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Abstract

:

Over the last decades, combating climate change has been an important concern for policy makers. As a result, many policies have been designed towards this direction. Being electricity generation the focus of climate change mitigation policies, important changes are expected in this sector over the next few years as a result of the implementation of such policies. However, electricity production also generates other impacts on the water, energy and land (WEL) nexus that must be further investigated. To shed some light to this issue, this paper presents and discusses the potential impacts on the water-energy-land nexus resulting from the decarbonisation of the Spanish electricity system impacts under two different long-term scenarios. Using a Life Cycle Assessment (LCA) approach, a set of environmental impacts relevant for the nexus have been analysed for the current and future electricity generation technologies in Spain. Additionally, through the use of an optimization energy model—Times-Spain—the evolution of the electricity technologies in Spain until 2030, under two different scenarios and targets has been assessed. Taking into consideration such scenarios, the global warming, acidification, eutrophication, ecotoxicity, water consumption, resource depletion and land use impacts have been estimated. Results show that, over time, together with the decrease of greenhouse gas emission, acidification and eutrophication tend to decrease in both scenarios. On the contrary, ecotoxicity and resource use impacts tend to increase.
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1. Introduction


Over the last few years, several decarbonisation policies have been implemented in Europe with the ultimate objective of combating climate change and reducing energy dependence. The European Union (EU) established in 2009 its “2020 Climate and Energy Package” (20% renewables, 20% reduction in emissions compared to 1990 levels and 20% energy savings) which will run until 2020 [1,2]. Shortly after, the European Commission published a roadmap to 2050, on the path to reduce between 80 and 90% of greenhouse gas (GHG) emissions by 2050 [3]. In October 2014, the European Council set new and more ambitious decarbonization objectives in the “2030 Climate and Energy Package” [4] to replace the old “2020 package”. All these energy transition policies aim to achieve a more competitive, secure and sustainable energy system but mainly focus on reducing global warming emissions, increasing renewable energies penetration and energy efficiency. As shown in many studies [5], the electricity sector is expected to play a relevant role in the energy system decarbonization efforts, with an increasing electrification of the system and higher penetration of renewable technologies in the electricity generation mix.



Electricity generation has important impacts on water, land and energy. Since these three resources are highly interconnected, future changes in the electricity generation mix will likely modify the relationships that conform such nexus. In this context, assessing the magnitude of such impacts deserves attention by the scientific community as well as by policy makers in order to avoid unwanted effects.



Electricity generation technologies make use of water resources mainly for cooling and cleaning purposes as well as for irrigating energy crops and extracting fuels [6,7]. Similarly, hydropower plants use water as a resource to generate electricity. When talking about water use, it is usually distinguished between consumptive water use—the water removed from available supplies without return to the water bodies—and non-consumptive water use—the use that does not deplete the water bodies—like hydropower generation. Unless regulation prioritizes its use among them, the consumptive water uses for energy generation compete directly with the use of water for other purposes such as residential uses or food production. Water is an increasingly scarce resource in a context of continuous population and economic growth. Additionally, water availability is also affected by climate change, which causes an increase of drought periods in some regions and flood recurrence in other regions. In this context, water demand from electricity generation technologies may become a serious problem in many regions of the world. Furthermore, besides the resource availability constraint, pollutants from the different phases along the energy technologies life cycles may directly impact water bodies through water streams or lixiviates. Additionally, they may indirectly impact through the air pollutants deposition on soil and water bodies.



Spain is a semi-arid country with limited natural water availability. From an energy planning perspective, water is a strategic resource and the analysis of the impacts that the Spanish electricity system has on it is of great interest. According to climate change projections by the Centre for Studies and Experimentation of Public Works for Spain [8], water availability in the medium term (2040) is predicted to decrease by 5 to 25%, depending on the river basin district and climate scenarios considered [9]. The impacts that water scarcity might have on the energy system in Spain have been investigated by [10], who adapted a current energy model by including water constrains derived from climate change. According to their results, water scarcity could lead to higher energy system costs and, in extreme cases with water shortages, the energy system would be the last option to employ the water, which would cause additional problems to the system.



Energy (or electricity in our particular case) and territory are two elements that are also closely interrelated. The territory is the physical support of energy generation activities, so that the various stages of the energy production life cycles have impacts on the territory in terms of occupation and transformation. Power generation makes use of the territory not only for the installation of the power plants but also in the upstream stages corresponding to extraction, processing and transport of fuels and downstream in the stages of final disposal of waste generated after the decommissioning of the facilities. Electricity generation may also damage the soil by emitting pollutants to the air, soil and water along the different phases of the life cycle that might lead to environmental impacts such as acidification. As such, all these impacts might hinder the capacity of the territory to support food production.



Land can be understood as a primary resource for energy technologies. In the case of fossil technologies, land contains and provides fossil resources, such as coal, natural gas or crude oil. When considering renewable technologies, land must also be included as part of the system, either as a provider for raw materials—some of them classified as rare materials—or as a container for nutrients, in the case of bioenergy. Due to these activities, land will be transformed, modifying its initial status and services it could have provided before. But it might be also the case that this land use change causes other impacts such as an increase in CO2 emissions. There is a growing evidence that bioenergy might give rise to land uses changes, both directly and indirectly, of great importance, which has as main consequence the release of carbon emissions from soil [11]. On the other hand, energy is required in any operation related to the extraction of raw materials, fuels, or bioenergy cultivation.



Lastly, the nexus between land and water is highly related to the ecosystem services that they provide. An adequate land will ensure convenient runoff, filtration and purification of water, while adequate clean water runoff will ensure an appropriate soil structure, which will contribute to the maintenance of the land cover and the services related to it. Furthermore, degradation of soil and water bodies caused by energy generation produces great impacts on ecosystems challenging their capacity to deliver important ecosystem services and it has been recently studied by the scientific community [12,13].



There is a growing evidence in the literature that shows that a nexus approach is needed to support a transition towards the sustainability of energy systems exploiting synergies, avoiding trade-offs between sectorial policies, and allowing climate mitigation measures to be more land, water and ecosystem smart [14].



Nexus interactions have been characterized in the literature by the three bilateral relationships among water-energy, energy-land/food and water–land/food that together form a set of relationships that are very dynamic and complex, and are influenced by numerous external drivers and factors. Several conceptual frameworks for analysing the nexus have been proposed in the literature. In all these frameworks, while the interlinkages among water, energy and land/food are at the core of the analysis, the different authors have added additional issues of special concern for them such as ecosystems [15,16,17,18], climate [19,20,21], minerals [22], and fibres [23] as reviewed by [24]. Recently, a review of the most updated articles focused on the nexus was published [25]. They establish three ways of understanding the integration of the nexus that are currently followed by the most recent studies. These are (i) incorporation: which would imply bringing the issues of the three sectors into one system, (such as for example in [26,27]); (ii) cross-linking on specific interlinks which aims at highlighting priority issues (such as for example in [28,29]); and (iii) assimilation that it is the view of sector decision-makers trying to include key related sectors in their strategies (see for example [30]). Finally, Stigson and his team identify several areas of improvement to better analyse and understand the integration of the nexus [31]. Based on them, the nexus should highlight how decisions in one sector can interact with other sectors and provide tools to policymakers based on scientific knowledge.



From the energy system perspective, several authors have highlighted the importance of examining existing and potential innovative energy technologies that can reduce the trade-offs across the three nexus dimensions [26,28,31,32]. In this sense, the adoption of technological improvements (e.g., dry cooling technologies) that may reduce the impacts of technologies on water and land is seen as a key area for policy integration across energy and water policies that can create synergies among those policies [33]. Furthermore, it is recognized that including additional aspects within energy systems assessments in the light of the nexus concept could be important. Such aspects can include air pollution and its effects on acidification and eutrophication and mineral depletion [32].



The challenge when analysing the nexus water-energy-land is the direction of the relations among the three axes. Each element of the nexus can play the role of resource for the other two elements while it can also be the source of several impacts. Figure 1 below shows the most important links identified. Water is needed to generate energy while energy is needed in the water cycle to pump and distribute the water to the final users. The more scarce water becomes, the higher energy is required for their acquisition. The larger amount of conventional fuels is consumed to generate energy, the larger impacts on water and land will take place. Energy generation land requirements might compete with other uses of land and might induce land use change and deforestation which, in turn, affects water basins hydrology. All of these relationships are affected by global tendencies like climate change impacts as well as policies and globalization, economic factors such as the economic growth model and the degree and speed of technological innovation and also local, regional and national sectorial policies.



Energy transition pathways towards decarbonisation include the increasing use of renewable technologies. However, some renewable technologies might cause other environmental impacts that should be considered to avoid shifting from one problem to another. This might be the case of some clean energy technologies, which, albeit they do not consume fossil resources, in turn make use of rare metals and other critical materials which are very scarce in the planet. According to [35], gallium, indium, and neodymium are elements of special concern from a long-term-supply standpoint.



This paper aims to fill some of the identified gaps by analysing how the future energy and climate change targets in Spain may impact the two other pillars of the nexus. Impacts of energy systems on land and water are estimated considering not only occupation or withdrawal but also impacts on soil and water quality. Only by estimating these potential impacts, it is possible to derive policy recommendations and help policy makers avoid important water, energy and land (WEL) nexus conflicts in the future.



In our paper, we first address the impacts on acidification, eutrophication, ecotoxicity and use of resources—in terms of water and scarce minerals—of different energy technologies taking into account their current situation and their expected technical improvements in the midterm. Knowing the potential impacts associated to each technology, we then study the evolution of the energy mix in Spain resulting from the climate change mitigation policies and analyse the total impacts derived from the future scenario compared to a business as usual situation.




2. Methodology


This work integrates two different and complementary methodologies as depicted in Figure 2. On the one hand it uses Life Cycle Assessment (LCA) methodology to estimate the environmental impacts of the different current and future electricity generation technologies in Spain. The set of environmental impacts investigated is composed of WEL relevant impacts such as eutrophication, acidification and toxicity impacts and also resource depletion, water consumption and climate change impacts. On the other hand, it uses a partial equilibrium energy system model -Times-Spain- to estimate the evolution of the electricity technologies portfolio until the year 2030 subject to a set of restrictions imposed by the current energy policy commitments (under the EU 20-20-20 energy and climate package) as well as some plausible targets for the year 2030 under the EU 2030 climate and energy strategy.



The results of both analyses have been combined to obtain an estimation of the impact that different electricity generation scenarios might have on different aspects of the WEL nexus. Somehow similar methodological approaches have been followed by other authors [33] who analyzed the development of the German energy market until 2030, the environmental impacts of electricity generation in the BLUE map and Baseline IEA scenarios [36], the sustainability of the Mexican electricity supply [37] and the impact of high penetration of renewables in the European electricity system [38].



2.1. Life Cycle Analysis of Energy Technologies


Life Cycle Analysis (LCA) is a method to assess the potential environmental impacts of services or products along their whole life cycle. Also known as “cradle to grave” analysis, LCA takes into account all inputs and outputs in terms of energy, raw materials, emissions, co-products, etc. in each stage along the life cycle and evaluates the potential impacts by using different impact assessment methods. The procedure on how to conduct an LCA is standardized by the ISO norms 14040:2006 and 14044:2006.



2.1.1. Definition of the Goal, Data Sources and Main Hypothesis


The objective of the study is to evaluate the environmental impacts associated to two different electricity generation scenarios until 2030. Each scenario is composed by several electricity generation technologies with different contribution shares in each period. Many of these technologies have not yet reached their highest mature development stage which implies that there is still room for improvement in terms of their techno-economic performance. For this reason, each technology has been studied independently, taking into account the potential technology improvements that are expected to take place during the analysed period. The functional unit chosen in all cases is 1 kWh of electricity produced and all stages from raw material extraction until dismantling have been considered.



In order to conduct the analyses, we have identified the most appropriate process for each technology provided in the Ecoinvent v3.1 database, but some adjustments have been done to better describe the Spanish context. These modifications are related to the origin of different fuels such as natural gas and coal as well as the source and amount of water used for refrigeration. Additionally, we have identified and adjusted three renewable energy technologies that are expected to improve their performance along the period considered in TIMES-Spain. These technologies are wind onshore, solar photovoltaic and concentrated solar power (CSP).



Based on the report published by KIC Innoenergy on wind energy innovation development [39], we have assumed that the capacity factor will increase by 4% and 6% in those plants installed by 2020 and 2025, respectively.



Similarly, based on the International Energy Agency Technology Roadmap for Solar Photovoltaic Energy in 2014 [40], we have assumed that the mc-Si panels will reach 21% efficiency by 2030. Besides, a reduction in the silicon required to produce the wafer is expected since new manufacturing plants using ribbon technology will already have a more efficient technology with lower silicon losses.



In the case of CSP plants, we have assumed that by 2030 they will all have already dry cooling systems which will decrease the water consumption up to 0.3 m3/MWh [41]. This measure will affect the efficiency of the plant, which would have increased to 20% in normal cooling conditions but it will only reach 15% in this case.



Finally, it is important to remark that along the analysed period, the Spanish electricity system imports electricity from France. For this reason, the development of the electricity technology mix in France throughout this period has also been considered, including the technology advances already mentioned.




2.1.2. Description of The Considered Impacts


Electricity generation could lead to various environmental impacts. In this sense, in 2011, the European Platform of LCA recommended a set of impact categories as well as impact assessment models and factors for the European context [42]. Among all categories, we have only selected those that are related to the Water-Energy-Land nexus.



• Acidification



Acidification is the process of introduction of acidic substances to the environment mainly caused by sulphur and nitrogen oxide emissions. After reacting with water vapour in the air, these oxides are converted into acidic compounds which are deposited on the earth surface. The recommended impact assessment method is the accumulated exceedance [43,44]. The impact units are expressed in moles of H+.



• Eutrophication of freshwater bodies



These impacts are linked to the accumulation of nutrients in the water with consequent massive algae growth and decreased oxygen concentration. These impacts are measured in kg of P equivalent. The recommended impact assessment method is ReCiPe [45].



• Terrestrial eutrophication



Terrestrial eutrophication is the consequence of an addition of nutrients to the soil that might change the composition of the ecosystem, providing additional nutrients to some species which leads to an increase of their production. Terrestrial eutrophication is caused when airborne emissions of nitrogen compounds are deposed on the terrestrial surface. The recommended impact assessment method is the accumulated exceedance [43,44].



• Marine eutrophication



Marine eutrophication is caused by an increase of some limiting nutrients that trigger the growth of algae. As a consequence, the light does not reach other plants and thus, the whole ecosystem is affected. The dead organic matter remains on the bottom of the water body, which decreases the available oxygen. The recommended impact assessment method is ReCiPe [45].



• Ecotoxicity of fresh water bodies



When released to the environment, some polluting substances that reach fresh water have the potential to damage humans or ecosystems. These potential damages are quantified using the USEtox method [46].



• Impact of energy technologies on land use



This impact is measured in terms of kg of carbon (C) released from vegetation and soil as a result of the conversion of an area of natural vegetation into electricity production. This impact is assessed through the Soil Organic Matter [47]. Soil organic matter is commonly used to indicate the quality of soil. Although it only measures the carbon content, this attribute is related with many other soil characteristics such as vulnerability to erosion, compaction and fertility among others. Soils with low carbon content are more vulnerable than those with high carbon content, which are able to provide more services to the ecosystem, including the availability to produce food. This impact evaluates the potential changes in land quality. However, a site-specific analysis should be carried out, once a specific location is determined for a new facility.



• Water consumption



As recommended by the European Commission, the Swiss Ecoscarcity model for water consumption has been used [48]. In this method, water consumption in each region is weighted depending on the availability of water in the area. Impacts are expressed in terms of liters equivalent. In this model, water scarcity is defined based on the water stress index of the Organisation for Economic Co-operation and Development (OECD): water extraction percentage versus the amount of water available (rainfall + inputs − evaporation). Given the different countries and regions of the world, a characterization factor that weights water consumption depending on the water stress index is calculated. This impact is of high importance in regions with water scarcity and the use of a specific impact methodology can affect the final results. Water returned to a river or a lake after the cooling process in power plants is not included as consumption in this impact category.



• Resource depletion



The method used [49] assesses the consumption of non-renewable resources (fossil fuels and minerals). Characterization factors are given for metals, fossil fuels and mineral compounds. The method also covers most of the substances/materials identified as critical by the European Commission’s Ad-hoc Working Group on defining critical raw materials [50].





2.2. Energy Scenario Modelling with TIMES–Spain


2.2.1. Description of the Model


TIMES–Spain is a techno-economic energy optimization model belonging to the TIMES family of models developed by the International Energy Agency (IEA) in the Energy Technology Systems Analysis Programme (ETSAP) (http://iea-etsap.org/). TIMES is a model generator of bottom-up optimization models representing the entire energy systems of one or more regions or countries. It includes all the stages from resource extraction and production to final consumption in the demand sectors. The output of a TIMES model is the optimal composition of the energy system under analysis that meets the demand for energy services maximizing the net benefit. In TIMES models, this is equivalent to minimize the total cost of the energy system. This cost includes capital costs for investing and dismantling; fixed operation and maintenance costs; variable operation and maintenance costs; import costs and export revenues; domestic resource production costs; commodity delivery costs; taxes and subsidies; etc. More information on TIMES can be found in [51,52,53] and at the ETSAP web page (http://www.iea-etsap.org/web/index.asp).



Times−Spain is a one region model with a time horizon of 2050 which covers five demand sectors with their respective energy technologies fully characterized by their technological, economic and environmental parameters: industry, subdivided into 13 subsectors; residential; commercial; transport; and agriculture.



Regarding the energy supply, it includes the mining, production and processing of primary energy sources (uranium, fossil fuels and biomass) and all the electricity and heat production technologies with their corresponding technological, economic and environmental parameters. Also high, medium and low voltage grids are represented as well as high and low temperature heat grids. Renewable resources potentials are included explicitly in the model.



One of the main input data is the end-use energy services demand. The projections of the demands are computed based on the evolution of two important drivers: GDP and population. Average GDP growths for the 5-years period are actual historic values and the result of the output of a macroeconomic model GEM-E3 for the rest of the period. Population growth estimations are taken from the National Statistics Institute (INE). The considered evolution of GDP and population in the model is shown in Table 1.



In the case of the residential, industrial and transport sectors, demand data have been updated with national data projections when available. Other inputs are the existing stock of energy related equipment in all the sectors and the remaining time of operation, the potential future technologies with their corresponding parameters gathered through literature searches, the present and future sources of primary energy supply including different forms of biomass such as energy crops and industrial and municipal waste amongst others as well as current environmental and energy policies. Energy imports and exports with the neighbouring countries are also considered in the model. The oil price is estimated in 78 $2010/barrel in 2010 and growing up to 140 $2010/barrel in 2035. Although current expansion of US oil production might lead to a lower increase of international oil price in the future this is not expected to alter the results obtained because oil electricity production is very low in Spain and also because the electricity system evolution is mainly driven by the climate and renewable energy targets and not by oil price evolution.



The reference year in the model is 2005, and 2010 and 2015 data have been calibrated to reflect the real energy system in those years. The Spanish Feed-In Tariff (FIT) system is included until 2012 when supports to new facilities stopped. TIMES−Spain contains CO2, CH4, N2O, CO, NOx, SO2, PM2.5 and PM10 emission data derived from fuel combustion, as well as some extra emission factors for processes without combustion. Emission factors have been reviewed and updated [54].



Despite TIMES–Spain is a proven, suitable and recognized tool for long term analysis, the level of temporal detail is quite low. This leads to uncertainty when renewable technologies play an increasingly relevant role to meet current and future climate policies due to their intermittent nature and short predictability. More information about TIMES−Spain can be found in [55,56,57].




2.2.2. Set of Scenarios


In order to analyze the impact of energy generation on the WEL nexus in Spain, two alternative scenarios have been built.



Business as Usual Scenario (BAU)


This scenario gathers all the energy and environmental policies as well as other relevant policy commitments in force in Spain as in 2015. The scenario includes the FIT scheme in place in the country from 2005 to 2012 until its derogation by the Decree-Law 1/2012 [58]. The BAU scenario also includes subsidies to investments on renewable technologies in the commercial and residential sectors. BAU scenario also considers the commitments in force related to Directive 28/2009/EC [3] on the promotion of the use of energy from renewable sources, Directive 29/2009/EC [1] to improve and extend the greenhouse gas emission allowance trading scheme of the Community, and Directive 81/2008/EC [59] on national emission ceilings for certain atmospheric pollutants. These commitments set by 2020 have been maintained at the same level until the end of the time horizon. Such Directives are included as a constraint into the model setting a series of objectives such as 20% renewable energy from final energy consumption and a maximum emission of 258.4 Mt of CO2 by 2020, and SO2 and NOX emission ceilings up to 746 and 847 kt respectively from 2015 to 2035.



Regarding nuclear power plants, the BAU scenario assumes a constant nuclear power capacity installed until 2035 considering that the current power plants will be allowed to extend their lifetimes beyond the 40 or even 50-years-period.




Target Scenario (TARGET2030)


This is an ambitious scenario that takes into consideration the goals set in the 2030 Framework for Climate and Energy proposed by the Commission in January 2014 [5] and agreed by the EU leaders in October 2014 which sets new energy and climate policy objectives for the period between 2020 and 2030. GHG emission reductions considered are 21% in 2020 and 30% in 2030 compared to 2005 emissions. The objectives for non-Emission Trading System (ETS) emissions considered in this work are to reach a reduction of 10% by 2020 and 20% by 2030, also compared to 2005. Total non ETS reduction target proposed for Spain is 26%, and in this work it has been considered that the energy sector will contribute with 20% while other diffuse sectors such as agriculture and land use change are only responsible for the additional 6%. Renewable energy contribution to final energy is set at 20% in 2020 and 27% in 2030. An energy efficiency improvement has been forced through a reduction of 20% and 27% of primary energy consumption in 2020 and 2030 respectively compared to the primary energy consumption of the BAU scenario. Finally, the European Council recognized the fundamental importance of a fully connected internal energy market. To that end, the achievement of a minimum target of 10% of electricity interconnections (percentage over installed capacity) in the case of some countries (including Spain) by 2020 is set, which implies achieving the 15% target by 2030. In this work, it has been considered that this interconnection capacity is effectively achieved. Regarding nuclear power, it has not been considered lifetime extension of the existing plants. Therefore, there will be no nuclear power generation from 2028.







3. Results and Discussion


3.1. Electricity Mixes Resulting from These Scenarios and CO2 Emissions Associated


This paper focuses on the effects on the WEL nexus of two alternative electricity generation scenarios described above. According to the results of the modelling exercise, the portfolio of electricity generation technologies under the considered scenarios is shown in Figure 3.



As can be seen in this figure, BAU scenario results show a much gasified electricity system that is gradually phasing out coal power but still relies on nuclear electricity for base load and with an increasing penetration of wind electricity. Renewable electricity share at the end of the period reaches 50% from which 30% corresponds to wind technologies, 11% to hydro, 6% to biomass and 4% to solar technologies.



TARGET2030 results show an increasingly renewable system but still using gas as backup technology and with a high rate of electricity imports (18%) mainly due to the reinforced electricity interconnection assumption. Coal power plants are phased out at a higher rate and nuclear power plants are completely decommissioned at the end of the period. Renewable electricity share in 2030 is 61% from which non dispatchable technologies (wind and solar PV) represent 47%. Dispatchable renewable electricity (biomass, hydro and solar thermal) account for the remaining 14%. This amount of dispatchable renewable technologies and the existence of gas back up capacity make this high renewable share feasible.



In order to overcome the above mentioned limited temporal detail of TIMES-Spain, future work plans to integrate a dispatch model of the power system combining, in that way, long term analysis with high level temporal detail tools. GHG emissions intensity associated to these scenarios is shown in Figure 4.



Electricity generation shows a very high decarbonization rate in both scenarios. Starting from a value of 379 g CO2eq/kWh in 2010, BAU scenario reaches a CO2 intensity of 193 g CO2eq/kWh in 2030. Greenhouse gases emissions decrease even faster in the TARGET2030 scenario. TARGET2030 reaches a value of 149 g CO2eq/kWh.




3.2. Impacts on the FEW Nexus of the Different Electricity Generation Technologies


Before analyzing each scenario, the impacts per kWh of electricity generated by the different power generation technologies used by the model have been estimated individually. Results of each impact per kWh of electricity are shown in Table 2.



As shown in Table 2, acidification (mainly caused by sulphur and nitrogen oxides) as well as terrestrial and marine eutrophication (mainly caused by nitrogen oxides) greatest impacts are produced by oil followed by coal, lignite and natural gas power plants. Also the electricity produced by biogas leads to significant impacts linked to ammonia emissions in the fuel cycle.



Focusing only on renewable energies, solar photovoltaic power generation has the highest acidification and eutrophication impacts linked to the solar panels manufacturing processes. Nevertheless, as can be seen in Table 2, these impacts are much lower than those resulting from oil. These impacts are reduced as the efficiency of the technology increases with time. Solar thermal concentration power plants also have high acidifying and eutrophication emissions when operated with natural gas, but these impacts are greatly reduced when plants are operated only with solar resource. The rest of renewables and nuclear energy have smaller acidifying and eutrophication emissions.



Acidifying and eutrophication emissions originated by the electricity imported from France are increasing as the French system produces more photovoltaic electricity.



Fresh water bodies’ eutrophication greatest impacts, mainly caused by phosphate effluents, are those originated by lignite and coal technologies and are associated to mining activities while the other technologies produce much smaller impacts.



Ecotoxicity impact results are very significant for lignite as they are linked to emissions of heavy metals from mining processes. Solar photovoltaic technology has also significant emissions resulting from the incineration of waste copper from panels in the end of their life processes.



Concerning land use, this study assumes that once the electricity power facility life time is over, the land area occupied by the facility will be recovered. This statement can be done under the Spanish context, where the electricity companies are forced to restore the occupied area [60,61].



Land use impacts associated with biomass and biogas technologies are due to land use change and the C release associated to this change in areas dedicated to forest crops. In the case of coal mining and lignite, it was considered that only part of the occupation of the mine was subsequently restored. The impact associated to oil and gas technologies mainly takes place in the fields of extraction. In the case of hydroelectricity, only the occupation of flooded soil but not the land use change impacts have been considered in terms of release of C. This fact and the long life of dams results in low land use estimated impacts.



Land use impacts of photovoltaic power technologies are linked to the occupation of land and to changes in land use in silicon mining activities. As for CSP, the impact on land use is moderate and linked to the occupation of land by the solar field and the extraction of gas in the hybrid technology. Windmills have also moderate impacts on land use that are reduced by increasing efficiency of these technologies.



Lignite power plants have the highest impact on water consumption in mining activities. The fact that such mining activities take place in Spain implies a quite high characterization factor. Coal mining also consumes large amounts of water but in areas with less water stress.



Water consumption of current CSP plants is high because existing plants use wet cooling systems and the water used has a high weighting factor. As mentioned earlier, it is assumed that future technologies will use dry cooling and therefore will have less impact on water use. Nuclear technology has also important water consumption mainly due to the cooling system.



Finally, regarding the use of resources, the high impacts of solar photovoltaic are due to the consumption of silver and zinc in the manufacture of the panels while those of wind are associated to the manufacture of wind turbines.




3.3. Impacts on the WEL Nexus of the Different Electricity Generation Scenarios


Combining the results obtained before, it is possible to analyze the evolution of the different impacts over time as the electricity mix transitions towards decarbonization and incorporates new clean technologies.



3.3.1. Impacts on Acidification


The evolution of acidification impacts produced by the Spanish electricity generation mix along the period from 2010 to 2035 in the BAU and TARGET2030 scenario is shown in Figure 5. The detailed contribution of each technology is shown in Table S1 of the Supplementary Materials. Acidification impacts are reduced in both scenarios in 49% and 76%, respectively.



In both scenarios, the main technologies responsible of these impacts are coal, gas and oil power plants including the CHP plants of the industrial sector. Also in both scenarios coal technologies decrease their share in the mix and this fact has important benefits in the overall electricity generation acidification impacts. Coal is responsible for 36% of total acidification impacts at the beginning of the period but only contributes with 3% and 5% in the BAU and TARGET2030 scenarios respectively at the end of the period. Gas technologies are used to produce electricity during all the period in both scenarios and therefore their impacts remain to a great extent being still 32–34% at the end of the period in both scenarios. Renewable technologies also contribute to acidification impacts of the system and its contribution to the total impact increase overt time as the electricity mix becomes more decarbonized and these technologies represent a higher share of the generation system. While at the beginning of the period these technologies only contribute with 4% of the total acidification impact, at the end of the period, renewable technologies represent 24% in the BAU scenario and 43% in the TARGET2030 scenario.



Comparisons with results published in the literature are difficult to undertake because different energy systems have different penetration of fossil and renewable technologies and the decarbonization pathways are not always based on the same set of technologies. Nevertheless, our results are consistent with those found by [37,54].



As to the relevant legislation, the EU has a long-term objective of not exceeding critical loads for acidity in order to protect the ecosystems from acidification. According to the European Environmental Agency, improvements in this regard taken place from 2000 have been considerable and the areas of Spain were critical loads were exceeded have been reduced [62]. In 2010, these areas were concentrated in the Northern coast of Spain as well as in the Madrid area. As many coal power plants in Spain are located in the Northern coastal area, the anticipated phasing out of these plants will help to further reduce these exceedances. These results clearly suggest a synergy between climate and energy policies in Spain and the existing efforts to reduce acidification emissions.




3.3.2. Impacts on Eutrophication


Eutrophication impacts -either terrestrial, fresh water or marine—also follow a decreasing trend in the two analyzed scenarios. In general, the most decarbonized scenario (TARGET2030), also shows the lowest eutrophication impacts. The dynamic evolution of these impacts is shown in Figure 6, Figure 7 and Figure 8. Although comparisons with results published in the literature are difficult, these results are consistent with those found by [36,37,38], however found that eutrophication impacts in some scenarios with carbon taxes increased as natural gas was replaced by renewables. These findings are not happening in our considered scenarios even though the same substitution is taking place.



Detailed contributions of each technology to the total impact are shown in Tables S2–S4 in the Supplementary Information section.



Terrestrial and marine eutrophication are mainly caused by coal, gas and oil technologies. Since these technologies are replaced by renewables, the eutrophication impacts decrease. As expected, this trend is more noticeable in the strictest decarbonization scenario (TARGET2030) in which a higher penetration of renewables takes place. On the contrary, fresh water eutrophication is mainly caused by coal technologies and as coal disappears from the electricity supply system in both scenarios in a similar rate, so does the evolution of the impacts.



The EU has also a long-term objective of not exceeding critical loads for nutrient nitrogen to reduce terrestrial eutrophication and avoid nutrient imbalances. In 2000, the whole Spanish territory showed exceedances of critical loads which, despite the observable improvements, still remained in 2010 [62].



Eutrophication of rivers, reservoirs and lakes in Spain is an important problem due to the semiarid conditions of the territory. Eutrophication affects both the quality of water for irrigation purposes as well as for human consumption but also has an adverse effect on the fauna. Also in this case, climate and energy policies are expected to strength the efforts to reduce the eutrophication loads into our fresh water bodies.




3.3.3. Impacts on Aquatic Ecotoxicity


Fresh water ecotoxicity impacts tend to rise in both scenarios but especially in the most decarbonized one with 4% increase in the BAU scenario and 16% increase in the TARGET2030 (see Figure 9). In the BAU scenario, impacts tend to decrease from 2015 to 2025 due to the reduction in coal consumption. As shown before, coal electricity aquatic ecotoxicity impacts are linked to heavy metals emissions from mining processes. After 2025, the increase in wind power first and photovoltaics later, drive the observed increase in ecotoxicity impacts. In the TARGET2030 scenario, the impacts originated by the higher rate of penetration of wind and photovoltaics, cancels out the reduction of ecotoxicity impacts driven by the decrease in coal consumption. Aquatic ecotoxicity impacts of wind and solar PV technologies are linked to the waste management processes of these technologies. This type of result has not been found in the literature. The reason behind these results can be found in the much higher penetration of wind and solar PV in the scenarios considered in this work. In the case of [36] for example, who analyzed the aquatic ecotoxicity impacts of the IEA’s Bluemap scenario [63], the penetration of wind and solar PV at the end of the period (2050) was 11% and 16% respectively while, in our case, a much larger scale penetration of wind (28%) and solar PV (13–20% depending on the scenario) is considered. Ecotoxicity impacts resulting from the imported electricity represent a significant part (12%) of the total impacts in the TARGET2030 scenario. This electricity, imported from France, has an increasing share of wind and solar PV electricity in the mix.



Stricter policies regulating the discharge of toxic compounds to water bodies should be put in place in order to reduce the adverse impacts of renewable penetration anticipated in this work.




3.3.4. Impacts on Water Consumption


Water consumption per kWh is reduced both in the BAU scenario and in the TARGET2030 one by 23% and 33% respectively (Figure 10). In the BAU scenario, as the coal share in the electricity mix decreases, the relative importance of water consumption due to nuclear energy increases, being this technology the one that contributes the most to this impact. In the scenario TARGET2030, the contribution of nuclear energy to water consumption is also important up to 2025 when the technology disappears from the electricity mix. In the last periods of this scenario, the share of the impact on water consumption associated to solar photovoltaic and solar thermal electricity increases. The effect of imported electricity on water consumption is also important in this scenario. These impacts are mainly caused by nuclear technologies operating in France but are produced in the French territory.



The results displayed in Figure 10 are especially relevant for a semiarid country like Spain, where increasing concerns about possible future scarcity of water in a context of uncertain climate change consequences exist. Valin and his colleagues argued that, in future scenarios, the lack of consideration of water scarcity, induced by climate change in energy planning could lead to high costs and probably the curtailment of some water intensive technologies [11]. Our results show that, thanks to the adoption of technological improvements, especially in CSP, these problems are not expected to take place since, even in a context of very high penetration of renewables technologies, water use by electricity generation is significantly reduced. To shed more light to this very important result, this impact will be further investigated in future studies by using the new impact method proposed by the Life Cycle Initiative WULCA on the Available Water Remaining (http://www.wulca-waterlca.org/project.html).




3.3.5. Impacts on Land Use


Results show a decrease in land use in both scenarios (Figure 11). In the BAU scenario, this reduction is 28% by 2035 compared to the starting year, while in the TARGET2030 scenario, the impact is reduced by 39%. At the beginning of the period, in both scenarios, land use impacts are mainly caused by coal and gas technologies. The impacts associated with coal technologies are due to land use change and the release of C associated with this change, in the mines (considering that only part of the occupation of the mine was subsequently restored). The impact associated to gas technologies mainly occurs in the extraction fields. In this sense, it is important to note that over the last few years there has been an increasing impact caused by wind and solar photovoltaic power associated to the extraction of raw materials, especially in silicon mining. Finally, it is important to highlight that these impacts do not include indirect land use change impacts (iLUC) that have demonstrated to be important in biomass technologies [63].




3.3.6. Impacts on Resource Use


As shown in Figure 12, the impact on resource use increases in both scenarios, although the growth is higher in the TARGET2030 scenario (140%). The main technologies contributing to this impact are solar photovoltaic and wind energy. The importance of these technologies in the TARGET2030 scenario is the highest compared to other technologies and also their contribution to the electricity mix is much higher than in BAU.



Resource use impacts of solar photovoltaic are mainly due to the consumption of silver and zinc in the manufacture of solar PV panels and those of wind are associated to the manufacture of wind turbines. Silver is the most widely used electrode material in solar photovoltaic technologies due to its unique reflective and conductive properties. Strategies to either reduce silver content in PV panels or increase the rate of silver recycling from discarded PV panels are being investigated by the industry.



As in the case of freshwater ecotoxicity, a tradeoff between the effect of energy and climate policies and resource conservation is observed. R + D + i efforts are needed to decrease the use of scarce materials by wind and solar PV technologies and increase the recyclability of the materials used.




3.3.7. Overall Impacts on the Nexus


Figure 13 below shows the quantified impacts on the WEL nexus from the electricity production by 2030 in both scenarios compared to those produced at the beginning of the modelling period. It becomes evident that, although most of the nexus impacts are reduced, the attainment of GHG emissions reductions are accompanied by the increase in two of the selected indicators for the nexus analysis, namely fresh water ecotoxicity and resource use. It is particularly striking that resource use impacts more than double in 2030 compared to 2010 in TARGET2030 scenario.






4. Conclusions


Results from this work show that soil acidification and eutrophication impacts—either terrestrial, fresh water or marine—follow a decreasing trend in the two analyzed scenarios, mainly due to phase out of coal electricity technologies, which are compensated by the penetration of renewables. In most impact categories analyzed in this work, the most decarbonized scenario (TARGET2030) shows the lowest values.



The impacts on land use, measured in terms of loss of C due to land use change, follow a downwards pattern in both scenarios. Despite the increased penetration of renewable energies, this downward trend is slightly more remarkable in the TARGET2030 scenario. According to this result, the capacity of the territory to support food production will not be hindered in any of the scenarios.



Water consumption per kWh is reduced in both the BAU scenario and in the TARGET2030 scenario by 23% and 33% respectively. This result demonstrates that, even in a context of very high penetration of renewable technologies, water use by electricity generation is significantly reduced. Water withdrawal from hydropower technologies will not increase either since penetration of these technologies remains stable in both scenarios.



In the above mentioned impacts, a clear synergy between the climate mitigation polices and the conservation of water, land and ecosystems can be observed. However, aquatic ecotoxicity impacts tend to rise in both scenarios being this trend higher in the most decarbonized scenario with 4% increase in the BAU scenario and 16% increase in the TARGET2030. The increase in wind and solar PV drives the observed increase in ecotoxicity impacts. These impacts are linked to the waste management processes of these technologies. Although solar PV and wind are already mature technologies, there is a lack of awareness concerning the best available technologies to handle the end of life stage. Few studies have been able to collect enough real information to study this phase and further research is needed to better describe and take into consideration the real performance of the whole life cycle [64].



Similarly, regarding the use of resources, both scenarios follow an upwards pattern mainly driven by the increase in photovoltaic generation. This impact is linked to the use of silver and zinc in the manufacture of the modules. These problems can be tackled by either reducing the content of silver in PV panels or by increasing the rate of silver recycling from discarded PV panels.



Although comparisons with results published in the literature are difficult—in the sense that different energy systems have different fossil and renewable technologies penetration rates and that the decarbonization pathways are not always based on the same set of technologies—these results are consistent with those found by others [37,54].



In conclusion, based on the results of this work, it can be said that decarbonization scenarios tend to reduce all impacts on the WEL nexus with the exception of aquatic ecotoxicity and use of resources, and that this reduction is generally more marked in the most decarbonized scenarios.



Polices aimed at promoting R+D+i development to decrease the identified impacts on ecotoxicity and resource consumption of wind and solar PV generation are needed in order to minimize the negative consequences associated to the increased share of these technologies in current and future climate change mitigation strategies. In this sense, some key impacts related to renewable energy technologies are expected to decrease in the future as a consequence of the promotion of the EU Action Plan for the Circular Economy, which will contribute to “closing the loop” of product lifecycles through greater recycling and re-use of materials. Similarly, it is also recommended to investigate and promote other renewable technologies that avoid or minimize such adverse impacts.
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Figure 1. Nexus interrelationships. Adapted from [34]. 






Figure 1. Nexus interrelationships. Adapted from [34].



[image: Energies 11 01203 g001]







[image: Energies 11 01203 g002 550] 





Figure 2. Methodological approach. 
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Figure 3. Electricity production technology portfolio in BAU and TARGET2030 scenarios. 
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Figure 4. Evolution of global warming emissions produced by the Spanish electricity generation mix. 
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Figure 5. Evolution of acidification impacts produced by the Spanish electricity generation mix. 
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Figure 6. Evolution of terrestrial eutrophication impacts produced by the Spanish electricity generation mix. 
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Figure 7. Evolution of fresh water eutrophication impacts produced by the Spanish electricity generation mix. 
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Figure 8. Evolution of marine eutrophication impacts produced by the Spanish electricity generation mix. 
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Figure 9. Evolution of fresh water ecotoxicity impacts produced by the Spanish electricity generation mix. 
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Figure 10. Evolution of water consumption impacts produced by the Spanish electricity generation mix. 
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Figure 11. Evolution of land use impacts produced by the Spanish electricity generation mix. 
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Figure 12. Evolution of resource use impacts produced by the Spanish electricity generation mix. 
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Figure 13. Impacts on the WEL nexus of electricity generation in 2030 compared to those in 2010. 
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Table 1. GDP and population projection used in the modelling exercise.
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	Socioeconomic Drivers
	2005
	2010
	2015
	2020
	2025
	2030
	2035





	Gross domestic product (GDP) (Billion € Constant 2005 prices)
	909
	948
	962
	1116
	1171
	1273
	1384



	Average GDP growth in the following 5 years period
	1.7%
	−0.3%
	2.7%
	1.5%
	1.7%
	1.7%
	1.6%



	Population (million inhabitants)
	43.30
	46.49
	46.45
	46.11
	45.76
	45.42
	45.09
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Table 2. Impacts on the water, energy and land (WEL) nexus of power generation technologies.
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	Acidification
	Terrestrial Eutrophication
	Fresh Water Eutrophication
	Marine Eutrophication
	Fresh Water Ecotoxicity
	Land Use
	Water Consumption
	Resource Use





	
	molc H+ eq
	molc N eq
	kg P eq
	kg N eq
	CTUe
	kg C deficit
	l water eq
	kg Sb eq



	Biogas
	1.31 × 10−3
	4.18 × 10−3
	5.37 × 10−5
	2.20 × 10−4
	1.78
	4.47 × 10−1
	4.08 × 10−1
	3.95 × 10−6



	Biogas Chp
	3.77 × 10−4
	1.20 × 10−3
	1.55 × 10−5
	6.34 × 10−5
	5.12 × 10−1
	1.29 × 10−1
	1.17 × 10−1
	1.14 × 10−6



	Natural Gas Chp
	1.70 × 10−3
	2.98 × 10−3
	3.51 × 10−5
	2.78 × 10−4
	6.50 × 10−1
	5.93 × 10−1
	4.75
	1.14 × 10−6



	Natural Gas Cc Chp
	1.19 × 10−3
	1.82 × 10−3
	2.36 × 10−5
	1.71 × 10−4
	3.77 × 10−1
	3.94 × 10−1
	1.57
	7.20 × 10−7



	Biomass Chp
	9.26 × 10−4
	3.58 × 10−3
	4.10 × 10−5
	1.94 × 10−4
	5.10 × 10−1
	6.21 × 10−1
	3.21
	1.56 × 10−6



	Coal
	2.57 × 10−3
	6.21 × 10−3
	4.25 × 10−4
	6.30 × 10−4
	3.42
	3.31 × 10−1
	3.79
	1.48 × 10−6



	Lignite
	1.57 × 10−3
	3.92 × 10−3
	2.92 × 10−3
	9.48 × 10−4
	18.9
	1.66 × 10−1
	11.1
	8.63 × 10−7



	Csp Current Tech
	5.97 × 10−4
	1.23 × 10−3
	2.30 × 10−5
	1.03 × 10−4
	4.28 × 10−1
	2.14 × 10−1
	8.19
	1.20 × 10−6



	Csp Future Tech with Gas
	6.90 × 10−4
	1.39 × 10−3
	2.65 × 10−5
	1.19 × 10−4
	4.81 × 10−1
	2.43 × 10−1
	3.88
	1.33 × 10−6



	Csp Future Tech without GAS
	7.08 × 10−5
	1.50 × 10−4
	3.25 × 10−6
	1.18 × 10−5
	9.66 × 10−2
	6.76 × 10−2
	4.93
	3.11 × 10−7



	Natural GAS Combined Cycle
	9.67 × 10−4
	1.48 × 10−3
	1.92 × 10−5
	1.38 × 10−4
	3.06 × 10−1
	3.20 × 10−1
	1.46
	5.84 × 10−7



	Minihydro
	1.74 × 10−5
	5.91 × 10−5
	1.03 × 10−6
	5.44 × 10−6
	2.70 × 10−2
	9.75 × 10−3
	1.07 × 10−2
	1.87 × 10−7



	Hydro Dam
	2.19 × 10−5
	7.02 × 10−5
	1.34 × 10−6
	6.45 × 10−6
	2.99 × 10−2
	2.79 × 10−2
	1.74 × 10−2
	2.68 × 10−7



	Nuclear
	1.11 × 10−4
	2.00 × 10−4
	6.00 × 10−6
	2.13 × 10−5
	4.32 × 10−1
	1.44 × 10−2
	4.93
	5.12 × 10−6



	Waves
	2.13 × 10−5
	9.82 × 10−5
	3.26 × 10−11
	7.84 × 10−6
	2.08 × 10−3
	-8.11 × 10−3
	0.00
	0.00



	Oil
	7.46 × 10−3
	1.81 × 10−2
	1.35 × 10−5
	1.66 × 10−3
	6.74 × 10−1
	5.45 × 10−1
	3.51
	1.63 × 10−6



	PV Current Tech Mix
	5.73 × 10−4
	7.84 × 10−4
	4.56 × 10−5
	8.08 × 10−5
	4.27
	4.50 × 10−1
	3.17
	7.63 × 10−5



	PV Roof Current Tech
	7.99 × 10−4
	9.88 × 10−4
	7.92 × 10−5
	1.08 × 10−4
	10.9
	8.84 × 10−2
	4.22
	9.85 × 10−5



	PV Roof Future Tech
	2.71 × 10−4
	3.78 × 10−4
	2.05 × 10−5
	3.86 × 10−5
	1.68
	2.50 × 10−1
	1.51
	3.67 × 10−5



	PV Plant Current Tech
	5.43 × 10−4
	7.57 × 10−4
	4.10 × 10−5
	7.71 × 10−5
	3.36
	5.00 × 10−1
	3.02
	7.33 × 10−5



	PV Plant Future Tech
	3.09 × 10−4
	3.74 × 10−4
	3.11 × 10−5
	4.16 × 10−5
	4.58
	3.44 × 10−2
	1.31
	4.56 × 10−5



	Wind Current
	1.28 × 10−4
	2.44 × 10−4
	1.08 × 10−5
	2.42 × 10−5
	3.97
	1.59 × 10−1
	1.68 × 10−1
	7.74 × 10−6



	Wind Medium Term
	1.09 × 10−4
	2.07 × 10−4
	9.11 × 10−6
	2.05 × 10−5
	3.37
	1.35 × 10−1
	1.43 × 10−1
	6.56 × 10−6



	Wind Future
	1.00 × 10−4
	1.91 × 10−4
	8.40 × 10−6
	1.89 × 10−5
	3.10
	1.24 × 10−1
	1.31 × 10−1
	6.05 × 10−6



	Imports 2015
	1.39 × 10−4
	3.01 × 10−4
	6.81 × 10−6
	2.75 × 10−5
	5.76 × 10−1
	4.03 × 10−2
	4.09
	5.32 × 10−6



	Imports 2020
	1.42 × 10−4
	3.17 × 10−4
	7.84 × 10−6
	2.77 × 10−5
	8.92 × 10−1
	6.04 × 10−2
	3.68
	6.10 × 10−6



	Imports 2025
	1.53 × 10−4
	3.50 × 10−4
	8.64 × 10−6
	2.98 × 10−5
	1.13
	7.59 × 10−2
	3.40
	6.71 × 10−6



	Imports 2030
	1.57 × 10−4
	3.53 × 10−4
	9.20 × 10−6
	3.02 × 10−5
	1.26
	8.39 × 10−2
	3.28
	7.61 × 10−6



	Imports 2035
	1.57 × 10−4
	3.54 × 10−4
	9.23 × 10−6
	3.03 × 10−5
	1.27
	8.44 × 10−2
	3.28
	7.63 × 10−6
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