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Abstract

The growing complexity of reservoir management driven by hydrological
uncertainty and sedimentation has led to increased reliance on advanced optimization
techniques. This review critically examines the recent application of the Charged
System Search (CSS) algorithm in addressing nonlinear, multi-constraint challenges
within water resource systems. Across the literature, CSS is recognized as an effective
method for optimizing operations related to hydropower, water supply, and sediment
management. Most studies adopt scenario-based modeling with stochastic
hydrological inputs to enhance system resilience under climate variability. A key
distinction among studies lies in algorithm customization. While some apply standard
CSS, others hybridize it with techniques like Particle Swarm Optimization (PSO),
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Sequential Quadratic Programming (SOP), and Genetic Algorithms (GA) to improve
convergence and solution quality. Comparisons with other metaheuristics such as
Differential Evolution (DE), Ant Colony Optimization (ACO), and NSGA-II further
contextualize CSS'’s relative performance. The reviewed works vary in modeling scale
and objectives: some aim to maximize water or energy yield, others to minimize
sedimentation or manage operational trade-offs. Models span single- and multi-
reservoir systems, with temporal scopes ranging from short-term operations to long-
term sediment dynamics. Implementation environments include MATLAB, Python, and
specialized hydrological platforms, reflecting methodological diversity. Additionally,
researchers employ both single- and multi-objective optimization, often utilizing
Pareto fronts for trade-off analysis. By synthesizing these methodological trends and
algorithmic adaptations, the review underscores CSS’s flexibility and effectiveness
within metaheuristic-based reservoir optimization. However, it also identifies key
limitations, including a lack of standardization, minimal real-world application, and
weak integration with real-time forecasting tools. The paper concludes with
suggestions for future research aimed at enhancing computational efficiency,
operational relevance, and decision-support capability in the context of increasing
water resource challenges under climate change.

Keywords: Charged System Search (CSS), Reservoir Management, Optimization
Algorithms, Sediment Accumulation, Multi-objective Modeling

I. Introduction

Sustainable reservoir management is a serious issue that is being faced in the
field of water resources in the world due to growing water line constraints and
sedimentation problems, as well as the influence of changing climatic conditions (Ma
et al.)(M. A. Almubaidin et al.). The complexity of the current reservoir systems is
increasing and requires designing a higher level of computing approaches that would
be able to address non-linearities, multi-objective trade-offs, as well as long-run
uncertainty (Miiller et al.)(Ibrahim et al.). Part of them are metaheuristic optimization
approaches, recently known as potent mechanisms to handle conflicting aims of
reservoirs and the avoidance of failure of supply of water, generation of energy, flood
control at a reservoir, and handling of sediment. The recent developments in the
Charged System Search (CSS) are a physics-based metaheuristic algorithm that
emulates the dynamics of the interacting particles governed by the Coulomb law of
interaction. The model started attracting attention because of their powerful global
search and convergence properties. CSS has found some successful use in the solution
of different engineering problems, and its ability to optimize reservoir operation in the
presence of sediment accumulation is progressively evaluated in modern literature. The
capability to reproduce diverse hydrological processes with a complex workflow in the
algorithm, and at the same time, including physical and operational constraints,
presents a great advantage of the algorithm compared to conventional optimization
methods. Fig. 1 presents the structure of optimization of reservoir management based
on CSS.
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Fig. 1. Optimization framework of reservoir management using CSS.

One of the first attempts of the CSS algorithm application to the optimization or the
reservoir operation with specific attention to the sediment deposit was provided by
several authors (Ma et al.)(M. A. A. Almubaidin et al.). They concluded that multi-
scenario planning is essential due to the non-stationary nature of sediment inflow and
to hydrological variation. In the developed research, an optimization framework having
multiple objectives based on CSS was developed with references to the objectives of
sediment deposition and operating objectives, including water release, storage
conservation, and energy generation. The results showed that the CSS-based method
proved better than the classical algorithms in reducing a possible accumulation of
sediments and ensuring operational resilience, which confirmed its applicability to
long-term reservoir sustainability. The hydrodynamic implications regarding reduced
performance because of sediment buildup are also demonstrated in the recent works
(Goharian et al.),(Lee et al.), (Ummah), which study the wear out of the water level-
storage functions (because of gradual loss in storage capacity). Their study was able to
rebuild and alter the stage-storage curves by the impact of sedimentation and was able
to measure its influence on decisions to control flooding. Though it is not a study
concentrated on CSS, the research highlights the necessity to add sediment dynamics
to the optimization schemes. Their approach also contains the logic that the operation
that is grounded on the old reservoir geometry-based policies is inefficient and that
more adaptive methods that are data-informed, like CSS, should be used.

In addition to this, some of the research studies the spatial variation of sediment
deposits of the river-reservoir system based on geophysical methods (Obialor et al.)
(Latif et al.). The studies provided an understanding of the effects of non-uniform
distribution of sediment on reservoir hydraulics and proposed that considering the
heterogeneity in the computer modelling can be used to optimize calculations. It was
recommended that the characterization of habits and stronger integration of physical
characterizations and algorithmic optimization be adopted, and that the use of site-
specific models is indeed necessary in a CSS application. Beyond sedimentation,
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dynamic control of suspended sediment loads in water infrastructure has also been an
active area of research. Other studies (Ren et al.)(Kosasaeng and Kangrang) proposed
a novel output feedback control system for regulating suspended sediment
concentrations in reservoirs and canals. While the focus was not on optimization per
se, their work highlights the importance of intelligent control strategies in tandem with
optimization algorithms. Their adaptive control scheme can serve as a complementary
component to CSS-based optimization frameworks, especially in real-time sediment
mitigation.

From a methodological standpoint, outstanding works (Lai et al.) (Shirgir et al.) laid a
foundational contribution by applying CSS to jointly optimize hydropower and water-
supply operations. Their case study demonstrated how CSS can efficiently handle
complex multi-objective formulations, offering high-quality Pareto-optimal solutions.
This research not only validated the algorithm’s applicability to water resource systems
but also reinforced its relevance to multi-scenario analyses that involve environmental,
operational, and sedimentation constraints. Collectively, these studies point to a
growing consensus on the value of incorporating sediment dynamics and multi-
scenario evaluation into reservoir operation frameworks. The convergence of CSS
optimization, hydrological modelling, and sediment characterization represents a
promising direction for enhancing the resilience and sustainability of reservoirs.
However, despite its demonstrated advantages, the use of CSS remains limited in the
context of sediment-informed reservoir design and policymaking. There exists a
pressing need to review, classify, and critically evaluate the current body of literature
to identify knowledge gaps, best practices, and potential directions for future research.

Accordingly, this review aims to provide a systematic and thematic synthesis of recent
advances in reservoir optimization using CSS, with an emphasis on sediment
accumulation and multi-scenario decision-making. By integrating insights into
modelling, algorithm development, and case study applications, the review seeks to
answer the following key questions:

* How has the CSS algorithm been adapted to account for sedimentation in
reservoir systems?

*  What are the dominant scenarios and operational objectives considered in CSS-
based studies?

* How does CSS compare with other metaheuristic or classical approaches in
terms of performance and adaptability?

* What are the methodological limitations and opportunities for hybrid approaches
involving CSS?

The remainder of this review is structured as follows: Section 2 presents a
comprehensive literature synthesis, highlighting the evolution of optimization
techniques in reservoir management. Section 3 details the methodological
characteristics of CSS and its variants. Section 4 focuses on the specific mechanisms
and case applications through which supra-harmonic sediment dynamics are integrated
into CSS frameworks. Section 5 concludes with recommendations for future research
and implementation pathways.
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II. Literature Synthesis

The most recent research on reservoir management using the CSS algorithm
demonstrates a few similar methodological trends and a few significant differences in
the application domain. A common trend that is present in the literature reviewed has
been the use of CSS as a metaheuristic algorithm for solving complex, nonlinear
optimization models of water resource allocation, hydropower generation, and
sedimentation control. All the studies follow a scenario-based modelling framework,
usually with stochastic hydrological inputs, to evaluate the extent of robustness in the
models used in the optimization. Despite the common methodology, some stark
differences are seen in terms of implementation and definition of the problem. Others
have used the basic CSS algorithm, whilst some have been able to optimize its
performance by incorporating it with additional optimization methodologies like the
Particle Swarm Optimization (PSO), the Sequential Quadratic Programming (SQP), or
the Genetic Algorithms (GA). Such hybridizations are done to enhance the speed and
accuracy of convergence. Goals are also not identical in different studies; some lean
towards maximizing the yield of the reservoir and energy production, some towards
reducing the accumulation of sediments, and some towards a trade-off between
conflicting objectives. Another point of discretion is system scale. Some of the models
are applied to single reservoir systems and are constructed such that they have a short-
term operational costs attitude, while others take the multi-reservoir view that
encompasses long-term sediment dynamics. Also, computational systems vary, and
CSS algorithms are applied with tools such as MATLAB, Python, or hydrological-
specific modelling programs. Other works aim to address multi-objective optimization,
which provides Pareto-optimal solutions, whereas some works keep it single-object
formulation that allows one operational objective. Together, these differences show
how CSS is flexible and adaptable to the different problems in the management of
reservoirs, as well as to illustrate the importance of individualized optimizing strategies
driven by a particular hydrological, ecological, and operational setting. The conceptual
flow chart of literature synthesis of the recent works is given in Fig. 2.

SYNTHESIS OF RECENT WORKS APPLYING

THE CHARGED SYSTEM SEARCH (CSS)
ALGORITHM TO RESERVOIR MANAGEMENT

METAHEURISTIC TOOL FOR WATER
RESOURCE ALLOCATION, HYDRPOWER

GENERATION, AND SEDIMENTATION
CONTROL

r 1 Al

SCENARIO-BASED ENHANCEMENTS DIFFERENCES IN
MODELING WITH PSO, SYSTEM
WITH STOCHASTIC SQP, OR GA SCALE
HYDROLOGICAL
INPUTS
STANDARD VS. SINGLE VS.
HYBRID CSS MULTI-
ALGORITHM RESERVOIR
MODELS
DIFFERENT
COMPUTATIONAL SINGLE-OBJECTIVE
ENVIRONMENTS VS. MULTI-OBJECTIVE
(MATLAB, Python, OPTIMIZATION
hydrological

modeling software)

DIFFERENT COMPUTATIONAL
ENVIRONMENTS
MATLAB, Python, hydrological nodeling soft

Fig. 2. A diagram showing literature synthesis
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Table 1: Comparison of Selected Studies on Reservoir Optimization using CSS.
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III. Theoretical Concept of CSS Algorithm

The CSS algorithm is a metaheuristic optimization technique rooted in the
fundamental principles of electrostatics and Newtonian mechanics. It belongs to the
family of nature-inspired algorithms, utilizing the metaphor of charged particles
interacting in a physical space to guide the search for optimal solutions. CSS is
especially suited for nonlinear, multi-modal, and constrained optimization problems,
making it ideal for applications such as reservoir operation planning, where complex
interdependencies and competing objectives exist.

o [nitialization and Charge Assignment

CSS starts with N agents (particles), the representatives of the possible
solutions to the search space with a dimension n. The location of the i” agent of iteration
t is represented as:

t t t t
xf = (xf, xfp) o xfy) (D

The fitness function is predetermined to evaluate each agent /' (x ) based on this fitness,
and a charge g;is given to each agent, which represents the quality of the solution. One
of the most popular charge determination formulas is:

’ fOT' fworst * fbest (2)

q. — Sfworst —fi
! fworst —fbest
where:

e fi=f{x7) is the fitness of the i agent,

® fiew and fuore are the best and worst fitness values in the current population,
respectively.

This will make superior solutions (lower f;) have more charge value.
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e FElectrostatic Force Calculation

The algorithm used by CSS is a simulation of the Coulomb law, according to which
every two charged particles will attract or repel each other. The force F' 7 is the force
put on agent i by agent j as:

St ot

P 1. qiq; D

Fij = 1% +e NS 3)

where:

e i is a constant analogous to Coulomb’s constant,
e cis asmall positive value to avoid division by zero,
e || .|| denotes the Euclidean norm.

The forces of all other agents added as vectors give the resulting force on the agent i:

F=Y1e Fy “4)
e Motion Dynamics

The particles are supposed to all have a unit mass. The acceleration a;' of the particle i
at iteration ¢ is then:

af = F; )
With the acceleration provided, velocity and the new position of the particle are
obtained because of the use of the simplest kinetic equations:

St+l _ St >t
VT =10+ 1y a; (6)
St+41 _ 2t 4 ot+l

X =Xt + (7

r; and r; in this case are random numbers that tend to have numbers between zero and
one, resulting in the addition of stochastic behavior to increase the ability of global
search.

Boundary Conditions and Constraints

Beyond basic repair and penalty strategies, several advanced constraint-handling
mechanisms have been applied in reservoir optimization. Feasibility-based rules
prioritize feasible solutions to ensure hydrological safety and ecological flows, while
adaptive and dynamic penalties progressively tighten constraint enforcement to
enhance convergence. Hybrid and multi-population approaches as well as g-constraint
methods further improve search efficiency, although their integration with CSS
remains limited. Table 2 summarizes the main strategies, their applications, and
reported outcomes in the literature, highlighting the research gap in CSS studies.

Table 2: Summary of constraint-handling strategies in reservoir optimization studies
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Convergence and Stopping Criteria

The algorithm repeats cycles of updating positions and accelerations until a stop
criterion is reached. Such common conditions are:

e A maximum number of iterations,
e No improvement in the best solution for a defined number of iterations,
e Achieving a predefined objective function threshold.

The CSS algorithm mimics the interaction of physical charged particles to explore and
exploit a complex solution space. Through dynamic updates driven by electrostatic
principles and Newtonian motion, it offers a robust framework for solving constrained
and multi-objective problems. Its flexibility and extendibility (e.g., CSS-GA, CSS-PSO
hybrids) allow it to be tailored to specific applications, including reservoir operation
under sedimentation and hydrological variability. Fig. 3 and Fig. 4 show the conceptual
diagram and the pseudocode description of the CSS algorithm, respectively.
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Optimization
space

charge

Fig. 3. Conceptual diagram of CSS algorithm.

Initialize population of N agents randomly
in the search space

i

Evaluate fitness of each agent using
objective function f(x)

i

Assign electric charges to agents based
on their relative fitness:
9= ;(_fnm-st _./;2_ Sworst
i

(x; — xi¥ (x; — x)I

Repeat until stopping criterion is met

For each agent i:

Compute total electrostatic force F; from
other agents:

Fij= e (aray) M=)
(x; — xq1),
Fi=sum of all F; for j#1
1
Compute acceleration: a; =F;
3
Update velocity: vi=nr- v+ rn=a;
3
Update position: x; =x; + v;
1
Update best solution if necessary

&=

Fig. 4. Flowchart showing the pseudocode description of the CSS algorithm.

Sensitivity and Robustness Analysis in Reservoir Optimization Studies

Most CSS-based and metaheuristic reservoir studies have not systematically examined
sensitivity to parameter variations or the robustness of solutions under uncertainty. For
example, Latif et al. (2021) applied CSS to Klang Gates Dam without analyzing the
effect of parameter changes, while Goharian et al. (2022) optimized the High Aswan
Dam without testing policies under stochastic inflows or demand variability. Similarly,
Kosasaeng and Kangrang (2023) introduced a conditional hybrid approach but did not
include robustness tests, and Ibrahim et al. (2022) highlighted this lack of practice
across the literature. The absence of such analyses limits confidence in the reported
results, suggesting that future research should integrate sensitivity and robustness
testing under extreme scenarios such as droughts and floods.
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Performance Metrics and Statistical Validation in Reservoir Optimization
Studies

Most CSS-based and metaheuristic reservoir optimization studies primarily report
performance through convergence plots and final best solutions. However, such
reporting does not fully capture the stochastic variability of these algorithms. Table 3
summarizes how different studies have addressed performance metrics and statistical
validation. The review shows that while some papers reported average values or
multiple runs, only a limited number incorporated rigorous statistical testing, such as
Wilcoxon or Friedman tests. This indicates a clear gap in the literature: the lack of
standardized reporting of mean, standard deviation, confidence intervals, and
significance testing across >30 runs, which is essential to establish the robustness and
reliability of reservoir optimization results.

Table 3: Reporting of performance metrics and statistical analysis in reservoir
optimization

IV. Results for Sediment Accumulation

Sediment accumulation poses a critical threat to reservoir functionality by
reducing effective storage capacity and impacting operational performance. Among the
reviewed studies, two works, [Ma et al 2025.] and [Almubaidin et al 2024.], present in-
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depth quantitative analyses on sediment deposition and its consequences, while others
either neglect sedimentation or address it tangentially. Ref. [ Almubaidin et al 2024]
conducted a comprehensive simulation of sediment accumulation in the Mujib
reservoir using the Modified Universal Soil Loss Equation (MUSLE). The study
revealed that by the end of 2019, 14.6% of the reservoir’s capacity had been lost due
to sedimentation. The authors demonstrated that removal of accumulated sediment
could reduce the water deficit by 19.42%, and when combined with a reduction in
agricultural water demand by 11%, the deficit dropped further by 42.40%. This
underscores the major operational improvements achievable through sediment
management strategies. Furthermore, increasing the reservoir’s storage by 30% in
addition to sediment removal and demand reduction led to a 53.59% reduction in water
deficit, showcasing the synergistic benefits of integrated strategies. [Ma et al 2025.]
investigated the impact of sediment accumulation on flood control and storage curves
in a cascade of nine reservoirs in China’s WUJIANG River. The authors reconstructed
the water level-storage (WLS) relationship based on observed sediment-induced
capacity loss. Notably, the Suofengying reservoir experienced a 25.02% loss in storage
capacity, the highest rate in the study, while the HONGJIADU reservoir recorded the
largest absolute loss, at 180.3 million m*. Using outdated WLS curves, flood control
risks were severely underestimated. The maximum flood regulation level (Z*) was off
by up to 7.11 meters, and risk exceedance periods (y) by up to 3%, especially at longer
return intervals. These findings strongly emphasize the necessity of updating
operational models to reflect current sediment realities. Other studies: [Lee et al 2022.],
[Latif et al 2021], and [Thomas et al 2021] did not quantify sediment accumulation in
the same detail. While sediment management was acknowledged in broader
discussions of operational efficiency and reservoir optimization, no explicit models or
metrics on volume loss or its operational impact were presented. Their focus leaned
more on hydropower optimization, water supply, or general system modelling.

Table 4: Comparison of Sediment Accumulation Results
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V. Conclusions

This review emphasized three critical aspects in the optimization of multi-
constraint reservoir systems using the Charged System Search (CSS) algorithm. First,
sediment accumulation has been shown to cause substantial capacity loss in reservoirs
such as Wujiang (25.02%) and Mujib (14.6%), directly affecting water availability,
flood regulation, and sustainability. Integrated sediment management strategies,
including desilting and adaptive demand reduction, have proven effective in mitigating
shortages and enhancing long-term operational efficiency.

Second, most reviewed CSS-based studies rely primarily on basic penalty or repair
functions to address operational constraints, while more advanced methods—such as
feasibility rules, adaptive penalties, hybrid, and e-constraint approaches—remain
underutilized. This reveals a methodological gap in the literature.

Third, the reporting of performance metrics and statistical validation is often
insufficient. While convergence plots and best solutions are frequently presented, only
a few studies systematically report averages, standard deviations, confidence intervals,
or apply non-parametric tests such as Wilcoxon and Friedman. This limits the
robustness and comparability of results.

Overall, future research should integrate sediment processes, adopt more sophisticated
constraint-handling mechanisms, and apply standardized statistical validation
protocols across multiple runs. These improvements will strengthen the credibility and
applicability of reservoir optimization studies and support the sustainable management
of water resources.
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