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Reservoir operations for single and multi-reservoirs of rainwater harvesting systems has
been tested to address the deficit in supplying water and electric power for remote rural
communities of semi-arid region of AL-Khoser watershed, Iragq. The main basin was
divided into four sub-basins 1B, 2B, 3B and 4B. The Hydrologic Engineering Center-
Hydrologic Modeling System (HEC-HMS) was applied to estimate water volumes of
the above proposed reservoirs. To optimize reservoir operations for the objective
function of maximized total annual hydropower generation, a technique was used to
convert non-linear to linear problems. In which a linear approximation of the non-linear
power production term can be expressed linearly by summing the vectors, the release
and storage, where the relationship between the head and the storage is directly
proportional. Total annual hydropower generation is maximized by optimized
sustainable operation policies for single and multi-reservoirs. Dry, average, and wet
rainfall seasons were selected for 1985-2020. The annual harvested water in the
reservoirs of Main Basin, 1B, 2B, 3B and 4B ranged between: 0.7790-4.1788, 2.1256-
11.4010, and 5.10158-28.1985 MCM for the three seasons. The capacity of hydropower
generation was 82.59, 436.75 and 1034.70 Kw for the three seasons. The increase in
hydropower generation is achieved with multi-reservoirs operations by 110%, 66% and
41% respectively. The importance of hydropower generation increase is demonstrated
by providing hydropower to additional families in the rural community as their primary

source of power in addition to an increase in the irrigated areas.

1. INTRODUCTION

Iraq suffers from water scarcity [1]. In same time, Iraq
suffers from a shortage of electrical power generation too, due
to the rapid growth of Iraqi society, in addition to bad
management and planning of both water and electrical sectors
which makes water demand and electricity needs remain to
increase. Finding good solutions, based on the sustainability
development, for the crisis of both water and electricity in Iraq
requires exceptional and diligent work [2, 3].

Iraq is located in the arid and semi-arid region (average
annual rainfall of 154 mm with extremely uneven geography
distribution). Tigris and Euphrates are the main rivers of Iraq;
both of them rising outside of Iraq, the discharges of both
rivers had been extremely reduced due to water policy of
neighboring countries.

1.1 Rainwater harvesting

Rainwater harvesting (RWH) systems may be one of the
appropriate and attractive solutions for both problems of water
and electric power shortages on small scales for remote rural
communities of arid and semi-arid regions, taking into account
the cost of establishing such projects. RWH is a key solution
to minimize the negative impacts of water shortage. The art of
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RWH is providing the arid and semi-arid region with a water
resource. The harvesting process includes directing the water
of excess rainfall, based on topography, to collect it in a
reservoir of a small earth dam that is constructed at the outlet
of the catchment area, and then the water reservoir can be used
for different purposes.

The most comprehensive definition of RWH may be
defined as a method for inducing, collecting, storing, and
conserving local surface runoff for agriculture in arid and
semi-arid regions [4]. Furthermore, the widest definition is the
collection of runoff for productive use [5]. The encouraging
results of different studies around the world proved that RWH
may minimize water scarcity even during dry seasons [6-10].

1.2 Hydropower generation

RWH system can also contribute to addressing the lack of
electrical power supply by using hydropower plants which are
usually established nearby a water resource. At the
hydropower plant, there is a difference in elevation between
water reservoir and turbines. Water reservoir with high kinetic
energy will be directed to the turbines site, where the water
will hit the turbines fins and lead to rotate the turbines and then
to generate electricity. Hence Remote agricultural areas and
rural communities can be supplied with limited electrical
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capacity which is the best option of renewable energy [11].

The development of limited Hydropower Plants is almost
probable only with the support of government policy [12]. For
not large projects, Hydropower Plants can be divided into
three types depending on their capacity: Small Hydropower
Plants (S-HP), Mini hydro power (Mini-HP), and Micro hydro
power (Micro-HP). Remote agricultural areas and rural
communities can be supplied with electrical renewable energy
based on decentralized generation options such as small, mini,
and micro hydropower [13]. Internationally, there is no certain
limits for the S-HP capacity, where it reaches up to (25, 15, 10,
1.5) MW in (China, India, European Small Hydropower
Association and Sweden) respectively [14]. While Mini-HP
ranged between (100-1000) KW [13]. Capacity limits of
Micro-HP ranged between 1-100 KW; the final limit (100
KW) represents the maximum capacity of not large
Hydropower Plants that is not connected to the national
electrical network [15]. The three types of limited hydropower
(S-HP, Mini-HP, and Micro-HP) are representing one of the
renewable energy sources which is an environmentally
friendly project and has been employed for remote and rural
regions around the world [13].

The biggest challenge facing the whole world is the increase
of both water and electric power demands. However, this
challenge has doubled negative impacts, if not more, in arid
and semi-arid regions as a result of being: devoid of water
resources, remote and isolated area due to the nature of its
environment and climate. Therefore, water management in
arid and semi-arid regions must come across the requirements
of multiple functions, including the production of renewable
energy through small, mini, and micro hydropower technology
[16].

A number of researchers indicated that the hydropower
generation is the best choice being a cheap, clean and
environment-friendly compared to electric power sources that
use fossil fuels [17]; and can minimize pollution of water and
air in addition to the growth of low-carbon systems [18, 19],
in addition, water quantity can be conserved where no water
consumption during the process of hydropower generation [20,
21]. The hydropower generation plant is more feasible than the
thermal power generation [22].

Optimization models are usually adopted for better planning
of hydropower generation [23]. Planning problems,
particularly in power systems, often have non-linear and non-
convex objective functions. Existing constraints, are placed
due to legal or physical requirements, mostly have non-linear
characteristics. Researchers had used various optimization
techniques to derive operation policies for multidimensional
hydropower systems [24-27].

However, the dimensionality effect plays a significant role,
because as the problem gets larger and more complicated these
techniques become very computationally heavy [28].

1.3 Optimization model of hydropower generation

Many publications mention several techniques used for
solving hydropower problem such as:

Mousavi et al. [29] and Aslan [30] used the rules of fuzzy
logic. Their results showed that the fuzzy logic algorithm can
be easily applied in a micro-hydropower plant, The solutions
they presented may be the best results available to them, but
they do not represent the global solution, and they did not
address the nonlinearity of both the objective function and the
determinants. While Hammid et al. [31] developed
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optimization models by applying Firefly Algorithm (FA) and
Particle Swarm Optimization (PSO) methods in order to get a
minimization of power loss. The operation indicators illustrate
that FA's performance is better than PSO's performance in
finding the optimal solutions The researchers compared two
methods based on non-linear models and did not use a method
based on linearity, nor did they reach a global solution.
Grigoriu et al. [32] proposed an effective method to optimize
the operation of small, mini and micro hydropower plants.
This algorithm can automatically distribute the flow to obtain
the maximum production capacity of the plant. The researcher
relied on one model without comparing its results with the
results of other types of models, and he did not reach a global
solution.

Some researchers [28, 33-35] were able to obtain a
relatively high computational speed, compared with other
methods, by the development of the differential evolution
algorithm, genetic algorithm and stochastic programming
respectively. Despite, the speed in achieving results is relative,
but it does not reach the speed that can be achieved through
the use of linear models

Despite the distinguished effort of the aforementioned
studies, it is mathematically impossible to accurately achieve
the output values, as the techniques used gave results within
the local solutions, but it is difficult for the results to reach the
global solutions [24, 25].

The key to successful implementation of any model depends
on the ability to take advantage of system features that lead to
simpler mathematical models and the appropriate choice of
solution algorithms to overcome dimensionality and stability
problems [36]. For both non-linear constraints and objectives,
Linear Programming (LP) can be used successfully for model
development [37, 38].

A number of researchers such as: Hartmann et al. [39], Yoo
[40], Salami and Sule [41], Clack et al. [42], and Belsnes et al.
[43], were able to develop linear models for reservoirs systems,
without using non-linear models, aimed at maximizing
hydroelectric power generation and thus were able to achieve
a set of goals that included: significant faster computation time,
the linear objective function model was examined and was
able to be applied to reach the optimal operation of a reservoir,
and linear programming techniques can represent an electrical
power system from a high-level without undue complication
brought on by moving to non-linear programming.

Other researcher such as: Soares and De Almeida [25],
Amani and Alizadeh [27], and Santos and Finardi [44]
developed a new method based on mixed integer-linear
programming (MILP) in order to transform non—-linear into
linear problems to get maximized hydropower generation.
Thus, they were able to obtain global optimal solutions of the
hydropower generation. Their results indicated that the
proposed methodology outperformed the mixed integer-non-
linear programming (MINLP) solutions in terms of efficiency,
with less solving time, and the different hydroelectric
production function (HPF) models presented can be applied on
a large-scale system.

Studies that compared the use of both linear and non-linear
models, show that the results of linear models were superior to
the results of non-linear models in terms of the efficiency of
solutions and the speed of reaching results, in addition to their
reach to global solutions and the possibility of applying them
to the optimal operation of the reservoir, and it represents a
hydropower system at a high level, free of complications.
However, there are still some differences between the results



of linear models and reality. The reason is due to the nature of
the approximation used to transform the non-linear
relationship into a linear one.

Most of previous studies that have been concerned with the
generation of small, mini, and micro hydropower had shared
two important points that reflect the importance of the topic
and the link to human life and the environment; the first is that,
the water at the project area is already available, while the
second is that the hydropower generation is the best choice
comparing to other types of power generation because of it
being a cheap, clean and environment-friendly energy source
that could be supplied for remote agricultural areas and rural
communities.

1.4 Gap of the research

Most of the above studies did not provide total solutions to
arid and semi-arid areas, and did not pay enough attention to
rainwater harvesting (RWH) systems that can contribute to
solving the shortage problems of both water and electric power
at the same time for remote rural communities.

Novelty of this study may be represented by the following:

This research is the first of its kind, as it provides an
integrated solution for the semi-arid region based on rainwater
harvesting systems in providing a water source for various
uses, including supplemental irrigation, in addition to
generating hydropower.

The developed models in this study give improved
sustainable operating policies for rainwater harvesting systems
which have the ability to deal with rainwater harvesting
systems if they consist of a single or multiple reservoirs, using
approximate linear programming to produce the maximum
amount of hydropower while providing water irrigation
requirements for agricultural lands. the models can work under
different rainfall conditions taking into account the influence
of rainfall pattern.

It is very important to note that there is no permanent water
flow that enter the reservoir of rainwater harvesting systems,
which demonstrates the utmost importance of operating
policies in maximizing and saving the stored and released
quantities for the sake of sustaining water provision and
generating hydropower. The above treatments are not
available under existing policies for other studies due to their
reliance on dams having permanent water flow.

The current study is unique in addressing the policies for
operating reservoirs of rainwater harvesting systems for
maximizing hydropower generation. Through a careful search
on previous studies that were published, no study similar to the
current study was found. The conditions of the current study
were as follows: The issue of hydropower generation was
addressed to generate a maximum of 1,000 kilowatts, the
provision of irrigation water for the barley crop was dealt with
for an irrigated area of approximately 8,000 hectares,
Rainwater harvesting systems for single and multiple
reservoirs were addressed, different rainfall patterns were
taken into account.

The focus was on Iraq for the following reasons: as an
example of arid and semi-arid regions, and that it is currently
in dire need of such a study, as a result of its suffering in the
scarcity of water and electrical energy, and that the necessary
data for the models used in the study are available.

The generalization of the developed models can’t be
achieved in any part of the arid and semi-arid regions without
reservations.

However, generalizing the values of the results to other
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regions in an absolute manner requires more experiments and
studies because: although the arid and semi-arid regions share
the characteristics of rainfall, for example, the occurrence of a
drought period for a specific region, which is part of the arid
and semi-arid regions, will lead to a large difference in the
results. It is not correct to generalize the results to the specific
regions mentioned above.

This is also the case when the type of soil in the dry area
differs, so it is not correct to generalize the results because the
difference in the type of soil in the region will lead to a large
difference in the values of infiltration loss.

However, if the hydrological conditions of the various arid
and semi-arid areas are identical, the results can be generalized
with very high reliability.

The only solution available for dry and semi-arid areas is to
apply a rainwater harvesting system in the absence of both
surface water and high rainfall rates. Therefore, the system has
the ability to create a water source when applied in dry and
semi-arid areas and to benefit from it in generating limited
hydropower and achieving irrigation requirements for a
limited agricultural area as described above in the conditions
of the current study.

As for the potential environmental effects, implementing a
rainwater harvesting system improves the environment and
provides a source of water that refreshes the area and provides
many job opportunities for those living in the area. On the
other hand, hydropower generation does not cause negative
environmental effects, but rather is environmentally friendly.
However, the creation of a rainwater harvesting reservoir may
flood a certain residential area, forcing residents to leave it.

As for the costs issue of establishing a rainwater harvesting
dam, a hydropower station, and facilities affiliated with this
project, are topics that deserves a separate detailed study and
the current study does not provide these details.

2. STUDY AREA

AL-Khoser watershed is located about 50 km north-east of
Nineveh Governorate, Iraq. The watershed has an area of 652
km? with about 39 km of length. The main channel from the
upstream boundary to outlet has slope of 0.06 m/m. The
elevations range between 250 m and 1233 m above mean sea
level. Geographically it is bounded by the grid line of 36° 50°
on the north, 36°27°23" on the south, 43° 25" on the east, and
43° 05 on the west [45].

2.1 Data

In order to develop HEC-HMS model, the required data to
estimate the direct runoff hydrograph must be prepared, which
includes: map of land use-cover, soil type, and data of
observed hydrograph in addition to the rainfall data.

Digital elevation Model (DEM) of the study area with
resolution (30mx30m) in addition to Watershed Modeling
System (WMS) was used to estimate the elevation and slope
and other characteristics of AL-Khoser watershed. The DEM
is prepared by the institutions that manufactured it and is
usually with a certain resolution.

The available observed hydrograph data of season 2003-
2004, which recorded by Mohammad [45], were used for
calibration process of the HEC-HMS model and adjustment of
the input data [45]. Table 1 indicates the available observed
hydrographs data of AL-Khoser watershed.



Table 1. Summary of available observed data of season
2003-2004 at the AL-Khoser watershed, measured by

Mohammad [45]
Rainstorm Rainfall Intensity Peak P.eak
No Depth mm/hr Runoff Sediment
) (mm) (m?/sec) (Kg/m?)

I 19 0.8-0.9 32 2.6

I 18 2.0-3.5 51 32
I 19 6.0-9.0 66 3.6
v 9 8.8 4.7 0.8

\ 17 1.2-2.8 54 3.2

2.2 Land use-land covers and soil map

Land use-land cover map of AL-Khoser watershed was
derived by Mohammad [45] based on the map of land use-land
cover for Nineveh Governorate produced by Remote Sensing
Center, University of Mosul [46]. Land use-land cover map
were enhanced and used by Younes [47] as shown in Figure 1.

AL-Khoser watershed is part of semi-arid region. About
third of its area is bare soil throughout the year due to a high
infiltration rate, in addition, presence of steep hills especially
at north and east part [45], the remaining is a good rain-fed
land. Considering land use, this land is often used for Barley,
which is the most important traditional agriculture crops in the
area due to drought tolerance, in addition pasture and seasonal
grass. Wheat is not considered for this study, however, it may
be used with limited area for good rainfall condition season.

Farmers villages with a limited population are also available
inside the AL-Khoser watershed that covered about 8.29 km?,
Olive trees with limited area of about 3.6 km? [47].

Mainly the watershed has three soil types which are silt clay
loam, silt clay, and silt loam [45].

Soil type map was enhanced and used by Younes [47] as
shown in Figure 2.

Data of soil type, samples locations, and laboratory tests
including: sieve analysis of soil samples and hydrometer test
were obtained from previous study [45].

D Pastures and Natural Plants
[ Winter crop (Barley)

I Olive Trees

Residual Areas

Figure 1. Land use map of AL-Khoser watershed
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Lime Stone

Silt Clay

Silt Clay Loam

Silt Loam

Figure 2. Soil type map of AL-Khoser watershed

In this study, the land use refers to current land use.

Land use in any area has a significant impact on the
watersheds in general and directly affects the change in
hydrological conditions and the amount of loss in excess
rainfall, and thus the amount of runoff resulting from the
watersheds.

The use of land in the AL-Khoser watershed has been
almost unchanged over the decades because it is a remote rural
area with a rainfed agricultural lands. The only major change
may be the construction of a few scattered rural houses in
small areas distributed throughout the area of AL-Khoser
watershed.

The geological investigation for AL-Khoser catchment area
that made by Iraqi Ministry of Irrigation in cooperation with
the consultant SOGREAH, French company [48], showed that,
the subsurface soil of the AL-Khoser watershed consists of a
layer with a thickness of 9-18 (m) of clay soil or silty clay over
a strong impermeable layer of silty marls and marls which
extends to a depth of 36 (m). These two layers are
characterized by low permeability and high bearing capacity.
Natural raw soil materials for construction dam body are
available in AL-Khoser watershed.

2.3 Rainfall

The rainfall of the meteorological Mosul station - Iraqi
Department of Meteorology and Seismic Monitoring was
considered for the period 1985-2020.

The rainy seasons were classified into three seasons: dry,
average, and wet, based on the minimum, average, and
maximum total annual rainfall (Figure 3). Monthly rainfall of
these three rainfall seasons were presented in Figure 4.

The rainfall in the study area is distributed with low depth
and fluctuating value. Dry season is the rainfall season which
has a minimum depth of rainfall during the study period, which
was achieved during the season (2007-2008) with total annual
rainfall depth of 97 mm, while the average season is the
rainfall season that has a depth of rainfall in between the



minimum and maximum rainfall depths during the study
period (arithmetic average of rainy season depths), which was
achieved during the season (2000-2001) with total annual
rainfall depth of (342) mm, and the wet season is the rainfall
season that has maximum depth of rainfall during the study
period, which was achieved during the season of (2018-2019)
with total annual rainfall depth of (618) (mm).
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Figure 3. Rainfall distribution for the study period
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Figure 4. Monthly rainfall of dry, average, and wet season

3. METHODOLOGY

The complicated process of operating a reservoir requires
the availability of a dataset and different types of models
including: using Digital Elevation Model (DEM) with the
Watershed Modelling System (WMS) for determining the
suitable locations of rainwater harvesting (RWH) dams and
the capacity of these reservoirs. Then the Hydrologic
Engineering Center-Hydrologic Modeling System (HEC-
HMS) V. 4.2 was used to determine the volume of harvested
water for the reservoirs individually based on soil conservation
service curve number (SCS-CN) method. The dead storage for
individual reservoir was determined based on Universal Soil
Loss Equation (USLE) and Trap efficiency (Te). Irrigation
Water Requirement Model (IWR) was estimated by the
differences between consumptives use and effective rainfall
based on FAO-56. Maximized total hydropower generation
during total time of reservoir operation was done after using a
specific technique that used to convert non-linear hydropower
generation problems to linear problems, and then Linear
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Programming was used for single and multi-reservoirs
systems based on MATLAB software V. 17a.

3.1 Cases and Scenarios

This study included two cases, Case 1 is consisted of one
Scenario, deals with main basin of AL-Khoser watershed as
one unit. While, Case 2 consisted of two Scenarios that deals
with a selected four sub-basins inside AL-Khoser main basin,
in Scenario 1, the four reservoirs were operated as individual
storage systems. The goal is to maximize the hydropower
generation for the dry, average, and wet seasons. The outflows
from reservoirs 1B, 2B, and 3B were representing an inflow to
the reservoir 4B that is located downstream of the above three
reservoirs; additional inflow to the reservoir 4B was produced
by the volume of runoff from the catchment area of reservoir
4B. In Scenario 2, the four reservoirs were operated as a single
storage system; taking into account that the constraints are the
storage of each reservoir. The objective function is to
maximize the hydropower generation for the above three
seasons.

For Scenarios 1 and 2 of Case 2, during downstream water
flow, the secondary losses were neglected because of their
small amount.

3.2 Watershed Modeling System

Watershed Modeling System (WMS) V.11 is developed by
Aquaveo, which is a complete solution for watershed that can
be used for delineation, modeling hydrologic, hydraulic, storm
drain and routing the rainfall runoff through GIS-based models
[49].

D=1
1B
A=17124 km "2 D=2
BS=0.1032 m/m 2B
L=22826.02m A=125.07 km "2
A BS=0.0524 m/m
L=19329.79m
ID=3
3B
| A=169.721m72
/| BS=0.0521 m/m
ID=4 L=20245.60m
4B
A=185.76 k"2
BS=0.0212 m/m
L=24818.86 m

Main Basin
A=652 km*2

BS=0.06 m/m
L=39.0 km

Figure 5. Main basin and sub basin of AL-Khoser watershed

In this study, WMS was applied for AL-Khoser basin using
Digital Elevation Model (DEM) of the study area. The outlets
locations of AL-Khoser main basin and sub-basins (1B, 2B,
3B, and 4B) were identified (Figure 5). It should be noted that,
the main basin and the sub-basin (4B) shared the same outlet
locations. Reservoirs will be formed at each outlet as a result
of building hypothetical dams of rainwater harvesting (RWH).
The hydraulic complexity may appear when the hydraulic



network is having multiple reservoirs based on series or
parallel connections. Accordingly, the three reservoirs (1B, 2B
and 3B) have parallel connections among them, and in same
time, having series connections with reservoir (4B) (Figure 6).
The engineering characteristics of the RWH dams were
estimated (Table 2).

Reservoir A PowerHouse g Irrigation Area ()

Figure 6. Hydraulic network of AL-Khoser watershed

Table 2. Engineering characteristic of the hypothetical RWH

dams
Dams Max Height Max Dam Catchment
Details (m) Length (km) Area (km?)
Main basin 12 980 652.00
1B 11 480 171.24
2B 10 730 125.07
3B 10 685 169.72
4B 12 980 185.76

3.3 HEC-HMS model

HEC-HMS is developed by the US Army Corps of
Engineers to simulate the hydrologic response of a watershed
subject to a given hydro meteorological input [50].

The HEC-HMS model is a physical semi-distributed model,
that can simulate the relationship of rainfall-runoff for a wide
range of watershed areas. HEC-HMS has included many of the
most common methods in hydrologic engineering such as
losses, runoff transformation, open channel routing, analysis
of meteorological data, rainfall-runoff simulation, and
parameter estimation [51].

3.3.1 HEC-HMS project

HEC-HMS project consist of four components: Basin
models that represent the physical properties of the watershed,
and include hydrologic elements that connected in a dendritic
network (Sub-basin, reach, junction, reservoir, diversion,
source, and sink) for simulating the water movement of
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watershed. Meteorological models which help to prepare
meteorological boundary conditions for sub basins. Control
specifications which are used to control the time interval of
simulation, and include a starting date and time, ending date
and time, and computation time step. Time-series data, that
represent the time-series of precipitation data for estimating
basin-average rainfall, observed discharge data included for
calibration process [52].

3.3.2 Loss method

Precipitation loss is represented by the SCS-CN method to
determine the hydrologic loss rate. The SCS loss model for
basin loss is given by:

_ (Pt—1la)? .
Q_(Pt—1a+5) M
la=0258 (2)

_ (Pt —0.25)? for PE S |
= (Ptross) orrt=la 3)

Q = 0 for Pt < 0.2S

where, (O=accumulated precipitation excess at time ¢,

Pr=accumulated rainfall depth at time t; /a=initial abstraction
or Initial Loss; S=potential maximum retention after runoff
begins; O, P, and S have length units.

2540

—— — 254 (SI
N 5.4 (SI system)

“4)

CN is the SCS curve number and it is a dimensionless
number based on the area's hydrologic soil group, land use,
treatment and hydrologic condition.

3.3.3 Transform method

Transform method (SCS-UH) allows specifying how to
convert excess rainfall to direct runoff. SCS-UH is a
dimensionless unit hydrograph, expresses the UH discharge,
Ut, as a ratio to the UH peak discharge, Up, for any time ¢, a
fraction of Tp, the time to UH peak [52]. The UH peak and
time of UH peak are related by:

Al
UP =Cc * (/— 5
C* (TP) (5)
At
Tp =7+Tzag (6)

where, Cc is the conversion constant (2.08 in SI) and A1 is the
sub-watershed area, A¢ is the time step in HEC-HMS and T,
is the time lag defined as the time difference between the
center of excess precipitation and the center of UH [52].

Lag time (7},) of watershed is the time span between the
mass of excess rainfall to the peak of hydrograph. Time of
concentration (Tc) is the time required for runoff to travel from
the hydraulically most remote point of the watershed to the
outlet. In hydrograph analysis, time of concentration is the
time from the end of excess rainfall to the point on the falling
limb of the hydrograph (point of inflection) where the
recession curve begins [53].

(S +1L)°7
Tiag = L[

1900 Y°-5] @)



Mockus [54] and Simas [55] found that for average natural
watershed conditions and approximately uniform distribution
of runoff lag time may expressed as:

Tiqg = 0.6T (8)
Applying Eq. (8) in Eq. (7) leads to:

S+ L)%’

1140 Y05 ®

T, = L8[

where, Ti,g=lag time, h; T.=time of concentration, /; (7.) was
developed by the Soil Conservation Service (SCS); L=flow
length, f#; Y=average watershed land slope, percent.

The T. of SCS model, in SI unit, may be expressed as:

(S + Lm)°7

TC = 227 % Lmo's[m

] (10)

where, T, in hr; Lm=flow length (m).

3.3.4 SCS hypothetical storms

Soil Conservation Service developed hypothetical storms
(SCS Storms) as averages of rainfall patterns; they are
represented in a dimensionless form. The intended use is for
estimating both peak flow rate and runoff volume from
precipitation of a "critical" duration. Four different storm
patterns were developed for a small drainage area at United
States [56]. The so-called Type I storm represents areas of
climates with generally wet winters and dry summers [52]. In
this study SCS Storms Type (I) was used.

3.4 Dead storage model

One of the major problems that are facing dams’ reservoirs
is sedimentation, the negative impact of the sedimentation may
be represented mainly by reducing the storage capacity and life
span of the reservoirs and then the operation efficiency,
therefore, during planning of reservoir project a provision is
made for a certain storage capacity, specifically for sediment
deposition, called dead storage [57]. The sediment deposition
is mainly formed by the annual sediment inflow (As) in
(MCM) (Eq. (11)):

As = Asp * Ac 1)
A
Asp = (— 12
sp = (g) (12)
where, Asp=Annual sediment production (m’/km?);

Ac=catchment area (km?); A=average annual soil loss in tons
per hectare per year; Sw=Specific weight of the sediment
(gm/cm?).

Part of Asp is trapped in the reservoir, depends upon the
average trap efficiency (7e) during each year, and this trap
efficiency, in turn, depends upon the capacity/inflow ratio (C/T)
(Table 3).

Table 3. Te for capacity/inflow ratio (C/I) [57]

(o 0.01 0.02 0.04 0.06 0.08
Te % 43 60 74 80 84

C/ 0.1 0.2 0.3 0.5 0.7
Te % 87 93 95 96 97

The modeling of sedimentation is based on the Universal
Soil Loss Equation (USLE) that was developed by
Wischmeier and Smith [58], where the average annual soil loss
(A) may be expressed as:

A=Kx*LC+*P=*LS*R (13)

where, K=soil erodibility coefficient; LC=land cover factor;
P=support practices; LS=slope length - slope gradient factor.
Rainfall erosivity factor (R) can be estimated using monthly
and annual precipitation (p; and p) respectively by Eq. (14):

p2
log R = 1.93 logZTj— 1.52 (14)

The slope length - slope gradient (LS) can be found by Eq.
(15):

LS = [0.065 + 0.0456(slope) + 0.006541(slope)]
* (slope length/constant) NN

(15)

where, slope=slope steepness in %; slope length=length of
slope in (m); constant=22.1 (SI unite); NN=the exponent value
of the equation value (15) depends on the slope (Table 4).

Table 4. NN values

S <1 1 <Slope<3 3<Slope<5§s =5
NN 0.2 0.3 0.4 0.5

Based on the data of the study area, it was imposed that the
probable life of the RWH reservoirs is 25 years. The probable
life of the reservoir is calculated when capacity is reduced by
10% of its initial capacity by sedimentation that forming the
interval volume Eq. (16):

Interval Volume = 10% * C (16)

where, C=storage capacity of reservoir (MCM).

The required time for the interval volume calculation is
based on the average Te, the average of Te is calculated based
on the start and the end of the Interval Volume, so the annual
sediment load (MCM / yr) may give by Eq. (17):

Sl = As * Average trap efficiency Te (17)

where, Sl=annual sediment load (MCM / yr).

Sc
years No. of the interval volume = 10% =* (§) (18)

In case, the result of Eq. (18) is equal or greater than the
probable life of the reservoir, this means that the sediment
volume=the result of Eq. (17) multiplied by the probable life
of the reservoir; which gives the dead storage.

In case, the result of Eq. (18) is less than the probable life
of the reservoir, the solution will need to increase Interval
Volume to 20% (increased by a new 10%) and then to repeat
the above calculation and so on till the result of Eq. (18) is
equal or greater than the probable life of the reservoir.

3.5 IWR model

In this model, FAO Irrigation and Drainage paper 56 [59]



was considered to estimate the IWR (the needed water to be

supplied to the crop of the rain-fed agriculture land) as follows:

The consumptive use for the considered crop (CU;) For each
time interval (i) was estimated by the following equation:

CU; = ET? * K¢; (19)
where, ET°~=reference crop evapotranspiration at interval (i)
(mm); Kci=crop coefficient at interval (i).

The needed irrigation depth (NID;) for each time interval (i)
was estimated by the following equation:

NID; = CU; — depth of effective rainfalli

for CU;>depth of effective rainfall; (20)

NID; = zero for CU; < depth of effective rainfall;  (21)
W, = z NID; x 1072 (22)

Vw, = vw, * a (23)

where, vw=volume of irrigation water requirement monthly
per hectare (MCM/m/hec.); t=time period by month;
Vw=volume of irrigation water requirement monthly (MCM);
a=irrigation area (hec.).

3.6 Optimized hydropower operation model

Optimization models are among the mathematical models
through which water storage systems can be represented. The
optimization model can deal with the system's physical
variables through mathematical equations that express the
potential of that system and its limitations. The equations of
these models are solved using several programs and
techniques, such as linear, non-linear programming, genetic
algorithms, and other programs and techniques that have been
explained in previous studies.

In this study, optimized hydropower operation model
(OHOM) was proposed to express storage systems when the
main goal is to generate hydropower, where the production of
hydropower during any period of any reservoir depends on the
capacity of the installed plant, flow through the turbine, the
average effective productive storage head, number of hours in
a period (fraction of time in which energy is produced), The
plant factor which is a constant for converting the output of
plant efficiency, flow and head into electrical energy in units
of kilowatt-hours (KWhi) that produced in period i.

The objective function is to maximize the total hydropower
generation during the total operating time of the reservoir and

is expressed mathematically as in literatures [60-62] as follows:

n
E=ZKh*Ri*Hi*1] (24)
i

where, E=total hydropower generation during total time of
reservoir operation, kWh; Kh=constant to convert the
hydropower to (kWh); R=Average release for hydropower
during time (i); H=average of water elevation in the reservoir
from the turbine in time (i); y=hydropower plant operation
efficiency, which was hypothesized to be constant.

It is clear that the hydropower generation equation is a non-
linear type and complicated due to conflicts between variables.
For example, if we want to increase hydropower generation by
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increasing releases (R), then this process will be useless if not
carefully studied the situation, because increasing the release
will be accompanied by decrease in the water column (H),
which is the second variable on which hydropower generation
equation depends. The opposite is true, so it is unlikely to
increase energy for the above situation. For these reasons, the
OHOM model was developed, has the ability to simplify and
solve the complexity and conflict of non-linear problems by
making some assumptions and then using linear programming
(LP) solutions (mathematical model which is a special case of
mathematical programming) to arrive to the optimal result
(maximizing hydropower generation).

OHOM model presents an application of linear
programming formulation for the operation of a single and
multi-reservoirs for generating hydropower based on
MATLAB software.

A linear approximation of the non-linear power production
term [60] is used followingly. The non-linear power
production term is the vectors of the flow (R), and the head
(H). For example, it may be linearized by the approximation
[61] as follows:

R.H=R;*H; +R,*H,+...+R, * H, (25)
where, the nonlinear Eq. (24) can be replaced with the linear
Eq. (26) as an objective function Z for maximizing
hydropower generation. Eq. (26) linearly sums up each
element of R and H. since the storage water level H; is directly
proportional to the storage volume S; [40].

n n
Max 7 = ClzRi + CZZS,-
i=1 i=1

where, C1 and C2 are the parameters values of release and
storage for the vectors R, and S respectively.

This model subjects to specific constraints of system’s
components. In the following, the optimization models are
presented for a single and multi-reservoirs.

Where the complex and conflict non-linear problems can be
simplified and solved by making a few assumptions for the
objective function and constraints, then use Linear
Programming (LP). The non-linear power production term is
the vector multiplication of the vectors (the release, and the
head). In which a linear approximation of the non-linear power
production term can be expressed linearly by summing the
vectors (the release, and the storage). where the relationship
between the head and the storage is directly proportional.
hence maximum head is achieved when maximum storage is
reached. Therefore, the vectors of the non-linear objective
function of power production were obtained by using linear
objective function.

(26)

3.6.1 Single reservoir operation (SRO)
For the SRO, the needed objective function will be as

follows:
12 12
Max Z = CIZRi + CZZSi
i=1 i=1

Through the above equation, the maximum release of water
is found while maintaining the maximum storage (the two
basic variables of the hydroelectric energy equation).

The above objective function is subjected to the constraints
of water balance equation and its components.

27)



The continuity equation represents the most important
physical constraints of the mathematical model, which links
the input and output variables of the reservoir. The continuity
equation is the amount of balance between the contents of the
reservoir from the beginning (S;) to the end of the period (Si+1)
including the surface runoff (Rn;), resulting from rainfall and
will be calculated using the HEC-HMS model, evaporation (£;)
from reservoir, and releases (R;) can be expressed by the
following mathematical formula.

Siv1 =SitRny —R; — E; (28)

The minimum and maximum limitation of storage
constraint are represented by the reservoir dead storage and the
maximum reservoir capacity where they are calculated by the
dead storage model and WMS program respectively.

Smin = Si = Smax (29)

The minimum and maximum limitation of water release
constraints are represented by the irrigation water demand and
the maximum release through hydropower outlets where they
are calculated by the IWR model and the hydropower outlets
capacity that are determined by the type of turbines used
respectively.

Rmin = Ri = Rmax (30)

The limit of the total water release constraint must not
exceed the total annual surface runoff entering the reservoir
during the year, described as follows:

12 12
Z(Ri) < Z Rn;
=1 =1

where, Si+1= stands for the volume (MCM) of the water stored
in the reservoir at the end of the (i) month; S;=water stored in
the reservoir at the beginning of the month; Rn~=volume
(MCM) of the rainwater that was added to the reservoir during
the month (i); Ei=the average volume (MCM) of water loss
due to evaporation from the surface of the reservoir during the
month (i); Smin=minimum operational storage (MCM);
Smax=maximum operational storage (MCM);
Rmin=minimum release, which represents the monthly water
supplies (MCM) for the irrigated area downstream the
reservoir during the month (i); and Rmax=stands for the
maximum release (MCM) from the outlets of hydropower
generation during the month (i).

€2))

3.6.2 Multi-reservoir operation
For the multi-reservoir operation (MRO), the needed
objective function will be as follows:

4 12 12
j i=1 i=1

Through the above equation, the maximum release of water
is found while maintaining the maximum storage (the two
basic variables of the hydroelectric energy equation) for the
four reservoirs in same time.

Eq. (32) is subjected to the following constraint:

The constraint of the continuity equation for each of the

(32)
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three reservoirs B1l, B2, and B3 including: each reservoir
depends on the storage at the beginning and end of the period,
the associated runoff, the evaporation resulting from it, and the
releases of water allocated for irrigation required from it.

S.

y —R

ji — B

+1) = Sji T Ry ji (33)

The constraint of continuity equation for reservoir B4
resulting from the method of connecting the four reservoirs
explained previously depends on the storage at the beginning
and end of the period, its affiliated runoff, the releases coming
to it from the three tanks above it, the evaporation resulting
from it, and the irrigation releases required to be provided from
it.

S.

y —-E

@+ =Sji t Rnjy + Ry + Ry + Ry — Ry — Ejp - (34)

The storage constraint for each of the four reservoirs can be
explained as follows: for each reservoir, the storage must not
be less than the dead storage and not exceed the storage
capacity.

Sjmin <

S

ji S Sjmax (3%5)

The water release constraint for each of the four reservoirs
explained by: for each reservoir, the water release must not be
less than the IWR and not exceed the hydropower outlets
capacity.

<

ijin = <

i =

R:

j (36)

ijax
The constraint of total water release for the four reservoirs

must not exceed the total annual surface runoff entering each

reservoir during the year, and it can be described as follows:

i(Rji) < i(i Rny)
i=1 7 =1

These models will be applied practically to the AL-Khoser
basin for the two cases referred to in Section 3.1 to determine
the effectiveness of these models in addressing the problem of
hydropower generation in the Al- Khoser basin and to clarify
the benefit resulting from each case in order to come up with
a decision that expresses the best case that would prefer to be
adopted.

(37

4. RESULTS AND DISCUSSION

Quantitative analysis was wused which included
mathematical modeling (in most of this study) and statistical
modeling (in HEC-HMS model performance) in terms of
numerical values to understand rainwater harvesting and
objective function of hydropower generation.

The relationships between storage-elevation and storage-
area for each reservoir were estimated using WMS. Storage
capacity of each reservoir was estimated too (Figure 7).

In this study, the calibration process of HEC-HMS (Figure
8) showed a reasonable fit between simulated and observed
hydrograph shapes, the observed hydrograph was recorded by
Mohammad [45] and fixed for constant interval time, the
statistical tests of HEC-HMS evaluation results and its
performance gave encouraging results to increase confidence



in the results of the HEC-HMS model. Where calculated Peake
discharge= 44.0 m%/sec, while observed Peake discharge=51.0
m?/sec. The simulated discharge hydrograph that obtained by
HEC-HMS model is reasonably and acceptably matched with
the observed discharge hydrograph with NashSutcliffe
efficiency (NSE) [63] of 85.7%, Mean Abs. Error (MAE) and
Root Mean Squared Error (RMSE) of 4.8 and 3.0 m’/s
respectively.
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Figure 7. Storage capacity for the selected reservoirs
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Figure 8. HEC-HMS model calibration

Table 5. Annual harvested water (MCM) for the selected
three season

Season  Main Basin 1B 2B 3B 4B
Dry 4.1788 1.0744  0.7790 1.1132 1.2118
Average 11.4010 2.9315 2.1256 3.0372 3.3062
Wet 28.1985 7.2771 5.10158 7.5149 8.1815
10000000
_ 1000000
gl
E 100000
g 10000
=
S 1000
=
-] 100
-]
5 10
9
l_

. V o
& \\;@ '\:\\5\;\\> &S

Time (Month)

Main Basin (dry) ® 1B (dry) m2B (dry) @3B (dry) m4B (dry)

(a)

1701

10000000
1000000
100000
10000
1000

100

10

Runoff Volume (m?)

Time (Month)

Main Basin (avr) ®1B (avr) m2B (avr) m3B (avr) m4B (aw)

(b)

Runoff Volume

Ml

\%\\/

»x\»xv\*)c‘é

Time (Month)

Main Basin (wet) = 1B (wet) ®2B (wet) =3B (wet) m4B (wet)

(©

Figure 9. (a) Estimated monthly harvested water for the dry
season; (b) Estimated monthly harvested water for the
average season; (c) Estimated monthly harvested water for
the wet season

And then, HEC-HMS was applied, using daily rainfall data
of the selected three seasons (dry, average, and wet) to
estimate the monthly harvested water (Figures 9). The annual
harvested water (MCM) for the selected three seasons is
presented in Table 5.

The results demonstrate the success of the rainwater
harvesting system for collecting the harvested water in
reservoirs, creating a new water source. The volumes of runoff
were calculated using HEC-HMS. These volumes were
resulting by individual daily rain storm throughout the selected
rainy seasons of dry, average, and wet season.

Estimating the volume of harvested rainwater included the
same two cases that mentioned in methodology. Case 1 deals
with main basin of AL-Khoser watershed as one unit. While,
Case 2 deals with selected four sub-basins inside AL-Khoser
main basin. The runoff volumes (harvested water) represented
monthly as shown in the Figure 9 by reservoir 1B, 2B, 3B, 4B
and main basin for the seasons mentioned above. In order to
give a more comprehensive idea about the volume of harvested
water annually, the results were presented in Table 5.

The results indicate that in the dry season, despite the
limited rainfall, the volume of water harvested ranged between
0.779-1.2188 (MCM) through the reservoirs 1B to 4B, while
the volume of water harvested from Al-Koser watershed
reached up to 4.178 (MCM) as one main basin.

During the average rainy season, where the amounts of
rainfall increased, the volume of water harvested annually
ranged between 2.1256 - 3.0372 (MCM) for the four reservoirs



(B1 to B4), while the volume of water harvested from Al-
Koser watershed reached up to 11.401 (MCM) as one main
basin. More harvested water is available during wet season
that ranged between 5.10158 - 8.1815 (MCM) for the four
reservoirs (B1 to B4), while the volume of water harvested
from Al-Koser watershed reached up to 28.1985 (MCM) as
one main basin.

The volume of sediments of each reservoir has been
estimated by running the dead storage model based on the
results of the runoff volume of average season, storage
capacity and the imposed probable life (25 years) of each
reservoir. Observing Figure 10 shows that the volume of dead
storage reached 0.1 (MCM) for the B4 reservoir, while it
reached 0.533 (MCM) for the main basin reservoir, knowing
that the two reservoirs mentioned above share the same outlet.
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Figure 10. Volume of dead storage of each selected reservoir
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Figure 11. Results of the monthly irrigation requirements for
each hectare for the (dry, average and wet) seasons

The reason for the decrease in dead storage in the B4
reservoir can be attributed to the presence of the three
reservoirs that are located at the Upstream of B4 reservoir,
which will work to trap sediments and prevent them from
reaching the B4 reservoir. Figure 10 shows the volume of dead
storage of each selected reservoir.

The lands of AL-Khoser watershed are famous for rain-fed
agriculture with the national income of crops, barley, which is
the most important traditional agriculture crops in the area due
to drought tolerance. For this study, Barley was chosen as the
agricultural crop. Figure 11 shows the results of the monthly
irrigation requirements for each hectare for the three seasons
(dry, average and wet).

For Case 1, in order to estimate the total hydropower, SRO
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model was applied with Main Basin, for dry, average and wet
seasons; the total numbers of the model variables were 48.

The sensitivity analysis was applied for the parameters
values (C1 and C2). The analysis was considered for all
reservoirs and for the three selected seasons. For example,
Table 6, shows the values of C1 and C2 for reservoir main
basin during the wet season.

Table 6. Annual results of the hydropower for main basin
during wet season according to sensitivity parameters

Cl C2 C2Cl___ _R(MCM) P (KW)
500 1 0.0020 25.34 658.68
400 1 0.0025 25.34 658.68
350 1 0.0028 25.34 658.68
250 1 0.0040 25.34 658.68
200 1 0.0050 25.34 658.68
150 1 0.0066 25.34 659.44
100 1 0.0100 25.33 665.71
75 1 0.0133 25.33 668.87
50 1 0.0200 25.32 672.13
25 1 0.0400 25.27 675.73
1 1 1.0000 24.69 730.61
1 25 25.000 24.69 730.61
1 50 50.000 24.69 730.61
1 75 75.000 24.69 730.61
1 100 100.00 24.69 730.61
1 500 500.00 24.69 730.61
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Figure 12. Annual hydropower for main basin during wet
season according to the sensitivity parameters
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Figure 13. Relationship between the water release and water
storage

The selected values of C1 and C2 were based on maximum
hydropower generated [40]. The results of the analysis show
that the highest value of energy generation is 730.61 KW when
the values of both C1 and C2 are equal to 1. When the values
of C2 are greater than 1, the generated hydroelectric energy



values do not improve as shown in Figure 12, which shows the
annual hydropower for main basin during wet season
according to the sensitivity criteria. The relationship between
the water release and water storage for given C2/C1 is shown
in Figure 13.

The maximum monthly operating policy for the SRO model
is shown in Figure 14, that shows the inflow water volume,
irrigation requirement, storage volume in the reservoir (S),
maximum releases (R), and the amount of hydropower
generation.
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Figure 14. Results of optimal reservoir operation for main
basin during wet season as calculated by the SRO model

According to the applicable priority level. The releases (R)
meet irrigation requitement with the lowest priority, and they
provide the highest hydropower generation.

It is clear that the maximizing hydropower generation with
a high storage level did not reduce the release of irrigation
requirement during the maximum monthly operating policy of
SRO model.

The results of maximum generated hydropower were 39.02,
263.49, and 730.61 (Kw/year) for the selected three seasons
(gray color of Figure 15). The irrigation areas were identified
previously (600, 3500, and 6000) hectare/year, as the
constraints, for the same above seasons respectively (gray
color of Figure 16).

For Case 2, at the beginning, Scenario 1 was used by
applying SRO with 1B, 2B, and 3B and then, the reservoirs
releases were added in water balance equation of SRO when
applied with reservoir 4B for dry, average and wet season. The
total numbers of the SRO model variables were 48. The results
of maximum generated hydropower were 72.122, 408.55 and
975.07 (Kw/year) for the selected three seasons (blue color of
Figure 15). The irrigation areas were identified previously
(800, 3675, and 8220) hectare/year, as the constraints, for the
same above seasons respectively (blue color of Figure 16).

The results of Scenario 1 of Case 2 show that, there was an
increase in generated hydropower for each season (dry,
average, and wet) compared with Case 1, where the increased
ratio reached about 85, 55, and 33.5 (%) respectively (Figure
15, blue color).

Once again, it should be noted that the main basin and the
sub-basin (4B) shared same outlet locations.

The reasons of increased generated hydropower were due to
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two reasons, the first, is same water that released from 1B, 2B,
and 3B, was reused in 4B, the second, is that the storage
capacity of reservoir 4B became greater than the storage
capacity of main basin reservoir, as the volume of dead storage
of reservoir 4B decreased due to the presence of reservoirs 1B,
2B, and 3B, which lead to the turbine level of reservoir 4B
being lower than the turbine level of main basin reservoir, thus
obtaining a higher water column height.
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Figure 15. Annual power generation for Case 1 (gray color),
Case 2-Scenario 1 (blue color), and Case 2-Scenario 2
(orange color)
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Figure 16. Annual irrigation area for Case 1 (gray color),
Case 2-Scenariol (blue color), and Case 2-Scenario 2 (orange
color)

The irrigation areas of Scenario 1 were increased compared
with Case 1, by 37, 10, and 34 (%) for dry, average and wet
seasons respectively (blue color of Figure 16) due to the two
reasons mentioned above, in addition to the volume
distribution of surface runoff in the rainy season, it also has an
impact on the size of irrigated areas. The reason is due to the
fact that rainstorms may occur in successive short periods of
time, which will fill the reservoir (preferred), or may be
distributed in spaced periods during the season. Where it can
be noted that the percentage of increase in irrigation areas is
not regular in a fixed amount for the three selected seasons;
although the total irrigation areas in the dry season were less
than that of the average and wet seasons.

In Scenario 2 of Case 2, the four reservoirs were operated
as a single storage system taking into account that the storage



of each reservoir is a constraint of the problem to keep the
objective function which is maximizing the generation of
hydropower for the three selected seasons. The MRO model
was applied to the four reservoirs, the number of variables was
72, same constraints of irrigation requirement that applied in
Scenario 1 were used, this means using the same values of
irrigated areas that applied in the Scenario 1 (Figure 16, orange
color); this is to obtain maximized hydropower generation
without the releases being affected by irrigation requirements;
by this the difference in energy becomes clear between
Scenarios 1 and 2.

The results of Scenario 2 explained that the capacity of
generation was 82.59, 436.75, 1034.70 kW for the three
selected seasons respectively. Also, the results of Scenario 2
showed that there was a percentage increase in hydropower
generation over Scenario 1 which reached 14.5, 7, and 6 (%).
And that the percentage increase in hydropower generation
over Case 1 which reached 111.60, 65.76, and 41.62 (%)
(Figure 15). This increase is due to the previous reasons
mentioned in Scenario 1, in addition to that, in Scenario 2,
reservoir 4B will receive and store water from sub-reservoirs
1B, 2B, and 3B, and that all requirements are met where is
carried out through reservoir 4B. In other words, the three
reservoirs generate hydropower without binding constraints to
meet the requirements of each reservoir, so the stored water is
released from the three reservoirs to reservoir 4B, through
which hydropower 1is generated and all downstream
requirements are met.

This procedure gives comfort to the reservoirs 1B, 2B, and
3B and leads to keeping the reservoirs at the highest storage
and for the longest possible period, taking into account the
minimum values of the surface areas of the reservoirs to
reduce evaporation losses optimally.

From the foregoing, it is clear that, Scenario 2 in the Case 2
gave results for generating energy significantly superior from
the Case 1, at the same time, the irrigated areas were increased.

Figure 17 shows the values of monthly hydropower
generation that can be generated in the three seasons for the
Case 1 and for the Scenarios 1 and 2 of the Case 2.
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Figure 17. Monthly hydropower generation for the three
seasons of Case 1 and for the Scenarios 1 and 2 of Case 2
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Figure 18. Monthly irrigation requirements for the three
seasons of Case 1 and Case 2

Figure 18 shows the monthly irrigation requirements for the
three seasons of the Case 1 and Case 2.

As a summary RWH can provide a new water source that
can be used for irrigation and hydroelectric power generation.
The maximum harvested water reached 28.1985 (MCM)
during the study period (1985-2020).

Dividing the main basin into four sub-basins does not lead
to an increase in the volume of harvested water, but it achieves
benefits in the following areas: trapping sediments and
preventing them reaching the reservoir of the outlet, which
leads to an increase in its capacity, and also leads to an increase
in both hydropower generation and irrigated areas, where the
maximum hydropower generation and maximum irrigated
areas have been reached 1034 (Kw) and 8220 (hec).

5. CONCLUSIONS

Rainwater harvesting system is a key solution to address the
shortage of water requirements for agriculture and electric
power for remote rural communities in arid and semi-arid
regions such as AL-Khoser watershed, Iraq.

The results showed that, by using HEC-HMS model, the
annual harvested water in the selected reservoirs Main Basin,
1B, 2B, 3B and 4B ranged between: 0.7790-4.1788, 2.1256-
11.4010, and 5.10158-28.1985 MCM for dry, average and wet
season respectively.

Encouraging results for seasonal Scenarios show that
rainwater harvesting may reduce water scarcity even during
dry seasons.

OHOM was developed to convert non-linear problems to
linear ones. Two models were developed and used for
maximized annual hydropower generation, the first single-
reservoir operation (SRO) and the second, multi-reservoir
operation (MRO).

Three rainy seasons (dry, average, and wet) were adopted
throughout the study period (1985-2020).

The results of generating hydropower for single reservoir of
rainwater harvesting system (Case 1) are as follows: 39.02,
263.49, 730.61 Kw for the selected seasons respectively.



The results of generating hydropower for multi-reservoir of
rainwater harvesting system (Case 2 Scenario 1) are as follows:
72.122, 408.55, 975.07 Kw for the selected seasons
respectively.

The results of generating hydropower for multi-reservoir of
rainwater harvesting system (Case 2 Scenario 2) are as follow:
82.59, 436.75, 1034.70 kW for the selected seasons
respectively.

The results of generating hydropower for single and multi-
reservoir of rainwater harvesting systems show that there was
an increase in hydropower generation achieved through multi-
reservoir operation policies (Case 2 Scenario 2) and the results
of the hydropower generation comparison for dry, average and
wet seasons showed that there was an increase in power
generation from Scenario 1 by (15, 7 and 6) % respectively,
while the increase over the results of Case 1 reached up to (110,
66 and 41) % respectively.

The irrigated areas for Case 1 were determined as 600, 3500,
and 6000 (ha). The irrigated areas for Case 2 were determined
as 800, 3675, and 8220 (ha). Both Scenarios 1 and 2 of Case 2
have same constraints of irrigation requirement.

The irrigated areas for Case 2 were increased compared with
Case 1, by 33, 10, and 37 (%) for dry, average and wet seasons.

These findings have the potential to greatly enhance the
availability of clean, renewable energy in rural areas,
contributing to sustainable rural development. The
optimization results validated the proposed models.

However, the limitations of such studies may be clarified in
two directions: the first is the hydrological condition, the
availability of rainfall, which essentially govern the
availability of water provision in the arid and semi-arid region.
The second is successful rainwater harvesting projects is
almost probable only with the support of local government
policy.
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NOMENCLATURE

A average annual soil loss, tons. hec.”! y'!

Al sub-watershed area Km?

a irrigation area, hec.

Ac catchment area km?

As annual sediment inflow, MCM

Asp annual sediment production, m3>.km?

LC land cover factor

C storage capacity, MCM

Cc conversion constant (2.08 in ST)

Cl parameter of release

C2 parameter of storage

CN SCS curve number and it is a dimensionless

constant  constant 22.1, SI unite

CU; consumptive use for the considered crop for

each time interval i

E total hydropower generation during total time

of reservoir operation, kWh

Ei the average volume of water loss due to

evaporation from the surface of the reservoir
during the month i, MCM
ETY reference crop evapotranspiration at interval i,
mm

Kc; crop coefficient at interval i, mm

H; average of water elevation in the reservoir from
the turbine in time i, m

I inflow, MCM

Ia initial abstraction or Initial Loss, mm

K soil erodibility coefficient

Kh constant to convert the hydropower to kWh

Lm flow length, m

L flow length, ft

LS slope length - slope gradient factor

NID; needed irrigation depth for each time interval i,

mm

NN the value depends on the slope

p annual precipitation, mm

P support practices

Pt accumulated rainfall depth at time t, mm

pi monthly precipitation, mm

Q accumulated precipitation excess at time t

R rainfall erosivity factor

R; average release for hydropower during time i,
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MCM
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Rinax
Rmin
Rn;

Si
Si+1

S1
slope
slope
length
Smax

maximum release during the month i, MCM
minimum release during the month i, MCM
volume of rainwater that added to the reservoir
during the month, MCM

potential maximum retention after runoff
begins, mm

water stored in the reservoir at the beginning of
the month, MCM

stands for the volume of the water stored in the
reservoir at the end of the month, MCM
annual sediment load, MCM. yr!

slope steepness, %

length of slope, m

maximum operational storage, MCM
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Smin

minimum operational storage, MCM
specific weight of sediment, gm.cm™
time period, month

time of concentration, h

average trap efficiency,

lag time, h

time to UH peak, h

volume of IWR, MCM.m™.hec.
monthly volume of IWR, MCM
average watershed land slope
maximizing hydropower generation
time step in HEC-HMS

power plant operation efficiency, which was

hypothesized to be constant





