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Abstract: Operators often have a dilemma in deciding what water levels the over-year hydropower
reservoirs should drawdown at the end of dry seasons, either too high to achieve a large firm
hydropower output during the dry seasons in the current year and minor spillage in coming flood
seasons, or too low to refill to the full storage capacity at the end of the flood seasons and a greater firm
hydropower output in the coming year. This work formulates a third-monthly (in an interval of about
ten days) hydropower scheduling model, which is linearized by linearly concaving the nonlinear
functions and presents a rolling strategy to simulate many years of reservoir operations to investigate
how the water level at the end of dry seasons will impact the performances, including the energy
production, firm hydropower output, full-refilling rate, etc. Applied to 11 cascaded hydropower
reservoirs in a river in southwest China, the simulation reveals that targeting a drawdown water
level between 1185-1214 m for one of its major over-year reservoirs and 774-791 m for another is the
most favorable option for generating more hydropower and yielding larger firm hydropower output.

Keywords: hydropower scheduling; linearization; long-term reservoir operation

1. Introduction

As acknowledged in work by Algarvio [1], hydroelectric, wind, and solar power
plants are the most competitive renewable energy suppliers, and along with nuclear and
hydrogen energies [2], are the primary sources of new energy that will dominate carbon
neutrality in the future. In the context of the commitment to achieving carbon peaking and
neutrality, hydropower is and will continue to play an essential role in the energy structure
worldwide, especially in countries or regions rich in hydropower resources. For instance, in
China’s Sichuan Province, where river hydropower is the predominant renewable energy
source, Bamisile et al. [3] predicted that the carbon emission will reduce by 13.26%, 14.77%,
and 15.3% between 2030 and 2050 for dry, regular, and wet year scenarios, respectively.

As one of the primary renewable energy sources, hydropower can be generated on a
large scale but will soon have its potential exploited to a considerable extent. Hydropower
has the world’s largest share of renewable energy sources, supplying more than 16.6%
of total global electricity to over 160 countries worldwide [4]. Brazil, for instance, has
significant hydroelectric potential, totaling 101,269 MW, corresponding to 60.9% of the
energy matrix. The 218 hydropower plants are responsible for 60.5% of the total installed
capacity in the country, adding up to 95,620 MW [5]. Hydropower is also an integral
part of Europe’s energy sector, contributing 41.7% of the total electricity generation in
the EU. Indeed, the proportion of national electricity generation in different European
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countries varies greatly from almost 100.0% (e.g., 98.3% in Norway) to small numbers
(e.g., 11.7% in the United Kingdom) [6]. In China, abundant hydropower resources have
provided unprecedented advantages and opportunities for rapid hydropower development
over the last five decades [7]. However, as in large parts of Europe, the hydropower
potential will soon be exploited practically close to its limit [6]. Aimed at economic growth
and poverty alleviation, the world has experienced a boom in plans for hydropower
plants over the last two decades, which, however, have not resulted in a global mass
construction of hydropower plants due to factors such as the administrative complexity,
over-estimations of exploitable capacity, an ugly sociopolitical and socioeconomic situation,
and so on [8]. Additionally, global warming complicates the role of hydropower in the
energy structure. As shown in a hydrological and techno-economic model used in work by
Meng et al. [9], global warming will positively impact hydropower production in a tropical
island (Sumatra). Still, the ratio of hydropower production to power demand under 1.5 °C
of global warming is 40% higher than that under 2 °C of global warming, suggesting that a
more unfavorable global warming will incur a more significant gap for the energy supply
to meet the demand. Apparently, how to manage the hydropower projects under operation
to produce more energy and provide flexible service will become a more crucial and active
academic and engineering challenge in the future.

Generating more hydropower energy contributes to more economic benefits and less
CO, emission from the power systems. It can be targeted by keeping the forebay water
level as high as possible to improve the generation efficiency and properly regulating
the storage to reduce spillages. In California, for instance, single-purpose reservoirs are
predominantly located at high elevations to take advantage of higher water heads to
generate more hydropower [10]. Additionally, as demonstrated by Lu et al. [11] with case
studies, a joint operation of two large upstream reservoirs could increase the electricity
production of the mainstream run-off hydropower plants at the lower reaches by regulating
the upstream reservoirs to reduce spillages from the downstream reservoirs. Additionally,
compared with conventional coal power plants, hydropower prevents the emission of
about 3 GT CO; per year, representing about 9% of global annual CO, emissions [12].

The hydropower systems, especially when having large reservoirs with over-year
storage capacity, are expected to output powers that are consistent over months and flexible
over hours to ensure the security and stability of the power systems. As targeted in work by
Oven-Thompson et al. [13], the consistency of a hydropower system in power supply has
long been indicated by using the firm monthly hydropower production, which is guaran-
teed in each month and is particularly important in dry seasons when reservoirs must draw
down their water levels to increase generating discharges. Naturally, like huge batteries by
refilling or emptying the water to recharge or discharge power [14], hydropower reservoirs
with large active storage capacities are very flexible in peak-shaving and providing other
ancillary services in power systems, which is under more significant pressure to ensure
the operational security, especially with much more intermittent solar and wind powers
to be integrated in future. Hirth [15], for instance, indicated that hydropower mitigated
the value drop by a third when moving from 0% to 30% wind penetration, impressively
with 1 MWh of wind energy worth 18% more in Sweden than in Germany. However, the
flexibility of hydropower in dry seasons can only be ensured with enough firm monthly
hydropower production.

Accurate prediction of monthly runoffs in the coming months is still a worldwide
difficulty in hydrological engineering. The randomness of inflows imposes significant
challenges in scheduling monthly hydropower generations to achieve goals, such as maxi-
mizing the firm power output and the hydropower production in total, which were often
pursued by targeting certain water levels in critical months during a year, such as the
year-end water level that was often investigated for over-year reservoirs [16]. The year-end
water level, for instance, was approximated as a function of the inflow frequency based on
the least square error principle by Jiang et al. [17], who extracted the operation rule from
a sample of results derived by simulating the operation with a hydropower scheduling



Water 2023, 15, 362

30f12

model to maximize energy production over 63 years of historical inflows. Liu et al. [18]
treated the year-end water level as a function of the year-start water level and the inflow
during the year, determined by statistic regression on a sample of results also derived with
a deterministic optimization to maximize hydropower production. Zhang et al. [19] used a
data mining technique of decision trees to identify an operational rule, which determined
the year-end water level based on the inflow frequency, by exploiting an extensive database
obtained with an operating model. All these previous works determined the year-end water
level by using the inflow during the coming year, which, unfortunately, often cannot be
predicted at an applicable precision. They focused on maximizing hydropower production
but not the firm monthly hydropower output, and the optimization was not simulated over
successive years when historical inflows were available.

This work attempts to address the dilemma that hydropower reservoir operators have
in deciding on what forebay water levels should be targeted or drawn down at the end of
dry seasons (referred to simply as the drawdown level) to nicely balance the firm monthly
output with the total energy production, as well as the benefits in the current year with
the following year. The drawdown levels can be either too high to allow more significant
releases during the dry seasons to give a larger firm hydropower output in the current year
and less spillage in the coming flood seasons, or too low to utilize higher water heads to
generate more energy during the flooding seasons and to prepare a full storage capacity at
the end of flood seasons for a greater firm hydropower output in the coming year.

The stochastic monthly inflows can be explicitly formulated into a stochastic optimiza-
tion model [20], which derives an operational rule that can be simulated over many years
to assess the impact of the drawdown level. Another option is to adopt a deterministic
optimization strategy, of which De Souza Zambelli et al. [21] demonstrated the advantages
in long-term hydrothermal scheduling of large-scale power systems. The stochastic and
deterministic schemes are more convenient or applicable than another when applied in
specific engineering scenarios, with the deterministic modeling more often applied to pre-
liminary evaluation [22]. Zambelli et al. [23] demonstrated that an operation strategy based
on deterministic modeling, when appropriately applied, can achieve similar performance
to what is yielded with a stochastic approach. However, deterministic optimization also
has dimensional difficulty as applied over a long scheduling horizon involving many years
of historical monthly inflows. The solution efficiency is affected by the ways to model the
hydropower output, which is a nonlinear function of the forebay water level and outflow
of a reservoir. As shown by Kang et al. [24], the nonlinear hydropower output can be
linearized with Special Ordered Sets (SOS) methods, introducing many binary variables
that will likely make the solution procedure volatile.

This work will make contributions by (1) presenting a scroll optimization strategy
to decouple a long planning horizon into much shorter scheduling horizons to alleviate
the dimensional difficulty, assuming the boundary conditions at the end of a scheduling
horizon will have negligible impacts on the results long enough before the end of the
scheduling horizon; (2) experimenting a three-triangle-based method [25] to linearly con-
cave the nonlinear hydropower output without introducing any integer variables, expected
to improve the solution efficiency significantly; and (3) including the firm hydropower
outputs, which, along with the commonly used total energy production, will be targeted in
assessing optional drawdown water levels at the end of dry seasons.

2. Problem Formulation

The model aims to minimize the hydropower curtailment/spillage from reservoirs
sequentially, the deficiency to contracted third-monthly electricity, and the deviations from
the storages targeted at the end of the scheduling horizon, as well as to maximize the firm
hydropower output and the total hydropower production, mathematically expressed as

minZZ[Wl PP Wy B 4+ Ws- (0 +0) — Wy Y™ — Wy B 1)
it
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Subject to:
(1) Water balance for a reservoir,

Vier1 = Vie+ [l — Qi+ ). Qjsl- (2)
jen()

(2) Bounds on the storage of a reservoir,
Vdead < Vi, < min (Vﬂood Vnorrnal) 3)
(3) Bounds on release,
max(QF™, QF™™, Q) < Qi < QFF @)

(4) Generating capacity,
Py < Gi(hi, nir) ©)

(5) Contracted electricity to be met with,
Py-At=Ey —E; +Ef (6)
(6) Firm hydropower output,

Y Py >y @)
i

(7) Storage to be evaluated at the end of May, which is taken as the last month in dry

seasons,
Vi,u — Vidraw (8)
(8) Hydropower output,
+V
e = F 0 0y ©)
Plt+ = Qit - 771( ) (10)

where P;, Pl = hydropower curtailment of hydro-plant i in time-step #; E;; and E;/ = nega-
tive and pos1t1ve deviations, respectively from the contracted electr1c1ty of hydro—plant i
in time-step t; Y™"= firm hydropower output of hydro-plant i; v; ,v;" = deviations reser-
voir i under and over the storage target at the end of scheduhng h0r1zon, respectively;
W; = weights assigned to the objectives, with W; > W, to prioritize the objectives;
Vit = storage volume of reservoir i at the beginning of time-step t; ();= the set of reservoirs
immediately upstream of reservoir i; Q; = release in m3/s from reservoir i in time-step t;
I;;; = local inflow in m3/s of reservoir i in time-step #; At = length of time-step t; Videad and
Vnormal— dead and normal storages of reservoir i, respectively; ViﬂOOd: flood control storage
of reservoir i in time-step #; QaVi, Q§™™, Qfomp = release required at least, respectively for
downstream navigation, environmental and comprehensive purposes that may include
industrial, agricultural and municipal water supplies; Qfafe: outflow needed at most for
the safety of downstream river banks of reservoir 7 in time-step ¢; h;;, n;;= the water head
and maintenance rate in time-step t of hydro-plant i, respectively; G;(h;;, n;;)= capacity of
hydropower output of hydro-plant i; Py,L;;= the power output and contracted electricity
hydro-plant i in time-step t, respectively; U= the time-step when the flood seasons end;
Vdraw= the storage to be targeted for reservoir i at the end of flood seasons; h;= water head
of reservoir i in time-step t; f;(-)= a function of storage and release; #;(-) is a function of
water head (h;;).
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3. Solution Strategy
3.1. Solution Method

The nonlinearity and non-convexity of the hydropower output function (HOF) make it
very challenging to search for the optimal solution to the hydropower scheduling problem,
which, however, can be more easily solved with consistency by mathematical programming
if the HOF can be properly linearized with high accuracy.

The hydropower output determined by (9) and (10) is equivalent to

Vi +V;
Py < P, (*Zf“ Q,»t) (11)
which can be approximated by using a series of planes:
Py <a,Qi +b,Vyy +cpforn=0,1,---,N—1 (12)

where a,, by, c,,= coefficients of the nth plane; n= the subscript indices of planes; N= the
total number of planes; V;;= the average storage of reservoir i in time-step .

As illustrated in Figure 1 and detailed in our previous work [25], the domain of the
hydropower output function is divided into triangular grids that have their planes, which
altogether linearly concave the nonlinear hydropower output function.

|
i m=1 #k1 i /
R m=0 |
"/ Vo AN
\ NV \

Figure 1. Triangulation of the domain of the power output function.

Similar to the hydropower output, the capacity (5) of hydropower output can also be
linearized with the same number of planes with different coefficients, expressed as:

Py <ayPQir + b, Vis+cyt forn=0,1,---,N—1 (13)

Now, the original constraints (5), (9), and (10) can be replaced with the linear con-
straints (12) and (13). The problem is, the hydropower curtailment in the objective does not
appear in any constraint, making it impossible to minimize it as the top priority. Thus, a
new constraint is created to solve this problem,

Vi+V;
it T Vigy1 —I—C(*)

1
Py + P = az(t*)Qit + bz(t*) 2 it

(14)

where ”gt* ), bi(t*) and C1(t* )= coefficients of the plane active in time-step t among those linearly
concaving the hydropower output function of hydro-plant i. As illustrated in Figure 2, the
nonlinear function (F) is linearly concaved with three lines, among which, for example, the

1st line is active at point A, the 2nd at B, and the 3rd at C.
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\4

A B C X
Figure 2. Illustration of active lines.

However, the active plane of a hydro-plant is different from one time-step to another
and changes during the solution procedure. As demonstrated in Figure 3, this work
presents a procedure to update the coefficients at the active planes in the constraint (4).
The procedure derives an initial solution by solving the problem with the hydropower
curtailment removed from objective (1) subject to constraints: (2)—(4), (6)-(8), (12), and
(13), then updates the active planes in each time-step for all the hydro-plants based upon
the new solution, and then adds the hydropower curtailment and constraint (14) into the
model, which is solved again until the convergence is achieved in updating the coefficients
of the active planes.

Derive an solution to the problem with power
curtailment removed from (1) subject to:
(2)-(4), (6-8), 12 and (13).

Update coefficients of the active
planes at the new solution.

l
Derive an solution to the problem
with objective (1) subject to:
(2)-(4), (6-8), and (12)- (14).

NO

Output

Figure 3. Procedure to update the active planes.

3.2. Simulation Strategy

Figure 4 illustrates the rolling strategy to alleviate the dimensional difficulty in solving
the model. The simulation starts with the initial storage of a reservoir assigned to a feasible
storage, its normal storage, for instance. It derives the solution to the optimization problem
during a scheduling horizon of three years while ensuring consistency by enforcing that
the storages at the end of the 2nd and the 3rd year are equal. The simulation continues by
rolling one year forward with the initial storage of a reservoir updated to that derived in
the last optimization. Then, the scheduling problem will be solved again to derive a new
solution. The simulation keeps rolling forward year by year until the end of the years when
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the historical inflows are available. After each optimization, only the results in the first year
will be recorded to assess the drawdown water levels.

Start with Let
V= Vors=V7
| Ist Year | 2nd Year | 3rd Year |
0 T/3 2T/3 T
T T | 2nd Year | 3rd Year | 4th Year |
[0} rrorwar
T/3 2T/3 T
| (n-2thYear | (n-1)th Year | nth Year |
0 T/3 2T/3 T

Figure 4. The rolling strategy in simulations over many years.

4. Case Studies

The model and methods will be case studied in a river in southwest China involving
eleven cascaded hydropower reservoirs. The river and reservoirs are renamed to avoid
unnecessary disputes beyond an academic and engineering context.

4.1. Engineering Background

The Upper Mekong River, known as the LC River in China, originates in Qinghai
province, flows through China’s Qinghai, Tibet, and Yunnan provinces, and then flows out
of China. It flows through Myanmar, Laos, Thailand, and Cambodia before flowing from
Vietnam into the South China Sea.

The LC River has a total length of 4880 km, a drainage area of 810,000 square kilo-
meters, and an average annual runoff of 475 billion cubic meters at its estuary, mak-
ing it the most critical international river in Southeast Asia. With a hydropower poten-
tial of about 37,000 megawatts, the mainstream in the whole basin has a total drop of
5500 m, 91% of which is concentrated in the LC River. The hydropower resources that
can be developed in the LC River are estimated at about 30 million kW in China, among
which there are 14 cascaded hydropower stations in Yunnan Province with a total installed
capacity of 25.8 million kW, accounting for about 86%, equivalent to 1.4 Three Gorges
hydropower stations.

An industrial company operates the cascaded hydropower reservoirs on the LC River
to maximize benefits from hydropower production under boundary conditions enforced
by higher-level authorities that consider comprehensive requirements but usually do not
impose monthly power demands that make hydro-plants electrically connected across
multiple rivers.

By November 2019, the LC River has 11 hydro-plants under operation, among which
five hydro-plants are in upstream tributaries. Table 1 summarizes the basic information of
11 cascaded hydropower reservoirs in the LC River, which will be case studied in this work
over the years from 1953 to 2002 when the third-monthly historical inflows are available.
The over-year OY07 and OY10 are the largest reservoirs on the river and play a critical role
in coordinating their operation with the other reservoirs.
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Table 1. Profile of the cascaded reservoirs in the Test River.

Annual Installed Dead Normal
Number Name Inflow Capacity Water Level Water Level Operability
(m®/s) (MW) (m) (m)
1 D01 744 990 1901 1906 Daily
2 D02 758 420 1814 1818 Daily
3 503 902 1900 1586 1619 Seasonal
4 D04 923 920 1472 1477 Daily
5 W05 960 1400 1398 1408 Weekly
6 D06 1010 900 1303 1307 Daily
7 oY07 1210 4200 1166 1240 Over-year
8 508 1230 1670 988 994 Seasonal
9 509 1330 1350 887 899 Seasonal
10 OY10 1740 5850 765 812 Over-year
11 Wi1 1810 1750 591 602 Weekly
4.2. Assessment of Optional Drawdown Levels
It is assumed that both the OY07 and OY10 will draw down their water levels at the
end of May proportionally over years from their flood-control to dead water levels, with
the OY07 from 1236 m to 1166 m and OY10 from 804 m to 765 m. Under this assumption,
eleven optional drawdown levels to be assessed for both the over-year reservoirs are
generated by evenly discretizing the space between the dead and flood-control water levels
into 10 intervals, as given in the 2nd and 3rd columns in Table 2, which summarizes the
performances of the optional drawdown levels at the end of May, including the hydropower
production and curtailment on average, as well as the full-refilling rate. A year is divided
into dry and flood seasons according to the climate conditions of the basin, which may have
its dry seasons in months with less rainfall if it is mainly recharged by rain, or in those with
lower temperature if it is recharged primarily by the melting ice and snow on mountains.
The LC River is mainly recharged by rainfall and has its dry seasons from January to May,
plus November to December and the flood seasons from June to October. The reservoirs
are divided into the upstream and downstream reservoirs of the OY07, which is included
in the group of downstream reservoirs. The full-refilling rate is defined as the proportion of
years when a reservoir can be fully refilled within a year after May. The firm third-monthly
hydropower production of all the cascaded hydro-plants is the minimum over years when
the operation is simulated on historical inflows.
Table 2. The performances of optional drawdown levels at the end of May.
Hydropower Production Curtailment Full-Refillin
Option ~ 'vaterLevel (m) TR W) (TW) Rate
0Yo07 0Y10 Annu. Dry Flood Firm Up Down oYo7 0Y10
1 1166 765 10217 48.63 53.54 1.54 4.86 0.76 38% 54%
2 1176 770 102.9 48.23 54.67 1.56 4.85 0.87 40% 64%
3 1185 774 10354 4751 56.03 1.56 4.85 1.06 46% 76%
4 1193 779 104.06 46.87 57.19 1.54 4.85 1.30 52% 90%
5 1201 783 104.47 46.23 58.24 1.52 4.85 1.54 64% 92%
6 1207 787 104.75 45.43 59.33 1.50 4.85 1.80 64% 98%
7 1214 791 104.82 44.09 60.73 1.45 4.85 212 78% 100%
8 1219 794 104.64 42.53 62.12 1.38 4.85 2.59 82% 100%
9 1225 798 104.32 40.88 63.45 1.31 4.85 2.59 88% 100%
10 1231 801 103.74 39.09 64.65 1.22 4.85 3.86 94% 100%
11 1236 804 103.24 37.39 65.84 1.14 4.85 4.56 100% 100%

Note: Annu. = annual; Dry & Flood = during dry & flood seasons, respectively; Up & Down = upstream
&downstream reservoirs, respectively.
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As expected, the results in Table 2 show that targeting higher drawdown water levels
at the end of May will lead to higher full-refilling rates for both the OY(07 and OY10
reservoirs because there is a smaller gap of storage to be refilled to the normal capacity.
As the full-refilling rate is not particularly targeted in the objective of the model, thus
the reservoir does not have to refill the storage to the full capacity during a couple of
years when the water level already remains at a very high level during the flood seasons.
Targeting higher drawdown water levels at the end of dry seasons has, if any, very little
impact on the upstream reservoirs in the hydropower curtailment due to the generating
capacity, but will result in a larger curtailment in the downstream hydro-plants due to a
smaller storage capacity available to reduce spillages.

The goals at the top three priorities in the model include minimizing the hydropower
curtailment, the deficiency to the contracted electricity and the deviation from storage
targets at the end of a scheduling horizon, which are employed to enforce constraints in
year-by-year operation and will not be used to assess performances of the drawdown water
levels in a long-term perspective. This work assesses the drawdown water levels at the
end of dry seasons based on the total hydropower production and the firm third-monthly
hydropower output. From the results in Table 2, targeting higher drawdown levels will lead
to more hydropower production during the flood seasons, mainly attributable to higher
water heads that contribute to higher generation efficiency of the over-year reservoirs.
However, the hydropower production during dry seasons will be less when targeting
higher drawdown levels at the end of dry seasons because less storage will be used for the
generation, the hydropower production during a year and the firm hydropower output
follow a different pattern: they go up first and then down when elevating the drawdown
water levels, with the maximums occurring at the 1st, 7th, and 3rd options, respectively.
Apparently, the drawdown water levels from the 3rd to 7th options are favorable for larger
annual and firm hydropower productions, specifically with the OY07 from 1185 m to
1214 m and the OY10 from 774 m to 791 m.

4.3. Simulation Results of the 7th Option

The 7th option targets the OY07 and OY10 reservoirs drawing down their forebay
water levels to 1214 m and 791 m at the end of May, respectively.

Figure 5 shows the third-monthly outflows, spillages, and water levels of the OY07 and
OY10 reservoirs, derived by simulating the operation of 11 hydropower cascaded reservoirs
over 50 years during 1953-2002 when the local natural inflows are available. Both the
over-year reservoirs share a conventional pattern in regulating their storages, drawing
down, and then refilling the water level. The OY07 can fully utilize its over-year storage
capacity to regulate natural runoffs, and compared with the situation without enforcing
a drawdown level, it elevates its water level slightly higher at the end of May in almost
every year. Consequently, it has more years when scheduled spillages occur. Impressively,
the OY10 has no scheduled spillage during 50 years of simulation, demonstrating an
excellent regulation capability and, at the same time, no pressure in coordinating with its
downstream reservoirs for the best interests of the whole system.

Figure 6 illustrates the distribution of the water level over the active storage space and
36 third-month (about ten days) periods in a year (12 months) for OY07 and Oy10, which
are the only over-year reservoirs in the Cascade. Simulating the operation over 50 years
from 1953 to 2002 gives a sample of 50 water levels in each third-month, among which
the lowest, mean, and highest can be determined to provide the third-monthly minimum,
mean, and maximum water levels in a year. Similarly, sorting the sample of 50 water levels
in a third-month from the smallest to the largest allows us to determine different percentiles,
as included in Figure 6, the 5%, 10%, 20%, 80%, 90%, and 95% percentiles, which provides
facilitatory information for operators to estimate on how often the optimal water level
could be in a zone. For example, it is very unlikely that the best water level will be above
5% and under the 95% percentile.
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Figure 5. The third-monthly results by simulating the 8th option over the years 1953-2002. (a) OY07;
(b) OY10.
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Figure 6. The distribution of the water level over space and time within a year. (a) OY07; (b) OY10.

As shown in Figure 6, the OY07 and OY10 have their water levels converging to the
drawdown levels targeted at the end of May. The lowest water level of the OY07 occurs
in June, but in very few years, it has reached to dead water level. The OY10 has its water
level reaching its normal water level mostly every year, and even its lowest in July is still
far above its dead water level, indicating no pressure for the OY10 to regulate its storage
capacity to meet the best interests of its downstream reservoirs.

5. Conclusions

This work aims to investigate what water levels should be drawn down at the end of
dry seasons with a third-monthly hydropower scheduling model of cascaded reservoirs,
which is linearized to improve the solution efficiency by linearly concaving the nonlinear
hydropower output and generating capacity with planes estimated with a three-triangle
based method. Assuming the boundary conditions at the end of a scheduling horizon



Water 2023, 15, 362 11 of 12

negligibly impact the results of two years earlier than the end of the scheduling horizon,
a rolling strategy is presented to simulate the reservoir operation over many years of
historical inflows. Applied to 11 cascaded hydropower reservoirs in the LC River that
includes two major over-year reservoirs, OY(07 and OY10, the simulation over years during
1953-2002 reveals:

(1) The preferential drawdown water levels should be between 1185-1214 m for the OY07
and 774-791 m for OY10 as it is in favor of both the total hydropower production and
the firm third-monthly hydropower output.

(2) Targeting higher drawdown levels of the OY07 and OY10 will lead to more hy-
dropower production during the flood season, mainly attributable to higher water
heads that contribute to higher generation efficiency.

(3) The hydropower productions during dry season will be less when targeting higher
drawdown levels. The hydropower production during the year, as well as the firm
hydropower output, goes up first and then down when elevating the drawdown
water levels of the over-year reservoirs, with the maximums in total hydropower
production and firm hydropower output achieved by drawing the OY07 and OY10’s
water levels down to (774 m, 791 m) and (1185 m, 1214 m), respectively.

(4) Targeting higher drawdown water levels at the end of dry seasons has, if any, minimal
impact on the upstream reservoirs of the OY07 in the hydropower curtailment due to
the generating capacity, but will result in a more significant curtailment in the down-
stream hydro-plants due to a smaller storage capacity available to reduce spillages.
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