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Abstract

Sustainable reservoir-system management requires coordinated operation to balance eco-
nomic benefits, sediment regulation, and ecological requirements while maintaining equi-
table and durable cooperation among participating reservoirs. Focusing on the Wanjiazhai,
Sanmenxia, and Xiaolangdi reservoirs in the middle and lower Yellow River Basin, this
study develops an integrated framework that links multi-objective reservoir operation,
coordination-oriented scheme selection, and compensation allocation under representa-
tive dry, normal, and wet hydrological conditions. NSGA-II is used to identify Pareto
trade-offs among sediment transport, electricity production, and ecological water-deficit
control, while the coupling-coordination degree model is applied to select schemes with
balanced overall performance. CRITIC-TOPSIS is then used to allocate compensation by
integrating static engineering attributes with operation-induced dynamic responses. The
results show that the maximum coupling-coordination degrees reach 0.81, 0.88, and 0.90 un-
der dry, normal, and wet conditions, respectively. Compared with actual operation, the
recommended schemes increase total electricity production while reflecting hydrologically
dependent trade-offs in sediment transport and ecological water-deficit control. Xiaolangdi
Reservoir consistently receives the largest compensation share, followed by Wanjiazhai
Reservoir and Sanmenxia Reservoir, and this ranking remains consistent across alternative
allocation methods. By linking operational trade-offs with reservoir-specific contributions
and compensation priorities, the framework supports more adaptive and equitable joint op-
eration and provides a quantitative decision-support approach for improving the long-term
environmental, economic, and institutional sustainability of reservoir-system management
in the Yellow River Basin.

Keywords: sustainable reservoir management; coordinated reservoir-system operation;
compensation allocation; multi-objective optimization; Yellow River Basin

1. Introduction

The Yellow River Basin faces pronounced conflicts in water-resource allocation due to
limited water availability, complex water-sediment dynamics, and increasingly stringent
ecological constraints [1-3]. Uneven spatiotemporal precipitation patterns, substantial
interannual variability in runoff, and complex sediment-transport processes further in-
tensify competition among water supply, sediment regulation, ecological protection, and
socioeconomic development [4]. Under the strategic framework of ecological protection
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and high-quality development in the Yellow River Basin, reservoir operation has increas-
ingly shifted from pursuing individual engineering objectives, such as water supply, flood
control, and electricity production, toward balancing sediment regulation, energy supply,
the provision of minimum ecological discharge, and regional development needs [5,6].
Reservoir systems provide critical infrastructure for achieving these objectives because
upstream—downstream hydraulic connectivity, storage capacity, and differentiated reservoir
functions enable multiple operational objectives to be coordinated within an integrated
system [7-9]. Such coordinated operation not only affects system-level performance but
also redistributes the regulatory responsibilities, benefits, and operational burdens among
individual reservoirs. Consequently, quantifying reservoir-specific contributions to coordi-
nated operation and establishing corresponding compensation mechanisms are essential
for sustaining effective reservoir-system coordination.

At the theoretical level, coordinated reservoir-system operation and compensation-
benefit allocation are closely interconnected because both aim to improve system-level
performance while reconciling the interests of participating reservoirs. Synergetics theory
emphasizes that the overall performance of a complex system depends on the coupling
relationships and degree of coordination among its constituent elements [10]. For reser-
voir systems, operational performance therefore depends on the coordination of multiple
functions rather than on the simple aggregation of benefits generated independently by
individual reservoirs [11,12]. Water-resource value theory further suggests that coordi-
nated regulation alters the spatiotemporal allocation and functional use of water resources,
thereby influencing the realization and distribution of their economic, social, and ecolog-
ical values [13]. From the perspective of externality theory, individual reservoirs may
assume additional regulatory responsibilities, incur opportunity costs, or make operational
adjustments to support system-wide objectives, while part of the resulting benefits may
accrue to other reservoirs or regions within the system [14,15]. The principles of Pareto
improvement and interest coordination therefore require system-wide operational gains to
be aligned with the contributions and costs of individual reservoirs [16,17]. Collectively,
these theoretical perspectives provide a basis for jointly examining reservoir-operation
optimization, reservoir-specific contributions, and compensation-benefit allocation within
a unified analytical framework.

Existing studies on reservoir-system operation can generally be grouped into two
closely related strands, namely multi-objective operation optimization and compensation-
benefit allocation. Early research on reservoir operation primarily focused on individual
reservoirs or small cascade systems, with optimization objectives centered on electricity
production, flood control, and water supply. Dynamic programming, linear programming,
and nonlinear programming were commonly adopted to derive operating rules and iden-
tify optimal release or storage decisions under prescribed engineering constraints [18-20].
As reservoir systems increasingly assumed multiple basin-management functions, research
expanded from single-reservoir, single-objective operation toward multi-reservoir, multi-
objective coordination. Electricity production, water-supply security, flood-risk reduction,
sediment regulation, and the provision of minimum ecological discharge have consequently
been incorporated into integrated multi-objective optimization frameworks [21-23]. To
address the nonlinear relationships and competing objectives inherent in such systems,
evolutionary optimization methods, including genetic algorithms, particle swarm opti-
mization, differential evolution, and NSGA-II, have been widely employed. These methods
enable the generation of Pareto-optimal solution sets and provide a quantitative basis
for characterizing trade-offs among competing operational objectives, thereby facilitat-
ing the comparison of alternative reservoir-system operation schemes under different
management priorities.
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Research on compensation-benefit allocation has developed in parallel with the grow-
ing emphasis on coordinated reservoir operation. Existing studies mainly address the
identification of benefits generated by coordinated operation, the sharing of associated
costs, and the allocation of gains among participating reservoirs or stakeholders [24,25].
Early allocation approaches commonly relied on individual engineering or benefit-related
indicators, such as installed capacity, guaranteed output, effective storage capacity, and
long-term average electricity production, to characterize the relative contribution of each
reservoir. As coordinated reservoir systems have become more complex, compensation
analysis has increasingly incorporated multi-indicator evaluation methods to capture
differences in engineering characteristics, regulatory capacity, and benefit contributions
across reservoirs. Representative approaches include comprehensive evaluation methods,
squared-deviation methods, the Shapley value, and TOPSIS-based approaches [26]. These
approaches provide a methodological basis for synthesizing multidimensional information
on reservoir characteristics and contributions into comparable allocation weights, thereby
supporting the determination of compensation shares under coordinated operation.

Accordingly, the contribution of this study lies in establishing an integrated optimization—
evaluation-allocation framework that connects multi-objective reservoir operation, coordination-
oriented scheme selection, and reservoir-specific compensation allocation within a unified an-
alytical process. From the perspective of sustainable reservoir-system management, the
framework addresses not only the operational trade-offs among sediment transport, elec-
tricity production, and ecological water-deficit control, but also the distribution of regu-
latory responsibilities and benefits among participating reservoirs. First, water-release
and sediment-transport benefits, electricity production, and ecological water deficits are
incorporated into a multi-objective operation model, and NSGA-II is used to characterize
the Pareto trade-off space under representative dry-, normal-, and wet-year conditions. The
coupling-coordination degree model is subsequently introduced as a post-optimization
evaluation criterion to distinguish among Pareto solutions according to their overall co-
ordination performance, thereby extending conventional Pareto-based analysis from the
generation of non-dominated solutions to the selection of a coordination-oriented oper-
ating scheme. Second, the selected operation scheme is directly linked to compensation
allocation through an indicator system that integrates static engineering attributes with
operation-induced dynamic responses. In addition to long-term average electricity pro-
duction, installed capacity, effective storage capacity, and guaranteed output, the indicator
system incorporates variations in electricity production, water level, and release discharge
to characterize the actual operational adjustments undertaken by individual reservoirs
under different hydrological conditions. CRITIC-TOPSIS is then applied to synthesize
these multidimensional indicators and determine the corresponding reservoir-specific com-
pensation shares. By linking system-level operating performance with reservoir-specific
contributions and compensation priorities, the framework provides a quantitative basis for
improving the environmental, economic, and institutional sustainability of coordinated
reservoir management.

The aim of this study is to develop an integrated framework for sustainable reservoir-
system management in the Wanjiazhai-Sanmenxia—Xiaolangdi reservoir system. Specifi-
cally, the study examines trade-offs among sediment transport, electricity production, and
ecological water deficits under representative hydrological conditions, identifies operation
schemes with relatively balanced performance, and evaluates the differentiated contri-
butions of individual reservoirs to coordinated operation. The resulting compensation
allocation is further compared with alternative allocation methods to assess the consistency
of reservoir contribution patterns. Through this integrated analysis, the study seeks to

https://doi.org/10.3390/su18179206


https://doi.org/10.3390/su18179206

Sustainability 2026, 18, 9206

4 0of 28

support adaptive reservoir operation, more equitable compensation allocation, and the
long-term viability of coordinated reservoir-system management in the Yellow River Basin.

2. Materials and Methods
2.1. Study Area and Data Sources

This study focuses on the Wanjiazhai-Sanmenxia—Xiaolangdi reservoir system in the
Yellow River Basin. The Yellow River Basin is characterized by uneven spatiotemporal
distribution of water resources and pronounced interannual runoff variability. The middle
and lower reaches have long faced multiple constraints, including insufficient inflow,
sediment deposition, flood-control safety and ecological-discharge requirements, which
create strong trade-offs and coordination relationships among reservoir operation objec-
tives. Wanjiazhai, Sanmenxia and Xiaolangdi reservoirs are arranged in cascade along
the main stem of the Yellow River and constitute an important engineering system for
water-sediment regulation and water-resource allocation in the middle and lower Yellow
River Basin. Wanjiazhai Reservoir mainly supports water supply, flood control, and
electricity production. Sanmenxia Reservoir regulates inflow and sediment-transport
processes in the middle reaches. Xiaolangdi Reservoir serves as a key control node for
downstream flood control, sediment-deposition mitigation, water-sediment regulation,
and ecological operation. The three reservoirs form a spatial cascade connection and
exhibit functional complementarity. Their joint operation directly affects water-discharge
and sediment-transport processes, electricity-production benefits, and the provision of
minimum ecological discharge in the middle and lower Yellow River Basin (Figure 1).
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Figure 1. Location of the Wanjiazhai-Sanmenxia—Xiaolangdi reservoir system in the Yellow River Basin.
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The data used in this study comprise reservoir engineering parameters, hydrological
and sediment records, ecological water-demand data, and reservoir operation records.
Reservoir engineering parameters include design hydraulic head, dead water level, flood-
limited water level, normal storage level, total storage capacity, effective storage capacity,
installed capacity, guaranteed output, power-output coefficient, long-term average electric-
ity production, and maximum turbine discharge (Table 1). These parameters were compiled
from reservoir operation and management records and were used to define the physical
and engineering constraints of the optimization model, calculate electricity-production
benefits, and construct the static indicators for compensation allocation.

Table 1. Main characteristic parameters of the reservoir system in the middle and lower Yellow River Basin.

Reservoir Wanjiazhai Sanmenxia Xiaolangdi

Design hydraulic head (m) 81.2 30 112
Dead water level (m a.s.l.) 952 300 230
Flood-limited water level (m a.s.l.) 966 305 248
Normal storage level (m a.s.l.) 977 318 275

Total storage capacity (hm3) 900 4688 12,650
Effective storage capacity (hm3) 445 439 5100
Installed capacity (MW) 1080 250 1800
Guaranteed output (MW) 185 113 354
Power-output coefficient/kW-s-m~4 8.4 8.4 8.3
Average electricity production (GWh) 2750 1000 5100
Maximum turbine discharge (m3 s~ 1) 1800 1559 1800

Hydrological and sediment data were collected from the Hydrological Yearbook of
the People’s Republic of China for the Yellow River Basin. Records from the Tongguan
and Huayuankou hydrological stations were used to characterize runoff and sediment
conditions in the middle and lower Yellow River Basin. The data include runoff volume,
sediment transport load, sediment concentration, discharge, and sediment-transport rate.
In this study, sediment transport load refers to the amount of sediment conveyed by
the flowing water over the specified period and should not be interpreted as sediment
deposition or accumulation within reservoir storage. Based on the relative runoff conditions
recorded at the two stations, 2010, 2012, and 2018 were selected as representative dry,
normal, and wet years, respectively (Table 2). Monthly inflow and sediment records for the
corresponding years were organized according to the monthly time step adopted in the
reservoir-operation model.

Table 2. Runoff and sediment-transport data for the middle and lower Yellow River Basin.

Year Hvdrological Station Annual Runoff Annual Sediment Annual Mean Sediment Annual Mean Annual Mean Sediment
Y 8 Volume (km®) Transport Load (Mt) Concentration (kg m) Discharge (m3 s—1) Transport Rate (t s—1)
2010 Tongguan Station 26.25 227 8.64762 832.382 7.198123
2010 Huayuankou Station 27.63 124 4.48788 876.1416 3.932014
2012 Tongguan Station 35.14 206 5.86227 1114.1416 6.532217
2012 Huayuankou Station 38.80 138 3.55670 1230.34 4.375951
2018 Tongguan Station 41.46 373 8.99662 1314.688 11.82775
2018 Huayuankou Station 44.80 344 7.67857 1420.599 10.90817

Ecological water-demand data were obtained from publicly available materials is-
sued by the Yellow River Conservancy Commission and represent ecological-discharge
requirements at key control sections in the middle and lower Yellow River Basin. The
Huayuankou section was used as the downstream ecological-control section, with monthly
minimum and suitable ecological-discharge requirements summarized in Table 3. These
values were used as reference thresholds for calculating ecological water deficits under
alternative operation schemes. Reservoir water levels, reservoir releases, electricity produc-
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tion, and other operational information used for comparison between actual and optimized
operation and for constructing the dynamic compensation indicators were obtained from
reservoir operation management records.

Table 3. Ecological discharge requirements at key sections of the middle and lower Yellow River
during critical periods (m3 s™1).

Huayuankou Section

Month Minimum Ecological Suitable Ecological
Discharge Discharge

January 200 400
February 200 400
March 200 400
April 200 800
May 200 800
June 200 800
July 200 800
August 200 800
September 200 800
October 200 800
November 200 400
December 200 400

Before model implementation, the datasets from different sources were organized
using a consistent monthly time step and checked for consistency in units, temporal cor-
respondence, and physically reasonable ranges. Engineering parameters were converted
to the units required by the model, while hydrological, sediment, ecological-discharge,
and reservoir-operation records were matched according to the corresponding reservoir,
hydrological station, and operation period. No statistical smoothing or artificial interpo-
lation was applied to alter the observed hydrological and sediment characteristics of the
representative years. The resulting datasets were subsequently used as deterministic inputs
to the optimization and compensation-allocation models.

Several sources of uncertainty should nevertheless be recognized. Hydrological and
sediment observations may contain measurement and reporting errors, particularly because
sediment conditions can vary substantially within a month, and annual or monthly records
cannot fully represent short-term water-sediment fluctuations. Reservoir operation records
may likewise be affected by differences in monitoring and record-keeping procedures. In
addition, the ecological-discharge requirements adopted in this study represent prescribed
reference conditions rather than direct observations of ecosystem response and therefore
involve uncertainty associated with the definition of suitable ecological demand. Because
these inputs are treated deterministically in the present model, such uncertainties may
influence the calculated objective values and the exact numerical compensation shares.
The analysis therefore places greater emphasis on the relative trade-offs among operation
objectives and the comparative compensation patterns across representative hydrological
conditions than on interpreting individual numerical results as uncertainty-free estimates.

2.2. Coordinated Operation Model for the Reservoir Systems
2.2.1. Objective Functions

Coordinated reservoir-system operation aims to integrate multiple functional de-
mands, including water release, sediment transport, electricity production and ecological
discharge requirements, thereby improving overall system performance under water-
resource constraints and competing operational objectives [27-29]. The Yellow River Basin

https://doi.org/10.3390/su18179206


https://doi.org/10.3390/su18179206

Sustainability 2026, 18, 9206

7 of 28

is characterized by water scarcity, complex water-sediment processes and substantial pres-
sure on meeting ecological-discharge requirements. Single-objective operation is therefore
insufficient to capture the multiple demands of reservoir-system operation and reveal
trade-offs among competing objectives [30,31]. To balance objective representativeness,
model parsimony and result interpretability, sediment-transport benefit maximization, total
electricity-production maximization and ecological water-deficit minimization are selected
as the three core optimization objectives. These objectives characterize the water-release
and sediment-transport, electricity-production and ecological-discharge dimensions of
reservoir-system operation, respectively.

(1) Sediment-Transport Benefit Maximization Objective

The middle and lower reaches of the Yellow River are characterized by high sediment
concentrations [32,33]. Reservoir-system operation should therefore satisfy conventional
storage-release and flood-control safety requirements while enhancing riverine sediment-
transport capacity through appropriate regulation of reservoir releases, thereby mitigating
the adverse effects of sediment deposition on channel flood-conveyance capacity and
effective reservoir storage [34-36]. The sediment-transport benefit of a reservoir system
reflects the amount of sediment conveyed with reservoir releases and its contribution to
maintaining downstream sediment-transport processes over the operation horizon. The
present model does not explicitly simulate the erosion, flushing or removal of coarse
sediment already deposited within reservoir storage. Instead, the sediment objective is
evaluated using the sediment concentration and sediment-carrying discharge associated
with the modeled release process. Accordingly, this study uses reservoir-system sediment-
transport benefit maximization as the sediment-transport objective of reservoir-system
operation, as expressed in Equation (1).

N T S
maxY; = Y, ¥ Qi,tWi,tAt (@)
i=1t=1

where maxYj denotes the maximization of the sediment-transport benefit of the reservoir
system. N is the total number of reservoirs. T is the total number of operation periods. Q3,
denotes the generation discharge of reservoir i during period ¢. W;; denotes the hydraulic
head for electricity production of reservoir i during period ¢. At denotes the duration of the
operation period.

(2) Electricity-Production Maximization Objective

Electricity production constitutes an important economic function of the reservoir sys-
tem [37,38]. The amount of electricity produced is jointly determined by turbine discharge,
hydraulic head and operation duration and therefore reflects the utilization of available
hydropower resources during coordinated reservoir-system operation [39]. Optimizing
reservoir water levels and reservoir-release processes can improve electricity-production
performance while satisfying flood-control, sediment-transport and ecological-discharge
requirements [40,41]. Accordingly, this study uses total electricity-production maximization
as the economic objective of reservoir-system operation, as expressed in Equation (2).

T N
maxYy = Y Y 6K;QF ,AH; At (2)
t=1i=1 ’
where maxY; denotes the maximization of electricity-production benefit. J is the on-grid
electricity tariff. K; is the power-output coefficient of reservoir i. Qf, denotes the generation
discharge of reservoir i during period ¢. AH;; denotes the hydraulic head for electricity
production of reservoir i during period t. At denotes the duration of the operation period.
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(8) Ecological Water-Deficit Minimization Objective

The ecological objective reflects the capacity of reservoir-system operation to meet
downstream ecological-discharge requirements [42—44]. Through storage-release regula-
tion, reservoir systems can adjust downstream releases to support ecological discharge
during dry periods and moderate excessive flow fluctuations during wet periods, thereby
reducing the adverse effects of hydrological variability on river ecosystems [45]. Eco-
logical water deficit represents the shortfall between the actual ecological discharge and
the prescribed suitable ecological discharge and is used to quantify the extent to which
reservoir-system operation meets downstream ecological-discharge requirements [46]. Ac-
cordingly, this study uses ecological water-deficit minimization as the ecological objective
of reservoir-system operation, as expressed in Equation (3).

0, QF, > Df,

= Dy
minYs = T E E E E
L (Di,t - Qi,t)’ Qi,t < Di,t

t=1i=1

)

where minY3; denotes ecological water-deficit minimization. D, and QF, denote the pre-
scribed suitable ecological discharge and the actual ecological discharge during period
t, respectively.

2.2.2. Constraints

Coordinated reservoir-system operation must balance multiple objectives, including
sediment-transport benefit maximization, total electricity-production maximization and eco-
logical water-deficit minimization, while satisfying the basic physical and engineering safety
constraints of reservoir operation [47—49]. Based on the practical requirements of reservoir-
system operation, we specify water-balance constraints, reservoir water-level constraints,
reservoir-release constraints, power-output constraints and non-negativity constraints.

The water-balance constraint describes changes in reservoir storage between adjacent
operation periods and represents the most fundamental physical constraint in reservoir
operation models. It is expressed as Uj;+1 = U;¢ + (Qit — git — Lit)At, where U,y and
U; ¢11 denote the storage of reservoir i at the beginning of periods t and ¢ + 1, respectively.
Qi+, qi ¢ and I; ; denote the inflow, controlled reservoir release and spill discharge of reservoir
i during period ¢, respectively. At denotes the length of the operation period.

To ensure reservoir operation safety, the reservoir water level, reservoir release and
power output of each reservoir must be controlled within their allowable ranges. These
constraints are expressed as Z;; < Z;; < Z;4, Qg}ir‘ < Qi <Qff*and Py < Py < Py,
respectively. In these expres?tms, Zit, Qi and P;; denote the operatirTg water level,
reservoir release and power output of reservoir i during period ¢, respectively. g}in and
Q™ denote the allowable minimum and maximum reservoir releases of reservoir i during
period t, respectively. P;; and P;; denote the allowable minimum and maximum power
outputs of reservoir i during period t, respectively. In addition, all variables in the above
constraints are required to be non-negative to ensure their physical interpretability in
reservoir operation.

2.2.3. Model Solution Using NSGA-II

Multi-objective optimization algorithms are designed to solve complex optimization
problems involving multiple, often conflicting, objectives. They typically yield not a single
optimal solution, but a set of mutually non-dominated Pareto-optimal solutions [50-52].
To handle trade-offs among objectives and ensure that operation schemes satisfy practical
operational constraints, we apply the Non-dominated Sorting Genetic Algorithm II (NSGA-
II) to solve the coordinated reservoir-system operation model.
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NSGA-II is a representative multi-objective evolutionary algorithm with robust global
search capability and strong solution-diversity preservation [53]. The algorithm assigns
Pareto dominance ranks through fast non-dominated sorting and uses crowding distance
to measure the distribution of individuals within the same non-dominated front in the
objective space, thereby balancing convergence and diversity of the solution set. NSGA-II
also adopts an elitism strategy in which parent and offspring populations are combined,
ranked and selected to reduce the risk of losing high-quality individuals during iteration.
Compared with traditional weighted-sum methods, NSGA-II does not require predefined
objective weights and can more fully characterize trade-offs and substitution relationships
among operation objectives. It is therefore well suited to multi-objective, nonlinear and
highly constrained optimal operation problems in reservoir systems.

During model solution, the monthly reservoir release, reservoir water level and storage
of each reservoir are represented using real-valued decision variables. For each candidate
solution, these variables are arranged according to reservoir and operation period to form
a complete annual operating trajectory for the reservoir system. Each individual in the
population therefore corresponds to one complete reservoir-system operation scheme. The
initial population is generated within the prescribed operational ranges of the decision
variables. Before objective evaluation and non-dominated sorting, each candidate scheme
is checked against the physical and engineering constraints. Water-balance consistency is
examined for each reservoir and operation period, while reservoir water levels, reservoir
releases and power outputs are restricted to their allowable operating ranges. Schemes that
do not satisfy the prescribed operational constraints are excluded from subsequent Pareto
ranking and elite retention. For feasible individuals, the three objective-function values are
calculated, after which fast non-dominated sorting and crowding-distance evaluation are
performed. Offspring are generated through crossover and mutation, and the parent and
offspring populations are combined for elitist selection. The procedure is repeated until the
prescribed maximum number of generations is reached, yielding the Pareto solution set
used for subsequent coordination-based scheme evaluation.

2.2.4. Operation Scheme Evaluation Based on the Coupling-Coordination Degree Model

The Pareto-optimal solution set obtained using NSGA-II contains multiple non-
dominated operation schemes and reflects trade-offs among reservoir-system operation
objectives. However, the solution set does not directly identify a single recommended
scheme. To identify the recommended operation scheme from the perspective of overall
coordination, we introduce a coupling-coordination degree model to evaluate the overall
performance of each Pareto scheme across the sediment-transport, electricity-production
and ecological-water-deficit dimensions [54,55].

Let Uj, Up and Us denote the standardized performance indices for sediment transport,
electricity production and ecological water-deficit control, respectively. For each Pareto
operation scheme, the objective-function values are first standardized, and the composite
index of each objective dimension is then calculated using the corresponding indicator
weights, as shown in Equation (4).

m
Ui = 121 nijkij,i=1,2,3 (4)
]:

where U; denotes the composite development index of subsystem i. F;; denotes the stan-
dardized value of indicator j in subsystem i. 77;; denotes the corresponding indicator weight
and satisfies the weight-normalization condition.
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On this basis, the coupling degree, comprehensive coordination index and coupling-
coordination degree are further calculated to evaluate the overall coordination level of each
reservoir-system operation scheme, as expressed in Equations (5)—(7).

C = 3V Uy (5)
U +Uy+Us

T = a Uy 4+ axlp + azls (6)
D =+CT (7)

where C denotes the coupling degree among the three objective dimensions. T denotes the
comprehensive coordination index of the reservoir-system operation scheme. D denotes
the coupling-coordination degree of the reservoir-system operation scheme. a1, a; and a3
are the weights of the three objective dimensions, and they satisfy a; + a» + a3 = 1. Equal
weights are assigned to the three objective dimensions, with a1 = ap = a3 = 1/3. This
setting is adopted because no explicit preference is assumed among the sediment-transport,
electricity-production and ecological water-deficit dimensions, thereby avoiding subjective
weighting and allowing the coupling-coordination degree to reflect their overall balance.
In this study, the Pareto scheme with the highest D value is selected as the recommended
operation scheme, representing the most balanced performance among sediment transport,
electricity production and ecological water-deficit control within the examined Pareto
solution set. The D values are divided into ten classification intervals (Table 4) to evaluate
the coupling-coordination level of the reservoir system under coordinated operation.

Table 4. Classification criteria for the coupling-coordination degree.

Range Coordination Level Range Coordination Level
[0,0.1) Extreme disorder [0.5,0.6) Barely coordinated
[0.1,0.2) Severe disorder [0.6,0.7) Primary coordination
[0.2,0.3) Moderate disorder [0.7,0.8) Intermediate coordination
[0.3,0.4) Mild disorder [0.8,0.9) Good coordination
[0.4,0.5) Near disorder [0.9,1] High-quality coordination

2.3. Compensation Allocation Model for Coordinated Operation of the Reservoir Systems
2.3.1. Indicators for Compensation Allocation

Coordinated reservoir-system operation reshapes the operating processes of individual
reservoirs, resulting in heterogeneous contributions and benefit variations in sediment
transport, electricity production and ecological-discharge support. To characterize the basic
support capacity, operational contribution and operational disturbance of each reservoir in
coordinated operation, we construct a compensation-allocation indicator system from two
dimensions, namely static characteristics and dynamic processes.

Static characteristic indicators primarily reflect the foundational role and potential
contribution of reservoirs within the coordinated reservoir-system operation framework.
Considering differences among reservoirs in engineering scale, storage-regulation capacity
and electricity-production function, we select long-term average electricity production,
installed capacity, effective storage capacity and guaranteed output as static characteristic
indicators. Long-term average electricity production and installed capacity are used to
characterize the electricity-production capacity of each reservoir and its contribution to
the economic objective. Effective storage capacity reflects reservoir storage-regulation
capacity and its supporting role in sediment regulation, flood-control operation and the
provision of ecological discharge. Guaranteed output reflects the capacity of each reservoir
to provide stable power output and therefore characterizes its long-term contribution to
reliable electricity supply.
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Dynamic process indicators primarily reflect benefit variations and operational distur-
bances associated with reservoir participation in coordinated operation. This study selects
variation in electricity production, maximum water-level fluctuation rate and maximum
reservoir-release fluctuation rate as dynamic process indicators. These indicators measure
the effects of coordinated operation on electricity-production benefits, water-level dynamics
and reservoir-release processes, respectively, as expressed in Equations (8)—(10).

AW; = W/ — W, ®)

max|Hj, | —Hj ,|~max|H; 1 —H;y|
p =L ! )

mfaX‘Hi,tJrl —H;,|

max| Q4 Q| =max| Qi 41— Qi

(10)

Ri =

mtaX|Qi/t+1 —Qil

where AW;, P; and R; denote the variation in electricity production, maximum water-level
fluctuation rate and maximum reservoir-release fluctuation rate of reservoir i, respectively.
W/ and W; denote the electricity production of reservoir i under coordinated operation and
individual operation, respectively. H], and H;; denote the water level of reservoir i during
period t under coordinated operation and individual operation, respectively. Q;,t and Q; ;
denote the release discharge of reservoir i during period f under coordinated operation and
individual operation, respectively.

2.3.2. CRITIC-TOPSIS-Based Compensation Allocation Model

To improve the objectivity of compensation allocation for coordinated reservoir-system
operation, this study constructs a CRITIC-TOPSIS compensation allocation model [56]. Let
n denote the number of reservoirs participating in coordinated operation and m denote the
number of compensation-allocation indicators. The original decision matrix X = (Xjj)nxm
is constructed using the compensation-allocation indicators of each reservoir. To eliminate
differences in measurement units and indicator directions, the original data are standard-
ized to obtain the standardized matrix X’ = (xfj)nxm .

For weight determination, the CRITIC method is used to account for both indicator
variability and inter-indicator conflict. The information content and weight of indicator j are

expressed as C; = 0;R;j and w; = , respectively. Here, R; = Y (1 — r]-k). In these

G
):7;1 G
expressions, 0; denotes the standard deviation of indicator j. rj denotes the correlation
coefficient between indicators j and k. R; denotes the conflict intensity between indicator
j and the other indicators. w; denotes the objective weight assigned to compensation-
allocation indicator j.

To determine compensation allocation ratios, the TOPSIS method is used to evalu-
ate the relative compensation score of each reservoir. The weighted standardized ma-
trix Y = (ij)nxm is constructed using the CRITIC weights, and the positive and nega-
tive ideal solutions, YT and Y, are then determined. The distances from reservoir i to

the positive and negative ideal solutions are calculated as D;" = Yt (vij — Yj+)2 and

D; = Z]’-”Zl (yij — 1/]7)2, respectively. The relative closeness of reservoir i is then calcu-

D; . . . .
lated as S; = WID" Finally, the relative closeness values of all reservoirs are normalized
i i
to obtain the compensation allocation ratios, expressed as y; = Znsils In this expression,
i=1 i .
i denotes the proportion of compensation benefits allocated to reservoir i.
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2.3.3. Comparative Allocation Methods

To provide a comparative reference for interpreting the CRITIC-TOPSIS compensation
allocation results, the single-indicator method and the squared-deviation method are intro-
duced as benchmark approaches. The single-indicator method determines compensation
shares primarily according to individual engineering attributes, whereas the squared-
deviation method integrates the allocation results obtained from different single-indicator
approaches. The comparison is used to examine whether the relative allocation pattern
identified by CRITIC-TOPSIS is consistent with that derived from alternative allocation
principles, while differences in the resulting compensation shares are used to assess the
influence of methodological choice on the allocation outcomes.

(1) Single-Indicator Method

The single-indicator method determines the compensation allocation share accord-
ing to the proportion of a specific characteristic indicator of each reservoir relative to the
total value across the reservoir system [57]. This study selects installed capacity, guaran-
teed output, long-term average electricity production and effective storage capacity as
single-indicator allocation bases. These indicators reflect differences among Wanjiazhai,
Sanmenxia and Xiaolangdi reservoirs in engineering scale, stable power-supply capacity,
electricity-production potential and storage-regulation capacity. For a specific indicator,
the compensation allocation ratio of reservoir i can be expressed as &; = . In this

Z?:l Pi
expression, a; denotes the compensation allocation ratio of reservoir i, p; denotes the value

of the corresponding characteristic indicator for reservoir i and n denotes the number
of reservoirs.

(2) Squared-Deviation Method

The squared-deviation method is used to generate an integrated allocation scheme
based on the results obtained from single-indicator allocation methods [58]. This method
determines weights by comparing the deviations of different single-indicator allocation
results from the average allocation level. Assume that there are m single-indicator allocation
schemes, and let x_i"k denote the compensation allocation ratio of reservoir i under the
k-th single-indicator allocation scheme. The average allocation ratio and variance for
reservoir i are then calculated as &; = %kazl x;‘ and s? = ﬁ[jl’(’;l (xf‘ — %;)?, respectively.
The weight coefficient of reservoir i under the k-th allocation scheme is further calculated

—1)s2—(xk— X; 2 . . . . . .
as Wl,k = % After normalization, the corresponding weight is obtained as
A L . : . . .
wf»‘ = W Accordingly, the integrated compensation allocation ratio of reservoir i
k=1""i
based on the squared-deviation method is calculated as ; = Y| ; wf.‘xi-‘ .

3. Results

3.1. Coordinated Operation Results Under Representative Hydrological Years
3.1.1. Pareto-Optimal Solution Sets Under Representative Hydrological Years

To characterize variations in coordinated reservoir-system operation under different
inflow conditions, 2010, 2012 and 2018 are selected as representative dry, normal and wet
years, respectively. The selection is based on the relative annual runoff levels observed
at Tongguan and Huayuankou stations, where 2010 records the lowest runoff, 2012 an
intermediate level, and 2018 the highest among the selected years. These contrasting runoff
conditions provide a quantitative basis for comparing reservoir-system operation under
relatively dry, normal and wet inflow scenarios. The operation model is then constructed
with an annual horizon and a monthly time step. The model is implemented in MATLAB
R2023a and solved using the NSGA-II algorithm. Candidate operation schemes are then
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evaluated for fitness and screened for feasibility under constraints related to water balance,
water-level control, release discharge and power output. The algorithm parameters are set
as follows: a population size of 300, a maximum of 500 iterations, a crossover distribution
index of 20 and a mutation distribution index of 20. Non-dominated sorting and the
crowding-distance mechanism are used to maintain the convergence and diversity of the
solution set. The Pareto-optimal solution sets under dry-, normal- and wet-year scenarios
are thereby obtained, providing a basis for subsequent operation-scheme selection and
compensation-benefit allocation analysis. The distribution, continuity and spread of the
Pareto solutions are further examined to provide additional evidence on the stability and
interpretability of the identified trade-offs and to determine whether these trade-offs are
supported by a sufficiently broad solution set rather than by isolated solutions.

Under the dry-year scenario, Table 5 shows that total electricity production ranges be-
tween 12,453 and 13,069 GWh, the sediment transport load ranges between 581 and 608 Mt,
and the ecological water deficit ranges between 1047 and 3316 hm>. These results indicate
that, under relatively dry inflow conditions, reservoir-system operation schemes exhibit dif-
ferent combinations of electricity-production benefits, sediment-transport performance and
ecological water-deficit control. Different non-dominated solutions correspond to distinct
objective preferences, reflecting the trade-off characteristics of multi-objective operation.
As shown in Figure 2a, the Pareto front under the dry-year scenario is generally smooth,
indicating that the non-dominated solution set is continuous and well distributed in the
objective space and can adequately reflect the substitution relationships among the three
objectives. This distributional continuity provides additional evidence that the observed
trade-offs are not driven by a small number of isolated solutions. The two-dimensional
projection results further show an evident trade-off between electricity production and
sediment transport load (Figure 2b—d). Operation schemes with higher electricity produc-
tion generally correspond to lower sediment transport load. This suggests that, under
water-supply constraints in dry years, operation strategies that place greater emphasis on
electricity production tend to maintain the storage and hydraulic-head conditions favorable
for power generation, thereby reducing the water available for concentrated reservoir
releases that support sediment transport. As a result, the electricity-production objective
and the sediment-transport objective exhibit a clear trade-off relationship.

Table 5. Pareto-optimal operation scheme sets for representative hydrological years.

Dry Year Normal Year Wet Year
Operation Ililectric?ty Sediment Ecologic?l' Electricity Sediment Ecologic?l. Electric.ity Sediment Ecologic?l.
Scheme Set roduction Transport Water Deficit Production Transport Water Deficit Production Transport Water Deficit
(GWh) Load (Mt) (hm®) (GWh) Load (Mt) (hm®) (GWh) Load (Mt) (hm?®)
1 12,720 601 2567 18,856 560 243 20,278 1100 41
2 12,453 608 1985 18,646 571 722 19,765 1177 394
3 12,790 600 2996 18,270 580 65 19,899 1169 0
298 12,831 596 2958 18,409 578 484 19,879 1171 839
299 12,818 599 3316 18,644 569 147 19,922 1169 546
300 13,069 581 1047 18,670 570 256 20,104 1159 791

Under the normal-year scenario, total electricity production ranges between 18,270 and
18,856 GWh, the sediment transport load ranges between 560 and 580 Mt, and the ecological
water deficit ranges between 65 and 722 hm®. Compared with the dry-year scenario, the
normal-year scenario shows higher overall electricity production and a marked reduction in
ecological water deficit. This indicates that improved inflow conditions provide greater opera-
tional flexibility for meeting downstream ecological-discharge requirements while supporting
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higher electricity production. As shown in Figure 2e, the Pareto front under the normal-year
scenario remains relatively smooth, but the non-dominated solutions are more clustered in
the objective space than those under the dry-year scenario and are mainly distributed in
regions with lower ecological water deficit and relatively higher sediment transport load.
This indicates that, when water-resource constraints are eased in normal years, coordinated
reservoir-system operation can partly balance ecological-discharge requirements and sediment-
transport demand, while the constraint imposed by the ecological water-deficit objective is
reduced. The two-dimensional projection results further show that electricity production and
sediment transport load still exhibit an evident trade-off relationship (Figure 2f-h). Schemes
with higher electricity production generally correspond to lower sediment transport load.
This suggests that, although water-resource conditions improve in normal years compared

with dry years, the structural tension between storage conditions favorable for electricity
production and reservoir-release requirements for sediment transport remains. Meanwhile,
schemes with ecological water deficits close to zero are relatively concentrated, indicating

that water availability in normal years can better support downstream ecological-discharge

requirements. The main trade-off therefore shifts from a three-way competition involving

ecological water-deficit control, electricity production and sediment transport toward a more
pronounced trade-off between electricity production and sediment transport.
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Figure 2. Pareto-optimal coordinated operation schemes under representative hydrological conditions.
Panels (a), (e), and (i) show the three-dimensional Pareto fronts for the dry, normal, and wet years,
respectively. Panels (b), (f), and (j) show sediment transport load versus ecological water deficit;
panels (c), (g), and (k) show electricity production versus sediment transport load; and panels (d),
(h), and (1) show ecological water deficit versus electricity production. Red points represent the
Pareto-optimal solutions, while the blue points indicate the selected coordinated operation schemes
for the corresponding hydrological conditions.
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Under the wet-year scenario, total electricity production ranges between 19,765 and
20,278 GWHh, the sediment transport load ranges between 1100 and 1177 Mt, and the eco-
logical water deficit ranges between 0 and 839 hm®. Compared with the dry-year and
normal-year scenarios, the wet-year scenario shows increases in both electricity produc-
tion and sediment transport load, with the increase in sediment transport load being
more pronounced. This indicates that improved inflow and sediment conditions provide
greater capacity for sediment transport while also supporting higher electricity production.
Meanwhile, the ecological water deficit remains within a relatively low range, and some
operation schemes achieve zero ecological water deficit, indicating that water availabil-
ity in wet years can effectively support downstream ecological-discharge requirements.
As shown in Figure 2i, the Pareto front under the wet-year scenario remains relatively
smooth, and the non-dominated solutions are concentrated in the objective space, mainly
in regions with low ecological water deficit. This suggests that, under relatively abundant
water-resource conditions, the constraining effect of the ecological water-deficit objective
on reservoir-system operation is weakened, and operation schemes are more strongly
characterized by the trade-off between electricity production and sediment transport. The
two-dimensional projection results further show that electricity production and sediment
transport load still exhibit an evident trade-off relationship (Figure 2j-1). Schemes as-
sociated with higher sediment transport load generally correspond to lower electricity
production. This indicates that, although wet years alleviate the overall water-resource
constraint, the operational tension between maintaining storage conditions favorable for
electricity production and providing concentrated reservoir releases for sediment transport
remains unresolved.

3.1.2. Selection of the Optimal Operation Scheme

Based on the Pareto-optimal solution sets obtained for different representative hydro-
logical years, a coupling-coordination degree model is further used to evaluate the overall
coordination level of the non-dominated operation schemes and select the recommended
scheme for each scenario. As shown in Figure 3, the distribution of coupling-coordination
degrees across the Pareto solution sets provides additional information for evaluating the
consistency of coordination performance under different hydrological conditions. Under
the normal-year and wet-year scenarios, the coupling-coordination degrees of operation
schemes are mainly concentrated in the [0.8, 0.9) interval, indicating an overall level of good
coordination. Under the dry-year scenario, the coupling-coordination degrees are mainly
distributed in the [0.7, 0.8) interval, corresponding to an intermediate coordination level.
This result indicates that insufficient inflow intensifies water-resource allocation constraints
and increases the difficulty of balancing sediment transport, electricity production and
ecological water-deficit control. Meanwhile, a small number of low-coordination schemes
are observed in all three representative hydrological years. This suggests that some Pareto
non-dominated solutions may have relative advantages in a single objective or a partial
combination of objectives, but their overall coordination level remains limited, making
them unsuitable as comprehensive optimal operation schemes.

In terms of the optimal coordination level, the maximum coupling-coordination de-
grees under the dry-, normal- and wet-year scenarios are 0.81, 0.88 and 0.90, respectively,
indicating that the overall coordination of reservoir-system operation improves as inflow
conditions become more favorable. Among the three scenarios, the optimal scheme un-
der the wet-year scenario has the highest coupling-coordination degree, suggesting that,
under relatively abundant water-resource conditions, the reservoir system is more likely
to achieve a higher degree of balance among sediment transport, electricity production
and ecological water-deficit control. Accordingly, the Pareto scheme with the highest
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coupling-coordination degree in each representative hydrological year is selected as the
recommended operation scheme for the corresponding scenario. The selected schemes
are then used as the basis for subsequent analyses of coordinated operation gains and
compensation allocation.
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Figure 3. Distribution of coupling-coordination degree levels across Pareto non-dominated solution
sets under representative hydrological conditions.

3.1.3. Gain Analysis of Coordinated Operation of the Reservoir Systems

To examine the practical plausibility of the selected results, the recommended opera-
tion scheme with the highest coupling-coordination degree in each representative hydro-
logical year is compared with the corresponding actual operation scheme. The comparison
focuses on electricity production, sediment transport load and ecological water deficit,
thereby providing a practical reference for assessing whether the magnitude and direction
of changes produced by the recommended schemes are consistent with the operational
characteristics of the reservoir system under different hydrological conditions.

As shown in Table 6, compared with the actual operation scheme, the recommended
operation scheme increases total electricity production by 1088, 1175 and 1187 GWh under
the dry-, normal- and wet-year scenarios, respectively. This indicates that coordinated
operation can increase electricity production under different inflow conditions. Meanwhile,
the total sediment transport load decreases by 77, 87 and 71 Mt under the dry-, normal- and
wet-year scenarios, respectively. This suggests that the recommended schemes selected
using the maximum coupling-coordination degree criterion do not simply pursue sediment-
transport benefit maximization, but instead reflect a broader trade-off among sediment
transport, electricity production and ecological water-deficit control. In terms of ecological
performance, the ecological water deficit of the recommended scheme under the dry-year
scenario increases by 67 hm? compared with the actual operation scheme. This reflects
the persistent trade-off between electricity production and ecological water-deficit control
under relatively dry inflow conditions. Under the normal- and wet-year scenarios, the
ecological water deficit decreases by 118 and 170 hm?, respectively, with the deficit reduced
to zero under the wet-year scenario. This indicates that, as inflow conditions improve,
coordinated operation has a more pronounced effect on ecological water-deficit control.

From the perspective of benefit changes at the individual-reservoir level, Wanjiazhai
Reservoir exhibits increased electricity production in all three representative hydrological
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years, accompanied by a decline in sediment transport load. This indicates that Wanji-
azhai Reservoir mainly contributes to increased electricity production in the recommended
operation scheme. Sanmenxia Reservoir exhibits increases in both electricity production
and sediment transport load, indicating that it contributes to both electricity production
and sediment transport in coordinated reservoir-system operation. Xiaolangdi Reservoir
exhibits an overall increase in electricity production, whereas its sediment transport load de-
clines. At the downstream ecological-control section, ecological water-deficit performance
improves more markedly under the normal- and wet-year scenarios. Overall, coordi-
nated operation can adjust the functional roles and benefit combinations of individual
reservoirs under different hydrological conditions, shifting reservoir-system operation
from a single-objective orientation toward multi-objective optimization. The differences in
reservoir-specific operational gains and adjustments also provide a basis for subsequent
compensation allocation.

Table 6. Comparison of objective-function values between the actual and optimized operation schemes.

. - . . Ecological Water
Operation I};psesclenta.tnie Electricity Production (GWh) Sediment Transport Load (Mt) Deficit (hm?)
Scheme ydrologica
Year Wanjiazhai Sanmenxia Xiaolangdi Wanjiazhai Sanmenxia Xiaolangdi Xiaolangdi
Actual Dry year 2957 1496 7677 63 324 267 229
operation Normal year 3864 1514 12202 72 323 253 133
scheme
Wet year 4619 1758 12574 295 457 452 170
Optimized Dry year 3175 1655 8388 20 376 181 296
operation Normal year 4306 1684 12765 49 344 168 15
scheme
Wet year 5006 1888 13244 212 496 425 0

The comparison with actual operation further provides a practical consistency check
for interpreting the optimization results. The recommended schemes do not produce simul-
taneous improvements in all objectives under every hydrological condition. For example,
the ecological water deficit increases under the dry-year scenario, whereas it decreases
under the normal- and wet-year scenarios. This differentiated response is consistent with
the trade-offs identified from the Pareto solution sets and reflects the competing demands
placed on limited water resources under different inflow conditions. Together with the
distributional characteristics of the Pareto solution sets and coupling-coordination degrees,
this comparison provides additional evidence for assessing the practical consistency of the
selected operation schemes. The comparison therefore supports the practical plausibility
of the selected schemes within the examined reservoir system; however, it should not be
interpreted as independent external validation of the optimization framework.

3.2. Compensation Allocation Results for Coordinated Reservoir-System Operation
3.2.1. Compensation Allocation Results Under Representative Hydrological Years

Based on the compensation-allocation indicator system and the CRITIC-TOPSIS com-
pensation allocation model, we calculate the compensation allocation ratios of Wanjiazhai,
Sanmenxia and Xiaolangdi reservoirs using the recommended operation schemes under
the dry-, normal- and wet-year scenarios, represented by 2010, 2012 and 2018, respectively,
as shown in Table 7.
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Table 7. Compensation allocation schemes for coordinated reservoir-system operation under repre-
sentative hydrological years.

Representative Hydrological Year =~ Wanjiazhai Sanmenxia Xiaolangdi
Dry year 0.16 0.05 0.79
Normal year 0.39 0.08 0.53
Wet year 0.22 0.04 0.74

Under the dry-year scenario, the compensation allocation ratios of Wanjiazhai, San-
menxia and Xiaolangdi reservoirs are 0.16, 0.05 and 0.79, respectively. The results indicate
that, under relatively dry inflow conditions, coordinated reservoir-system operation relies
more strongly on the downstream key control reservoir for the integrated regulation of
limited water resources. Xiaolangdi Reservoir is located at a key position for sediment
regulation in the middle and lower Yellow River Basin. It assumes greater regulatory
responsibility for meeting downstream ecological-discharge requirements, regulating reser-
voir releases and coordinating sediment-transport processes, which explains its relatively
high compensation share.

Under the normal-year scenario, the compensation allocation ratios of Wanjiazhai,
Sanmenxia and Xiaolangdi reservoirs are 0.39, 0.08 and 0.53, respectively. Compared with
the dry-year scenario, the more moderate inflow conditions provide greater flexibility for
balancing electricity production, sediment transport and ecological water-deficit control.
Accordingly, the functional contributions of individual reservoirs in coordinated operation
are adjusted. Wanjiazhai Reservoir plays a stronger supporting role in upstream regulation
and electricity production, leading to an increased compensation ratio compared with the
dry-year scenario. Xiaolangdi Reservoir continues to undertake key tasks in supporting
downstream ecological discharge and sediment regulation, and its overall contribution
remains high. Sanmenxia Reservoir mainly serves as an upstream—downstream linkage
and provides auxiliary regulation, with a relatively smaller overall contribution under the
selected indicator system.

Under the wet-year scenario, the compensation allocation ratios of Wanjiazhai, San-
menxia and Xiaolangdi reservoirs are 0.22, 0.04 and 0.74, respectively, with the compen-
sation share again concentrated on Xiaolangdi Reservoir. Although relatively abundant
inflow under the wet-year scenario supports higher electricity production and lower ecolog-
ical water deficits, it also increases the need to coordinate downstream sediment transport,
flood-control safety and ecological-discharge requirements. As a key downstream regu-
lation node, Xiaolangdi Reservoir needs to coordinate electricity production, sediment
transport, flood control and the provision of ecological discharge, and therefore continues
to bear substantial integrated regulatory responsibility. By contrast, Wanjiazhai Reservoir
contributes to increased electricity production, but its overall compensation share remains
lower than that of Xiaolangdi Reservoir. Sanmenxia Reservoir remains at a relatively low
compensation level because its overall contribution under the selected engineering and
operational indicators is smaller than that of the other two reservoirs.

Taken together, the compensation allocation results exhibit a consistent relative pattern
across the three representative hydrological years. Although the numerical compensation
shares vary with hydrological conditions, Xiaolangdi Reservoir consistently receives the
largest share, followed by Wanjiazhai Reservoir, while Sanmenxia Reservoir receives the
smallest share. This unchanged ranking across the dry-, normal- and wet-year scenarios
indicates that the relative compensation structure is not specific to a single hydrological
condition. The variation in the numerical shares further reflects changes in the relative
regulatory contributions of the three reservoirs under different inflow conditions.
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3.2.2. Comparative Analysis of Different Compensation Allocation Methods

To further examine the consistency of the compensation allocation pattern, the single-
indicator method and the squared-deviation method are introduced as alternative bench-
mark approaches. These methods differ from CRITIC-TOPSIS in their allocation basis and
evaluation principles, allowing the relative compensation rankings of the three reservoirs to
be compared under different methodological settings (Table 8). The comparison therefore
provides evidence on whether the identified allocation pattern remains consistent when
alternative compensation methods are adopted.

Table 8. Comparison of compensation allocation results for coordinated reservoir-system operation.

Allocation Method Scenario Wanjiazhai Sanmenxia Xiaolangdi
Installed capacity 0.35 0.08 0.57
Guaranteed output Dry year 0.28 0.18 0.54

Single-indicator

method Long—fferm average Normal year 0.31 0.11 0.58
electricity production

Effective storage capacity Wet year 0.08 0.07 0.85

Squared-deviation method 0.30 0.10 0.60

Comprehensive- Dry year 0.16 0.05 0.79

indicator method  CRITIC-TOPSIS method ~ Normal year 0.39 0.08 0.53

Wet year 0.22 0.04 0.74

The results of the single-indicator method show that compensation allocation ra-
tios vary across indicators, indicating that the allocation results are sensitive to indicator
selection. When installed capacity, guaranteed output and long-term average electricity pro-
duction are used as allocation bases, the results mainly reflect differences among reservoirs
in electricity-production capacity and stable power-supply capacity. Xiaolangdi Reservoir
consistently receives a relatively high compensation share, reflecting its important role in
supporting electricity production within the reservoir system. When effective storage capac-
ity is used as the allocation basis, the compensation share of Xiaolangdi Reservoir further
increases, indicating that its strong storage-regulation capacity plays a foundational role in
sediment regulation, flood-control operation and ecological-discharge support. Overall,
the single-indicator method has an intuitive calculation process, but its evaluation basis
is relatively narrow. It therefore cannot fully capture the overall contribution, operational
responsibility and benefit gain-loss relationships of reservoirs under coordinated operation.

Compared with the single-indicator method, the squared-deviation method integrates
multiple indicators for allocation, thereby reducing the influence of single-indicator se-
lection on the results to some extent and producing more balanced compensation ratios.
In terms of allocation ranking, the squared-deviation method produces results that are
generally consistent with those of the single-indicator method and the CRITIC-TOPSIS
method, with Xiaolangdi Reservoir ranking first, Wanjiazhai Reservoir second and San-
menxia Reservoir last. This indicates that different methods are consistent in identifying the
relative functional roles of individual reservoirs in coordinated reservoir-system operation.
Specifically, Xiaolangdi Reservoir acts as a key regulation node in coordinated operation,
Wanjiazhai Reservoir provides a supporting function, and Sanmenxia Reservoir shows a
relatively smaller overall contribution under the selected indicator system. However, the
squared-deviation method mainly focuses on the integrated treatment of indicator disper-
sion and differentiation, and remains limited in characterizing information content, conflict
relationships among indicators and the dynamic operational contributions of reservoirs.
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A key feature of CRITIC-TOPSIS is that it integrates a broader range of information on
reservoir engineering attributes and operational responses rather than relying on a single
allocation basis. The single-indicator method reflects only one aspect of reservoir capacity
at a time, while the squared-deviation method integrates several single-indicator allocation
results but remains largely dependent on static engineering characteristics. In contrast,
CRITIC-TOPSIS jointly incorporates static engineering attributes and dynamic operational
responses, allowing compensation allocation to reflect both the long-term regulatory capac-
ity of each reservoir and its realized contribution under specific hydrological conditions.
The CRITIC procedure further determines indicator weights from both variability and
inter-indicator conflict, reducing dependence on a single attribute or subjectively specified
weighting structure. TOPSIS then evaluates each reservoir according to its overall proxim-
ity to the positive and negative ideal solutions across all indicators. These features allow
CRITIC-TOPSIS to incorporate a broader range of information on reservoir engineering
attributes and operational responses than the benchmark methods considered in this study.

Overall, the CRITIC-TOPSIS method produces the same relative reservoir ranking as
the single-indicator and squared-deviation methods, with Xiaolangdi Reservoir ranked
first, Wanjiazhai Reservoir second and Sanmenxia Reservoir third. This cross-method con-
sistency provides supporting evidence that the relative compensation structure is not solely
dependent on a specific allocation method. More importantly, CRITIC-TOPSIS extends the
benchmark approaches by linking compensation allocation to both reservoir engineering
capacity and operation-induced responses, thereby providing a more informative basis
for interpreting why individual reservoirs occupy different compensation positions under
coordinated operation.

4. Discussion
4.1. Hydrological Variability and Trade-Offs in Multi-Objective Reservoir Operation

Hydrological conditions fundamentally reshape the feasible space within which multi-
ple reservoir-operation objectives can be coordinated. Under dry conditions, limited inflow
must simultaneously support electricity production, ecological-discharge requirements and
sediment transport, thereby intensifying competition for available water and restricting
the scope for coordinated improvement. As inflow increases, water-availability constraints
are progressively relaxed, providing greater operational flexibility, particularly for meeting
ecological-discharge requirements. The higher coordination levels observed under normal
and wet conditions can therefore be attributed to an expanded range of feasible operating
combinations. Nevertheless, the persistent trade-off between electricity production and
sediment transport across all hydrological scenarios indicates that greater water availability
does not eliminate the underlying structural tension between these objectives. Electric-
ity production generally benefits from maintaining reservoir storage and hydraulic head,
whereas effective sediment transport depends on sufficiently large and appropriately timed
reservoir releases. Improved hydrological conditions consequently broaden the feasible
coordination space, but the underlying competition between storage-oriented electricity
production and release-dependent sediment transport remains.

This interpretation is consistent with the broader understanding of coordinated reser-
voir operation in the Yellow River Basin. Previous studies have shown that multi-objective
operation of cascade reservoirs can generate synergistic gains across electricity production,
water supply, flood control and sediment regulation; however, the attainable combination of
benefits remains sensitive to hydrological conditions [59]. Research on sediment-laden reser-
voir systems further indicates that water-sediment regulation requires balancing competing
operational objectives rather than independently maximizing individual benefits [60,61].
Evidence from multi-objective water-sediment operation in the Yellow River Basin like-
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wise suggests that more favorable hydrological conditions can improve both electricity-
production and sediment-regulation performance while leaving important inter-objective
trade-offs unresolved [62]. Building on these findings, the present analysis incorporates
ecological water deficit into the multi-objective framework and further distinguishes among
Pareto-efficient schemes according to their overall coordination performance. Hydrological
variability therefore affects not only the attainable levels of individual operational out-
comes but also the extent to which electricity production, sediment transport and ecological
water-deficit control can be improved simultaneously.

4.2. Functional Differentiation and Compensation Allocation Within the Reservoir System

The compensation results reveal pronounced functional differentiation among reser-
voirs within the cascade system. The consistently higher compensation share assigned to
Xiaolangdi Reservoir cannot be attributed solely to differences in engineering scale. Its
downstream control position, large effective storage capacity, and responsibility for coordi-
nating sediment regulation, ecological-discharge requirements, flood-control requirements
and electricity production require a broader range of operational adjustments than those
undertaken by the other reservoirs. Wanjiazhai Reservoir primarily contributes through
upstream regulation and support for electricity production, whereas Sanmenxia Reservoir
performs an intermediate role in regulating reservoir releases and sediment-transport pro-
cesses between the upstream and downstream reaches. The resulting compensation pattern
therefore reflects differences in regulatory responsibilities and operational contributions
along the cascade rather than a simple proportional allocation based on installed capacity,
storage capacity or long-term average electricity production. Such functional differentia-
tion is inherent in coordinated reservoir operation because reservoirs at different positions
within a cascade are subject to distinct hydraulic conditions, operating constraints, and
downstream management requirements [63].

This interpretation further highlights the distinction between regulatory capacity and
realized operational contribution. Static engineering attributes characterize the potential
capacity of a reservoir to support coordinated operation, whereas changes in electricity
production, reservoir water level and reservoir release reflect the actual adjustments under-
taken under specific operating conditions. Compensation mechanisms based exclusively
on fixed engineering characteristics may therefore fail to capture the redistribution of oper-
ational burdens arising from coordinated regulation [64]. Integrating static attributes with
dynamic operational responses establishes a closer connection between compensation allo-
cation and the operational processes through which system-wide benefits are achieved [65].
The stability of the reservoir ranking across representative hydrological conditions and
alternative allocation methods suggests that the relative compensation pattern is compar-
atively consistent, whereas variations in the absolute allocation shares indicate that the
magnitude of compensation remains sensitive to hydrological conditions and operational
responses. Compensation allocation should therefore distinguish between relatively stable
functional differences among reservoirs and scenario-dependent variations in their realized
operational contributions.

4.3. Comparison with Broader Regulated-River Management and Implications for
Compensation Design

The trade-offs identified in the Yellow River reservoir system are consistent with a
broader challenge faced by large regulated rivers, where reservoir operation must reconcile
electricity production, water supply, flood control, sediment management, and ecological
requirements under limited and highly variable water availability. Evidence from large
regulated river systems indicates that greater operational flexibility can improve the balance
among competing objectives but cannot fully eliminate conflicts between storage-oriented
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economic uses and release-dependent environmental functions [66,67]. Electricity pro-
duction generally benefits from maintaining reservoir storage and regulating releases in
response to power demand, whereas ecological restoration and sediment management
often require adjustments in release magnitude, timing, and variability. Similar trade-
offs have been observed in heavily regulated river systems, where environmental-flow
restoration can generate measurable ecological gains while imposing corresponding costs
on electricity production [68]. The Yellow River case adds an additional dimension to
this broader pattern because sediment transport constitutes a core operational objective
rather than merely a secondary environmental constraint. Coordinated operation must
therefore balance economic performance, ecological-discharge requirements, and sediment-
transport processes that directly affect reservoir storage, downstream channel stability, and
the long-term functioning of the regulated river system.

These broader comparisons reinforce the need to link coordinated reservoir operation
with an adaptive compensation mechanism. In multi-reservoir systems, system-wide
benefits arise from adjustments in the operating decisions of individual reservoirs, while
the distribution of these benefits may not correspond to the distribution of regulatory
burdens. Studies of cooperative reservoir operation have consequently emphasized that the
practical sustainability of joint operation depends on the ability to identify and redistribute
incremental system benefits among participating reservoirs according to their contributions.
For the Yellow River reservoir system, this implies that compensation should not be
treated as a fixed redistribution rule independent of the operating process. The relatively
stable compensation ranking identified in this study can provide a basis for identifying
compensation priorities, whereas the scenario-dependent allocation shares can be adjusted
according to hydrological conditions and realized operational contributions. Such an
arrangement can improve the fairness and adaptability of benefit redistribution, reduce
persistent mismatches between regulatory responsibilities and allocated benefits, and
thereby support the long-term institutional and economic sustainability of coordinated
reservoir-system management.

4.4. Practical Implications for Sustainable and Adaptive Reservoir Management

The results support a hydrologically differentiated decision framework rather than
a uniform operating rule applied across all inflow conditions. Under dry conditions, in-
tensified competition among electricity production, sediment transport, and ecological
water-deficit control narrows the feasible range of coordinated solutions and increases the
importance of explicitly defining ecological-discharge requirements and acceptable trade-
off boundaries before selecting an operating scheme. Under normal and wet conditions,
greater water availability expands the feasible coordination space and provides additional
flexibility for balancing electricity production with sediment-transport requirements. The
Pareto-efficient solution sets obtained under different hydrological scenarios can therefore
be interpreted as scenario-specific decision spaces, whereas the coupling-coordination
degree provides an additional criterion for identifying schemes with more balanced per-
formance across multiple objectives. This framework allows reservoir managers to adapt
operating strategies to prevailing hydrological and sediment conditions while reducing the
risk that gains in one objective are achieved at the persistent expense of other economic or
environmental functions.

The compensation mechanism should be designed with a similarly adaptive structure.
Static engineering attributes can provide a relatively stable basis for characterizing long-
term regulatory capacity, whereas realized operational contributions should be updated
according to observed reservoir responses during each operating period. Changes in
electricity production, reservoir water level, reservoir release, ecological-discharge support,
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and sediment-transport performance can be incorporated into periodic compensation
assessments to reflect actual regulatory responsibilities. The cross-scenario and cross-
method comparisons indicate that the relative compensation ranking is more stable than
the exact allocation shares, suggesting that the model is more appropriate for identifying
relative compensation priorities and reference ranges than for determining fixed long-
term payment coefficients. A practical institutional arrangement can therefore combine
a stable baseline component reflecting engineering capacity with a dynamic component
linked to realized operational contributions. Such a structure can improve the adaptability,
fairness, and continuity of coordinated reservoir management and provide institutional
support for balancing economic performance, ecological requirements, and long-term
system functionality under changing hydrological conditions.

5. Conclusions and Implications
5.1. Conclusions

In this study, we address coordinated reservoir-system operation and compensation
allocation, focusing on the Wanjiazhai, Sanmenxia and Xiaolangdi reservoirs in the middle
and lower Yellow River Basin. The years 2010, 2012 and 2018 are selected to represent dry-,
normal- and wet-year scenarios, respectively. A multi-objective optimal operation model is
constructed, and the NSGA-II algorithm is used to derive coordinated operation schemes
for the three representative hydrological years. On this basis, a compensation-allocation
indicator system is developed by incorporating both static engineering attributes and
dynamic operational contributions of reservoirs. The CRITIC-TOPSIS model is applied to
calculate the compensation shares of individual reservoirs in coordinated operation, with
the single-indicator method and the squared-deviation method used as benchmarks to
examine the reasonableness of the allocation results. The results show that the coordinated
operation schemes exhibit relatively high coupling-coordination levels across representa-
tive hydrological years, with maximum coupling-coordination degrees of 0.81, 0.88 and
0.90 under the dry-, normal- and wet-year scenarios, respectively. Compared with the
actual operation scheme, the recommended operation scheme increases total electricity pro-
duction under all three representative hydrological conditions and achieves more balanced
outcomes in sediment transport and ecological water-deficit control. The compensation
allocation results show that, under different inflow conditions, Xiaolangdi Reservoir consis-
tently receives the largest compensation share, followed by Wanjiazhai Reservoir, while
Sanmenxia Reservoir receives the smallest share. The CRITIC-TOPSIS results yield the same
relative reservoir ranking as the benchmark allocation methods, while incorporating both
static engineering characteristics and dynamic operational responses into the allocation
process. This cross-method consistency provides supporting evidence for the plausibility of
the identified contribution pattern, while the multidimensional indicator structure provides
an additional basis for interpreting functional differences among reservoirs.

The proposed framework links multi-objective operation, coordination-oriented
scheme selection, and compensation allocation within a unified analytical process. It
provides a quantitative approach for identifying trade-offs among sediment transport,
electricity production, and ecological water-deficit control while connecting system-level
operation outcomes with the differentiated contributions of individual reservoirs. From
the perspective of sustainable reservoir-system management, the framework contributes
by jointly addressing environmental requirements, economic performance, and the in-
stitutional distribution of regulatory responsibilities and benefits among participating
reservoirs. The integration of adaptive operation with contribution-based compensation
provides a basis for improving the long-term environmental, economic, and institutional
sustainability of coordinated reservoir management in the Yellow River Basin. Several
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limitations should nevertheless be acknowledged. The present analysis is based on three
representative hydrological years and one reservoir system in the middle and lower Yellow
River Basin, which may constrain the generalizability of the findings to a broader range of
hydrological conditions and reservoir configurations. In addition, the hydrological and sed-
iment records, reservoir operation data, and prescribed ecological-discharge requirements
used as model inputs are subject to varying degrees of observational, aggregation, and
parameter uncertainty. Because these uncertainties are not explicitly propagated through
the optimization and allocation procedures, they may affect the estimated objective values
and the exact numerical compensation shares; however, the comparative patterns identified
across representative hydrological conditions remain informative for interpreting relative
operational trade-offs and reservoir-specific contributions. The stability of the optimization
results is assessed mainly through the distributional characteristics of the Pareto solution
sets, the coupling-coordination degree distributions, and comparison with actual operation
rather than through confidence intervals derived from repeated independent optimization
runs. Similarly, the consistency of the compensation allocation results is evaluated primarily
from the stability of reservoir rankings across different hydrological scenarios and alterna-
tive allocation methods. A systematic sensitivity analysis of the CRITIC-derived indicator
weights has also not yet been conducted, and the exact compensation shares may therefore
remain sensitive to changes in the weighting structure. Future research could incorpo-
rate uncertainty propagation for hydrological, sediment, and ecological-discharge inputs;
repeated independent optimization runs; alternative indicator-weight settings; longer hy-
drological sequences; extreme hydrological conditions; and larger reservoir systems to
more comprehensively evaluate the stability, robustness, transferability, and sustainability
implications of the proposed framework.

5.2. Policy Implications

(1) Establish an institutionalized joint-operation mechanism for basin-wide reservoir
coordination

The multiple functions performed by reservoir systems in the Yellow River Basin
require coordinated decision-making beyond the optimization of individual reservoir oper-
ation. A basin-wide joint-operation mechanism should therefore be established to clarify
the respective responsibilities of reservoir operators, basin-management agencies, power-
sector authorities, and ecological-management departments in coordinated scheduling.
The mechanism should establish procedures for annual operation planning, inter-reservoir
consultation, ecological-discharge assurance, sediment-regulation coordination, and emer-
gency response, thereby translating model-based coordination into an institutionalized
management process. In particular, the functional differentiation among Wanjiazhai, San-
menxia, and Xiaolangdi reservoirs should be reflected in the allocation of regulatory
responsibilities, enabling upstream storage support, intermediate reservoir-release and
sediment regulation, and downstream integrated control to be coordinated within a unified
operational framework.

(2) Establish standardized compensation rules and responsibility-recognition procedures

The implementation of inter-reservoir compensation requires a transparent institu-
tional framework for identifying regulatory responsibilities and determining compensation
eligibility. Standardized procedures should be established to verify the regulatory tasks
undertaken by individual reservoirs, including deviations from conventional operating
patterns, additional ecological-discharge obligations, sediment-regulation responsibili-
ties, and associated opportunity costs. Compensation decisions should be supported by
documented operating records and jointly verified by the relevant management agen-
cies to reduce uncertainty in contribution recognition and benefit attribution. On this
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basis, compensation standards, calculation procedures, funding responsibilities, settlement
arrangements, and review requirements should be incorporated into formal reservoir-
coordination rules, thereby transforming compensation from an ex post analytical outcome
into an enforceable component of coordinated reservoir management.

(3) Establish a periodic evaluation and trigger-based adjustment mechanism

The effectiveness of coordinated reservoir operation and compensation arrangements
should be evaluated regularly rather than relying on fixed rules established at a single
point in time. Annual or seasonal assessments should be conducted to evaluate whether
coordinated operation has achieved the expected outcomes in electricity production, sedi-
ment regulation, ecological-discharge support, and inter-reservoir benefit distribution. In
addition to routine evaluations, reassessment procedures should be triggered by extreme
droughts, major flood events, abrupt changes in sediment conditions, or substantial de-
viations from expected ecological requirements. The evaluation results can then provide
a basis for adjusting operational priorities, compensation standards, and responsibility
arrangements, thereby maintaining the adaptability of the coordination mechanism under
changing hydrological and management conditions.

(4) Strengthen basin-wide data integration and decision-support infrastructure

Effective coordinated reservoir operation and compensation management require
consistent, traceable, and comparable data across reservoirs and management agencies.
Basin-wide data standards should therefore be established for inflow, reservoir water
level, reservoir release, sediment concentration, electricity production, ecological-discharge
conditions, and operating records, ensuring that regulatory contributions and compensa-
tion claims are assessed on a consistent information basis. Data-sharing protocols should
further specify reporting frequency, verification responsibilities, access authority, and
archival requirements for reservoir operators and basin-management agencies. On this
basis, standardized data can be integrated into a unified decision-support platform to sup-
port operation-scheme evaluation, contribution assessment, compensation verification, and
post-operation review, thereby improving the transparency, consistency, and accountability
of coordinated reservoir management.
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