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Abstract:
1. Introduction

The production of electrical power results in one of the largest water-intensive activities worldwide. Thus, electricity generation requires large volumes of water mainly for cooling purposes. Specifically, in 2005 approximately 41% of the total freshwater withdrawals in the U.S. corresponded to thermoelectric power (Kenny et al, 2009) and, likewise, in 2007 in China 79% of water withdrawal and 47% of water consumption of energy production were associated with the electricity generation (Zhang & Anadon, 2013). However, despite the magnitude of the previous figures this fact has been mostly ignored in the literature and in many regions water is already representing a constraining factor for power generation. Furthermore, the situation will get worse due to climate change and the progressive increase of the world's population.

The first thing that prompts one’s mind regarding the relation of water with electricity tend to be that of the hydroelectric facilities. Yet for the water-energy nexus literature, that is only a small fraction of the issue. Thermoelectric power plants (all those working with coal, fuel-oil, gas or uranium) also need water to run (Badr et al., 2012; Tidwell et al., 2011). In fact, about 80% of the world´s electricity is generated in thermal power plants (IEA, 2013). Unlike hydroelectric power plants, thermoelectric facilities boil water to create steam, which spins turbines to generate electricity. Conventional thermal and nuclear power plants operate on the same principle and the main difference between them lies in the way they get heat to boil water. Concretely, conventional thermal power plants obtain heat through the burning of fossil fuels (coal, oil or gas) and nuclear power plants through nuclear reactions. Later, the heat must be dissipated by necessary cooling systems to facilitate the proper operation of the facilities.

Spain, despite being the most arid country in Europe, lacks of research about the water requirements within the energy sector. Spanish water bodies (rivers, lakes or streams) are grouped by river basins, whose regulatory agencies are the Hydrographic Confederations (Spanish Government et al., 2000), and among all the river basins, the Ebro river basin is the most extensive in Spain, representing the 17.3% of the Spanish peninsular territory (Barceló & Petrovic, 2011).

Moreover, nowadays approximately 17% (29,332,687 MWh) of total electricity generation in Spain depends on water passing through the Ebro River Basin, although certainly this percentage was higher years ago, before the closure of Garoña nuclear power plant and the low performance of the combined cycle and hydroelectric power plants in the region because of the poor energy demand and the water scarcity in the region, respectively. What is more, if we focus our attention on thermal power plants we observe that thermoelectric generation in the Ebro river basin multiplied almost 30 times from 1969 to 2001 (from 988,554 to 28,886,000 MWh), representing more than 20% of the national thermoelectric generation in the 1980s (Figure 1). Until that decade, only Garoña was connected to the grid and, later, two more nuclear reactors in Ascó came together to the scenario, which meant an increase in water needs for cooling in the Ebro river basin. Finally, in the early 2000s the first combined cycle power plants come into play, generating new freshwater needs again up to now. In total, by 2012 there were already 12 thermal plants (nuclear, conventional and combined cycle) depending on the water from the river basin to operate (Figure 2). Therefore, all these reasons explain the importance of the water resources in the Ebro river basin as energy resource and make this region a key area for carrying out this type of research in Spain.

Figure 1. Evolution of thermal power generation in the Ebro river basin over the Spanish thermal generation (1969-2001) 
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Source: own elaboration from UNESA and REE.
Figure 2. Evolution of thermoelectric generation by power plant and technology in the Ebro river basin (1969-2014)
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Source: own elaboration from UNESA and REE.
In this context, this study aims to extend the work of Sesma Martín & Rubio-Varas (2017) analyzing the water requirements for thermoelectric generation in the Ebro River Basin as the most representative river basin in Spain and providing a greater regional approach from a long-term perspective. In this way, our results provide information about this problematic so that policy decision-makers and technicians can perform accurate measures in the future. What are the effects of the different alternatives of electricity production on the use of water in the Ebro River Basin? Is water really a cost of opportunity for the other alternative uses of the area? These are some of the issues to be solved.

2. Methodology and Materials

In this study, we have considered all those thermoelectric power plants located in the Ebro River Basin withdrawing fresh water from rivers and lakes. We have classified all of them by type of fossil fuel (i.e. coal, natural gas and uranium) and cooling technology (once-through system and cooling towers). Power plants refrigerating with air-condensers have been omitted since these cooling systems do not need water to run. This classification is crucial because each power station has specific water requirements in term of both withdrawals and consumptions of water depending on the type of thermal power generation. For example, whereas once-through systems withdraw much more water than cooling towers, cooling towers consume (evaporate) much more water than once-through systems. In this sense, we can define water withdrawals as the volumes of water removed from a source whilst water consumptions (i.e., the water footprint) refer to the volumes of water evaporated and, hence, not returned to the source. In this way, by definition these amounts of water are no longer available for other uses. 

Nuclear power plants included in the sample data are Garoña and Ascó (units I and II). The conventional thermal power utilities we have considered are Aliaga, Andorra, Arrúbal, Castejón (groups 1,2 and 3), and the different generation units located in Escatrón over the years. By contrast, we have excluded from the analysis both Escucha and Castelnou power plants (coal and natural gas-combined cycle, respectively) refrigerating through air-cooled condensers, as detailed in Table 1.

Table 1. Classification of thermoelectric power plants located in the Ebro River Basin by type of fossil fuels and cooling technologies.

	Power Plant
	Type of Technology
	Installed Power (MW)
	Cooling System
	Water Supply
	Current Status

	Aliaga
	Coal
	45
	Cooling towers
	Guadalope and            Val rivers
	Decommissioned (1952-1981)

	Escatrón
	Coal
	172.5
	Once-through cooling
	Dam with water from the Ebro River
	Decommissioned (1953 - 1987)

	Escucha
	Coal
	160
	Air-cooled condensers
	―
	Decommissioned (1970-2012)

	Andorra
	Coal
	1101.4
	Cooling towers
	Calanda dam (Guadalope River)
	Operational since 1979

	Garoña
	Nuclear (BWR)
	466
	Once-through cooling
	Sobrón reservoir     (Ebro River)
	Decommissioned (1971-2012)

	Ascó I
	Nuclear (PWR)
	1032.5
	Forced-draught cooling towers
	Ebro River
	Operational since 1984

	Ascó II
	Nuclear (PWR)
	1027.21
	Forced-draught cooling towers
	Ebro River
	Operational since 1986

	Escatrón
	Circulating Fluidized Bed (CFB)
	80
	Once-through cooling
	Ebro River
	Decommissioned (1990 - 2012)

	Escatrón
	Combined-Cycle (Natural Gas)
	818
	Induced draft cooling towers
	Ebro River
	Operational since 2008

	Escatrón       (Peaker Type)
	Combined Cycle (Natural Gas)
	277
	 Forced draft cooling towers 
	Mequinenza dam        (Ebro River)
	Operational since 2007

	Castelnou
	Combined Cycle (Natural Gas)
	800
	Air-cooled condensers
	―
	Operational since 2006


	Arrúbal
	Combined Cycle (Natural Gas)
	800
	Mechanical draft, wet cooling towers
	Ebro River
	Operational since 2005

	Castejón 1
	Combined Cycle (Natural Gas)
	429.24
	 Cooling tower with mechanical draft
	Ebro River
	Operational since 2002

	Castejón 2
	Combined Cycle (Natural Gas)
	386,10
	 Forced draft cooling tower
	Ebro River                     (and water well as reinforcement)
	Operational since 2003

	Castejón 3
	Combined Cycle (Natural Gas)
	426.11
	 Hybrid cooling tower with mechanical draft
	Ebro River
	Operational since 2008

	Note: PWR = Pressurised Water Reactor; BWR = Boiling Water Reactor.                                                                                                Source: elaborated with data from UNESA's  and REE's Annual Reports, BOE, technical reports of the electrical companies, Spanish Nuclear Forum, and Spanish Nuclear Security Council.                                                                                              

	


Data on energy production comes from UNESA and REE Annual Reports. Real water data for nuclear power plants comes from different information sources. The estimations on water requirements for nuclear power plants come from Sesma Martín & Rubio-Varas (2017). Thermal power stations do not publish their water usage data yet, so we have calculated maximum, median and minimum estimations through harmonized water coefficients from international literature. With all this available information, we can calculate water needs of nuclear and thermal power plants (withdrawals and consumption) by multiplying corresponding water coefficients and total energy output generated per power plant/year.

3. Preliminary Results
Our preliminary findings allow the comparison between sectors. For example. they show how fresh water for cooling needs appears as the second thirstiest activity (30% of total demands) in the Ebro River Basin following agriculture and irrigation (65%), and involving around 1069 cubic meters per capita/year. Moreover, water withdrawals from nuclear and conventional power stations have been overtaking the maximum threshold authorized for cooling by the original concessions for this river basin (i.e. 3340 [image: image4.png]hm?® [year)



 Specifically, in the 1980s water withdrawals already reached this limit imposed by the Authorities and, in the late 90s, they exceeded the restriction. Since 2011, the trend is back to acceptable levels due to the closure of the Garoña nuclear power plant.

4. Discussion

It is important to mention that many of these great increases of water demands have taken place in times of heavy droughts in Spain (e.g. 1980-1995 and 2005). Therefore, this issue not only has political implications on the management of water resources in Spain, but also it has put at risk the available water for other alternative activities in the basin (mainly agriculture and urban supply). Consequently, water needs for cooling purposes by thermal power plants in Ebro river basin should be considered a relevant issue when studying the available water resources and its different alternative uses (agricultural or urban usages). A better understanding on this matter is necessary to raise awareness about the importance of this issue in a region where the percentage of Spanish electricity that depends on the Ebro river basin is by no means small. 
Finally, as already mentioned, this paper is still in progress. In this way, the following steps will be to apply real withdrawals and consumption coefficients for thermal power stations, just as we did for nuclear facilities. Another key aspect will be to adjust the final results according to the capacity ratios for the different types of power generation since the cooling efficiency of a power plant can vary depending on the geographic location and weather patterns of a particular region. Consequently, this same research could be carried out for the rest of Spanish river basins. In this paper we focus just on calculating the thermoelectric water needs, leaving for other types of studies the analysis of polluted water that is returned to the original sources. Therefore, the main limitation here is the analysis of problems related to water quality and impacts on ecosystems.
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