

  sustainability-14-01653




sustainability-14-01653







Sustainability 2022, 14(3), 1653; doi:10.3390/su14031653




Article



Analysis of the Water-Energy Nexus Applied to an Insular System: Case Study of Tenerife



Daniella Rodríguez-Urrego 1, David Cañadillas-Ramallo 2, Benjamín González-Díaz 1,*[image: Orcid] and Ricardo Guerrero-Lemus 2,3





1



Departamento de Ingeniería Industrial, Universidad de La Laguna, 38206 La Laguna, Tenerife, Spain






2



Energy Research & Intelligence Solutions, S.L.U., 38632 Arona, Tenerife, Spain






3



Departamento de Física, Universidad de La Laguna, 38206 La Laguna, Tenerife, Spain









*



Correspondence: bgdiaz@ull.edu.es; Tel.: +34-922-31-6502 (ext. 6252)







Academic Editors: Janez Sušnik and Sara Masia



Received: 26 November 2021 / Accepted: 25 January 2022 / Published: 31 January 2022



Abstract

:

Insular territories face important challenges in achieving effective sustainable development, mainly due to low internal availability of basic resources, which results in a high external dependency. The analysis of the energy–water nexus of islands is a powerful instrument to evaluate the sustainable goals of the region and to identify the key actions to take to fulfill these objectives in future scenarios. The aim of this study is to review the energy–water nexus applied to Tenerife (Canary Islands), considering three scenarios: the base case scenario, corresponding to the current situation, where 1.1% of consumed water is dedicated to energy production and 10.2% of the energy is supplied for water abstraction, depuration, and ocean discharge; and two projections for the year 2050: a maintained trend scenario, and an ecology-aware scenario, where the population growth and the deployment of electrical vehicles are considered. In 2018, the total energy consumed was 1954 ktoe, of which renewable energy made up 2%. In the maintained trend scenario, this amount rises to 2003 ktoe, of which renewable energies represent 29%. However, in the ecology-aware scenario, this amount could be reduced to 1710 ktoe of which 51% of energy is obtained from renewable sources.
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1. Introduction


Access to water and energy is the most important challenge and a prominent need of global society. A recent study estimated that only 200,000 km3 of freshwater is available for human use and consumption, representing less than 1% of all global freshwater resources available [1]. Indeed, approximately 2.5 billion people worldwide have access to groundwater sources, and the supplies have been linearly decreasing in recent years [2]. In general, fresh water is primarily used for human consumption, but it is also required for diverse human activities, such as agriculture, manufacturing, and the electric power sector [3]. According to UNESCO, there will be a global water deficit by 2050; therefore, 40% of agriculture will be at risk and 45% of the global GDP will be affected [4].



The supply and availability of fresh water is intrinsically related to the availability of energy because energy is required for pumping from water wells, desalination, reclaiming water, wastewater treatment, transportation, and distribution, which are energy-intensive processes [5,6,7]. Indeed, global energy consumption in the water sector in 2014 reached 120 Mtoe, representing 9% of the total global consumption.



On the other hand, the Energy Information Administration has estimated that global energy consumption will grow by nearly 50% between 2018 and 2050 [8]. Between 2010 and 2014, the worldwide water withdrawals to be used to produce energy ranged between 398 and 583 billion m3 per year, and consumption to produce energy varied between 48 and 66 billion m3 [9]. These values indicate between 10% and 15% of the total water withdrawal in the world is used for energy production processes [10], mostly used in hydroelectric power plants, concentrated solar power [11], conventional power plants, and fossil fuel production [12].



The joint analysis of energy and water production and consumption as a whole system is called water-energy nexus [13], providing a strong holistic overview for analyzing the sustainability of a region. Furthermore, considering the expected population growth and the relevance of the intrinsically relation between water-energy of developing and emerging countries, their demand is expected to remarkably increase [14] jointly.



The importance of the joint analysis of the water and energy has been noted by the Joint Research Centre, which recently exposed the fact that the European energy sector currently requires 74 billion m3/year of freshwater, and the use of electricity in the water sector is expected to annually increase by 4% up to 2040 [9].



This topic has been revised and checked in more than 1185 relevant documents from 2007 to 2019 [13] because improvement in energy–water efficiency will also enhance human wellness and the water footprint [15]. These studies have also been able to establish the relationship between the water-energy nexus and other factors, such as agriculture, food, and waste in different regions [16,17,18,19].



With respect to the water in insular systems, the rate of intense abstraction and continuous consumption of underground reserves from galleries, water springs, or water wells is usually higher than the defined recharging rates, increasing erosion and desertification in these territories [20]. For example, in the case of Tenerife Island, the intensive exploitation of aquifer groundwater by means of wells and water galleries has led to a groundwater reserve depletion of approximately 2 km3 (approximately 50 Hm3/year in recent decades) [21]. In the case of strong water supply deficits, other insular systems opt to import substantial amounts of fresh water. This is the case for Taiwan’s Kinmen Island, which imports approximately 30% of water from China due to the low amounts of groundwater resources [22].



In summary, the lack of fresh water has become one of the most important weaknesses or obstacles to the economic and social development of insular systems [23]. This fact is mainly due to (i) orographic conditions, which limit their own resources, such as surface and underground water; (ii) lack of storage facilities; and (iii) continuous decrease in rainwater in recent years [24]. Therefore, desalination systems using renewable energy seem to be the best option for achieving independence from freshwater imports, reducing energy imports and costs, and enhancing their potential for sustainable development [25,26,27].



Several potential methods of obtaining fresh water in insular systems have been analyzed, such as desalinization processes, to ensure fresh water requirements continue to be met for the near future [28,29]. However, these studies have been mainly focused on the optimization of technologies to allow the conversion of seawater into drinking water. In addition, certain studies analyzed the current desalination systems that could be optimized at a minimal cost with hybrid renewable systems [30,31,32]. There are also studies in isolated areas associating desalination systems with the food sector; for example, considering a desalination system supplied by wind power to provide water to an agricultural cooperative located in the southeast of Gran Canaria [33]. Additionally, some reported studies have also been focused on the sustainability of the water cycle in island territories [34] and the negative effects of the imported bottled water for the environment [35].



Because energy for many islands is mainly provided by fossil fuels [36], insular power systems must integrate renewable energies such as wind, solar, or biomass to reduce dependence on external resources [37]. However, the optimization of energy–water networks in island territories is essential for reducing electricity consumption, improving water system efficiency, and avoiding the dependence on external resources [38].



Consequently, numerous insular territories present the greatest sustainability challenges in accomplishing the Sustainable Development Goals, in particular goals 6 (clean water and sanitation) and 7 (affordable and clean energy), mainly due to their limited surface area, dependence on imported resources, and the effects of human behavior, which affect natural resources [30]. Therefore, the challenges of supplying sustainable energy and water to these insular territories include the fact that supply is especially complicated and costly because of limited resources.



In summary, the relationship between water and energy has been partially studied in insular systems, mainly focusing on the inclusion of renewable energy to obtain water [30]. However, a joint analysis of both sectors in insular systems has not yet been reported. In the present study, the interconnections between energy and water were studied using the example of Tenerife. This island has been chosen due to its current energy mix, including fossil fuels and renewable energies, and the water abstraction technologies, where the obtained results can be effortlessly adapted to other insular territories.



Additionally, losses generated by the transport of water and losses associated with the generation and transport of electricity have been analyzed, including the treatment and discharge of water, and the associated carbon emissions into the atmosphere of every process. This study uses an interesting visualization tool to expose the results of this kind of analysis: Sankey diagrams [39]. Using as a start point the current evaluation of the water-energy nexus of the island, the present study also evaluates the two different scenarios of the energy–water nexus that we understand should be included in this kind of analysis for 2050: a maintained trend scenario and an ecology-aware scenario.



The remainder of this paper proceeds as follows. First, a general overview of the water and energy inventories is provided, identifying relevant data, and describing the subsequent analysis. Then, the methodology used to analyze the data for the proposed scenarios, as well as the definition of the scenarios themselves, is presented. The exposition of the results and Sankey diagrams are presented in the fourth section. Next, a discussion of the results for the different scenarios is presented, analyzing the implications for the energy–water nexus of the alternative studied. Finally, the main conclusions of the study and recommendations for future research are presented.




2. Materials and Methods


2.1. Socioeconomic Activity


Tenerife is a relatively small volcanic island located at the center of the Canary Archipelago (Spain), with an approximate surface area of 2034 km2 and a population of 917,841 inhabitants (2019) [40]. Along with the local population, there are a high number of tourists visiting the island, which effectively forms the so-called floating population of the island, implying an annual average of 5,322,795 tourists per year. The average tourist stay in Tenerife has been reported to be 10 days [41], indicating that the floating population of the island is equivalent to 145,830 average daily tourists. With this calculation, the simultaneity of tourists on the island is considered, meaning that the effective population of the island is ~1,063,671 inhabitants.



Regarding the economic activities on the island, most of the wealth production is concentrated along the coastal areas, due to tourism, agriculture, and commercial activities, similar to the rest of the Canary Islands. Given the socioeconomic composition of the island, the demand for water and energy can be categorized into the following sectors: residential, commercial, industry, tourism, agriculture, and transportation; these categories are used throughout this study. Other activities, for instance, waste treatment processes in GHG emissions, have been aggregated in the aforementioned sectors.




2.2. Description Analysis


2.2.1. General Description


The overall process used to analyze the interrelationships between water and energy is depicted in Figure 1 and summarized in the following paragraph.



In the first step, data related to energy consumption and water resources have been retrieved from different sources [42,43] and preprocessed. In the second step, the contribution of each socioeconomic sector has been identified, and the calculations to obtain the energy and water demands, segregated by sector, have been performed, considering the relationship between water and energy. Then, the losses associated with each sector have been calculated to obtain the end-uses of water and energy, considering the particularities of each sector and process. Finally, the associated carbon emissions from all the processes under study have been obtained. With all the information retrieved from the previous steps, Sankey diagrams for each of the studied scenarios have been constructed. The following subsections describe each of these steps.



In our case, energy data were directly obtained from [43]. Data preprocessing was not necessary because data from the source were readily available for the year of interest. The relevant energy data are presented separately as the energy data corresponding to the different water processes. The energy demand for water heating is detached from their respective sectors (mainly residential, tourism, and commercial) to evaluate the overall impact of this action on the energy–water nexus.



To obtain water data estimations for 2018, a linear extrapolation of the values from 2012, scaled by population growth during the 2012–2018 period, was applied. Water demand shares by sector have remained unchanged since the socioeconomic environment of the island has not been significantly altered in the last decade. The decrease in the availability of groundwater has also been considered, following the trend observed in the 2010–2015 series. Relevant data regarding water sources are presented in Appendix A.



The demand for fossil fuels by sector can be partially obtained from the original sources. In general, fossil fuels have well-defined roles and are used in energy systems (see Appendix B for more details). Gasoline and gasoil are primarily used in land transportation. Kerosene is only used for air transportation, and maritime transportation relies on the use of heavy fuel oils and gasoil. Diesel is primarily used in industrial processes and in small-scale maritime transportation. The larger heterogeneity of uses is probably encountered in LPGs because they are versatile energy carriers and can be used in several applications, such as land transport, building and water heating, and cooking. Figure 2 shows the demand share of each sector in Tenerife divided by the fuel. As can be observed, the largest demand for fossil fuels is for transport.



Regarding the water sector, fossil fuels are not directly used in water-related processes (they are only indirectly used for producing electricity used to power desalination plants, pumps, and other necessary equipment). The main use of fossil fuels related to water is the use of diesel and LPGs to heat water.



The distribution of fossil fuels shown in Figure 2 is used to project to the future the conditions of the fossil fuel mix, although there are some exceptions. For instance, the use of fossil fuels for electricity generation is estimated by the amount of electricity produced by thermal plants. The use of fossil fuels for land transportation is determined by the number of combustion engine vehicles present in the mix for each scenario.



Electricity demands by sector can be partially obtained directly from data sources with minor modifications (Figure 3).



However, to identify the contributions of other sectors of interest, further division of the uses of electricity is required. For instance, a small part of the electricity demand for residential and commercial sectors is used to heat water in electric water heaters. This quantity has been estimated to be 10% of the total electricity demand of both sectors in Tenerife, and it has been detached from the overall demand of those sectors to harmonize the output with the remaining steps.



Additionally, in our case, no specific data regarding water processes (such as desalination, water distribution system pumps, and wastewater-treatment plants) are provided; therefore, the demand for such processes needs to be calculated. The electricity demand in the transport sector needs to be estimated to project the future fleet of land transport vehicles, which is expected to be more electrified.



To calculate the electricity consumption for all the processes involved in the production and distribution of water, a methodology considering the specific electricity consumption of each process, in terms of the volume of water moved by each process or system, is applied. The main processes demanding energy in the water management pipeline are desalination plants, for both brackish and seawater, wastewater-treatment plants, and water pumping and distribution. In Table 1 the average energy consumption of each process used for the calculations is indicated.




2.2.2. Electric Vehicles


The current electricity demand and trends for electric vehicles (EVs) have been also taken into account. The current lack of an EV fleet in Tenerife poses some challenges in obtaining reliable information about the electricity requirements of the land transportation sector. Electricity consumption in the transport sector (  E  l t   ) was evaluated using the following analytical expression:


  E  l t  =  N v  ×    d d   ¯  ×   s  c e   ¯  ×    N d   ¯   



(1)




where    N v    is the estimated number of EVs,      d d   ¯    is the average daily distance traveled by the vehicles in km/day,     s  c e   ¯    is the weighted average electricity consumption of the electric vehicle fleet (weighted by the type of vehicles in the fleet, i.e., trucks, buses, and private cars) in kWh/km, and      N d   ¯    is the average number of days of the year in which the vehicles are traveling.








	
     N d   ¯    was obtained from [47], which reported that the average travel time of a car during a whole year is 666 h, meaning that the average number of days the vehicle travels is 27.75. The average specific electricity consumption per km (    s  c e   ¯   ) and average distance per day (     d d   ¯   ) were calculated according to the methodology described in [48,49]. The current number of EVs (   N v   ) was determined according to the data published by the Instituto Canario de Estadística (ISTAC) [41], although the future scenarios were scaled as explained in the corresponding section.









2.2.3. Water Demand by Sector


As mentioned in the previous sections, the latest freshwater data available for the Tenerife date from 2012. Hence, the water demand for 2018 must be calculated. To do so, the total water demand in 2012 has been scaled, according to the growth in population in 2018 [50], and the share of demand of each sector has been maintained as constant because there have not been significant changes in the socioeconomic environment or the water infrastructure of the island in recent years. In Figure 4, the share of demand for each source of fresh water is shown.



A significant portion (up to 105 Hm3 in 2012) of the water demanded by different sectors is provided using public supply services, that is, the public infrastructure for the distribution of water. According to the PHT [50], the sectors that make use of public water supply include residential (71.02%), industrial (4.10%), commercial (6.14%), and tourism (18.74%).



The water demand for electricity production, primarily cooling of thermal power plants and production of steam for power cycles, has been estimated by correlating the water needs with the amount of fossil fuels consumed by the thermal plants to produce electricity. Finally, the consumption of bottled water was estimated according to the sales of bottled water and the population of Tenerife [50].




2.2.4. Efficiencies and Losses


The end-use energy of each sector and the amount of dissipated energy were calculated using the different efficiency and loss coefficients for each sector.



The efficiency and loss coefficients associated with each sector were obtained from [19], in which the authors estimated an average efficiency of 21% (79% losses) for the transport sector; 65% efficiency (35% losses) for the residential, commercial, and tourism sectors; and 20% efficiency (80% losses) for the industrial sector [19]. For water processes, the overall energy efficiency was estimated to be approximately 30% (70% losses). Therefore, the energy used for each sector was calculated using the following formula:


   E  e n d  i  =  η i  ×  E  d e m  i   



(2)




where    E  e n d  i    is the annual end-use energy in ktoe for sector  i ,    η i    is the average energy efficiency of sector  i , and    E  d e m  i    is the annual demand of energy in ktoe of sector  i . The dissipated energy (   E  d i s  i   ) has been calculated by either subtracting the end-used energy from the total energy demand or by using the loss coefficient     1 −  η i     , as expressed in the following equation:


   E  d i s  i  =   1 −  η i    ×  E  d e m  i  =  E  d e m  i  −  E  e n d  i   



(3)







Data from the electric sector can be more reliably obtained from the original data sources [43], where annual fuel consumption and produced electricity are available for each thermal power plant. The average efficiency of the electric thermal generators (   η  t h   g e n    ) can then be calculated using the following expression:


   η  t h   g e n   =   E  l  t h     ∑  F  t h      



(4)




where   E  l  t h     is the total electricity produced by thermal generators in ktoe, and   ∑  F  t h     is the sum of the thermal energy provided by the different fuels used to produce electricity, expressed in ktoe. Along with the conversion losses in thermal plants, there is another source of losses in the electric sector, which are the losses in the transport and distribution of electricity. These were obtained from the original data sources and accounted for 7.1% of the total electricity injected into the grid (including renewable plants). Therefore, the total dissipated energy, in ktoe, in the electric sector (   E  d i s   e l    ) is obtained using the following expression:


   E  d i s   e l   =   1 −  η  t h   g e n     × ∑  F  t h   + E  l  t o t   ×  r  l o s s    



(5)




where   E  l  t o t     is the total electricity injected into the grid, and    r  l o s s     is the loss coefficient of the whole system.



The water end-uses and losses can be estimated in a similar fashion to the energy ones. Once water is supplied to a certain sector, water can be either consumed (meaning that it leaves the water system) or it can be returned to the system as wastewater. The total amount of water consumed (   W  c o n s  i   ) by each sector is calculated using the following equation:


   W  c o n s  i  =  W  d e m  i  − W  w  g e n  i   



(6)




where    W  d e m  i    is the total water demand for sector  i  (in Hm3), and   W  w  g e n  i    is the amount of wastewater generated by sector  i , expressed in Hm3. The amount of wastewater generated by each sector is calculated using the following expression:


  W  w  g e n  i  =  r  w w  i  ×  W  d e m  i   



(7)




where    r  w w  i    is the ratio of wastewater generated by water demanded by sector  i . The ratios of wastewater generation for each sector were obtained from [51]. The water that is not consumed by the sectors (wastewater) can follow three different paths: (i) it can be discharged into the subsoil through community purification systems or septic tanks and cesspools (39.50% of the total water used in the residential, commercial, and tourism sectors) [51]; (ii) water can be recovered or reused for watering golf courses or gardens (16.10% of the total water used in all sectors except agriculture) [50]; or (iii) the water can be discharged to the ocean with or without previous treatment.



Along with the end use and final destination of water, losses in the water system should be evaluated. Water losses can be categorized into two different groups: losses during the extraction, production, and treatment of water; and losses in the distribution of water, with the latter being significantly higher. Losses during extraction, production, and treatment processes were determined according to the methodology described in [50,52]. Overall losses during the extraction, production, and treatment processes were estimated to be 5.63% of the total volume of water processed. This compound percentage can be further broken down to identify the losses for each process, resulting in 5.99% losses produced during the water extraction process from the aquifers, 2.49% losses in desalinating seawater, 7.82% losses in desalinated brackish water, and 15.45% in reclaimed water in water treatment plants.



Regarding the losses associated with the distribution of water, two types of losses have been identified according to the PHT [50]: (i) deviation of sensor counter precision, and (ii) pipe leaks and unauthorized connections. An average 27% loss in the water distribution system was observed for Tenerife [52], which is slightly larger than the reported 23% average for the whole of Europe [53].




2.2.5. GHG Emissions


According to the Intergovernmental Panel on Climate Change (IPCC) inventory of GHG, in 2017, the Canary Islands emitted 13,595 kt CO2 eq [43], where 42.93% (5836 kt CO2 eq) was attributed to the island of Tenerife.



Sectorized direct emissions were obtained from the original data source [43]. Along with the energy consumption of each sector, excluding electricity, an index expressing the intensity of carbon emissions per sector (  i  d  C  O 2   i   ) can be obtained using:


  i  d  C  O 2   i  =   E  m d i      E ′   d e m  i     



(8)




where   E  m d i    is the total direct emissions for sector  i , in kt CO2 eq, and     E ′  d i    is the primary energy demanded by sector  i , (excluding electricity), expressed in ktoe.   i  d  C  O 2   i    is later used to estimate the direct emissions of each sector in future scenarios, considering the energy consumption of each sector, also expressed in kt CO2 eq.



The second group includes indirect emissions, primarily due to the translation of emissions produced during electricity generation to electricity consumption. In this sense, emissions from electricity generation can be shared between different sectors in terms of the total electricity demanded by each sector. Therefore, the indirect emissions for each sector (  E  m i i   ) can be obtained using the following equation:


  E  m i i  = E  l  d e m  i  ×   i  d  C  O 2    e l    ¯   



(9)




where   E  l  d e m  i    is the electricity demand of sector  i  in ktoe, and     i  d  C  O 2    e l    ¯    is the yearly specific average emissions of the electric system in kt CO2 eq/ktoe, that is, the total emissions of the electric system per unit of electricity generated. Hence, the total emissions for each sector (  E  m  t o t  i   ) in kt CO2 eq are obtained using:


  E  m  t o t  i  = E  m i i  + E  m d i  = E  l  d e m  i  ×   i  d  C  O 2    e l    ¯  +   E ′   d e m  i  × i  d  C  O 2   i   



(10)







The process of GHG emissions from water-related processes is similar. There is a small contribution to direct GHG emissions during water treatment processes (0.01% of the total direct emissions). The largest emissions associated with water processes were related to electricity consumption.




2.2.6. Scenarios


The base case scenario has been composed from the data presented in previous sections, which are mainly obtained directly from the sources. All required data have been validated by public sources, and the error was estimated to be less than 2%. We understand that these errors can be transmitted to the 2050 scenarios described below.



For the evaluation of the energy–water nexus in 2050, there are several hypotheses that need to be considered, and they can be different for each insular territory. In the case of Tenerife, (i) the expected population growth and (ii) the climatic conditions of the island, which will evolve, turning it into a more arid territory by 2050 [54], will lead to a lower availability of groundwater resources (see Appendix C for more information). Consequently, this will lead to an increase in the utilization of desalinated seawater to meet the water demands of the island, with the associated energy demands and carbon emissions depending on the electric mix. The electric mix is also expected to transition to a low-carbon electric system, where most of the electricity will come from renewable sources (mainly wind and solar photovoltaic). The electric demand will also increase due to the expected transition to an electrified land transport sector, motivated by EU regulations and technological advancements.



The maintained trend scenario aims to describe a conservative scenario in which renewable energy is deployed at a rather slow rate. The projected electric system is based on the current configuration of the electric mix (2018), following the trend of new yearly installed renewable capacity in recent years. In this scenario, the use of groundwater resources is still allowed for Tenerife, but the availability of groundwater sources is scaled down following the decreasing trend observed in recent years. The reduction in the availability of groundwater resources results in an increased need for the use of desalinated water, thereby increasing the electricity demand of the water sector.



The ecology-aware scenario describes an optimistic scenario where the energy mix is 100% renewable, with a distribution of 25% wind and 75% photovoltaic sources. This scenario considers 100% electrification of land transport. The only remaining sectors that rely on fossil fuels are maritime and air transportation, as well as a minimal contribution to industry due to operational reasons. The use of GLPs is explicitly forbidden in this scenario (both for cooking and heating), and the energy demand supplied by them will be supplied by electricity. The diesel used to heat water in the tourism sector has been replaced with electricity and solar thermal energy.



Regarding the water sector, in this scenario, the exploitation of groundwater is forbidden, as a measure to avoid desertification [55], and as a policy to allow recharge of the insular aquifer. Therefore, desalinated water is the primary source of drinking water. Imported water has not been considered to supply the population. This situation is similar to that in Qatar and Kuwait, where 100% water supply is from desalinated water [56]. In this scenario, all the generated wastewater is captured for its posterior treatment, leading to an increased wastewater capacity with the subsequent increased energy consumption of the sector (Table 2).






3. Results


3.1. Water-Energy Nexus: Sankey Diagrams


In this section, the Sankey diagrams for the base, maintained trend, and ecology-aware scenarios are presented. These diagrams illustrate the flow of the energy and water resources of the island of Tenerife, through the sectors under study to their final destination.



The energy flow is shown in green color range and the water flow in blue color range. The inset values in each square indicate the resource demanded or estimated. In the case of the energy sector, these values are expressed in ktoe/year. For the water sector, the presented values are stated in Hm3/year. In the red boxes, the calculated emissions expressed in kt CO2 eq are shown.



The initial resources (primary energy and abstracted water) are placed on the left side of the diagram, disaggregated by origin. In the center of the diagram, the flow is divided in the studied sectors (transportation, commercial, residential, tourism, industrial and agriculture). Finally, on the right side the final processes are depicted. The width of the lines are proportional to the magnitude of the different flows.



In the Figure 5, the Sankey diagram shows water-energy interactions for 2018. As a result, approximately 70% of the seawater extraction is used to cool the thermal power plants to produce electricity. Similarly, energy is present in whole water abstraction processes where desalination plants are the largest energy consumers. The diagram also reveals that agriculture is the largest water consumer sector and most of the energy is consumed by the residential sector. In the final process, the Sankey diagram reveals that dissipated energy is approximately three times higher compared with the used energy.



The major losses of fresh water occur in the distribution network (public supply), as shown in Figure 5. Also, transportation is revealed as the largest emitter of CO2 on the island. These results can be used as a starting point for more sustainable transportation considerations in future scenarios.



The Sankey diagram for the maintained trend scenario is shown in Figure 6. Compared to the base case scenario, the larger participation of renewable sources in electric generation is evident. This leads to a significant reduction in CO2 emissions on the island. However, transportation remains the most pollutant sector due to its high consumption of fossil fuels.



In this scenario, the abstracted groundwater it is not enough to supply the water demand. Therefore, to meet demand, in comparison to the base scenario (Figure 6), the desalination process acquires more relevance. As a result, the energy consumption in the water sector is increased.



Figure 7 shows the Sankey diagram for the ecology-aware scenario. It can be observed how fossil fuels only flow to transportation (only air and maritime) and industrial sector, in comparison with the diagrams depicted in Figure 5 and Figure 6, where fossil fuels were present in the electricity generation. In this scenario, seawater is considered as the only source of freshwater.




3.2. Energy Consumption and Transformations


In Figure 8, the first bar represents the origin of energy (renewable or fossil fuels). The second bar represents the utilization of this energy, including conversion losses. The difference between the primary energy demand and conversion losses is the final energy demand of the island. The third bar represents the sectored demand for energy. The last bar represents the amount of energy that has been utilized as intended (end-use energy) and dissipated energy.



In 2018, 1.9% of the primary energy supplied to Tenerife was from renewable resources. By sector, the transport sector is by far the largest demander of energy. Low energy demand from the industrial sector provides an idea of the scarce industrialization of the island. The combined water sector demands 89 ktoe of energy. Finally, the amount of energy that is converted into useful energy (end-use energy) is 491 ktoe, representing an average efficiency of the energy system of 25%.



In Figure 8, the main energy results for the trend scenario are also summarized. While the final energy demand considerably increases up to 1792 ktoe (14% increase compared to the base case scenario), the primary energy demand experiences a slight decrease to 2003 ktoe (0.3% decrease compared to the base case scenario). In this sense, the more the renewable energy penetration in an energy system, the lower the conversion losses between the primary and final energy of the system.



In this scenario, only 355 ktoe of fossil fuels are used to produce electricity, which results in lower conversion losses in electric thermal plants. The remaining fossil fuels are primarily used in the transportation sector. Excluding transport, the residential sector is the most demanding sector. An analysis of the overall efficiency of the energy system showed that it has risen to 38% (13% more than in 2018), which is explained by the fact that large sources of inefficiencies in the system (such as combustion engines on land transport or thermal plants for electricity generation) have been partially replaced for more efficient solutions (EV or renewable energy plants).



A summary of the energy results for the ecology-aware scenario is also presented in Figure 8. As can be observed, the primary and final energies are equal because in this scenario, no thermal plants for generating electricity are envisioned. Moreover, the energy demand for this scenario (1710 ktoe) is slightly lower than that in the previous scenario because of the switch to more efficient devices (100% electrification in the land transport sector), and the restriction of using LPGs (water heating and cooking are performed exclusively using electricity). Focusing on the origin of the energy, up to 48.9% of the energy (837 ktoe) comes from renewable sources. The remaining 873 ktoe of fossil fuels are exclusively used by maritime and air transportation, which is a small part of the industry.



By sector, transportation remains the largest energy demander, although the absolute value decreases in comparison with that in the previous scenario. The water sector (including water heating) requires 118 ktoe, from which 49 ktoe corresponds to desalination plants.




3.3. Electricity Generation by Technology and Demand by Sector


Figure 9 shows the demand for electricity, where the first bar represents the generation of electricity, and the second bar shows the sectorized demand. Generation is dominated by fossil-fuel-based thermal generation, which accounts for 90% of the total electricity generated.



In the case of the 2050 trend scenario, the demand increased to 718 ktoe (126% increase with respect to 2018). This large growth is explained by the important transition to more electrified energy demand and the increase in capacity of desalination plants used to meet the demands of freshwater in this scenario. Transport has become the largest source of demand for electricity. It is also noticeable that the larger the electricity injected in the grid, the larger the electric losses associated with transport and distribution; thus, in this scenario, electric losses rose to 48 ktoe (106% higher than the previous scenario).



For the 2050 ecology-aware scenario, the demand increases by 14% more than that in the maintained trend scenario, with land transport being the sector with the largest demand. Since the remaining sectors, excluding the industrial sector, only met their demands with electricity, the values are equal to those shown for the trend scenario. The difference in the water sector between the two scenarios can be explained by the amount of solar-heated water.




3.4. Hydric Resource


Figure 10 shows the main results concerning the water sources and uses. The first bar represents the origin of the water (water source). The second bar represents the sector demand for water. The third bar represents the final water destination.



The total amount of water extracted from all the different sources in 2018 (Figure 10 left) was 691 Hm3. Regarding the origin of the water, seawater (541 Hm3) constitutes 69% of the total water abstracted, while the water obtained from groundwater sources reached 138 Hm3. Reclaimed water was 11.3 Hm3.



Focusing on water demand, electricity generation has a large impact on the overall water use, primarily because of the cooling needs of thermal power plants (417 Hm3). A small amount of water (1.47 Hm3) is also used for steam generation in power plants. Excluding electricity production, the total demand for fresh water was 192 Hm3. The agriculture sector (88 Hm3) is the largest consumer, mainly because of the production of bananas [55]. The brine area on the second bar of Figure 11 represents the amount of high salt concentration water that is rejected from desalination plants and discharged into the ocean.



Figure 10 (centered) illustrates the main results for water for the maintained trend scenario. The overall water abstraction decreases to 607 Hm3 (12% less water abstracted than 2018) because of the reduction in the cooling needs of thermoelectrical plants; 98% of the water abstracted is seawater. Regarding wastewater management, in this scenario, there is no discharge of wastewater to the subsoil, so proportionally, a larger share is dumped into the ocean (both with and without prior treatment).



As shown in Figure 10 (right), the total water abstracted in the ecology-aware scenario decreases to 511 Hm3 (15% less than the previous scenario and 26% less than in the base case scenario). In this scenario, groundwater abstraction is not allowed, leading to a water system relying almost entirely on desalinated seawater and recycling of wastewater, mainly for irrigation purposes. The overall effective water demand is the same as in the previous scenario (234 Hm3), as well as the distribution by sector. In this scenario, all wastewater generated by the different sectors is captured for its posterior treatment, which results in an increased availability of reclaimed water.




3.5. Water Losses


Losses in the water cycle are divided into losses in the extraction, losses in the distribution and use, and losses in the recovery and treatment processes. The losses in distribution are represented in Table 3 as public supply losses.



Water losses in the 2050 trend scenario are concentrated in the distribution chain (public supply), although losses in the rest of the processes are also present; notably, losses are increased in the extraction and desalination of seawater due to the higher use of this source.



Losses in the ecology-aware scenario are considerably higher (57 Hm3) than those in the previous scenario, mainly because of the water lost during the wastewater-treatment processes.




3.6. Emissions


Figure 11 shows a summary of the emissions for the different scenarios. The first bar shows the total emissions associated with each sector. The second bar provides information regarding the source of emissions. Indirect emissions are equivalent to the emissions associated with the generation of electricity, excluding those due to electric system losses.
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Figure 11. Calculated GHG emissions: in 2018 (left); 2050 trend scenario (centered), and 2050 the ecology-aware scenario (right). 
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The total GHG emissions in 2018 were 6416 kt CO2 eq. The transport sector had the largest emissions by far, which is expected because it has the highest energy demand and most of it is met by burning fossil fuels. If the electric system were treated as an independent sector, it would be the second-largest emitter (including emissions due to electric losses). It is expected that in future scenarios with more renewable energy in the mix, the number of indirect emissions will decrease, and the total emissions will be reduced.



Figure 11 (centered) shows the emission results for the 2050 maintained trend scenario. The overall emission decreased by 23.8% compared to 2018. Transport is again the largest GHG emitter. Water sector emissions are mostly caused by water heating processes using LPGs. The rest of the water processes experience reductions in their net emissions, even desalination plants, despite the higher demand for freshwater from seawater. This is due to the fact that most of emissions were indirect (produced by the thermal electricity generators), and in this scenario, the amount of electricity generated with conventional sources was considerably smaller than that in 2018.



For the 2050 ecology-aware scenario (Figure 11 right), the total emissions represent reductions of 56% and 68% compared to those in Scenarios 1 and 2018, respectively. There are no emissions due to electricity generation because the electric mix is 100% renewable in this scenario. Direct emissions of the water sector increase because of the extended wastewater-treatment capacity added to the system, although its overall emissions decrease due to the electrification of the water heaters.




3.7. Scenarios Results


Although some comparisons have been made during the presentation of the results, the most important ones in terms of energy, water, and emissions are summarized in this section. In Table 4, the most relevant results for each scenario are listed.



As previously mentioned, the trend scenario has the highest primary energy demand, followed by the base case scenario (Figure 12). This is consistent with the fact that the energy demand will increase by 2050, according to population growth. However, when analyzing the ecology-aware scenario, it can be observed that it has the lowest primary energy demand. Since there is no conversion of fossil fuels into electricity in this scenario, no conversion losses are incurred, and hence, its primary energy demand is equal to the final energy demand.





4. Discussion


As shown in the Table 4 and Figure 12, the final energy demand of the trend scenario is slightly higher than that of the ecology-aware scenario. Although the same parameters have been used for scaling the energy demand in both scenarios, the modeled differences between the demand side of the energy systems of both had an impact on the amount of final energy required. A greater electrification of the energy demand will lead to the use of more efficient devices (for instance, EVs instead of combustion engine vehicles); therefore, the energy required for these devices should be lower than that required for less efficient devices. All these efficiency improvements are clearly reflected in the overall energy system efficiency, which increases up to 45.5% in the 100% renewable scenario.



One of the most interesting findings that can be extracted from the table is probably related to the energy consumed by the water sector per unit of water. The indexes showing this relationship (called the table ratio ktoe/Hm3) increase in both future scenarios. The limitations in groundwater availability and the increase in water demand imposed for future scenarios explain this behavior. Desalination is an energy-intensive process compared to the extraction of groundwater. As discussed in Appendix A, the majority of groundwater in Tenerife comes from galleries, which require very small amounts of energy for extraction (even wells, with their pumping requirements, are far less energy-intensive than desalination).



By analyzing the variation in GHG emissions among the scenarios, an important decrease in GHG emissions is obtained for both future scenarios, which is expected given the higher renewable energy penetration in the mix, combined with the electrification of land transportation, which is one of the largest emitters in the base case scenario.



Finally, some interesting findings arise if the results are analyzed from a lower-level perspective. For instance, in the ecology-aware scenario, solar PV and wind power were the only electricity generators. In this paper, it seems feasible, but we cannot ignore the fact that Tenerife is an island, and as such, it has certain land limitations. Considering the electricity demand in the second scenario, if a quick estimation of the required area for all that renewable generation is performed, the results show that solar PV would require approximately 193.4 km2 (considering the actual equivalent average solar hours), including roofs and land installations, and wind power would require 241 km2 of area (considering modern 3.5 MW wind turbines). This fact, along with others such as the state of electric infrastructure or saturation of electrical substations, should be considered when translating the results of this high-level study to a feasibility study. Of course, the option for offshore wind and PV installations can decrease the pressure to occupy more territory.



The proposed analysis in this work allows the interrelation between the different agents that intervene in the water and energy nexus of the island. Despite particular solutions to optimize the energy and water demand, as previously reported in the literature, for example for the case of the Mediterranean islands [37], the consideration and compression of the different sectors and their influence on the nexus presented in this work can provide new sustainable solutions and a deeper analysis of their interrelation, similar to [38].



The results obtained for the 2050 scenarios show the need to increase the renewable energies’ mix in the islands, to reduce the energy dependence. These results are in concordance with the reported results for a Greek island, Nisyros, where new photovoltaic power plants have been evaluated for energy production [57]. Compared to studies performed in continental territories, where the increase in energy demand for the 2050 scenarios is in the range of 7.8–9% [18], the scenarios proposed in this work show an increase of 2.5% for the maintained trend scenario and a reduction of 12.5% for the ecology-aware scenario.



Indeed, the reported proposals to incorporate electrical vehicles in the island grids normally only present a partial approach to the water-energy nexus [58], in which only energy demand, and therefore CO2 emissions, have been studied. However, as has been stated in this paper, water demand for energy production is an aspect that has not been considered in this type of study.



Considering the insular territory limitations, the viability of interconnections between island networks [59] is normally restricted to energy and economic issues, and the water-energy nexus, emission and its impact on the different economic sectors, are neglected.



Finally, in comparison with the sustainability challenges previously reported in Mediterranean islands [32,37], Greek islands [30] or the Maldives [24], the sustainability challenges of Tenerife are quite similar to the middle-size islands of the world. Therefore, the obtained results in this work can be easily applied to other island territories.




5. Conclusions


In this study, a review of the energy–water nexus in insular power systems is presented, and a methodology for a complete evaluation of the energy–water nexus is proposed. GHG emissions are also included in the methodology to estimate the contributions of each sector to global emissions. Sankey diagrams for Tenerife in 2018 and for the two scenarios for 2050 are discussed.



In the base case scenario, the results reveal the strength of the energy–water nexus on the island and the dependence on resource importation, which can be extended to most insular systems with scarce energy and water resources. The results also show an increase in the overall energy system efficiency as the share of renewable energy and the electrification of the demand increase, explained by the reduction in the conversion losses experienced in thermal electric plants and the higher efficiency of electric loads compared to their fossil fuel counterparts. However, as the availability of groundwater sources diminishes, the energy cost of supplying water demand will increase sharply. This is due to the higher specific consumption of desalination plants compared to the extraction of water from galleries and wells. Emissions will decrease in future scenarios, since the inclusion of renewable energy in the electric mix will lead to a smaller emission coefficient per unit of electricity consumed, even if the electric demand will grow.



The methodology presented in this study, as well as the performed analysis, could be extended in a variety of ways, as follows: (i) to apply the proposed methodology to other islands, regions, or countries; and (ii) to evaluate the inclusion of modern growing technologies in energy and water systems, such as hydrogen electrolysis, which will have a sizeable impact on the energy–water nexus because it has intensive use of both water and electricity, or even to perform a dynamic evaluation of the energy–water nexus to capture the evolution of the different variables under study. This will help to envision the timing required for the necessary transitions in energy–water systems and will provide valuable insights into the decision-making processes.



The proposed methodology verifies the importance of studying the relationship between the energy and water sectors, particularly in insular systems, because they usually lack primary resources such as fossil fuels, and they are more prone to experience energy and water restrictions in the future. Analysis of the energy–water nexus will allow better planning for both the water and energy sectors by helping in the decision-making process of sustainability and environmental protection policies and plans. Additionally, Sankey diagrams have proved to be a powerful visualization tool to explore the results of the analysis, providing insights not only about the quantities managed by each sector or process, but also providing useful information regarding the flows and interactions between different productive processes and socioeconomic sectors.
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Appendix A. Water Inventory


The Figure A1 shows the population grown and the abstracted water in Tenerife from 2000 to 2018.
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Figure A1. Population grown and abstracted water evolution in Tenerife from 2000 to 2018. 
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The last water inventory data available on the island was published in 2015, although the data are from 2012. The total amount of water abstracted in Tenerife in 2012 was 651 Hm3, of which 420.3 Hm3 corresponds to seawater directly used for cooling the electric thermal generators and generating steam inside power plants, and 230.7 Hm3 corresponds to the freshwater used to meet the demand, including losses. The actual demand for freshwater for that year was 187.4 Hm3.



There are four water sources used to cover the water demand of the island: seawater, groundwater, reclaimed water, and imported water. The distribution of each source for 2012 is presented in Figure A2. It can be seen that seawater is the main source of water, at 478 Hm3; this fact is explained by the high usage of seawater in thermoelectric cooling. Groundwater is the primary source covering the demand for freshwater, accounting for 161.3 Hm3 of the total. Groundwater is obtained from galleries (101.7 Hm3), wells (56.1 Hm3), and springs (3.6 Hm3). Reclaimed water is the water recovered after water treatment processes, accounting for 11.1 Hm3, and it is mainly used for agriculture and golf course irrigation. Finally, imported water is of minor importance, accounting only for 0.57 Hm3, which is consumed in the form of bottled water in the residential and commercial sectors.
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Figure A2. Water abstracted in Tenerife by source in 2012 (Hm3). 
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Tenerife has 1121 galleries, 397 water wells, and 310 water springs, which provide up to 86% of drinkable water to the island. Regarding the galleries, 56.01% of them do not present any flow rate (currently inactive). The active galleries can be grouped according to their flow rates, as shown in Figure A3.
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Figure A3. Status of the conventional galleries of Tenerife in 2015. Source: Own elaboration based on data from the Insular Hydrology Plan [42]. 
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In 2015, there were 83 galleries with flow rates greater than 10 L/s, with a combined flow rate of 2089 L/s (65.9 Hm3 yearly) (Figure A4); however, in 2018, the water production of these galleries had been reduced by 12%. This exposes the problem that water demand increases at a higher rate than aquifers can recover. In Figure A5, the galleries experiencing flow reductions between 2015 and 2018 are highlighted in red.
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Figure A4. Map of the active galleries in Tenerife in 2015 with average water flow rates higher than 9.37 L/s. 
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Figure A5. Comparative map of Tenerife galleries with the highest flow variation between 2015 and 2018. 
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These flow rate variations can be attributed to two main factors: (i) the decrease in groundwater in the insular aquifer, and (ii) the operation and maintenance activities carried out in some galleries (mainly detection and repairs of leaks, and additional drilling), which, in general, increase the amount of water extracted. However, between 2010 and 2015, the observed global tendency was a decrease of 9.85% in the flow rates in the galleries, which effectively implies a reduction in the availability of the groundwater source on the island. Thus, the hypothesis of a continuous decrease in the availability of groundwater sources must be used for the projection of future scenarios.



Seawater has special relevance in the energy–water nexus because of the following two reasons: (i) a large share of the currently abstracted seawater is used in the cooling processes of thermal power plants [46,60], and (ii) desalination plants used to produce freshwater from seawater demand an important amount of energy, generally in the form of electricity.



Desalinated seawater is used to supply part of the demand for different sectors [45]. Desalination in the islands is mainly performed by reverse osmosis, although a relatively small part of the desalination is performed inside conventional power plants using mechanical vapor compression. There are 44 desalination plants with a total annual capacity of 50 Hm3.



In addition to seawater, some galleries on the island also provide brackish water (7.67 Hm3 in 2012), which must also be desalinated or treated prior to consumption, although the requirements for desalination (in terms of energy) and the amount of brine produced per m3 of freshwater are lower than those for desalinating seawater.



The last source of water identified was imported bottled water. Bottled water is imported to the island, mainly for residential and commercial consumption. Its participation in the overall demand is marginal, accounting for (0.57 Hm3 in 2012). It is worth mentioning that although some of the water abstracted from the galleries and wells is also bottled for human consumption, its original source is the respective groundwater source, and they are accounted for in that category.



In Tenerife, wastewater is either partially treated in wastewater-treatment plants or directly discharged into the ocean and subsoil. In 2018, the entire wastewater infrastructure in Tenerife was able to treat 38 Hm3 of water annually. This figure is clearly insufficient to deal with all the wastewater generated annually, which is slightly below 100 Hm3. The remaining wastewater generated that has not been captured by wastewater-treatment systems is discharged into subsoils or directly into seawater. This way of disposing of used water is pernicious for the coastal habitats of the island and could provoke unhealthy conditions for the inhabitants. This highlights the need for an extension of the water treatment infrastructure in the next decades.



Additionally, wastewater streams must be treated with special care. Industrial water discharges, for instance, may contain hazardous contaminants that may pose risks to the natural environment and habitats of both wildlife and humans. In this sense, 78% of industrial wastewater is captured for posterior processing. The wastewater captured from residential, commercial, and tourism sectors is estimated to be ~38% [51]. Although the wastewater is captured, this does not mean that all of the wastewater is treated. This is reflected below, where the different losses and unrecoverable water are shown in the water treatment process. Currently, only 16.1% of the captured water is recovered as reclaimed water for use, mainly in irrigation [50].



The Canarian Law of Water 12/1990, of July 26 [61], established the autonomy of each Canary Island to manage, organize, and plan the hydrological system through their respective Insular Water Council, which is responsible for water management and investment in the construction of new hydraulic infrastructures, ponds, water treatment plants, and distribution networks [20].



The Insular Water Council is also a competent body that applied the hydrological planning instrument, called the Insular Hydrology Plan (Plan Insular de Aguas, PHI). The current PHI of Tenerife was approved by Decree 168/2018, according to the European Directive 2000/60/EC, which establishes the legal framework in the field of water policy. The exploitation of groundwater, according to the aforementioned law, has been granted for 50 years. After this period, if the water flows remain according to the established requirements, an administrative concession can be claimed.




Appendix B. Energy Inventory


The primary energy consumption of the source is shown in Figure A6. As of 2018, the primary energy consumption in Tenerife was 1985 ktoe (2011 ktoe, including stock variations). Stock variations were excluded from the analysis in this study because they do not have a significant impact on the overall energy use. It can be observed that the primary energy mix of the island is dominated by fossil fuels, which account for 1974 ktoe (98.15%) of the total primary energy consumption, with a marginal contribution from renewable energy sources of 37 ktoe (1.85%).
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Figure A6. Current energy mix in Tenerife (2018). 
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The fossil fuels present in the internal market of the island are gasoline (12.5% of the total primary energy), gasoil (34.7%), kerosene (22.9%), diesel (0.5%), fuel oils (25.2%), and liquefied petroleum gases (LPGs, 2.4%), and renewable energy sources include wind (0.6%) and solar (0.8%), with a small contribution from biogas and mini-hydro power.



Transport is, by far, the most demanding sector in terms of primary energy consumption (1151 ktoe). The transport sector can be divided into three categories: land, maritime, and air transportation. Land transportation, which consumes 535 ktoe annually, primarily relies on the use of gasoline and gasoil, with a marginal contribution of LPG and electricity. The share of EVs on the total vehicle fleet constitutes an insignificant 0.05%, but it is expected that this number will considerably increase in the next decades, given the new European regulations and the economic aid granted to the EV sector. Additionally, there is a tram in the metropolitan area of the island that contributes to electricity usage by the land transport sector. Maritime transport is by itself the largest energy consumer in the island, although, after excluding international fleets (which is usually done in this kind of analysis to counter the fact that the energy is not consumed on the island), the energy demanded by national maritime transport is 161 ktoe. Maritime transport is fueled by oil, diesel, and heavy fuel oils. Air transport demands 453 ktoe annually, and the principal demand is for kerosene. The last figure gives an overview of the importance of the international tourism sector on the island.



The electric sector is followed by transport. Electricity on the island is generated using gasoil and heavy fuel oils for thermal power plants, consuming 706 ktoe of both fossil fuels. Together with the transport sector, they account for 95% of the total fossil fuel consumption of the island. The industrial sector is not very energy intensive in the overall mix of the island, due to the absence of large industries, and demands 23 ktoe of fossil fuels. The remaining fossil fuel consumption is produced in the rest of the sectors, mainly in the form of LPGs, which are used for water heating and cooking.



The electric demand of Tenerife in 2018 was 3514 GWh [43]. Currently, there are two large thermal power plants located in Candelaria and Granadilla, which supply 82.72% of the total electricity. However, the power plant located in Candelaria reached the end of its operational lifetime at the end of 2019, and it is expected to cease its operation in the near future [62]. Only the remaining 17.28% of the electricity is generated by renewable energy resources, mainly through photovoltaic and wind sources. The current installed power capacity in Tenerife by technologies is shown in Figure A7 [43].
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Figure A7. Installed power capacity on 31 December 2018 [43]. 
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Appendix C. Future Scenarios


All the common considerations made for 2050 scenarios to account for each of the abovementioned factors are listed below:




	
Population and tourism projections: to calculate the population in 2050, the ratio between the population and tourists in 2018 (1.76%) was considered. In 2050, 7,061,961 tourists have been estimated to visit (Figure A8a), equivalent to 193,478 average daily tourists. According to the projection over the last six years since 2014, the population in 2050 is estimated to be 1,120,537 inhabitants, including the floating population (tourists).



	
Water projections: water demand for 2050 was estimated in the same fashion as the 2018 demand, based on population growth projections. The availability of groundwater for 2050 can be estimated by projecting the decreasing trend explained in Figure A8b into the future, which yields a groundwater availability of 29 Hm3 for the year 2050. This leads to the conclusion that, to fulfill the demand for drinking water, the supply capacity of seawater desalination plants must increase considerably in the next decades, to fulfill the difference with the current 138 Hm3 extracted from groundwater sources.



	
Energy demand: the energy demand in Tenerife has been estimated by considering population growth. Apart from the identified sectors that will unavoidably experience large transformations (mainly water and land transport sectors), no major changes in the socioeconomic environment of Tenerife are expected for the next decades. Hence, the distribution of electricity and energy consumption among the remaining sectors for 2050 is expected to remain identical to that for 2018, except for the sectors of interest.



	
Interconnection of the electric system with La Gomera Island: there is an approved project for the interconnection of the electric systems of Tenerife and La Gomera, the island closest to Tenerife. It has a population of 22,100 inhabitants and a 73.90 GWh/year electricity demand (2018) [43]. According to the projections for the year 2050, the electricity demand of La Gomera will be 90.81 GWh (7.81 ktoe).



	
Electrification of the transport sector: the share of electricity demanded by the transport sector was estimated using the procedure described in the Methodology section. The total vehicle fleet for 2050 was estimated to be 1,083,308 vehicles. Moreover, the Climate Change and Energy Transition Law considers that by 2040, the sales of internal combustion engine vehicles will be forbidden in Spain [63], which implies that from 2040 to 2050, only new vehicles will be electric. Under the current rates of car sales and the abovementioned conditions, 907,927 EVs and 175,831 internal combustion engine vehicles are projected to compose the total vehicle fleet by 2050.



	
Wastewater-treatment capacity: the capacity of wastewater systems will increase by 2050, considering that wastewater discharge into the subsoil will not be allowed.
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Figure A8. Trends of population growth and groundwater in Tenerife. (a) Trend of the population growth. (b) Trend of the groundwater abstraction. 
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Figure 1. Methodology for assessing the water-energy nexus in Tenerife. 
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Figure 2. Final fuel consumption by sector in 2018. 
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Figure 3. Electricity consumption by sector in 2018. 
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Figure 4. Water use in Tenerife by sectors in 2018. 






Figure 4. Water use in Tenerife by sectors in 2018.



[image: Sustainability 14 01653 g004]







[image: Sustainability 14 01653 g005 550] 





Figure 5. Energy–water-CO2 nexus on the islands of Tenerife (2018). The red boxes at the right of some sectors represent the calculated emissions of the sector. 






Figure 5. Energy–water-CO2 nexus on the islands of Tenerife (2018). The red boxes at the right of some sectors represent the calculated emissions of the sector.



[image: Sustainability 14 01653 g005]







[image: Sustainability 14 01653 g006 550] 





Figure 6. Trend scenario of the energy-water-CO2 nexus (2050). The red boxes at the right of some sectors represent the calculated emissions of the sector. 
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Figure 7. The ecology-aware scenario energy-water-CO2 nexus (2050). The red boxes at the right of some sectors represent the calculated emissions of the sector. 
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Figure 8. Energy consumption, form, demand and end-use: 2018 (left); 2050 maintained trend scenario (centered) and 2050 ecology-aware (right) scenarios. 
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Figure 9. Generation and electricity demand for the base scenario in 2018 (left); 2050 trend scenario (centered) and 2050 the ecology-aware scenario (right). 
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Figure 10. Estimation of the hydric resource: in 2018 (left), based on data from PHT [50]; 2050 trend scenario (centered) and 2050 the ecology-aware scenario (right). 
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Figure 12. Comparison between the obtained results from the base case scenario, maintained trend scenario and ecology-aware scenario. 
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Table 1. Average specific energy consumption by water processes.
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	Sector (Energy Consumption)
	Specific Consumption (kWh/m3)
	Source





	Desalination plants
	2.70
	[44]



	Brackish water plants
	0.78
	[45]



	Wastewater-treatment plants
	1.20
	[46]



	Wells
	1.20
	[45]



	Public Supply
	1.17
	[44]



	Reclaimed water
	0.78
	[45]
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Table 2. Input data of the proposed scenarios.
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	Base Case Scenario
	Maintained Trend Scenario
	Ecology-Aware Scenario





	Population
	1,063,671
	1,294,667
	1,294,667



	Inhabitants
	917,841
	1,101,189
	1,101,189



	Tourists
	145,830
	193,478
	193,478



	Vehicle fleet
	857,998
	1,083,758
	1,083,758



	EV ratio
	0.05%
	83%
	100%



	Electric mix RE ratio
	9.6%
	79.9%
	100%



	La Gomera interconnection
	No
	Yes
	Yes



	Groundwater limit (Hm3)
	138
	29
	0



	WW treatment policy (WWT)
	Subsoil discharges
	No subsoil discharges
	All wastewater is treated
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Table 3. Calculated water losses in each sector.
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	Annual Water Losses (Hm3)
	Base Case Scenario (2018)
	Maintained Trend Scenario
	Ecology-Aware Scenario





	Groundwater
	8.8
	1.9
	0.0



	Reclaimed water
	1.8
	2.1
	5.3



	Seawater
	1.4
	10.5
	9.2



	Public Supply
	17.2
	34.6
	34.6



	Water recovery and treatment
	28.4
	19.7
	42.3



	TOTAL
	57.6
	68.8
	91.4
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Table 4. Comparison between the results from the proposed scenarios.
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	Base Case Scenario
	Maintained Trend Scenario
	Ecology-Aware Scenario





	Primary energy * (ktoe)
	1954
	2003
	1710



	Ratio renewable
	1.9%
	29.0%
	48.9%



	Ratio non-renewable
	98.1%
	71.0%
	51.1%



	Conversion losses (ktoe)
	420
	212
	0



	Final energy (ktoe)
	1565
	1792
	1710



	Electricity demand (ktoe)
	317
	718
	818



	System efficiency
	24.7%
	38.3%
	45.5%



	Water sector energy demand (ktoe)
	32.37
	65.04
	72.87



	Water abstracted (Hm3)
	690.82
	607.84
	511.28



	Water abstracted (excluding electricity generation) (Hm3)
	272.02
	502.01
	511.28



	Water demand (Hm3)
	192.97
	234.88
	234.88



	Ratio ktoe/Hm3
	0.047
	0.107
	0.143



	Ratio ktoe/Hm3 (demand)
	0.167
	0.277
	0.310



	GHG emissions (kt CO2 eq)
	6416
	4683
	2059







* Excluding stock variations.
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