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EXECUTIVE SUMMARY 

 

Deliverable 4.2 describes the strategic model at the meso level and its interactions with the macro 
and micro levels, including its methodological components. It also reports the simulations of existing 
water availability and water distribution systems, accounting for the water, energy, food and 
ecosystem synergies and trade-offs. The document includes the analysis of some candidate planning 
portfolios - in terms of water supply and water demand - and their associated performance as 
quantified by the evaluation indicators formulated in D4.1. Key findings about the water supply 
model indicate a clear trade-off between hydropower production and irrigation abstraction in 
Sudan. In addition, the considered portfolios do not show substantial conflicts between irrigation in 
Egypt and Sudan. As for the water demand, the portfolios analyzed in this report show that the 
introduction of advanced water demand technologies such as aquaponics and desalination can 
reduce water demands, but they require high initial investments. Similar water demand reductions 
can be obtained at lower costs by increasing water reuse and groundwater pumping, but this 
strategy has high environmental risks. 
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1. INTRODUCTION 

Deliverable D4.2 (Meso level model) is the report describing the strategic model at the meso level 
and how it interacts with the other project levels (micro and macro). The document builds on the 
previous Milestone report MS14 (Decision analytic platform architecture) and further develops it. 
The work is an outcome of WP4 – specifically, of Task T4.2, in which the main objective is developing 
a strategic model running at the meso scale to simulate the existing water availability and water 
distribution system and accounting for the water, food, and energy demands as well as significant 
regional policies and ecosystem services (WEFE nexus). The model is being used to map the 
candidate portfolios identified in Task T4.1 into their associated performance as quantified by the 
evaluation indicators (s. Deliverable D4.1 Candidate portfolios and evaluation indicators for WEF 
Nexus analysis).  
The broader goal of WP4 is to develop a Decision-Analytic Framework (DAF) running at the river 
basin scale. It relies on a detailed characterization of different innovative technological solutions 
demonstrated in WP5 at the micro-level (e.g., aquaponics) and a realistic representation of macro-
scale processes and regional policies influencing river basin dynamics in terms of land use, water 
and energy supply, and ecosystem services (WP2, WP3). Besides, the case study assessments and 
participatory processes initiated by WP6 support our activities, integrating stakeholders (SHs) views 
and interests to shape our analyses. The combination of systems analysis methods and advanced a-
posteriori multi-objective evolutionary optimization algorithms (MOEAs) allows the discovery of a 
set of efficient solutions and associated performance with respect to the WEFE multi-dimensional 
assessment space, where SHs and policy-makers are able to explore multi-sectoral trade-offs and 
negotiate potential compromise alternatives. The workflow of WP4 and its interconnections with 
the other WPs are illustrated in Figure 1. 

The DAF employs a strategic river model coupled with an optimization engine: the river model is a 
parsimonious model conceptualising the main natural processes and human decisions at the whole 
river basin scale. The optimization engine implements a simulation-based optimization via multi-
objective evolutionary algorithms 1, which iteratively improves a set of candidate solutions in terms 
of their performance estimated via simulation of the strategic model at the meso level with respect 
to the selected evaluation indicators (s. Figure 2). In this deliverable, some candidate portfolios are 
evaluated via simulation of the strategic model to assess their performance as quantified by the 
evaluation indicators. In Task T4.3, we will instead use the optimization engine to obtain efficient 
portfolios and better capture synergies and trade-offs across the WEFE Nexus. 

The report is structured as follows: the next section describes the general decision analytic 
framework in all its methodological components (e.g., water system model, optimisation engine), 
Section 3 presents the strategic model of the Nile River Basin (NRB), while Section 4 reports the 
analysis and evaluation of the selected planning portfolios, in terms of water demand and water 
supply. 
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Figure 1– AWESOME project structure. 

 

 
Figure 2 – Strategic DAF model at the meso level. 

 

2. DECISION ANALYTIC FRAMEWORK 

In this section, all the elements of a generic strategic (or design) model developed for an illustrative, 
hypothetical water system are described. The same model components are then combined into the 
strategic meso level model of the NRB, described in detail in Section 3 of this report. 
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2.1 STRATEGIC WATER SYSTEM MODEL 

The main elements of the model are presented considering the illustrative system represented in 
Figure 3. As can be observed, there are four main system components: a water reservoir, the 
associated hydropower plant, an irrigation district downstream the reservoir, and an 
environmentally vulnerable river stretch downstream the reservoir and the irrigation district.  
The reservoir dynamics is described by the mass balance equation of the water volume 𝑠𝑡  stored in 
the reservoir at the beginning of month 𝑡: 

𝑠𝑡+1 = 𝑠𝑡 + 𝑞𝑡+1 − 𝑟𝑡+1  (1) 

where 𝑞𝑡+1 is the net inflow to the reservoir (i.e., inflow minus evaporation lossesi) in the time 
interval [𝑡; 𝑡 + 1) and 𝑟𝑡+1 the volume of water released in the same time interval. In the adopted 
notation, the time subscript of a variable indicates the time instant when its value is 
deterministically known. The storage 𝑠𝑡 is observed at time t, whereas the inflow has subscript t+1, 
denoting the realization of the inflow stochastic process in the time interval [t,t+1).  

The release is defined as 𝑟𝑡+1 = 𝑓(𝑠𝑡 , 𝑢𝑡 , 𝑞𝑡+1) where 𝑓(∙) describes the nonlinear, stochastic 
relation between the release decision determined by the operating policy, i.e. 𝑢𝑡 = 𝑝(∙), and the 
actual release 𝑟𝑡+1, as in 2. The actual release at the end of the time interval is generally equal to the 
release decision unless physical constraints prohibit it (e.g., if the prescribed release lies outside the 
minimum and maximum allowable releases, if there is insufficient water to meet the prescribed 
release, or if the prescribed release would result in the reservoir storage capacity being exceeded).  
 
As for the irrigation district, it can abstract water from the river through a regulated water diversion 
channel. The diverted volume of water 𝑎𝑡+1 is determined by the following hedging rule (adapted 
from 3): 

𝑎𝑡+1 = {
min (𝑟𝑡+1, 𝑤𝑡

𝐼(𝑢𝑃) ∙ [
𝑟𝑡+1

ℎ𝑑𝑔
]

𝑚
)     𝑖𝑓 𝑟𝑡+1 ≤ ℎ𝑑𝑔

min (𝑟𝑡+1, 𝑤𝑡
𝐼(𝑢𝑃))     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (2) 

where 𝑟𝑡+1 is the release from the reservoir, which corresponds to the water available in the river 
right upstream the irrigation district, 𝑤𝑡

𝐼(𝑢𝑃) is the irrigation water demand that depends on the 
planning decision 𝑢𝑃 (e.g., crop type, irrigation technique), whereas ℎ𝑑𝑔 and 𝑚 are two parameters 
determining the operation of the irrigation diversion. 

Downstream the irrigation diversion, the water volume left in the river 𝜚𝑡+1 = 𝑟𝑡+1 − 𝑎𝑡+1 flows 
through an environmentally vulnerable river stretch providing valuable ecosystem services. In the 
model, all river reaches (black straight lines in Figure 3) are described using a simple plug-flow model 

 
i This basic formulation of the mass balance equation can be refined for better representing the different water fluxes, 

such as evaporation, seepage, precipitation. 
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in which the velocity and direction of flow are assumed constant everywhere, without any 
lamination effect. 
 

 
Figure 3 – Simplified topologic scheme displaying all the elements of the strategic simulation model. 

2.2 EVALUATION AND DESIGN INDICATORS  

Several stakeholders with conflicting interests (e.g., hydropower production vs irrigation deficit vs 
environmental flow deficit) may be affected by the reservoir and irrigation system operations. In 
the AWESOME project, these conflicting interests are captured by a set of evaluation indicators, 
which have been introduced in D4.1. A subset of these evaluation indicators will be then selected 
to represent the WEFE design indicators (or operating objectives) 𝐽 = |𝐽1, … , 𝐽𝐾| for the DAF 
optimization in Task T4.3.  

Considering the illustrative example in Figure 3, three main components of the nexus (i.e., water-
ecosystem, energy, and food) are affected by the operations of the system. Their conflicting 
interests can be thus modelled as followsii:  

● Environmental flow deficit (water): 

 
ii It must be noted that the mathematical formulation of the three WEF operating objectives is purely illustrative, as it 

will be indeed adapted to the case study considered.  
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𝐽𝑊 =
1

𝐻
[∑𝐻−1

𝑡=0 (𝑚𝑎𝑥 (𝑤𝑡
𝐸 − 𝑟𝑡+1, 0)) ]  (4) 

where 𝑤𝑡
𝐸is the specified environmental flow to be satisfied, and 𝑟𝑡+1 = 𝑟𝑡+1 − 𝑎𝑡+1 is the 

amount of water entering the ecosystem sensitive area downstream of the irrigation 
abstraction (𝑎𝑡+1).  

● Annual hydropower production (energy): 

𝐽𝐸 =
1

𝑁𝑦𝑒𝑎𝑟𝑠
[∑𝐻−1

𝑡=0 𝑃𝑡+1] (5) 

where 𝑃𝑡+1 is the monthly hydropower production calculated as 𝑃𝑡+1 =  𝜂𝑔𝛾ℎ𝑡𝑞𝑡+1
𝑡𝑢𝑟𝑏, where 

𝜂 [−] is the turbines efficiency, 𝑔 = 9.81 [𝑚/𝑠2] is the gravitational acceleration, 𝛾 =

1000 [𝑘𝑔/𝑚3] is the water density, ℎ𝑡 [𝑚] is the net hydraulic head, and 𝑞𝑡+1
𝑡𝑢𝑟𝑏  [𝑚3/𝑠] is the 

turbinated flow. 

● Squared irrigation deficit normalized with respect to squared irrigation demand (food): 

𝐽𝐹 =
1

𝐻
[∑𝐻−1

𝑡=0 (
𝑚𝑎𝑥 (𝑤𝑡

𝐼−𝑎𝑡+1 ,0)

𝑤𝑡
𝐼 )

2

]  (6) 

where 𝑤𝑡
𝐼  𝑎𝑛𝑑 𝑎𝑡+1 are the irrigation water demand and abstraction, respectively. 

 

2.3 DECISION VARIABLES 

Considering the illustrative example in Figure 3, two types of decisions including both the operation 
of the reservoir and the irrigation diversion (management actions) and farmers’ decisions about 
crop types and/or irrigation techniques (planning actions) should be specified.  
The management problem requires sequential decisions to be taken at discrete time instants. In the 
reservoir operation problem, the release decision 𝑢𝑡 is determined at each time step by a closed-
loop operating policy that depends on the current system conditions (e.g., time instant and reservoir 
storage), i.e. 𝑢𝑡 = 𝑝(𝑡, 𝑠𝑡). In the irrigation abstraction problem, the decisions concern the water 
volume diverted into the irrigation channel, which is determined by the hedging rule formulated in 
Equation 2, which depends on the two time-invariant parameters ℎ𝑑𝑔 and 𝑚 along with the water 
released from the reservoir. 
On the other end, the planning problem requires to specify planning decisions 𝑢𝑃 that are taken 
once, without considering how they might influence analogous decisions in the future. Note that 
the absence of dynamics in this type of decision does not imply, however, that also the system has 
to be non-dynamic. 

2.4 OPTIMIZATION ENGINE 

2.4.1 Optimization of system operation 

The design problem of an optimal operating policy for water systems traditionally employed 
dynamic programming (DP) and its stochastic extension (i.e., stochastic dynamic programming - 
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SDP) 4,5. SDP formulates the operating policy design problem as a sequential decision-making 
process, where a decision taken now produces an immediate reward, affects the next system state 
and, through that, all the subsequent rewards. The search for optimal policies employs value 
functions defined over a discrete (or discretized) state-decision space, which are obtained by looking 
ahead to future events and computing a backed-up value.  

The decision 𝑢𝑡  (see section 2.3 for details) is determined at each time step by an operating policy: 

𝑢𝑡  =  𝑝(𝑡, 𝑠𝑡) (7) 

and the state of the system is the reservoir storage 𝑠𝑡, which is altered according to the transition 
function described in Equation 1. The sequence of states over the time horizon defines a system 
trajectory, which allows the evaluation of the performance of the operating policy 𝑝 by means of 
the objective function (i.e., design indicators defined in (3)). The optimal policy 𝑝∗ is hence obtained 
by solving the following problem:  

 𝑝∗ = 𝑎𝑟𝑔 min
𝑝

𝑱 = |𝐽𝑊, 𝐽𝐸 , 𝐽𝐹|   (8) 

The DP-family methods solve this problem (8) by estimating the expected long-term cost of a policy 
for each state 𝑠𝑡 , at time 𝑡 by means of the value function, defined over a discrete grid of states and 
decisions:  

𝐻𝑡(𝑠𝑡) = 𝛹𝑞𝑡+1
 [𝛷𝑡(𝑔𝑡(𝑠𝑡 , 𝑢𝑡 , 𝑞𝑡+1), 𝐻𝑡+1(𝑠𝑡+1))]   (9) 

Where 𝐻𝑡(·) is the optimal cost-to-go function for a scalarized objective and  𝑔𝑡(·) is the 
corresponding scalarized immediate and time-separable cost function associated to the transition 
from state 𝑠𝑡 to state 𝑠𝑡+1 under the decision 𝑢𝑡. The modeling assumptions required by SDP for its 
application are finite domains of state, decision, and disturbance variables, time-separability of 
objective functions and constraints. These relatively mild assumptions imply, in theory, a wide 
applicability of SDP to many problems, but in practice its adoption is challenged by three curses 
(dimensionality, modeling, and multiple objectives) that considerably limit its use in real life complex 
problems 6. 

Stochastic Dynamic Programming (SDP) has been considered, since the ’60s 7,8, the best method to 
preserve a realistic problem structure due to mild requirements on systems representation 9, 
favoring its adoption in practical applications 10–12 and its systematic use in the reservoir operation 
literature 13–18. Yet, SDP has several limitations that constrain problem framing in addressing 
emerging challenges in water system operations:  

(a) the well-known curse of dimensionality 5 limits the dimension of the system to two or 
three reservoirs due to the exponential growth of computational cost with the number of 
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state variables;  

(b) the curse of modeling 19 requires all variables used as input in the operating policy to be 
described by a dynamic model, contributing additional state variables;  

(c) the curse of multiple objectives 20 restricts the number of objective functions due to the 
single-objective nature of SDP that requires repeated scalarized single-objective 
optimizations for every Pareto optimal point, inducing a factorial growth of computation 
cost with the number of objectives 21,22.  

The three curses of SDP limit its application in complex systems; therefore, over the years, a number 
of alternative methods have emerged, seeking to overcome one or more of these curses. Following 
the methodological classification proposed by 23,24, two main approaches can be distinguished:  

(a) approximation in value space, which searches an approximation of the value function 25; 

(b) approximation in policy space, which first defines the operating policy within a restricted 
class of parameterized functions and then explores the policy parameter space to optimize 
the system performance 26.  

According to the recent review by 27, approximation in policy space and specifically the direct policy 
search (DPS) method is emerging as the most widely adopted method to advance water reservoir 
operations by overcoming both the curse of modeling and the curse of multiple objectives. 

2.4.2 Evolutionary multi-objective direct policy search  

Evolutionary multi-objective direct policy search (EMODPS) replaces the traditional SDP approach 
based on the computation of the value function, with a simulation-based optimization that directly 
operates in the policy space. EMODPS first parameterize the operating policy 𝑝𝜃  within a given 
family of functions and, then, explores the parameter space 𝛩 seeking the best parameterization of 
the operating policy with respect to the expected long-term cost defined by the objectives of the 
problem, i.e.: 

 𝑝𝜃
∗ =  𝑎𝑟𝑔 𝐽𝑝𝜃             𝑠. 𝑡.    𝜃 ∈  𝛩;   𝑠𝑡+1 = 𝑓𝑡(𝑠𝑡 , 𝑢𝑡 , 𝑞𝑡+1)  (10) 

where the vector of objective functions 𝐽𝑝𝜃
 is defined as in (3).  

Finding 𝑝𝜃
∗  corresponds to finding the best parameters 𝜃∗ for the class of policy 𝑝𝜃, measured by the 

objectives 𝐽𝑝𝜃
. Notably, this formulation allows enlarging the decision vector to include additional 

variables beside the reservoir policy parameters, potentially including hedging rules parameters 28 
and planning decisions 29,30. 



 

 

AWESOME - Managing water, ecosystems and food across sectors 
and scales in the South Mediterranean 

PRIMA Nexus 2019 RIA 

 

 

MESO LEVEL MODEL 14 

 

 
 

A schematization of the EMODPS algorithm is reported in Figure 4. Because of the simulation-based 
nature of EMODPS, the variables domain does not need to be discretized, overcoming at once the 
curse of dimensionality and the biases introduced by the discretization of continuous variables 31. 
Moreover, it is possible to couple DPS with exogenous information or models, thus avoiding the 
curse of modeling 6,32. Finally, the use of MOEAs resolves to curse of multi-objective as EMODPS 
algorithms allow to produce an approximation of the Pareto front in a single run for up to 10 
objectives 33. 

2.4.3 Policy structure  

EMODPS resolves a problem of parameters optimization for a given policy structure. It can therefore 
find, at most, the best possible solution for the chosen class of functions. When the system to be 
optimized is already operating, it is possible to infer the policy structure from the available data, 
although the water managers may not have operated at full attainable efficiency. If the system is 
under construction, neither data nor experience is available, and the policy structure must be 
guessed a priori on the basis of empirical considerations. The choice of a function with limited 
flexibility can thus restrict the search to a subspace of policies that, likely, does not contain the 
optimal one. It is hence advisable to select a very flexible class of functions, depending on a larger 
number of parameters, to ensure the possibility of approximating the unknown optimal solution of 
the problem to any desired degree of accuracy. Usually, the selected functions are universal 
approximating networks (for a review see 34 and references therein). Two widely used nonlinear 
universal approximators are artificial neural networks (ANNs) and radial basis functions (RBFs) 35. It 

Figure 4 - Schematization of the Evolutionary Multi-Objective Direct Policy Search 
(EMODPS) approach; dashed lines represent the model of the system and the grey 
box represents the multi-objective evolutionary optimization algorithms (MOEA) 6 
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has been shown that any continuous function defined on a closed and bounded set can be 
approximated by three-layered ANNs 36,37 and three-layered RBFs 1,38. 

Although ANNs are more popular in the field of water management then RBFs, a comparative 
analysis carried out in the Red River basin 39 shows the general superiority of RBF on ANN for the 
problem of parameterization of the operating policy. RBF policies computed for different time 
horizons consistently score better performances within a more reliable framework, i.e., without 
requiring any tuning or preconditioning of the policy design process. RBF thus represent an effective, 
case study-independent option for solving EMODPS problems and are therefore chosen as the 
universal approximation network for this study. 

The RBF policy can be defined as follows: 

𝑢𝑡 =  ∑𝑁
𝑖=1 𝑤𝑖𝜑𝑖(𝐼𝑡) + 𝑎  (11) 

where N is number of RBFs 𝜑(·) and 𝑤𝑖  are the weight of the i-th RBF. A single RBF is defined as  

𝜑𝑖(𝐼𝑡) =𝑒𝑥𝑝 [− ∑𝑀
𝑗=1

[(𝐼𝑡)𝑗− 𝑐𝑗,𝑖]2

𝑏𝑗,𝑖
2 ]  (12) 

where 𝑀 is the number of policy inputs 𝐼𝑡 and 𝑐𝑖, 𝑏𝑖 are the M-dimensional center and radius vectors 
of the i-th RBF, respectively. The centers of the RBF must lie within the bounded input space and 
the radii must strictly be positives i.e., using normalized variables, 𝑐𝑖 ∈ [−1, 1] and  𝑏𝑖 ∈ (0, 1]. The 
parameter vector 𝜃 is therefore defined as 𝜃 =  [𝑎 , 𝑐𝑖,𝑗 , 𝑏𝑖,𝑗 , 𝑤𝑖] with 𝑖 =  1, . . . , 𝑁, 𝑗 =

 1, . . . , 𝑀, and it belongs to 𝑅𝑛𝜃 , where 𝑛𝜃  = 𝑁(2𝑀 + 𝑛𝑢) + 1.  

2.4.4 Optimization algorithm – Borg MOEA 

The two main options for the optimization step of the algorithm (the grey box in Figure 4) are 
gradient-based methods and global optimization algorithms, such as MOEAs. Simple 
parameterizations with few parameters are usually coupled with gradient-based methods, while 
global optimization algorithms are preferred when the number of parameters to optimize is high. 
MOEAs are iterative search algorithms that evolve a Pareto-approximate set of solutions by 
mimicking the randomized mating, selection, and mutation operations that occur in nature to drive 
the search for efficient solutions 40. MOEAs have been shown to adapt well to multi-objective 
problems characterized by multi-modality, nonlinearity, stochasticity, and discreteness (see 41 and 

references therein). MOEAs thus represent a promising alternative to gradient-based 
optimization methods in solving complex multi-objective water reservoir problems. In addition, 
MOEAs were proven to better handle performance uncertainties than gradient-based methods 42.  

To perform the optimization, in Task T4.3 we will use the self-adaptive Borg Multi-Objective 
Evolutionary Algorithm, which has been shown to be highly robust in solving multi-objective optimal 
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control problems, where it met or exceeded the performance of other state-of-the-art MOEAs 43. 
Borg MOEA differs from traditional evolutionary algorithms because the application of these 
operators is not bound to a fixed probability of occurrence. Their employment is adaptively adjusted 
during the optimization considering their ability to generate efficient solutions 44. Along with the 
auto-adaptive search, Borg MOEA features other two strategies to contrast the main shortcomings 
of evolutionary algorithms: overfitting and poor exploration of the whole space when the search is 
trapped in a local minimum. The first strategy, the so-called ε-box dominance archive, divides the 
optimization space into hyper-boxes with side-length equal to ε. Pareto efficient solutions are 
searched into each box ensuring convergence. ε-box dominance also supports the second strategy: 
time continuation. Time continuation ensures a global search of the space by injecting mutated 
solutions in each ε-box. Stagnation in a local minimum is prevented with internal algorithmic 
operators that detect search stagnation, and randomly restart to escape local optima. Borg MOEA 
has been shown to outperform 9 benchmark evolutionary algorithms in terms of number of 
solutions returned, ability to handle many-objective problems, ease-of-use, and overall consistency 
across a suite of challenging multi-objective problems 45.  

3. STRATEGIC MODEL FOR THE NILE RIVER BASIN 

This section is dedicated to the description of the strategic model developed for the NRB, which 
integrates two main components:  

● Water Supply model that supports the analysis of the operating policies of the main dams 
along the Nile River, along with the water abstraction for the irrigation areas in Sudan and 
the water supply downstream of the High Aswan Dam.  

● Water Demand model that investigates alternative combinations of water demand 
interventions, namely reuse, groundwater, aquaponics/hydroponics and desalination, to 
reduce the water demand downstream of the High Aswan Dam.  

  

3.1 WATER SUPPLY MODEL 

The Water Supply model focuses on describing the branch of the Blue Nile from the Grand Ethiopian 
Renaissance Dam (GERD) to Khartoum and the Main Nile until it reaches the Mediterranean Sea 
(Fig. 5). In the system, three dams and four irrigation areas are modelled. The first dam is the GERD, 
situated in Ethiopia close to the border with Sudan, whose main purpose is the production of 
hydropower energy. The second dam is the Merowe dam (MER) in Sudan, built close to the border 
with Egypt to produce hydropower energy with an installed capacity of 1,250 MW. 
The last downstream dam considered is the High Aswan Dam (HAD) in Egypt, which is used to supply 
water in the Nile Valley and Delta for irrigation, domestic and industrial uses, and it also produces 
hydropower energy with an installed capacity of 2,100 MW. 
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Figure 5 – Schematic representation of the model structure 

The three reservoirs are modelled following a mass balance equation of the water storage with a 
monthly time step. The GERD's storage is formulated as follows: 

𝑆𝑡+1
𝐺𝐸𝑅𝐷 =  𝑆𝑡

𝐺𝐸𝑅𝐷 −  𝑅𝑡+1
1 − 𝑒𝑡

𝐺𝐸𝑅𝐷 ∗ 𝑆𝑢𝑟𝑡
𝐺𝐸𝑅𝐷 + 𝑄𝑡+1

1   (13) 
where: 

● 𝑆𝑡
𝐺𝐸𝑅𝐷 is the reservoir's storage at time t; 

● 𝑒𝑡
𝐺𝐸𝑅𝐷 is the monthly net evaporation; 

●  𝑆𝑢𝑟𝑡
𝐺𝐸𝑅𝐷 is the lake surface at time t; 

● 𝑅𝑡+1
1  is the release from the GERD; 

● 𝑄𝑡+1
1  is the reservoir inflow. 

 
The second reservoir, associated with the Merowe Dam, is modelled with the following equation: 

𝑆𝑡+1
𝑀𝐸𝑅 =  𝑆𝑡

𝑀𝐸𝑅 − 𝑅𝑡+1
2 −  𝑒𝑡

𝑀𝐸𝑅 ∗ 𝑆𝑢𝑟𝑡
𝑀𝐸𝑅 + 𝑄𝑡+1

𝑖𝑛  (14) 
 
where: 

● 𝑆𝑡
𝑀𝐸𝑅 is the reservoir's storage at time t; 

● 𝑒𝑡
𝑀𝐸𝑅 is the monthly net evaporation; 

●  𝑆𝑢𝑟𝑡
𝑀𝐸𝑅 is the lake surface at time t; 

● 𝑅𝑡+1
2  is the release from the Merowe Dam; 
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● 𝑄𝑡+
𝑖𝑛 =  𝑅𝑡+1

1 +  𝑄𝑡+1
2 +  𝑄𝑡+1

3 +  𝑄𝑡+1
4 −  𝐼𝑡+1

1 − 𝐼𝑡+1
2 − 𝐼𝑡+1

3  is the water flowing in the 
reservoir, it depends on the release from the GERD (𝑅𝑡+1

1 ), on the water withdrawal of the 
irrigation areas in Sudan (𝐼𝑡+1

1 , 𝐼𝑡+1
2 , 𝐼𝑡+1

3 ) and the inflows from Diner and Rahad (𝑄𝑡+1
2 ), 

White Nile (𝑄𝑡+1
3 ) and Atbara (𝑄𝑡+1

4 ). 
 

Finally, the Lake Nasser water balance equation regulated by the HAD is formulated as follows: 

𝑆𝑡+1
𝐻𝐴𝐷 =  𝑆𝑡

𝐻𝐴𝐷 − 𝑅𝑡+1
3 − 𝑅𝑡+1

4 − 𝑒𝑡
𝐻𝐴𝐷 ∗ 𝑆𝑢𝑟𝑡

𝐻𝐴𝐷 − 𝑆𝑒𝑒𝑝𝑡+1 + 𝑅𝑡+1
2  (15) 

 
where: 

● 𝑆𝑡
𝐻𝐴𝐷 is the reservoir’s storage at time t; 

● 𝑒𝑡
𝐻𝐴𝐷 is the monthly net evaporation; 

●  𝑆𝑢𝑟𝑡
𝐻𝐴𝐷 is the lake surface at time t; 

● 𝑅𝑡+1
2  is the release from the Merowe Dam; 

● 𝑆𝑒𝑒𝑝𝑡+1 represents the seepage and bank storage losses, which are modelled as a White 
Gaussian Noise 46; 

● 𝑅𝑡+1
3  is the release from the HAD; 

● 𝑅𝑡+1
4  is the release feeding the Toshka canal that is equal to the corresponding demand 

except when the water level of Lake Nasser is below 147 m a.s.l. and 𝑅𝑡+1
4 = 0, or when the 

water level is above 178 m a.s.l. and then the spillway is activated. 
 

According to the approach illustrated in Section 2.4, the operating policy determining the release 
decisions for the three dams are modelled as Gaussian Radial Basis Functions (RBFs): 

𝑅𝑡+1
𝑖 =  𝑅𝐵𝐹𝑠(𝑄𝑡+1

1 , 𝑆𝑡+1
𝐺𝐸𝑅𝐷, 𝑆𝑡+1

𝑀𝑒𝑟 , 𝑆𝑡+1
𝐻𝐴𝐷, 𝜏𝑡+1)       𝑤𝑖𝑡ℎ 𝑖 = 1,2,3  (16) 

where: 
● 𝑄𝑡+1

1  is the previous month inflow of the GERD reservoir; 

● 𝑆𝑡
𝐺𝐸𝑅𝐷, 𝑆𝑡

𝑀𝑒𝑟 , 𝑆𝑡
𝐻𝐴𝐷 are respectively the storages of GERD, Merowe and HAD; 

● 𝜏𝑡+1 is the month of the year 
 
In the system, there are four main irrigation areas, three of which are in Sudan while one is in Egypt. 
The latter is subdivided into eleven different irrigation districts, and it is described in detail in Section 
3.2. 
The irrigation in Sudan is modelled using a diversion function (see eq. 2) that determines the water 
that is diverted to each irrigation district as follows: 

𝐼𝑡+1
𝑖 =  𝑓(𝑄𝑡+1 − 𝐸𝑛𝑡 , 𝜔𝑡

𝑖 , 𝑎𝑖 , 𝑏𝑖 )       𝑤𝑖𝑡ℎ 𝑖 = 1,2,3 (17) 

where: 

● 𝑄𝑡+1 − 𝐸𝑛𝑡 is the water available for agriculture, namely the water flowing in the river 

(𝑄𝑡+1) decreased of the environmental flow (𝐸𝑛𝑡); 

● 𝜔𝑡
𝑖  is the demand of each district in Sudan; 

● 𝑎𝑖 , 𝑏𝑖  are parameters defining the shape of the functions. 
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3.2 WATER DEMAND MODEL 

The last stretch of the river, flowing from the HAD to the Mediterranean Sea, is characterized by the 
presence of eleven irrigation districts, whose water demand can be satisfied by the water released 
by the HAD or through the implementation of different water demand measures, namely water 
reuse, groundwater, hydroponics/aquaponics and desalination. 
The irrigation districts are identified as areas of influence of eleven irrigation canals branching from 
eight barrages present on the river. The eleven considered canals are Asfoun, Kelabia, West Naga, 
East Naga, Ibrahimia, Tawfiki, Ismalia, Sharkawia, Menufia, Beheria and Nasseri (see Figure 6).  
The current water demand of the eleven districts is 62.15 BCM/y 47. The water demand distribution 
of each district (Tab. 1) is obtained through the scheme of the irrigation withdrawal distribution 
reported by 48. 
 
 

Table 1 – Distribution coefficient of the irrigation demand downstream of Aswan 

Number Canal Distribution coefficients α(%) 

1 Asfoun 1.36 
2 Kelabia 3.27 
3 West Naga 7.63 
4 East Naga 2.72 
5 Ibrahimia 26.16 
6 Tawfiki 10.63 
7 Ismaila 10.63 
8 Sharkawia 1.91 

9 Menufia 13.08 

10 Beheria 16.62 

11 Nasseri 5.99 
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(a)     (b) 

Figure 6 – (a) Water distribution Nile system48 (b) Irrigation districts used in the model. 

The decision variables in this model are the planned water reductions allocation to reuse, 
groundwater, hydroponics/aquaponics and desalination. Each district is associated with one 
decision variable to define the water reuse, one for the groundwater extracted and one for the 
implementation of hydroponics/aquaponics. Besides, an 11x11 matrix represents the decisions 
associated with the desalination technology. The element in row d and column i of the matrix 
defines the volume of desalinated water produced in the d-th district that is delivered to the i-th 
district. If the d-th row has all 11 elements equal to zero, this means that the d-th district will not 
construct a desalination plant. If the i-th column has all 11 elements equal to zero, this means that 
the i-th district is not using any desalinated water. The model accounts for a total of 154 planning 
decisions, designed as follows: 

𝑢𝑝 = | 𝑢𝑖
𝑅 𝑢𝑖

𝐺𝑊 𝑢𝑖
𝐴 𝑢𝑖,𝑑

𝐷 |   𝑤𝑖𝑡ℎ 𝑖 = 1, … ,11 𝑎𝑛𝑑 𝑑 = 1, … ,11  (18) 

where: 

● 𝑢𝑖
𝑅 is the water reused in the i-th district; 

● 𝑢𝑖
𝐺𝑊 is the groundwater extracted in the i-th district; 

● 𝑢𝑖
𝐴 is the percentage of agricultural production shifted from traditional agriculture to 

hydroponics/aquaponics in the i-th district; 

● 𝑢𝑖,𝑑
𝐷  is the desalinated water produced in the d-th district with a desalination plant and used 

in the i-th district. 
The total volume of water demand reduction achieved by the four selected measures is γtot. We can 
assume to implement a prioritization rule where the industrial and municipal water demand is met 
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first by desalination, then by considering the water saving of hydroponics/aquaponics. Conversely, 
groundwater and reuse are primarily used for the irrigation demand, along with the surplus of 
hydroponics/aquaponics and desalination in case their corresponding water volumes are greater 
than the municipal water demand (i.e., for very large water demand reductions exceeding the total 
municipal water demand equal to 380 m3/s).  
To simulate this rule, we can define two variables γa and γb, the first consisting of the volumes of 
water demand reduced by desalination (𝑢𝐷_𝐼&𝑀) and hydroponics/aquaponics (𝑢𝐴𝑞_𝐼&𝑀) and the 
second representing the volumes of reuse water (𝑢𝑅), groundwater (𝑢𝐺𝑊) and any surplus of 
hydroponics/aquaponics (𝑢𝐴𝑞_𝑠𝑢𝑟) and desalination (𝑢𝐷_𝑠𝑢𝑟). 

𝛾𝑎 = 𝑢𝐷_𝐼&𝑀 + 𝑢𝐴𝑞_𝐼&𝑀 (19) 
𝛾𝑏 = 𝑢𝑅 + 𝑢𝐺𝑊 + 𝑢𝐴𝑞_𝑠𝑢𝑟 + 𝑢𝐷_𝑠𝑢𝑟 (20) 

Where: 

• uD_I&M = min(w4a , uD); 

• uD_sur = uD - uD_I&M; 

• uAq_I&M = min(w4a - uD_I&M, uAq); 

• uAq_sur = uAq – uAq_I&M 
 

3.2.1 Hydroponics & Aquaponics 

In this work, aquaponics was modelled by assuming a conversion of part of the agricultural 
production of lettuce from traditional farming to hydroponics. Lettuce is chosen as the reference 
crop because of its wide use in already existing aquaponics systems in Egypt 49. It represents the 
most feasible option for implementing a transition from traditional agriculture to soilless 
agriculture. This will allow to compare the theoretical costs here computed with the actual costs 
encountered on the study site.  
It is assumed that the water saved due to such switch is proportional to the percentage of lettuce 
production converted to soilless agriculture: 

𝑄𝑖
𝐴 = 𝛽 ∗ 𝑢𝑖

𝐴 ∗ 𝐼𝐿     𝑤𝑖𝑡ℎ 𝑖 = 1, … ,11  (21) 

where β is the percentage of water saving of hydroponics/aquaponics compared to traditional 

agriculture and 𝐼𝐿  is the water consumption of lettuce in traditional cultivation. Note that our model 
does not consider the water consumption for fish production. The use of aquaponics allows a water 
saving of 85/99% compared to traditional agriculture, in this work it is chosen equal to 90% 49–51. 
The water consumption of lettuce is estimated considering it proportional to the area occupied by 
this crop. The water consumption per feddan is 4,456 m3/y 48, since the area cultivated with lettuce 
is 10,000 feddan 47, the total water consumption of lettuce is 0.045 BCM/y. 

3.3 EVALUATION INDICATORS  

Several stakeholders with conflicting interests (e.g., hydropower production vs. irrigation deficit vs. 
environmental flow deficit) may be affected by the reservoir and irrigation system operations. In 
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the AWESOME project, these conflicting interests are captured by a set of evaluation indicators 
which are evaluated via simulation within Task T4.2 and have been first presented in D4.1 (Tab. 2).  

Table 2 – Evaluation indicators formulated for the meso level Decision Analytic Framework (DAF). 

SECTOR EVALUATION INDICATOR LOCATION MODEL 

ENERGY Total hydropower production at the basin scale River basin water supply model 

ENERGY Hydropower production of GERD Ethiopia water supply model 

ENERGY Hydropower production of Merowe dam Sudan water supply model 

ENERGY Hydropower production of High Aswan Dam  Egypt water supply model 

WATER/FOOD 
Total irrigation deficit in the three districts in 
Sudan 

Sudan water supply model 

WATER/FOOD Water supply deficit in Egypt Egypt water supply model 

WATER Domestic water supply deficit Egypt 
water supply + water 
demand model 

WATER/FOOD Irrigation water supply deficit Egypt 
water supply + water 
demand model 

FOOD 
Construction and operation cost of soilless 
agricultural systems 

Egypt or single district 
water demand 
model 

FOOD 
Annual production of vegetables from soilless 
agricultural systems 

Egypt or single district 
water demand 
model 

FOOD 
Annual production of fish from aquaponics 
systems 

Egypt or single district 
water demand 
model 

WATER 
Water consumption and saving of soilless 
agricultural systems 

Egypt or single district 
water demand 
model 

ENERGY 
Energy consumption of soilless agricultural 
systems 

Egypt or single district 
water demand 
model 

FOOD 
Distance of soilless agricultural systems from 
large urban centers 

Egypt or single district 
water demand 
model 

WATER 
Construction and operation cost of desalination 
plants 

Egypt or single district 
water demand 
model 

WATER Desalination water supply cost (proxy) Egypt or single district 
water demand 
model 

WATER Desalination water distribution cost (proxy) Egypt or single district 
water demand 
model 

ENERGY 
Annual energy consumption of desalination 
plants 

Egypt or single district 
water demand 
model 

WATER/ECOSYSTE
M 

Annual reuse of drainage water  Egypt or single district 
water demand 
model 

WATER/ECOSYSTE
M 

Annual use of groundwater  Egypt or single district 
water demand 
model 

ECOSYSTEM 
Groundwater use distance from the sea to avoid 
saline water intrusion  

Egypt or single district 
water demand 
model 
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SECTOR EVALUATION INDICATOR LOCATION MODEL 

SUSTAINABILITY Sustainability Index Egypt water supply model 

SUSTAINABLE 
DEVELOPMENT 
GOAL 6 

Level of water stress River basin water supply model 

SUSTAINABLE 
DEVELOPMENT 
GOAL 6 

Transboundary cooperation River basin water supply model 

 
The formulation of these indicators is as follows: 

● Total hydropower production at the basin scale (energy): 

𝐽𝐸,𝑇𝑂𝑇 = ∑3
𝑖=1

1

𝐻
[∑𝐻−1

𝑡=0 𝑃𝑡+1
𝑖 ] (22) 

where 𝑃𝑡+1
𝑖  is the monthly hydropower production of one of the three reservoirs, calculated as 

𝑃𝑡+1 =  𝜂𝑔𝛾ℎ𝑡𝑞𝑡+1
𝑡𝑢𝑟𝑏, where η [-] is the efficiency of the turbines, g=9.81 [m/s2] is the gravitational 

acceleration, γ=1000 [kg/m3] is the water density, ℎ𝑡 [m] is the net hydraulic head, and 𝑞𝑡+1
𝑡𝑢𝑟𝑏  [m3/s] 

is the turbinated flow. The hydropower productions of the three plants are aggregated under the 
assumption of coordinated management of the three reservoirs. As the hydroelectric sector does 
not consume water, it is assumed that the maximum benefit for energy production can be obtained 
when the three countries cooperate.  

● Hydropower production of GERD (energy): 

𝐽𝐸,𝐺𝐸𝑅𝐷 =
1

𝐻
[∑𝐻−1

𝑡=0 𝑃𝑡+1
1 ]  (23) 

where 𝑃𝑡+1
1  is the annual hydropower production of GERD calculated as 𝑃𝑡+1 =  𝜂𝑔𝛾ℎ𝑡𝑞𝑡+1

𝑡𝑢𝑟𝑏, where 

η = 0.9 is the efficiency of the turbines, g=9.81 [m/s2] is the gravitational acceleration, γ=1000 

[kg/m3] is the water density, ℎ𝑡 [m] is the net hydraulic head, and 𝑞𝑡+1
𝑡𝑢𝑟𝑏  [m3/s] is the turbinated 

flow. 

● Hydropower production of Merowe Dam (energy): 

𝐽𝐸,𝑀𝐸𝑅 =
1

𝐻
[∑𝐻−1

𝑡=0 𝑃𝑡+1
2 ]  (24) 

where 𝑃𝑡+1
2  is the annual hydropower production of Merowe Dam calculated as 𝑃𝑡+1 =

 𝜂𝑔𝛾ℎ𝑡𝑞𝑡+1
𝑡𝑢𝑟𝑏, where η = 0.9 is the efficiency of the turbines, g=9.81 [m/s2] is the gravitational 

acceleration, γ=1000 [kg/m3] is the water density, ℎ𝑡 [m] is the net hydraulic head, and 𝑞𝑡+1
𝑡𝑢𝑟𝑏  [m3/s] 

is the turbinated flow. 

● Hydropower production of High Aswan Dam (energy): 

𝐽𝐸,𝐻𝐴𝐷 =
1

𝐻
[∑𝐻−1

𝑡=0 𝑃𝑡+1
3 ]  (25) 

where 𝑃𝑡+1
3   is the annual hydropower production of HAD calculated as 𝑃𝑡+1 =  𝜂𝑔𝛾ℎ𝑡𝑞𝑡+1

𝑡𝑢𝑟𝑏, where 

η = 0.9 is the efficiency of the turbines, g=9.81 [m/s2] is the gravitational acceleration, γ=1000 
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[kg/m3] is the water density, ℎ𝑡 [m] is the net hydraulic head, and 𝑞𝑡+1
𝑡𝑢𝑟𝑏  [m3/s] is the turbinated 

flow. 

● Total irrigation deficit in the three districts in Sudan (water/food): 
 

𝐽𝐼𝑟𝑟,𝑆𝑢𝑑𝑎𝑛 = ∑3
𝑖=1

1

𝑁𝑦𝑒𝑎𝑟𝑠
∑𝐻−1

𝑡=0 𝑚𝑎𝑥 (𝑤𝑡
𝑖 − 𝐼𝑡+1

𝑖 , 0)  (26) 

where 𝑤𝑡
𝑖 is the irrigation demand of the i-th area located in Sudan and 𝐼𝑡+1

𝑖  is the water supplied to 
the i-th irrigation area. 

● Water supply deficit in Egypt (water/food): 

𝐽𝐷𝑒𝑓𝑖𝑐𝑖𝑡,𝐸𝑔𝑦𝑝𝑡 =
1

𝑁𝑦𝑒𝑎𝑟𝑠
∑𝐻−1

𝑡=0 𝑚𝑎𝑥 (𝑤𝑡
4 − 𝛾𝑡𝑜𝑡 − 𝑅𝑡+1

3 , 0) (27) 

where 𝑤𝑡
4 is the water demand downstream of HAD, 𝛾𝑡𝑜𝑡  is the water demand reduction of the 

Egyptian agricultural sector obtained through the implementation of water reuse, groundwater, 

hydroponics/aquaponics and desalination, and 𝑅𝑡+1
3  is the water released by HAD. 

● Municipal and industrial water supply deficit (water): 

𝐽𝑀&𝐼,𝐸𝑔𝑦𝑝𝑡 =
1

𝑁𝑦𝑒𝑎𝑟𝑠
∑𝐻−1

𝑡=0 𝑚𝑎𝑥 (𝑤𝑡
4𝑎   − 𝛾𝑎(𝑢𝐷, 𝑢𝐴) − 𝑅𝑡+1

3 , 0) (28) 

where 𝑤𝑡
4𝑎 is the municipal and industrial water demand downstream of HAD, 𝛾𝑎(𝑢𝐷, 𝑢𝐴) is the 

water demand reduction allocated to the municipal and industrial demand and 𝑅𝑡+1
3  is the water 

released by HAD. 

● Irrigation water supply deficit in Egypt (water/food): 

𝐽𝐼𝑟𝑟,𝐸𝑔𝑦𝑝𝑡 =
1

𝑁𝑦𝑒𝑎𝑟𝑠
∑𝐻−1

𝑡=0 𝑚𝑎𝑥 (𝑤𝑡
4𝑏 − 𝛾𝑏(𝑢𝑅, 𝑢𝐺𝑊, 𝑢𝐴, 𝑢𝐷) − 𝑚𝑎𝑥(𝑅𝑡+1

3 − 𝑤𝑡
4𝑎 −

 𝛾𝑎(𝑢𝐷, 𝑢𝐴),0),0) (29) 

where 𝑤𝑡
4𝑏 is the irrigation demand downstream of HAD (with 𝑤𝑡

4𝑎+𝑤𝑡
4𝑏= 𝑤𝑡

4), 

𝛾𝑏(𝑢𝑅, 𝑢𝐺𝑊, 𝑢𝐴, 𝑢𝐷) is the water demand reduction of the Egyptian agricultural sector, and 𝑅𝑡+1
3  is 

the water released by HAD. 

● Construction and operation cost of soilless agricultural systems (food): 

𝐽𝐴𝑞1 =  ∑11
𝑖=1 [𝐶𝐴𝑃𝐸𝑋(𝑆𝑖

∗) + 𝑂𝑃𝐸𝑋(𝑆𝑖
∗) ∗ 𝑁𝑦𝑒𝑎𝑟𝑠] (30) 

𝐶𝐴𝑃𝐸𝑋(𝑆𝑖
∗) =  {

0
𝐶𝐴𝑃𝐸𝑋

      
𝑖𝑓 𝑢𝑖

𝐴=0

𝑖𝑓 𝑢𝑖
𝐴≠0

 (31) 

𝑂𝑃𝐸𝑋(𝑆𝑖
∗) =  {

0
𝑂𝑃𝐸𝑋

      
𝑖𝑓 𝑢𝑖

𝐴=0

𝑖𝑓 𝑢𝑖
𝐴≠0

  (32) 

where 𝑆𝑖
∗(𝑃𝑖

∗) is the size of the hydroponics/aquaponics expected to produce 𝑃𝑖
∗, 𝑃𝑖

∗ is the 

production target for the hydroponics/aquaponics system in the i-th district calculated as 𝑃𝑖
∗ =  𝑢𝑖

𝐴 ∗

 𝑃𝐿 , where 𝑃𝐿  is the average annual production of lettuce from traditional agriculture equals 
87,000 tn47.  

● Annual production of vegetables from soilless agricultural systems (food): 

𝐽𝐴𝑞2 =  ∑11
𝑖=1 𝑢𝑖

𝐴 ∗ 𝑃𝐿   (33) 
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where 𝑃𝐿  is the average annual production of lettuce from traditional agriculture equals 
87,000 tn  47. 

● Annual production of fish from hydroponics/aquaponics systems (food): 

𝐽𝐴𝑞3 =  ∑11
𝑖=1 𝑆𝑖

∗(𝑃𝑖
∗) ∗ 𝑃𝐹   (34) 

where 𝑆𝑖
∗(𝑃𝑖

∗) is the size of the hydroponics/aquaponics expected to produce 𝑃𝑖
∗ and 𝑃𝐹  is the fish 

revenue of an aquaponics system of one acre set at 11 tn as estimated by 49. 

● Water consumption and saving of soilless agricultural systems (water): 

𝐽𝐴𝑞4 =  ∑11
𝑖=1 (1 − 𝛽) ∗ 𝑢𝑖

𝐴 ∗  𝐼𝐿   (35) 

𝐽𝐴𝑞5 =  ∑11
𝑖=1 𝛽 ∗ 𝑢𝑖

𝐴 ∗ 𝐼𝐿    (36) 
where 𝛽 is the percentage of water saving of hydroponics/aquaponics compared to traditional 

agriculture and 𝐼𝐿  is the water consumption of lettuce in traditional cultivation. The use of 
hydroponics/aquaponics allows a water saving of 85/99% compared to traditional agriculture, in 
this work it is chosen equal to 90% 49–51. 

● Energy consumption of soilless agricultural systems (energy): 

𝐽𝐴𝑞6 =  ∑11
𝑖=1 𝑆𝑖

∗(𝑃𝑖
∗) ∗ 𝐸

𝐴𝑞
  (37) 

where 𝑆𝑖
∗(𝑃𝑖

∗) is the size of the hydroponics/aquaponics expected to produce 𝑃𝑖
∗ and 𝐸𝐴𝑞is the 

annual energy consumption of a hydroponics/aquaponics system of one cubic metre equal to 
47.36 kWh (information derived from the AWESOME pilot scale). 

● Average distance of lettuce production from large urban centers (food): 

𝐽𝐴𝑞7 = ∑ 𝜆𝑖
11
𝑖=1 × 𝑑𝑖

𝐴𝑞  (38) 

where 𝑑𝑖
𝐴𝑞 is the distance, in km of roads, of the i-th district centroid from the most densely 

populated area represented by Cairo and the lands around it, which is weighted according to the 
lettuce production in the i-th district (Pi) with respect to the total production (Ptot) by using 𝜆𝑖 =
𝑃𝑖/𝑃𝑡𝑜𝑡. 

● Construction and operation cost of desalination plants (water): 

𝐽𝐷1 =  ∑11
𝑑=1 [∑11

𝑖=1 (𝑢𝑑,𝑖
𝐷 ) ∗ 𝑈𝑃𝐶(∑11

𝑖=1 𝑢𝑑,𝑖
𝐷 ) ∗ 𝑁𝑦𝑒𝑎𝑟𝑠] (39) 

where 𝑈𝑃𝐶(∑11
𝑖=1 𝑢𝑑,𝑖

𝐷 ) is the function expressing the unit process costs according to the 

desalination capacity. The function aggregates construction and operational costs amortizing them 
over the average life expectancy of a plant 52. Note that our model does not detail the brine 
management and its implications in terms of environmental impacts and economic costs. 

● Desalination water supply proxy cost (water): 

𝐽𝐷2 =  ∑11
𝑖=1 𝑑𝑖

𝑆𝑒𝑎     𝑖𝑓 ∑11
𝑑=1 𝑢𝑖,𝑑

𝐷  ≠ 0  (40) 

where 𝑑𝑖
𝑆𝑒𝑎 is the distance of a district containing a desalination plant from the sea. 

● Desalination water distribution proxy cost (water): 
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𝐽𝐷3 =  ∑11
𝑖=1 𝑑𝑖,𝑑      𝑖𝑓 𝑢𝑖,𝑑

𝐷 ≠ 0  (41) 

● Annual energy consumption of desalination plants (energy): 

𝐽𝐷4 =  ∑11
𝑖=1 [∑11

𝑑=1 (𝑢𝑖,𝑑
𝐷 ) ∗  𝐸𝐷]      (42) 

where 𝐸𝐷 is the energy consumed by a desalination plant, assuming that the desalination plant 
uses the reverse osmosis (RO) technology with an energy recovery system 𝐸𝐷 = 3 kWh/m3 
according to 53–55. 

● Annual reuse of drainage water (water/ecosystem): 

𝐽𝑅 =  ∑11
𝑖=1 𝑢𝑖

𝑅  (43) 

where 𝑢𝑖
𝑅 is the drainage water reused in the i-th district. 

● Annual use of groundwater (water/ecosystem): 

𝐽𝐺𝑊1 =  ∑11
𝑖=1 𝑢𝑖

𝐺𝑊  (44) 

where 𝑢𝑖
𝐺𝑊 is the groundwater extracted in the i-th district. 

● Groundwater use distance from the sea to avoid saline water intrusion (ecosystem): 

𝐽𝐺𝑊2 =  ∑11
𝑖=1

𝑢𝑖
𝐺𝑊

𝑑𝑖
𝑆𝑒𝑎   (45) 

where 𝑢𝑖
𝐺𝑊 is the groundwater extracted in the i-th district and 𝑑𝑖

𝑆𝑒𝑎 is the distance of the i-th 
district from the coast. 

● Sustainability Index (sustainability): it is an integration of performance criteria that 
capture the essential and desired sustainable characteristics of alternative water supply 
policies from the perspective of water users 56.It is formulated as follows: 

𝐽𝑆𝐼1 = [𝑅𝑒𝑙 × 𝑅𝑒𝑠 × (1 − 𝑉𝑢𝑙)]1/3  (46) 
where Rel is the water demand reliability computed as the probability that the available water 
supply meets the water demand during the period of simulation. 

𝑅𝑒𝑙 =  
𝑁𝑜.𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝐷𝑡

𝐸  = 0

𝑛
 (47) 

where 𝐷𝑡
𝐸  is the Egyptian water deficit and n is the number of months considered in the 

simulation. 
Res is the resilience, namely the system’s capacity to adapt to changing conditions, calculated as: 

𝑅𝑒𝑠 =  
𝑁𝑜.𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝐷𝑡

𝐸 = 0 𝑓𝑜𝑙𝑙𝑜𝑤𝑠 𝐷𝑡
𝐸>0

𝑁𝑜.𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝐷𝑡
𝐸>0 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑑

 (48) 

and Vul is the vulnerability, the likely value of deficits, if they occur, computed as: 

𝑉𝑢𝑙 =  
∑𝑡 𝐷𝑡

𝐸
𝑡

/ 𝑁𝑜.𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝐷𝑡
𝐸 >0 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑑

𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑚𝑎𝑛𝑑
 (49) 

● Level of water stress (Sustainability Development Goal (SDG) 6.4.2): The Indicator 6.4.2 
tracks how much freshwater that is being withdrawn by all economic activities, compared 
to the total renewable freshwater resources available, after taking into account 
environmental flows. This indicator is also known as water withdrawal intensity and will 
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measure progress towards SDG Target 6.4. It can be computed as: 

𝐽𝑊𝑆 =  

1

𝑁𝑦𝑒𝑎𝑟𝑠
∑ ∑ 𝐼𝑡

𝑖
𝑖𝑡  + 

1

𝑁𝑦𝑒𝑎𝑟𝑠
∑ 𝑅𝑡

3
𝑡

(𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 + 𝛾𝑡𝑜𝑡)
 (50) 

where 𝐼𝑡
𝑖 is the water diverted to the i-th irrigation area of Sudan, 𝑅𝑡

3 is the water released 
by HAD, the total water available is considered as the annual total inflow of the Nile 
and 𝛾𝑡𝑜𝑡 is the water demand reduction. 
Data per country and status (2018) can be found here57. 

● Transboundary cooperation (SDG 6.5.2): Transboundary water cooperation plays a crucial 
role in supporting wider regional integration, peace and sustainable development, as well 
as in tackling regional security challenges and in supporting climate change adaptation. 
The Indicator 6.5.2 tracks the percentage of transboundary basin area within a country 
that has an arrangement for water cooperation is a bilateral or multilateral treaty, 
convention, agreement or other formal arrangement between riparian countries that 
provides a framework for cooperation. For the arrangement to be considered operational, 
the following criteria need to be fulfilled: 

o Existence of a joint body. 
o Regular, formal communication between riparian countries (at least once a year). 
o Joint or coordinated management plans or objectives. 
o Regular exchange of data and information (at least once a year). 
o Data are commonly compiled by relevant national line ministries and institutions 

(e.g. for Water, Environment, Natural Resources, Hydrology, Geology). 
The world status data indicating the proportion of transboundary basin area with an 
operational arrangement for water cooperation (per country) can be found here 58. 
 

4. ANALYSIS/EVALUATION OF SELECTED PLANNING PORTFOLIOS 

In this section, the simulation results of some candidate portfolios for the water supply and water 
demand models are presented. First, the water supply simulation is discussed analyzing three 
alternatives: one that maximizes the indicator for hydropower production at the basin scale (JE), one 
that minimizes the total deficit of Egypt (JDeficit,Egypt) and the last that minimizes the Sudanese one 
(JIrr,Sudan). Similarly, the water demand model is then simulated for three different alternatives 
corresponding to different combinations of water demand interventions. 

4.1 WATER SUPPLY PORTFOLIOS 

The simulation results of the water supply model are displayed in Figure 7 in a parallel axes plot. 
This consists of an 8-dimensional space, where the axes represent the evaluation indicators 
simulated by the water supply model (Table 2). This parallel-coordinate plot representation shows 
each portfolio as a line crossing the eight axes at the values of their corresponding performance. In 
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the plot, the indicator values are reported between their minimum and maximum values and the 
axes are oriented so that the direction of preference is always upward. Consequently, the ideal 
solution would be a horizontal line running along the tops of all of the axes. The conflicts are 
designated as diagonal lines between two adjacent axes. Looking at the extremes of the figure the 
production of hydropower in GERD exceeds the production of the other two dams, while the 
hydropower productions of Merowe and HAD have similar values. However, the installed capacity 
of the GERD is indeed greater than all the other hydropower systems in the NRB. 
  

 
Figure 7– Representative solution for the water supply model. The three solutions are represented in the objective 

space and each solution maximize one of the indices JE, JDeficit,Egypt and JIrr,Sudan 

The three lines (red, blue, green) represented in Figure 7 correspond to three candidate portfolios 
in which the selected indicators JE, JDeficit,Egypt and JIrr,Sudan are independently maximized. The first 
portfolio (red line) maximizes the hydropower production at the basin scale. For this solution the 
hydropower production in all the three reservoirs is high, showing that there is not a strong conflict 
between the hydropower sector of the three countries. This sector does not consume water, which 
allows high hydroelectric revenues to be achieved in all three countries. To maximize hydropower 
production, this portfolio, however, produces a large deficit in the Sudanese agricultural sector as 
shown by the value of the JIrr,Sudan indicator. This contrast is caused by the consumptive use nature 
of the agricultural sector: when water is used for irrigation in Sudan, it is no longer available for 
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hydropower production in Merowe and HAD. Egypt's water deficit does not drop as low as the 
Sudanese one, as all of the Egyptian water demand is located downstream of the three dams and 
the corresponding water consumption does not influence hydroelectric production. Moreover, this 
portfolio is associated to a reduction of 5.5% of the Egyptian water demand.  
The second considered portfolio (blue line) is the best alternative for the water deficit of Egypt. 
Interestingly, the irrigation sectors of Egypt and Sudan do not appear conflicting despite the 
Sudanese diversions are upstream of the Egyptian agricultural area. This result could be explained 
by the contributions of the water demand measures, as this solution is characterized by a value of 
γtot of 125 m3/s (5.8% of the Egyptian water demand). These measures make high water 
consumption possible in the irrigation sectors of both countries. Compared to the previous one, this 
portfolio shows a strong degradation in the performance of the indicators for hydropower 
production. This is mainly attributable to the low irrigation deficit in Sudan, which, as already 
mentioned, is located upstream of two of the three dams in the system and subtracts water from 
power production. 
The third portfolio (green line) is the best alternative for the water deficit of Sudan. This portfolio 
has a similar pattern to the previous one. In this case, the low water deficits for both countries is 
attained by requiring a water demand reduction in Egypt equal to 1% of the total demand of the 
country. Again, it is clear how low deficits for irrigation lead to poor performance of the energy 
sector. 
In addition to hydropower production and water deficits, the last two axes report the values of the 
sustainability and water stress indicators expressed as fractions from 0 to 1. The first indicator is 
strongly correlated to the deficit level of Egypt, with the solution with lowest JDeficit,Egypt performing 
the best also in JSI. The water stress indicates the percentage of water withdrawal compared to the 
water availability for Egypt and Sudan, with the values reported with negative values so that the 
best performances are at the top of the graph. All three portfolios show high values of water stress 
between 68 and 77%, numbers that do not surprise for countries affected by arid climate conditions 
and high water demands. The indicator is lower compared to the values reported in57. This 
difference is due to the fact that industrial and municipal water demand was not taken into account 
for Sudan due to a lack of data. Finally, all three solutions assume full cooperation between states, 
implying that the entire considerate area of the basin is under an operational arrangement for water 
cooperation.  
The three selected portfolios can be further analyzed looking at the dynamics of the three 
reservoirs. In Figure 8, the monthly and annual trajectories of the water levels of HAD, Merowe dam 
and GERD are reported. The water level of HAD varies with the considered solutions more evidently 
than the other reservoirs, especially during dry years. For example, the solution with best JE mainly 
increases the water level of HAD instead of GERD, although HAD reservoir has much less installed 
capacity than GERD. The solution with best JIrr,Sudan decreases significantly the HAD water level, 
especially in wet seasons and dry years, as water is consumed upstream of the dam. In contrast, the 
solution with best JDeficit,Egypt tends to keep high reservoir water levels, which ensures enough water 
for the irrigation sector and hydropower production during dry seasons. 
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Figure 8 - Monthly (left) and annual (right) Grand Ethiopian Renaissance Dam (GERD), Merowe Dam (MER), and High 

Aswan Dam (HAD) water level trajectories of representative policies in Nile operation. 

4.2 WATER DEMAND PORTFOLIOS 

In this section, we analyze the impacts of water demand reduction portfolios on the system 
downstream of HAD. The selected portfolios defines a combination of drainage reuse, groundwater 
extraction, aquaponics and desalination plants. 
Starting from an arbitrary water demand reduction (𝛾𝑡𝑜𝑡= 22 m3/s) chosen as target for the second 
problem, three solutions are simulated with the water demand model. The results are firstly shown 
as volumes of water allocated to each measure in Figure 9. The values at the top of the axes show 
the maximum exploitation of the four measures. Reuse, groundwater and desalination reach similar 
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maximum values, while aquaponics has a more limited range due to its restricted implementation 
in the model. Assuming that all lettuce cultivation is converted from conventional farming to 
aquaponics, it is achieved a maximum water saving of 90% of 0.045 BCM/y, (i.e. the amount of water 
currently consumed by the lettuce crop). The first portfolio, marked with light blue, is selected as a 
solution with a maximum exploitation of aquaponics. Since the contribution of aquaponics is limited, 
this solution is still characterized by high volumes of the other measures, in particular reuse and 
groundwater. The second portfolio (yellow line) is selected as representative of a large 
implementation of desalination. As this technology is not physically limited, in this portfolio the 
water volumes saved by the other measures are small. Lastly, the third considered portfolio (red 
line) represents a low-cost alternative that relies on water reuse and groundwater only. Both 
desalination and aquaponics indeed require high costs for infrastructure development, unlike reuse 
and groundwater, which are already widely used in the area. However, this portfolio has the strong 
disadvantage of being less environmentally sustainable due to the high consumption of drainage 
water and groundwater. 
 

 
Figure 9 - Representative solution for the water demand model. The three solutions are represented as volumes 

allocated to the selected measures (reuse, groundwater, aquaponics and desalination). 

The values of the evaluation indicators for the three portfolios were computed via simulation of the 
water demand model and are illustrated in the parallel axes in Figure 10. As in Figure 7, this parallel 
axes plot reports on the horizontal axes the maximum and minimum values of the indicators. Each 
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portfolio is represented as a line crossing the fourteen axes at the values of their corresponding 
performance, with the axes that are oriented so that the direction of preference is always upwards. 

 

Figure 10- Performance of three candidate portfolios simulated by the water demand model. 

The portfolio for high aquaponics exploits the maximum implementation of this measure, as is 
shown by the attainment of maximum values of aquaponics costs, lettuce and fish production, 
energy consumption and water savings. This solution implies a major effort to implement 
aquaponics systems since all lettuce production in the country would switch from traditional 
farming to aquaponics. Moreover, the implemented systems appear to improve the location of 
lettuce cultures compared to the current situation, allocating them closer to the most densely 
populated area, as shown by the value of the indicator JAq7 close to the upper bound of the axes. 
This solution also involves the construction of a desalination unit of medium capacity (around 
80,000 m3/d). The investment required by this plant amounts to 426 M$ for an operating horizon of 
30 years, which is higher than the investment required by aquaponics, equivalent to 66 M$ for the 
same period. The energy consumption of the desalination unit (85 GWh/y) is also higher than the 
one expected from aquaponics (29 GWh/y). Notably, in this portfolio the implementation of 
aquaponics is contributing a higher water saving than desalination while also being preferable in 
terms of both investment costs and energy consumption. This is due to the fact that desalination 
plants become competitive for larger capacities, as the operational costs of these plants decrease 
as desalinated water produced increases 52. The portfolio associated to high desalination involves 
the construction of two desalination plants of 800,000 m3/d and 120,000 m3/d. These require a total 
investment of 4,545 M$ over the span of 30 years and an annual energy consumption of 995 GWh. 
The low investment portfolio achieves all the minimum values for the implementation costs of 
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aquaponics and desalination, as it does not exploit these two measures, but presents high values 
for the indicators related to reuse and groundwater.  
Looking at the values of 𝐽𝑀&𝐼,𝐸𝑔𝑦𝑝𝑡  and 𝐽𝐼𝑟𝑟,𝐸𝑔𝑦𝑝𝑡 , all three solutions have municipal and industrial 
deficits equal to zero and the deficits for irrigation equal to 1.95 m3/s. This happens because all 
portfolios are derived from the same water supply simulation, so they are all characterized by the 
same deficit. Furthermore, the municipal deficit is always zero for low deficit solutions since 
municipal demand is much lower than the irrigation one. Simulating the model according to future 
scenarios with increasing demand and decreasing water availability, alternatives with non-zero 
industrial and municipal deficits could occur. In the three selected solutions, all the desalinated 
water and water saved due to aquaponics are used to reduce municipal and industrial demand. The 
alternatives with high aquaponics and low investments allocate most of the water reductions, 
characterized by high values of reuse and groundwater, to the irrigation sector. In the solution with 
high desalination almost half of the water reduction is sustained by desalination, which serves the 
municipal and industrial water demand, and the other half of the water reduction is met by reuse 
and groundwater that serves the irrigation demand. 

To better understand what happens in each district, the three portfolios are further unraveled. 
Figure 11 shows the spatial distribution of the four water demand measures in the eleven irrigation 
districts. Some similarities between the three alternatives can be observed. The use of groundwater 
is prevalent in the first five districts, all of which are outside the Delta thus producing low 
environmental risks related to seawater intrusion. An exception is the first portfolio which is using 
groundwater in two coastal districts to produce the highest use of groundwater for completing the 
limited saving from the aquaponics technology. In the high aquaponics portfolio, two aquaponics 
systems are implemented, one being located in district 8 (Sharkawia) the closest to Cairo. The 
alternative also involves a medium-sized desalination unit in the ninth district (Menufia). The 
portfolio with high desalination shows a predominant use of desalinated water in the Delta, with 
the construction of two large desalination plants in districts 9 (Menufia) and 11 (Nasseri). The plant 
in the ninth district supplies water to the two adjacent districts 6 (Tawfiki) and 10 (Beheria). The last 
portfolio requiring low investments uses only groundwater and reuse, the first one used in the Nile 
Valley while the second in the Delta. Yet, this solution generates high environmental risks for the 
use of water of low quality and the potential intrusion of saline water. 
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Figure 11- Spatial distribution of water demand reduction measures for the three selected solutions. The districts are 
reported on the horizontal axis and in the right bottom figure with numbers from 1 to 11: (1) Asfoun, (2) Kelabia, (3) 
West Naga, (4) East Naga, (5) Ibrahimia, (6) Tawfiki, (7) Ismaila (8) Sharkawia, (9) Menufia, (10) Beheria, (11) Nasseri. 

5. FINAL REMARKS AND NEXT STEPS 

This deliverable illustrates the strategic meso level model of the NRB, which represents a key 
component of the DAF for discovering multi-sectoral synergies and trade-offs by exploring the multi-
dimensional space of the evaluation indicators formulated in Deliverable D4.1. 
Key findings about the water supply model indicate a clear trade-off between hydropower 
production and irrigation abstraction in Sudan. In addition, the considered portfolios do not show 
substantial conflicts between irrigation in Egypt and Sudan. As for the water demand, the portfolios 
analyzed in this report show that the introduction of advanced water demand technologies such as 
aquaponics and desalination can reduce water demands, but they require high initial investments. 
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Similar water demand reductions can be obtained at lower costs by increasing water reuse and 
groundwater pumping, but this strategy has high environmental risks. 
 
In the next developments, the candidate portfolios described in this report will be further explored 
under current and future scenarios of water availability, demands, and regional policies as 
suggested by the other WPs at the different levels/scales. Specifically, WP2/3 will provide inputs to 
the DAF related to future inflows according to different climate change projections, along with the 
associated projections of the irrigation demands. In addition, the energy system model will provide 
information about the national/river basin hydropower production strategies, while the 
Computable General Equilibrium model will support the economic assessment of the different 
water demand technologies. Lastly, WP5 will provide more detailed information to characterize the 
hydroponics/aquaponics technologies based on the AWESOME demo site. 
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