reservoir through simulation
calculation, so the data used in this paper are all historical data.

3.2. Results and Discussion

In order to analyze the variation of power generation of cascade system under different year-end
water levels of Lianghekou reservoir, we take 5 m as the discrete interval, (2785 m-2845 m) as the discrete
range, and get different discrete year-end level values, i.e., 2785 m, 2790 m, 2795 m, 2800 m, 2805 m, 2810
m, 2815 m, 2820 m, 2825 m, 2830 m, 2835 m, 2840 m, and 2845 m. Then, these year-end levels are
respectively taken as the lower limit constraint of water level in the cascade reservoirs operation
optimization model described in Section 2.1, and the model is solved with the method described in Section
2.2. Under the multi-year average situation, the total power generations of the cascade system under
different discrete year-end water levels of Lianghekou reservoir are shown in Table 2.

Table 2. Power generations of cascade system under different year-end water levels of Lianghekou
Teservoir.

Year-End Level/m Total Power Generation/Billion kWh

2785 100.58
2790 100.55
2795 100.49
2800 100.43
2805 100.30
2810 100.16
2815 99.95
2820 99.72
2825 99.43
2830 99.08
2835 98.64
2840 98.10
2845 97.37
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From Table 2, it can be seen that with the increase of the year-end water level, the annual average
power generation of cascade system gradually decreases. When the year-end water level is 2785 m,
the annual average power generation of cascade system is the largest. That is to say, under the multi-
year average situation, the 2785 m is the best year-end water level, i.e., if the Lianghekou reservoir is
operated as an annual regulating reservoir under this situation, the total power generation of the
cascade system is the largest.

The annual average power generations in Table 2 only consider the different year-end water
levels, in fact, the power generation is affected not only by the water level, but also by the inflow; that
is, the inflow frequency. For a specific year, the maximum annual power generation is the
comprehensive result of reservoir water level and inflow process. Therefore, in order to analyze the
power generation variations of the cascade system under different inflow conditions and different
year-end levels, and discuss the coupling relationship between the year-end water level and inflow
frequency on the cascade power generation, we firstly analyzed and compared the results of three
kinds of typical years, i.e., wet year, normal year and dry year.

Based on the inflow data of Lianghekou, Jinxi and Ertan stations, we selected five typical years
for the analysis from the overall perspective of the basin, as shown in Table 3. Considering the
complexity of dry years, we chose three typical dry years. For the three kind of typical years, the
difference is mainly the difference of inflow, which also reflects the difference of rainfall level to a
certain extent. For the wet year, the rainfall is rich, so the inflow of the reservoir is large. For the dry
year, the rainfall is poor, so the inflow of the reservoir is small. For the normal year, the inflow and
rainfall are relatively moderate.

Table 3. Selected five typical years and their inflow frequency.

Type of Typical Year Hydrological Year Inflow Frequency

Wet year 2012-2013 7.4%
Normal year 2009-2010 42.3%
Dry year 1 1972-1973 82.5%
Dry year 2 2011-2012 84.1%
Dry year 3 1959-1960 90.5%

According to the model described in Section 2.1 and the model solution method described in
Section 2.2, the calculation is carried out based on the runoff data of the wet year, and the results are
shown in Table 4.

Table 4. Calculation results of wet year under different year-end water levels of Lianghekou reservoir.

Total Power

Year-End Water Generation POWCI: Generation Power Generation
Level of cAscade of L{ang.hg.ekou of D'own.stl:eam
System/Billion kWh Reservoir/Billion kWh Reservoirs/Billion kWh
2785 123.38 15.48 107.90
2790 122.88 15.61 107.27
2795 122.29 15.69 106.60
2800 121.71 15.79 105.92
2805 121.01 15.84 105.17
2810 120.23 15.79 104.44
2815 119.40 15.71 103.69
2820 118.49 15.63 102.86
2825 117.50 15.56 101.94
2830 116.46 15.48 100.97
2835 115.33 15.38 99.96
2840 114.16 15.27 98.89
2845 112.91 15.11 97.80

From the calculation results of the wet year, it can be seen that with the increase of the year-end
water level of Lianghekou reservoir, the total power generation of the cascade system gradually
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decreases, the power generation of Lianghekou reservoir increases first and then decreases, and the
total power generation of the downstream reservoirs gradually decreases.

The power generation of Lianghekou reservoir increases first and then decreases with the
increase of year-end water level. The reason is that when the year-end water level H is low, it can be
seen that the contribution of H to N is small according to the output calculation formula N = KQH in
Equation (1), so the water head benefit of the reservoir is very low. When the year-end water level is
high, the water head benefit is large; however, because a large amount of water is used to raise the
water head, the discharge flow Q used for power generation is small. So, the contribution of Q to N
is small, i.e., the water quantity benefit is small. So, only in a middle position (such as 2805 m), the
water quantity benefit and head benefit are both better, and the sum of them reaches the maximum.
The water head benefit mentioned above actually refers to the contribution of water head H to the
output N, and the water quantity benefit actually refers to the contribution of the discharge flow Q
used for power generation to the output N.

The total power generation of the downstream cascade decreases gradually with the increase of
the year-end water level. The reason is that the downstream reservoirs can only use the water volume
of Lianghekou reservoir and cannot use its water head. Therefore, the lower the year-end water level
of Lianghekou reservoir, the greater the amount of water discharged, and the better the power
generation of the downstream reservoirs.

The total cascade power generation is the sum of the power generation of Lianghekou reservoir
and the power generation of the downstream reservoirs. With the increase of the year-end water level
of Lianghekou reservoir, the total power generation of the cascade system gradually decreases. The
reason is that in the wet season, the water head of the downstream reservoirs is high, and the sum of
the water head is a very large value. At this time, for every cubic meter of water discharged by the
Lianghekou reservoir, the downstream reservoirs will get great power generation benefits. Before
2805 m, although the power generation of Lianghekou reservoir increased with the increase of the
year-end water level, the water head effect of the downstream reservoirs is remarkable at this time.
The increase of the year-end water level means the decrease of the discharge, which will greatly
reduce the power generation of the downstream reservoirs, and finally make the overall cascade
system presents a decreasing trend. After 2805 m, the power generation of Lianghekou reservoir and
the downstream reservoirs both decreases with the increase of the year-end water level, so the total
power generation of the cascade system decrease gradually.

In general, in the wet year, when the year-end water level is the dead level, the overall benefit
of the cascade system is the best.

According to the model described in Section 2.1 and the model solution method described in
Section 2.2, the calculation is carried out based on the runoff data of the normal year, and the results
are shown in Table 5.

Table 5. Calculation results of normal year under different year-end water levels of Lianghekou reservoir.

Year-End Total Power Generation of Power Generation of Power Generation of
Water Cascade System/Billion Lianghekou Downstream
Level kWh Reservoir/Billion kWh Reservoirs/Billion kWh

2785 105.67 12.46 93.20
2790 105.64 12.57 93.07
2795 105.58 12.70 92.88
2800 105.47 12.81 92.66
2805 105.29 12.91 92.38
2810 105.05 13.04 92.02
2815 104.71 13.18 91.53
2820 104.29 13.28 91.02
2825 103.69 13.31 90.38
2830 102.88 13.24 89.64
2835 101.91 13.09 88.82
2840 100.81 12.94 87.87

2845 99.61 12.80 86.81
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From the calculation results of the normal year, it can be seen that the variation law of power
generation is exactly the same as that of the wet year, except that the year-end water level of
Lianghekou reservoir at the turning point of power generation is 2825 m, not the 2805 m of the wet
year. In general, the overall benefit of the cascade system is the best when the year-end water level is
the dead level in the normal year.

According to the model described in Section 2.1 and the model solution method described in
Section 2.2, the calculation is carried out based on the runoff data of the three dry years, and the
results are shown in Tables 6-8.

Table 6. Calculation results of the first dry year under different year-end water levels of Lianghekou

reservoir.
Total Power Power Generation of Power Generation of
Year-End Water . .
Level Generation of Cascade Lianghekou Downstream
System/Billion kWh Reservoir/Billion kWh Reservoirs/Billion kWh
2785 83.13 9.20 73.93
2790 83.18 9.34 73.84
2795 83.33 9.46 73.87
2800 83.61 9.67 73.94
2805 83.67 9.87 73.80
2810 83.77 9.92 73.86
2815 83.84 9.92 73.92
2820 83.92 10.05 73.87
2825 84.01 10.14 73.87
2830 84.07 10.20 73.87
2835 84.12 10.27 73.85
2840 84.14 10.31 73.83
2845 84.14 10.40 73.74

Table 7. Calculation results of the second dry year under different year-end water levels of
Lianghekou reservoir.

Total Power Power Generation of Power Generation of
Year-End Water . .
Level Generation of Cascade Lianghekou Downstream
System/Billion kWh Reservoir/Billion kWh Reservoirs/Billion kWh
2785 81.09 9.32 71.76
2790 81.32 9.71 71.62
2795 81.33 9.58 71.75
2800 81.54 9.91 71.63
2805 81.71 9.95 71.76
2810 81.77 10.04 71.74
2815 81.86 10.11 71.75
2820 81.90 10.17 71.73
2825 81.94 10.25 71.69
2830 81.95 10.32 71.63
2835 81.86 10.42 71.44
2840 81.61 10.42 71.19

2845 81.18 10.26 70.91
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Table 8. Calculation results of the third dry year under different year-end water levels of Lianghekou

reservoir.
Total Power Power Generation of Power Generation of
Year-End . .
Water Level Generation of Cascade Lianghekou Downstream
System/Billion kWh Reservoir/Billion kWh Reservoirs/Billion kWh
2785 80.05 7.48 72.58
2790 80.68 7.70 72.98
2795 81.09 8.15 72.94
2800 81.19 8.23 72.97
2805 81.28 8.30 72.97
2810 81.35 8.31 73.04
2815 81.31 8.40 7291
2820 81.42 8.49 72.94
2825 81.47 8.53 72.94
2830 81.46 8.59 72.87
2835 81.46 8.63 72.83
2840 81.33 8.67 72.66
2845 80.94 8.47 72.47

From the results of the dry year, it can be seen that with the increase of the year-end water level
of Lianghekou reservoir, the power generation of Lianghekou reservoir itself increases first and then
decreases, which is consistent with the variation law of the wet year and the normal year. However,
for the cascade total power generation, its value does not strictly decrease with the increase of the
year-end water level, but shows the trend of increasing first and then decreasing. For the power
generation of downstream reservoirs, the variation has no regularity compared with the wet year and
normal year.

The total power generation of the cascade system increases first and then decreases. The reason
is that in the dry year, the water head of the downstream reservoirs is not high enough, and the sum
of the water head of the downstream reservoirs is also smaller than that in the wet and normal year,
which means that for each cubic meter of water discharged by the Lianghekou reservoir, the
downstream reservoirs is not necessarily able to obtain large power generation. At this time, it is
more advantageous for the water to be stored in the Lianghekou reservoir to raise its own water head;
for example, when the year-end water level is before 2830 m in the second dry year, and when the
year-end water level is before 2825 m in the third dry year. However, the Lianghekou reservoir cannot
just store water without releasing it (for example, the year-end water level is 2845 m), otherwise the
power generation benefit of the downstream reservoirs will be very small. Therefore, there is a
compromise year-end water level which makes the sum of the power generation of Lianghekou
reservoir and downstream reservoirs reaches the maximum; that is, the total generation benefit of
cascade system reaches the maximum.

From the above results analysis, it can be concluded that the results of wet year and normal year
have a strong regularity (the dead water level is the best), but the results of dry years are more
complex and the regularity is weak, which needs further in-depth analysis. In view of this, in order
to analyze the optimal year-end water level of Lianghekou reservoir under different inflow
frequencies, and to extract the general rules to guide the actual operation, we calculated all the years
based on the 62 years runoff data, and arranged their results by the inflow frequencies with ascending
order, as shown in Table 9. The average multi-year power generation of cascade system is 101.02
billion kWh at this time.
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Table 9. Optimal year-end water levels and corresponding power generation under different inflow

frequencies.
Power Power
Hydrological Inflow Year-End Generation/ Hydrological Inflow Year-End Generation
Water i1pe Water -
Year Frequency Level Billion Year Frequency Level /Billion
kWh kWh
1965-1966 1.6% 2785 125.1 2015-2016 49.7% 2805 101.68
1993-1994 7.4% 2785 118.46 2017-2018 50.3% 2815 102.66
2012-2013 7.4% 2785 123.38 1979-1980 56.6% 2800 96.53
1998-1999 10.0% 2785 117.06 1981-1982 57.7% 2790 96.81
2003-2004 12.7% 2785 118.13 2016-2017 57.7% 2830 99
2018-2019 12.7% 2785 122.48 1976-1977 58.7% 2825 96.54
1999-2000 14.8% 2785 118.01 1995-1996 60.9% 2800 96.67
1957-1958 16.4% 2785 118.15 1988-1989 61.4% 2820 94.99
2005-2006 16.4% 2785 118.65 1978-1979 62.4% 2810 95.23
1974-1975 18.0% 2785 115.31 1977-1978 64.0% 2830 94.74
2000-2001 19.0% 2785 117.04 2013-2014 64.0% 2835 95.16
1989-1990 19.6% 2785 117.43 2010-2011 64.5% 2830 95.26
1962-1963 20.6% 2785 112.07 1958-1959 70.9% 2810 90.54
1960-1961 23.3% 2785 116.05 1975-1976 72.5% 2830 89.78
1990-1991 24.9% 2785 116.71 1997-1998 73.0% 2830 90.32
1980-1981 27.0% 2785 111.28 1969-1970 75.7% 2815 86.78
1966-1967 27.5% 2785 111.44 1992-1993 76.7% 2810 87.1
1987-1988 28.6% 2785 110.03 1961-1962 77.2% 2810 87.13
1991-1992 29.1% 2785 112.53 1971-1972 78.8% 2835 85.78
2014-2015 29.1% 2785 111.12 1967-1968 82.5% 2845 83.99
1963-1964 29.6% 2785 112.75 1972-1973 82.5% 2845 84.14
2004-2005 30.2% 2785 115.15 2007-2008 83.6% 2835 85.6
1985-1986 35.4% 2785 107.81 2002-2003 84.1% 2810 87.09
2001-2002 36.5% 2785 110.53 2011-2012 84.1% 2830 81.95
1964-1965 38.6% 2785 108.03 1984-1985 85.2% 2825 83.14
1982-1983 42.3% 2785 105.04 1986-1987 86.8% 2820 81.43
2009-2010 42.3% 2785 105.67 1959-1960 90.5% 2825 81.47
1968-1969 45.5% 2785 103.78 1983-1984 93.7% 2840 7522
2008-2009 45.5% 2785 107.17 20062007 93.7% 2830 77.46
1996-1997 48.7% 2790 103.26 1994-1995 94.2% 2845 73.92
1970-1971 49.2% 2795 102.16 1973-1974 96.3% 2845 73.22

According to the results in Table 9, the scatter diagram with the inflow frequency as the abscissa
and the year-end water level as the ordinate can be obtained, as shown in Figure 7.
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Figure 7. Optimal year-end water levels under different inflow frequencies.
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From Figure 7, it can be seen that in the wet years (inflow frequency below 48.7%), the optimal
year-end water level is 2875 m (dead water level). While in the dry years, the optimal year-end water
level fluctuates greatly in different years, and the regularity is not strong, but the overall trend is
rising. That is to say, in the years with low inflow, the optimal year-end water level basically increases
with the increase of inflow frequency.

Considering the practicability of the calculation results, it is necessary to extract the overall regularity
of the year-end water level in dry years to guide the actual reservoir operation. For this reason, based on
the results data where the inflow frequency greater than 48.7%, we have drawn a scatter diagram and
fitted the best trend line based on the least square principle [24,25], as shown in Figure 7.

According to the results in Figure 7, the best function relationship between the inflow frequency
and the year-end water level in the dry years is as follows.

Y =1301.37° —=2896.71* +2171.91 +2275.2 )

where Y is the year-end water level and I is the inflow frequency. The correlation index R?
corresponding to the above Equation (9) is 0.73.

Therefore, it can be concluded that under different inflow frequencies, the determination rules
of the year-end water level of Lianghekou reservoir are as follows.

_ {1301.313— 2896.71° + 2171.91 + 22752 if I1<48.7% 10)

2785 if 1>48.7%

At this time, according to the Equation (10), the year-end water level under different inflow
frequencies can be determined, and then the simulation calculation can be carried out, and the annual
power generation can be obtained, as shown in Table 10 (sorted by inflow frequency with ascending
order). The annual average power generation of cascade system is 100.984 billion kWh at this time. It
should be noted that since the historical runoff data is used in this paper, the inflow frequency of
each year is known at this time. In practical application, the inflow frequency forecasting [26,27]
should be used to obtain the inflow frequency of future years.

Table 10. Year-end water level of each year determined by the extracted rule and its corresponding
power generation.

Year-End Power Power
Hydrological Inflow Water Generation/  Hydrological Inflow Year-End Generation/
Year Frequency Level Billion Year Frequency Water Level Billion
kWh kWh
1965-1966 1.6% 2785 125.1 2015-2016 49.7% 2799 101.65
1993-1994 7.4% 2785 118.46 2017-2018 50.3% 2800 102.56
2012-2013 7.4% 2785 123.38 1979-1980 56.6% 2812 96.49
1998-1999 10.0% 2785 117.06 1981-1982 57.7% 2814 96.6
2003-2004 12.7% 2785 118.13 2016-2017 57.7% 2814 98.98
2018-2019 12.7% 2785 122.48 1976-1977 58.7% 2815 96.48
1999-2000 14.8% 2785 118.01 1995-1996 60.9% 2817 96.64
1957-1958 16.4% 2785 118.15 1988-1989 61.4% 2818 94.99
2005-2006 16.4% 2785 118.65 1978-1979 62.4% 2819 95.15
1974-1975 18.0% 2785 115.31 1977-1978 64.0% 2820 94.68
2000-2001 19.0% 2785 117.04 2013-2014 64.0% 2820 95.09
1989-1990 19.6% 2785 117.43 2010-2011 64.5% 2820 95.24
1962-1963 20.6% 2785 112.07 1958-1959 70.9% 2823 90.4
1960-1961 23.3% 2785 116.05 1975-1976 72.5% 2823 89.76
1990-1991 24.9% 2785 116.71 1997-1998 73.0% 2823 90.12
1980-1981 27.0% 2785 111.28 1969-1970 75.7% 2824 86.78
1966-1967 27.5% 2785 111.44 1992-1993 76.7% 2824 86.99
1987-1988 28.6% 2785 110.03 1961-1962 77.2% 2824 87.11
1991-1992 29.1% 2785 112.53 1971-1972 78.8% 2825 85.74
2014-2015 29.1% 2785 111.12 1967-1968 82.5% 2826 83.66
1963-1964 29.6% 2785 112.75 1972-1973 82.5% 2826 84.01
2004-2005 30.2% 2785 115.15 2007-2008 83.6% 2827 85.51

1985-1986 35.4% 2785 107.81 2002-2003 84.1% 2827 86.97
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Year-End Power Power
Hydrological Inflow Water Generation/ Hydrological Inflow Year-End Generation/

Year Frequency Level Billion Year Frequency Water Level Billion
kWh kWh

2001-2002 36.5% 2785 110.53 2011-2012 84.1% 2827 81.94
1964-1965 38.6% 2785 108.03 1984-1985 85.2% 2828 83.13
1982-1983 42.3% 2785 105.04 1986-1987 86.8% 2829 81.41
2009-2010 42.3% 2785 105.67 1959-1960 90.5% 2833 81.46
1968-1969 45.5% 2785 103.79 1983-1984 93.7% 2838 75.22
2008-2009 45.5% 2785 107.17 2006-2007 93.7% 2838 77.33
1996-1997 48.7% 2796 103.25 1994-1995 94.2% 2838 73.91
1970-1971 49.2% 2798 102.15 1973-1974 96.3% 2843 73.23

Compared with the results in Tables 9 and 10, the average annual power generation in Table 9
is 101.02 billion kWh, and that in Table 10 is 100.984 billion kWh. Although the power generation
obtained by simulation operation according to the year-end water level determined by the extracted
rules is reduced, the absolute value is 36 million kWh, and the relative reduction is only 0.036%. In
addition, it is easy and feasible to operate the reservoir according to the extracted rules.

Compared with the results of multi-year fixed year-end water level in Table 2, the average annual
power generation (100.984 billion kWh) in Table 10 is higher than the maximum value (100.58 billion
kWh) in Table 2. The difference is 0.404 billion kWh (100.984 billion kWh minus 100.58 billion kWh),
representing an increase of 0.4%. Although it seems that the increase of 0.4% is very small; in fact, the
base number of annual generation of the cascade system is very large, and this is the annual
increment. In the long run, the economic benefit is very significant, which also shows the effectiveness
of the method in this paper.

So, it can be seen that the extracted rules of year-end water level under different inflow
frequencies not only has strong operability, but also can well coordinate the coupling relationship
between the inflow frequency (water volume) and the year-end water level (water head) of
Lianghekou reservoir. They can give full play to the overall benefits of the cascade reservoirs system,
so that the total power generation of the cascade system by rules is very close to that by the optimal
calculation. After obtaining the above extracted rules, the actual reservoir operation can be guided
by these rules. Firstly, the annual inflow frequency of the current year can be obtained according to
the inflow frequency prediction model, and then the optimal year-end water level of multi-year
regulating reservoir can be obtained according to the predicted inflow frequency and Equation (10),
and finally, the actual operation can be carried out based on this year-end water level.

4. Summary and Conclusions

Based on the joint optimal operation model of cascade reservoirs and the model solution method
based on multi-dimensional dynamic programming, this paper studies the year-end water level
optimization of multi-year regulating reservoirs in the cascade reservoir system. By taking the
cascade system of seven reservoirs of Yalong river as an example, the following conclusions are
obtained.

(1) Under the multi-year average situation, with the increase of the year-end water level of
Lianghekou reservoir, the annual average power generation of the cascade system gradually
decreases. When the year-end water level of the Lianghekou reservoir is 2785 m, the annual average
power generation of the cascade system is the largest. That is to say, under the multi-year average
situation, it is better to operate the multi-year regulating reservoir as the annual regulating reservoir.

(2) Under the three typical inflow conditions, the results of wet year and normal year have strong
regularity (the dead water level is the best), but the regularity of dry years is weak.

(3) Considering the difference of different inflow frequencies, the annual average power
generation of the cascade system can reach up to 101.02 billion kWh by getting the optimal year-end
water level of Lianghekou reservoirs in each year. In the years with abundant inflow, the optimal
year-end water level is 2875 m. In the years with low inflow, although the optimal year-end water
level fluctuates greatly in different years and the regularity is not strong, the overall trend is upward.
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(4) In order to improve the practicability of the results, based on the optimal results of multi-
dimensional dynamic programming, the rules of determining the year-end water level of Lianghekou
reservoir considering the inflow frequency difference are extracted by using the least square
principle. The simulation results show that compared with the fixed year-end water level method,
the extracted rules can increase the cascade power generation by more than 400 million kWh,
representing an increase of 0.4%.
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