
Journal of Geoscience and Environment Protection, 2017, 5, 84-98 
http://www.scirp.org/journal/gep 

ISSN Online: 2327-4344 
ISSN Print: 2327-4336 

DOI: 10.4236/gep.2017.54008  April 25, 2017 

 
 
 

Water-Energy-Food Nexus: A Coupled 
Simulation and Optimization Framework 

Ali Karnib 

Lebanese University, Hadath Campus, Baabda, Lebanon 

 
 
 

Abstract 
Water, Energy and Food (WEF) nexus systems are developed to model and 
analyze interactions across and between WEF sectors. WEF nexus simulation 
models permit evaluating the direct and indirect WEF quantitative interaction 
effects in response to change of technology and/or demand. Optimization 
models can help to find the optimal combinations of WEF nexus system poli-
cy options and parameters that lead to the best performance of the system. 
This paper describes a framework for integrating quantitative WEF nexus si-
mulation model (the Q-Nexus Model) with an optimization tool, which will 
give policy makers the ability to compromise best policy options based on 
WEF nexus simulator. The developed method is then applied to the numerical 
experiment and the results are discussed. Lastly, the conclusions and further 
developments are presented. 
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1. Introduction 

Numerous water, energy and food nexus systems are developed to analyze interac-
tions between WEF sectors with the purpose of managing vital resources in the 
context of various competing interests [1]-[11]. The use of mathematical model-
ing in planning WEF policies is well documented in literature [1] [7] [12]. In 
addition, the application of optimization approaches to real world problems to 
guide decision making has been recognized as a key research challenge [13] [14] 
[15]. 

The water, energy and food nexus interactions are complex and dynamic, and 
they directly and indirectly affect one another [1]. The term nexus is used to de-
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scribe these interactions and the nexus quantitative assessment models can help 
in mitigating their effects and in identifying trade-offs. The key property that 
should categorize any WEF nexus quantitative model is its ability to calculate the 
direct and indirect intersectoral quantities emerging from projected change of 
the WEF nexus components. This property must be considered as the basic con-
dition to distinguish between quantitative-based nexus systems and any other 
resources integrated systems.  

To better highlight the direct and indirect WEF interaction effects, Figure 1 
shows an example of the total water input (the sum of the direct and all indirect 
water inputs) required for new additional food demand.  

As shown in Figure 1, the effect of new additional demand for food generates 
within the nexus a need for inputs from water and energy resources; this is the 
direct impacts. But these water and energy outputs themselves generate once 
again a need for additional resources; these are the first measures of the indirect 
impacts, and so forth.  

Evidently, the accurate analysis of WEF nexus systems necessitates evaluating 
the direct and indirect quantitative effects. Despite the utility of evaluating these 
effects, they have yet to be used in a decision making framework by applying op-
timization algorithms to seek optimal policies for WEF nexus systems manage-
ment. Facilitating the use of WEF nexus simulation models with independently 
developed optimization software provides a powerful tool for decision makers. 
The Q-Nexus Model as a WEF nexus simulator has already been used to influ-
ence policy and planning [1] [16]. However, its use within a flexible optimiza-
tion framework where model inputs can instead become decision variables and 
model outputs can be used in mathematical representations of resource man-
agement goals, has not yet been tested. A coupled simulation and optimization 
framework provides a tool in which stakeholders can define their own objectives 
and still benefit from the sophisticated modeling capabilities of the Q-Nexus 
Model simulator that permits assessing the direct and indirect intersectoral WEF 
quantities. 
 

 
Figure 1. Direct and indirect water inputs for additional food demand. 
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Two types of simulation could be performed using the Q-Nexus Model, the 
first type consists of analyzing scenarios related to variation of resources demand 
or reducing losses; the second type of simulation consists of analyzing scenarios 
of changing the technology by considering “High Efficient” and “Best Practice” 
technology alternatives. Moreover, the model permits to simulate different WEF 
intersectoral allocation policies and evaluate the performance of the system [1] 
[16]. Figure 2 presents the Q-Nexus Model and its input and output variables. 

Our focus in this work is the applicability of optimization techniques to aid in 
WEF nexus decision making in terms of selection of best policy options using Q- 
Nexus Model simulator outputs. A flexible simulation and optimization frame-
work that can easily be used for various WEF planning or management objec-
tives is proposed. 

2. Coupled Simulation and Optimization Framework for the 
WEF Nexus 

Coupling WEF nexus simulation and optimization techniques (S-O) will cer-
tainly lead to investigate valuable knowledge that the simulation model may 
yield. The motif is to explore instantaneously the great detail provided by simu-
lation and the ability of optimization techniques to find optimal results. The ap-
plication of optimization techniques will derive the greatest benefit from a si-
mulation model, as a matter of fact; the optimization model can be used to ex-
ecute the WEF nexus simulation many times, to determine the best input values 
to achieve desired system outputs. Important optimization questions that can be 
answered to inform the sustainable WEF planning by combining simulation and 
optimization techniques include: 
− What combinations of WEF nexus system policy options and input parame-

ters lead to the best and worst performance of the system? 
− What are the best tradeoffs between multiple competing objectives? 

Combining S-O techniques can provide answers to these crucial questions and 
key insights for policy makers.  

A thoroughly study of classification and discussion on this approach is pre-
sented in [17]. In general, the idea is to couple the simulation and the optimiza- 
 

 
Figure 2. The input and output variables of the Q-Nexus Model. 
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tion tools or approaches to build up a closed loop system. The coupled simula-
tion and optimization approach has been applied in different fields to resolve 
optimization problems in the literature [13] [18] [19] [20] [21] [22]. From the 
literature we can observe that the coupled simulation and optimization approach 
is usually used for two objectives: decision making via optimization and perfor-
mance evaluation via simulation. The approach is similar; however a specific 
model is necessary to resolve a specific problem. The objective functions of the 
optimization approach represent the WEF sectors planning and management 
goals. These objectives may include consideration of minimizing resource use and 
maximizing revenue. 

One of the advantages of coupled simulation and optimization is the ability to 
define objective functions outside the simulation tool; that is, the objective func-
tions rely only on output from the simulation model. Thus, any modeling input 
or output could be adapted as a decision variable or used within objective func-
tion and constraint evaluations, respectively.  

Figure 3 presents the framework for coupling Q-Nexus Model with optimiza-
tion tool showing the simulation model components and the cyclic flow of in-
formation throughout the optimization process. For example, the output of op-
timization tool serve as input to the simulation model; and after processed, the 
output of the simulation model will be used as the input for the optimization 
model at the start of the next iteration. 

The optimization techniques treat the Q-Nexus Model as a black box, requir-
ing only that each set of input values yields corresponding output values. This 
pairing of optimization with WEF nexus simulation model can be used benefi-
cially anytime a WEF nexus system is being modeled and many combinations of 
input parameters are being considered. 

Spreadsheet tools could be used as wrapper for the proposed framework 
where the simulation model and optimization tool could be implemented and 
 

 
Figure 3. Framework for coupling Q-Nexus Model with optimization tool. 
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easily operated. This allows policy maker to identify decision variables from the 
input parameters and specify outputs of the Q-Nexus Model needed for evalua-
tion of the objective functions and constraints.  

3. Problem Formulation 
3.1. Review of the WEF Nexus Model 

The Q-Nexus Model is built on the input-output theory and is being able to 
evaluate quantitatively both the direct and indirect intersectoral WEF quantities 
[1] [16]. The structure of the Q-Nexus Model is based on the quantitative bal-
ance of the WEF total quantities through two main conceptual elements: i) the 
intersectoral use quantities (Z) and ii) the end use quantities (y) which cover 
households, government and the rest of the economy demands, losses, accumu-
lation and exports. The sum of these two components gives the total resources 
quantities (x).  

A set of inflows were identified to represent the WEF sectors, for example, 
surface water, groundwater, desalination, wastewater and drainage water reuse 
inflows covering the water sector, imported petroleum and all types of electricity 
including renewable energy, covering the energy sector, and irrigated cereals, ir-
rigated roots and other food production items covering the area of food. These 
inflows are particularly identified for the Lebanese case study presented in [1], 
the organization of these elements could change to take into account diversifica-
tion related to local, national and regional particularities. 

A set of equations are developed in [1] [16] to mathematically shape the Q- 
Nexus Model. In addition to the three variable elements (Z), (y) and (x), one of 
the key outcomes of the mathematical formulation of the model is the intersec-
toral technology matrix (A). This matrix is one of the key variables of the model 
because it represents the identity of the nexus system and it is constructed as 
follows: 

If we denote by: 
n: number of water resources inflows; 
m: number of energy resources inflows; 
h: number of food resources inflows; 

_w e
ijz : the use of ith water resource inflow in the jth energy resource inflow;  

_w f
ijz : the use of ith water resource inflow in the jth food resource inflow; 

_e w
ijz : the use of ith energy resource inflow in the jth water resource inflow;  

_e e
ijz : the use of ith energy resource inflow in the jth energy resource inflow;  

_e f
ijz : the use of ith energy resource inflow in the jth food resource inflow; 

_f e
ijz : the use of ith food resource inflow in the jth energy resource inflow;  

_f f
ijz : the use of ith food resource inflow in the jth food resource inflow; 

and 1
_ _

=
= ∑ nw e w e

j iji
z z  the water use in the jth energy inflow; 

1
_ _

=
= ∑ nw f w f

j iji
z z  the water use in the jth food inflow; 

1
_ _

=
= ∑me w e w

j iji
z z  the energy use in the jth water inflow; 
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1
_ _

=
= ∑me f e f

j iji
z z  the energy use in the jth food inflow; 

1
_ _

=
= ∑mf e f e

j iji
z z  the food use in the jth energy inflow. 

The WEF intersectoral use intensities (t) are defined as follows: 
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where w
jx , e

jx , f
jx  are the total use of the jth water resource inflow, total use of 

the jth energy resource inflow and total use of the jth food resource inflow, respec-
tively. 

The WEF intersectoral allocation coefficients (c) are defined as follows:  
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The technology matrix A was demonstrated in [16] as function of (t) and (c) as 
follows: 

 

  

 

_ _ _ _

_ _ _ _ _ _

_ _ _ _

0

0

 
 
 =  
 
  

w e w e w f w f

e w e w e e e e e f e f

f e f e f f f f

C t C t

A C t C t C t

C t C t

               (15) 

where 
t̂  is the diagonal matrix with the elements of the t along the main diagonal. 

The water for water and food for water relationships are considered quantita-
tively negligible, so they are set equal to zero in the above equation.  

The total outputs (x) caused by end use quantities (y) are linked by the fol-
lowing equation [1]: 

( ) 1−= −x I A y                        (16) 

where I is the identity matrix.  
The changes in end use and the resulting changes in intersectoral quantities 

are linked by the following equation [1]: 
∆ ∆=Z A x                         (17) 

∆x  is the diagonal matrix with the elements of the ∆x  along the main diagonal. 

3.2. Objective Function and Constraints 

In quantitative-based WEF nexus system, several water and energy inflows are 
used in the production of the water, energy and food resources [1]. For example, 
the total water use in the electricity and food production can be originated from 
different water sources (i.e. surface water, groundwater, desalination …); the al-
location coefficients of water use are the proportion of the different water sources 
used to the total water use in a resource production. Moreover, the energy use to 
produce water differ according the type of water source, for example, the energy 
used to abstract surface water is usually less than the energy used to abstract 
groundwater or desalination.  

Additional food quantities will generate within the WEF nexus system needs 
for total (direct and indirect) additional water and energy resources ( ∆ w

iz  and 
∆ e

iz ). In this study, we consider finding the best water and energy allocations in 
WEF sectors that optimize the performance of the WEF nexus system by mini-
mizing the total cost of resources required to produce additional food quantities. 

Hereafter, the objective function and constraints are presented. 
The total additional intersectoral water use (direct and indirect) could be eva-

luated using the Q-Nexus Model simulator, where: 
_ _

1 1
, 1, , .w w e w f

i ij ijj j

m hz z z i n
= =

+∆ = ∆ ∆ =∑ ∑             (18) 

Similarly, the total additional intersectoral energy use (direct and indirect) 
could be evaluated using the Q-Nexus Model simulator, where: 

_ _ _
1 1 1

, 1, , .e e w e e e f
i ij ij

n
ijj j

h

j

mz z z z i m
= = =

∆ = ∆ ∆ ∆ =+ +∑ ∑ ∑         (19) 
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These simulation output values will serve as objective function for the opti-
mization tool: 

If the cost in US dollars per meter cube of water resource produced is denoted 
( w

ip ) (USD/m3), and the cost in US dollars per tons of oil equivalent of energy 
resource produced is denoted ( e

ip ) (USD/toe), the total cost could be evaluated 
as follows: 

1 1
Cost .w w e e

i i
n m

ii ii
z p z p

= =
= ∆ ∆+∑ ∑                   (20) 

The estimation of ( w
ip ) and ( e

ip ) will be discussed in Section 3.3. 

The objective function: Minimum Cost              (21) 

The decision variables are the water and energy allocations in WEF sectors: 
_w e

ijc , _w f
ijc , _e w

ijc , _e e
ijc  and _e f

ijc . 
Subject to the following constraints: 

_
1

1
=

=∑ w e
ijj

m c  if the energy inflow j is using water, 0 if not ( )1, , .i n=   (22) 

_
1

1
=

=∑ w f
ijj

h c  if the food inflow j is using water, 0 if not ( )1, , .i n=     (23) 

_
1

1
=

=∑ e w
ijj

n c  if the water inflow j is using energy, 0 if not ( )1, , .i m=   (24) 

_
1

1
=

=∑ e e
ijj

m c  if the energy inflow j is using energy, 0 if not ( )1, , .i m=   (25) 

_
1

1
=

=∑ e f
ijj

h c  if the food inflow j is using energy, 0 if not ( )1, , .i m=   (26) 

_ _
1 1= =

+∆ ∆≤∆∑ ∑w e w f w
ij ij ij

m h

j
z z v  ( )1, , .i n=             (27) 

_ _ _
1 1 1= = =
∆ ∆+ + ≤∆ ∆∑ ∑ ∑e w e e e f e

ij ij ij ij

n

j

m h

j
z z z v  ( )1, ,i m=      (28) 

where ∆ w
iv  and ∆ e

jv  are the maximum envisaged additional capacities of the 
water and energy resources inflows ( 1, ,i n=   and 1, 2, ,= j m ). 

3.3 Estimation of the Cost of Additional Resources 

The S-O framework will be used to find the best water and energy resource allo-
cations that minimize the total cost to produce the required additional water and 
energy resources.  

The additional resource cost (in USD) covers building and operating a gene-
rating resource plants over an assumed financial life and duty cycle. Key inputs 
to calculating additional resource cost include construction costs, financing 
costs, and an assumed utilization rate for each plant type [23] (EIA 2016). The 
cost in US dollars per meter cube of water resource produced ( w

ip ) (USD/m3) 
and the cost in US dollars per tons of oil equivalent of energy resource produced 
( e

ip ) (USD/toe) are estimated based on a 30-year cost recovery period for vari-
ous types of water supply and energy production options. It is important to 
mention that the cost parameters are generally combined with the capacity fac-
tors (EIA, 2016).  

If we denote by: 

max
w

iP : maximum cost per unit of water resource produced, 1, , ,i n=   
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max
e

iP : maximum cost per unit of energy resource produced, 1, , ,i m=   

min
w

iP : minimum cost per unit of water resource produced, 1, , ,i n=   

min
e

iP : minimum cost per unit of energy resource produced, 1, , ,i m=   

max
w
iS : maximum capacity of water production plant, 1, , ,i n=   

max
e
iS : maximum capacity of energy production plant, 1, , ,i m=   

min
w
iS : minimum capacity of water production plant, 1, , ,i n=   

min
e
iS : minimum capacity of energy production plant, 1, , .i m=   
To take into account the capacity factors when estimating the costs per unit of 

resource produced, a gradual decline cost is assumed with increasing of water 
and energy plant sizes, starting from the estimated maximum costs per unit of 
resource i produced max

w
iP  and max

e
iP  for min

w
iS  and min

e
iS  capacities of water 

and energy plants, until that is reached minimum costs per unit of resources 
produced min

w
iP  and min

e
iP  for plants with sizes greater than max

w
iS  and max

e
iS

as shown in Figure 4 and Figure 5. 
If ∆ w

iz  is the measure of the total additional intersectoral water use (direct 
and indirect) of a resource i, the water resource cost ( w

ip ) is calculated using the 
proposed method as follows: 

If ∆ <w w
i iminz S  then max .w w

i ip P=                                   (29) 

If min max≤ ∆ ≤w w w
i i iS z S  then ( ) max min

min max
max min

.
w w

w w w w i i
i i i i w w

i i

P P
p P S z

S S
−

+ − ∆
−

=      (30) 

If ∆ >w w
i imaxz S  then =w w

i iminp P .                                  (31) 

 

 
Figure 4. The proposed gradual cost of water resource i. 
 

 
Figure 5. The proposed gradual cost of energy resource i. 
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Similarly, if ∆ e
iz  is the measure of the total additional intersectoral energy 

use (direct and indirect) of a resource i, the energy resource cost ( e
ip ) is calcu-

lated using the proposed method as follows: 

If ∆ <e e
i iminz S  then max .e e

i ip P=                                   (32) 

If min max≤ ∆ ≤e e e
i i iS z S  then ( ) max min

min max
max min

.
e e

e e e e i i
i i i i e e

i i

P P
p P S z

S S
−

+ − ∆
−

=       (33) 

If max∆ >e e
i iz S  then min .e e

i ip P=                                   (34) 

It is important to mention that the parameters min
w

iP , max
w

iP , min
w
iS , max

w
iS , 

min
e

iP , max
e

iP , min
e
iS  and max

e
iS  could differ between countries and across time 

to take into account national particular conditions and changes in cost due to 
changes in inflation and market fluctuations. Moreover, actual resources costs 
are affected by the specific technological and regional characteristics of a project, 
which involve numerous other factors not reflected in the assumed additional 
resource cost values. Nevertheless, in system performance optimization, as-
sumed costs could be used as controlling objective in order to identify optimal 
performance solutions. 

4. Illustrative Example and Analysis of Results 

In order to put the developed framework in an application, a hypothetical case 
study of WEF nexus is presented. WEF nexus inflows that are considered are as 
follows: 

Water inflows (including extraction, treatment, conveyance & distribution) 
(Mm3/year): i) surface water (W1); ii) groundwater (W2); iii) desalination (W3); 
iv) wastewater reuse (W4); v) recycled water and agricultural drainage water 
reuse (W5). 

Energy inflows (evaluated in terms of primary energy equivalent in ktoe/year 
on a net calorific value basis): i) imported petroleum (E1); ii) electricity (petro-
leum) (E2); iii) electricity (hydro) (E3); iv) imported electricity (E4); v) electrici-
ty (wind/solar) (E5); vi) biofuels (E6). 

Food inflows (including agriculture, food processing & transportation) 
(kt/year): i) irrigated cereals (F1); ii) irrigated roots and tubers (F2); iii) irrigated 
vegetables (F3); iv) irrigated fruits (F4); v) Other Agriculture, Forestry & Food 
products (F5). 

Microsoft Excel provides a platform to build the WEF nexus simulator and it 
includes an optimizer (Frontline Excel Solver), so it is easy and direct coupling 
both simulator and optimizer without the need to construct a software coupling 
between an optimizer and the simulation tool. This will abstract both the WEF 
nexus simulation and the optimization problem into easily managed modules. 
The Q-Nexus Model is used for WEF nexus simulation and the Frontline Excel 
Solver [24] is used for optimization model. The Excel Solver is a suitable tool for 
this study since it is flexible and included with Microsoft Excel, nevertheless, any 
other optimizer could also be used. 

Table 1 presents the WEF intersectoral use values ( _w e
ijz , _w f

ijz , _e w
ijz , _e e

ijz , 
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_e f
ijz , _f e

ijz , _f f
ijz ) and the corresponding end use values ( w

iy , e
iy , f

iy ). 
These values represent the Business As Usual (BAU) scenario. Biofuel produc-
tion is not considered in this numerical experiment, the use of biomass was li-
mited to end use for some economic activities or household use. Therefore, the 
food for energy indicators are not considered in this application. 

The WEF intersectoral allocation coefficients ( _w e
ijc , _w f

ijc , _e w
ijc , _e e

ijc  and 
_e f

ijc ) resulted from the BAU scenario are calculated using Equations (8)-(14) 
and results are presented in Table 2. The total intersectoral water and energy use  
(direct and indirect) are 3840.61 Mm=wz  and 398.04 ktoe=ez , respectively. 
 

Table 1. Intersectoral use of WEF inflows and the corresponding end use. 

 W1 W2 W3 W4 W5 E1 E2 E3 E4 E5 E6 F1 F2 F3 F4 F5 End Use 

W1 0.00 0.00 0.00 0.00 0.00 0.00 16.66 0.00 0.00 0.00 0.00 85.13 60.45 79.46 114.15 257.57 64.0 

W2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 26.79 23.50 32.47 55.76 79.27 320.0 

W3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 30.0 

W4 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.24 0.18 0.24 0.30 0.54 0.0 

W5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.34 1.01 1.34 1.68 1.52 7.0 

E1 2.87 4.39 0.03 0.21 0.22 0.00 0.00 0.00 0.00 0.00 0.00 12.13 4.54 6.95 10.77 20.42 1895.7 

E2 104.68 130.74 65.37 0.06 1.11 0.00 0.00 0.00 0.00 0.00 0.00 1.92 1.92 1.92 3.92 13.81 3095.9 

E3 1.35 1.43 1.55 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.88 0.04 99.7 

E4 0.39 0.47 0.46 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.88 0.04 40.5 

E5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.35 5.1 

E6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 26.0 

F1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.00 144.0 

F2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 352.0 

F3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.00 854.0 

F4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 508.0 

F5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 60.87 0.00 0.00 0.00 0.00 7.00 3449.0 

 
Table 2. WEF intersectoral allocation coefficients of the BAU scenario. 

 W1 W2 W3 W4 W5 E1 E2 E3 E4 E5 E6 F1 F2 F3 F4 F5 

W1 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.52 0.52 0.52 0.59 0.54 

W2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.34 0.34 0.34 0.29 0.21 

W3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

W4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

W5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.13 0.13 0.11 0.25 

E1 0.05 0.06 0.00 0.76 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.86 0.70 0.78 0.65 0.58 

E2 0.93 0.92 0.97 0.23 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.30 0.22 0.24 0.42 

E3 0.02 0.02 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 

E4 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 

E5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

E6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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The estimated parameters of the cost of any projected additional water and 
energy resources min

w
iP , max

w
iP , min

w
iS , max

w
iS , min

e
iP , max

e
iP , min

e
iS  and max

e
iS  

are shown in Table 3 and Table 4. The surface water cost per meter cube is 
based on assuming constructing small rainwater harvesting reservoirs. It is im-
portant to mention that these estimated cost parameters should be adjusted 
based on the particular projects conditions of the water and energy plants. 

A scenario of increasing the food products by 20% is considered. Based on the 
Q-Nexus Model simulator, and by assuming that the intersectoral intensities and 
allocation coefficients are unchanged, the total (direct and indirect) additional 
intersectoral quantities of water and energy are 3163.57 Mm∆ =wz  and 

46.72 ktoe∆ =ez , respectively. The corresponding cost of the additional water 
and energy resources of the BAU scenario calculated using Equation (20) is 
294.81 million USD.  

By applying the proposed S-O framework, the best water and energy alloca-
tion coefficients that minimize the total provision cost of the additional water 
and energy resources will be calculated. The objective function (Equation (21)) 
and constraints (Equations (22)-(28)) will be considered. The maximum envi-
saged capacities of the additional water and energy resources inflows w

iv  and 
e
iv  are shown in Table 5. The optimization tool will continually modifying the 

allocation coefficients while the WEF simulator will compute the corresponding 
direct and indirect intersectoral use. The resulted optimized allocation coeffi-
cients are presented in Table 6.  
 
Table 3. Estimated cost parameters for additional water resources production. 

 W1 W2 W3 W4 W5 

min
w

iP  ($/m3) 2.1 0.15 0.58 0.5 0.25 

max
w

iP  ($/m3) 5.4 0.45 1 0.81 0.85 

min
w
iS  (Mm3) 10 5 1 2 2 

max
w
iS  (Mm3) 100 50 10 20 20 

 
Table 4. Estimated cost parameters for additional energy resources production 

 E1 E2 E3 E4 E5 E6 

min
e

iP  ($/toe) 1 820 1800 150 1700 NA 

max
e

iP  ($/toe) 2 1000 2200 200 2100 NA 

min
e
iS  (ktoe) 10 100 10 100 1 NA 

max
e
iS  (ktoe) 100 1000 100 1000 10 NA 

NA: Not Applicable 

 
Table 5. Maximum capacity constraints of the additional water and energy resource in-
flows. 

Mm3 ktoe 

W1 W2 W3 W4 W5 E1 E2 E3 E4 E5 E6 

120.00 70.00 20.00 20.00 20.00 12.00 100.00 10.00 0.50 10.00 0.00 
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Table 6. WEF intersectoral allocation coefficients that minimize the cost of the additional 
water and energy resources. 

 W1 W2 W3 W4 W5 E1 E2 E3 E4 E5 E6 F1 F2 F3 F4 F5 

W1 0.00 0.00 0.00 0.00 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.69 0.66 0.64 0.57 0.58 

W2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.28 0.31 0.33 0.39 0.36 

W3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

W4 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

W5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.03 0.04 0.06 

E1 0.01 0.04 0.00 0.76 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.86 0.70 0.78 0.67 0.59 

E2 0.98 0.96 0.97 0.23 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.30 0.22 0.24 0.38 

E3 0.00 0.00 0.02 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 

E4 0.01 0.01 0.01 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 

E5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 

E6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 
The cost of the additional water and energy resources of the optimized scena-

rio is 259.09 million USD, which is 12% less than the cost calculated based on 
the allocation coefficients of the BAU scenario. The use of the proposed S-O 
framework allows policy maker to identify allocation coefficients from input pa-
rameters and to calculate direct and indirect intersectoral quantities by using the 
Q-Nexus Model to verify constraints and to minimize the objective cost func-
tion. 

5. Conclusions and Further Developments 

This study presents an effort to take advantage of the detailed evaluation capa-
bilities of direct and indirect interactions of a WEF nexus simulation model 
within an optimization framework. The proposed approach shows that Q-Nexus 
Model can be used in a simulation-based analysis framework to allow for flex-
ibility in choosing optimization tools, analyzing the impacts of model variables 
on WEF planning decisions, and considering a broad range of vital objective 
functions. Preliminary results from the proposed S-O framework show its ability 
to advance sustainable WEF sectors performance and resource use. 

The proposed WEF nexus simulation and optimization framework will be 
used to guide policy making, where user could set any objective representing its 
own interest, given that WEF nexus simulator can provide the relevant outputs 
for objective function and constraints evaluation.  

The Q-Nexus Model incorporates handling of multiple technological strate-
gies that can also be considered in other management objectives. The extension 
of this work will be in the development and testing of relevant objective func-
tions to represent the interest of WEF stakeholders, and will also include a com-
parison of multi-objective optimization approaches. These issues are still under 
development at our university. 
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