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SUMMARY 

 

Variable hydrology and water use changes may have significant effects on the availability of 

water resources at a basin scale. This work analyzes these impacts on the management of 

the lower course of the Ebro River that supplies water to the region of Catalonia, Spain. To 

perform the analysis, a river system model is developed using the modeling platform, 

RiverWare. 

Several scenarios accounting for streamflow reductions and an increase in water demands 

are evaluated to project future water availability and the basin’s ability to meet its demands. 

Currently, water demands in the Lower Ebro River basin are satisfied. However, some regions 

have resulted in low water reliability, especially in agricultural demands. At the horizon 2059, 

water resources are projected to decrease by 21%. Moreover, water demands have been also 

considered to increase by 25%. Results on future performance clearly demonstrate an 

increase in shortages in regions with low reliability, and the appearance of water stress 

meeting environmental demands. In addition, hydrogeneration performance shows significant 

reductions due to a decrease in water resources.  

This study provides the key aspects and a modeling approach for evaluating current and future 

performance of the Lower Ebro River Basin meeting water demands. It also illustrates the 

usefulness of river basin modeling tools, such as RiverWare, for river basin planning and 

management. 
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CHAPTER 1 – INTRODUCTION 
 

1. Background 

As demand for water increases across the globe, the availability of freshwater in many regions is 

likely to decrease because of climate change (UNESCO, 2012). The Ebro River Basin is one of 

the most important water resources in the north-east region of Spain. From basic needs, such as 

drinking, hygiene and providing food; to social-economic and environmental needs, such as 

recreation, energy production, and environmental preservation, are common activities that depend 

on water. However, the importance of water as a resource is further underscored when its 

availability is under pressure due to population growth, increased development, and climate 

change.  

Hydrologic variability can be significant in the streamflows of river basins in the Mediterranean 

region. Global-scale studies identified the Mediterranean region as one of the most vulnerable 

regions to climatic and anthropogenic changes and thus as one of the world’s water crisis hot-spots 

(Arnell, 1999; Menzel, Flörke, Matovelle, & Alcamo, 2007). In light of these concerns, effective 

planning and management of water resources are necessary to manage the competing water 

demands of the system (e.g., urban, industrial, agricultural, recreational and environmental 

demands). Short- and long-term plans should be made considering a wide range of possible cases 

to quantify risks and probabilities and optimize benefits of the river system to the extent possible. 

Such management goals require modeling tools that can recreate the diverse nature and 

complexities of the basin adequately, including the operational aspect. 

This research identifies the key aspects and a modeling approach for a study designed to evaluate 

future performance of a river system under different hydrologic and demand scenarios. We 

illustrate the development and assessment of such a planning study by considering the availability 

of water resources in the low course of the Ebro River Basin under future water uses and hydro-

climatic changes. In order to do that, a river system model is developed using the modeling 

platform, RiverWare. Several hydrologic scenarios will be evaluated to project future water 

availability and the basin’s ability to meet its demands.  

(Alayo Manubens, 2017; Arnell, 1999; BOE, 1985, 2009; Catalunya, 2001; Cirac Romero & González Molina, 2015; Confederación Hidrográfica del Ebro, 2007, 2008, 2010b, 2010a, 2013, 2015, 2018a, 2018b, n.d., 1996, 2002, 2005; Dirección General del Agua, 2009; 

Eschenbach, Magee, Zagona, & Goranflo, 2001; García Vera, Samper, & Alvares, 2005; Menzel et al., 2007; Milano et al., 2013; Sànchez i Vilanova, 2001; Sociedad Española de Presas y Embalses, n.d.; UNESCO, 2012, 2019; Zagona, 2016; Zagona, Fulp, Shane, 

Magee, & Morgan G O R A N F L O, 2002)(Center for Advanced Decision Support for Water and Environmental Systems, n.d.) 
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2. Objectives 

This project development of a river system model approximating the performance of the Lower 

Ebro River Basin has three main objectives: 

- Learn the functions and capabilities of a river basin management modeling tool. 

- Analyze the performance of the river system evaluating several hydrologic scenarios to 

project future water availability and the basin’s ability to meet its demands. 

- Illustrate the usefulness of using modeling tools, such as RiverWare, for river basin 

planning and management. 

 

3. RiverWare  

RiverWare is a general-purpose reservoir and river system modeling tool (Zagona et al., 2001) that 

is used for short- and long-term planning. It is developed and maintained in the University of 

Colorado Center for Advanced Decision Support for Water and Environmental Systems 

(CADSWES) and is widely used for managing river basins in the U.S. and other countries. 

RiverWare models are commonly used for operating policy comparisons, yield analysis, flood risk 

evaluation, and climate change studies. It is also used for forecasting operations over the next 

months or seasons, and for international or state boundary negotiation of water operations. 

RiverWare model inputs are, primarily, the inflows of the system. Other important inputs are 

demands for water and energy; and basin operative objectives and constrains. Given the inputs by 

the user, RiverWare models the hydrology response of the system. Model outputs depend on the 

purpose of the model. They usually include reservoir releases, hydrogeneration, and water 

shortages in which very often are post-processed for statistical analysis for policy, economical or 

environmental evaluations. 

A river system is configured by selecting the physical water system and structural components 

represented by objects, such as reservoirs, rivers and water consumers, from a palette; and linking 

them together to create a basin network. Figure 1 shows the RiverWare objects to build the model 

network. 
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RiverWare can be run in pure simulation, rule-based simulation and optimization modes. (1) Pure 

Simulation, computes an exact solution given inputs supplied by the user (e.g., pool elevations, 

storage levels and releases). (2) Rule-based simulation, solves under logical operational rules 

written in a language provided through the syntax-directed editor. (3) Optimization mode, provides 

a global optimization of the system according to multiple objectives and constraints given with by 

the user. 

 

4. Structure of the Report  

The structure of the report is organized according to the river basin model development. The main 

topics of the research are divided into five chapters: 1) Study context, 2) Research methodology, 

3) Model data, 4) Results and discussion, and 5) Summary and conclusions. 

The study context includes a summary of the study area involving hydrology and climate aspects. 

Also, it describes the actual management with the operational policies of the basin that will be used 

further on in the model development. The next chapter, research methodology, explains the 

specific procedures or techniques used to build and calibrate the RiverWare model. Moreover, it 

includes the methods and the adopted criteria to evaluate the performance of the system in 

different case scenarios. In the model data chapter, model inputs are detailed. A discussion of the 

model accuracy and basin performance is reflected in the results and discussion chapter. Finally, 

a global conclusion with a summary of the project is approached in the last chapter. 

 

 

 

Figure 1. RiverWare object palette. 
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CHAPTER 2 – STUDY CONTEXT 
 

1. Ebro River Basin Physical Description 

The Ebro Basin is the largest river basin in Spain with an area of 85,362 km², which represents 

17% of the area of Spain. It is located in the North-East part, whose limits are the Pyrenees on the 

north, the Iberian Mountains on the south, and the Catalan Costal Mountains on the East (Figure 

2). The main river of the basin is the Ebro, a 910 km long river starting in the North West in 

Cantabria with the contribution of Hijar River, flowing to the South-East until discharging in the 

Mediterranean Sea where it forms the Ebro Delta in the region of Catalonia.  

 

Figure 2. Location of the Ebro River Basin. 

The lower course of the Ebro River starts with the Mequinenza Dam on the boundary between 

Aragon and Catalonia Autonomous Communities. Through its 130 km of length, it receives 

significant inflows from tributaries such as the Segre, Matarraña, Ciurana, Sec, Canaleta and Riera 

del Compte Rivers.  

Several hydraulic infrastructures can be encountered regulating this part of the basin, which 

provide significant storage facilities for different objectives, including flood control. The main 

reservoirs are the system Mequinenza-Riba-Roja-Flix Reservoirs and the Tivenys Reservoir, 

located in the Ebro River, and Pena and Guiamets Reservoirs on Pena and Asmat Rivers, 

respectively. Other important hydraulic infrastructures are the canals along the right and left-hand 

banks in the delta, which take water from Tivenys Reservoir for irrigation; and the water transfer 

near Tortosa which conveys water from the Ebro River near Tortosa to Tarragona for industrial and 

urban purposes.  
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In addition, river gauges provide important hydraulic data of the Ebro River and its tributaries, such 

as flow rates and water levels. Figure 3 shows the main hydraulic infrastructures and river gauges 

of the Lower Ebro River Basin.  

 
Figure 3. River gauges, reservoirs and irrigation systems of the study area (Confederación 

Hidrográfica del Ebro, 2002). 

 

2. Hydrology  

The river system of the Lower Ebro River Basin mainly consists of the Ebro River and several 

tributaries. The Ebro River has a variable flow rate, in terms of both monthly and annual variations. 

In the hydrological year 2017-2018 a minimum of 88 m³/s in October and a maximum of  

1,211 m³/s in April were registered in Tortosa. Figures 4 and 5 represent Mequinenza and Tortosa 

hydrographs of the annual flow rate averages in the period 1997-2019.  

Nevertheless, the average flow rate has been decreasing over the last decades as a result of an 

increase in water demands in the whole catchment (Confederación Hidrográfica del Ebro, 2013). 

Throughout the delta, hydrologically, the Ebro behaves as an estuary as the depth of the river from 

Tortosa to the sea is lower the normal sea level. For this reason, low flow rates allow the marine 

intrusion until this point. 
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The most frequent flood seasons of the Ebro River are from October to May. During cold seasons 

(October to February), floods are normally due to the rainfall, whereas the floods during spring 

(March to May) are linked to snow melting in the Pyrenees (Galván Plaza, 2012). 

The main tributaries of the Lower Ebro River, from upstream to downstream are the Segre, 

Matarraña, Ciurana, Sec, Riera del Compte, and Canaleta Rivers. Table 1 shows the variance of 

the tributary flow rate averages registered in the period 1997-2019. Annual flow rate averages of 

all tributaries in the system can be consulted in Appendix A, Section 2. 
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Figure 4. Annual average hydrograph of the Ebro River at Mequinenza. 

Figure 5. Annual average hydrograph of the Ebro River at Tortosa. 
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Table 1. Tributary flow rates. 

 

 

 

 

 

 

 

 

 

 

The Segre River is the first tributary that enters from the North; it discharges just downstream of 

the Mequinenza Reservoir. Although its basin is not included in the Lower Ebro Basin, it has 

contributed with flow rates between of 53 m³/s per year in the period 1997-2019. 

The Matarraña River is a tributary on the right-hand side of the Ebro River with flow rates of 0.12 

– 0.49 m³/s into the Riba-Roja Reservoir. With a longitude of 192 km and a direction of SE-NE, the 

Matarraña River collects water from an area of approximately 1,725 km², forming a watershed 

known as Matarraña Sub-basin in the Low Ebro Basin. On the left-hand side, important tributaries 

are Pena, with the contributions of Bacó and Figuerales; and Tastavins, with the contributions of 

Prados and Monroyo. On the right-hand side, the important tributaries are Ulldemó and Algars. 

Although the Matarraña River does not have any important regulation works, some small reservoirs 

or diversions for human consumption are found, as well as the presence of the Pena Reservoir, 

with a storage capacity of 17.8 hm³ which regulates the water of the tributary holding the same 

name.  

No longer than 58 km, the Ciurana River is the main river of the Ciurana Sub-basin contributing 

upstream of Mora de Ebro locality on the left-hand side of the Ebro River. The drainage area of 

this sub-basin is around 612.8 km², starting on the Catalan Costal Mountains until flowing into the 

Ebro. The flow direction is NE to SW, collecting water from the Montsant River on the right-hand 

side, and Asmat and Cortiella Rivers on the left. Except in flood events, the Ciurana Sub-basin is 

also characterized by small flow rates (between 0.44 and 2.19m³/s) where some regulation 

infrastructures are found in the Montsant, Ciurana and Asmat Rivers. However, due to its 

Tributary Flow Rate Variance (m³/s) 

Cinca 35.07 - 82.77 

Segre 38.25 - 93.72 

Pena 0.02 - 0.38 

Tastavins 0.62 - 2.29 

Matarraña 0.12 - 0.49 

Ulldemó 0.04 - 0.40 

Algars 0.06 - 1.44 

Ciurana 0.44 - 2.19 

Guiamets 0.00 - 0.19 

Sec 0.09 - 0.25 

Riera del Compte 0.12 - 0.19 

Canaleta 0.09 - 0.50 
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importance and proximity to the Ebro River, the Guiamets Reservoir, with a storage capacity of 9.7 

hm³ located in the Asmat River, is the main reservoir taken into account in this project. 

And last but not less important, three other tributaries with similar features are also encountered 

supplementing the Ebro flow rate with inflows of 0.09 – 0.50 m³/s between Mora de Ebro and 

Tivenys municipalities. From upstream to downstream we can find the Sec River on the right side, 

Riera del Compte River on the left and Canaleta River again on the right. All three are characterized 

by elongated watersheds of 120 – 130 km² approximately, which are mainly dominated by 

themselves, with no regulation infrastructures. 

 

3. Climate 

The climate of the Lower Ebro River Basin progresses, following the flow direction until the river 

mouth, from a strongly continental aspect to a Mediterranean climate. 

The Ribera Alta Catalana, occupied by the zone of the Mequinenza-Riba-Roja-Flix Reservoir 

system and the Matarraña Sub-basin, is markedly continental maintained by the Costal Catalan 

Mountain, which constitutes an important climatic barrier. Precipitation fluctuates between  

500 and 700 mm, reaching greater values at higher altitude. Temperatures are also influenced by 

the altitude, for which average values in January are between 3 and 4ºC. However, effects of the 

Mediterranean climate are evident with equinoctial precipitations, higher in spring and minimum 

during solstice, and an increase of temperatures from west to east with the proximity to the sea.  

Downstream of the reservoir system, the climate that predominates is significantly influenced by 

its proximity to the Mediterranean Sea, developing temperate climates with reduced thermal 

oscillations. Precipitation oscillates between 500 and 600 mm, with maximums in the fall and 

minimums in the summer. Temperatures are moderate (between 9 and 13ºC) in winter and 

moderate to high (between 22 and 24ºC) in summer.  

 

4. Ebro River Basin Development and Management 

The development of water resources planning and management in the Ebro River Basin has been 

carried out since 1926 by the Ebro Hydrographical Organization, a basin agency that manages the 

whole catchment at the state level. Its main functions are the following:  

1) Development and revision of Hydrological Plans of the Ebro River Basin. 2) Administration and 

control of the hydraulics infrastructures in public domain. 3) Elaboration of projects and operation 

plans for hydraulic infrastructures.  
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The Ebro Hydrological Plan is a directive framework that comprises an organization of the water 

resources of the Ebro River Basin. Its elaboration is under the statements, policies, and goals of 

integrated water resources management given in the Hydrological National Plan which, at the same 

time, has been established under the Water Framework Directive and Spanish Water Management 

Law.  

“The hydrological plan will have as general objectives to maintain in good condition 

and to adequately protect the hydraulic infrastructures in the public domain and 

waters covered by this law; the satisfaction of water demands; the balance and 

harmonization of regional and sectoral development; increasing the availability of 

the resource, protecting its quality, economizing its use and rationalizing its uses in 

harmony with the environment and other natural resources” (Articulo 38 Ley 

29/1985, de 2 de agosto). 

To manage the water resources, the Ebro Hydrographical Organization has divided the basin into 

18 different management boards distributed as shown in Figure 6. Each area consists of a system 

of rivers whose purposes and water resources are interconnected. The functional scope of the 

boards is to execute the Ebro Hydrological Plan and suggest plans of reservoir releases to the 

‘Commission on Dam Water Releases’ to meet water demands. The Commission on Dam Water 

releases is another directive board in the Ebro Hydrographical Organization whose function is to 

manage reservoirs filling and releases, taking into account the requested water demands and 

varying hydrologic conditions. To meet all this, operating plans have been developed which include 

all the needed aspects to guarantee the proper functioning and safety of the reservoir during its 

operation, both in normal and extraordinary conditions.  
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. 

4.1. Management on the Lower Ebro River Basin 

Since this project is considering the lower course of the Ebro River Basin, it can be seen from 

Figure 6 that the management boards in charge of this zone are numbers 10 and 11, known as 

Matarraña System and Low Ebro System, respectively. 

- Matarraña System: it manages all the water demands of the Matarraña Sub-Basin, and the 

main reservoir regulating the basin is the Pena reservoir. 

- Low Ebro System: it is in charge of the water demands of the Ciurana Sub-Basin and Low 

Ebro Sub-Basin. The main reservoirs regulating each sub-catchment are Guiamets 

Reservoirs in the Ciurana Sub-Basin, and Mequinenza, Riba-Roja, Flix and Tivenys 

Reservoirs in the Low Ebro Sub-Basin. 

 

5. Lower Ebro River Basin Polices and Regulations 

Even though the management of the basin is divided into different systems being governed by 

different boards, the management must be consistent with a wide variety of operating plans and 

documents. The general policies and regulations of the Ebro River Basin for water resources 

management considered in this project are mainly comprised of the Ebro Hydrological Plan  

2015-2021. However, other independent plans related to drought and flood conditions, and 

reservoir operating criteria plans have been also taken into account. Statements of the main 

policies and regulations of water management are described below.  

Figure 6. Management boards of the Ebro River Basin (Confederación 
Hidrográfica del Ebro, 2008). 
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5.1. Ebro Hydrological Plan 2015-2021 

5.1.1. Considered Water Uses 

The water uses considered in the Hydrological Plan are urban, agriculture, industry, recreation, 

navigation and aquatic transport, aquaculture uses, and others. Nevertheless, another water use 

is also present that it is not specially differentiated by the law. This is the minimum ecological flows. 

According to these water uses, the water demands considered in this project are the following. 

- Urban demands: include domestic, municipalities, industrial, commercial uses and other 

services connected to municipal water networks. 

- Agricultural demands: include irrigation and livestock purposes not connected to municipal 

water networks. 

- Industrial demands: include industrial uses not connected to municipal water networks. 

- Navigation demands: include sailing, engine and rowing navigation, and others. 

- Environmental demands: include natural flow thresholds and minimum ecological flows to 

be maintained in the rivers of the basin. 

Even though hydropower production has not been considered as a water demand, it has been 

operated as a benefit coming from other release purposes such for urban, agricultural and industrial 

demands. 

 

5.1.2. Priority of Water Uses  

Considering the requirements for water protection and environmental conservation, and giving 

priority to water supplies, the order of preference of the different water uses is: 1) Urban Supply. 

2) Agricultural Uses. 3) Industrial Uses. 4) Recreation, Navigation and aquatic transport. 5) 

Aquiculture. 6) Other Uses. However, this order must always additionally adhere to the minimum 

ecological flows and storage reservoir thresholds for flood and drought control. In general, within 

the same type of use, the demand that has greater public use or more efficient technology for 

reducing water consumption and improving water quality will have higher priority. 

5.1.3.  Environmental Management  

To maintain the ecological and water quality characteristics of the basin in natural conditions, 

minimum flow rates are required at different river gauges. However, restrictions on environmental 

demands might be applied when drought conditions are reached. Required ecological flow rates 

are encountered in Horta St Joan, Tortosa and Ebro Mouth river gauges.  
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5.1.4. Navigation Management 

Important navigation policies have been established in the Low Ebro Sub-basin to ensure the 

navigability of the streams. Neither the Ciurana Sub-basin nor Matarraña have navigation 

management.   

 

5.2. Drought Plan 2018  

Attempting to reduce the environmental, economic and social aspects during drought conditions, 

drought indicators and plans have been determined based on storage levels of selected reservoirs. 

The main goals are the following. 1) Guarantee the water availability to ensure population safety. 

2) Avoid or minimize the negative effects on ecological flows, avoiding at all times possible 

permanent damages. 3) Decrease the negative effects on urban supplies and economic activities 

under the regulation of priority of water uses stated in the Hydrological Plan. Mequinenza and Pena 

Reservoirs are the reservoirs whose level storages are required to be drought indicators. 

 

5.3. Reservoir Operation Criteria 

Reservoirs in the Ebro River Basin operate according to a set of guidelines included in operating 

plans. They include all the needed aspects to guarantee the proper functioning and safety of the 

reservoir during its operation. In general, operating rules involve water resources management, 

infrastructures and installation service and maintenance, inspection and monitoring, and additional 

documentation incorporating environmental, safety and health integration. All of these are given 

for normal and extraordinary hydrologic conditions, such as during floods and droughts. Due to the 

difficulty of accessing the real reservoir operating plans, the following points discuss the criteria 

implemented in this project for reservoir operations. 

5.3.1. Flood Control  

To reduce the risk and consequences of downstream flooding and dam failure, all reservoirs in the 

basin must make their releases assuring that the normal maximum pool elevation is never 

exceeded. Therefore, implementing a maximum pool elevation assures that all reservoir operations 

protect environment and dam safety. 

 

5.3.2. Drought Management  

Conservation storage operations are normally applied to the main reservoirs of the system in order 

to avoid, or reduce, effects on water supply during drought conditions. The main reservoirs are 

Pena Reservoir in the Matarraña Sub-Basin and Mequinenza Reservoir in the Low Ebro Sub-Basin. 
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They apply release reductions when certain storage levels are reached. Also, minimum storage 

levels are defined to guarantee releases for their uses. 

 

5.3.3. Water Supply  

Meeting downstream water demands is the main purpose considered and common to all reservoirs 

in the Lower Ebro River Basin. During normal hydrologic conditions, reservoir releases are 

scheduled to divert water for urban, industrial and agricultural uses. During drought conditions, 

normal operations may involve restrictions when allocating water resources. Often, some water 

demands might be satisfied by local river inflows. Then, reductions in reservoir releases can be 

also applied. The reservoirs that involve restrictions during drought conditions and reduced 

releases due to local inflows are the Pena and Mequinenza Reservoirs. 

 

5.3.4. Hydropower Production  

Hydroelectric plants in the Lower Ebro River Basin are encountered in Mequinenza, Riba-Roja and 

Flix Reservoirs. Although hydropower production is also one of the main purposes of these 

reservoirs, in the present study it is limited essentially to generating the available peak power 

production based on releases that are being made to meet other purposes, such as urban, 

industrial and agricultural water supplies. 

 

5.3.5. Navigation Management 

Reservoir supplemental releases are also provided to maintain navigation minimum flow rates in 

downstream rivers. As navigation demands are in the Ebro River, Mequinenza, Riba-Roja and Flix 

Reservoirs involve, in their operating plans, releases for this type of purpose. However, restrictions 

on navigation releases will be implemented when available water is limited. 

  

5.3.6. Environmental Management 

Reservoir releases are also increased to contribute and support minimum ecological flow 

requirements. In the same way as the releases for navigation demands, they are also affected 

during drought conditions. In the Lower Ebro River Basin, the reservoir operating plans that include 

environmental management are Mequinenza, Riba-Roja and Flix Reservoir to meet Tortosa and 

Ebro Mouth environmental demands. 
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CHAPTER 3 – RESEARCH METHODOLOGY 
 

1. Methodology 

The objectives of this project (Chapter 1, Section 2) clearly compel the need for using a river system 

modeling tool. Such a modeling tool should have the capability of representing the physical 

characteristics as well as the operational regulations and policies of any river basin. Furthermore, 

it should also offer the flexibility to express them under variable hydrology.  

The platform used was RiverWare. First of all, RiverWare accounts for all the flexibility required in 

this project. Second, was given the extraordinary opportunity of developing this project in the 

Center for Advanced Decision Support for Water and Environmental Systems (CADSWES) at the 

University of Colorado having access to this tool and learning how to use it. 

The methodology followed for the development of this project has been organized in three-stages: 

(1) RiverWare model development. (2) Compute inflows and model calibration. (3) Evaluate the 

performance of the system under historic and future hydrology.  

After extensive research on the management of the system and data collection, a RiverWare model 

has been developed with a monthly time-step from available historical data between September 

1997 and October 2019. The model inputs are time series of flow rates registered in river gauges; 

reservoir storage levels registered in the previous month (September 1997), and the basin 

regulations applied within reservoir operations. Once the model was built, the observed period 

(1997-2019) was simulated and compared to the observed data to evaluate the validity of the model 

to mimic the performance of the system. Then, two different scenarios accounting for hydrology 

and water use changes were simulated for the next 40 years (2019-2059). Finally, the capacity of 

water resources meeting water demands was evaluated for the observed period, considered the 

baseline scenario, and for two future scenarios that were compared to the baseline. It is important 

to say that model results were based on water years. 
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2. RiverWare Model Development 

2.1. Model Description 

The Ebro Basin RiverWare model is based on a monthly timestep. It uses a combination of pure 

and rule-based simulation of the physical system of the Lower Ebro River Basin, from Mequinenza 

Reservoir downstream to its discharge into the sea. Besides the Ebro River, the model contains 

the main tributary systems (Ciurana and Matarraña Sub-Basins) modeled as reaches and 

confluence objects, water demands as water user objects, and the reservoir and dams as storage 

or power reservoirs depending on its purposes. The model also contains data objects for the 

variables that govern the operation of the dams, water demand requests, and for exporting the 

outputs of the model for its analysis. Figure 7 shows the operational model of the Lower Ebro River 

Basin developed in RiverWare.  

Six reservoirs and 25 diversions are modeled (demands and return flows) through the Lower Ebro 

River Basin. Pena, Guiamets and Tivenys Reservoirs are represented with storage reservoir 

objects, while Mequinenza and Riba-Roja are represented with level power reservoirs objects. The 

main difference is the capability of hydropower production. Even though the Flix Reservoir is a 

hydropower reservoir, it is represented with an Inline Power plant object because it is a reservoir 

with no regulation purposes, i.e., a run-of-river reservoir. A total of 13 natural inflow points are 

modeled with gages objects. These are located in the most upstream parts of the rivers and 

propagate flow rate values to downstream objects. 

Requested demands are stored in data objects; the values, are set in the diversion objects by the 

rules. Since the coefficient returns flows do not change at any point, they are stored directly in the 

diversion objects. Diversion requests are linked to the reaches where the water intake takes place. 

The total water diverted will always depend on the available water in the reach for diversion. Then, 

water return flows are linked back to the reach object supplying the water. Modeling assumptions 

and additional information related to the methods and operational policies (ruleset) are described 

in the next sections. 
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Figure 7. RiverWare model of the Lower Ebro River Basin.
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2.2. Modeling Assumptions and Simplifications 

This model is intended to approximate the real situation of the Lower Ebro River Basin, 

however simplifications and assumptions inherent in the model have led it to be less realistic. 

The main assumptions are described below. 

- Limitation on time discretization. Calculations have been realized with a monthly  

time-step; however, water demands fluctuate daily, even hourly. 

- Consumptive water demands for urban, agricultural, and irrigation purposes are 

considered constant every month. 

- Associations of water demands have been done depending on the source and 

section of the river. Also, returns are assumed at the same place as the water 

intakes. 

- There are no considerations of aquifer interactions in the system. 

- There are no considerations of loses, such as seepage, evaporation in reservoirs  

or in hydraulic infrastructures. 

- There are no considerations of predetermined water demands for hydropower 

production; hydro is generated based on the available flow rate given by releases 

for other purposes such as water demands. 

- We have made assumptions about reservoir operations. 

- Flix Reservoir is modeled without storage since it is a hydropower reservoir with  

no regulation function. 

 

2.3. Methods 

2.3.1. Reach Objects 

- Routing: 

Hydraulic routing methods determine the river inflow-outflow responses. Examples are lag 

time, impulse response, Muskingum, kinematic, etc. However, since the model is based on a 

monthly time step, no routing methods were used. Therefore, effects of flow changes are 

propagated to all downstream objects within the same time step. 

- Diversion from reach: 

The method used to control water diversions from reaches was “Available Flow-Based 

Diversion” in which water diversions are based on the availability of flow in reach objects.  
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2.3.2. Diversion Objects 

- Priority of water uses: 

Due to the wide range of water users throughout the whole catchment, water diversions are 

grouped in AggDiversion Site objects depending on their intake place and purposes: 

agricultural, urban and industrial.  

In order to ensure the priority of water uses (Chapter 2, Section 5.1.2.), water users were 

ordered in the AggDiversion Site object, from high to low priority, as follows: urban, 

agricultural, and industrial purposes. The simulation performs as follows: available flow in the 

reach is diverted to the first water user (urban). Due to the inefficiency of the system, a fraction 

of the diverted flow is returned to the river. Then, the available flow in the reach is recalculated 

and diverted to the second water user (agricultural). The sequence is repeated for the third 

water user (industrial). 

 

2.3.3. Reservoirs 

- Power: 

The method for computing power generation is Peak Base Power. From the Outflow, Tailwater 

Elevation, and Best Generator Flow (minimum and maximum values of operating head and 

turbine flows at best efficiency), a peaking flow value is calculated. Then, the number of hours 

in which the plant operates at peak power is determined from the amount of water released 

during that timestep. Power generated is calculated by dividing the energy by the time in hours. 

Inputs of this method are Best Generator Power (operating head/power relationship), Best 

Generator Flow (operating head/flow relationship), Generator Efficiency, Maximum Turbine 

Power, Min and Max Operating head, and Number of Units. The Peak Base Power method 

was used in Mequinenza and Riba-Roja Reservoirs, and Flix Inline Power Plant for computing 

energy. Input data for each reservoir can be consulted in Appendix B. 

- Spill: 

Depending on the dam characteristics, two different spill methods were used: regulated spill 

and monthly spill.  

The Regulated Spill method was used in reservoirs whose releases are controlled by 

mechanical structures or gates (Pena, Mequinenza, Riba-Roja and Guiamets). As the spill is 

controlled, reservoir releases might vary between zero and the maximum possible spill for that 

pool elevation. Inputs for this method are a table with the pool elevation/release relationship 

(Regulated Spill Table). 
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The Monthly Spill was used when reservoir fluctuations over the timestep cannot be accurately 

determined. Reservoir might be regulated or unregulated. Inputs of this method are the 

Maximum Controlled Release referred as the regulated spill. This method was used for 

unregulated reservoirs (Tivenys Reservoir) in which the maximum controlled release was set 

to 0 m³/s. 

- Tailwater: 

Tailwater methods were used to compute the Tailwater Elevation of reservoirs with 

hydropower production. The Tailwater Elevation is the water level downstream of the Power 

Plant and it is a parameter required to calculate the Operating Head of the Power Plant. The 

method used is Base Value Plus Lookup Table. A Tailwater Table with the relationship 

between outflow and tailwater elevation had to be established as input in each reservoir. This 

method was just used in Power Reservoirs (Mequinenza, Riba-Roja). Tailwater tables can be 

consulted in Appendix B.  

 

2.4. Ruleset 

The main goals of the ruleset (or polices) in the Lower Ebro River Basin model are to divert 

sufficient water for urban, agricultural, industrial, navigation, and environmental flows 

demands, under drought and flood conditions. However, the scheduled diversions are also 

implicit in the ruleset since changes might be applied due to drought conditions. A brief 

description of the rules implemented is described below in order of the execution (from lowest 

to highest priority). Rules statements can be consulted in Appendix D. 

 

2.4.1. Pena Reservoir 

Pena Reservoir is a storage reservoir. The outflows are governed by the following rules that 

are executed from lowest to highest priority. (6) Diversion Releases: reservoir releases meet 

downstream urban, agricultural and industrial demands in order. (5) Reduced Outflows due to 

Local Inflows: reservoir releases are reduced as local inflows might satisfy some water 

demands.  

(4) Matarraña Div. Supplement Outflow: increment reservoir releases if Matarraña demands 

are not meet. (3) Drought Control: if drought storage levels are reached, water demands 

restrictions are applied, hence the releases are reduced. (2) Min Active Storage: releases are 

restricted to the minimum active storage level. (1) Flood Control: the reservoir is never allowed 

to go above the normal pool elevation. 
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2.4.2. Guiamets Reservoir 

Guiamets Reservoir is also a simple storage reservoir. The reservoir operates in compliance 

with the following polices. (3) Diversion Releases: reservoir outflows meet downstream water 

demands. (2) Storage Season: when storage season, releases are set to zero except if water 

demands cannot be met with local inflows. (1) Flood Control: water levels should never get 

above the normal pool elevation. 

 

2.4.3. Mequinenza Reservoir 

Mequinenza Reservoir is the main reservoir with the largest storage capacity in the Lower 

Ebro River Basin. Its releases play a key role in many operations downstream, including other 

reservoir management due to their small storage capacity (Riba-Roja and Flix Reservoirs). 

Thus, its releases are controlled to meet all water demands downstream such as water 

supplies, navigation demands or environmental flow requirements. However, the existence of 

one Asco Power Plant makes its requirements to be the highest priority among the other water 

demands. To meet these requirements, the operational rules developed are the following: (7) 

Diversion Releases: reservoir releases are to meet urban, agricultural and industrial 

downstream demands, including Asco Power Plant. (6) Navigation Releases: throughout 

navigation season, Mequinenza releases are raised to meet navigation requirements if 

needed except when drought. (5) Delta Flow Threshold: reservoir releases might be 

supplemented if environmental flow thresholds in Tortosa or in the mouth of the river are not 

met, including reductions when drought conditions. (4) Drought Control: if the reservoir storage 

reaches the levels indicating drought conditions, water demands restrictions are applied, 

making reductions on reservoir releases. Also, the rule for navigation releases sets aside. (3) 

Min Active Storage: storage levels must never get under the minimum active storage level. (2) 

Meet Ascó Requirements: reservoir release is incremented if needed to make sure that Ascó 

Power Plant water demands are satisfied. (1) Flood Control: at any time, pool elevation levels 

should not be above the normal pool elevation. 

 

2.4.4. Riba-Roja & Flix Reservoir 

Both Riba-Roja and Flix Reservoirs are reservoirs that generate hydropower. Given that Flix 

Reservoir does not have any regulating function in the basin, operating rules are set in Riba-

Roja. Its operations are mainly based on passing water for the same purposes as Mequinenza, 

which are the following: (5) Pass Water Demands: reservoir release meet downstream water 

demands. (4) Pass Navigation Releases: reservoir outflow is raised if needed to meet 

navigation requirements during navigation season and normal conditions (no drought 
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conditions). (3) Pass Delta Flow Threshold: if the environmental flow thresholds are not meet 

either in Tortosa or in the mouth of the river, reservoir release are increased, taking into 

account restrictions when drought conditions. (2) Meet Ascó Requirements: reservoir release 

is incremented if needed to make sure that Ascó Power Plant water demands are satisfied. 

(1) Flood Control: pool elevation is never allowed to exceed the normal pool elevation.  

 

2.4.5. Tivenys Reservoir 

Tivenys Reservoir is the smallest reservoir modeled. The outflow occurs when overflowing the 

crest, therefore the only operating rule is: (1) Max Outflow: reservoir releases are always 

above the crest elevation. 

 

3. Model Calibration and Validation 

Since routing methods are not relevant in monthly timesteps and physical basin features, such 

as hydraulic infrastructures, were considered to be reliable data, the optimization of the model 

relied mainly on the adjustment of the reservoir operational policies. For each reservoir in the 

basin, simulated storage levels were validated against observed data. Also, flow rates of 

important downstream river gauges were also validated in the same way. Validations were 

repeated every time the ruleset was rearranged until simulations aimed a correctly 

approximation to reservoir volumes and runoff dynamics.  

 

3.1. Model Accuracy Evaluation Criteria 

The criterion used to evaluate the accuracy of the model was the difference (Er) between 

observed and simulated values in the observed period (1997-2019). The river gauges and 

reservoirs evaluated were the following. 

- River Gauges: Ascó and Tortosa in the Low Ebro Sub-basin, and Nonaspe and 

Batea in the Matarraña Sub-basin. The absence of river gauges in the Ciurana 

sub-basin let it without runoff validation.  

- Storage Reservoirs: Pena in the Matarraña Sub-basin, Mequinenza and Riba-Roja 

in the Low Ebro Sub-basin, and Guiamets in the Ciurana Sub-basin. 

 

Er =
|observed − simulated|

observed
x 100 
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Table 2 shows the criteria defined to evaluate the accuracy of the model. A value of Er lower 

than 30% will be considered reasonably well represented. 

Table 2. Model validation criteria. 

 

4. Performance Evaluation 

4.1. Scenarios 

4.1.1. Baseline: “Observed period 1997-2019” 

The baseline model simulation corresponds to the observed period 1997-2019. Streamflows 

and water demands data were based on the historical data for this period. Simulations results 

were assessed under the system performance evaluation criteria explained in the next section. 

Results were also used to be compared with future scenarios accounting for hydrology and 

water use changes. 

4.1.2. C1 Future Period 2019-2059: “Reduced hydrology and baseline demands” 

The C1 scenario accounts for hydrology impacts in the future period 2019-2059 with no 

changes in water demands. Preliminary studies based on hydrology impacts in the Ebro Basin 

due to climate change indicate that current water resources could be reduced by 12% and 

21% in the periods 2010-2040 and 2040-2070 (García Vera et al., 2005). Therefore, the 

streamflow reductions applied in this scenario were 12% in the period 2019-2039 and 21% in 

the period 2039-2059. Figure 8 shows the inflow sequences from 1997 to 2059 with the 

reductions in important points of each sub-basin (Matarraña, Ciurana, and Low Ebro). 

 

 

 

 

Very Low Poor Moderate High 

Er > 70% 70% ≥ Er > 30% 30% ≥ Er > 10% Er ≥ 10% 
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4.1.3. C2 Future Period 2019-2059: “Reduced hydrology and increased demands” 

Same hydrology impacts applied on the previous scenario (C1) were also considered in this 

simulation. However, an increase of water demands is now taken into account. Global water 

demand is expected to increase at similar rate until 2050, accounting for an increase of 20 to 

30% above the current level of water use (UNESCO, 2019). Therefore, in this scenario it was 

assumed an increase of 25%. Since most water demands in the Lower Ebro River Basin are 

for agricultural purposes, it was distributed as follows: 8% on urban and industrial demands, 

and 17% on agricultural uses.  Figure 9 shows the current and projected water demands in 

each sub-basin.  
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Figure 8. Streamflow variations in 2019-2059 in comparison to the baseline period. 
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4.2. System Performance Evaluation Criteria 

With the aim to evaluate the system performance meeting current and future water demands, 

a water allocation index (WAI) based on the ratio of annual water diverted to water requested 

was computed. A low index value indicates poor satisfaction of water demands, whereas 

higher values indicate that water diversions is likely to satisfy demands. 

WAI =
Diversions

Demands
x 100 

However, more specific criteria are needed to define when the water demands are considered 

satisfied. The criteria adopted to evaluate the different water demands are based on the 

Hydrological Plan 2015-2021 (Confederación Hidrográfica del Ebro, 2015), and they are 

evaluated in each sub-basin in the Lower Ebro River Basin. 

- Consumptive water demands evaluation: 

Urban and industrial water demands are considered satisfied if the monthly shortage is not 

greater than 10% of the annual water demands. This is equivalent to a WAI no lower  

than 90%. 

Even though nuclear power plants are treated as industrial demands, diversions must always 

consider the security of the plant. Therefore, its demands are considered satisfied when 

shortage is 0% which corresponds to a WAI no lower than 100%. 

Agricultural water demands are met when the shortage in one month is not greater than 50%. 

This corresponds to a WAI no lower than 50%. 

- Environmental demands evaluation: 

Environmental flows are considered satisfied when flow rates registered in the regarding river 

gauges are even or greater than the ecological required flows the 90% of the time. Taken into 

account that model runs with a monthly time-step, environmental flow rates will be considered 

satisfied when the annual average of WAI in each year is greater than 90%. 

 

4.2.1. Additional Evaluation Criteria 

As hydropower production is not considered to be a demand, averages of energy produced 

each year were computed. In order to analyze possible future changes, results obtained in 

both future scenarios were compared to the baseline scenario. 
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CHAPTER 4 – MODEL DATA 
 

1. Required Data 

Data requirements for the model development fall into three categories: hydrologic, 

infrastructure and operating policy, and water demands. Both hydrologic and water demands 

are required on monthly basis. All the needed data, which is described in the following 

subsections, was treated as inputs in the model. 

- Hydrologic data: includes monthly flow rates registered in the most upstream river 

gauges or reservoirs. 

- Infrastructure and operating policy data: include all the physical characteristics of every 

reservoir in the basin such as storage curves, spillway structures and power plant 

features. Also, it includes the basin policies that regulate the reservoir operations.   

- Water demands data: the water demands considered in this project are described in 

Chapter 1, Section 5.1.1. Therefore, it comprises different type of data depending on 

the demand. Data for consumptive water demands (urban, industrial, and agricultural) 

consists of annual diversion averages weighted by percentages to disaggregate them 

into monthly schedules. Environmental and navigation demands data involve the 

required flow rates in specific points or sections in the basin. 

 

2. Matarraña Sub-Basin Data 

2.1. Surface Resources 

The annual streamflow average of the Matarraña sub-basin is 106.49 hm³ per year, which 

58.62 hm³ are diverted for different purposes (Confederación Hidrográfica del Ebro, 2013). 

The tributaries of the Matarraña River taken into account are Pena, Tastavins, Algars and 

Ulldemó Rivers. Thanks to the existent gauges in these rivers, they could be represented in 

the model with historical data from 1997, with the exception of Tastavins River, which has 

been represented with monthly averages estimated in the Hydrological Plan. The data used 

in the model can be consulted in Appendix A, Section 1. 

 

2.2. Hydraulic Infrastructures 

- Pena Reservoir 

The Pena reservoir is a regulated reservoir located in the Pena River between Valderrobres 

and Beceite municipalities in the province of Teruel. Its main purposes are to release water 
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for urban, agricultural and industrial uses. Some basic information is described below. More 

detailed data used in the model, such as storage-pool elevation relationship and spillways and 

outlet characteristics can be consulted in Appendix B, Section 1.  

Construction Year 1930 

Dam type Gravity 

Height 46.50 m 

Spillway Longitude 133.10 m 

Normal Maximum Level (NML) 41 m 

Minimum Level 10 m 

Area at NML 149 Ha 

Storage at NML 17.88 Hmᵌ 

 

2.2.1. Flood Control 

According to the reservoir operations, Pena flood control releases are in effect when the pool 

elevation reaches the normal maximum level (41 m). 

 

2.2.2. Drought Control 

The Pena Reservoir is an indicator of drought conditions in the Matarraña Sub-basin 

(Confederación Hidrográfica del Ebro, 2018b). Thresholds based on storage levels are shown 

in Table 3, followed by a summary of the measures that need to be implemented in each case.  

Table 3. Pena storage thresholds. 

Storage Thresholds in Pena reservoir (hm³) 

Levels Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept 

Alert 4.9 5.2 5.7 6.1 6.4 6.6 7.1 7.2 6.8 5.7 4.9 4.6 

Emergency 2.6 2.7 3.1 3.5 3.7 3.8 4.2 4.3 4.1 3.0 2.6 2.4 

 

In addition, a storage of 1 Hm³ has been defined as the minimum storage required for its uses. 

The implementation measures when alert and emergency thresholds are described above. 

Alert Conditions: 

 Irrigation reduction of 10%. 

 Ecological flow monitoring.  

 Reduction of public supplies. 
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Emergency Conditions: 

 Irrigation and urban supplies reductions excluding storage for some lands. 

 Studies on water supply alternatives. 

 Adaptation of the ecological flow downstream Pena reservoir. 

 

2.3. Water Demands and Returns 

2.3.1. Urban, Industrial and Agricultural Demands 

The water demands for urban, industrial and agricultural purposes have been obtained from 

tables contained in the Hydrological Plan, Annex VI. However, water demands fluctuate 

monthly, diary, and even hourly. Therefore, to represent them more closely to the reality, 

annual averages have been weighted by monthly percentages, also calculated in the 

Hydrological Plan 2010-2015. The water diversions considered in the Matarraña System, the 

seasonal distribution for each purpose, and the final modeled diversions can be consulted in 

Appendix C. 

 

2.3.2. Navigation Demands 

According to the Chapter 2, Section 5.1.4., the Matarraña System does not have any flow 

requirements for recreation or navigation. 

 

2.3.3. Environmental Demands 

The  Matarraña Sub-Basin has environmental thresholds in Horta de Sant Joan (Table 4) 

(Confederación Hidrográfica del Ebro, 2018a). 

 

Table 4. Environmental demands in Horta St Joan. 

Environmental Flows (m³/s) 
Annual 

Volume 

Gauge Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept (Hm³) 

Horta de 

San Joan 
0.0 0.01 0.02 0.07 0.05 0.05 0.04 0.03 0.02 0.0 0.0 0.0 0.76 
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2.3.4. Return flow 

The assumed return flow coefficients of water demands are shown in the Table 5. 

Table 5. Water demand return coefficients. 

 

 

 

 

 

  
 

3. Ciurana Sub-Basin 

3.1. Surface Resources 

The annual contribution of the sub-basin in natural regime is about 42.6 hm³ per year, where  

25.21 hm³ are demanded for different purposes (Confederación Hidrográfica del Ebro, 2013). 

The Ciurana River is the main river of the basin, having the Margalef and Asmat Rivers as the 

principal tributaries. Due to the lack of river gauges in this basin, and therefore, lack of 

historical data such as flow rates or elevations, it has been only represented the lower part of 

the basin, where just the Ciurana and Asmat Rivers are present. The inflows of the Asmat 

River have been represented with the available data from the Guiamets Reservoir; however, 

the Ciurana River had to be represented with constant monthly averages estimated in the 

Hydrological Plan 2010-2015.  

 

3.2. Hydraulic Infrastructures 

- Guiamets Reservoir 

The Guiamets Reservoir is a regulated reservoir located in the Asmat River around Guiamets, 

Capçanes and Tivissa municipalities, province of Tarragona. Its main purposes are release 

water for irrigation, but also for urban and industrial purposes.  Some basic information of the 

reservoir is described below. More detailed data used in the model, such as storage-pool 

elevation relationship, and spillways and outlets characteristics can be consulted in Appendix 

B, Section 2. 

 

 

 

Type of demand Return coefficient 

Urban 0.8 

Industrial 0.8 

Agricultural 0.2 

Navigation 1.0 

Environmental 1.0 
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Construction Year 1983 

Dam type Gravity 

Height 50 m 

Spillway Longitude 189.20 m 

Normal Maximum Level (NML) 45.37 m 

Minimum Level 2.5 m 

Area at NML 45.37 Ha 

Storage at NML 11.20 Hmᵌ 

 

3.2.1. Flood Control 

According to the reservoir operations, Guiamets flood control releases are in effect when the 

pool elevation reaches the normal maximum level (45.37 m). 

 

3.2.2. Drought Control 

Drought indicators and thresholds have been established in some reservoirs (Confederación 

Hidrográfica del Ebro, 2018b). All of the reservoirs in the Ciurana System do not have drought 

indicators.  

 

3.3. Water Demands and Returns 

3.3.1. Urban, Industrial and Agricultural Demands 

The water demands for urban, industrial and agricultural purposes have been obtained from 

tables contained in the Hydrological Plan, Annex VI. However, due to the oscillation of water 

demands over time, they have been weighted by monthly percentages in order to distribute 

the annual average value. The diversions considered, the seasonal distribution applied and 

the final modeled diversions in the Ciurana System can be consulted in Appendix C. 

3.3.2. Navigation Demands 

According to the Chapter 2, Section 5.1.4, in the Ciurana System does not have any flow 

requirements for recreation or navigation. 

 

3.3.3. Environmental Demands 

The Ciurana Sub-Basin does not have any environmental flow requirements (Confederación 

Hidrográfica del Ebro, 2018a). 
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3.3.4. Return flow 

The considered return flow coefficients of water demands are shown in the Table 6. 

Table 6. Water demand return coefficients. 

Type of demand Return coefficient 

Urban 0.8 

Industrial 0.8 

Agricultural 0.2 

Navigation 1.0 

Environmental 1.0 
 

 

4. Low Ebro Sub-Basin 

It is the most important sub-basin in the lower part of the Ebro Basin. It has 7,090 km² of area 

and involves the Aragon and Catalonia Communities. However, because this project studies 

only the water resources between the Mequinenza reservoir and the sea, the area of this sub-

basin considered is reduced to 2,751.77 km², which corresponds to the Catalonia part. 

Besides from the Ciurana System, the board 11, Lower Ebro, is also in charge of the 

regulations of this sub-basin. 

 

4.1. Surface Resources 

The Lower Ebro Sub-basin streamflow average is 130.8 hm³ per year in natural regime 

(Confederación Hidrográfica del Ebro, 2013). The Ebro River is the principal river of this sub-

basin, and apart from the Ciurana and Matarraña Sub-basins, it has also the following 

tributaries: Sec, Canaleta and Riera Del Compte rivers. However, we have also considered 

the inflows of the Segre and Cinca River, which correspond to other sub-basins outside the 

Low Ebro Basin, but whose contributions are important inflows in the Lower Ebro sub-basin.  

Due to the non-existence of river gauges in Canaleta, Riera del Compte and Sec Rivers, their 

representation in the model is based on monthly averages estimated by the Hydrological Plan 

2010-2015.  
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4.2. Hydraulic Infrastructures 

- Mequinenza Power Reservoir 

The Mequinenza Reservoir is the biggest reservoir in the Lower Ebro River Basin, located 

around the municipalities of Mequinenza, Caspe, Chiprana, Sástago and Fraga. It is a 

hydropower regulated reservoir whose main purposes are hydropower production and water 

releases for the nuclear power plant located downstream. However, releases for urban, 

industrial, agricultural, navigation and environmental demands are also in its releases plan. 

Some of its characteristics are listed below. More specific data used in the model can be 

consulted in Appendix B, Section 3, which is related to spillways and outlet, storage and pool 

elevation relationship, and hydropower production. 

 

Construction Year 1964 

Dam type Gravity 

Height 79 m 

Spillway Longitude 461 m 

Turbine Intakes  33 m 

Normal Maximum Level (NML) 62 m 

Minimum Level 31 m 

Area at NML 75.40 Ha 

Storage at NML 1,530 Hmᵌ 

 

- Riba-Roja Power Reservoir 

The Riba-Roja Reservoir, also a regulated hydropower reservoir, is located in the Ebro River 

on the confluence with Matarraña and Segre Rivers, involving a few municipalities such as  

Riba-Roja d’Ebre, Nonaspe, Fayón and Mequinenza. Its main purposes are the same as 

Mequinenza Reservoir which are releases for hydropower production, Ascó nuclear power 

plant requirements, and urban, industrial and agricultural demands. Also, it releases water to 

satisfy navigation and environmental demands. Some characteristics of the dam are described 

below. More detailed information about hydropower production, spillways and outlets, and 

storage-pool elevation relationships can be encountered in Appendix B, Section 4. 
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Construction Year 1983 

Dam type Gravity 

Height 50 m 

Spillway Longitude 189.20 m 

Turbine Intakes  21.7 m 

Normal Maximum Level (NML) 54 m 

Minimum Level 24 m 

Area at NML 71.78 Ha 

Storage at NML 11.20 Hmᵌ 

 

- Flix Power Reservoir 

The Flix Power Reservoir is encountered in the province of Tarragona, in the municipalities of 

Flix and Riba-Roja d’Ebre. Its small storage makes it a reservoir whose purpose is only 

hydropower production, leaving it without regulation functions. However, its releases are 

based on passing the water for the same purposes that Mequinenza and Riba-Roja share. 

Some features of the dam and reservoir are listed below. More detailed data of spillway and 

outlets, storage curve and hydropower production are specified in Appendix B, Section 5. 

 

Construction Year 1948 

Dam type Gravity 

Height 26.30 m 

Spillway Longitude 399.50 m 

Turbine Intakes  5.5 m 

Normal Maximum Level (NML) 16.54 m 

Minimum Level 4 m 

Area at NML 320.00 Ha 

Storage at NML 11.41 Hmᵌ 

 

- Tivenys Reservoir 

The Tivenys reservoir is an unregulated reservoir located between Xerta and Tivenys 

municipalities, in the province of Tarragona. Even though its storage capacity is the smallest 

in the basin, it has a very important role diverting water for the Delta Canals, one of the most 

important irrigation systems in the basin. Besides irrigation purposes, Tivenys Reservoir also 

have hydropower production purposes. However, due to its small production it has not been 
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considered in this project. Some basic data is shown below. More detailed information of the 

spillway and the relationship between pool elevation and storage can be consulted in Appendix 

B, Section 6. 

 

Construction Year 1411 

Dam type Gravity 

Height 6 m 

Spillway Longitude 310 m 

Normal Maximum Level (NML) 6 m 

Minimum Level 0 m 

Area at NML 60 Ha 

Storage at NML 1.06 Hmᵌ 

 

- Delta Canals 

The Delta Canals are irrigation systems located in the Ebro delta whose main purpose is to 

supply water in rice fields, but also in minor proportion, to vegetable corps and citrus fields. Its 

distribution is based on two canals, each one on each side of the Ebro River, being named 

the Right-Hand Side Canal and Left-Hand Side Canal. They have the capacity to irrigate a 

total of 27,900 Ha, 12,700 Ha by the Left-Hand Side Canal and 15,200 Ha by the Right-Hand 

Side Canal. The water intakes of both canals are from Tivenys Reservoir, where water is 

conveyed downstream for 35 km in the left side and 52 km in the right side. Returned or 

unused water in the river are in the very end of the Ebro River, practically in the sea. Some 

characteristics are shown in Table 7. 

Table 7. Characteristics of the delta canals. 

 

- Tarragona Water Transfer 

Another important infrastructure in this sub-basin is the Tarragona Water Transfer, which is 

able to convey 4.0 m³/s of water from the Ebro River to the Tarragona municipality for urban 

and industrial purposes.   

 

Canals Area (Ha) Flow Rate (m³/s) Length (Km) 

Left Hand Side 12,700 17 35 

Right Hand Side 15,200 31 52 
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4.2.1. Flood Control 

According to the reservoir operations, Mequinenza, Riba-Roja and Flix flood control releases 

are in effect when the pool elevation in each reservoir reaches the normal maximum level, 

which is 62 m, 54 m, and 16.54 m, respectively. 

 

4.2.2. Drought Control 

Drought indicators and thresholds for the Mequinenza reservoir are established 

(Confederación Hidrográfica del Ebro, 2018b). Thresholds based on storage levels are shown 

in Table 8, followed by a summary of the measures that need to be implemented in each case. 

Table 8. Mequinenza storage thresholds. 

 

In addition, a storage of 644 Hm³, corresponding to a pool elevation of 46 m, has been defined 

as the minimum storage required for its uses. The implementation measures when alert and 

emergency thresholds are described above. 

Alert Conditions: 

 Irrigation reduction of 10%. 

 Ecological flow monitoring. 

 Reduction of public supplies 

Emergency Conditions: 

 Irrigation and urban supplies reductions excluding storage for some lands. 

 Studies of water supply alternatives. 

 Monitoring the sea intrusion. 

 Adaptation of the ecological flow in Tortosa.  

 

Minimum Storage in Mequinenza reservoir (hm³) 

 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept 

Alert 714 732 802 841 846 863 909 914 886 793 734 715 

Emergency 458 468 502 522 525 533 556 558 544 498 468 459 
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4.3. Water Demands and Returns 

4.3.1. Urban, Industrial and Agriculture Demands 

The annual averages of water demand for urban, industrial and agricultural purposes 

considered in the Low Ebro System have been obtained from the Hydrological Plan, Annex 

VI. Due to the variability of water demands over time; annual averages have been distributed 

monthly by weighting them by percentages calculated in the Hydrological Plan. The seasonal 

distribution for each purpose can be consulted in Appendix C. 

 

4.3.2. Navigation Demands 

According to Chapter 2, Section 5.1.4., in the Low Ebro System can be distinguished two 

different areas with navigation flow requirements. These water demands are shown in  

Table 9. 

Table 9. Navigation demands in the Low Ebro Sub-basin. 

  

4.3.3. Environmental Demands 

Minimum ecological flows are established in the Low Ebro System (Table 10) (Confederación 

Hidrográfica del Ebro, 2018a). 

Table 10. Environmental demands in the Delta Ebro River. 

 

 

4.3.4. Return flow 

The assumed return flow coefficients of water demands are shown in Table 11. 

 

 

Area Minimum Flow Rate (m³/s) Maximum Flow Rate (m³/s) 

Upstream Tivenys Reservoir 125 800 

Downstream Tivenys Reservoir 80 800 

Environmental Flows (m³/s) 
Annual 
Volume 

Gauge Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Hm³ 

Tortosa 80 80 91 95 150 150 91 91 81 80 80 80 3,009.90 

Mouth 80 100 100 120 150 155 100 100 100 100 100 80 3,370.00 
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Table 11. Water demand return coefficients. 

 

 

 

 

 

 

  
 

5. Initial Model Conditions 

The model was initialized with observed 1997 September reservoir conditions shown in  

Table 12. 

Table 12. Initial model conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Type of demand Return coefficient 

Urban 0.80 

Industrial 0.80 

Water Transfer 0.80 

Ascó Nuclear Plant 0.94 

Agricultural 0.20 

Delta Canals 0.44 

Navigation 1.00 

Environmental 1.00 

Reservoir Elevation (m) Storage (Hm3) 

Pena 29.63 7.30 

Mequinenza 60.00 1452.73 

Riba-Roja 52.90 190.59 

Guiamets 35.26 4.76 

Tivenys 6.00 1.06 
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CHAPTER 5 – RESULTS AND DISCUSSION 
 

1. Model Accuracy  

Results of the analysis of the accuracy of the hydrological model are summarized in Table 13. 

On one hand, obtained results in the Matarraña and Ciurana Sub-basin reflect an 

unsatisfactory performance. On the other hand, results in the Low Ebro Sub-basin 

demonstrate that simulations are moderately to highly satisfactory. 

Table 13. Model validation results in river gauges. 

Sub-basin River Gauge Er (%) Validation 

Matarraña 
Nonaspe >100 Very Low 

Batea 68.79 Poor 

Low Ebro 
Ascó 19.59 Moderate 

Tortosa 23.22 Moderate 

 

If we analyze the performance of the Matarraña System more in detail, Figures 10, 11, 12 and 

13 show that the dynamics of the runoffs were well reproduced. The reason that Er is greater 

than 100, and thus giving a low performance qualification, is that the magnitudes of the values 

compared is very small such that small differences cause big errors. 
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Figure 10. Comparation of simulated and observed flow rate values in Nonaspe. 
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Regarding the storage dam model, the same model performance results were achieved. The 

Low Ebro Sub-basin simulation showed a moderate-high performance (satisfactory); 

meanwhile Ciurana and Matarraña Sub-basins were unsatisfactory with very low performance 

results (Table 14).  
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Figure 12. Comparation of simulated and observed flow rate values in Batea. 

Figure 13. Comparation of simulated and observed flow rate values in Tortosa. 

Figure 11. Comparation of simulated and observed flow rate values in Ascó. 
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Table 14. Model validation results in reservoir storages. 

Sub-basin Reservoir Er (%) Validation 

Matarraña Pena 71.53 Very Low 

Ciurana Guiamets >100 Very Low 

Low Ebro 
Mequinenza 17.31 Moderate 

Riba-Roja 5.28 High 

 

Besides errors associated with comparisons based on small magnitude values, Matarraña and 

Ciurana sub-basins presented significant differences from the observed data because 

reservoir operations were not clearly stated by the Hydrographic Ebro Organization; and so, 

assumptions had to be made.  

From Figures 14 and 15 it can be seen that dynamics and volumes of reservoirs in the Low 

Ebro Sub-basin have been well reproduced. In contrast, storages in Pena and Guiamets 

reservoirs were poorly simulated (Figures 16 and 17). Guiamets Reservoir tends to have 

higher storage values, while Pena Reservoir tends to be lower than the observed volumes. 

Taking into account all these considerations, the same model parameters have been applied 

to forecast the system performance under future hydrologic and water demand scenarios. 
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Figure 14. Comparation of simulated and observed storage values in Mequinenza. 
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2. System Performance 

2.1. Baseline: “Observed period 1997-2019” 

- Urban, Industrial and Agricultural Demands Performance: 

According to the performance criteria, baseline results show that all three sub-basins were 

able to satisfy urban, industrial and agricultural water demands at all times during the observed 

period. However, from Figure 18, it can be seen that the Matarraña Sub-basin presented some 

significant water stress, especially for agricultural uses whose WAI percentage varies between 
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Figure 17. Comparation of simulated and observed storage values in Riba-Roja. 

Figure 16. Comparation of simulated and observed storage values in Guiamets. 

Figure 15. Comparation of simulated and observed storage values in Pena. 
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75% and 83%. Therefore, the presence of shortages of the different water demands in multiple 

years indicate that the annual volume of delivered water was nearly sufficient to supply these 

demands, but not with high reliability. On the contrary, water resources of Ciurana and Low 

Ebro sub-catchments were able to meet all water demands with high reliability  

(Figure 19 and 20).  

 

 

 

 

 

 

 

Figure 19. Baseline – Ciurana Sub-basin performance. 

Figure 18. Baseline – Matarraña Sub-basin performance. 
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- Environmental Demand Performance: 

Figure 21 shows the performance of water supply meeting environmental water demands. 

Tortosa and Sea Discharge demands were satisfied almost 100% of the time indicating high 

reliability of water supplies meeting these demands. However, water availability in Horta St 

Joan presented some significant shortages. In 2001, environmental demands were met only 

83.26 % of the time in that year. The rest of the years, the WAI was always above 90% 

considering it as a fulfilled demand. 

It is notable that the absence of regulation infrastructures on the Algars River leaves the 

ecological flow requirements in Horta St Joan without management. Thus, sizable streamflow 

reductions may have significant environmental impacts. 

 

Figure 20. Baseline – Low Ebro Sub-basin performance. 

Figure 21. Baseline – Environmental demand performance. 
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- Hydropower Production: 

Figure 22 summarizes the energy in GWH produced by all hydropower plants in the Lower 

Ebro River Basin. A general trend can be noticed. Years with peaks and valleys are common 

in all three reservoirs. Peaks correspond to flood periods and valleys to drought seasons. An 

average of the total yearly energy produced in the Lower Ebro Basin in the observed period 

was  

1,605.87 GWH. The reservoir with the most energy production was Mequinenza, followed by 

Riba-Roja and Flix with averages of 772.39 GHW, 631.83 GWH, and 201.65 GWH, 

respectively. Averages, minimums, and maximums of hydropower production during the 

observed period are shown in Table 15. 

Table 15. Baseline – Hydrogeneration performance. 

Reservoir Ave (GWH) Min (GWH) Max (GWH) 

Mequinenza 772.39 247.35 1,453.84 

Riba-Roja 631.83 316.26 1,057.29 

Flix 201.65 108.89 281.16 

Total System 1,605.87 672.50 2,792.29 

 

 

 

2.2. C1 “Future Period 2019-2059: Reduced hydrology and baseline demands”. 

- Urban, Industrial and Agricultural Demands Performance 

Based on the hypothesis that streamflow will be reduced by 12% and 21% for 2019-2039 and 

2040-2059, water supply is able to satisfy water demands in all sub-basins. Even though the 

Figure 22. Baseline – Hydrogeneration performance. 
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second period has a greater reduction, results do not show greater differences compared to 

the baseline scenario. Ciurana and the Low Ebro Sub-basins WAI’s results remain at 100%, 

including Asco Power Plant demands (Figures 24 and 25). However, Matarraña Sub-basin 

results reflect higher variability (Figure 23). Urban and Industrial WAI’s show significant drops 

during 2019-2022 and 2039-2042, almost being considered as unsatisfied with minimums 

around 92% in both periods.  Regarding agricultural water demands, WAI’s average 

decreases by 2% approximately in both periods (2019-2039) and 2039-2059) with minimums 

of 70.46% and 70% in 2020 and 2040, respectively.  

 

 

 

Figure 24. C1 – Ciurana Sub-basin performance. 

Figure 23. C1 – Matarraña Sub-basin performance. 
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. 

- Environmental Management Performance 

Figure 26 shows the results of water supply meeting environmental flow requirements. 

Compared to the baseline, more years result in water stress with a rising tendency towards 

the second period (2039-2059). In the first period, Tortosa and Sea Discharge requirements 

are always satisfied with WAI percentages above 93%. In the second period, two different 

years, 2044 and 2054, are unsatisfied with WAI’s of 89.97 and 89.29%, respectively. The 

performance in Horta St Joan shows similar tendencies in both periods. Either in the first or 

the second period, only one-year results in WAI percentages under 90% (2023 and 2043) in 

which the demands are considered as unsatisfied.  Based on the environmental performance 

results, water management of the basin will start to have problems to supply water for 

environmental demands. 

 

 

Figure 26. C1 – Environmental demand performance. 

Figure 25. C1 – Low Ebro Sub-basin performance. 



50 
 

- Hydropower Production 

Regarding changes in hydropower generation, Figure 27 shows the projected energy 

produced by hydropower reservoirs between 2019 and 2059. Results show that the average 

energy production decreases by 12% and 20% in the periods 2019-2039 and 2039-2059 from 

the observed period. Mequinenza remains the reservoir with the most energy production with 

a peak of 1,310 GWH in 2035, followed by Riba-Roja and Flix with peaks of 967 GWH and 

261 GWH in 2035 and 2026, respectively. Table 16 shows the averages, maximums, and 

minimums of the energy produced in both periods by all the hydropower plants. 

Table 16. C1 – Hydrogeneration performance. 

 

 

 

 

 

Reservoir Ave (GWH) Min (GWH) Max (GWH) 

 2019-2039 2039-2059 2019-2039 2039-2059 2019-2039 2039-2059 

Mequinenza 674.15 605.79 216.16 193.00 1,310.23 1,185.93 

Riba-Roja 558.97 503.41 280.48 254.37 967.01 877.22 

Flix 185.33 168.42 96.57 87.58 261.10 244.00 

Total System 1,418.45 1,277.62 593.21 534.95 2,538.34 2,307.15 

Figure 27. C1 – Hydrogeneration performance. 
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2.3. C2 “Future Period 2019-2059: Reduced hydrology and increased demands”. 

- Urban, Industrial and Agricultural Demands Performance 

In addition to the streamflow reductions, an increase in water demands is reflected in this 

scenario. Based on the performance criteria, water resources should continue satisfying all 

water demands in all sub-basins. Obtained results show a similar performance as in the 

previous scenario. The reliability of water supply in Low Ebro and Ciurana Sub-basin remains 

sufficient to meet consumptive water demands (Figures 29 and 30). However, agricultural 

diversions show 1% of shortages most of the time. As a consequence of an increase in water 

demands assuming the no improvement of the hydraulic infrastructures of the Delta Canals, 

the water demands become greater than the capacity of the system to supply water. Water 

demands in the Matarraña Sub-basin continue causing significant shortages in agricultural 

demands (Figure 28). In comparison to the baseline, WAI percentages are reduced by 3% 

and 4% in the first and second periods.  

 

Figure 28. C2 – Matarraña Sub-basin performance. 
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. 

 

- Environmental Demands Performance 

As a result of the combination of hydrological and water use impacts, the reliability of meeting 

environmental demands shows significant decrease (Figure 31). Significant changes occur in 

the delta river (Tortosa and Sea Discharge). Similar to the previous scenario (C1), demands 

in the second period are not satisfied in 2044 and 2054 with WAI’s percentages between 86 

and 88%. Performance in Horta St Joan also markedly shows shortages in the second period. 

The worst performance results in 2042 when demands are only met 77% of the time.  

Figure 30. C2 – Low Ebro Sub-basin performance. 

Figure 29. C2 – Ciurana Sub-basin performance. 
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- Hydropower Production Analysis 

Figure 32 shows the results of the hydrogeneration performance of all the power reservoirs in 

the basin. An increase in water demands results in a slight increase in energy production 

compared to the C1 scenario. However, a decrease of 12% and 20% from the observed period 

is also reflected in the 2019-2039 and 2030-2059 periods. The reservoir with most 

hydrogeneration is Mequinenza, then Riba-Roja and Flix. Averages, maximums, and 

minimums of hydropower production can be seen in Table 17. 

 

Table 17. C2 – Hydrogeneration performance. 

 

 

 

 

Reservoir Ave (GWH) Min (GWH) Max (GWH) 

 2019-2039 2039-2059 2019-2039 2039-2059 2019-2039 2039-2059 

Mequinenza 672.63 604.31 215.88 192.89 1,316.66 1,192.08 

Riba-Roja 558.85 503.37 281.04 254.88 970.71 880.92 

Flix 185.29 168.15 96.77 87.76 262.54 245.63 

Total System 1,416.77 1,275.83 593.69 535.53 2,549.91 2,318.63 

Figure 31. C2 – Environmental demand performance. 
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Figure 32. C2 – Hydrogeneration performance. 



55 
 

CHAPTER 7 – SUMMARY AND CONCLUSIONS 

 

A RiverWare model representing the physical features and operational policies of the Lower 

Ebro River Basin is developed to assess the performance of the basin under several 

hydrologic and demand scenarios. To perform the analysis, a Water Allocation Index (WAI) is 

computed by comparing water availability and water demands. 

This model was calibrated and validated for a period of 22 years with a monthly time step. 

Model accuracy results show that the runoff dynamics of the model in the Low Ebro and 

Ciurana  

Sub-basins are moderately well represented. Only the Matarraña Sub-basin performance is 

poorly simulated. Regarding the storage dam model, the Mequinenza and Riba-Roja 

Reservoirs are moderately to highly well reproduced, whereas Guiamets and Pena Reservoir 

are not well represented.  

The reproduction of basin regulations by dam operations was satisfactory. In general, dam 

operations were able to 1) release water for different water demands under priority of water 

use criteria, 2) ensure the satisfaction of Ascó Power Plant requirements, 3) apply reductions 

in consumptive water demands during drought season, 4) protect reservoir conservation 

pools, and 5) increase water releases during flood conditions.  

The performance of the basin meeting water demands was evaluated in the observed period 

1997-2019 (baseline) and two future scenarios (C1 and C2) which account for hydrology and 

water use changes for the period 2019-2059. The baseline scenario considers current water 

demands under observed flow rates; the C1 scenario accounts for a proportional reduction in 

streamflows under current demands; and the C2 scenario accounts for the same runoff 

reduction but with an increase of water demands. 

Baseline results show that water resources were able to fully satisfy consumptive water 

demands in the whole catchment at all times. However, supplies for agricultural water 

demands in the Matarraña Sub-basin reflected low reliability. Environmental demands 

performance showed that water resources were able to meet required flows in the delta river 

(Tortosa and Sea Discharge), but some significant shortages in Horta St Joan were noted.  

At the 2059 horizon, both scenarios (C1 and C2) reflected similar results. Consumptive water 

demands are fully met in the Ciurana and Low Ebro Sub-catchments with high reliability. On 

the contrary, an increase of shortages in the Matarraña Sub-basin indicates that water 

supplies in this sub-basin are highly vulnerable to climate and anthropogenic changes. 

Regarding the environmental water demands, a reduction of water resources clearly 
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demonstrates the appearance of water stress meeting flow requirements in all regions, in 

Horta St Joan and the delta river. In addition to these demands, the hydrogeneration 

performance is also significantly affected by the reduction of water resources. By the end of 

the period, results reflect a maximum decrease of 20%.   

The analysis of the current and future basin performance implies that the management of 

water resources in the Matarraña Sub-basin requires improvements in the irrigation systems 

and the water distribution regulations. Furthermore, environmental demands performance in 

the C1 and C2 scenarios also indicate the need to formulate new strategies to reduce future 

impacts in ecological flows due to hydrologic and water demand changes. 

It is important to bear in mind that this research is based on an approximation of the Lower 

Ebro River Basin. Model improvements could be made with the adaptation of dam operations 

to the real operating plans, the consideration of additional basin features such as evaporation 

losses or groundwater interaction, and the representation of variable water demands over 

time. 

Despite the possible model improvements, this research provides an approach to identify 

regions of the Lower Ebro River Basin with low water reliability. It also demonstrates the 

potential of using river basin modeling tools, such as RiverWare, to support the analysis of 

water resources meeting water demands in different scenarios, and becoming an essential 

tool for the process of planning and management of water resources.   
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