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Abstract

In arid and semi-arid regions particularly vulnerable to climate change, optimizing the long-term operation of multi-
purpose reservoirs is paramount. This study derived an optimum two-dimensional rule curve to jointly operate the parallel
reservoirs of Mosul and Dukan, Northern Irag. A hybridized optimization technique combining conventional dynamic
programming with the shuffled complex evolution algorithm (SCE-UA) was developed to solve this problem. The results
showed that the proportion of normal water supply areas increased from the beginning of the flood season (October) to its
highest levels in April (58.77% of the total water supply area). The proportion decreased to its lowest in September (25.04%
of the total water supply area). The newly derived 2D rule cure was compared with the current operation policy and was
found to optimize the amount of water shortage by 21.1% during the operational period. It also reduced the shortage period
and avoided catastrophic water shortages during droughts. In addition, the developed model optimized the amounts of
water more than the joint water requirements, suffering from a significant deficit in meeting the demand during some
months of the operational years. As a result, the storage in each reservoir was improved and thence can be adapted to face
water shortages during future climate changes. This study proved the new hybridized model's applicability and can serve
as a tool for sustainable water management.
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1. Introduction

Reservoirs are among the most effective structures for developing and managing integrated water resources [1, 2].
With the economy's continuous growth, reservoirs' role has become increasingly crucial in meeting society's energy and
water requirements. Consequently, reservoir operation and management are among the most complicated issues in
integrated water resource development and administration [3]. A multi-reservoir system's operations can be
synchronized to make optimal use of the reservoirs located along various streams, each of which has a unique capacity
for water storage [4].

Thus, reservoir operation rules are essential for efficiently managing reservoirs and improving confidence in
decisions about water release [5-7]. However, reservoir failure is possible, particularly during crucial times, because of
excessive water overflow and insufficient water supply to meet water requirements, leading to water shortages.
Therefore, rules are necessary to guarantee that the reservoir functions as intended. Rule curves are the most common
representation of reservoir operating rules. This consists of a Lower Rule Curve (LRC) and an Upper Rule Curve (URC),
simultaneously releasing water under the upper and lower boundaries while controlling the water level. They are
extracted by combining techniques for system simulation and optimization [8, 9]. Reservoir operation is, therefore, a
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crucial element that must be planned for during the project's planning phase. As for operating a multi-reservoir system,
doing so reduces the uncontrolled outflow from the system, making it more advantageous than doing so with a single
reservoir [10, 11].

In previous decades, aggregation-decomposition-based parallel reservoir systems with joint demands were governed
by various fundamental rules [4, 12, 13], reducing the complexity of multi-reservoir operation problems. However, for
the designed operation of the multi-reservoir system, the system operating policies are defined concerning system-wide
release rules and individual reservoir storage management functions [14]. Storage management functions determine the
optimum storage of each reservoir, which is determined from the aggregate storage volume of the equivalent reservoir.
At the same time, the entire system release rules typically specify the total release from an equivalent reservoir combined
over all the reservoirs in the system. Standard Operation Procedures and hedging rule curves are frequently utilized for
the entire system release rules. Standard Operation Procedures [15, 16] is a straightforward operation rule that directs
reservoirs to release as much water as possible to meet delivery targets while not preserving water for later needs. With
the hedging rule [14], the risk of future severe water shortages is reduced, but at the expense of more frequent minor
deficits. Different rules have all been covered previously for the balancing functions. The NYC rule [14, 17] is one of
these and aims to balance the likelihood of seasonal spills from each reservoir. Spacing rules, a particular case of the
NYC rules, stipulate that the amount of space left in each reservoir of a parallel system must be proportional to the
anticipated inflow to that reservoir [18]. The area and NYC regulations try to prevent spilling some reservoirs while
leaving others empty [14]. The objective of the priority policy is to identify which reservoirs are fully used before water
is released from the next reservoir with a higher rank than them [19]. A few decision variables are identified in the
parametric rule, validated through the whole control period, to divide the gross storage into each reservoir at each time
step [20, 21].

Optimization methods, such as linear, non-linear, and dynamic programming, are widely utilized in the field of water
resources engineering to solve problems and make predictions [22]. Numerous implementations of optimization methods
exist to detect optimal rule curves, for example, dynamic algorithms and other optimization techniques obtained from
evolutionary theory [23, 24]. They are efficient methods to find optimal solutions, such as the genetic algorithm [25,
26], Tabu searches algorithm [27, 28], Honey-Bee Mating Optimization [29], and Harris Hawks Optimization [30],
where researchers have used these methods in their research for determining optimal reservoir rule curves. Hybrid
optimization techniques combine the advantages of multiple optimization methods to create a more effective
optimization algorithm. Ahmadianfar et al. [31] established the hybrid optimization algorithm A-DEPSO (Adaptive
Differential Evolution with Particle Swarm Optimization) to optimize unpredictable and non-convex hydropower
systems by merging the differential evolution algorithm with particle swarm optimization.

Ahmadianfar et al. [32] used an efficient optimization technique called MS-DEPSO, a hybrid of differential
evolution (DE) and particle swarm optimization (PSO) with a multi-strategy, to solve multi-reservoir systems that are
intended to produce hydropower and provide irrigation. Karami et al. [10] Introduced and evaluated a Hybrid Algorithm
(HA) that combines the Gravitational Search Algorithm (GSA) and the Particle Swarm Optimization Algorithm (PSOA)
to minimize irrigation shortcomings in a multi-reservoir system. Yaseen et al. [33] used a novel hybrid algorithm of the
Artificial Fish Swarm Algorithm (AFSA) and the Particle Swarm Optimization Algorithm (PSOA) to optimize the
Karun-4 reservoir, improve power production, and reduce downstream water shortages. Masoumi et al. [34] used a
hybrid algorithm of the gray wolf optimization technique and Shuffled complex evolution to find the optimal operation
for a single reservoir in Iran and hypothetical multi-reservoir systems. Nezhad et al. [35] applied the hybrid approach
by merging the shuffled complex evolution with the differential evolution called the SCE-DE algorithm in optimizing
the multi-reservoir water systems.

The literature above shows no study on operating parallel reservoirs in arid and semi-arid regions using a Two-
dimensional rule curve. The purpose of the present study was to derive an optimal reservoir operation policy represented
by a two-dimensional rule curve for a dual reservoir system in Iraq by combining the position of the hedging rule for
each water user and each reservoir in the system. The two-dimensional rule curve was applied to northern Iraq's parallel
reservoirs, Mosul and Dukan reservoirs, as a case study. A hybridized optimization technique combining conventional
dynamic programming with the shuffled complex evolution algorithm (SCE-UA) was developed to obtain the maximum
possible economic recovery from the two parallel reservoirs.

2. Study Area and Data

In this study, two northern Iraq water supply reservoirs were used as a case study to derive the rule curve of the two-
dimensional reservoir operation with dynamic programming techniques. The two parallel reservoirs are Mosul and
Dukan in Irag, as shown in Figure 1. These reservoirs have no hydraulic connection and supply water to common water
users (industry and agricultural demand).

1780



Civil Engineering Journal Vol. 9, No. 07, July, 2023

35°00"E 40°0'0"E 45°0°0"E bO°UO"E
1 1 ) T

waternays

5 =z
g Syria barders g
: ] Turksy borers 2
Water Area ”
raq borders Q0 155 310 B2 930
1 = §_=_ . o]
35°00"E 40°0'0"E 45°00'E '! 50°0'0"E

41°30'0°) 42“3IU‘0"E 43‘(}:‘0“E 43“3?'0"E 44“UI‘0"E 44’3l0‘0'E 45“0I'U”E 45“3?'0"E 46“Ul‘0"E 46”39‘0"

37°30'C"N
L
T
377300

T
0"N

37°C'0"N
1
3700

36°30'0"N
L
36°30'0"N

A Dam

waterways

0N

36°0"

1

T
36°00N

Reservoir

| | Dukan Dam watershed

ij Mosul Dam watershed

35°30'0"N
- N

5
%]
=]
S
M

T
35°30°0"N

T T T T T T T T T T
42°0'0"E 42°30'0"E 43700 43°300'E 44°00°E 44°30'0"E 45°00'E 45°300°E 46°0'0"E 46°30'0'E

Figure 1. Location of the study area

Mosul and Dukan reservoirs are located on Iraq's Tigris and lesser Zab rivers. The geographical coordinates of these
reservoirs are 36° 37' 49" N 42° 49' 23" E, and 35°57'15" N 44°57'10" E, respectively. Reservoirs in Mosul and Dukan
have storage capacities of 11100 million m® and 6890 million m® at normal reservoir water levels, respectively. The
presence of the Greater Zab River within the study area will meet part of the common water requirements. Therefore,
the monthly average of the water requirements from 2001 to 2020 was subtracted from the total shared water
requirements in the study area. The selected portion was used in the optimization process, as illustrated in Figure 2. The
hydrological and physical characteristics of each reservoir are shown in Table 1, and the average monthly water inflow
of these reservoirs for many years is shown in Figure 3. In this paper, the average monthly data for measured inflow,
water demand, evaporation rate (mm), and precipitation for the parallel reservoirs for the past 20 years (2001-2020) are
used as input data to construct an optimal two-dimensional reservoir rule curve.
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Figure 2. Average monthly water demand of Mosul and Dukan reservoir for the period (2001 -2020)
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Table 1. Hydrological and physical Characteristics of Mosul and Dukan dam [36-38]

No. Characteristics Mosul Dukan Unit
1- Catchment area 46700 11690 Km?
2- Monthly mean inflow 1315806762 34850414 m3
3- Reservoir Capacity 11100000000 6890000000 m3
4- Dead storage 2950000000 790000000 m3
5- Max. Reservoir water level 335 515 m.a.s.|
6- Normal Reservoir water level 330 511 m.a.s.|
7- Min. Reservoir water level 300 479 m.a.s.|

3500 -

m mean monthly inflow (Mcm) in Mosul

3000 1 mmean monthly inflow (Mcm) in Dukan
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2000

1500

inflow *10 m?

1000
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Oct. Nov. Dec. Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep.

Period (month)

Figure 3. Average monthly inflow of Mosul and Dukan reservoir (2001 -2020)

3. Materials and Methods
3.1. Two-Dimensional Reservoir Operation

When the reservoir's water storage level is low, the hedging rule can effectively avoid a water supply shortage by
actively and moderately reducing the reservoir's water supply and ensuring the reservoir's smooth operation during the
dry season. Therefore, the regulation of hedging water supply is significant for the water supply operation of multi-
reservoir systems, which has attracted many scholars to study it [39, 40]. In this paper, the hedging water supply rules
were used in the two-dimensional reservoir operation diagram to determine the water supply decision of the reservoir
group for the common water users. Common water users often include multiple water demand items such as domestic
water, industrial water, and agricultural water. Figure 4 is a schematic of a two-dimensional reservoir operation diagram
for a particular operation period. The horizontal and vertical coordinates represent the maximum water storage of
reservoirs 1 and 2, respectively, and X; and X, represent the positions of hedging water supply for demand 1 and demand
2 concerning the position of maximum storage for reservoir 1 in a specific operation period.

Similarly, X3 and X4 represent the positions of hedging water supply for demand 1 and demand 2 concerning the
position of maximum storage for reservoir 2 in a specific operation period. In different operation periods, the two-
dimensional reservoir operation diagram presents different forms with the different locations of the hedging water supply
lines. Four hedging water supply lines divide the two-dimensional reservoir operation diagram into nine water supply
operating areas and three water supply rules. According to the position of the combination of two reservoir storage rules,
the water supply task from a two-dimensional reservoir rule was one of three: normal, one demand is hedged, and the
two demands are hedged.

Using a combination of dynamic programming and shuffled complex evolution (SCE-UA), the optimal position of
the hedging water supply line for each reservoir's water user (industrial and agricultural) was determined.
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Figure 4. Two-dimensional reservoir rule curve
3.2. Methodology

In this study, the methodology used to derive the two-dimensional operating rule for the reservoirs within the study
area is briefly explained in the diagram illustrated in Figure 5. In this methodology, hybrid algorithms were relied upon,
resulting from the combination of the dynamic algorithm and the complex evolutionary algorithm. In West Asia in
general and Iraq in particular, this is the first study concerned with applying a two-dimensional operating rule on
reservoirs to meet the joint demand; in addition, the results obtained were not compared with the results of previous

studies.
start t=t+1
l |N0

Gene_rate the initial /- Operation of res?ervou oT?
population by SCE -UA by Dynamic
\l/yes

programming
Evaluation the objective

Generate new population

function
by Shuffling step
Evolution the No Convergence
population by CCE satisfaction?
lyes
End < Optimal solution

Figure 5. Flowchart of deriving 2D rule curve

3.3. Formulation of 2D Rule Curve

3.3.1. Objective Function

The reliability of the water supply measured the water supply risk of the dual reservoir and indicates the frequency
of the water shortage events, but cannot express the degree of water shortage. So, many scholars, such as Hashimoto et
al. [41], introduced the water supply resilience coefficient (RES), an index about the capability of reservoirs to recover

from hedging water supply to normal water supply. Then the optimization objective function was maximized in terms
of reliability and resiliency of water supply:
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MaX R: Wind (WlxRelind +W2xReSind) + Wagri (WlxReIagri+ szReSagri) (1)

where wi and w; are the weighting factors between different water supply risk indexes, Wing and Wagri are the weighting
factors between industry and agriculture. Reling and Relagri are the water supply reliability for industry and agriculture
water demand; Resing and ResSagri are the water supply resiliency coefficient for industry and agriculture water demand.
The risk indexes (reliability and resiliency) were determined by the following formulas [42]
— Tr
Rel=1— F (2)
Res= X (©))
Tr
In Equations 2 and 3, N represents the total duration of the water supply period; Tr represents the total number of

hedging water supplies during the water supply period; Ty represents the number of times the hedging water supply
returns to normal water supply during the water supply period.

3.3.2. Constraints

Identifying the appropriate constraints to specify the feasible region that satisfies the system’s objective function is
essential. As such, the following constraints were set as follows:

1- Reservoir water balance equation:
Stsr = St + If — Ri — Spi — Ef 4)

where S¢,,, S¢ Are the water storage volume of reservoir i in t period and t + 1 period, respectively; I¢, R¢, Spt and E are
the inflow volume, water supply, abandoned water of reservoir i in t period and net evaporation losses by volume,
respectively. The net evaporation losses were determined by multiplying the net evaporation rate by each reservoir's
average water surface area. The average water surface area is a water storage function in each reservoir (i) (Figures 6
and 7). The impact of net evaporation losses may be positive or negative because the net evaporation equals to
evaporation rate in (mm) minus the precipitation rate in (mm).

500 -
y = -0.0122x4 + 0.4962x3 - 7.5266x2 + 71.669x + 13.225
450 A R = 0.9996

400
350 -
300 -
250 -
200 -
150 -
100 -
50 |

0

Water surface area x10® m?

0 2 4 6 8 10 12 14 16
Storage x10° m?

Figure 6. The relationship between water surface area and storage for Mosul dam

300 -
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200 -
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Figure 7. The relationship between water surface area and storage for Dukan dam
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2- The position of hedging water supply for each water use for each reservoir must be greater than minimum storage
and less than or equal to maximum storage.

Srinin < Hti]ind < Srinax (5)
Srinin < Hti]Ag‘ri < S‘rinax (6)

3- The position of the storage combination of the two reservoirs for computing the water supply according to the
two-dimensional reservoir rule curve is as follows:

Casel:

o IFHY g < S < Shaxand HY ljpg < SP < Spax . then )
Ring = Ding (7-3)
RAgri = DAgri (7-b)
Rr = Ring + Rygri (7-c)
Case2:

o FHY g < S <Hljnaand HY J;ng < SP < Spax, then (8)
Rina = Dina (8-a)
RAgri = DAgri (8-b)
Rt = Rina + Ragri (8-c)
Case3:

o IfSH, <SM <HYagri and H)]1na < SP < Shax, then 9)
Rina = Dina (9-a)
Rygri = a1 % Dpgri (9-b)
Rt = Rina + Ragri (9-¢)
Case4:

o If H']jng < S < Spiaxand Hlagri < SP < H[]ingthen (10)
Rina = Dina (10-a)
Ragri = Dagri (10-b)
Rt = Ring + Ragri (10-c)
Case5:

o IfH'lagri < S <H'lina and H | agri < S2 < H{lina , then (11)
Rina = Dina (11-a)
Ragri = a1 % Dygri (11-b)
Rt = Ring + Ragri (11-c)
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Case6:

o If Sy <SM <HYagriand H) | 4gri < SP < H7lina » then (12)
Ring = a2 * Dipg (12-a)
Ragri = @1 % Dagyri (12-b)
Ry = Ring + Ragri (12-c)
Case7:

o IfHY g < SM < Shigx and Spiy < SP < HP]agri, then (13)
Rina = Dina (13-a)
Ragri = @1 * Dpgry (13-b)
Ry = Ring + Ragri (13-c)

Case8:

o IfH | 4gri < S < HMng and Shiy < SP < H?]agr, then (14)
Ring = @z * Dipg (14-a)
Rygri = @1 % Dpgry (14-b)
Rt = Rina + Ragri (14-c)

Case9:

o IfShy < S <HY)gri and Spyy < SP < H?) agri, then (15)
Ring = a2 * Ding (15-a)
Rygri = @1 % Dpgri (15-b)
Rr = Ring + Ragri (15-c)

4- Reservoir water storage at any period does not exceed the upper and lower limits of its water storage capacity:
simin < Sit+1 < Simax (16)

5- The water supply from each reservoir at any period must be greater than zero and less than or equal to the
maximum water supply.

0< R! < Rl 17)
6- Coefficients of hedging water supply requirements:
0<a <a,<1 (18)

7- The position of hedging water supply for industrial water users must be larger than the hedging water supply for
agricultural water users for each reservoir in the system:

Srinl'n =< Hg]A,gri < Hg]ind < Srinax (19)

where H’t"’],nd is position of the Mosul reservoir's hedging rule curve for industrial purposes over a specified period;
Hlt”]Agri is position of the Mosul reservoir's hedging rule curve for agriculture purposes over a specified period; H f],nd
is position of the Dukan reservoir's hedging rule curve for industrial purposes over a specified period; Hf]Agn- is
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position of the Dukan reservoir's hedging rule curve for agriculture purposes over a specified period; R4 is water
supply for industrial; R, is water supply for agriculture; R is total water supply for different water users according
to the two-dimensional reservoir rule curve; D, is common water requirement for industrial purposes; Dy, is
common water requirement for agricultural purposes; R%,., is maximum water supply from the reservoir (i); oy , az is
rationing factor of water supply for agriculture and industrial water user, respectively.

3.4. Solution of Reservoir Operation Model

The Shuffled Complex Evolution (SCE-UA) algorithm was selected for this study as, in general, it is a well-known
optimization algorithm in water resource management [43, 44], especially for the operation of reservoirs. Furthermore,
a global optimization algorithm was proposed by Naeini et al. [44]. Duan et al. [45] combined the advantages of the
simplex method, random search, competitive biological evolution, and hybrid partitioning methods to solve nonlinearly
constrained optimization problems. Optimization begins by uniformly sampling a population of points from the
acceptable parameter range. These points are subdivided into complexes, each with its own members. Then, iterative
evolution is performed by sampling points from each complex to produce a sub-complex, which is subsequently
developed many times using the simplex approach. This evolutionary process is repeated for each complex several times
before the complexes are shuffled to exchange the information gathered throughout the evolution process. As previously
stated, the effectiveness of SCE-UA is dependent on a restricted set of parameters that the user must specify, namely,
population size, number of complexes for each point in the population, number of members for each complex, number
of sub-complexes, number of iterations for the evolution of sub-complexes, and the number of iterations for the evolution
of each complex, for which Naeini et al. [44] advised utilizing the default values of these parameters. In the current
optimization process, the values of the algorithm parameters were taken by trial and error, which gives the optimal
objective function, so at the small values of these parameters, it is difficult to reach the optimal state of the issue due to
a large number of constraints within the problem. Still, there is no variation in the optimal value with the iteration at the
higher values. It was found that selecting the following values of the algorithm parameters gave the optimum objective
function, i.e., the number of complexes was (8), the number of members was (51), the number of sub-complexes was
(10), iterations for the evolution of sub-complexes were (7), iterations for the evolution of each complex were (10), and
the population size was (408).

The decision variables of the optimization process were the position of the hedging rule curve for each month of the
year for each water use at each dam and the rationing factors (al and 02). So, the number of decision variables was 50,
so the variables from one to 12 and from 13 to 24 represent the positions of the hedging rule for industrial demand in
the Mosul and Dukan dams, respectively. Likewise, the variables from 25 to 36 and 37 to 48 represent the positions of
the hedging rule for agricultural demand in the Mosul and Dukan dams, respectively. Similarly, variables 49 and 50
represent the rationing factors for each water user and the two dams above.

4. Results and Discussion

The analytical hierarchy process (AHP) was used in this paper to determine the weight factors (Wing and Wagi) for
different water users in the objective function. For this purpose, the comparison matrix was selected according to the
priority between water users (industrial and agriculture), as illustrated in Table 2. Weights were calculated by the square
root method. Similarly, the water supply risk index weighting factors (w1 and w2) in the objective function were divided
into twenty intervals, each with a step of 0.05. The values that yielded the highest value of the objective function were
chosen. These values were w1 = 0.9 and w, = 0.1.

Table 2. Comparison matrix for water user

Water user Industrial ~ Agriculture  Weight
Industrial 1 2 0.667
Agriculture 0.5 1 0.333

In determining the optimum position of the hedging rule for each water use and common water supply from the two-
dimensional reservoir rule curve, the shuffled complex evolution algorithm was hybridized with dynamic programming
(DP). Accordingly, the optimal allocation process between Mosul and Dukan reservoirs was set up through the two-
dimensional reservoir rule curve, as shown in Figure 8. Subsequently, the optimal storage of Mosul and Dukan reservoirs
was obtained, as shown in Figures 9 and 10. The forward process was used in DP to evaluate the objective function as
in Equation 1. The storage of Dukan was divided into ten stages, with ten states for each stage based on the existing
maximum and minimum storage. The water supply of Dukan reservoir was determined by one-dimensional dynamic
programming, and the water supply process of Mosul reservoir was determined by the constraint that the sum of the
water supplies of the two reservoirs is equal to the water supply to the common water users as determined by the two-
dimensional reservoir rule curve. In the two-dimensional reservoir rule curve (Figure 8), the horizontal axis represents
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Figure 9. Optimum, Maximum, Minimum and observed storage for Dukan Dam (2001-2020)
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Figure 10. Optimum, Maximum, Minimum and observed storage for Mosul Dam (2001-2020)

The changing trend of the proportion of the hedging water supply area was just opposite that of the normal water
supply area, which was caused by the different influence of the hedging water supply rule on the water storage process
of the reservoir and the normal water supply rule. The maximum objective function obtained from the derivation of the
2D reservoir rule curve was 0.83, with the best values of reliability and resiliency for industry and agriculture. These
values were 0.9167, 1.0, 0.67, and 0.25, respectively. The optimal values of the rationing factors (a1 and 02), derived
from the optimization process, were 0.67 and 0.87, respectively. The optimization model was written in Matlab 2022a
software. Figures 9 and 10 show that the reservoir storage rate will increase throughout the operating year in the Dokan
Dam and most months in the Mosul Dam reservoir. This is because the Dukan Dam reservoir releases the least amount
of water to meet the common requirements, and the complete opposite is true for the Mosul Dam reservoir. Through
this, it is clear that the policy proposed through this research is better if each reservoir is operated separately. The
relationship between the simulated water supply generated by dynamic programming and the water requirement is
illustrated in Figure 11. From this plot, it was observed that the Two- dimensional rule curve developed has satisfied
very well as it was able to release the required demand.
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Figure 11. Relationship between water supply from Mosul and Dukan dam with joint water requirements

Table 3 depicts the percentage of excess and shortage in water supply, as well as the positive and negative impact
on the storage of Mosul and Dukan reservoirs, for two operation rule curves with the operation period. These operation
rules represent the current operation rules of the Mosul and Dukan dams and the proposed operation in this study.
Columns 2 and 3 in Table 3 represent the change in the percentage of water supply concerning the joint water
requirement according to the current rule curve policy and the proposed rule curve policy, and columns 3 and 4
represent the change in percent in the amount of storage between the two policies for two dams. It is clear from this
Table that the proposed operating curve in the study reduces the amount of water shortage by 21.1% during the
operational year, a significant percentage due to the predominant water scarcity in the region. In addition, they were
reducing the operating periods that suffer from scarcity. Therefore, in general, the storage levels of the Mosul and
Dukan dams will improve, except for a few months in the reservoir of the Mosul Dam. They will decrease compared
to the current operating levels. The reason for this decrease is that the releases from the Mosul Dam will meet all the
requirements of the shared water.

Table 3. Comparison between the Current Rule curve operation and Proposed Rule curve operation

Month %of shortage in water supply %of shortage in water supply %o0f Changed in the %o0f Changed in the storage
according to the 2D Rule curve according to the Current Rule curve storage of the Mosul dam of the Dukan dam
Jan. 0.00 0.79 0.11 0.94
Feb. 0.00 0.78 0.33 0.59
Mar. 0.00 1.63 0.41 0.38
Apr. 0.00 1.82 0.31 0.13
May. 0.00 1.18 0.22 0.10
Jun. 0.00 -0.46 0.02 0.04
Jul. 0.00 -0.50 -0.24 0.10
Aug. -0.29 -0.45 -0.38 0.37
Sep. -0.23 -0.33 0.14 0.12
Oct. -0.27 -0.37 -0.45 0.76
Nov. 0.00 -0.15 0.26 0.35
Dec. 0.00 0.48 0.13 0.87
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5. Conclusion

This study aimed to derive a two-dimensional rule curve to operate parallel reservoirs in southwest Asia with joint
demand. A two-dimensional rule curve was developed for the Mosul and Dukan reservoirs, the largest multi-purpose
reservoirs in lrag. The reservoir serves various functions, the most important of which are flood control, domestic water
supply, industrial uses, environmental flows, and agricultural uses. The 2D reservoir operation rule curve was derived
by a hybridized algorithm (SCE-DP) coupling conventional dynamic programming with the shuffled complex evolution
algorithm, and the optimal allocation of water supply from the Musol reservoir was calculated based on it. The results
showed that the proportion of normal water supply areas is lower in the dry season than in the flood season.

After comparing the newly derived base curve with the current operating policy, it shows that the current operating
policy is not appropriate to meet the joint demand because it provides scarcity and abundance in supplying water to meet
the joint demand during the same operational year, and the reason is that it is based on downstream demand. On the
other hand, The newly derived operating policy is more suitable for water supply to achieve common demand in
countries that have a dry or semi-arid climate in general and in Iraq in particular, as it reduces the amount of abundant
water and reduces the water shortage in the dry season as a result of the impact of climate changes, and as a result,
increases the capacity of reservoirs concerned with the operation. Finally, the hybrid algorithm showed its efficiency in
deriving complex operating policies by being simple and fast.
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