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Abstract: Water abandonment risk caused by inflow uncertainties is a major problem in cascade
hydropower generation operation and water resources management. In this study, we propose
a theoretical estimation method (TEM) to calculate water abandonment risk probability (WARP)
utilizing sample inflow data and historical forecast errors. The method analyzes the differences in risk
quantification between the head hydropower station and downstream stations, and the corresponding
probability formula is provided. Then, a short-term optimal operation model of cascade hydropower
stations considering the additional WARP water level constraints is constructed to dynamically
control water level risk. The Dahuashui (DHS)-Geligiao (GLQ) cascade hydropower stations in the
Waujiang River Basin of China is investigated as a case study. The results show that compared with
the historical scheme, the total amount of water abandonment of DHS, GLQ and DHS-GLQ in the
WARP optimal scheme decreases by 11.69%, 47.69% and 28.27%, respectively, and the flood peak of
GLQ is reduced by 21.6%. In conclusion, compared with the traditional control approach and actual
operation processes, the proposed risk control in optimization of cascade hydropower considering
WARP can improve the comprehensive utilization efficiency of cascade hydropower systems by
reducing the occurrence of water abandonment and thereby increase generation profits.

Keywords: water abandonment risk probability; runoff uncertainty; cascade hydropower generation;
optimal operation model

1. Introduction

With the shortage of fossil energy and the increasing demand for clean production,
hydropower generation, as a renewable energy, plays an increasingly important role in
sustainable development [1,2]. Although hydropower generation operation optimization
theory has been rapidly developed [3-7], it remains difficult to make full use of hydropower
resources due to complex uncertainties from different sources [8-10] both in long-term and
short-term operation [11,12]. For example, when there is a large deviation between the
actual inflow process and the forecasts, cascade hydropower stations operating based on
forecasts may have insufficient reservoir storage capacity to utilize over-forecast inflow and
need to abandon water to ensure safety. The discharge may exceed the maximum generating
capacity of the hydropower station units. The non-power-generating portion of the flow is
called abandoned water or water abandonment. A lack of consideration of potential water
abandonment risk may result in a large hydropower losses and even make the hydropower
system unsafe and unreliable [13,14]. Therefore, to facilitate the hydropower generation
management level, it is vital to estimate the water abandonment risk under uncertainties
and control the risk through the optimization of cascade hydropower operations [15-21].

In China, water abandonment is becoming an important parameter for the operation
of cascade hydropower generation for the power grid, and also an important aspect of
water resources management. Scholars have paid increasing attention to the initial study of
the water abandonment problem and relevant research can be divided into two categories.
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One focus of study is analysis of the various factors causing the water abandonment
problem to determine the influence of uncertainties in the hydropower system [22]. For
example, a strong negative correlation between water abandonment and forecast accuracy
has been demonstrated, that is, the higher the forecast accuracy, the lower the spillage [11].
The present research focuses on WARP due to the same cause as Tan [11]. The unreasonable
electricity price mechanism and the lack of overall planning and reallocation of power trans-
mission channels [23] are also considered to be the main reasons for water abandonment
by the Central China Power Net [24] and southwest China hydropower system [25]. Water
abandonment related to the compensation for wind and photovoltaic power forecasting is
analyzed both in the flood season and the dry season and in relation to the complementary
operation of the wind-photovoltaic-hydropower system [26].

A second research area is concerned with how to take factors causing water abandon-
ment into consideration through hydropower operation optimization. In order to fully
utilize the head efficiency of hydropower, operating at a high water level may, in theory,
result in the maximum power generation profits. However, the lack of consideration of
potential water abandonment risk under high water levels may make the operation un-
safe and unreliable. Thus, it is of great significance to consider water abandonment risk
in different runoff processes, and to coordinate the power generation benefit and water
abandonment risk in the actual operations [27,28]. In particular, a concept for evaluating
water abandonment risk by its probability is proposed in the actual operation of Wujiang
River Cascade in China [29]. In the relevant research, it is assumed that the runoff error
follows a specific distribution and a large number of runoff series are simulated by the
Monte Carlo method for constant output simulation to realize the description of the main
risk factors (runoff uncertainty). Many indexes such as maximum probability spillage
water quantity, expected spillage water quantity and up limit spillage water quantity are
calculated and corresponding probability distributions are built to reflect the resulting risk
faced by different generation plans [30,31]. The reasonable range of control indexes (such
as the beginning regulation water level and the operation mode) for formulating cascade
reservoir operation plans is determined through typical frequent flood process simulation
under proposed operation strategies [32]. These studies and their applications pay much
attention to the response relationship between runoff, water level and the resulting statis-
tical probability of water abandonment, and to the determination of risk control indexes
in operation plan formulation. However, there are few studies introducing the quantified
WARRP factor into the optimal operation model directly to realize the dynamic water level
risk control of hydropower stations.

In fact, under the condition that the forecast flow is known, the WARP of a hydropower
station in a certain period is related not only to the control water level at the beginning but
also to the level at the end of the period. In the reservoir operation, the control water level
at the end of the period will become the starting level for the next period which will affect
the WARP calculation in that period. The water levels upstream and downstream are also
linked. Therefore, the WARP in the cascade hydropower system is not independent and
unrelated. It should be considered an integral and dynamic process to reduce the WARP by
controlling the water level of each station in each period.

On the basis of previous studies, the present research attempts to quantify WARP
and dynamically control the water level under risk in the cascade hydropower optimal
operation model. Specifically, a TEM is first proposed and applied to calculate WARP
using sample inflow data and historical forecast errors. Second, based on this method, the
short-term cascade hydropower optimal operation model for dynamic risk control with the
additional WARP-water level constraints is constructed and the cuckoo algorithm (CA) is
applied to solve the model. Additionally, the performance of the model with the additional
WARP-water level constraints is explored regarding the decrease in the dynamic risk of
water abandonment and the increase in cascade power generation profits.

The remainder of this paper is organized as follows. Section 2 introduces the method-
ology by which the TEM is used to calculate WARP using sample inflow data and historical
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forecast errors. The differences in risk quantification between the head hydropower station
and downstream stations are also determined. The corresponding probability formulas
and the short-term cascade hydropower optimal operation model considering WARP are
described in detail. Subsequently, the case study and results are presented and discussed in
Section 3. Section 4 is devoted to drawing conclusions.

2. Methodology
2.1. Description of WARP

Generally, the probability of water abandonment risk refers to the possibility of water
abandonment at the end of the operation period without considering some uncertainties
under a certain combination of control water level and hydropower generation operation
plan [32]. There is currently no unified standard method for calculating WARP.

For the head hydropower station, the larger the over-forecast runoff and the higher
the initial water level of the reservoir, the greater the WARP; for downstream stations, the
WAREP is not only related to the interval forecast runoff and the initial water level, but
also to the upstream reservoir release. The differences in risk quantification between the
head hydropower station and downstream stations and the corresponding probability
formulas are described in detail in Section 2.2. The short-term cascade hydropower optimal
operation model considering WARP is established in Section 2.3, in which the expressions
of WARP are translated to certain water level constraints.

2.2. TEM of WARP Based on Runoff Forecasting Error
2.2.1. WARP of the Head Hydropower Station

The head hydropower station is not affected by an upstream release, and its inflow
is only related to the natural runoff. According to the regulations of reservoir operation,
when it is necessary to abandon water, the water level must be equal to or greater than the
control water level. If the unit overflows with the maximum generating capacity during
a certain period, and the inflow still results in the reservoir water level at the end of the
period equal to or greater than the control water level, water abandonment events will
occur. The TEM of WARP of the primary reservoir can be established by calculating the
water balance equation as follows:

(Q — qgen — qais) - Mt = Vigar — Vi 1)

where Q is the average inflow during the period in m3/s; dgen and g ;s are the maximum
generation discharge and the average water abandonment discharge, respectively, during
the period, with the units m3/s; V; and Vit A are the water storage of the reservoir at time ¢
and t + At, m3, respectively; and At is the length of the period.

Given that g4;; > 0, the occurring condition of the water abandonment events can be

expressed as:

Viear — Vi

—_ 2
A7 @

Then, the critical value of the average inflow during the period can be expressed using

Q as:

Q> Ggen +

Viear — Vi
AL 3)

The probability of water abandonment events during the period can be expressed and
calculated as:

P(Q > Q,) = P(Qfore —&> Q/) = P(E < Qfore - Q/) - F(Qfare - Q/) 4)

Q/ = fgen +

where Qf, is the forecast runoff of inflow in m3/s; ¢ is the runoff forecasting error
between Qf,. and the actual inflow value Q in m3/s; and F(e) is the CDF of the runoff
forecasting error.
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2.2.2. WARP of the Downstream Hydropower Station

For the downstream hydropower station, the influence of the upstream reservoir
release on the WARP should be considered. For this reason, the expected release of each
cascade reservoir should be calculated reservoir by reservoir and constitute a fixed part of
the downstream reservoir inflow. The fixed part should then be added with the interval
inflow random variables to be considered as the whole inflow of the downstream reservoir.
Based on the achieved inflow, the WARP of the downstream hydropower station can be
calculated using a similar method to that used for the head stations.

(1) The expected release of each cascade reservoir

The release of the upstream reservoir is a function of its inflow, and the inflow is a
random variable varying with the runoff forecasting error. Therefore, the release is also
a random variable. According to the water balance Equation (1), the release g,,; can be

calculated as:
Gout = {Q — (Vigar = Vi) /AL, Q > (Vigar — Vi) /At

0,0< Q< (Vs — Vi) /At ®)

In general, for a random variable function Y = h(X), the mathematical expectation
can be calculated as:

E[Y] :/ h(x) - 1(x)dx ©)
where E[Y] is the mathematical expectation; and /(x) is the probability density function
(PDF) of random variable X.

According to Equations (5) and (6), the key to calculating the expected release is the
PDF of the actual inflow Q. It can be calculated through the CDF of Q as:

G(x) =P(Q<x) = P(Qfm _e< x) - P(e > Qfore —x) =1 —P(e < Qfore —x) ~1 —F(Qfm —x) @)

g(x) = G/(x) = f(Qfore - x) (8)

where G(x) and g(x) are the CDF and PDF, respectively, of the actual inflow Q; and f(e) is
the PDF of the runoff forecasting error.

According to Equations (5), (6) and (8), the expected release of the upstream reservoir
can be calculated as:

ﬁout = E(qOHf)

(Vigar—Vi)/ Ot 00
= S 0:8(Q-dQ+ [ [Q — (Vigar — Vi) /48] - g(Q) - dQ
- (Viear—Vi)/ Ot )
= / Q-¢(Q)-dQ — / (Vigar — Vi) /At - g(Q) -dQ
(Vigar—Vi)/ At (Viear—Vi)/ At

(2) WARRP calculation based on the expected release of the upstream reservoir

The expected release of the upstream reservoir is taken as a fixed part of the down-
stream reservoir inflow and only the randomness of the interval inflow is considered
(without considering the correlation between the upper release and the interval inflow)
when calculating the WARP of the downstream hydropower station. According to the
principle of water balance and Equation (1), the relevant equations can be expressed
as follows:

Qi = qifl,out +5i (10)
(T oue + i = Gigen — Giais) - A = Vigsar = Vi 1

where Q; is the actual inflow of the i-th reservoir in m3/s; Gi_1 out 18 the expected release
of the (i—1)-th reservoir in m3/s; S; is the interval inflow between the i-th reservoir and
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the (i—1)-th reservoir in m3/s; qi,gen and g; 4;s are the maximum generation discharge and
the average water abandonment discharge, respectively, of the i-th hydropower station
during the period, with the units m3/s; and Vi t4ar and V; ; are the water storage of the i-th
reservoir at time t + At and ¢, respectively, with the unit m>.

Given that g, 4;; > 0, the occurring condition of the water abandonment events can be

expressed as:

Vitan = Vi _
Si > qi,gen + % - qi—l,out (12)

Then, the critical value of the average inflow during the period can be expressed using
S, as:
Si/ = fi,gen + (Vi,H—At - Vi,t)/At - ﬁi,llout (13)

The probability of water abandonment events during the period can be expressed and
calculated as:

P(S; > §) = P(Sifore =€ > S/) = P(e < Sifore = ) = F(Sifore = S/)  (14)

where §; ¢,y is the forecast interval inflow between the i-th reservoir and the (i—1)-th
reservoir in m3/s; ¢ is the runoff forecasting error between S; r,,, and the actual interval
inflow value S; in m®/s; and F(e) is the CDF of the runoff forecasting error.

According to the proposed TEM and Equations (4) and (14), the CDF of the runoff
forecasting error is necessary as a foundation for the WARP quantification.

2.3. Cascade Hydropower Optimal Operation Model under WARP
2.3.1. Objective Function

In the cascade hydropower station system, the main objective is to maximize the
power generation efficiency. The aim of controlling the WARP in the optimal operation
is also to improve the cascade hydropower system power generation profits during the
whole period. Thus, the maximum total power generation objective function is considered
in the proposed cascade hydropower optimal operation model under WARP, as shown in
Equation (15):

T N
maxE = max Y Y kiqj gen,thi 1Ot (15)

t=1i=1
where E is the total power generation in kW-h; k; is the efficiency coefficient of the i-th
hydropower station; and ; ; is the effective head of the i-th hydropower station at period ¢.

2.3.2. Constraints
(1) General constraints

There are hydraulic connections between the cascade stations. The hydraulic connec-
tions can be shown in Equation (10).

Other general constraints mainly include water balance constraints, reservoir capacity
(water level) constraints, power station overflow constraints, output constraints, etc., as
shown in Equations (16)—(19):

ti+1 = ‘/tl + (Q;n,t - Qi,t) : Atrt - 11 2/ tt Yy T (16)
le”f;l‘” S Z; S ZiT/VillX,t = 112/ Yy T/ (17)

:"fll:fl S f’,t S Q;tlg;(/ t= 1/ 2/ ct Yy T/ (18)
Nifil‘n < N; < Ni,ﬁéax/t =12,---,T, (19)

where Q! , and Qi,t are the inflow and outflow, respectively, of the i-th reservoir at period f
inm3/s; V/ ' and V/ are the water storage of the i-th reservoir at period ¢ + 1 and period
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t, respectively, with the unit m?>; Z"" and Z7)"* are the minimum and maximum water

levels, respectively, of the i-th reservoir at period ¢, with the unit m; Q%’;’; and Q" are the
minimum and maximum outflow, respectively, of the i-th reservoir at period ¢; and Ni’g‘i”
and N}}/"* are the minimum power output and the installed capacity, respectively, of the
i-th hydroelectric plant at period t.

Restrictions arising from different uses, such as water supply to populations, use of
water lines for leisure activities and the possible need to maintain ecological flows, should
be considered and translated to the constraints mentioned above. Therefore, in this study;,

WARRP is translated into water level constraints to be considered in the model.
(2) WARP water level constraints

To reduce WARP caused by runoff forecast errors, different upper limits of WARP are
adopted according to the risk preference of decision-makers, as shown in Equation (20):

A(Zip, Zigean Q) < iy (20)

where A (Zi,t, Ziti At Q{ fre) is the TEM function of the WARP in the i-th reservoir at
period t when the initial and final water levels are Z;;, Z; ; os and the forecast inflow is

Q{ ‘tw ; and a; ; is the upper limit of the allowable WARP in the i-th reservoir at period .

" Combined with the TEM of WARP mentioned in Section 2.2, the risk control demand
of WARP in each period can be transformed into the corresponding constraint of reservoir
water level in the order from upstream to downstream for each hydropower station. First,
the threshold or feasible range of WARP is obtained. Then, based on the corresponding
forecast error from the probability distribution curve, a critical flow of the reservoir is
determined. According to the principle of water balance, the water level constraints are
defined, and all the hydropower stations are traversed in turn.

For the head hydropower station, the water level constraint transformed by the WARP
can be calculated, as shown in Equation (21):

Zypym > H! [H(Zl,t) + (Qll,t - ‘T%’,etn) 'At}

;y _ ~fore -1 (21)
Ql,t = Ql,t — F (1)
where H(x) is a function of the storage capacity and water level; and H~!(x) is the corre-
sponding inverse function.
For the downstream hydropower station, when calculating the constraint according
to the water balance equation, the influence of the upstream outflow should be taken into
account, as shown in Equation (22):

Ziprar > H! {H (Zig) + <Sz/',t + i - qifn) ’At} (22)
5/ _ SforefF_l(lX' )
it = Ot it

2.3.3. Solution

Compared with the traditional algorithm, it has been demonstrated that the cuckoo
search algorithm has a higher convergence accuracy and stability in the solution of the cas-
cade hydropower optimal operation model [33]. In this study, the cuckoo search algorithm
is applied, combined with the initial solution generation and search step dynamics based
on dynamic corridor constraints.

2.4. Entire Solution Process

The entire solution process for the risk control study of the optimization of cascade
hydropower considering water abandonment risk probability consists of the following
four steps:
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Step 1 builds the runoff forecasting error cumulative distribution function (CDF):
According to the statistical analysis of historical runoff and forecast data, the appropriate
probability distribution curve is selected and calibrated to fit the runoff forecasting error
statistical characteristics. It is recommended to use the latest available data for modeling
and analysis of short-term models to reduce the influence of long-term climate change.
The common error CDFs include normal distributions, uniform distributions, triangular
distributions, Rayleigh distributions and others.

Step 2 determines different expressions of WARP: Based on the achieved runoff
forecasting error CDF, the corresponding probability formulas for the WARP of the head
hydropower station and downstream stations can be determined in detail by using different
quantification methods.

Step 3 translates WARP to WARP water level constraints: According to the upper
limit values of WARP in a certain period under the decision maker’s risk preference, the
expressions of WARP can be translated to certain water level constraints, which will be
considered in the cascade hydropower optimal operation model under WARP.

Step 4 constructs and solves the optimal operation model: the short-term cascade
hydropower optimal operation model is constructed considering the additional WARP
water level constraints and can be solved by the cuckoo algorithm. The water level risk
control scheme and hydropower operation strategy will be determined.

3. Case Study
3.1. Study Area and Data

We analyzed the water abandonment problem in the operation of cascade hydropower
stations in Wujiang River Basin, located in the Guizhou Province of southern China. As
shown in Figure 1, Wujiang River is an upstream tributary of the Yangtze River, with a
basin area of 87,900 km?. The main purpose of Wujiang River hydropower system is not
only to maximize the total cascade power generation but also to ensure the safety of the
downstream area during the flood season. In actual operation, the flood season for Wujiang
River is from June to September every year, when due to multiple reasons, most of the
water abandonment occurs.

28°40'0"N =

28°200'N |

28°0'0"N P~

27°40'0"N P

27°20'0"N -

27°00°N |

26°40'0"N -

26°20'0"N =

26°00'N

. W C . f Legend

" River
S \ Basin boundary
e Watershed

Hydropower
station
60 90 120

km

1 1 1 1 1 1 1 1 1 1 1 1

104°40'0"E 105°20'0"E 106°0'0"E 106°40'0"E 107°20'0"E 108°0'0"E 108°40'0"E

Figure 1. Locations of cascade hydropower stations in Wujiang River Basin.
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The water abandonment problem in Wujiang River Basin is concentrated in the down-
stream areas, especially for the stations with small reservoir capacity. Thus, the DHS-GLQ
cascade hydropower stations, which are in the downstream reaches of Wujiang River, are
considered in the case study. The main parameters of the DHS-GLQ cascade hydropower
stations are shown in Table 1.

Table 1. Characteristic parameters of cascade hydropower stations in DHS-GLQ.

Location Diagram of the

Name DHS GLQ Two Reservoirs
Watershed flow concentration area (km?) 4328 4735 o
Annual average runoff (m3/s) 75 82 E ;\ ; ‘;‘L’“'r:‘:’
Reservoir regulation capacity incomplete annual daily ! o
Unit maximum overflow (m3/s) 165 202.6 : | "j)"llrf'\'.f‘f‘ |
Normal water level (m) 868.00 719.00 : - .
Flood control level (m) 868.00 719.00 E /(/
Dead water level (m) 845.00 709.00 : o /)
Installed capacity (MW) 2 x 100 2 x75

The data source is the hydropower operation database of Wujiang River Basin remote
centralized control center of the Wujiang Hydropower Development Co., Ltd., Guizhou,
China. The data includes forecast runoff, observed runoff, water level, inflow, and outflow
etc. The maximum historical WARP for each specific period is used as the upper limit value
of WARP.

3.2. Results and Discussion
3.2.1. The Probability Distribution of Runoff Forecast Errors

The historical observed and forecast runoff series of DHS-GLQ for the flood season in
2018, which were collected hourly, were used to calculate the runoff forecasting error and
corresponding statistical parameters. Several common error distribution curves were se-
lected to fit the runoff forecasting error to determine an appropriate probability distribution,
including a normal distribution, uniform distribution, triangular distribution, Rayleigh
distribution and others.

Taking DHS as an example, the frequency distribution histograms of runoff forecasting
relative error of various forecast periods were plotted, as shown in Figure 2.

Figure 2 shows a bell-shaped distribution with Y-axis symmetry. It can be assumed
that the runoff forecasting relative error of forecast period t follows the normal distribution
of location parameter y = 0 and scale parameter ¢ = 0;. In addition, the forecast accuracy
decreases with the increase in forecast periods, and the relative error increases. It is
assumed that the standard deviation of the relative error in the next 1 h forecast period
is 07, and it then increases linearly with the extension of the forecast period. To simplify
the calculation, the linear increment is calculated according to the average increment of
the standard deviation of various forecast periods in the first 6 h. Thus, the hourly runoff
forecast relative error distribution curve of the DHS can be obtained. The relative error
distribution function obtained above is multiplied by the forecasted runoff value in the
corresponding period as the distribution function of the absolute error of the forecast runoff.
The same process was applied to the data for Geligiao.
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159 (a) 1h 154 (b) 2h 154 (c)3h
10+ ; 10 - 104
5 5 5 =
0 ——r f T = 0 T 1 1 — 0 T 1 1 i
-1.00 -.50 .00 .50 1.00 1.00 .50 00 .50 1.00 1.00 .50 .00 .50 1.00
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Figure 2. The frequency distribution histograms of runoff forecasting relative error of various forecast
periods (a) 1h. (b) 2h. (c) 3h. (d) 4h. (e) 5h. (f) 6h.
3.2.2. Hydropower Optimal Operation Strategy
In this hydropower optimal operation case study, the typical daily operation from
00:00 12 June 2018 to 24:00 15 June 2018 of DHS-GLQ was selected for calculation and
analysis. Taking 1 h as the operation scale, the WARP control scheme and the hydropower
optimal operation strategy is obtained through solving the cascade hydropower optimal
operation model under WARP, as shown in Figure 3.
(@DHS - historical ~ ——— WARP ®GLQ - historical —~ ——— WARP
868.0 | e o 7189 R~ TR
E : T E B e N
:?867.7 = ‘// S 7184 -
% / ks 3 2N
'=8674 -/ 57179 |
£ &
~867.1 / 7174 +
866.8 1 1 1 1 1 1 1 1 1 1 1 1 716-9 c * : - 2 ; . : : > . .

0 6 12 18 24 30 36 42 48 54 60 66 72

2 18 24 30 36 42 48 54 60 66 72

time period (1 hour) time period (1 hour)

Figure 3. The water level scheme of DHS (a) and GLQ (b) in the historical and WARP optimal models.

According to Figure 3a, during the actual historical operation of the DHS water
level scheme, the reservoir performed pre-release during the hours 16-28. As a result,
the water level decreased significantly, and gradually from the normal storage level of
868 m. The lowest water level (867.48 m) occurred at hour 28. After that, the reservoir
gradually impounded, but until the end of the operation period, the highest water level was
867.91 m, which was below the normal water level. The possible reason is that the operation
scheme for flood control and pre-release is greatly affected by subjective decisions. The risk
preferences of decision-makers result in longer pre-release times and larger quantities of
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pre-release water to prevent flood risk as far as possible. On the other hand, the decision-
makers and flood forecasting data cannot accurately predict future runoff, and the actual
late flood is not as expected, which is also one of the possible reasons for the low water
level condition.

During the WARP optimal operation of the DHS water level scheme, the water level
continued to rise during the hours 1-24 and reached the normal water level of 868 m. After
that, the reservoir maintained high head operation near the normal water level, and slowly
decreased to 867.83 m after hour 49, which was consistent with the initial and final water
levels of the historical scheme. The higher water level condition in the optimal scheme
more fully utilizes the water head power generation and hydropower storage (or water
supply) in the later period. The reason is that the TEM is used to objectively quantify the
WARP resulting from the uncertainty of the inflow forecast. This can avoid the subjective
limitations of decision-makers and realize a reservoir regulation scheme that fully utilizes
flood resources.

It can be seen from Figure 3b that in the actual historical operation of the GLQ water
level scheme, the water level presents an overall downward trend. The pre-discharge
capacity of the reservoir occurred during the hours 17-23, which was mainly considered as
the corresponding measures affected by the upstream DHS pre-discharge scheme. After
the pre-release, the water level of the reservoir rose rapidly to 718.31 m and then slowly
decreased to 717.88 m.

In the WARP optimal operation of the GLQ water level scheme, the water level rose
from 718.55 m to 719 m after 20 h of decline and maintained operation until hour 46 before
dropping to 717.9 m. Similar to DHS, the GLQ optimal scheme ensures an invariable water
level at the beginning and end of the operation period, while the water level is higher than
the historical scheme during most of the operation period.

3.2.3. Water Abandonment

The flow process of water abandonment under the two schemes is shown in Figure 4.
Compared with the historical scheme, the total amount of water abandonment in DHS,
GLQ and DHS-GLQ decreases by 11.69%, 47.69% and 28.27% respectively. It can be seen
that the WARP optimal model established in this paper plays a significant role in solving
the water abandonment problem of the cascade hydropower system in the basin, especially
for downstream stations with poor regulation capacity for which the water abandonment
can be reduced by nearly half.

(a) DHS historical ——— WARP () GLQ historical ——— WARP
250 400 r

5 200 | 2 300 |

g 150 } , =

= 1‘ g 200 ¢

g 100 | ; g

¥ 5 | T € 100 |

5 3 ol IS 1 s

E 0 LA Y% l/ | i { i \) \_:'_,_ v | \ § 0 LY | Ay NV T N NN N e N NG |

g 0 6 12 18 24 30 36 42 48 54 60 66 72 z 0 6 12 18 24 30 36 42 48 54 60 66 72

- time period (1 hour) time period (1 hour)

Figure 4. Water abandonment of DHS (a) and GLQ (b) in the historical and WARP optimal models.

3.2.4. WARP

Accordingly, the distribution process of WARP is shown in Figure 5. As shown in
Figure 5a, the optimal model proposed in this paper can effectively reduce the WARP of
DHS, especially the peak. The peak value is greater than 0.9 in the DHS historical scheme
and remains near the peak value during the hours 16-26, while in the optimal scheme, the
peak value is greater than 0.8 twice at hours 6 and 26, respectively, and the maximum value
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is 0.852. However, for small reservoirs with poor regulation capacity, WARP is greatly
affected by upstream release and outflow. As shown in Figure 5b, the WARP peak relief
is not significant in the GLQ optimal scheme. It can be seen that the flood process caused
by upstream abandoned water readily causes a large amount of water abandonment in
downstream reservoirs with poor regulation capacity. Therefore, it is necessary to avoid
the occurrence of abandoned water events in large reservoirs as much as possible, that
is, to reduce the WARP of upstream stations so as to relieve the overall abandoned water
pressure of the cascade system.
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Figure 5. WARP of DHS (a) and GLQ (b) in the historical and WARP optimal models.
Considering Figures 3 and 5, it can be observed that the water level in the optimal
operation for the WARP relieved period is significantly higher than that of the historical
operation. For the same period, the more the water level increases, the lower the WARP.
This phenomenon can be explained using Equations (21) and (22), which means WARP
level constraints can be regarded as water climbing constraints for a certain period.
3.2.5. Efficient Utilization of Medium and Small Flood Resources
The purpose of this paper is to improve the utilization efficiency of small and medium
flood resources in the basin and improve the economic benefits of power generation while
ensuring flood control safety. The runoff and output processes in this case study are shown
in Figures 6 and 7.
(a) DHS historical (/WARP) —— interval () GLQ historical —  WARP
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Figure 6. Inflow processes of DHS (a) and GLQ (b) in the historical and WARP optimal models.
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Figure 7. Output processes of DHS (a) and GLQ (b) in the historical and WARP optimal models.

Figure 6a can be used to analyze the causes of downstream flood peaks. The overall
DHS inflow process showed a downward trend, and the interval inflow was always small,
while the flood peak of the downstream inflow process occurred in the period when
DHS abandoned water was large, so it can be seen that the downstream flood peak was
mainly caused by the upstream abandoned water (outflow runoff). The proposed optimal
model fully considers the influence of upstream potential releasees when quantifying the
downstream WARP. Setting the upper limit of the downstream WARP can limit both the
upstream release and the downstream risk, which meets the actual operation requirements.

Figure 6b can be used to analyze the beneficial effects of peak-cutting and flood
detention of the proposed optimal model. The inflow process of GLQ is similar to the water
abandonment process of DHS in Figure 4a. The flood peak in the GLQ optimal scheme is
reduced by 21.6% compared with that in the historical scheme and is delayed by 8 h.

Figure 7 shows the beneficial effect of the proposed optimal model on increasing
output. Although WARP water climbing constraints may lead to a decrease in the upstream
outflow in a certain period, the resulting optimal operation scheme can still achieve full
output and continuously show the hydraulic head benefits in the later period.

4. Conclusions

An integrated development framework for risk control in the optimization of cascade
hydropower considering water abandonment risk probability is introduced in this paper.
Two innovations are proposed and included in the study. On the one hand, we propose a
novel TEM of WARP to avoid the subjective limitations of decision-makers in risk quantifi-
cation. On the other hand, we introduce the quantified WARP factor into the water level
constraints in the optimal operation model directly to realize dynamic risk control.

The results show that:

(1) The optimal scheme ensures an invariable water level at the beginning and end of the
operation period, while the water level is higher than the historical scheme during
most of the operation period due to the addition of WARP water level constraints
(water climbing constraints for a certain period);

(2) Water abandonment, especially in the downstream hydropower stations with small
reservoir capacity caused by runoff uncertainties and forecast errors, can be flexibly
alleviated and controlled to efficiently utilize flood resources. In the case study,
compared with the historical scheme, the total amount of water abandonment in DHS,
GLQ and DHS-GLQ decreases by 11.69%, 47.69% and 28.27%, respectively;

(3) Adopting the appropriate WARP water level constraints can effectively guide the
head hydropower station with a large reservoir capacity to function as a flood storage
at the early stage to stagger the downstream flood peak. In the case study, the flood
peak in the GLQ optimal scheme is reduced by 21.6% compared with that in the
historical scheme;
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(4) The output may be reduced appropriately to meet the requirement to increase the
water level at the early stage but improved with greater head efficiency at the later
stage, and thereby the system generation profits of the whole operation period can
be improved.

In conclusion, compared with the traditional risk control strategy and actual operation
process, risk control in optimization of cascade hydropower considering WARP can improve
the comprehensive utilization efficiency of cascade hydropower systems by reducing the
occurrence of water abandonment and increasing cascade power generation profits.
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