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Abstract: The bulk hydropower transmission via trans-provincial and trans-regional
power networks in China provides great operational flexibility to dispatch power resources
between multiple power grids. This is very beneficial to alleviate the tremendous peak load
pressure of most provincial power grids. This study places the focus on peak operations
of cascaded hydropower plants serving multiple provinces under a regional connected
AC/DC network. The objective is to respond to peak loads of multiple provincial power
grids simultaneously. A two-stage search method is developed for this problem. In the
first stage, a load reconstruction strategy is proposed to combine multiple load curves of
power grids into a total load curve. The purpose is to deal with different load features in
load magnitudes, peaks and valleys. A mutative-scale optimization method is then used to
determine the generation schedules of hydropower plants. In the second stage, an exterior
point search method is established to allocate the generation among multiple receiving
power grids. This method produces an initial solution using the load shedding algorithm,
and further improves it by iteratively coordinating the generation among different
power grids. The proposed method was implemented to the operations of cascaded
hydropower plants on Xin-Fu River and another on Hongshui River. The optimization
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results in two cases satisfied the peak demands of receiving provincial power grids.
Moreover, the maximum load difference between peak and valley decreased 12.67% and
11.32% in Shanghai Power Grid (SHPG) and Zhejiang Power Grid (ZJPG), exceeding by
4.85% and 6.72% those of the current operational method, respectively. The advantage of
the proposed method in alleviating peak-shaving pressure is demonstrated.

Keywords: cascaded hydropower plants; optimal operation; peak operation; two-stage
search method; multiple provinces

1. Introduction

Hydropower is the largest renewable generation source in China, representing 22.3% of the total
national capacity [1]. Hydropower systems take major responsibility for meeting fast growing
power demands, especially peak load demands, in China’s expanding electricity grid [2—4]. With the
commissioned nationwide ultra-high voltage AC/DC network [5], many cascaded hydropower plants
or large hydropower plants need to transmit power to several provincial or regional power grids at the
same time. Moreover, there has been a substantial increase in the scale of power transmission with the
fast growth of China’s hydropower development. By the end of 2014, the maximum transmission
capacity has reached 74 GW, representing one fourth of the total hydropower capacity in China.
The bulk hydropower transmission via trans-provincial and trans-regional power networks provides
great operational flexibility to dispatch power resources between interconnected multiple power grids.
This is very beneficial to alleviate the tremendous peak load pressure on most power grids.

This study focuses on the peak operation of hydropower plants serving multiple provinces under a
regional connected AC/DC network. These kinds of hydropower plants are usually operated by a
central dispatching authority (CDA) of a regional power grid. The CDA is responsible for determining
their operational schedules and allocating the power generation to multiple subordinate provincial
power grids. The main objective is to respond simultaneously to the peak load demands of subordinate
provincial power grids. As an example, the cascaded hydropower plants on the Hongshui River such as
Tianshengqgiao and Longtan, are directly operated by the China Southern Power Grid (Figure 1).
They provide electricity for Guangdong and Guangxi provinces. Their operational objective is to shave
peak loads for the two provincial power grids. In this problem, the major difficulty is the greatly
different load demands among multiple provincial power grids with respect to magnitude, peak value
and number, and the timing of peak and light loads. These differences make it very hard to determine
the quarter-hourly generation schedule of hydropower plants. An additional difficulty is imposed by
the complex electricity coupling between plants and power grids, as well as hydraulic relation and
many plant operation constraints. Therefore, the main concern of this work is how to dispatch the
hydropower sources serving multiple provinces while satisfying various operational conditions and
constraints. The main goal is to find a feasible and practical solution for this problem to alleviate the
increasing peak-shaving pressures of receiving power grids in eastern and coastal China.
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Figure 1. An example of cascaded hydropower plants serving multiple provinces.

Mathematically, the above problem is a highly nonlinear and nonconvex optimization problem with
the nonlinear objective function of peak shaving and large amounts of spatial-temporal coupling
system and plant operation constraints [6,7]. The simplification of such complex objective functions
and constraints make it hard to obtain directly an analytic solution or a discrete optimum using
linear programming [8,9], nonlinear programming [10-12], or dynamic programming [13—15].
Moreover, these analytic methods are closely dependent on the computable requirements of available
commercial software. In practice, they often require considerable amounts of effort and time to reformulate
the original problem while responding to frequent changes and requirements of plants and power grids.
Thus, their applications to the current real-world problem are hindered. Besides, the artificial
intelligence and population-based algorithms [16,17] are also not suitable for practical hydropower system
operations because the optimal results are usually instable. This is unacceptable for system operators.
For such a complicated optimization problem, a commonly used way is to decompose the original
problem into several easily solved subproblems [18-21] according to the characteristics of the
considered hydropower system. This method is also employed in the study.

In this paper, the cascaded hydropower plants on Xin-Fu River and another on Hongshui River
are taken as the examples. The former is operated by the China Southern Power Grid covering
Guangdong, Guangxi, Yunnan, Guizhou, and Hainan provinces. The second is controlled by the East
China Grid covering Shanghai, Jiangsu, Zhejiang, Anhui, and Fujian provinces. The power transmission
and operations of the two cascaded hydropower plants under the regional connected AC/DC networks
is representative of the situation in China. Each large hydropower plant provides electricity for several
provincial power grids with greatly different load demands, as shown in Figure 1. It is very different
from the traditional operation problem for a single power grid. Hence, this study intends to develop a
suitable method for the peak operations of this kind of cascaded hydropower plants. A two-stage search
method is thus developed. In the first stage, a load reconstruction strategy is developed to combine
multiple load curves of provincial power grids into a total load curve. The purpose is to deal with
different load features in load magnitudes, peaks and valleys. A mutative-scale optimization method is
then used to determine the generation schedules of cascaded hydropower plants. In the second stage,
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an exterior point search method is established to allocate the generation among multiple receiving
power grids. The initial solution is produced using the load shedding algorithm. Afterwards, the
solution is gradually improved by iteratively coordinating peak power among different power grids
according to load changes during one day. The results from the two cases indicated that the proposed
method met the different peak demands of multiple provincial power grids. Moreover, this method
presented advantages over real operation. The maximum load difference between peak and valley
decreased 12.67% and 11.32% in the Shanghai Power Grid (SHPG) and Zhejiang Power Grid (ZJPG),
exceeding by 4.85% and 6.72% those of the current operational method, respectively. Hence, the method
was practicable, and useful, to schedule hydropower plants serving multiple provinces.

2. Model Description
2.1. The Objective Function

The centralized dispatch method is currently adopted in China to optimize power operations [22,23].
In this mode, system security and supply-demand balance are the priorities. Among them, response to
peak demands during high load hours is of vital importance. Usually, hydropower plants are first
required to respond to peak loads because of the advantages of quick start and high climbing speed of
hydro generating units. The remaining load, which is obtained by deducting hydropower generation
from the original load, is further assigned to low regulating coal-fired plants and other plants. The reason
is that the smoothed load curves can effectively reduce the start and stop times of coal-fired units and
then save energy resources. Therefore, the main goal considered in this study is to shave peak loads
and smooth remaining load for low regulating power plants. According to our previous work [22,23],
minimizing the mean square deviation of the remaining load is suited as the optimization objective for
the peak operation of cascaded hydropower plants:

min F=3((C, =3 p,)~2(C,-3 p, )/ TT )

m=l1

When the cascaded hydropower plants serve multiple provinces, they need to satisfy peak load
requirements of multiple provincial power grids at the same time. Obviously, this problem is a
multi-objective optimization. It is needed to minimize the mean square deviation of the remaining load
of all power grids being considered. Correspondingly, the optimization objective is formulated as:

T M T M
min F, :;[(Cg,t —;pmqg’,)—g(C&i —; pm,g’i)/T]2 @)

This multi-objective optimization problem is transformed to a single objective problem by determining
objective weights [24-26]. The objective function becomes:

P G F,
min —Z;wg X — 3)
p=

g,max

The weight coefficients have an important influence on the optimization. They are dependent on the
requirements of shaving peak load for power grids. Generally, the power grid with strong peak-shaving
needs should be given much consideration. It means the weight coefficient is bigger. In the real world,
most of provincial power grids in China face big peak-shaving pressure during high load hours.
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The power grids considered in later case studies are just so. It is equally important for these power
grids to meet their peak demands. Therefore, all weight coefficients are set equal to 1/G in this study.
Besides, there is usually big difference of load magnitudes among multiple provincial power grids,
which may cause unreasonable optimization results. To avoid this, the load maximum of each power
grid is introduced to normalize the remaining load in the objective function.

2.2. Constraint Conditions

The water balance is:

I/m,1‘+1 = Kn,t + 36OOX (Qm,t - qm,t _Qdm,t )At (4)

The control requirement for the daily energy production from plant m is:
E =E (5)
The transmitted energy from one plant to power grid g is established as follows:

T
me,g,t XA[ :Em XRm,g (6)
=1

The power balance in any a period is expressed as:

G
D Py = Puy )
g=1

The turbine discharge capacity for each plant is formulated as follows:

90 S e < (8)

The total discharge bounds for each reservoir is:

S, <S. <S8, )

=mt —
The generation capacity of plant m is:

r,, < Pyt < Doy (10)
The minimum and maximum reservoir water level of plant m is:

Z,, <2, <Z,, (11)

=m,t —

The maximum ramping capacity for power generation of plant m is expressed by:

{(l ) Pt = Pt 200 P> Py (12)
A=) Pyt = Pus 20 Dy S Py
The minimum operation and shutdown time requirements for plant m:
When plant m is generating at period ¢ — tsm:
If pms—1 =0 then pms=0 (13)

When plant m is shut down at period ¢ — tgm:
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prm,t—l > ( then Pm.t >0 (14)

The above two constraints play an important role in avoiding frequent start-up and shut-down of the
hydropower plant.
The forbidden zones of plant m are:

(pm,t _psm,t,k)(pm,t _Em,t,k) > O (15)

The minimum generation output of plant m is:

®oe = P, P 20 (16)
3. The Two-Stage Search Method
3.1. Solution Framework

Generally, the choice of methods depends on the characteristics of the optimization problem.
The peak operation of hydropower plants serving multiple provinces involves very complex objective
function and spatial-temporal coupling constraints. It is hard to directly obtain analytic solutions or a
discrete optimum using mathematical programming methods. A feasible way is decomposing the
original problem into relatively simple subproblems according to the operation tasks. Hence, a two-stage
search method is developed for the peak operation of cascaded hydropower plants serving multiple
provinces. In this method, the original problem was divided into two subproblems: determining the
optimal generation schedule of hydropower plants, and allocating the generation among receiving
power grids. The first subproblem is addressed using a mutative-scale optimization method based on a
load reconstruction strategy. With the known generation schedules of hydropower plants, the second
subproblem is handled by an exterior point search method. A solution framework is established in the
second stage to iteratively improve the generation schedule and its allocation among multiple
power grids, shown in Figure 2. In the iterative procedure, the mutative-scale optimization method and
exterior point search method are repeatedly employed. They will be discussed in the following two
subsections, respectively. In the last subsection, a total solution procedure is given.

3.2. The Mutative-Scale Optimization Method Based on Load Reconstruction Strategy

The mutative-scale optimization method based on load reconstruction strategy is proposed to
determine the generation of each hydropower plant. Two steps are needed in the solution process of
this method. The first step is reconstructing a total load curve using the load reconstruction strategy.
Based on the obtained total load curve, the mutative-scale optimization method is used to optimize the
generation schedules of hydropower plants.

3.2.1. Step 1: Reconstructing a Total Load Curve

Generally, the daily load curves of multiple provincial power grids are not synchronous in
magnitude and the timing of peak and off-peak loads. These factors add great difficulty on scheduling
hydropower plants. Therefore, this paper attempts to combine all load curves into a total one. The goal
i1s to determine the generation of hydropower plants according to the total load curve. However,
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the cumulative curve is dependent on the power grid with the biggest load value, not reflecting the
characteristics of peak and off-peak load of other power grids. Therefore, the allocation proportion of
the generated energy among power grids is introduced to reconstruct a total load curve from multiple
load curves. The formulation is expressed as:

G c -C
C=>R, xC x—t £ 1<t<T (17)

t m_g gt
g=l Cg,max g,min
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Figure 2. Solution framework.
3.2.2. Step 2: Determining the Generation Schedule of Hydropower Plants

With the combined load curve in the above step, the first subproblem is transformed into a readily
solved one. The solution methods for such a problem have been extensively reported in the literature [27].
Here the mutative-scale optimization method is adopted to solve the problem. In this method,
the original problem is decomposed into a set of subproblems with larger time intervals, where the
feasible range of decision variables is greatly increased by weakening or even eliminating coupling
constraints such as Equations (12)—(14). Moreover, the number of computational stages is also reduced.
Taking the hydro scheduling problem with 15 min interval for example, the procedure of this method
is given as follows:

(a) Change the original problem into four kinds of subproblems with time intervals of 6 h, 3 h,
1.5 h and 15 min respectively, as shown in Figure 3.

(b) Start to optimize these subproblems successively from the largest time interval of 6 h using the
progressive optimality algorithm (POA). The detail about POA and its solution procedure for the
hydropower operations can refer to the literature [22].

For one subproblem, the power generation at period ¢ is initialized equal to the generation value at
period ¢ in the previous larger-step problem, where ¢ = #a; o is a multiple made by dividing the
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previous time step by the current one; 1 < ¢ < 7. Correspondingly, the required discharge for fixed
generation pm: (1 < ¢ < T) is computed by use of the relationship among power generation, discharge
and head. On the other hand, the constraints in Equations (12)—(14) need to be redefined with the
required time step. The constraint in Equation (12) is rewritten by the following formulation:

(1+Bxum /2);m,t—l _pm,t 20 lf pm,t >pm,t—l
— : (18)
(1-Bxp, /2)p, .. = Pn, <O  otherwise
The constraints in Equations (13) and (14) are changed into:
When plant m is generating at period ¢ — ts.m/p:
If pms—1 =0 then pm;=0 (19)
When plant m is shut down at period ¢ — tgm/p:
If pm.s—1 > 0 then pms >0 (20)

(c) Generate an initial solution for the subproblem with time interval of 3 h according to the optimal
solution from the current time step (such as 6 h).

(d) Update the current subproblem with next time interval and solve it.

(e) Repeat the above process until the time interval is equal to 15 min.

96 periods with fifteen minutes time step (the original problem)

0 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 9
X B N T O U ) S’ [Period
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The study horizon of one day

Figure 3. Different time scales for a set of short-term hydro scheduling problems.
3.3. The Exterior Point Search Method for Allocating Generation among Power Grids

The second subproblem focuses on allocating generation among provincial power grids after the
day-ahead quarter-hourly generations from hydropower plants are obtained. The basic idea is to
coordinate the generation among multiple power grids using their load differences, particularly those
occurring during the time of peak loads. Related research has rarely been reported. Therefore, this study
proposed an exterior point search method to solve the problem. The method consists of two key parts:

generate an initial solution and coordinate the generation among power grids:
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3.3.1. Generate an Initial Solution by the Load Shedding Algorithm

The load shedding algorithm is a commonly used way in China. It is applied to determine the
generation schedule of one plant while the total energy demand and load curve over the entire time
horizon are given [28]. Here, the total energy transmitted to each power grid can be easily calculated
with Equation (21):

Epe=Enx R, 1)

To generate the initial solution, the procedure of load shedding algorithm is outlined:

Calculate C, ., —F, . » and then determine the initial shedding position on the load curve shown

in Figure 4; where C = maX{C Cooroos Cg’T} and P = available generation capacity of

gmax gl g m,max
plant m; After determining the shedding position, calculate the total energy E, . (the grey area in

Figure 4), and compare it with the specified £, ; If E! >FE move up the shedding position;

m,g m,g m,g >
elseif £}, , <E, ,, move down the shedding position. In the moving process, if F,, > P, .. , then set
P, =P, .. ; Repeat the above process until £, , =E, ..
A
§ Cg,max
)
% _,—\_ Initial
5 _l shedding
) '
s If Em,g > Em,g Pm,max pOSiﬁion
U __>_\ /// 4 \
~ S~ T
= S )
S -
»3 If E"ng <Emg As
' ' The calculated total energy £, p
Time

Figure 4. The principle of load shedding algorithm.

Figure 5a gives a general example, where a single hydropower plant provides electricity for two
provincial power grids. As mentioned above, this kind of plant is usually operated by the dispatching
authority of a regional power grid and connected to the subordinate provincial power grids via
high voltage lines. It provides the generated energy for each provincial grid with the specified ratio in
the electricity contract. Thus, the above load shedding algorithm can easily produce an initial
transmission schedule shown in Figure 5b. However, this solution violated the power balance constraint
in Equation (7). Therefore, the second part will improve this solution.
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Figure 5. (a) A general example about power transmission via trans-provincial power

network; and (b) initial solution for the exterior point search method.

3.3.2. Mainly Improving the Initial Solution Obtained Above

A heuristic strategy, which decreases the generation output during lowest load hours and increases

the generation output during highest load hours, is adopted. As an example presented in Figure 5,

this strategy will guide the transfer of the power generation from the period interval [#, ¢"'] to other

periods till the power balance is attained at each period. The detailed procedure is illustrated below.

Step 1: Find Period # to Reduce Generation

Calculate the generation positive deviation vector D: = {D1, D2, ..

., Dr} using Equation (22), and then

find the maximum of elements max|D|. The corresponding period is denoted as #::

D,

t

0,

G G
_ me,g,t - pm,t’ me,g,t > pm,t
—) g=1 g=1

else

(22)
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Step 2: Find Power Grid g’ to Adjust the Received Generation

Calculate the order number O, , of the remaining load C;, in descending order, 1 < g < G; and then

find max {Oul 0,505, } . The corresponding power grid number is denoted as g'.

Step 3: Find Period % to Increase Generation

Calculate the generation minus deviation vector D' = {D"1, D'2, ..., D'r} using Equation (23).
Similarly, the corresponding period of the maximum element max|Dj| is denoted as z:

G

0’ zpm,g,t 2 pm,t
g=1

D =

t

> (23)
me,g,t _pm,[’ else

g=1
Step 4: Adjust the Generation Transmitted to Power Grid g’

Determine the step size ps with Equation (24), and respectively decrease and increase the received
generations of power grid g’ at period #1 and 7, with Equations (25) and (26). Recalculate the
remaining load of power grid g'. Afterwards, the process returns to Step 2:

p, = min{max D,, max Dt' ,DPpt (24)
Pm,g’,tl = Pm,g’,tl - pd (25)
Pm,g’,t2 = Pm,g’,tZ + pd (26)

3.4. The Solution Procedure of the Two-Stage Method

The whole procedure of the two-stage search method is summarized as follows:

Step 1: Read the initial conditions, including operation constraints for hydropower plants, the load
demand curve of each power grid, and the specified proportion of energy transmitted to each power grid;

Step 2: Number the hydropower plant as m;

Step 3: Determine the load demands {C1i, C, ..., Cr} for plant m using Equation (17);

Step 4: With the objective function in Equation (1), and constraints in Equations (4), (5) and (9)—(16),
optimize the generation output of plant m using mutative-scale optimization method presented in the
Section 3.2.

Step 5: With the equality constraints in Equations (6) and (7), allocate the generation from plant m
among G power grids through exterior point search method. The result is denoted as {pm,1.1, pm,12,..., pm1.7},

{Pm21, Pm22y. oy Pm2.T}y <oy APmGL, Pm,G 2, . Pm,GT};
Step 6: Recalculate the remaining loads of each power grid using Equation (27):

M
Coi=Coim Z_} Ding 27)

where C,, (MW) is the remaining load of power grid g in period z.
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Step 7: Set m =m + 1. If m <M, go back to Step 3. Otherwise, go to Step 8.

Step 8: Calculate the objective value of the current solution using Equation (3) and compare with
the last objective value. If the solution is improved, take the current solution as the initial solution for
the next iteration, and go back to Step 2. Otherwise, go to Step 9.

Step 9: If the current iteration reaches the specified maximum, obtain the optimization results and
then stop; otherwise, go back to Step 2.

4. Case Studies
4.1. Cascaded Hydropower Plants on the Xin-Fu River

Two hydropower plants are built on the Xin-Fu River, Xinanjiang upstream and Fuchunjiang
downstream. They are operated by the East China Grid (the largest regional power grid in China).
Their responsibility is to provide power especially peak power for two subordinate provincial
power grids, Shanghai and Zhejiang. Table 1 shows the details of two hydropower plants. To test the
proposed method, two typical daily load curves of SHPG and ZJPG in February and August 2013,
was chosen and denoted by Scheme 1 or 2, respectively. Moreover, the optimization results were
compared with actual generation records to further validate the efficiency of this method.

Table 1. Characteristics of cascaded hydropower plants built on the Xin-Fu River.

Hydropower  Installation Regulating  Transmission proportion/% Energy demand/MWh

plant capacity/ MW ability Shanghai Zhejiang Scheme 1 Scheme 2
Xinanjiang 850 Yearly 50 50 5200 11,400
Fuchunjiang 354 Daily 50 50 2900 2900

Figures 6 and 7 present the load balance results in Schemes 1 and 2, respectively. Figure 8 shows
the generation profiles of hydropower plants in Scheme 2. Table 2 illustrates the indices for peak
operation in Scheme 2. Figure 6 indicates that there were significant differences in peak load and peak
time between SHPG and ZJPG in Scheme 1. SHPG showed morning and evening load peaks and the
former is bigger than the latter. However, ZJPG mainly has an evening load peak, significantly higher
than the load in any other period. Therefore, it is reasonable that ZJPG received a lot of power during
the evening peak hours while SHPG did so during the morning and evening peak hours. This implied
the proposed method took full advantage of the load differences between the two power grids. Table 2
shows that in Scheme 1, the load differences between peak and valley of SHPG and ZJPG decreased
12.67% and 11.32%, respectively. Correspondingly, the mean square deviation of the remaining load
decreased by 8.17% and 8.81%, respectively. It indicates that the peak load pressure of power grids
was effectively alleviated. The smoothed remaining load would be advantageous to the operation of
low regulating coal-fired units.
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Figure 8. Generation output of plants in certain periods: (a) Xinanjiang Plant; and
(b) Fuchunjiang Plant.
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Table 2. Comparison of the optimal results from two methods.

Our method Real operation
Maximum
Power Maximum difference Maximum difference
Scheme difference of
grids . of remaining Reduction/% of remaining Reduction/%
original load/ MW
load/ MW load/ MW
| SHPG 469 4165 12.67 4396 7.82
ZJPG 8645 7666 11.32 8247.5 4.60
) SHPG 10,491 9918 5.46 9948 5.18
ZJPG 13.062 12,480 4.46 12,520 4.15
Our method Real operation
Mean square
Power Mean square Mean square
Scheme deviation of
grids . deviation of Reduction/% deviation of Reduction/%
original load/ MW
remaining load/MW remaining load/MW
| SHPG 1624 1491 8.17 1487 8.40
ZJPG 2557 2332 8.81 2427 5.06
5 SHPG 3632 3382 6.88 3426 5.65
ZJPG 3958 3731 5.74 3761 4.99

In Scheme 2, there exists a great difference in load demands between the SHPG and ZJPG. In particular,
the magnitude of load in ZJPG was far bigger than that in SHPG. As seen from Figure 7 and Table 2,
rational generation schedules were provided by the proposed method. The ZJPG mainly received
electricity in the morning, noon, and evening peak hours. The maximum load difference between peak
and valley in a day was reduced by 582 MW, about 4.46%. SHPG received abundant electricity in
the daytime peak periods, which was also consistent with its load curve. There exists large decrease of
573 MW in the maximum load difference between peak and valley. This proved that the optimized
results effectively respond to the peak demands of both power grids.

As can be shown in Figure 8, Xinanjiang and Fuchunjiang hydropower plants worked with the
nearly maximum generation capacity during peak hours 10:00-16:30. A minority of the energy production
is generated during other high load periods to satisfy continuous generation output requirements
such as generation climbing constraint and the minimum continuous startup and stop times.
Consequently, the generation schedules of two hydropower plants were rational and feasible.

Moreover, the optimized results of Scheme 1 were compared with actual operational records, as shown
in Figure 9 and Table 2. Our method produces smaller load difference between peak and valley for
each provincial power grid than the real operation. The variations reached 4.85% and 6.72% in SHPG
and ZJPG, respectively. Similarly, the square deviation value of the remaining loads was also reduced.
This implies the real-world operation which allocated the power generation of each period among
provincial power grids with the fixed proportions in the contracts is not efficient. Therefore, the load
differences between provincial power grids should be fully employed to efficiently schedule the
hydropower plants.
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Figure 9. Comparison between the optimal results of Scheme 1 and real values; (a) SHPG;
and (b) ZJPG.

4.2. Cascaded Hydropower Plants on Hongshui River

In Case 2, the proposed method is implemented to the operation of cascaded hydropower plant on
Hongshui River. Hongshui River is one of the 13 largest hydropower bases in China (named as
Nanpanjiang—Hongshui River Hydropower Base). This river is one of the earliest exploited hydropower
bases in China. Ten hydropower plants have been planned in its main stream, nine of which have been
put into operation from upstream Tianshengqiao to downstream Qiaogong plant, with an installed
capacity of 10,739 MW (shown in Table 3). Among them, Tianshengqiao-1, Tianshengqiao-2, and
Longtan operated by SCPG, are responsible to provide power for Guangdong Power Grid (GDPG) and
Guangxi Power Grid (GXPG). The three hydropower plants have the major responsibility for shaving
peak loads of power grids by using their regulating capability and large installed capacity (about 69%
of total capacity). Due to hydraulic connection, four cascaded hydropower plants, i.e., Tianshengqiao-1,
Tianshenggiao-2, Pingban, and Longtan, are chosen in this case. The generation schedules and its
allocation among two grids were made by the proposed method. Figure 10 shows the overall optimal
results. Figure 11 gives the generation profiles of the four plants, respectively.

Table 3. Detailed characteristics for cascaded hydropower plants on Hongshui River.

Hydropower Installation Regulating Transmission proportion/% Energy
plant capacity/ MW ability Guangxi Guangdong demand/MWh
Tianshenggqiao-1 1200 Yearly 50 50 11,700
Tianshengqiao-2 1320 Daily 50 50 17,500
Pingban 405 Daily 100 - 3,400
Longtan 4900 Yearly 50 50 20,700

The optimization results showed that hydropower plants mainly generated during high load hours.
The load peaks of GDPG and GXPG were effectively shaved. The corresponding remaining load
curves were smoother than those in real-world operation. This demonstrated that our method
produced rational and efficient results. Compared with Scheme 1 in Case 1, the load magnitude
difference between GDPG and GXPG was apparently bigger. The mean load value in the former was
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approximately 6.3 times that in the latter. Therefore, the variation range of peak loads in GDPG was
much smaller than that in GXPG, although the two power grids received same power energy from
hydropower plants. The maximum load difference between peak and valley decreased by 6% in the
GDPG whilst 44% in the GXPG. Figure 10 also shows the result clearly. This situation implies that the
load demands had a significant impact on optimizing the generation schedules of hydropower plants
among power grids.

14 000 Hydropower -
— 14
L 80 Load
Calculated 1 E
| remaining load
3 10 000 B Real remaining =10 S
2 | [ Hydropower 2 70 load -
= > =2
o e L02d —_ S
S 6000 | 5 -
Q Calculated remaining < s
— - load Q =
Real remaining load — 60 8
2000 F i )
] L A\ I ] ] ] ] I
50 N I 1 I I I I I I
v [} v [} wv [} v (e v () v
— on <t (=) — on <t (=) — on <t v (=) v (=] v S v (=] v (=) v
S A4 F & & & &4 8 s S N - n ¥ 2 - o ¥ 2 = o ¢
Se s eSS =~ = =&an-x gdEceg=dE£gq
Time Time
(a) (b)

Figure 10. Optimal results for cascaded hydropower plants on Hongshui River:
(a) Guangxi Power Grid (GXPGQG); and (b) Guangdong Power Grid (GDPG).
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Figure 11. Generation profiles of each hydropower plant: (a) Tianshengqiao-1 Plant;
(b) Tianshengqiao-2 Plant; (¢) Pingban Plant; and (d) Longtan Plant.
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In summary, the above two cases indicate that the proposed two-stage search method presents
excellent adaptability to schedule the hydropower plants and coordinate their generation among
power grids. It is valid and efficient way to respond to the peak load demands of different provincial
power grids. Moreover, this method is capable of producing better results than the conventional
method used in real-world engineering.

5. Conclusions

In the near future, the operation and optimization of China’s hydropower system will become more
complex with the explosive growth of the scale of trans-provincial and trans-regional hydropower
transmission. Hydropower operations involve more complex requirements of the receiving power
grids, especially peak load demands. The peak operation of hydropower plants will be a useful and
effective tool to alleviate the tremendous peak pressure on most power grids in China. This study
presents a two-stage search method for this kind of problems, taking the cascaded hydropower systems
on Xin-Fu River and Hongshui River as examples. The method can effectively coordinate and allocate
the power generation of hydropower plants among provincial power grids through utilizing differences
on load characteristics. Furthermore, there were bigger decreases in the load differences between peak
and valley, and the mean square deviation of the remaining load, than the real operation. This indicates
that the proposed method is capable of producing rational and efficient generation operational
schedules. A sensitivity analysis indicates our method is robust in handling greatly different load
demand conditions.

It should be mentioned that the proposed method has been successfully used to provide decision
support to the system operators of the East China Grid and China Southern Power Grid to make the
day-ahead quarter-hourly generation schedules. This method plays a significant role in alleviating the
increasing peak-shaving pressure of these power grids. Besides, power losses are an important factor
during the long-distance power transmission. This was not included in the current method as this study
mainly emphasizes the peak operation of hydropower plants. Our future works will study and discuss
the impact of the power losses on the generation dispatch and load distribution.
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Acronyms

SHPG
ZJPG

GDPG
GXPG

Variables

Pm,l
C

Wg
Cg,max, Cg,min
Vm,t

Qm,t
K

or,,

Ql’lm,t
Qdm,t

Em, Em

Rm.g

qm,t > qm,t 2 gm,t

S .88

m,t

pmJ > Bm,t

Z Zm,t, Z ,

m,t 2

Wim
tgm

tsm

psm,t,k > pS

—m,t,k

myt > —m,t
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Shanghai Power Grid
Zhejiang Power Grid
Guangdong Power Grid
Guangxi Power Grid

Power generation of plant m at period ¢, in MW;

Remaining power load of the power grid at period #; 1 <m < M, in MW;
Total number of plants;

Total number of time periods during the operational horizon;

Time period index;

Generation output transmitted to power grid g by plant m in period ¢, in MW;
Total number of power grids;

Power grid index;

Objective weight of power grid g;

Maximum and minimum load of power grid g, in MW;
Storage capacity of plant m in period ¢, in m?/s;

Reservoir inflow of plant m in period ¢ and Q,, =0On,,, +§ or ,inm¥/s;

m,t 2
k=1

Total number of upstream plants of plant m;

Discharge of upstream plant & into plant m in period ¢ by considering the time

delay, in m%/s;

Local inflow of plant m in period ¢, in m*/s;

Spill water of the reservoir m in period ¢, in m>/s;

Calculated energy production from plant m during the operational horizon and

the specified value, in MWh;

Proportion of the power transmitted to power grid g by plant m, and iRm’ =1
g=1

Turbine discharge of plant m in period ¢, the upper bound, and lower bound,

in m%/s;

Total discharge(turbine discharge plus spill) of reservoir m in period ¢,

the upper bound, and lower bound, in m?*/s;

Maximum and minimum generation output of plant m in period z, in MW;

Reservoir level of plant m in period ¢, and its maximum and minimum water levels,

n m;

Ramping rate for generation output of plant m;

Minimum duration of operation periods for hydropower plant m;

Minimum duration of shutdown periods for hydropower plant m;

Maximum and minimum of the kth forbidden zone of plant m in period ¢, in MW;
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Pminm

B
Em,g

PD

11313

Minimum generation of plant m when in operation, in MW;

A multiple made by dividing the current time step by 15 min;

Total energy from plant m transmitted to power grid g, in MWh;
Maximum generation amplitude in the iterative correction process, in MW.
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