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Abstract—For many centuries, Inter-Basin Water Transfer
(IBWT) projects have been adopted to mitigate the problem of
the heterogeneous distribution of water resources. Thus, water
transfers are usually carried out between reservoirs having
surplus water toward deficitary reservoirs. Therefore, operating
rules for managing those complex systems must taking into
account satisfaction of local demand for donor reservoirs, then
ensure an optimal water transfer that helps to cover demands in
deficitary areas, all in avoiding unnecessary water spills. In view
of this, the return to optimization methods is essential in order to
elaborate an optimal model allowing to achieve all these
objectives. This paper presents an overview of optimizing multi-
reservoir operating rules in IBWT system using the heuristic
Particle Swarm Optimization (PSO). The main aim of this study
is to develop a Simulation-Optimization model in order to
optimize operation of North-to-South Inter-Basin Water
Transfer (NS-IBWT) project in Morocco.
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I. INTRODUCTION

Global demand for freshwater is increasing as climate
changes, population grows, and water resources are being
overexploited [1, 2, 3]. Therefore, water management is
becoming increasingly a permanent purpose and a challenging
task for decision makers. Thus, managing water resources
requires planning, development, distribution, and optimal
consumption of water resources [4]. Reservoirs were
constructed to alleviate water shortage problem in areas via
redistributing water resources with temporal variability and
spatial heterogeneity [5, 2, 6]. However, local reservoirs are
still not enough for areas where the demand for water outstrips
the amounts that are generated within a river basin, so Inter-
Basin Water Transfers (IBWTs) are needed to mitigate water
supply pressure [7, 8, 9, 10, 11].

Situation in Morocco is not an exception. In fact, water
resources, characterized by their scarcity and their spatial and
temporal irregularity, are under increasing pressure. To deal
with this stressful situation and to satisfy the future water
needs, Morocco has adopted, since 2009, the idea of
transferring surplus water from the north-west basins to the
deficit basins in the center of the country. The chosen design of
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the NS-IBWT project consists in transferring water between six
reservoirs of different dams, in service and projected, via 500
km of pipes, canals and galleries. The feasibility of this project
is under study. Current data on the project design and its
impact on the environment are encouraging. However, the
point that remains ambiguous is the effectiveness and
sustainability of the transfer project under extreme phenomena
as floods and droughts. Therefore, optimization study of this
project is very demanded.

Il. STATE-OF-THE-ART

Reservoirs, as key components in IBWT projects, have
essential influences on regulating and storing water resources
to meet certain requirements [12]. Nevertheless, the
coordinated operation of multiple-reservoir systems is typically
a complex decision-making process involving many variables,
many objectives, and considerable risk and uncertainty [13].
Lin and Rutten [14] added that management of a multi-
reservoir system is complex due to the curse of
dimensionalities, nonlinearities and conflicts between different
objectives.

A real-world inter-basin water diversion model would be
complicated because of uncertainties in both water availability
and water demand. Therefore, it is necessary to derive
reservoir-operating rules because of limitations on inflow
forecasting techniques [15, 16]. In fact, the reservoir operating
rule curves represent a guiding tool for managing the water
resource systems in order to afford water for all users with
minimal shortages and higher protection of the downstream
from floods [17]. For single reservoir or some simple systems,
suitable rule curves can be found manually by experts or
through simulation models [18]. However, it becomes
substantial challenging when come up against large-scale
interconnected reservoir systems. There are variety of methods
can be used to derive reservoir operating rules, among which
the simulation-optimization are one of the most efficient
methods.

Optimization in design, planning and implementation of
water resources systems have always been an intensive
research area (see [19]). Application of optimization techniques
for determining the optimal operating policy of reservoirs is a
major issue in water resources planning and management.
Thus, optimizing reservoir operations incorporate allocation of

41|Page


http://www.icamop.periodikos.com.br/

ICAMOP journal, vol. 1, no. 1, 2019, p. 41-46
www.icamop.periodikos.com.br

resources, development of stream flow regulation strategies,
operating rules and real-time release decisions in its bodily
constitution [5].

Optimization of IBWT projects have been discussed in a
vast of literatures [20]. Jain et al. [21] carried out long-term
simulation for integrated operation of the reservoirs in a large
IBWT system in India and finally determined the water
diversion capacity of each basin. Sadegh et al. [22] suggested a
water diversion capacity of 240 Mm3/year based on the results
of optimal allocation of inter-basin water resources. Salim [23]
studied the optimization of a multi-reservoir system in
interaction with time and space, by stochastic dynamic
programming and simulation. Zhu et al. [9] optimized the
regulation rule and diversion flows of the donor reservoir in an
inter-basin water diversion system. Rani et al. [24] presented a
set of linked optimization models for development of an
optimal inter-basin water transfer policy. Gu et al. [6] has
established a simulation-optimization of Multi-Reservoir
Operation in IBWT System in China. Then, they proposed a set
of water transfer rule curves to determine when, where and
how much water should be diverted from each donor reservoir.

In the past, optimization problems have been solved by
using mathematical methods as Linear Programming (LP),
Non-Linear Programming (NLP), Dynamic Programming (DP)
and Quadratic Programming (QP), in addition to simulation
techniques [25, 26, 27, 28]. Therefore, optimization methods,
such as Successive Linear Programming (SLP) [29, 30],
Stochastic ~ Optimization (SO) [31, 32], Progressive
Optimization Algorithm (POA) [33, 34, 35] and Heuristic
Algorithm (HA) [36, 37, 38], are designed to prevail over the
high-dimensional, nonlinear, and stochastic characteristics.
Among them, Particle Swarm Optimization (PSO). So far,
optimization methods have been implemented for both
planning purposes and for real time operation [5].

First introduced by Kennedy and Eberhart [39] and
developed by Engelbrecht [40], PSO, as a stochastic
Evolutionary Algorithm (EA), is proposed to model the
intelligent behaviors of bird flocking and fish schooling [41,
42]. Similar to Genetic Algorithms (GAs), PSO can be
classified as a bio-inspired paradigm [43]. Flexible operators,
relative simplicity, absence of gradients, high speed of
convergence and easily found solutions to mixed integer and
combinatorial problems are some of outstanding advantages of
PSO [4]. Ho [44] explained that PSO, similar to other EAs,
works with a population referred to as a swarm and each
individual is called a particle, each particle “flies” over the
search space to look for promising regions according to its own
experiences and that of the group. Consequently, the sharing of
social information takes place and individuals profit from the
discoveries and the previous experiences of all other particles
during the search. As with other EAs, PSO has the ability to
search over a wide landscape around the better solutions [44].

Mathematically, given a swarm of Npoie particles, each
particle i (i€{1,2,.., Npopsize}) is associated with a
position vector x; = (x'3, X', ..., X'p) (D is the number of
decision parameters of an optimal problem) which is a feasible
solution in an optimal problem. Let the best previous position
Poest Memorized in Py that particle i has ever found to be
denoted by p; = (p's, p'2, ..., p'b) and the group’s best position
ever found by the neighborhood particles of the i" particle
(9best memorized in Gpe) IS 0i = (9'1, 9'2 ..., 9'n) At each

iteration step k+1, the position vector of the i particle x;(k+1)
is updated by adding an increment vector Axj(k+1), called
velocity vi(k+1), as follows:

Vi(k+1) = Vid(k)+clr1(pid - Xa(K) + Cora(ga- Xa(K) (1)
i _ vglk+Dwg ™™ i max

Vd(k"'l).— B if |U’d(k + D|>vg )

Xg(k+1) = Xq(k) + vg(k + 1) (©)

Where ¢, and ¢, are two positive constants, r,and r, are two
random parameters which are found uniformly within the
interval [0, 1], and v]*** is a parameter that limits the velocity
of the particle in the d™ coordinate direction. This iterative
process will continue swarm by swarm until a stop criterion is
satisfied, and this forms the basic iterative process of a PSO
algorithm. Moreover, on the right hand of (1), the second term
represents the cognitive part of PSO as the particle changes its
velocity based on its own thinking and memory. The third
term of (1) corresponds to the social part to enable the particle
to modify its velocity based on the social-psychological
adaptation of knowledge. PSO is conceptually very simple,
and can be readily implemented in a few coding lines. It
requires only primitive mathematical operators and very few
algorithm parameters need tuning [44].

Current research on PSO mainly focuses on algorithmic
implementations, improvements and engineering applications
and has revealed many interesting findings. Ye et al. [45]
proposed a novel multi-swarm Particle Swarm Optimization
with Dynamic Learning Strategy (PSO-DLS). Chen et al. [46]
proposed a Dynamic Multi-Swarm Differential Learning
Particle Swarm Optimizer (DMSDL-PSO), inspired by the
principle of hybrid strategy as one of the main research
directions to improve the performance of PSO. Lynn et al. [47]
carried out a comprehensive review of population topologies
developed for PSO and Differential Evolution (DE). Machado-
Coelho et al. [48] proposed a method for solving constrained
optimization problems, using Interval Analysis (IA) combined
with PSO, in order to reduce constrained optimization to quasi
unconstrained one. Chen et al. [49] proposed a Particle Swarm
Optimization algorithm with two Differential Mutation
(PSOTD) based on novel structure with two swarms and two
layers (bottom layer and top layer). Investigated on benchmark
problems, Kiran [50] proposed a new update mechanism for
Particle Swarm Optimization based on normal distribution.
Furthermore, the proposed model is compared with the state-
of-art variants of PSO algorithm.

PSO algorithm shown also great potential for solving
difficult design problems in different engineering disciplines,
such as vibration control [51], reuse water network [52],
resource allocation [43], inverse modeling [53], conflict
resolution [54] etc.

PSO has also powerful advantages for the efficiency and
accuracy of optimal operations for large-scale multi-reservoirs
[55, 56, 57]. Shourian et al. [58] presented a methodology for
optimized design and operation of the upstream Sirvan basin in
Iran. The model proposed integrates MODSIM generalized
river basin network flow model with Particle Swarm
Optimization (PSO) algorithm. Guo et al. [59] has developed a
bi-level model and a set of water-transfer rule to solve the
multi-reservoir operation problem in inter-basin water transfer-
supply project using PSO algorithm. Zeng et al. [60] proposed
a new water transfer triggering mechanism for multi-reservoir
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system to divert water from abundant to scarce regions with a
constant diversion flow in an inter-basin water transfer-supply
project, using an Improved Particle Swarm Optimization
algorithm (IPSO) with a simulation model. Wang et al. [20]
applied the Quantum-behaved Particle Swarm Optimization
(QPSO) algorithm to develop operating rules that consider both
water transfer and water supply of water distribution system
simultaneously for guiding the operation of multi-reservoir
system in bidirectional IBWTS system. Peng et al. [34] has
employed a coarse-grained parallel PSO algorithm with a
simulation model for effectively deriving the operating rule
curves (water-transfer and hedging rule curves) applied to the
North-line IBWTS in China. More recently, the authors
proposed three  multi-core Parallel Particle Swarm
Optimization (PPSO) algorithms to optimize the joint operation
model for inter-basin water transfer-supply systems (IBWTS)
Peng et al. [61]. Wan et al. [62] provided tri-level programming
model for multi-reservoir optimal operation in inter-basin
transfer-diversion-supply project. Particle swarm optimization
based on Immune Evolutionary Algorithm (IEA-PSO) is
adopted for optimizing the decision variables. Nevertheless,
Wan et al. [12] proposed the Progressive Reservoir Algorithm-
Particle Swarm Optimization (PRA-PSO) method based on the
principle of Progressive Optimization Algorithm (POA). Then,
the authors tested its practicability through a case study of
complex multi-reservoir system operation in China. Anzab et
al. [4] presented a simulation-optimization model by linking
Water Evaluation and Planning System (WEAP) to Particle
Swarm Optimization (PSO) algorithm for optimal design and
operation of an IBWT in Iran. In the same context, Mousavi et
al. [63] proposed a Simulation-Optimization (SO) framework
for reliability-based optimal sizing, operation, and water
allocation in the Bashar-to-Zohreh inter-basin water transfer
project. The SO framework linked the water evaluation and
planning system (WEAP) simulation module, benefiting from
fast and single-period linear programming, to the Multi-
Objective Particle Swarm Optimization (MOPSO) for multi-
period optimization.

I1l. MULTI-RESERVOIR OPTIMIZATION OPERATION MODEL FOR
N-S IBWT IN MOROCCO

Multireservoir operating policies are usually defined by
rules that specify either individual reservoir desired (target)
storage volumes or desired (target) releases based on the time
of year and the existing total storage volume in all reservoirs
[13]. Nonetheless, the rule curves optimization for complex
inter-basin multi-reservoir operation is a typical highly non-
convex, nonlinear function characterized by many constraints
and local maxima, and may be discontinuous and non-
differentiable because the exact mathematical expression of
water supply process is unknown [12].

A. Joint Operation Policy For Complex IBWT System

For multi-reservoir water-supply operation, many classical
operating rules such as the pack rule, the space rule and the
New York City rule (NYC rule) have been applied widely for a
long time [64]. Both the space and the NYC rules attempt to
avoid the situation of having some reservoirs spilling while the
others remain unfilled [13]. EI Harraki et al. [17] presented
some examples of operating rules or constraints, defined by
experience or by simulation and applied for reservoir or system
of reservoirs in Morocco, as maintain an empty space in the
reservoir in order to protect from floods, maintain a stock of
water for fulfilling municipal and industrial demand for two

years, and respect a maximum discharge at the downstream.
However, the combination of high-dimensional, multi-peak and
multiple constraints makes it incredibly difficult to obtain the
optimal rule curves for multi-reservoir operation.

B. Hedging Rule

Hedging rule curves are defined by Wan et al. [12] as
guidance on reservoir release, consistent with certain inflow
and existing storage. Hedging rule curves and rationing factors
(a, b, ¢, d) for each water demand used in this paper are
illustrated in Fig. 1 and Table 1.

Maximum storage

Hedging rule curve for Demand 1

Reservoir Hedging rule curve for Demand 2

storage Hedging rule curve for Demand 3

— = ::= Minimum storage

i Zone 3

Operating periods

Fig. 1. Water supply hedging rule curves

TABLE . WATER SUPPLY RULE IMPLIED BY RULE CURVES
Reservoir Demand 1 Demand 2 Demand 3
storage (D1) (D2) (D3)
Zone 1 D1 D2 D3
Zone 2 D1 D2 c.D3
Zone 3 D1 b.D2 d.D3
Zone 4 a.D1 b.D2 d.D3

C. Optimization Operation Model For N-S IBWT System

A schematic diagram of the N-S IBWT system is given in
Fig. 2. The transfer that will start from the projected dam Beni
Mansour (BM, Laou basin) goes to the dam of Oued el
Makhazine (OM, Loukkos basin), transferred water will then
continue his way to the dam reservoir of Sidi Mohammed Ben
Abdellah (SMBA, Bouregreg basin) with two water intakes
from the Sebou basin; the first from the projected dam Kodiat
Borna (KB) and the second from the Garde Sebou dam (GS).
Subsequently, the transferred volume will be transported to the
al Massira dam (2nd largest dam in Morocco with a capacity of
2.7 Bm3) (Oum Errbia basin). The volume transferred is
estimated at 860 Mm?®year [65]. According to the water
transfer rule, OM and SMBA play the role as the donor
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reservoir as well as the recipient reservoir. Thereby, it makes
the problem more difficult in finding the proper decision set.

oM «——- BM
ffi <—— KB
\ 4

Fig. 2. Schematic diagram of N-S IBWT system

Donor
basins

recepient
basins

Water transfer rule directs the system manager on what
conditions to divert water from donor to recipient reservoirs
according to the relative position between the active storage of
each individual reservoir and its own water transfer rule curve.
Given that the main purpose of water transfer is to alleviate
water scarcity in recipient regions and avoid great waste of
diversion water, two indices are widely used by authors and
adopted in this paper to optimize this complex IBWT system:
reliability and water spill.

The reliability of water supply system is defined as the
probability that system over given period is in a satisfactory
state. Practically, it represents the percentage of years or
months with the amount of water supply equaling to or
exceeding the water demand. According to Gu et al. [6], this
index can be expressed as:

Rel = =¥ (1-x;) @)

Where x, is an indicator variable which takes value 1 if
water demand in month Kk is not satisfied; otherwise 0, and n is
the total number of months. Higher value of Rel means the
system is more reliable.

The objective function of this optimization operation can be
expressed as follows:

, SPi

Min:F =w; Y5, Zle(l - Rell-j) +w, i6=1N_i %)

Where Rel;; is the reliability for reservoir i and user j, SP; is
the amount of annual average water spills (Mm?®/year) for
reservoir i, Ni is the capacity (Mm?) of reservoir i, w, et w, are
weighting factors (with w; + w, =1).

Model constrains are shown as follows:
st < 5 < S (6)
0< T, < T (7)
- For donor reservoir:
Sie = Sig—1+ Qie— ETie— Ty — X3y Dyje— SPig ®
- For recipient reservoir:
Sit = Sig—1+ Qie— ETie+ Ty — X3y Dyje— SPig 9

Where, Si; and S;; is the storage of reservoir i at the
beginning and end of period t (Mm®); g;;, ET;; and T are the

inflow, evaporation loss and water transferred that occurs
during period t ; D;j; is the water consumptions of different
users for reservoir i in the period t.

1VV. CONCLUTION

With an arid to semi-arid climate, water resources in
Morocco are very limited. Thus, the variability of rainfall and
inflows between the north and the south increases the scarcity
appearances; hence the use of projects such as the transfer of
surplus water from the north to deficit areas in the south seems
reasonable. Managing multi-reservoir system, characterized by
high dimensional problems and multiple constraints, is very
complex. However, use of optimization methods helps to
obtain satisfactory results.

Particle Swarm Optimization (PSO), as a stochastic
Evolutionary Algorithm (EA), has powerful advantages for the
efficiency and accuracy of optimal operations for large-scale
multi-reservoirs. Nonetheless, PSO becomes incapable when
confronting with the high-dimensional, multi-constrained
combinatorial problems, because of the complicatedly
association within variables and its premature convergence
property. That's why many authors have developed novel
methods to improve the PSO performances as mentioned
above. Progressive Reservoir Algorithm Particle Swarm
Optimization (PRA-PSO), tested successfully by Wan et al.,
would be adopted in this study. PRA-PSO could be also linked
to Water Evaluation and Planning System (WEAP), as
simulation model, in order to approximate the behavior of the
system studied and test different scenarios. This operation,
tested recently by some authors, has shown good results.
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