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Abstract 8 

This paper presents a new method based on the Smart Energy System concept to link the water 9 

infrastructure and the energy system of an island. The principal aim of this study is to determine 10 

whether this new method can increase the contribution of renewables (wind power and 11 

photovoltaic) to the primary energy supply of the island. The method considers water 12 

production and treatment systems as flexible loads and explores a wide range of possible water 13 

supply infrastructures and PV/wind power combinations in the search for an optimal energy-14 

water configuration. The final optimal solution is based on a balance between energy fuel needs 15 

and energy excesses, CO2 emissions, oil consumption, minimization of total annual costs and 16 

maximization of the renewable contribution. The proposed method increased the contribution 17 

of renewables from 5.14% to 24.6%. This corresponds to, on average, over 35% of the hourly 18 

electricity demand throughout 2018 being covered by renewables, against the current 6.6%. 19 
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The study reveals that wind technology integration is of fundamental importance for renewable 20 

exploitation in insular water-energy systems, with wind energy contributing more than 70% of 21 

the renewable participation in this case study.  22 

Keywords: Renewable energy integration on islands; Energy-water planning; Pareto multi-objective 23 

optimization; Energy-water synergies; smart energy-water system approach. 24 

Nomenclature 

EEP Excess electricity production 

ERDF European Regional Development Fund 

HRES Hybrid renewable energy sources 

ISTAC Spanish initials: Canary Islands Institute of Statistics 

ip(i,j,k,m) Vector to save intersection points (Fig. 4). 

MAE Mean absolute error 

MAPE Mean absolute percentage error 

O&M Operation and Maintenance 

PES Primary energy supply 

PHS Pumped-hydroelectric storage 

PV Solar photovoltaic 

R2 R-Squared measure of agreement 

REE Spanish initials of the TSO in Spain: Red Eléctrica de España, 
S.A.U. 

RES Renewable energy sources 

RO Reverse osmosis 

SCs Synchronous compensators 

SSE Sum of squared errors 
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SSR Sum of squared regression 

SST Sum of squared total 

TSO Transmission system operator 

x1 Water storage capacity. Decision variable (Fig. 4). 

x2 Water production capacity. Decision variable (Fig. 4). 

x3 Wind power installed in the system (in % to cover the total 
electricity demand with wind power). Decision variable (Fig. 4). 

x4 PV power installed in the system (in % to cover the total electricity 
demand with PV power). Decision variable (Fig. 4). 

x11 Current water storage capacity installed in the reference validated 
scenario. Lower constraint of x1 (Fig. 4) 

x12 Current water production capacity installed in the reference 
validated scenario. Lower constraint of x2 (Fig. 4) 

x13 Current wind power installed in the reference validated scenario 
(in % to cover the total electricity demand with wind power). 
Lower constraint of x3 (Fig. 4) 

x14 Current PV power installed in the reference validated scenario (in 
% to cover the total electricity demand with PV power). Lower 
constraint of x4 (Fig. 4) 

xI1 Maximum feasible water storage capacity. Upper constraint of x1 
(Fig. 4) 

xJ2 Current water production capacity installed in the reference 
validated scenario. Upper constraint of x2 (Fig. 4) 

xK3 Current wind power installed in the reference validated scenario 
(in % to cover the total electricity demand with wind power). 
Upper constraint of x3 (Fig. 4) 

xM4 Current PV power installed in the reference validated scenario (in 
% to cover the total electricity demand with PV power). Upper 
constraint of x4 (Fig. 4) 

 25 
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1 Introduction 26 

Most islands around the world do not have enough natural water resources to cover all their 27 

hydric needs [1]. Consequently, they have to desalinate seawater to satisfy the fresh water 28 

demand [1–3]. Since desalination is an intensive electricity consumer [2], a water scarcity 29 

problem in islands is also an energy problem. The electricity demand to power water supply 30 

systems supported by desalination represents on average around 10% of the total electricity 31 

demand [3,4] in the respective energy systems. For this reason, the development of strategies 32 

to promote desalination powered by renewable energy sources (RES) is considered a question 33 

of growing importance for innumerable islands around the world, especially those without 34 

hydric resources [5]. Several authors have published studies which have addressed this question 35 

from different point of views, but generally linking the electricity and desalination sectors [3]. 36 

Some of these studies have been carried out for relatively small islands. A very interesting and 37 

representative example of such studies is the one developed by Segurado et al. in the island of 38 

S. Vicente, in Cabo Verde [6]. In their study, these authors first analyse the relevant state-of-39 

the-art and then propose two alternative scenarios to deal with the problem of excess wind 40 

energy production. The first scenario is based on sending the excess wind power directly to the 41 

desalination units. The second uses both desalination units and a pumped hydro storage (PHS) 42 

system to store this wind power excess. However, not all islands have a suitable topography for 43 

the installation of a PHS system. When no such possibility exists, another strategy needs to be 44 

considered aimed at directly linking renewable energy power plants and desalination units. In 45 

this respect, a lot of work has been conducted on modelling the combination of hybrid 46 

renewable energy sources (HRESs) and desalination plants. The models aim to optimally size 47 

the systems considering the energy demand rate and meteorological conditions [7]. Charcosset 48 

[8] reviewed a wide variety of RES-powered desalination systems which had been developed. 49 

Ma and Lu [9] carried out a specific review focused on the wind-desalination interrelation. They 50 
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concluded that wind power and reverse osmosis (RO) desalination technology was one of the 51 

most promising combinations in this field. This is at least partly because RO presents the lowest 52 

energy consumption in the desalination industry [4,6,10]. An additional reason is that RO 53 

facilities are usually located in coastal areas where the wind resource is frequently high. The 54 

Canary Islands (Spain) have lengthy and extensive experience in this field [11]. The reputation 55 

of these islands at European level in matters related to saline water desalination technologies 56 

and the management of scarce water resources is well known [12]. The number of desalination 57 

plants installed in the Canary Islands per head of population is high [11,12].  58 

Through the use of Machine Learning tools, the latest advances in the desalination industry are 59 

facilitating the variable operation of desalination plants [10,13–15], converting them into 60 

potential flexible energy consumers. This raises new research questions about the linking of 61 

desalination and energy systems [16]. Additionally, the use of these techniques in the prediction 62 

of power generation in a wind farm is obtaining interesting results [17,18]. In this new scenario, 63 

a desalination plant could be designed to cover water needs whilst at the same time having 64 

specific energy goals in mind. Moreover, the flexibility of emerging technologies such as 65 

Artificial Intelligence should enable new and feasible energy-water nexus planning strategies. 66 

These approaches could be based on oversizing the desalination capacity of a region to integrate 67 

more renewables and increase the efficiency of the overall energy system. This is the initial 68 

hypothesis of this paper. More specifically, the objective of this research is to develop a new 69 

method for the optimal design of water-energy infrastructures which are able to cover energy 70 

and water demands and increase the contribution of renewables to the system.  71 

The innovative and original contribution of this research study lies in the fact that the proposed 72 

method, with a special focus on islands, is based on the interrelated operation of both the energy 73 

and water sectors. An exploration is undertaken of a significantly large number of new optimal 74 

energy-water infrastructures, determined in all cases on the basis of balanced solutions. The 75 
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method gives, as a final solution, an optimal water-energy infrastructure with a balance between 76 

energy fuel needs and energy excesses, CO2 emissions, oil consumption, minimization of total 77 

annual costs and maximization of the renewable contribution. However, after an exhaustive 78 

search of the literature in relation to the renewable water-energy nexus, we detected some gaps 79 

in the current body of knowledge. Therefore, the present research study aims to cover the 80 

following gaps: (i) in previous approaches the water infrastructures remain unaltered and only 81 

strategies based on the energy sector are planned, (ii) consideration is only given to a constant 82 

operating mode in the water supply systems, and no consideration is given to the possibilities 83 

of a variable and interrelated operating mode in the water sector, and (iii) generally, only a 84 

limited number of static energy scenarios are explored. Although the energy planning software 85 

used in this study -EnergyPLAN [19]- is a mature software whose reputation is supported by 86 

more than 349 references in Scopus and 961 results in Google Scholar [20], the work developed 87 

in the present work does not limit its contribution to the application of the EnergyPLAN tool to 88 

the water-energy system of an island, which in itself is an innovation. In fact, a new planning 89 

method is developed, which uses EnergyPLAN but also includes in its procedure an exhaustive 90 

search to generate a large number of feasible alternative optimal scenarios of a target water-91 

energy system. In addition, the method integrates the Pareto-based multi-objective optimization 92 

concept to facilitate the decision making process of water-energy system planners and 93 

stakeholders. Consequently, no studies were found in the literature survey that could take away 94 

from the novel contributions of the proposed general method. These novel contributions 95 

comprise an approach to optimally manage the variable interrelation of water-energy systems 96 

and a specific method to obtain optimal solutions by varying water and energy infrastructure 97 

designs. The proposed method is applied to Lanzarote, an island in the Canary Archipelago 98 

(Spain) off the northwest coast of Africa. 99 
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The remainder of the article is structured as follows: Section 2 provides the details of the method 100 

proposed to substantially increase the RES participation in the energy-water system of islands. 101 

In Section 3, the case study used to evaluate the method is introduced. Section 4 provides the 102 

results and a discussion based on the proposed method and case study. Finally, Section 5 shows 103 

the conclusions of the research. 104 

2 Methods 105 

This section describes the basic principles, the tools employed, the approach followed and the 106 

procedures which form the basis of the proposed method to combine the synergies between the 107 

water and energy systems with a view to increasing wind and PV participation in a relatively 108 

small island.  109 

2.1 Basic principles of the method 110 

The Smart Energy Systems concept, first described in 2012 [21] and used for national energy 111 

systems [22], forms the basis for this method. Smart Energy Systems is an approach in which 112 

smart electricity, thermal and gas grids are combined and coordinated to identify synergies 113 

between them with a view to achieving an optimal solution for each individual sector as well 114 

as for the overall energy system. Unlike, for instance, the Smart Grid concept, which puts the 115 

sole focus on the electricity sector, this approach takes into account the entire energy system 116 

along with the identification of suitable energy infrastructure designs and operational strategies 117 

[23]. The method presents certain novelties which make it applicable to water-energy systems 118 

on islands. In this sense, the basic principles which lie behind this new method are as follows: 119 

i) The considered approach involves the following energy-water system sectors of the 120 

island: electricity, desalination and wastewater treatment. 121 

ii) Due to the inherent fragility of small-sized isolated electric systems (islands), a balanced 122 

energy system configuration, with a lower RES share, will be preferable to an energy 123 
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system with a higher RES share but which is unbalanced [3]. This determines the way of 124 

choosing the optimum RES configuration for each analysed alternative. To be more 125 

specific, a technical optimization criterion is used based on equaling and minimizing the 126 

sum of the energy surplus (defined as excess electricity production (EEP) [22]) and the 127 

lack of energy when meteorological conditions are insufficient to meet demand with RES. 128 

iii) A short-term (hourly) approach in the analysis of the behaviour of intermittent RES (wind 129 

and solar photovoltaic (PV) power) and energy demand is considered. This is done in 130 

order to take into account the fluctuating nature of these energy sources and the potential 131 

for making demand more flexible, in this way adapting it to the intermittent nature of 132 

these RES [3]. 133 

iv) Higher flexibility in desalination plant operation systems is assumed in relation to the 134 

current way of operation. Studies have been published supporting this technical 135 

possibility [14,24], allowing the exploration of new scenarios in which, for instance, 136 

desalination capacity can be oversized with respect to water demand, attending to 137 

sustainable techno-economic criteria. So, for example, desalination plants can be 138 

managed to satisfy water demand and, when RES are fully available, to generate a surplus 139 

amount of fresh water which can then be stored or, when the RES are in short supply, to 140 

reduce production. 141 

v) The proposed method is designed for islands, which implies a renewable desalination 142 

infrastructure search based not only on water demand criteria but also on obtaining a 143 

balanced energy system configuration.  144 

2.2 EnergyPLAN simulation tool 145 

Various models are available to analyse the contribution of renewables in energy systems [25]. 146 

However, certain characteristics of EnergyPLAN which are closely related to the basic 147 
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principles on which this research is based (section 2.1) make it an ideal tool for this study. For 148 

example, EnergyPlan allows the empirical modelling of an energy system and performs hourly 149 

simulations with a time frame of one year [26]. In addition, it was designed specifically to apply 150 

the Smart Energy System concept and is capable of simulating the entire energy system and 151 

interrelate the different sectors. Descriptions of the algorithm can be consulted in the different 152 

manuals, reports and documents published on the website www.energyplan.eu. EnergyPLAN 153 

is capable of considering desalination as a flexible electricity demand and, hence, is able to 154 

manage its operation in a smart way to allow the integration of more renewables. However, 155 

desalination can also be considered inflexible, and this can also be exploited to determine 156 

whether increasing flexibility in the water sector can be used to increase renewable participation 157 

in an energy system. Another important feature of EnergyPLAN of interest for this study is its 158 

relatively fast capacity to model and simulate each new scenario. The approach presented in 159 

this research requires a huge number of simulations to find the optimal scenarios and, hence, 160 

computing time is a factor that needs to be taken into account.  161 

2.3 The MATLAB Toolbox for EnergyPLAN designed to automate the analysis of a 162 

large number of new alternative scenarios 163 

Although EnergyPLAN has a user-friendly interface, it only allows the user to run a limited 164 

number of subsequent executions, varying a limited number of decision variables for a concrete 165 

modelled energy system [20]. This manual mode, in which EnergyPLAN combines the 166 

optimization of both the operational phase and the planning phase, has been mentioned by other 167 

authors [27–29]. To explore new benefits of the tool, many have realized the need to combine 168 

EnergyPLAN with other computational tools [28–30]. The MATLAB Toolbox for 169 

EnergyPLAN was developed in this context, comprising a set of functions wrapped in a toolbox 170 

designed to call and manage EnergyPLAN from MATLAB [20]. In this study, this toolbox 171 

plays an essential role by allowing the automated generation of a large number of new 172 
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alternative scenarios from MATLAB. Additionally, the huge set of results can be analysed 173 

using big data techniques available in MATLAB. 174 

2.4 Multi-objective optimization model  175 

In this study, a Pareto-based multi-objective optimization model is applied. This model allows 176 

the calculation of a set of acceptable trade-off possible optimal solutions, called Pareto front 177 

[29–35]. These solutions are obtained on the basis of all the different conflicting objectives 178 

chosen for the evaluated water-energy system [32]. This resulting Pareto front allows the 179 

decision makers a better understanding of the overall system, enabling them to explore all the 180 

consequences of a decision with respect to the various conflicting objectives [32,36]. 181 

According to [37–39], a multi-objective problem can generally be formulated as follows: 182 

minimize: 𝒚 = 𝒇(𝒙) = '𝑓!(𝒙), 	𝑓"(𝒙), … , 	𝑓#(𝒙), 

(1) 

  
subject to: 𝒈(𝒙) = 	'𝑔!(𝒙), 	𝑔"(𝒙), … , 	𝑔$(𝒙), ≤ 𝟎 
 𝒉(𝒙) = 	2ℎ!(𝒙), 	ℎ"(𝒙), … , 	ℎ%(𝒙)4 = 𝟎 
 𝑙& ≤ 𝑥& ≤ 𝑢& ,			𝑖 = 1,2, … , 𝑛 
  
where: 𝒙 = (𝑥𝟏, 	𝑥𝟐, … , 𝑥𝒏) ∈ 𝑿 

𝒚 = (𝑦!, 	𝑦", … , 𝑦#) ∈ 𝒀 

𝒙 is the vector of n decision variables (parameters) and 𝒚 is the vector of k objective functions. 183 

𝑿 is denoted as the decision space and 𝒀 is called the objective space. 𝒈(𝒙) is a set of m 184 

inequality constraints with feasible solutions (𝒆(𝒙) ≤ 𝟎),  and 𝒉(𝒙)  represents a set of p 185 

equality constraints. 𝑙!  and 𝑢!  are used to represent the lower and upper limits of the i-th 186 

variable, respectively. 187 

To compare candidate solutions to the multi-objective problem, the concepts of feasible 188 

solution, feasible solution set, Pareto dominance, Pareto optimal solution, Pareto optimal set 189 

and Pareto front are introduced [39]: 190 
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If a candidate solution 𝒙 ∈ 𝑿 satisfies the constraints in Eq.(1), then 𝒙 is called a feasible 191 

solution. All feasible solutions conform the feasible solution set.  192 

Formally, it is said that a feasible solution 𝒙 Pareto dominates another feasible solution 𝒙′ if 193 

and only if: 194 

@
𝑓𝒊(𝒙) ≤ 𝑓𝒊(𝒙+)	,					∀𝑖 ∈ {1,2, … ,𝑚}
𝑓𝒊(𝒙) < 𝑓&(𝒙+)	,					∃𝑖 ∈ {1,2, … ,𝑚}

 (2) 

Therefore, 𝒙 is called a Pareto optimal solution, or Pareto non-dominated solution, if and only 195 

if it is not dominated by any other feasible solution. This means that solution 𝒙 cannot be 196 

improved in one of the objectives without adversely affecting another objective [36]. The set 197 

of all Pareto optimal solutions is called the Pareto optimal set and the corresponding objective 198 

vectors are said to be on the Pareto front (Fig. 1). The analytical expression of the Pareto front 199 

cannot usually be obtained in practical problems [36,39]. 200 

Fig. 1 represents the Pareto front of a two-objective minimization problem. 201 

 202 

Fig. 1. Representation of the Pareto front for a two-objective minimization problem. Adapted from [36,39]. 203 

 204 

The solutions above the yellow line have at least one objective function inferior to that of 205 

another solution not included in the Pareto front [32]. The selection of solutions situated in the 206 
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extremes of Pareto fronts (plotted in red in Fig. 1) guarantees the best performance for one 207 

objective function criterion but an improveable performance for the others. Conversely, a more 208 

centered solution within the Pareto front (trade-off solution plotted in blue in Fig. 1) guarantees 209 

a balance between different objective functions criteria which allows a better overall 210 

performance of the system attending to different parameters. This trade-off analysis is critical 211 

in the decision making process of energy system planners and stakeholders [40]. The method 212 

to select this trade-off compromise solution is described in section 2.5.5. 213 

The particular application of the optimization model to the water-energy systems on islands can 214 

be represented as follows: 215 

minimize: 𝑦! = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝐶𝑂"	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠	(𝑀𝑡), 

𝑦" = 100%− 𝑅𝐸𝑆	𝑠ℎ𝑎𝑟𝑒	𝑜𝑓	𝑃𝐸𝑆	(%), 

𝑦, = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝑓𝑢𝑒𝑙	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛, 𝑃𝐸𝑆, (𝑇𝑊ℎ), 

𝑦- = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝑜𝑖𝑙	𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛	𝑡𝑜	𝑃𝐸𝑆	(𝑇𝑊ℎ), 

𝑦. = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚	𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑	ℎ𝑜𝑢𝑟𝑙𝑦	𝑖𝑚𝑝𝑜𝑟𝑡	(𝑀𝑊), 

𝑦/ = 	𝑖𝑚𝑝𝑜𝑟𝑡𝑠/𝑒𝑥𝑝𝑜𝑟𝑡𝑠	𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛	𝑝𝑜𝑖𝑛𝑡	(𝑇𝑊ℎ), 

𝑦0 = 𝑎𝑛𝑛𝑢𝑎𝑙	𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒	𝑐𝑜𝑠𝑡𝑠	(𝑀€), 

𝑦1 = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝑐𝑜𝑠𝑡𝑠	(𝑀€), 

(3) 
  

subject to: 𝐶𝑢𝑟𝑟𝑒𝑛𝑡	𝑤𝑎𝑡𝑒𝑟	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ≤ 𝑥! ≤ 𝑚𝑎𝑥𝑖𝑚𝑢𝑚	𝑓𝑒𝑎𝑠𝑖𝑏𝑙𝑒	𝑣𝑎𝑙𝑢𝑒, 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡	𝑑𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ≤ 𝑥" ≤ 𝑚𝑎𝑥𝑖𝑚𝑢𝑚	𝑓𝑒𝑎𝑠𝑖𝑏𝑙𝑒	𝑣𝑎𝑙𝑢𝑒, 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡	𝑤𝑖𝑛𝑑	𝑝𝑜𝑤𝑒𝑟 ≤ 𝑥, ≤ 𝑤𝑖𝑛𝑑	𝑝𝑜𝑤𝑒𝑟	𝑡𝑜	𝑐𝑜𝑣𝑒𝑟	100%	𝑒𝑙𝑒𝑐𝑡𝑟. 𝑑𝑒𝑚𝑎𝑛𝑑, 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡	𝑃𝑉	𝑝𝑜𝑤𝑒𝑟 ≤ 𝑥- ≤ 𝑃𝑉	𝑡𝑜	𝑐𝑜𝑣𝑒𝑟	100%	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦	𝑑𝑒𝑚𝑎𝑛𝑑, 

  

where: 𝑥! = 𝑤𝑎𝑡𝑒𝑟	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	(𝑀𝑚,), 

𝑥" = 𝑑𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑒𝑑	𝑤𝑎𝑡𝑒𝑟	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	(1000	𝑚,/ℎ)	, 

𝑥, = 𝑤𝑖𝑛𝑑	𝑝𝑜𝑤𝑒𝑟	𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑀𝑊) 

𝑥- = 𝑃𝑉	𝑝𝑜𝑤𝑒𝑟	𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	(𝑀𝑊), 

This problem is generally formulated by 4 decision variables (water storage capacity, 216 

desalination water capacity, wind power capacity installed in the energy system and PV power 217 

capacity) and 8 potential objective functions. However, the number of potential objective 218 
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functions can be increased or reduced depending on data availability or the aims of the decision 219 

makers. The potential objective functions are the annual CO2 emissions, the RES share of PES, 220 

the total annual fuel consumption (PES), the total annual oil contribution to PES, the maximum 221 

required hourly import, the intersection point of imports and exports for each water 222 

infrastructure (which defines the energy storage size required to minimize fossil fuel 223 

consumption), the annual variable costs, and the total annual costs. All of these objective 224 

functions are calculated by the EnergyPLAN software. Their mathematical model and detailed 225 

descriptions can be found in [19,41]. 226 

2.5 Detailed description of the procedure  227 

The different steps of the method used in this research are shown in Fig. 2. The procedure can 228 

be applied to any island in the world for future studies with similar objectives.  229 
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 230 
Fig. 2. Graphical step-by-step representation of the general method. 231 

 232 

2.5.1 Step 1. Identification of the energy-water resources and demands 233 

First, the current energy-water resources and demands on the target island are identified. The 234 

data collected in this step are available in official reports and statistics published by local 235 

institutions and governments [42–46]. Additionally, in this first step, it is recommended to map 236 

the potential viable growth of the different resources that are available, the potential installation 237 

and use of new resources, any particular features of the target island that could benefit or limit 238 

the future exploitation of RES, and any existing medium- or long-term energy plans.  239 



 15 

2.5.2 Step 2. Reference scenario modelling  240 

In the second step, the EnergyPLAN freeware is used to model a known reference scenario of 241 

the target island. This basically involves introducing all energy-water data and hourly 242 

distributions into the software and making initial simulations. After this model has been 243 

validated, which is carried out in the third step of the approach, alternative scenarios can then 244 

be realistically simulated using EnergyPLAN.  245 

2.5.3 Step 3. Reference scenario validation  246 

The validation carried out in the third step consists of cross-checking the results obtained from 247 

the EnergyPLAN model and the known real data. This allows a quantification of the deviation 248 

between model and reality with the aim of knowing the error in the simulation and presenting 249 

the results in a rigorous way.  250 

2.5.4 Step 4. Generation of the population of n alternative feasible optimal solutions using 251 

an exhaustive search 252 

The fourth step is the most complex part of the method and is supported by the MATLAB 253 

Toolbox for EnergyPLAN [20]. In this step of the process an iterative and layered approach is 254 

developed to find the optimal RES configuration for each new alternative water infrastructure. 255 

As can be seen in Fig. 3, the MATLAB Toolbox for EnergyPLAN [20] plays a key role in 256 

receiving the reference scenario previously validated in EnergyPLAN. The variables which 257 

define this reference scenario are divided into two groups: unaltered variables and alterable 258 

variables. While the first ones are not changed when new alternative scenarios are built, the 259 

alterable variables are modified in an iterative way with the aim of generating the population 260 

of optimal solutions, as can be seen in detail in Fig. 4. This search procedure considers the 261 

basic principles set out in section 2.1 and is performed as follows:  262 
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i) New scenarios are created modifying one of the alterable decision variables related to the 263 

water infrastructure. Both the water production and storage capacities on the island are 264 

modified in a nested way. For each variation in water storage capacity, water production 265 

capacity is modified step by step within a viable range previously calculated for the target 266 

island. 267 

ii) For each new scenario, the alterable variables related to installed RES power are changed. 268 

A search is made for a new balanced RES configuration for each new alternative water 269 

infrastructure. This search is based on the technical optimization criterion proposed by 270 

Cabrera et al. in [3]. The procedure equalizes and minimizes the sum of the hourly energy 271 

surpluses and the energy shortages when meteorological conditions are insufficient to meet 272 

demand with RES [3]. When wind and PV power capacities increase, the possibility of an 273 

electricity surplus also increases. This energy surplus (or Export in this study) is defined 274 

as the EEP [22]. A fossil fuel energy need (or Import) occurs when wind and solar 275 

conditions are insufficient to meet demand, assuming power plant generation is to be 276 

completely avoided [3]. The minimum intersection point of imports and exports was 277 

obtained for each water infrastructure. In this study, ‘Imports’ are the hourly electrical 278 

needs that renewable sources are unable to satisfy, and ‘Exports’ corresponds to the hourly 279 

electric renewable generation which the system is unable to use because the demand at the 280 

moment of production is insufficient to match it. While Imports and Exports are equal and 281 

null in ideal balanced energy systems, the optimal configuration is considered to be that 282 

which obtains import/export values that are equal and as close to zero as possible [3]. To 283 

find this configuration, each water infrastructure was executed 100 times (as the renewable 284 

power capacities of both wind and PV are varied 10 times each in an iterative and sequential 285 

loop). With the aim of ensuring the stability and security of the electrical power system, an 286 

extra generation of electrical energy was considered in each water infrastructure. Since this 287 
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study was undertaken from an energy planning point of view, the possible reconfiguration 288 

of the electric grid —and other problems derived from the massive RES increase in the 289 

grid— was not analysed. In this respect, previous studies [3,47] suggest that the use of 290 

currently available equipment such as synchronous compensators (SCs) can provide active 291 

power [3,47] and serve the needs of all ancillary services of conventional generators except 292 

those requiring reactive power (fault current, inertia and voltage support) [47]. The 293 

configuration which obtained the minimum intersection point was then analysed in more 294 

detail, using the same hourly distribution profiles as in the 2018 reference scenario. This 295 

method allows measurement of the PES by fuel type to assess the impact on the energy 296 

mix [22], on total annual CO2 emissions [22], and on other variables such as the minimum 297 

export required in each scenario, the variable and total annual costs, and the required wind 298 

and PV power capacities (Fig. 3). 299 

iii)  In this way, an optimal balanced RES scenario for each water infrastructure proposal is 300 

obtained. Each optimal configuration is defined by eight key variables, as shown in Fig. 3.  301 

 302 

 303 
Fig. 3. Software framework and global outline to generate the population of optimal energy-water infrastructures 304 

executed in step 4 of the general method. 305 

 306 
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The search method designed and carried out in this step is described in greater detail in Figure 307 

4. It is presented in the form of a block diagram to make it easier to understand and reproduce. 308 

The method begins with the model validated from the reference scenario used in the study 309 

(constructed in the previous steps: 1, 2 and 3). On the basis of this model, at the start of the 310 

procedure the decision variables are defined: x1 = water storage capacity; x2 = water production 311 

capacity; x3 = installed wind power; x4 = installed PV power. The values are defined following 312 

the constraints established for these variables, so that the search method does not exceed the 313 

limits imposed for each of them. Subsequently, the exhaustive search is initiated to create the 314 

feasible optimal solution set. This procedure is carried out in a robust way, through a series of 315 

nested loops which explore all the possible values defined for the decision variables. Firstly, 316 

for each value of water storage capacity (x1), water production capacity (x2) and installed wind 317 

power (x3), all the values defined for installed PV power (x4) are run. As previously commented, 318 

in this study it was determined to increase this decision variable 10 times, from its initial value 319 

(current installed PV power) to its final value (installed PV power to cover 100% of the 320 

electricity demand in the system). 321 
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 322 

Fig. 4. Detailed diagram of the method designed in this research to generate the population of optimal energy-323 
water infrastructures using an exhaustive search. 324 
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With each variation of the decision variables a simulation is executed of the new alternative 325 

scenario derived from the initial validated reference scenario. From each of these simulations, 326 

the pairs of results in imports and exports2 which provide these alternative solutions are stored. 327 

Once all the values defined for x4 have been run, the curves of imports and exports are plotted 328 

and their intersection point is calculated. The result is also stored of this intersection point 329 

obtained for the alternative analysed; for this the vector ip(i,j,k) is used. When this procedure is 330 

concluded, the index k is increased by a value to analyse the following set of scenarios with a 331 

new value of x3. So, the search is repeated of the new intersection point of imports and exports 332 

for the new value x3. As  described, the variation of x3 was considered similar to that of x4. This 333 

decision variable (x3) is also increased 10 times, from its initial value (current installed wind 334 

power) to its final value (installed wind power to cover 100% of the electricity demand in the 335 

system). When the procedure finishes running all the possible values of x3, a new three-336 

dimensional representation is constructed which represents the previously calculated 337 

intersection points on the Y-axis for the corresponding values of the other decision variables 338 

involved, installed wind power on the X-axis and installed PV power on the Z-axis. With this 339 

three-dimensional representation, the minimum value of the import/export intersection point is 340 

calculated. In this way, the sum of the hourly energy surpluses and the energy shortages is 341 

equalised and minimised in accordance with the basic principle ii) of the method (section 2.1). 342 

This alternative scenario is again simulated with EnergyPLAN and all the information obtained 343 

from that simulation is stored (CO2 emissions, RES share of the primary energy supply (PES), 344 

total annual PES, total annual oil contribution to PES, maximum power necessary from 345 

conventional sources (maximum import), import/export intersection value, variable costs, total 346 

annual costs, etc.). This alternative scenario is likewise included in the set of feasible optimal 347 

solutions that will be explored later (in step 5). In this way, it is possible to have all the 348 

 
2 The meaning of the variables import and export is described in point ii) of section 2.5.4.  
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information necessary for the multi-objective optimization that is proposed for the global 349 

method. Finally, the procedure indicated is repeated for each of the values of x2 and x1 defined 350 

at the start, varying the indices j and i, respectively. 351 

2.5.5 Step 5. Selection of the best compromise solution for the energy-water system 352 

The most important decision variables are obtained for each optimal configuration and, hence, 353 

in this step a Pareto-based multi-objective optimal criteria is applied. More specifically, an 354 

optimal energy-water configuration is reached based on a trade-off of the following criteria: 355 

CO2 emissions, RES share of the PES, total annual PES, total annual oil contribution to PES, 356 

maximum power necessary from conventional sources (maximum import), import/export 357 

intersection value, variable costs and total annual costs. To find this best compromise solution, 358 

the following approach is proposed [48]. Mathematically, the i-th objective function 𝒚𝒊  is 359 

represented by a membership function 𝝁𝒊 defined by Eq. (3) [48]: 360 

𝜇& =

⎩
⎪
⎨

⎪
⎧ 1																																						𝑦& ≤ 𝑦&$&2	
𝑦&$34 − 𝑦&
𝑦&$34 − 𝑦&$&2

													𝑦&$&2 <	𝑦& < 𝑦&$34

0																																						𝑦& ≥ 𝑦&$34	

 (3) 

where 𝑦!#!$ and 𝑦!#%& are the minimum and maximum value of the i-th objective function 361 

among all non-dominated solutions (situated in the Pareto front), respectively. For each non-362 

dominated solution k, the normalized membership function 𝜇!'is calculated as: 363 

𝜇&# =
∑ 𝜇&#
5!"#
&6!

∑ ∑ 𝜇&#
5!"#
&6!

7
#6!

 (4) 

where 𝑀 is the number of non-dominated solutions. The best compromise solution is the one 364 

with the maximum value of 𝜇!' . 365 
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3 Case study: application of the method in the island of Lanzarote 366 

Lanzarote is a Spanish island located in the Atlantic Ocean about 125 km off the north coast of 367 

Africa and 1,000 km from the Iberian Peninsula [49] (Fig. 5). At the start of 2019, Lanzarote 368 

had a population of 152,289 inhabitants [43]. 369 

 370 
Fig. 5. Geographical location of the island of Lanzarote. [Source of satellite images: Google Earth: ©2020 Data 371 

SIO, NOAA, U.S. Navy, NGA, GEBCO, Ladsat/Copernicus, IBCAO ©2020 GRAFCAN]. 372 
 373 

3.1 Identification of energy-water resources and demands 374 

Firstly, the current energy-water resources and demands of Lanzarote were mapped. 375 

Additionally, as suggested in section 2.5, the specific particularities of the island were identified 376 

along with the energy-water plans and regulations. 377 

3.1.1 The energy system in Lanzarote 378 

Based on the official energy reports published by the Canary Islands Regional Government 379 

[42], the energy system of Lanzarote can be represented by the Sankey diagram shown in Fig. 380 

6. With more than 94.5% of the total PES system based on oil (fundamentally fuel oil, gasoil 381 

and gasoline), Lanzarote has a very high dependence on fossil fuels [42]. In 2018, installed 382 

wind and solar energy only contributed 5.14% of the energy needs of the island. Finally, natural 383 

gas was used to satisfy around 2.9% of the energy requirements. It can be seen in Fig. 6 that the 384 

highest amount of fuels were used to feed the power plants responsible for generating electricity 385 
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(2175.7 GWh). The transport sector also consumed an important quantity of energy, (1084 and 386 

71 GWh in road and maritime transport, respectively). From the total energy required to feed 387 

the power plants (2175.7 GWh), only 854 GWh were generated in the form of electricity which, 388 

when added to the 50.96 GWh supplied by wind and the 9.50 GWh by solar PV, satisfied the 389 

total electricity demand of 914.46 GWh. Almost 59% of this generation (539.5 GWh) supplied 390 

a considerable part of the energy needs of the services, industry and construction sector (with a 391 

total energy demand of around 724.3 GWh). The heating and cooling data were not obtained 392 

directly from official reports but were estimated from different consumption statistics and 393 

energy audit reports drawn up by consumer groups and the Canary Regional Government 394 

[45,50]. As a consequence of the above, and the fact that the authors of the present study were 395 

unable to find any study that had analysed the heating and cooling demand on the island, it was 396 

decided to exclude these data from the analysis undertaken in the present study. Nonetheless, 397 

preliminary analyses suggest promising results in terms of increasing renewable integration if 398 

new similar studies were able to focus on these sectors and/or the transport sector on the basis 399 

of reliable data and statistical analyses. With the currently available data, we estimated heating 400 

and cooling demands of approximately 187 and 89.5 GWh. Both are mostly consumed by 401 

hotels, commerce and the service sector. More oriented to the particular aim of this research, 402 

the desalination sector is entirely powered by electricity and required a total of 91 GWh, which 403 

is around 10% of total electricity demand [51,52].  404 
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 405 
Fig. 6. Sankey diagram of the Lanzarote 2018 energy system. Data sources: [42,43,52,53].  406 

*These energy values are not measured but estimated from statistical data and reports. 407 
 408 

After analysing the whole energy system of Lanzarote and the Sankey diagram represented in 409 

Fig. 6, it is possible to infer the following interpretations with respect to the target objective of 410 

this research: 411 

a) Electricity is the main energy use on Lanzarote 412 

b) Desalination is not the biggest demand on the island. However, it represents an important 413 

electrical energy consumption and can be managed as a flexible demand with some 414 

relatively easy innovations [3,10,14] 415 

c) The participation of renewables in the current energy system is very low 416 

In the following subsections, we therefore focus on the electricity and desalination systems with 417 

the aim of identifying the corresponding demand and resources. 418 
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3.1.2 Electricity demand and potential electrical resources in Lanzarote 419 

The electricity demand in Lanzarote shows a peak load at the end of January (around 141 MW) 420 

and a minimum load in April (60.8 MW) (Fig. 7). This behavior is highly conditioned by the 421 

seasonal nature of tourism on the island. Lanzarote usually welcomes a significant number of 422 

tourists in this period [53]. 423 

 424 
Fig. 7. Hourly average electricity demand in Lanzarote, 2018 [54]. 425 

Currently, Lanzarote has 13 generators (11 diesel and 2 gas-based) with a total net power 426 

capacity of 204.82 MW [46]. The island is electrically connected via a submarine cable to its 427 

neighbouring island, Fuerteventura, which has 159.27 MW of installed power.  428 

Despite the relatively high available sun and wind energy resource in Lanzarote (see Fig. 8a 429 

and Fig. 9a, respectively), the current renewable installed power is low. In 2018, the islands had 430 

9 MW installed PV capacity and 22.3 MW installed wind power capacity [46]. Peak PV 431 

production in 2018 was only 4.8 MW (Fig. 8b), and the average hourly peak production of 3.6 432 

MW was produced at 14:00 h (Fig. 8c). 433 

 434 
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 435 
Fig. 8. Photovoltaic energy resource in Lanzarote. a) Average global irradiation map for the island of Lanzarote; 436 

b) Mean hourly PV electricity production in Lanzarote, 2018; c) Daily pattern of mean hourly PV electrical 437 
power production in Lanzarote, 2018. Source of maps: [55]; Source of electrical power production data: [54]. 438 

 439 

With only 22.3 MW of installed wind power (Fig. 9a), peak production was at the end of April 440 

when a value of 20.9 MW was recorded (Fig. 9c). Peak hourly production averaged 6.7 MW 441 

and happened around 20:00 h, while the corresponding minimum value was 5.0 MW at around 442 

08:00 h (Fig. 9b). 443 

 444 

Fig. 9. Wind energy resource in Lanzarote. a) Average wind speed map for the island of Lanzarote; b) Daily 445 
pattern of mean hourly wind power production in Lanzarote, 2018; c) Mean hourly wind electricity production in 446 

Lanzarote, 2018. Source of maps: [55]; Source of electrical power production data: [54]. 447 
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3.1.3 Water sector in Lanzarote 448 

The resources, needs and particularities of the Lanzarote water system are described below.  449 

3.1.3.1 Energy demand in the water sector 450 

Fig. 10 represents the energy resources and needs associated to the 2018 Lanzarote water sector. 451 

As can be seen, the total amount of wind energy (50.96 GWh) satisfies part of the annual 452 

desalination electricity demand (91 GWh). Solar PV energy also contributes 3.4 GWh to 453 

desalination. The wind and PV power facilities which supplied these amounts of energy were 454 

installed by the Lanzarote Water Board with the aim of promoting desalination with renewables 455 

[56]. As can be seen, in the current water system in Lanzarote there is greater non-metered than 456 

metered freshwater consumption. According to the current operating company of the water 457 

sector (Canal Gestión Lanzarote S.L.), this is largely due to water leaks in the old distribution 458 

grid of Lanzarote [57,58]. 459 

 460 
 461 

Fig. 10. Sankey diagram of the energy flow in 2018 Lanzarote water system. Data sources: [46,51,53,59,60] 462 
*These energy values are not measured but estimated from specific energy consumptions calculated by previous 463 

studies in the area [61]. 464 
 465 
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3.1.3.2 Water production and distribution 466 

Fig. 11 shows the water production system in Lanzarote. Water demand on the island is entirely 467 

dependent on RO desalination centers installed on the west and east coasts. As can be seen, 468 

Lanzarote has an interconnected water distribution grid based on a large number of small water 469 

storage tanks and two larger ones situated in the center and south of the island (Fig. 11b) 470 

[51,53,62]. Total water storage capacity is around 243,000 m3. Water demand presents three 471 

peaks, two in winter (period with more tourist visits) and one in summer (period with most 472 

water needs) (Fig. 11a).  473 

 474 
Fig. 11. Water system in Lanzarote. a) Water demand in the island of Lanzarote; b) Water distribution grid in 475 

Lanzarote. Source of data: [51,53,59]. 476 

 477 

3.1.3.3 Water reuse 478 

Although the island does have a water reuse infrastructure [56], not all water production is 479 

reused (8.17 hm3 of the total 24.7 hm3 of freshwater produced) and only a small amount of this 480 

reused water passes through a tertiary treatment (2.9 hm3) to prepare the water for reuse in 481 

profitable applications such as irrigation in the agriculture sector. This water infrastructure 482 

appears to be a potential candidate for development in terms of increasing efficiency and the 483 
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renewable contribution to the system. In this respect, it should be noted that an appropriate 484 

water reuse system not only could be powered by RES, but could also help to minimize part of 485 

the current energy supplied to produce freshwater. However, the difficulty in obtaining accurate 486 

and reliable statistical data related to this water use means that a more specific study is required 487 

to analyse this topic.  488 

3.2 Cost assumptions for the modelling of the reference scenario in EnergyPLAN 489 

In this step, the reference scenario was modelled in EnergyPLAN after introducing all the 490 

identified data in the tool. The cost assumptions considered in this study are based on different 491 

real data and assumptions calculated by different institutions, including the Danish Energy 492 

Agency [63], the Spanish Institute for Diversification and Energy Saving [64], and other local 493 

organizations [46,52,53,65]. The most relevant costs are presented in Table 1. The cost 494 

assumptions are total investments before discounts. The fixed operation and maintenance costs 495 

are estimated as a percentage of investment costs. 496 

Table 1: Costs of the most important installations considered in the study. 497 

Installation Investment cost Fixed O&M 
(%) 

Lifetime  
(years) 

Power plants 0.99 M EUR/MW-e 3.05 20 
Wind power 1.2 M EUR/MW-e 2.97 20 
Photovoltaic 0.5 M EUR/MW-e 0.6 20 
Desalination plants 1000 EUR/m3 fresh water 3 20 
Water storage 113.33 EUR/m3 1 20 

 498 

Additionally, a CO2 price of 24.92 EUR/t CO2 is considered based on the historical data of this 499 

value for the EU [66]. The most important fuel costs considered are presented in Table 2. 500 

Table 2: Fuel costs considered in the study. 501 

Fuel Price 
(EUR/GJ) 

Diesel 15 
Fuel oil 11.9 
Natural gas 9.1 

 502 
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3.3 Validation of the reference scenario modelled in EnergyPLAN 503 

After identifying the energy system and modelling the reference scenario in EnergyPLAN, the 504 

operating simulation which EnergyPLAN performs was validated. As shown in Table 3, Table 505 

4, Fig. 12, Fig. 13, Table 5 and Table 6, a comparison was made between the results of the 2018 506 

Lanzarote energy system and the simulation performed by EnergyPLAN at a 1-h time 507 

resolution. The monthly energy electricity demands obtained from EnergyPLAN and from the 508 

actual data gathered from official data reports are compared in Table 3. The comparison of peak 509 

electricity powers supplied is shown in Table 4, the difference between the electricity produced 510 

from various units in actual data and simulations in Table 5, and annual fuel consumption by 511 

energy source in Table 6. 512 

Table 3: Average monthly electricity demand obtained from the EnergyPLAN model and actual values for the 513 
year 2018 in Lanzarote. 514 

Month Actual 2018  
(GWh) 

EnergyPLAN 2018 
(GWh) 

Difference  
(GWh) 

Difference  
(%) 

January 72.98 75.03 2.05 2.81 
February 66.70 66.46 -0.24 -0.36 
March 71.13 69.83 -1.30 -1.83 
April 68.06 67.51 -0.56 -0.82 
May 69.03 68.49 -0.55 -0.79 
June 67.47 66.74 -0.73 -1.09 
July 72.30 73.37 1.07 1.48 
August 76.31 73.96 -2.35 -3.08 
September 74.62 74.51 -0.10 -0.14 
October 75.03 75.37 0.34 0.45 
November 68.83 70.50 1.66 2.42 
December 72.61 72.28 -0.33 -0.46 
Total 855.08 854.05 -1.04 -0.12 

 515 

Table 3 shows that the maximum absolute differences obtained between the modelled monthly 516 

electricity energy demands and their actual values are produced in August (2.35 GWh), January 517 

(2.05 GWh) and November (1.66 GWh), respectively. These values are relatively low if their 518 

relative percentages are considered (all differences present relative values below 3.5%). These 519 

small differences in energy demands are produced because in the real data the power 520 

consumption for water systems is integrated into the overall power consumption of the 521 
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electricity systems. However, the EnergyPLAN model analyses this specific power 522 

consumption separately from the electricity sector and achieves a similar water production with 523 

slightly fewer energy resources. 524 

Table 4: Peak of electrical power obtained from the EnergyPLAN model and actual values for the year 2018 in 525 
Lanzarote. 526 

Month Actual 2018  
(MW) 

EnergyPLAN 2018 
(MW) 

Difference  
(MW) 

Difference  
(%) 

January 136.17 136.00 -0.17 -0.12 
February 140.90 138.00 -2.90 -2.06 
March 125.80 123.00 -2.80 -2.23 
April 119.42 118.00 -1.42 -1.19 
May 118.67 117.00 -1.67 -1.40 
June 118.63 114.00 -4.63 -3.91 
July 123.85 122.00 -1.85 -1.49 
August 130.12 124.00 -6.12 -4.70 
September 135.17 132.00 -3.17 -2.34 
October 132.68 130.00 -2.68 -2.02 
November 126.77 126.00 -0.77 -0.60 
December 135.85 132.00 -3.85 -2.83 

Peak electricity power (MW): 128.67 126.00 -2.67 -2.07 
 527 

Table 4 shows the differences obtained between the modelled peaks of electrical power 528 

generated by months and their actual values. In this case, the maximum differences are detected 529 

in summer months, when renewable resources are higher. In these circumstances, EnergyPLAN 530 

reduces the power contribution of conventional generation taking advantage of the maximum 531 

renewable energy resource.  532 

Fig. 12 shows a sample representation of the electricity demand data of the 2018 Lanzarote 533 

energy system and the simulation performed by EnergyPLAN at a 1-h time resolution for the 534 

central days in the months. 535 
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 536 
Fig. 12. Sample representation of the behavior of actual 2018 hourly electricity demand and 2018 hourly 537 

electricity demand calculated by EnergyPLAN, for days 14-15 in each month. 538 

In Fig. 13, the abscissa axis represents the estimations of electricity demand (measured in 539 

MWh) performed by EnergyPLAN. The ordinate axis represents the actual values observed for 540 

each estimation carried out by the model. Consequently, interceptions between actual and 541 

estimated values are obtained for each sample of data (represented by blue asterisks. The red 542 

line (with a slope of 45 degrees) represents the best possible estimation. A blue asterisk above 543 

the red line means that the observed and estimated values are equal and that a perfect match has 544 

been achieved between model and reality in that individual estimation. In this figure, it can be 545 

seen that that there are small differences between estimations and actual values. These 546 

differences were statistically quantified using three metrics: the Mean Absolute Error (MAE), 547 

the Mean Absolute Percentage Error (MAPE) and R-Squared. 548 
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MAE is defined by Eq. (5) where the n estimated values are represented by the letter “e” and 549 

the n observed values by the letter "o". MAE is expressed in the same units as the parameters it 550 

compares [67]. 551 

  
(5) 

MAPE is defined by Eq. (6) and is a relative measurement that expresses the error as a 552 

percentage of the observed data [67]. 553 

 
(6) 

R-Squared is defined by Eq. (7) and indicates the proportionate amount of variation in the 554 

response variable, y, explained by the independent variables, x [68].  555 

 556 

𝑅" =
𝑆𝑆𝑅
𝑆𝑆𝑇 · 100 = l1 −

𝑆𝑆𝐸
𝑆𝑆𝑇m · 100 (7) 

where SSE is the sum of squared errors, SSR is the sum of squared regression and SST is the 557 

sum of squared total. 558 
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 559 
Fig. 13. Statistical comparison between actual 2018 hourly electricity demand and 2018 hourly electricity 560 

demand calculated by EnergyPLAN. 561 

 562 

Table 3: Electricity produced for Lanzarote in 2018 and the EnergyPLAN simulation for this data. 563 

Production unit 2018 Production  
(GWh) 

EnergyPLAN 2018 
 (GWh) 

Difference  
(TWh) 

Difference  
(%) 

Power-plants 926.20 943.98 17.78 1.9% 
Wind 50.96 50.95 -0.01 0.0% 
PV 9.50 9.43 -0.07 -0.7% 

  564 

 565 

Table 4: Electricity produced for Lanzarote in 2018 and the EnergyPLAN simulation for this data. 566 

Fuel 
2018 Fuel 

consumption  
(GWh) 

EnergyPLAN fuel 
consumption 2018  

(GWh) 
Difference  

(GWh) 
Difference  

(%) 
Oil 3,441.78 3,430.00 -11.780 -0.3% 
Natural gas 103.500 100.00 -3.500 -3.5% 
Renewable 60.458 60.38 -0.078 -0.1% 

 567 
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After all the comparisons between the reference model and the actual 2018 data had been 568 

completed and analysed, the accuracy of the model was accepted. As the largest relative 569 

difference found was just 4.7%, the reference model of the existing energy system of Lanzarote 570 

can be used as the first step for the investigation carried out in this paper. 571 

3.4 Smart energy-water infrastructures analysis and Pareto-based optimization 572 

After validation of the Lanzarote reference model, step 4 in the process was carried out. A 573 

MATLAB program was developed to obtain the optimal renewable water infrastructures using 574 

the framework shown in Fig. 3, the detailed method described in Fig. 4 and the Pareto-based 575 

optimization model presented in Section 2.4. 576 

 This Pareto-based optimization model is specifically formulated as follows: 577 

minimize: 𝑦! = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝐶𝑂"	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠	(𝑀𝑡), 

𝑦" = 100%− 𝑅𝐸𝑆	𝑠ℎ𝑎𝑟𝑒	𝑜𝑓	𝑃𝐸𝑆	(%), 

𝑦, = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝑓𝑢𝑒𝑙	𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛, 𝑃𝐸𝑆, (𝑇𝑊ℎ), 

𝑦- = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝑜𝑖𝑙	𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛	𝑡𝑜	𝑃𝐸𝑆	(𝑇𝑊ℎ), 

𝑦. = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚	𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑	ℎ𝑜𝑢𝑟𝑙𝑦	𝑖𝑚𝑝𝑜𝑟𝑡	(𝑀𝑊), 

𝑦/ = 	𝑖𝑚𝑝𝑜𝑟𝑡𝑠/𝑒𝑥𝑝𝑜𝑟𝑡𝑠	𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛	𝑝𝑜𝑖𝑛𝑡	(𝑇𝑊ℎ), 

𝑦0 = 𝑎𝑛𝑛𝑢𝑎𝑙	𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒	𝑐𝑜𝑠𝑡𝑠	(𝑀€), 

𝑦1 = 𝑡𝑜𝑡𝑎𝑙	𝑎𝑛𝑛𝑢𝑎𝑙	𝑐𝑜𝑠𝑡𝑠	(𝑀€), 

(8) 
  

subject to: 0.243	ℎ𝑚, ≤ 𝑥! ≤ 24.3	ℎ𝑚,, 

4000	𝑚,/ℎ ≤ 𝑥" ≤ 8000	𝑚,/ℎ, 

22.3	𝑀𝑊 ≤ 𝑥, ≤ 379.74	𝑀𝑊, 

9	𝑀𝑊 ≤ 𝑥- ≤ 475	𝑀𝑊 

  

where: 𝑥! = 𝑤𝑎𝑡𝑒𝑟	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	(𝑀𝑚,), 

𝑥" = 𝑑𝑒𝑠𝑎𝑙𝑖𝑛𝑎𝑡𝑒𝑑	𝑤𝑎𝑡𝑒𝑟	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	(1000	𝑚,/ℎ), 

𝑥, = 𝑤𝑖𝑛𝑑	𝑝𝑜𝑤𝑒𝑟	𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑀𝑊) 

𝑥- = 𝑃𝑉	𝑝𝑜𝑤𝑒𝑟	𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑	𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦	(𝑀𝑊) 
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In this study, the decision variables (water storage capacity, desalination water capacity, wind 578 

power capacity installed in the energy system and PV power capacity) were modified on the 579 

basis of the following criteria: 580 

a) Water storage capacity: in 10 steps, from its 2018 installed capacity (0.243 hm3) to 100 581 

times this value (24.3 hm3). 582 

b) Total water desalination capacity: in 10 steps, from its 2018 installed capacity (4000 583 

m3/h) to 8000 m3/h.  584 

c) Wind power capacity: in 10 steps of equal increments, from its 2018 installed capacity 585 

(22.3 MW) to the value which would satisfy all the electricity demand with this kind of 586 

power (379.74 MW).  587 

d) PV power capacity: in 10 steps, from its 2018 installed capacity (9 MW) to the value 588 

which would satisfy all the electricity demand with this kind of power (475 MW).  589 

The same general procedure was applied to determine the minimum intersection point between 590 

imports, i.e. fossil fuel energy needs, and exports, i.e. excess electricity production (EEP), in 591 

each water infrastructure when wind and PV are increased sequentially. This intersection point 592 

is important for any future development of the energy system as it defines the energy storage 593 

size required to minimize fossil fuel consumption. For each water infrastructure configuration 594 

(water storage and desalination capacity binomial), a search was performed for the optimal 595 

wind/PV power capacity configuration. This procedure was carried out in MATLAB using the 596 

MATLAB Toolbox for EnergyPLAN [20]. 597 

 598 

 599 
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4 Results and discussion  600 

 Table 5 shows a sample of the results obtained and, more specifically, the following data 601 

gathered from the EnergyPLAN output files: 602 

- Desalinated water production capacity (1000 m3/h). 603 

- Water storage capacity (Mm3). 604 

- PV power capacity required (MW) and in percentage (%) of total electricity demand. 605 

- Wind power capacity required (MW) and in percentage (%) of total electricity demand. 606 

- Total annual CO2 emissions (Mt). 607 

- RES share of PES (%). 608 

- Total annual PES (TWh). 609 

- Total annual oil contribution to PES (TWh). 610 

- Maximum required hourly import (MW). 611 

- Import/export intersection value, in TWh and in percentage (%) of total electricity demand. 612 

- Variable costs of the energy system, in millions of euros (M€). 613 

- Total annual costs of the energy system, in M€. 614 

All the optimal feasible solutions shown in Table 5 are also represented in three charts (Fig. 14 615 

a, b and c) using only two potentially conflicting target variables in each. More specifically, 616 

Fig. 14a shows the results of the optimal solutions in terms of total annual costs (M€) vs. total 617 

annual fuel consumption (TWh), Fig. 14b represents the obtained solutions in terms of total 618 

annual costs vs. annual CO2 emissions (Mt), and Fig. 14c shows total annual costs for the 619 

solutions vs. import/export intersection values (TWh), which are equivalent to the annual 620 

energy storage needs to avoid fossil fuels in the system. In Fig. 14, the three Pareto fronts are 621 

represented by discontinuous lines. 622 

  623 

 624 
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Table 5: Representative sample of the total set of optimal feasible smart energy-water infrastructures obtained 625 
after applying the proposed method on the island of Lanzarote. 626 

Desal. 
cap. 

Water 
storage 

PV 
power Wind power CO2 

RES 
of 

PES 

Total 
annual 

PES 

Total 
annual 

oil 

Max 
Imports Import/Expo

rt 
Var. 
Costs 

Total 
annual 
costs 

1000 m3/h Mm3 MW % MW % Mt % TWh TWh M€ TWh % M€ M€ 

4.00 0.24 9 2 22.30 5.87 0.929 5.14 3.59 3.40 133 0.78 92.86 201 6424 

4.00 0.24 95 20 272.28 71.70 0.748 24.5 3.75 2.73 137 0.535 63.68 167 6435 

4.00 2.92 95 20 272.30 71.71 0.747 24.5 3.74 2.73 137 0.534 63.59 167 6458 

4.00 5.59 95 20 272.30 71.71 0.747 24.5 3.74 2.73 137 0.534 63.59 167 6481 

⁝ 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

4.44 8.26 95 20 272.23 71.69 0.746 24.5 3.74 2.73 137 0.533 63.45 167 6504 

4.44 10.94 95 20 270.66 71.27 0.744 24.5 3.73 2.72 137 0.530 63.05 166 6527 

4.44 13.61 95 20 269.12 70.87 0.743 24.4 3.72 2.71 136 0.528 62.91 166 6550 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

4.89 16.28 95 20 268.77 70.78 0.742 24.4 3.72 2.71 136 0.527 62.80 166 6573 

4.89 18.95 95 20 268.78 70.78 0.742 24.4 3.72 2.71 136 0.527 62.80 166 6597 

4.89 21.63 95 20 268.78 70.78 0.742 24.4 3.72 2.71 136 0.527 62.80 166 6620 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

5.33 24.30 95 20 268.71 70.76 0.742 24.5 3.72 2.71 136 0.527 62.69 166 6644 

5.78 0.24 95 20 272.30 71.71 0.747 24.5 3.74 2.73 137 0.534 63.53 167 6435 

5.78 2.92 95 20 272.29 71.70 0.746 24.5 3.74 2.73 137 0.533 63.43 167 6458 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

6.22 5.59 95 20 272.32 71.71 0.746 24.5 3.74 2.73 137 0.532 63.37 167 6481 

6.22 8.26 95 20 272.18 71.67 0.745 24.5 3.74 2.72 137 0.531 63.27 167 6504 

6.22 10.94 95 20 271.02 71.37 0.743 24.5 3.72 2.71 137 0.528 62.83 166 6527 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

7.11 13.61 95 20 269.25 70.90 0.739 24.5 3.71 2.70 136 0.523 62.25 165 6550 

7.11 16.28 95 20 268.42 70.69 0.739 24.5 3.70 2.70 136 0.522 62.19 165 6573 

7.11 18.95 95 20 268.49 70.70 0.739 24.5 3.70 2.70 136 0.522 62.20 165 6596 
⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ ⁝ 

7.56 21.63 95 20 268.48 70.70 0.738 24.5 3.70 2.70 136 0.522 62.12 165 6620 

7.56 24.30 95 20 268.47 70.70 0.738 24.5 3.70 2.70 136 0.522 62.12 165 6643 

8.00 0.24 95 20 272.60 71.79 0.746 24.5 3.74 2.73 137 0.532 63.37 167 6435 

8.00 2.92 95 20 272.30 71.71 0.743 24.6 3.73 2.71 137 0.529 62.92 166 6457 

8.00 5.59 95 20 272.17 71.67 0.743 24.6 3.73 2.71 137 0.529 62.92 166 6481 

8.00 8.26 95 20 271.99 71.62 0.741 24.6 3.72 2.71 137 0.526 62.62 166 6504 

8.00 10.94 95 20 270.45 71.22 0.739 24.6 3.71 2.70 136 0.523 62.24 165 6527 

8.00 13.61 95 20 268.94 70.82 0.738 24.6 3.70 2.70 136 0.522 62.13 165 6550 

8.00 16.28 95 20 268.57 70.73 0.738 24.5 3.70 2.70 136 0.522 62.11 165 6573 

8.00 18.95 95 20 268.64 70.74 0.738 24.5 3.70 2.70 136 0.522 62.11 165 6596 

8.00 21.63 95 20 268.67 70.75 0.738 24.5 3.70 2.70 136 0.522 62.11 165 6620 

8.00 24.30 95 20 268.65 70.75 0.738 24.5 3.70 2.70 136 0.522 62.11 165 6643 

* in bold are represented the results obtained for the reference scenario. 627 
* in red are represented the optimal configurations situated in the extremes of the Pareto fronts. 628 
* in blue is represented the trade-off Pareto-optimal solution. 629 
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 630 
(a) 631 

 632 
(b) 633 

 634 
(c) 635 

Fig. 14. Optimal solutions and Pareto fronts shown as total annual costs (M€) vs.: a) Total annual fuel 636 
consumption (TWh); b) CO2 annual emissions and; c) Annual energy storage needs to minimize fossil fuels in 637 

the system (import/export intersection value). 638 
 639 
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Shown in blue in Fig. 14 and Table 5 is the most balanced energy-water infrastructure obtained 641 

after applying the proposed method to the island of Lanzarote. It is based on: 642 

- a desalination capacity of 8,000 m3/h, 643 

- a water storage capacity of 8.26 M m3, 644 

- an installed PV power capacity of 95 MW, capable of satisfying 20% of total electricity 645 

demand, and 646 

- an installed wind power capacity of 271.99 MW, capable of satisfying 71.62% of total 647 

electricity demand. 648 

This configuration would increase the participation of renewables in the primary energy supply 649 

of the energy system from the current 5.14% of the reference energy system to 24.6%. This 650 

corresponds to, on average, over 35% of the hourly electricity demand throughout 2018 being 651 

satisfied by renewables compared to the actual value of 6.6%, with maximum hourly renewable 652 

contributions of up to 65%.  653 

It can be seen that the optimal solutions generally propose a PV/wind power combination based 654 

on 20% of annual electricity demand being satisfied by PV and 71.62% by wind. These results 655 

concur with conclusions obtained in previous studies which analysed the best PV/wind power 656 

combination [3,69,70] with a view to minimizing excess electricity problems. 657 

Fig. 15 shows the PES distribution and CO2 emissions for the three Pareto-optimal solutions 658 

(located in the extremes and the center of the Pareto front) and for the reference scenario. For 659 

the trade-off Pareto-optimal scenario, despite the increase in total PES (from 3.59 to 3.72 660 

TWh/year), the total oil contribution to the PES is reduced from 3.40 TWh/year to 2.71 661 

TWh/year. Importantly, wind and PV power contributions are considerably increased, and 662 

annual CO2 emissions reduced from 0.929 Mt to 0.741 Mt. 663 

 664 
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 665 
Fig. 15. PES distribution and CO2 emissions for the reference scenario and the optimal configurations obtained 666 

in the Pareto front. 667 

 668 

In Fig. 16, the optimal solutions are represented in terms of installed desalination, water storage 669 

and wind power capacities (X-axis), and CO2 emissions, oil consumption and import/export 670 

intersection (Y-axis). Additionally, all the optimal solutions are drawn using a color code 671 

corresponding to their total annual cost.  672 

The solutions with the lowest CO2 emissions have higher total annual costs (Fig. 16a). This is 673 

because to satisfy the criteria of low CO2 emissions and high desalination capacity it was 674 

necessary to increase water storage to its highest values, which significantly increased the total 675 

costs in the system. 676 

All the graphs plotted in the second column of Fig. 16 offer confirmation of this. In this respect, 677 

it could be inferred that, in general terms, lower water storage capacity implies a lower total 678 

cost in the system. However, Fig. 16 (a), (d) and (g) show optimal solutions in green with very 679 

good performances in terms of the import/export intersection obtained on the basis of CO2 680 

emissions, total annual costs, oil consumption and import/export intersections. In addition, as 681 

can be seen in Fig. 16 (b), (e) and (h), these good performances were obtained with mid-range 682 
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water storage solutions. Likewise, Fig. 16 (c), (f) and (i) show that lower total annual costs were 683 

obtained when wind contributions were higher, but very good performances were obtained with 684 

mid-range wind power solutions. 685 

 686 
Fig. 16. Representation of each individual energy-water configuration (solutions) in terms of: desalination 687 

capacity and total annual costs (first column); water storage and total annual costs (second column); and wind 688 
power and total annual costs (third column), vs. CO2 emissions; oil consumption; and import/export intersections 689 

(energy storage needs). 690 

 691 

5 Conclusions 692 

In this paper, an overall method is proposed to plan island energy-water infrastructures on the 693 

basis of the interrelation between the electricity and desalination sectors with the aim of 694 

increasing the renewable energy contribution to the whole energy system. The method is 695 



 43 

inspired by the Smart Energy System concept which promotes interconnections between 696 

different sectors to take advantages of their synergies. Since, in principle, the method is focused 697 

on islands, it has been designed to include an optimal renewable configuration search to 698 

minimize the balance between fuel energy needs and electricity excesses.  699 

After applying the method to the Lanzarote case study, an island in the Canary Archipelago 700 

(Spain), a number of specific and relevant results were obtained. First, the analyses confirm the 701 

initial hypothesis with respect to the positive potential contribution that flexible desalination 702 

can make to renewable integration in an energy system. As result of the application of the 703 

proposed method, it is concluded that the most appropriate solution —in terms of maximizing 704 

renewable energy contribution and minimizing CO2 emissions, fossil fuel use and total annual 705 

costs— is a trade-off optimal solution chosen in accordance with the Pareto-efficiency concept. 706 

This solution consists of a balanced energy-water infrastructure based on a bigger but not the 707 

biggest selected water storage capacity, a higher but not the highest selected wind power 708 

capacity, and the highest, in size, selected desalination water capacity. This solution achieves 709 

an increase in the total contribution of renewables from 5.14% in the current reference scenario 710 

to 24.6%. This corresponds to, on average, over 35% of the hourly electricity demand 711 

throughout 2018 being covered by renewables, against the current 6.6%. The optimal solutions 712 

suggested by the method propose a PV/wind power combination based on 20% of annual 713 

electricity demand being satisfied by PV and 71.62% by wind, concurring with conclusions 714 

obtained in previous studies which analysed the best PV/wind power combination with a view 715 

to minimizing excess electricity problems. 716 
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