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Abstract: To address the water-related issues faced by humans, the planning and construction of
dams, water diversion projects, and other water infrastructures have been continuously adopted
by decision makers worldwide. This is especially the case for the Yalong River Basin (YRB) in
China, which is expected to be one of the most regulated rivers due to reservoir construction and the
planned South-to-North Water Diversion project. To understand the potential impact of these water
infrastructures on the water resources and hydropower production of the basin and downstream
areas, we employ a land surface-hydrologic model with explicit representations of dam operation
and water diversions in order to quantify the impact of reservoir operation and water diversion
on the future water and energy security of the YRB. In particular, a conceptual reservoir operation
scheme and a hydropower-optimized reservoir operation scheme are employed to predict the future
release, storage and hydropower generation of the YRB, respectively. Results indicate that reservoirs
can have noticeable, cumulative effects in enhancing the water security by reducing the wet season
streamflow by 19% and increasing the dry season streamflow by 66%. The water diversion can
result in an overall decrease in the streamflow, while the downstream reservoirs are expected to fully
mitigate the decline in the dry season streamflow. The hydropower production is likely to decrease
by 16% and 10% with conventional and optimized operation schemes, respectively, which suggests
that the adaptation of operation rules alone cannot reverse the decline in the electricity production.
Our findings can provide implications for sustainable water resource management.

Keywords: dam operation; energy security; land surface-hydrologic modeling; water security;
water diversion

1. Introduction

Population growth has led to increasing water demand and energy consumption dur-
ing the past few decades, which will continue to pose large challenges for the sustainability
of social-economic development in the future in the context of the warming climate [1].
To alleviate the water and energy shortages that are likely to become worse in the near
future, dams and other water infrastructures have been widely built by decision makers
across the globe [2,3]. Currently, the total amount of water stored in reservoirs has reached
a point that is around three times higher than the annual mean water stored in global river
channels [4]; in addition, the global hydroelectricity generation tripled during the period of
1973-2016 [5].

Typically, explicitly incorporating human activities into hydrologic models is adopted
to assess the impact of water infrastructure on changes in hydrological, biological, and
ecological conditions [6-10]. These include representations of reservoirs, water abstractions,
and irrigation practices over different spatiotemporal scales [11-13]. Much of the existing
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literature working on climate change impact mitigation has employed hydrologic modelling
to formulate and evaluate possible mitigation strategies; this includes reservoir operation,
in order to mitigate risks such as flooding and irrigation failure in watersheds in different
climatic regions [3,14]. Recent studies have also made progress in extending traditional
hydrological models, for example, by coupling hydrological processes with thermodynamic
processes [15] and surface hydrodynamics [16].

Despite the importance of explicitly parameterizing anthropogenic disturbance in
hydrologic models, uncertainties still exist in modeling estimates [17-19]. While many
modeling studies have developed reservoir operation schemes in hydrologic models to
account for reservoir impacts, many of these schemes more or less require historic reservoir
operation data (inflow, outflow, storage, etc.) in order to derive the reservoir outflow, which
are often not available at regional scales and limit the applicability of these schemes [20-22].
In addition, many of the above-mentioned studies have only considered the parameter-
ization of a single human activity, yet ignored the mutual interaction between multiple
human activities, for example, reservoir operation and water diversions. This could lead to
errors in estimating the regional water and energy security [23,24].

With the ongoing development of water infrastructures, the Yalong River Basin (YRB)
in China will likely be regulated by a dozen hydropower reservoirs and the South-to-North
Water Diversion project in the future. In this context, the water security and energy security
of the basin and areas further downstream has raised nationwide concern. On one hand,
the YRB is the third largest hydropower base in the country. It plays an important role in
guaranteeing the water and energy security in Southwest China [25,26]. On the other hand,
several water infrastructures are being planned in the basin in order to address the scarcity
of water resources and electricity outside the basin. For example, a long-term, large-scale
water division project, i.e., the western route of SNWD, has been recently promoted to
transport water from the Yangtze River basin to the Yellow River basin (i.e., the second-
longest river in China) and, eventually, mitigate drought risks in the Yellow River basin.
In addition to the western route of SNWD, several large-sized hydropower reservoirs
have been under construction and planning for exploring hydropower potential, which
corresponds to the largest reservoir building agenda in China [27].

In this study, we aim to assess the cumulative impacts of dam construction and water
diversion on the regional water security and energy security of the YRB in a quantitative
manner. To this end, we employ a coupled land surface-hydrologic model (CLHMS),
coupled with a conceptual reservoir operation scheme, in order to simulate the release and
hydropower production of the major reservoirs in the YRB. A water diversion parame-
terization is also implemented in the reservoir operation scheme to represent the water
diversion processes. To investigate the most favorable energy security condition of the YRB
in the future, a hydropower optimization scheme is implemented into the CLHMS model
to calculate the maximum possible hydropower generation of the reservoirs in the YRB.

2. Data and Methods
2.1. Study Area

The Yalong River Basin (YRB) is located in the upper Yangtze River Basin, with an area
of 13.6 x 10* km? (Figure 1). The basin lies on the eastern edge of the Tibetan Plateau and
is characterized by plateau climate, rugged terrain and a sparse population. The average
annual precipitation of the basin is approximately 800 mm, and nearly 80% occurs between
June and October, dividing a year into the wet season and dry season. The Ertan station,
located immediately upstream of the Ertan Reservoir, is often considered the controlling
hydrologic station of the basin.
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Figure 1. The water diversions and reservoirs in the Yalong River Basin. The black lines and arrows
represent the water diversion routes and its directions.

As of 2021, there are five large hydropower reservoirs in the mainstream, and a dozen
more under construction and planning. Out of the five mainstream hydropower reservoirs,
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three have a massive capacity to regulate the streamflow, namely Lianghekou (capacity:
1.2 x 1019 m3, nearly completed but not fully operational until 2024), Jinping I (capacity:
8.0 x 10? m3, fully operation since 2014) and Ertan (capacity: 6.1 x 10° m?, fully operational
since 1998). The remaining two mainstream hydropower reservoirs, namely Jinping II and
Guandi, and the other planned hydropower reservoirs, generally release the water directly
on a daily scale without any regulation due to their small capacity. In addition, there are
ten tributary reservoirs with a capacity larger than 1 x 107 m3, which may have a notable
hydrological impact at the local scale and beyond. All of these tributary reservoirs were
built after 2010.

The western route of the South-to-North water diversion is intended to divert billions
of cubic meters of water from the YRB to the Yellow River Basin. The latest diversion
scheme was proposed and approved by the Ministry of Water Resources in 2020, which
consists of the upper route and the lower route [27]. For the upper route, three diver-
sion reservoirs, namely Reba, Ana and Renda, will be built for water abstraction, with
2.85 billion m® of water to be diverted per year. For the lower route, 4 billion m® of water
will be abstracted and diverted from the Lianghekou reservoir per year. The monthly
diverted water was determined based on the net water demand of the upper Yellow River
Basin, which was collected from the water authority of the Yellow River Basin.

2.2. The Coupled Land Surface and Hydrologic Model System CLHMS

In this study, the CLHMS, i.e., a fully coupled system of the land surface scheme of
GENESIS (LSX) and the physically based Hydrological Model System (HMS) [28,29], is
extended and used for our water and energy security modeling study. The LSX solves
the surface runoff, soil infiltration, and evapotranspiration based on the water and energy
balance on a raster grid basis; meanwhile, the HMS derives the surface water routing
using the diffusive wave equation and describes the soil moisture motion using the 1D
Richards equation. The model is also coupled with a 2D lake/floodplain module and
a 2D groundwater routing model, which represent the surface water and groundwater
dynamics, respectively.

Multiple studies using the CLHMS model have reported good agreement between the
simulation and observation of multiple hydrological components, including streamflow,
soil moisture, groundwater levels, and evapotranspiration [30-34]. In this study, the daily
meteorological data needed to drive the CLHMS consists of the CN05.1 precipitation dataset
(http://data.cma.cn, accessed on 10 December 2022) and the NCEP/NCAR reanalysis
dataset (http://rda.ucar.edu/datasets, accessed on 10 December 2022). The model was run
at a daily scale and at spatial resolution of 5 km (~0.045° at the equator).

2.3. Parameterization of Reservoirs and Water Diversion

The CLHMS model used in this study is coupled with a reservoir operation module.
Here, the five mainstream hydropower reservoirs and ten tributary reservoirs (Section 2.1)
are directly integrated into the CLHMS model via the reservoir module. The western route
of the SNWD project consists of three diversion reservoirs with diversion channels, and are,
therefore, also parameterized via the reservoir module. To account for the water abstracted
from the reservoir for diversion, an additional water diversion term D, is introduced in the
reservoir water balance equation:

Vi = Vi1 + At-(I — Qi + Ay-P — Ay-E — Ap-S — D) )

where V;_1 and V; are the reservoir storage at the last time step and current time step; At is
the model time step; I; and Q; are the inflow and the outflow of the reservoir, respectively;
Ay is the water surface area at the timestep ¢; E is the evaporation, which is calculated with
the Penman Equation; P is the precipitation on the reservoir water surface; and S is the
reservoir-groundwater flux derived from the Darcy’s Law.


http://data.cma.cn
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2.3.1. Conceptual Reservoir Operation Scheme

Conceptual reservoir operation schemes have been widely used in hydrologic mod-
elling to estimate and predict the release of reservoirs by establishing empirical functions
between release, storage, inflow, and /or water demand. In this study, a conceptual reser-
voir operation scheme [20-22] (hereinafter ‘D22’) is used to approximate the reservoir
releases and storages in reality. The release of reservoirs, Q;, is calculated as follows:

min (Qmm, %) (Vi £ V)
max(Quin, r-Ur) (Vy k< Vi < V)
r-Us + (Qs — r-Uﬂ-(“g:%) (VC <Vis Vf)
max(Qs,VtA;tVf) (Vt > Vf)

Qr = )

where V;, V;, V. and Vf refer to the reservoir storage at the timestep ¢, at the dead level,
at the conservation level, and at the high flood level, respectively. Q,;, is the minimum
release; r is a parameter indicative of the current storage anomalies; U; is the human
water demand at the timestep ¢; Qs is the maximum allowable reservoir release to protect
downstream areas from flood inundation; and k (k < 1) is a flood indicator equal to the
ratio of Qs to the inflow.

Among these parameters, Q,in, Qs, Ur and r need to be determined according to the
availability of the in situ reservoir operation data. When in situ data is not available, we
determine these parameters empirically, which we denote as empirical parameters hereinafter.
Specifically, Qi and Qs are set as the 10th and 99th percentiles of the non-exceedance
probabilities of the simulated streamflow, respectively. r is derived on a daily scale based
on the relative difference between the current storage V; and the daily target storage Vi,
and r at the time ¢ is expressed as follows:

®)

Vi — Viar
= (14 . 2L "tar
"t ( +Cvcd_Vd>

with

. I,
C:mln<M,1) (4)

where V,; is the reservoir storage at the conservation level in the dry season, which cor-
responds to the maximum normal operating level; Vi, is the daily target storages de-
rived as the 10-day rolling mean of the multi-year median (multi-year mean) daily in
situ releases and storages for within-year reservoirs (over-year reservoirs); I, is the mean
annual inflow; and c is an empirical parameter to avoid excessive release variations for
over-year reservoirs.

When in situ data is available, these parameters can be derived through calibration,
which we denote as calibrated parameters. The release thresholds Q,,;;, and Qs are calibrated
directly to the reservoir operation data. With respect to the parameter r, the concept of
target releases Qy,, is introduced to replace human water demand Uy, in order to implicitly
represent the downstream water demands at different times of the year, and r can be

expressed as follows:
Qtar < Vi — Vtur>
r= A 1+c———r 5
Uy Vea = Va ©

where ¢ is a parameter calibrated to the reservoir operation data. Daily target releases
and target storages, Qy4r and Vi, are derived as the 10-day rolling mean of the multi-year
median (multi-year mean) daily in situ releases and storages for within-year reservoirs
(over-year reservoirs), respectively. More details on the operation scheme can be found in
Dong et al. [20-22].
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2.3.2. Hydropower Optimized Operation Scheme for Ideal Cases

In this study, a hydropower optimization model is also developed and coupled into
the CLHMS model in order to quantitatively evaluate the best possible energy security con-
dition of the YRB. For the five mainstream reservoirs, the objective function f is expressed
as follows:

T
f=max)_ g-At 6)
t=1
with ‘
gt (Vi, Q) = v (e = o) Qi @)

where g; is the hydropower output of each hydropower reservoir at the timestep ¢; 7 is
the output factor; V; and Q; are the reservoir storage and outflow of each reservoir at the
timestep t; and 1/ and h!%! are the average water level and tailwater level of each reservoir
at the timestep t. Due to the fact that the reservoirs are mostly designed for hydropower
generation, the flood control objective is simplified as the upper limits of the reservoir
storage and outflow. These, along with the water balance and reservoir output limits, form
up the constraints of the multi-timestep decision making problem, i.e.,

Vier = Vi + (It — Qt + S¢)-At

Smin < gt(Vt/ Qt) < Smax 8
s.t. Vtmin << Vtmux ( )

Qpin < Qi < Qp

where V11 and V; are the reservoir storage at the timestep t 4 1 and ¢, respectively; I; and
Q; are the reservoir inflow and outflow at the timestep ¢, respectively; S; is the source term
in the reservoir water balance, which includes the evaporation, seepage and precipitation
over the reservoir water area; and g, and gmax are the minimum hydropower output
and the hydropower storage capacity of each reservoir at the timestep t, respectively. See
Section 2.3.1 for other denotations. The dynamic programming algorithm is adopted
to solve the multi-timestep decision-making problem to determine the optimal release
iteratively [35].

2.4. Experimental Design

To quantify the impact of water diversion and reservoir operation on the water se-
curity of the YRB, three simulation experiments were established, namely ‘Natural flow’,
‘Reservoir’ and ‘Reservoir and Diversion’, with a detailed workflow shown in Figure 2.
A 15-year simulation (2001-2015) is conducted for each scenario. The Natural flow sce-
nario refers to the hydrological simulation by using the CLHMS model with no account of
reservoirs and water diversion, representing the natural hydrologic conditions of the YRB.
The Reservoir scenario refers to the hydrologic simulation created by using the CLHMS
model with reservoir operation, and represents the hydrologic conditions of the YRB under
the individual impacts of reservoir operation. The Reservoir and Diversion scenario em-
ploys the CLHMS model with both water diversion and reservoir operation, in order to
represent the flow regimes of the YRB under the combined impact of water diversion and
reservoir operation.

Despite a dozen more hydropower reservoirs being constructed and planned in the
mainstream, none of them are designed for streamflow regulation at daily scales due to
their small capacity. Therefore, the five mainstream reservoirs and ten tributary reservoirs
included in this study are expected to mostly represent the effect of damming on the
flow regime of the YRB in the near future. That being said, the Reservoir scenario can be
assumed to represent the human impact on the hydrologic regime of the YRB for the period
from the full operation of the Lianghekou Reservoir (expected in 2024) to the completion of
the water diversion project (no exact date so far); in addition, the Reservoir and Diversion
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scenario is expected to reflect the human impact on the hydrologic regime of the YRB after
the completion of the water diversion project.

Meteorological forcing for 2001-2015

y

Coupled land surface hydrologic model

'

Daily inflow

Hydropower

Conceptual reservoir operation scheme T
optimized scheme

[
: I
. Reservoirs & | | : Reservoirs &
Natural flow Reservoirs - . . .
Diversion [ Diversion
|1
e I _________ — e I _____ Jd
Most likely water resources and Most favourable
hydropower condition hydropower condtion

Future water & energy security of YRB

Figure 2. A general workflow of experimental design.

To investigate the impacts of water diversion and reservoir operation on the energy
security of the YRB, the electricity output of the five mainstream hydropower reservoirs
is calculated based on the simulated reservoir outflow and storage, and are compared
between the Reservoir scenario and the Reservoir and Diversion scenario, respectively.
With the conceptual reservoir operation scheme, the electricity output calculated from the
Reservoir and Diversion scenario is most likely to reflect the reality after the completion of
water diversion (i.e., the most likely hydropower condition). Then, we perform an addi-
tional simulation within the Reservoir and Diversion scenario by applying the optimized
operation scheme to the five mainstream hydropower reservoirs, respectively, in order to
investigate the largest hydropower output of the YRB (i.e., the most favorable hydropower
condition) under the impact of the water diversion.

All of these simulations are carried out based on the historical climatic conditions for
the period of 2001-2015.

3. Model Calibration and Validation
3.1. Reservoir Operation Simulations Calibrated to Historic Operation Data

To precisely simulate the reservoir operation and its impacts downstream, we calibrate
and validate the parameters Q,,i;;, Qs, and r in the D22 conceptual reservoir operation
scheme for the Ertan Reservoir and Jinping I Reservoir using the historic operation data
(inflow, outflow, and storage). For the Jinping I Reservoir, we select 2014-2016 for calibration
and 2017-2018 for validation. For the Ertan Reservoir, we select 2010-2016 as the calibration
period and 2017-2018 as the validation period. A million parameter sets are generated
randomly for the reservoir scheme, and the parameter set that gives the maximum average
daily Nash-Sutcliffe Efficiency (NSE) value of the simulated storage and simulated outflow
is chosen as the best one.
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We present the simulated daily release and storage of the two reservoirs, respectively,
in comparison with the observations in Figure 3. For the Jinping I Reservoir, the accuracy
of the operation simulation is rather satisfactory for the conceptual operation scheme, with
a daily NSE value of 0.90 over the entire period. For the Ertan Reservoir, the daily NSE
value over the entire period is 0.84, and the NSE in the validation period (0.83) is not much
lower than that in the calibration period (0.86). The root-mean square error (RMSE) is
also analyzed, and the results show that the daily RMSE values of the simulated storage
and simulated release are 3.5 x 108 m® and 544 m3/s for the Ertan Reservoir, and are
2.8 x 108 m? and 268 m3/s for the Jinping I Reservoir over the entire period. This suggests
that the D22 conceptual reservoir operation scheme with calibrated parameters is generally
able to represent the reservoir operation with a satisfactory accuracy.

------- obs sim
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Figure 3. Daily observed and simulated release and storage of the (a) Ertan Reservoir and (b) Jinping
I Reservoir using the conceptual reservoir operation scheme calibrated to historic operation data.

3.2. Reservoir Operation Simulations with Empirical Parameters

In this section, we use the conceptual reservoir operation scheme with empirical
default parameters to represent the operation of the Lianghekou Reservoir, three diversion
reservoirs and ten tributary reservoirs. This is because the Lianghekou Reservoir and three
diversion reservoirs have not been in operation or completed, and there are no gauge
records available to support the calibration procedure. The operation data of the ten
tributary reservoirs are also ungauged or not made available.

The parameters Q,,i,, Qs, and r of the D22 reservoir operation scheme are derived
empirically for the Lianghekou, diversion reservoirs and tributary reservoirs. To assess
the validity of empirical parameters in simulating the operation of ungauged reservoirs,
here we use the empirical parameters and carry out an evaluation with respect to the Ertan
Reservoir and Jinping I Reservoir. Note that the observed outflow and storage are not used
to perform calibration, instead they are used for evaluation purposes only.

The simulated water storage and release of Jinping I is shown in Figure 4. For the Ertan
Reservoir, the D22 reservoir operation scheme with empirical parameters can generally
reconstruct the variation in its water storage, with the average NSE values of both the
simulated outflow and storage being higher than 0.7. This is similar for the Jinping I
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Reservoir, as the conceptual reservoir operation scheme with empirical parameters can
generally reconstruct the reservoir operation processes well, with a daily NSE of 0.92 for
water storage and 0.7 for reservoir outflow. In addition, the daily RMSE values of the
simulated storage and simulated release are 5.9 x 108 m3 and 559 m3/s for the Ertan
Reservoir, and are 5.0 x 108 m® and 474 m?/s for the Jinping I Reservoir over the entire
period. These results reveal the applicability of the D22 reservoir operation scheme to
simulate the reservoir operation of ungauged reservoirs in the YRB, suggesting that the
D22 reservoir operation scheme has the potential to reasonably reconstruct the reservoir
operation processes without historic operation records.
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Figure 4. The daily observed and simulated outflow and storage of the (a) Ertan Reservoir and
(b) Jinping I Reservoir using the conceptual reservoir operation scheme with empirical parameters.

In general, the employed reservoir operation scheme exhibits a fairly satisfactory
accuracy in reconstructing observed reservoir release and storage in the YRB. However, the
employed reservoir operation scheme is nevertheless a simplification of actual reservoir
operation. Real-time decision making on dam releases usually takes account of streamflow
forecasts, fluctuating water demands, and manual experiences, which can induce uncer-
tainties in the simulation of reservoir operation. These uncertainties should be further
investigated in future studies.

3.3. Gauge-Based Streamflow Calibration and Validation of the CLHMS Model

In this section, the CLHMS model, without reservoir operation schemes, is calibrated to
the daily observed streamflow of the Yajiang and Ertan hydrologic stations. The calibration
periods are selected to be 2006-2008 and 2001-2010, respectively, to avoid the impact of
upstream reservoir operation on the hydrologic regime, since the reservoirs upstream of
these stations were generally not built until the 2010s. For each station, 1000 parameter
sets are sampled using the Latin Hypercube [36], and the parameter sets with the highest
NSE are chosen as the optimal set. LHS is a stratified sampling technique, in which the
distribution of each parameter is divided into strata of equal probability [37].
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Figure 5 presents the calibration and validation results with the relative bias (RB) and
the daily NSE. It shows that the performance of the CLHMS model without reservoirs is
fairly good, and that most of the NSE values are higher than 0.80. Notably, the NSE in the
validation period of 2011-2015 at Ertan (0.64) is lower than that in the calibration period
of 2001-2010 (0.86). This could be a result of the reservoir construction upstream of the
Ertan station during the validation period; reservoir operation could significantly alter the
hydrologic regime, which cannot be accurately depicted by the CLHMS model without
reservoir representations.

Calibration period: 2006-2008 ~ —eew- Obs Calibration period: 20092011
RB =-0.01 NSE (daily)=0.83 ——Sim RB =—0.04 NSE (daily) = 0.81
- 5000
E 4000
= 3000
:i 2000 4
?, 1000 Wy i
& 0 :
2006 2007 2008 2009 2010 2011
(a) Yajiang
Calibration period: 2001-2010 ~ —— Obs Calibration period: 2011-2015
12000 , RB=-0.02 NSE (daily) = 0.85 —— Sim RB = 0.03 NSE (daily) = 0.64
@ 10,000
E 8000
é 6000 § i i . :
E: 4000 1 M . P
S, | : ‘ v
2o A AMANMON AN a.

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
(b) Ertan

Figure 5. The simulated and observed daily streamflow at (a) Yajiang and (b) Ertan.

To investigate whether the decreased model performance in the validation period
is mainly caused by the lack of representations of reservoir operation in the model, an
additional model run is performed by representing the reservoir operation using the
conceptual reservoir operation scheme with calibrated parameters for the Jinping I and
Ertan, and with empirical parameters for the Lianghekou and tributary reservoirs. The
simulated streamflow at Ertan with and without reservoir consideration in the CLHMS
model is shown in Figure 6. Note that the reservoir in the model is activated only after
the model reaches the time point at which that reservoir was put into full operation in
reality. It means, for example, that the Jinping I Reservoir was deactivated until 2013 and
the Lianghekou Reservoir was never activated during the calibration and validation period
of the model. In general, it is found that coupling reservoirs to the hydrologic model
using the reservoir operation scheme can improve the model performance in the river
flow simulation during the validation period, as the daily NSE at Ertan is increased from
0.64 to 0.81 during this period. This indicates that, in addition to reproducing the dynamics
of the selected reservoirs in the basin well, the CLHMS model with the reservoir operation
scheme can serve as a reliable tool to understand the hydrological impact of reservoirs.
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Figure 6. The daily observed and simulated streamflow at Ertan averaged over the validation
period before and after integrating reservoirs with the conceptual reservoir operation scheme in the
CLHMS model.
4. Impacts of Reservoir Operation and Water Diversion
4.1. Water Resources under Reservoir Operation
In Figure 7, the monthly streamflow at the Ertan station is depicted along with its
differences under the Natural flow scenario, the Reservoirs scenario, and the Reservoir and
Diversion scenario. For the Reservoir scenario, reservoir operation can greatly reduce the
variation in the streamflow during a seasonal cycle. The wet season (June to October) sees
19% less streamflow (540 m®/s) (19%), and the dry season (November to May) experiences
66% more streamflow (435 m?/s). The monthly streamflow variation during annual cycles
is also reduced, and the monthly streamflow interval within the 10% and 90% percentile
is reduced from ~850 m3/s to ~550 m3/s, averaged over a year. This is especially the
case for streamflow in the wet season, where the average 10-90 interval is reduced from
~1700 m3/s to ~1100 m>/s.
6000 (a) 1000 1 (b) .
Natural flow Reservoir
@ 5000 | Reservoir 500 | Reservoir & Diversion
"’E Reservoir & Diversion
E 4000} 0 I R
2
.,—9 3000 =500
=
@
£ 2000 -1000
w
1000 | -1500
0 4 i
0 2 4 6 8 10 12 1 2 3 4 5 6 7 8 9 10 11 12
month month

Figure 7. (a) Monthly simulated streamflow at the Ertan station and (b) its difference under the
Reservoir scenario and the Reservoir and Diversion scenario, in comparison to the natural flow
regime averaged over the study period. The shaded area denotes the 10-90 percentile interval.

Figure 8 depicts the streamflow variations induced by reservoirs during the dry season
and the wet season, respectively, at the grid cell scale. Individual tributary reservoirs
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are mostly located upstream of a river and can have a major impact on the local flow
regimes, for instance the Buxi Reservoir can decrease the wet season river discharge by
9% (Figure 8a) and increase the dry season river discharge by over 200% (Figure 8b).
However, the impact of a single reservoir in the tributary rapidly weakens towards the
downstream areas due to the incoming lateral flow. On the other hand, the reservoirs in the
mainstream are able to effectively modulate the downstream flow regimes, especially for
the Lianghekou Reservoir, which reduces the streamflow for the wet season by 281m?3/s
(32%) and increases the streamflow for the dry season by 291 m3/s (118%). For the most
downstream reservoir of the YRB, the downstream river discharge of the Ertan Reservoir is
507 m3/s (79%) higher in the dry season and 659 m>/s (23%) lower in the wet season than
the natural flow scenario.
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Figure 8. The relative difference in the monthly streamflow (a) for the wet season and (b) for the dry
season between the Reservoir scenario and the Natural flow scenario, averaged over the study period
of 2001-2015. Triangles denote reservoirs, see the legend of Figure 1 for details.

4.2. Water Resources under Water Diversion and Reservoir Operation

As also indicated in Figure 7a, in comparison with the Natural flow scenario, the
monthly streamflow under the Reservoir and Diversion scenario is 823 m?3/s (29%) lower
for the wet season and 233 m3/s (36%) higher for the dry season despite a large amount of
diverted water in the dry season. In comparison with the Reservoir scenario, on the other
hand, the monthly streamflow under the Reservoir and Diversion scenario sees an average
decrease of 10-20% for all months (Figure 7b).

Figure 9 depicts the spatial distribution of streamflow variations in the dry and wet
seasons under the Reservoir and Diversion scenario compared to the Natural flow scenario.
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For the dry season (Figure 9a), the monthly streamflow is decreased by 30-60% immediately
downstream of Reba, Aan, and Renda due to water diversion. The Lianghekou Reservoir
along the mainstream alone could offset the diverted water loss in the dry season, as the
release of Lianghekou, Jinping I and Ertan in the dry season is 38%, 43% and 50% higher
than the Natural flow scenario, respectively. For the wet season (Figure 9b), the monthly
streamflow is reduced by 18-33% immediately downstream of Reba, Aan, and Renda
compared to the Natural flow scenario. The Lianghekou, Jinping I and Ertan Reservoir
further reduces the streamflow in the wet season by 53%, 34% and 32% compared to the
Natural flow scenario, respectively.

Diversion route (upper) Diversion route (upper)

e g

Relative difference

-’2.]5

By

Y

Diversion route (lower) Diversion route (lower)

= =

\Lianghekou

Buo
A

r Jtuping [
“ Jinping 11

Guandi

A
'Y

A Ertan

(a) (b)

Figure 9. The relative difference in the monthly streamflow (a) for the wet season and (b) for the dry
season between the Reservoir and Diversion scenario and the Natural flow scenario, averaged over
the simulation period. Triangles denote reservoirs, see the legend of Figure 1 for details.

4.3. Hydropower Output under Water Diversion and Reservoir Operation

The impact of water diversion on the hydropower output of the five mainstream
hydropower reservoirs is quantified through a comparative analysis between the Reservoir
scenario and the Reservoir and Diversion scenario. As can be seen in Figure 10, the average
total hydropower output of the five hydropower reservoirs is 901 x 108 kW-h per year
without the water diversion, and is likely to reduce by 16% to 748 x 108 kW-h per year
with the water diversion. To be specific, the hydropower output of Lianghekou, Jinping I,
Jinping II, Guandi, and Ertan is reduced by 34%, 19%, 12%, 13% and 13%, respectively. The
upstream reservoirs, e.g., the Lianghekou Reservoir, generally experience a relatively larger
decrease in the hydropower output than the downstream reservoirs, as they are closer to
the water diversion and suffer a larger impact in terms of the water lost to diversion.



Sustainability 2023, 15, 4106

14 0f 18

electricity (108 kW-h)

= conceptual operation (Reservoir s
140 (a) P P ; ( : ) : A 20 (b) optimized operation
conceptual operation (Reservoir & Diversion) )
. . . . . conceptual operation
optimized operation (Reservoir & Diversion)
120 B 10 ¢
100 DR o | T S S T e B B BB
80+ -10 |
60 |- =20
40 + =30
20 1 1 1 1 J _40 1 1 1 1 1 1 1 1 1 1 1 1
0 4 6 8 10 12 1 2 3 4 5 6 7 8 9 10 11 12
month month

Figure 10. (a) The average total hydropower output (kW-h) of the five hydropower reservoirs
under the Reservoir scenario and the Reservoir and Diversion scenario, and (b) the sole impact of
water diversion on the hydropower output (kW-h) with the conceptual scheme and the hydropower
optimization model. The shaded area denotes the 10-90 percentile interval.

To further investigate the maximum possible hydropower output under the impact of
water diversion, the reservoir optimization model, with maximizing the hydropower output
as the objective function (Section 2.3.2), is applied to each reservoir under the Reservoir and
Diversion scenario (Figure 10). The results indicate that, with the hydropower optimization
model, the average total hydropower output of the five hydropower reservoirs under the im-
pact of water diversion is 808 x 108 kW-h per year, an 8% or approximately 60 x 108 kW-h
increase per year relative to the conceptual reservoir operation. The Lianghekou, Jinping I,
Jinping II, Guandi, and Ertan Reservoir, with the optimized operation scheme, experience a
7 x 108 kW-h (10%), 31 x 108 kW-h (20%), 0%, 0%, and 20 x 108 kW-h (12%) increase per
year in the hydropower output compared to the conceptual reservoir operation scheme,
respectively. Temporally, the optimized hydropower output sees a notable increase from
May to August but a decrease from January to March, compared to the conceptual reservoir
operation scheme, leading to a larger discrepancy in the energy output among seasons.

5. Discussion
5.1. Implications for Water Security and Ecological Security

The Yalong River Basin has been under extensive hydropower development in the
past ten years, and the revised western route of the South-to-North Water Diversion Project
could further complicate the hydrologic conditions in the major tributary of the Yangtze
River. Our gauge and spatial results (Figures 7 and 8) highlight the role of reservoirs in
remarkably alleviating the temporal and spatial variability in water resources in the basin,
which leads to the improved water security of the basin, especially along the mainstream.
The prominent increase in the dry season streamflow relative to the natural conditions can
bring many benefits to local water-dependent industries and to aquatic communities that
are sensitive to the baseflow [38]. This is especially relevant for the dominant local species,
Schizothorax chongi, which takes the downstream area of Jinping I as a major spawning
area and relies on the streamflow during April and May to spawn [39]. Compared to the
natural conditions, the streamflow in April and May would see a large increase under
reservoir operation (Figure 7), which could create a favorable hydrologic condition for them
to locate a spawning area (see Li et al. [40] for more details on the ecological conservation
levels for Schizothorax chongi). However, reservoirs can also bring about several ecological
disadvantages, as the notable decline of the high flows and flow variability are unfavorable
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to the transfer of nutrient and organic substances, and may entrap organisms on the islands
and floodplains [41].

The updated West Route water diversion can impact the flow regime of the YRB
especially in regions above the Lianghekou Reservoir (Figure 9). The diversion reservoirs
serve to keep a balance of water resources between the dry season and wet season as much
as possible, but are unlikely to fully restore the streamflow in the dry season back to the
natural conditions. The decrease in the streamflow would nevertheless cause a drop in the
water level and water area, and may result in wetland degradation and species decline
upstream of the Lianghekou Reservoir, albeit a much less ecological impact compared to
the previous version of the diversion scheme in which a doubled water volume is designed
for diversion. Therefore, ecological preservation measures may be necessary to address the
potential threats that the water diversion poses to the aquatic environment and biodiversity
along this river section. The socioeconomic development, on the other hand, is unlikely to
be affected, given that the areas upstream of the Lianghekou Reservoir are very sparsely
populated due to its relatively uninhabitable environment. For areas downstream of the
Lianghekou Reservoir, an overall improved water security is expected, as the reservoir
operation could mitigate the effect of water diversion on the streamflow in the dry season
by increasing the streamflow to a level much higher than that in the natural conditions.
The streamflow in the wet season can be further reduced, which could bring benefits to
flood control along the lower mainstream and further downstream areas.

5.2. Implications for Energy Security

In terms of the hydropower generation, a less desirable energy output is expected
in the future under the impact of water diversion, primarily because of the decrease in
the reservoir inflow. Notably, reservoir operation with the optimized scheme can produce
approximately 8% more energy than the conceptual reservoir operation scheme, despite a
larger discrepancy among seasons (Figure 10).

Here, we further analyze the outflow and storage of the Ertan Reservoir to investigate
the cause of the increase in the energy output with the optimized scheme relative to the
conceptual one. It is found that Ertan is operated to maintain a higher water level and
a large gravity head throughout the year in order to achieve the maximum hydropower
generation, and other reservoirs generally show a similar pattern to Ertan. However, such
a strategy results in a small release in the dry season, which causes the energy output in
the dry season to significantly decline compared to the conceptual operation. This could
contradict the timing of the electricity demand because of the potential high electricity
loads in the winter. Nevertheless, given the 8% increase with the optimized scheme, there
is hydropower potential yet to be exploited to further meet the rapidly growing energy
demand in the southwestern China; this is only if the current issues, for example, the
uncertainties of the incoming flow for reservoir optimization, can be addressed well in the
real-time reservoir operation.

Our finding also suggests that adapting the operation schemes alone may not be able
to compensate for the diversion-induced decrease in the energy output, because even the
optimized reservoir operation rules could not produce as much electricity as without the
water diversion. Therefore, back-up plans and long-term considerations may be necessary
to cope with the anticipated decline in the hydropower output in the future in order to
achieve more clean energy and ultimately an environmentally friendly society [42,43].

6. Conclusions

In this study, we employ a hydrological modelling framework that couples a land
surface-hydrologic model with reservoir operation modules to allow quantifying the hy-
drologic impact of reservoir operation and water diversion. The coupled CLHMS model is
applied to the Yalong River Basin in China where several large-sized reservoirs and the
western route of the South-to-North Water Diversion project are under construction and
planning. Four 15-year (2001-2015) simulations, with a spatial resolution of 5 km, were
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conducted to analyze the likely streamflow variations under different water resource man-
agement scenarios, and to investigate the most likely and the most favorable hydropower
condition of the major hydropower reservoirs in the YRB under the future impact of the
dam operation and water diversion. Major conclusions are highlighted as follows.

Reservoirs across the YRB are able to effectively modulate the flow regimes by reducing
the peak flows in the wet season and increasing the low flows in the dry season for enhanced
water security conditions of the basin. With the further impact of water diversion, the
river section between the diversion reservoirs and the Lianghekou reservoir is expected to
experience a relatively large decrease in the streamflow in both dry and wet seasons, in
comparison with the natural condition; this calls for preservation measures in the ecosystem.
For areas downstream of the Lianghekou Reservoir, the diversion-induced decline in the
streamflow in the dry season is likely to be fully mitigated by reservoir operation, as the
streamflow in the dry season can be increased to a level 38-51% higher than the natural
flow conditions. The streamflow in the wet season can be further reduced, which could
benefit the flood control further downstream.

The hydropower output is over 900 kW-h per year for the five mainstream hydropower
reservoirs after the full operation of Lianghekou; this is likely to decrease by 16% with the
current conceptual reservoir operation scheme and decrease by 10% with the hydropower-
optimized operation scheme under the impact of reservoir operation and water diversion.
The adaption of current operation rules alone may not be able to reverse the decline in the
energy production, calling for additional adaption measures to deal with the anticipated
decline in the hydropower output.

Overall, our presented modeling framework provides insight into the water and
energy security of the YRB by depicting, as realistically as possible, the impact of anthro-
pogenic activities on the terrestrial water system in a fully coupled land surface-hydrologic
model; this can be applied further downstream to the Yangtze River and in different re-
gions worldwide. Future work includes improving the reservoir operation simulations of
ungauged reservoirs with remote sensing techniques.
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