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AFresh water is a fundament al req-lu
being and socieconomic development of all humanity. Yet, we
continue to act as if fresh water were a perpetually abundant resource.
It is not. Fresh water is precious: we cannot live without it. It is
irreplaceable: there are no substitutes for it. And it is sensitive: human
activity has a profound impact on theamuity and quality of fresh
water available. It depends on us how much is used in a particular

regi on, and what k(KafidnnanfSectetmrg s i t |

Yy .Y

General of the UNmessage for the occasion of World Day for Water,
1999).
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Introduccion general

Introduccion general

El cambio climatico y la seguridad alimentaria representan retos inminentes para el
desarrollo humano y econémico a muy distintas escalas. A nivel mundial, se estima que
el impacto del cambio climético sobre la disponibilidad y calidad de los recurses$yidr
la produccion agraria, la productividad de la tierra y los distintos ecosistemas puede llevar
a reducciones de entre el 5% y el 20% del Producto interior (Bteon, 2008)En la
misma linea, el panel intergubernamental sobre el cambio clim@R€&C, 2014)
advierte del incremento de la temperatura media mundial, hecho asociado al incremento
del nivel del mar, inundaciones y reducciones de la produccion alimeRticiatra parte
la globalizacion y dependencia internacional de las economiastigufzamente, la
creciente internacionalizacion de la cadena de produccion agroalimdraegiajue el
logro de la seguridad alimentaria se sitie como uno de los principales retos locales,
nacionales y mundiales, logro que depende en buena medida dautsssenidricos de
gue disponga cada paisegion asi como de la gestion que haga de ellaselevancia
de todos estos temgaeda patente cauinclusion como objetivos dehilenio por parte
de las Naciones Unidg&Jnited Nations, 2015)el logro de la seguridad alimentaria
(objetivo 2), la reduccién del cambio climético y su impacto (objetivo 13) y el logro de
patrones de consumo y produccion epiiles (objetivo 12).

En esta misma linea, si pensamodaecantidad y calidad del agueemos quessta
viendo afectada por numerosas variables. Por ejemplo el incremento en los usos y el
cambio climatico estan conduciendo a una disminucion de la didljptad de agua dulce
(Alcamo et al., 2007; Gerten et al., 2008gro también lo hacen los procesoslale
revegetacion en cabecdBielsa and Cazcarro, 2014)a la vezjue esto ocurrdéps usos
actuales y la gestién que se realileh agudlevan a la generacion de diversos tipos de
contaminacionlo que también supone una reduccién de su disponihilidaBirectiva
Marco del Agua (DMA) de la Unién Europea fue, en lzueredida, promulgada por estos
motivos(European Communities, 200@n concreto, la DMA requiere que IBstados
miembros de la Unién Europe&cancen un buen estado ecoldgico en todas sus masas de
agua y estblezcan requerimientos hidricos medioambientales sobre ellas. En otras
palabras, se deben establecer caudales medioambientales en todos los rios europeos que
fijen volumenes y la distribucion de estos en el tiempo, asi como estandares de calidad de

las agilas(Acreman and Dunbar, 2004; Acreman and Ferguson, 2¥1€3 que, se esta
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considerando, por parte de la Unidon Europea (UE), que la gobernanza del agua es un
factor clave para hacéente a las consecuencias del cambio climético y trazar las sendas

que nos conduzcan a la consecucion de los objetivos del milenio.

Sin embargo, la gobernanza del agua resulta un reto arduo para todas las sociedades,
dado los diferentes tipos de bieneseyvicios que hacen uso del agua y de los diferentes
tipos de wusos. Los m8s evidentes, |l os uso:
compiten no solo entre ellos, sino también en ocasiones con los usos no consuntivos
(produccién hidroeléctrica, refriggra - n de centrales, é), que e:
del agua en momentos y espacios del tiempo determinados y que condicionan el resto de
los usos;esto ocurrefrecuentemente con la industria hidroeléctrica y los regadios
asociados a embalses. Por sueaks usos recreativos (pesca, por ejemplo) y/o los
medioambientales, requieren unos minimos de cantidad y calidad en puntos o tramos

especificos, condicionando también a otros usos consuntivos y no consuntivos.

El agua dulce es un recurso natural imgiretible para la vida y para el desarrollo de
cualquier actividad y su valor depende del lugar y del tigifldpaemann, 2006or ello
es conveniente estudiar todo lo relativo al agua y su gestidon siempre en un contexto de
variabilidad entiempo y espacio. Es mas, la adaptacion al cambio climatico y el
crecimiento econdmico en esta época, en la que los sistemas productivos son claramente
interdependientes a distintas escalas (intersectorialmente e interregionalmente) y que a su
vez son inuidos por las condiciones ambientales y por sus impactos, regtaerbién
del estudio en profundidad de aspectos centrales tales como el papel del cambio
tecnoldgico, la mejora de los sistemas de gobernanza, las responsabilidades del productor
y del corsumidor en un contexto de cadena global de produggidevinculaciéon de los

aspectos locales y globales de la produccién.

Finalmente, no debemos olvidar qué teansporte del agua resulta caro en
infraestructuras y mantenimiento, ademasugmner grandes pérdidas del recurso. Segun
Gupta y van der Zaag (200&sumir los costes por trasvages sipongan transporte del
agua a grandes distance@o estaria justificado para asegurar necesidades vitales. Por
todo elloes necesario y logico asumoomo haremos en esta tesis, tpge cuencas
hidrogréaficasson lasunidades basicas de planificacidne gestion hidrica, asumiendo
paraéstalos limites fisicosle las cuencasomo limites de planificacionrénteras fisicas
gue poco o nada tienen que ¥ercuentementeon las fronteras administrativas. De

hecho, existen rios que conforman fronteras e goe atraviesan distintos paises o
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regiones, obligando a gobiernos y agentes con distintos intereses, a participar unidos en

la gobernanza; lo que puede derivar en la aparicion de conflictos.

Dada esta realidad, es clave para la gestion del abuesamllo de modelos
multisectoriales y multirregionales que permitan estudiar las dependencias espaciales y
temporales entre los agentes economicdasitiferentes regionede unacuenca. Si bien
la metodologiaue desarrollamos eplicable a cualquier cuea hidrogréfica, el area de
estudiode la tesis serna cuenca del Ebraina de las més representativas de las cuencas
semiaridas mediterrane@dilano et al., 2013a)pbteniendo en este marco los parametros
y relaciones productivas principales. La cuenca del Ebro es un entorno altamente
representativo a nivel europeo tanto de presién anabiflatcuenca esta caracterizada
por una desigual distribucion de los recursos hidricos; las demandas son crecientes; el
delta del Ebro esta considerada como una de las mas importantes zonas vulnerables en
Europa), como por su productividad agraria y algrantaria, y por las experiencias
exitosas de gestion de los recursos hidribtés datos sobre la cuenca del Ebro y su
caracterizacion socioeconémica pueden verse en el capffulque dedicamos

exclusivamente al area de estudio.
Sobre lobjetivos las fuentes de datgslas metodologias:

De acuerdo con todo lo anterior, esta tesis avanebagdlisis econdmico y ambiental
del valle del Ebro tanto desde un punto de vista global como local. Estudiaremos las
consecuencias de la sucesionudes del agua en el valle y algunos conflictos entre
usuarios. Ademas, con el objeto de disefiar medidas de mitigacién de impacto ambiental
y de crecimiento regional sostenikilgegraremos las actividades econémicas y los flujos
hidricos en un mismo molde Esto implica tener en cuenta, de forma integrada geogréfica
y sectorialmente, elementos que tradicionalmente se han estudiado de forma aislada y
local (o regional), tales como el impacto ambiental de las actividades econdémicas, la
especializacién prodtiva, las dependencias sectoriales y multirregionales de la
produccion y de los usos del agua, el papel del cambio tecnolégico (en las técnicas de
produccion y en los patrones de consumo), las posibilidades de cooperacion (local y
regional) entre agenteisnplicados en el uso del agua, y como marco general la

gobernanza y gestion de los recursos hidricos asocidadasienca deEbro.

La elaboracion de la presente tdsasexigido un esfuerzo considerable en lo que a la
busqueda y tratamiento de datosefeere. Este esfuerams ha llevado resresultados

empiricosimportantes el primeroes la construccion dana base de datos a nivel
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municipal de la cuenca del Ebro y cuyas caracteristicas principales pueden consultarse en
el Anexodel capitulol. El segundo, que es aigontribucidércentralde la presente tesis

es laconstruccion de leabla multirregional de la cuenca del Ebgiae hata dénde llega
nuestro conocimiento es la primera tabla inpuiipput multirregional elaborada para una
cuenca hidrografica. El tercero es la construccion de un modelo hidroeconémico para la
cuenca del Ebrque integra flujos de agua y estructura irputput y que tampoco se ha

hecho anteriormente

Las metodologias principales que usareeamossta tesison: el marco inpubutput, la
teoria de juegos, los modelos hidroecondmicos y los sistemas de informacion geografica.
Estas metodologias nos permitirdiesde el marco multirregional que caracteriza la
cuenca, simular alternativas a la gestiébn y evaluar impactos socioeconémicos Yy

medioambientales.

El marco inputoutput nos permite conocer la interrelacion entre sectores y regiones a
la vez que nos permigyaluar los impactos directos e indirectos frente a un posible shock,
por estos motivos, ha sido ampliamente utilizadB@nomiay es una herramienta muy
atil en la economia del medioambierita.teoria de juegos también ha sido ampliamente
utilizada eneconomiay en particular en la Economia del agua, al permitir analizar los
conflictos entre los jugadores bajo muy diferentes enfoques. El enfoque del juego puede
asociarse con las condiciones institucionales en que se desarrolla la actividad econdémica;
en ese sentido, la necesidad de cooperar y de competir en los procesos de gestion del agua
son muy adecuados para la teoria de juegos pEstaite determinar 6ptimos de reparto
atendiendo a distintos criterios y poderes de negociacion, o determinarooeslici
Optimas y los repartos éptimos dentro de estas coaliciones. Los modelos hidroeconémicos
tienen en cuda el espacio y el tiempo, tanto para su parte hidrolégica, como para su parte
socioeconOmica; por ello, se convierten en una herramienta muy natiegtaudiar y/o
evaluar las capacidades y alternativas o escenarios de gestion hidrica. Por su parte, los
sistemas de informacion geogréfica son fuentes de informacién quenepemoscon
los datos y resultados que vayamos obtenieadi®@masnos apoyaremos éos sistemas
de informacién geografigaararealizar analisis espacés de los distintos usos del agua
y de los impactos de los diferentes escenarios que propongsi@®sadelante, en el
segundocapitulo, aportamos un mayor detalle solase metodologias y herramientas

usadas.
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Sobrela estructura de la tesis

Los objetivos antes sefialados y los instrumemte®doldgicos nos definen en buena
medida los diferentes apartados de esta t&isiguiente capituldcapitulo 1) lo
dedicamos a la caracterizacion socioecondmica y medioambiental del area de estudio, la
cuenca del Ebrdjjandonos especialmente en lihgjos hidricos que discurren por esta
cuenca. En eapitulo 2revisaremos inicialmente otras aportaciones que se han hecho en
economiay gestion del agua y que nos servirdn de guia en nuestro tiabajste tercer
capituloveremos las principales cataristicas de cada una de nuestras metodologias
baselos modelos inpubutput en la secciéal, la teoria de juegos en2&, los modelos

hidroecondémicos en A3y los sistemas de informacion geografica eada

Tras la revision metodoldgica, eapitulo 3analiza un caso concreto de gestion, el
conflicto existente entre los usos del agua en el tramo bajo del Ebro y los requerimientos
medioambientales dé&elta Este capitulo sirve de introduccion y justificace&mparte
de los siguientes EI Ebro es el rio mas caudaloso de Espafia y conduce al Delta
sedimentos procedentes del Pirinedel Sistema Ibérico entre otros. Estos aportes de
sedimentos conformay mantienerel Delta y permiten combatia cufia salina actl,
problema que se ha agravado con la regulacién aguas arriba (especialmente en

Mequinenza) y coel cambio climético que provoca incrementos en el nivel del mar.

La ConfederaciérHidrografica del Ebro (CHE) es la encargada de elaborar los planes
hidroldgicos para la cuenca del EOHE, 2014) Tras la elaboracién de dicho plan, los
distintos agentes interesados pueden eapres opinion y plantear cambios. En los
ultimos afios en estas rondas de consultas los caudales minimos medioambientales fijados
para el Delta han sido tildados de insuficientes en varias ocasiones por algunos agentes;
hecho que se ve reflejado en la memale dichos planes. Agentes representativos de
estas demandas son la agencia catalana del agua (ACA) y la comision de sostenibilidad
de las tierras del Ebro (CSTE). Estos dos agentes han planteado sendas propuestas de
caudales minimg@ACA, 2007; CSTE, 2015)Por este motivo, eapitulo 3o dedicamos
a analizar las posibilidades de incrementar los caudales ecolégicos del Delta acorde a
dichas propuestas y planteando diversas alternativas de gestién del tramo bajo del Ebro.
En la actualidad, la gestidon del cpliimiento de los caudales medioambientales del Delta
recae en exclusiva sobre el embalse de Mequinenza, solucién que ha llevado en ocasiones
a este embalse a niveles de agua embalsada preocupadieambientalmented ojos

de los regantey usuariosque de él se abastecen. Las alternativas de gestion que
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proponemos tienen en cuenta el uso de otros embalses para este objetivo. Para nuestro
andlisis hemos construido un model® flujos hidricos simplificado en el que hemos
simulado con datomensualeseales de 50 afos distintas alternativas de gestion. Los

resultados del modelo los analizamos haciendo uso de la teoria de juegos.

El analisis interregional e intersectorial es clave para entender las dependencias
socioecondmicas y también embénos medioambientales tiecuenca del Ebrgor este
motivo en ekapitulo 4lo dedicamos axplicarla construccion de una tabla inpautput
gue atienda a sus fronteras fisicas, asi como a analizar interregional e intersectorialmente
sus flujos comeraies, lo que conlleva el estudio de los flujos virtuales de valor afadido,
empleo y agua implicitos asociados con la cuebeacribiremogspor tantojas fuentes
usadasy los pasos principales del proceso seguido para la construccion de la tabla
multirregonal de la cuenca del Ebrd&n este sentidJodebemos destacar que
aproximaremosa cuenca del Ebrpor las partes que recadentro de la cuenca de las 5
regiones mas representativas que la componen, que son Aragon, Catalufia, Pais Vasco,
La Rioja y Navara; por lo que la tabla inpaiutput multirregional de la cuenca del Ebro
contempla estas regiones, asi como el resto de Espafia, el resto de la UE y el resto del
Mundo.

Para la elaboracion de la tabla multirregional imgutput ruestras fuentes principales
sonlas tablas proporcionadas poriestitutos de estadisticke las regiones consideradas
asi como elrstitutoNacional deEstadisticay la base WIOD de datos de tablas input
output mundial (Timmer et al.,, 2015)y. De cara a extender el modelo
medioambientalmente,o8 apoyaremos elas cuentas satélite existentes WIOD
(Genty et al., 2012enlos datos d¢Chapagain and Hoekstra, 20§4@n los datogle un
modelo multirregional previo desarrollado para toda Esf@@ézacarro et al., 2014pado
nuestro interés da gobernanzaeal agualatablatieneun elevado nivel de desagregacion
en lo que respecta al sector primario, principal usuario consuntivo de agua. Mas
concretamente, el sector primario, para las regiones de la cuenca del Bivioljnwos
en 3 produccion vegetal, produccion animalresto del sector primario. Hecha esta
primera divisién, dividimos la produccidén vegetal en 18 grupos de cultivos y estos
cultivos a su vez los dividimos entre regadio y secano. La produccion animal se divid

también en 6 grupos.

Este nivel de desagregacj@iemas de permitirna@siracterizar la cureca con mayor

detalle nosda pie a utilizar esta tabla como base para la construccién de un modelo
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hidroecondémico de la cuenca del EBdna vez construida la tabla, utilizamos ésta y los
sistemas de informacion geogréafical$) paraprofundizar en la cacterizacion de la
cuenca, analizando las interdependencias regionales y sectoriales asociadas a diversas

variables.

Dando continuacion s capitulos 3 y 4dénde usamos la modelizacion de flujos
hidricos simplificada y construimos la tabla multirregidnput-output de la cuenca del
Ebro, el capitulo 5lo dedicamos aincular ambas metodologiasiendo estouna
contribucién cientificamportante porquéehasta donde conocemesta integracion no se

harealizado previamente

Vinculando estametodologias dotamos a nuestro modelo multirregiaragi{ulo 4
de un conjunto de restriccione=n la disponibilidad de agua sujeta a los flujos que
caracterizan la cuenca mes a mes, los usos previos y las necesidades medioambientales.
Los modelos hidramndmicos tienen una de sus bases en la modelizacion de flujos
hidricosrespetanddos principios del balance de masas de agua y la continuidad del
caudal del rio, que determinan el volumen de disponibilidad de agua en los diferentes
tramos fluviales. Parallo, determinaremosodos que contabilizan el agua disponible y
formularemosecuaciones que determinan la relacion entre los distintos nodos (las
direcciones que toma el agua). Es desircomponente hidrolégico identifica el agua
disponible para su usn cada zonaus usoy también el destino del agna usada

La otra base de los modelos hidroeconémicos, son las ecuaciones de comportamiento
de los agentes. El uso de agua que hagan los agentes estara asociado a un determinado
nodo, quiere decir, lasxtracciones de agua que cada agente realice serdn mermas
asociadas a un nodo concreto, por lo que el agua disponible para cada agente esta
determinada por el uso de los agentes ubicados aguas arriba y por la hidéajagia.
toma relevancia la tabla muhegional inputoutput de la cuenca del Ebro, pues las
ecuaciones de comportamiento las basaremos en las relacmeesectoriales e
interregionaksque subyacen en esta tabla y en las condiciones de equilibrio del marco

input-output.

Este modelo hidroemdmico multisectorial ynultirregional permiira analizar de una
forma conjunta e integrada lastividades econémicas de produccion y consynteo
realidad fluyente de las aguas en el Valle y sus usos sucdsstesnodelamos permite
plantear la maximizacion del benefide las actividades asociadas a los usosgieh,

pero sin simplificar, como es usual, el componente econdmico. Restredenso del
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recurso hidrico, cambio tecnolégico, comercio regional, importaciones y exportaciones,
cambios en las demandas, etc., son temas que pueden abordasemmadelo y que
haremos en cierta medida. Por otra parte, los impactos medioambiefmates
focalizaremos en la tematica del agua) de las distintas producciones y consumos, pueden
ser cuantificadade forma detallada, viendo los pesos de cada actividizdcada lugar

0 region.El uso de diferentes escenariosdes gran utilidad para ellesi como la
utilizacion desistemas de informacion geogréfid2or ello, tas la construcciomlel

modelo hidroeconémico de la cuenca del Elw® disponemos a mostrar la potencialidad

de éste proponiendtiversosescenarioy analizando los resultaddsn este analisis de
resultados, cobra protagonismo el uso de los sistemas de informacion geogréfica, pues
nos ayudaran lacalizarlas areas afectadas e identificar las posibles vias de mejora.

Finaliza la tesis comn resumerfinal, en élse recogen los principales resultados
obtenidos, se comentan algunas de las conclusiones préacticas y politicas que se han

alcanzado y se describen las futuras direcciones de investigacion surgidas de la tesis.
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Climate change and food safetye botimminent challenges faocialand economic
developmentdespite the differences in their order of magnitutdis estimated that the
globalimpact of climate change on the availability and quality of water resadacen
output land productivity and ecosystemmsuld cut world GDP bybetween 5% and 20%
(Stern, 2008)Meanwhile the intergovernmental panel on climate chafiB€C, 2014)
has sounded the alarm ouhe increase in avage global temperatws,ea phenomenon
associated with rising sea levels, flaaglandfalling food productionlin this context
globalization andhe growing intedependence afiationaleconomieswhich is starkly
evident in theinternationalization of agfood production chas have madefood
securityinto a major issu@ot only localy or nationaly but even at the global level
Success will depeni agreatextenton the available water resourc@seach countryr
region and on the management ob#le resourceslhe importance ofthese issues is
reflected in theSustainable Development Goals (SDGs)setheUN in 2015(United
Nations, 2015) which include zero hungefgoal 2) responsible consumption and

production (goal 12); and climate actifgoal 13).

It becomes clear almost as soon as one begitisirtk seriouslyaboutwater that
multiple variables affedhe quantity and quality aheresourceFor exampleincreasd
consumptiorand climate changgut pressure othe availability of fresh watgAlcamo
et al., 2007; Gerten et al., 200®ut so do beddingndrevegetation processéBielsa
and Cazcarro, 2014while different water uses and management options may cause
contamination, agaileadng to a reduction in availability. The European Union Water
Framework Directive (WFD)JEuropan Communities, 2000)as adopted largely in
view of these issuespecifically, the WFDbbligesthe Member States of the European
Union to take steps to assure theologicalcondition of allwater bodies ando set
environmentaflow water requiremest In other wordsthe volume and distribution of
environmental flowsvermust badefinedfor all European rivergpgether with minimum
water quality standard®\creman and Dunbar, 200Acreman and Ferguson, 2010)
general terms, thethe European Union (EWonsiderghat water governance is a key
tool to repair the effects afimate change ant chart pathsowards the achievement of

the millenniumgoals
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Water governance isnaarduous challenge for all societigsywever, given the
enormous range @oods and services that make use of wiatsome wayand thesheer
diversity of actual and possillises. The most obvious consumptive uses (drinking water,
irrigation and so oh compete not onlyith each othebut sometimes also with nen
consumptive uses (hydroelectgeneratingpowerplant coolingetc) thatrequirewater
availability at specific locations and times, thereby conditioning atees Such conflicts
are commorenough in relation to water stored in reservoirs associatedyadtioelectric
generatingand irrigation.Meanwhile recreational uselke fishing and environmental
usesalsorequire minimumwaterquantity and quality at specific poirts reaches along

ariver, againconditioning other consumptive and rRoonsumptive uses.

Fresh water is an essential natural resource for life ardinfimst any kind of economic
developmentand its value depends doth place and timéHaremann, 2006)Hence
any analysis ofvater useand managememhust inevitably be mada a context of
variability in time and space. Furthermore, adaptation to climate change and economic
growth ina world wheregroduction systems are clearly interdeghemt at differenkevels
across economic sectors and regiomsg aredirectly influenced by environmental
conditions and their impactsannot be addressed without close consideration of key
issues likethe role of technological change, the improvemengmfernance systems,
producer and consumsgsponsibilityin the context of the global production chain, and

the links betweertocal and global aspects of production.

Let us not forget, meanwhile, thatater is expensivéo transport requiring major
captal expenditures to build and maintamirastructure not to mention the significant
cost oflossesalong the wayln this light, Guptaandvan der Zaag (200&rgue thathe
coss of long-distance water transportation camly be justifiedwhere such transfers are

requiredto guaranteeital supplies

This thesistreatshydrographic basinasthe basic water phning and management
units,as seems only logical fail of theabovereasonsassumingheir physical limits as
planning constraints Meanwhile, rivers often markborders orrun throughdifferent
countriesand regions, obliging governments anather riparianagentsrepresenting
sometimes veryiverseinterests tocooperaten governanceSuch situationgan on

occasionlead to conflict

In this light multisectoral multiregional modeldike that developed here to analyse

the spatial and temporal dependencies between economic agents in the different regions

10
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of a river basin are indispensablefor water managementWhile the methodology
described heres applicable to any hydrographic basin, tasestudyconsidered in this
thess will be the Ebro River Basin (ERB)erhapshe most representative of the semi
arid Mediterranearbasins(Milano et al., 2013a)which will provide aframeworkto
distinguish and determine kgarameters and productive relationships. The ERB is a
highly representative of environmental pressatéhe European levelas it suffers from
highly unequal distribution of water resourceser increasingemandnd a whole range
of serious threatstt{e Ebro Deltas one of the mosecologically vulnerablareas in
Europe) On the plus side, however, it supports highly productive agricultdniée water
management experiences have in general been lsgbbessful. Chapterid given over
entirely to the case study area, providing more detailed geographical aneésmoomic

informationabout the ERB.
Objectives, data sources and methodolsgie

As explained abovehis thesisapproachethe economic and environmental analysis
of the ERB both from a global and locindpoint, examininthe consequences of the
succession of water uses in theer basin and somef the conflicts between user$he
model also integrates different economic activities and water flows, allowing the design
of measureso mitigateenvironmental impastandfoster sustainable regional growth.
This allows consideration of a series of geographic and seefatied factos that have
traditionally been studied separatedy the local(or regional) level, including the
environmental impact of economic activities, specialization, sectoral andnagitinal
dependenciesneasured in terms of outpand water uses, the role tdchnological
changeon production techniques and consumption patteand, opportunities for local
and regionatooperation betweetlifferentuses of water, andhegeneraframework for

governance and management oi e  BnvBt& desources .

Theconsicerableresearcleffort requiredin terms of data mining arghataprocessing
to prepare this thesis study produdgsgbortant empirical resulisallowing, in the first
placethe construction of municipatlevel databaséor the ERB the main characteristics
of which are outlined inn the Annexto Chapter 1 in the secondgonstruction ofa
multiregional and multisector inpautput tablefor the ERB, whichis a central
contribution to this thesis antd the best of our knowledge, is the fssthMRIO mocel
to bemade for ay hydrographic basirand in the thirdgonstruction of a hydreconomic

11
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model for the ERBwhich integrates water flows and an inpuitput structureanother

first.

The main methodologiagtilized in this thesisarethe inputoutput framework, game
theory, hydreeconomic models and geographic information systems. These
methodologies will allow uso simulatewater management alternatives and evaluate

socioeconomic and environmental impaotthe multiregional contéof the ERB

The inputoutput frameworkevealghe interrelationshipbetween sectors and regions
and facilitates assessmenttlo¢ direct and indirect impaats possible shock For these
reasons it has been widely used in economic$aagbroveé very useful tooto address
environmentalquestions Game theory has also be#sken up enthusiastically by
economsts particularly those studyingwater issues because it permits analysis of
conflict between playerfsom a variety of sometimesery differentangles Among other
possibilities, thegame theoryapproachwhich is well suited to reflect cooperation and
competition in water management processas, be associated with the institutional
conditionsunderwhich economic activityakes place allowig researcher® determine
the optimal distributionof available watein different scenarios based on a range of
criteriaandvarying assumptions with regard negotiating powerandto identify both
optimal coalitions and optimal distributions withimem Hydro-economic modelalso
take space and time into accounthoth hydrological and socioeconontéms, offering
a very handytool to study and/or evaluate water managemesgpabilities and

alternatives.

Meanwhile,geographic information systemSIS) provide a range of data which we
will combine withour findings. Werely on geographic information systems to carry out
spatial analysis of the different uses of water and the impacts of the different scenarios
that we propose. More detail on the nuetblogies and tools usad provided in the

second chapter
Thesis structure:

The objectives and methodological instrumanentioned abovéargely define the
different sections of this thesis. Chapteoffers asocioeconomic and environmental
descriptiorof theEbro River Basinpaying special attention iz water flows. In Chapter
2 we review other contributions madetive fields ofeconomics and water management

to outline the context of the case study, and we disttiessnain characteriss of our
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base methodologieginputoutput models in section 2.1, game theory in 2.2, hydro

economic models in 2.3 and geographic information systems)in 2.4

Following this methodological review, Chapter 8xaminesa specific water
managementasestudyinvolving the conflict between wat@isein the last stretch of the
Ebro and the environmental requirements of the Delta. This chaptatuces and partly
justifies what followsThe Ebro is the largest river in Spaand thesedimentst carries
downgreamfrom thehighlands of thé>yrenees and the Iberian Systeeatp tomake up
and maintain the Deltat the same time counteracting the grovaalj wedge, a problem
that has worsenedue toupstream regulation (especiably Mequinenza) and climate

change which has raisedea leved in recent decades

The ERB Authority Confederacion Hidrografica del Ebror CHE in the Spanish
acronym) igesponsible fohydrologicalplanning in the River Basi{CHE, 2014) After
initial drafting, t hes e stpkeholdesdo abtaiathes u b mi t t €
opiniors and allow them tpropose changes. In recent yeagstain playeran particular
the the Catalan Water Agencygéencia Catalanale I'Aigua or ACA) and theLower
Ebro Sustainability Commissiol€émissio per a la sostenibilitat de les Terres de I'Ebre
or CSTE , have branded the minimum environmental flows set for De#a as
insufficient in these rounds of consultatipasreflected in thglanning reports, and both
.agenciefave put forwardheir ownproposals for minimum environmental flog¢sCA,

2007; CSTE, 2015 Chapter 3 analgstheoptions available to increaseological flows

in the Deltain line withthese proposalsuggestingarious management alternatives for
thefinal stretch of the Ebro. The management of environmental fioteghe Deltais
currently handled solely frothe Mequinenzdam a solution tht has sometimesained

water from thereservoirto environmentallyconcerning levels, drawing protests from
irrigators and other users. The management alternatives that we propose take into account
the possibility of usingother reservoirdo help achieg the objective of increased
environmental flows in the Ebro Delta simplified water flow modeWas built for the
purpose of this analysis, simulating possibk@anagement alternativassing areal

monthly dataset spanning0 years. We analyse the resultsttué model using game

theory.

Interregional and intesectoral analysis is key to understanding secionomic
dependencies and environmemahditions inthe Ebro BasinandChapter 4s therefore

given overto the costruction of an inpubutput table thatnatches it geographically and
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to the analysis ofnterregional and intesector trade flowdased on the associated
implicit virtual flows of value addedpbs and waterThis chapter, thendescribs the
sources ugkand the main steps the process followetb construct thenulti-regional

IO table.In this regard, let us note thatir modelapproachthe ERB bythe partof five

of Spainds Aut o nthemwsi repreSentatipalitical tegioass, nagmely
Aragon, the Basque Countrgatalonia,La Rioja and Navarre; Therefore, the multi
regional inputoutput table for the ERB considers these regions, as well as the rest of
Spain, the rest of the EU and the rest ofvtioeld.

Our main sources for the constractiof the multiregional inputoutput tableare the
tables provided byegionalstatistics offices the Spanish National Statistics Institute, and
the World InputOutput Database (WIOEYimmer et al., 2015)We rely on the existing
satellite @counts at WIOD(Genty et al., 2012)the datareported byChapagain and
Hoekstra(2004)and data from a previous muiggional model developed for the whole
of Spain(Cazcarro et al., 20149 extend the model environmentalfgiven our iterest
in water governance, the tahbleflectsa high level of primary sectatisaggregation
which isthe main consumptiveser ofwater. More specifically, the primary seciothe
ERB regions, issplit between crop cultivatiorljvestock, and other primary sector
activities Farm output is then further subdividedo 18 groups of irrigated and rainfed
crops which are in turn segmented into, and six livestock groups

This level of disaggregationoh only adds detail to the description of the ERB but
means that we can use the IO table as a basis for the construction of -edomymic
mode| which is then used together wiBiS data flesh out our portrayal of the ERB by
analysing the regional anddoral interdependencies associated witAnge of different

variables.

Chapter 5 links the methodologies employed to buildsimgplified water flow model
and multi-regional inputoutput table for the ERB Chaptes 3 and 4 This is itself a
significart scientific contributionbecaus¢hese approaches have nevethe best obur

knowledge peen integrated in this way before

By linking water flow modelling and IOGnethodologies, wenay establish a set of
water availability constraints irour multiregonal model (Chapter 4)pased on
characteristic monthlflows in the ERB previous uses and environmental ne¥dater
flow modelling of this kind respecting the principles of water mass balance and the

continuity of river flow, which determine the voluraéwater availability in the different
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river sectionsis a key feature dfiydro-economic modelsTo this end, waleterminea
series oinodeswhere water availability is calculated, formulatieguationgo describe
the relationshipbetween nodes.¢é. the directionof the differentwaterflows). In other
words, the hydrological componendf the modelidentifies the water available in each
areaof the river basireverymonth, use®f the resourcand the destination of unused

water.

Agent behaviour equatnsform the other pillanf hydroeconomic modeldVateruse
by the agents a river basin isssociated with givennode,so thatwithdrawals by each
agentare subtracted frora specific nodeHence the water available fanse by a given
agent is determined hypstreamuseby otheragents and birydrological conditiondt is
here thatnultiregional inpwtoutput tabldor the ERBcomes inbecausehe behavioural
equationaused ardased on thenderlyinginter-sectoral and interregionedlationships

and on the equilibrium conditions of the infuttput framework.

This multisectoral and muklregional hydreeconomic model allos a joint,
integrated analysis dfoth productive and consumptigeonomic activities anadf actual
water flowstaking into consideratiosuccessive used the resourcelUsing this model
we can, then, propose measures to maxirttizebenef obtained from thactivities
associated withdifferent water uses, but withoubversimplifying the economic
componentas isall too often the casdheissues that can be addressed with this model
include constrainten the use of water resources, technological change, regional trade,
imports and exports, changes in demand so on, and we will look at some of these
below. Meanwhile the environmental impacts different productive and consumptive
water usegsanalsobe quantified in detalby looking at theshare accounted for lBach
activity ateachnodeor for eachregion.Analysisof different scenariogsing GIS dat#s
ideal for these purposeEor this reason, we set out to shitwe potential of the hydro
economic model of the ERBonstructed on the basis describpdyposing various
scenarios and analysing the results. GIS plagsyaole in this analysishelpinglocate
the areas affectetly the impacts observednd identify possible wayto improve

outcomes

This thesis ends with a summary and conclusiggction in which we describe and
discuss keyfindings together witrsome practicabnd political conclusionfrom this

research, as well as the future lines of enquiry that it suggests
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Chapter 1

Study Area

1.1. Description of the Ebro basin

Theempiricalresearch described in this thesis focusethericbro River Basin (ERB)
as a case stud¥he ERB covers an area&8,569 knd (almost 17% of Spatns t ot al [ an
mas$, and according to 2013 municipal regist@nd the ERB AuthorityGonfederacién
Hidrografica del Ebroor CHE in its Spanish acronym), it supplies 3,226 82dplein a
total of 1,724towns and villages including the citie$ Zaragoza, Vitoria, Pamplona,
Logroiio, Lleida and Huescavhere somé5% of the basi@ populatiorive. The ERB is
located in the northeast of Spabgtweenthe highlands of thdberian System oithe
E b r ngatdank andhe ranges athe Basque Mountains and the Pyrenees on the left,
where most of the i v wated resourcecome fromin fact, the three mainibutaries
of the Ebro, the Gallego, the Cinca and the Segre, as well as the vast majavityp 10f

streamsare located on this side of the Ebro.

According to the drafERB Hydrological Plan for 2022027 (CHE, 2019) whichis
based on2016 datg the basin generatesome8 . 1 % o f Spaindés gross
Compared to Spain as a whotbke value addedyenerated in the Ebro River Basin is
biased twvards agricultureandindustryto the detriment ofervices which respectively
accountfor 4.13% and 27.73%f total for 2.60% andl7.80%for Spain as a wholg)
underliningthe importancef the primary and secondasgctorsn the ERB Meanwhile,
the value added byoastrucion in the ERB isvery similarto the rest of SpairHowever
the servicesector represents 62.49% compared to 74% nationally.

The Ebro Basinncludes parts ofine Autonomous Communitigpolitical regions)
displayinga marked multregional charactdrke Spainas a whole As shownin Table
1.1 andFigurel.1, theareaof eachAutonanous Communityhat forms part of the ERB
(shown in percentage terms in the fouwrthumn)varies widely asdoesthe percentage
area of the ERB representeddgch communityfifth column).

17



Study Area

Tablel.1. Autonomous Communities forming part of thbroBasin

Total _ Area _ _ % of Population Population Value Addedn
Autonomous includedin | % area in the (thousands| . &~ the ERB
. area . Ebro living in .
Community (km?) theERB Ebro Basin Basin | . o_f the ERB (millions of
(km?) inhabitants) eurog*

Aragon 47,720 42,111 88.25%| 49.21% 1,347 1,293 30,938
Catalonia 32,091 15,635 48.72%| 18.27% 7,554 591 14,599
Navarre 10,390 9,229 88.83%| 10.79% 644 616 15,872
CastileLedn 94,227 8,148 8.65% 9.52% 2,520 93 3,140
La Rioja 5,045 5,023 99.56% 5.87% 322 322 7,259
Basque Country 7,230 2,678 37.04% 3.13% 2,192 287 9,045
CastileLa Mancha 79,462 1,119 1.41% 1.31% 2,101 2 186
Valencia 23,254 851 3.66% 0.99% 5,114 5 229
Cantabria 5,327 775 14.55% 0.91% 592 18 347

Source: Ebro RiveBasin Authority(CHE, 2015) *estimatal figuresfor 2010

The predominant Autonomous Community in the Ebro Basin is Aragon, batreay

and by population. Ashown inTable1.1, Aragbénaccounts foalmost 50% of the total
areaof the ERB, 40% ofits population and 36% of the value addiédgenerats.

MeanwhileCataloniamakes ud 8% of the ERB byarea almost 20% by @pulation and
18% by value added. The thilargestAutonomous Community bgreain the basin is

Navare, which represents more than 10%nd alsahe most valueddedper capita
CastileLeon rankdourthin terms of areghoweverput the largely uplandreas through

which the Ebro flows in this region are sparsely populated and the region contributes less

t han

5% to the

ERBOSs

t ot allaRipjaip thel fithargest n

and t

regionin the ERBby area and more than 99% of the Autonasi@@ommunity belongs

to thebasin. La Riojdnas a population &22,415accounting for arountl0% of theERB
total, and it contributes some 9% of totalue added. The Basque Country represents
just over 3% of th&RB by area, but its higher populatioemsity means it accounts for

some9% of thetotal living in the basirand almost 12% ats value added. Thether

Autonomous CommunitieCastileLa Mancha, the Autonomous Community of

Valencia and Cantabpiare residual, together accounting for oB¥gof theE RB 6 s

area,andjust 1% ofits population and valuadded

t ot al

Given the very small areaof the ERB they represenive opted to discardCastileLa

Mancha,the Autonomous Community &alencia and Cantabria regiofe@ modelling

purposesCastileLeonwas also excludebecausehe socioeconomic dat@r the region

as awhole are not representative of the area falling within the Ebro Basin, which in any

case

account s

for I

ess

t h an tafvilueaddedtahde

Aut o

population.The multiregional analysis therefore based on a model of BB including
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only the parts ofAragon, Catalonia, Navarréa Rioja andthe Basque Country that

belonging to the river basin

The regionsmaking upthe ERB (as modelled) display differentiated production
structures, whiclin turn generate differences in water consumption. This can be seen in
the distribution of value added (VAgtweersectors. Ashown inTablel.2, the service
sector is predominant iall five regions, with shares ranging from 53f6the Basque
Country to 63%n Aragon. Constructioaccounts foa similar shareof the total(around
10%)in all five regions angised.The share representedibgustryvarious considerably,
however representing 19% of total value addadCatalonia an@2% in Aragon 22%,
rising to 34% inthe Basque Country ar#9% inNavare, both regions with a markedly

more industrial economy.

Meanwhile, therimary sectocontributesalmost 8% ofotalvalue addeth Catalonia
almost 30%of which is obtained from livestock farmirand 53%from irrigated crops,
compared td 5% from rainfectrops La Riojaranks second out of the five Autononsou
Communities in terms of the size of gemary sector. As in Catalonia, more than 50%
of farmvalue addedh La Rioja comes from irrigated cropghough its primary sector is
the largestin absolute termsAragon ranks onlthird in terms ofthe value ddedby
farming, which accounts for 5% of the regional total. Some 40% of the value added
contributed comes from irrigated crops, 30% from rainfed crop28%@ from animal

husbandry

The fifth column ofTable 1.2 shows our estimats of the water consumed by each
sectorbased orthe municipal level dateontainedn our database (see Annex at the end
of this Chapter) applyinga fixed coefficient bybtanedfrom the environmental satellite
accounts of the World Inpudutput Databas@VIOD) (Genty et al., 2012)This column
refers toblue water consumed directly in the production praegséeach sector. The
region that consumeahe most water in thERB is Aragon, where 44% of consumptive
useoccursaccording to our calculations. The second region that consumes the most water
is Cataloniaranks second in the ERB in terms of blue water consumptio856f.
Navarra and La Rioja conme around 9% each and the Basque Cowsteg onl\38% of
theE R B Blue water,
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Figurel.1. The Ebro river basin
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Tablel.2 Value added andonsumedvater by sector.

VA VA Water AWP
Region Sector Cmi |l (%) Consumed (ad)
(hn?)

Irrigated crops 633 2.05% 1,887 0.34

Rainfad crops 469 1.52% 0 -

Livestock 388 1.25% 131 2.96

Aragon Other primary sector 58 0.19% 23 2.52
Industry 6,997| 22.62% 13| 538.23
Construction 2,920 9.44% 170 17.18

Services 19,473] 62.94% 0 -

Total 30,938] 100.00% 2224| 561.23

Irrigated crops 605 4.14% 1,513 0.4

Rainfed crops 168 1.15% 0 -

Livestock 332 2.27% 119 2.79

._ | Other primary sector 35 0.24% 15 2.33
Catalonia 171 iy 2.753] 18.86% 8| 344.13
Construction 1,619| 11.09% 103 15.72

Services 9,087| 62.24% 0 -

Total 14,599| 100.00% 1758| 365.37

Irrigated crops 255 1.61% 359 0.71

Rainfed crops 201 1.27% 0 -

Livestock 65 0.41% 28 2.32

Other primary sector 14 0.09% 5 2.8

Navarre [ dustry 4.643] 29.25% 10| 4643
Construction 1,350 8.51% 66 20.45

Services 9,344| 58.87% 0 -

Total 15,872| 100.00% 468| 490.58

Irrigated crops 28 0.31% 67 0.42

Rainfed crops 68 0.75% 0 -

Livestock 57 0.63% 14 4.07

Basque | Other primary sector 3 0.03% 1 3
Country | Industry 3,055| 33.78% 8| 381.88
Construction 962| 10.64% 78 12.33

Services 4,872 53.86% 0 -

Total 9,045| 100.00% 168| 401.7
Irrigatedcrops 211 2.91% 374 0.56

Rainfed crops 117 1.61% 0 -

Livestock 54 0.74% 6 9

La Rioja Other primary sector 16 0.22% 7 2.29
Industry 1,997| 27.51% 7| 285.29
Construction 692 9.53% 49 14.12

Services 4.172| 57.47% 0 -

Total 7,259| 100.00% 443| 311.26

Total 77,713 - 5,061 15.35

Source: Own Work AWP: Apparent wather
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As may be observed, consumption associated with services and rainfed crops is
practically zero, given the negligible use of water required in these séaidisrmore,
water consumption is largely concentrated in the primary sector, in particular irrigated
farming. Irrigation in Aragon uses 37% of all the water consumed in the ERB, while
Catalonia uses a further 30%. Navarre and La Rioja use 7% of totalagatgimption

each to irrigate crops, and the Basque country just 1%.

The last column of able1.2 shows aparent water productivityalculated on the basis
of value addd contributedby each sector in each region amithe water needed to
generate itThis exercise shows industriahter use to bethe most productivevhile the
makeup of industry ineach region largely determines differencesapparentwater
productivitybetween industrieddeanwhile,construction generates-P® euros of value
added per cubic meter of used wdiatirrigation, whichuseswater asone of itsmain
inputs, producesa meagre0.340.71 euros of value added per cubic meter consumed

(largely due taevapotranspiration).
Description of water resources

TheEbro Basinpresent$igh levels of evapotranspiration (450 mioa}low, irregular
rainfall (620 mm) according thlovau and Campo (1995Based ordata for the period
19402005, the average annual available watas 16,448 hn¥year,althoughdata for
period 19862005show averagannudavailable wateof 14,623 hrlyear.Nevertheless,
this data seriesdlisplayshigh volatility with an observednaximum annual availabilitgf
24,019 hnlyear ancaminimum of 8,402 hrifyear. Theobservations on which thedata
series are based were obtainedi®/CHEs information and control systenfsccording
to the ERB Authority, the Automatic Hydrological Information System (SAHHits
Spanish acronyngonsists oR7 water quality control stations, as well as gaugingostsati
on rivers (225), canals (285) and reservoirs (9)e system alsdasan extensive
network of precipitation measurement stations (373) and temperature measurement
stations (193), as well as poles in the Pyrenees (110) and Cantabrian Mount&ns (5)
observeaccumulated snoiall. The CHE publishes theneasurementtaken bythese

facilities onlinein real timeat www.saihebro.conwhile the revised datare included in

the capacity yeadok, which iscurrentlyedited and publishday the government agency
CEDEX (Centre for Civil Engineering Studies and Experimentatignttp://ceh
flumen64.cedex.es/anuarioafoy¢MAPAMA, 2016b).
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Thanks to these information systems, we know that there has baweallafall in
average annual precipitation over the last eight ded&@ésncia et al., 2015According
to theERB Hydrological Plan for 2012021 (CHE, 2015, p. 59jiMost studies thatave
sought to transfethe results of general climate change models to the scale of the Ebro
River Basinconcurthat rainfall will decrease and temperatures will rise accompanied
by an increase iBvapotranspiration, and that this Wilause aeductionin natural water

resource

To make matters worsthe increase in consumptive uses and revegetadioa driven
aclear negative trend in watavailability (Milano et al., 2013a)Moreoverthe volume
of water reaching th&lediterranearhas also shrunk apprecialganchezChdliz and
Sarasa, 2015)in in line with the trend observable in the contrilons to deltas and

estuaries from rivepasins around the worl&erten et al., 2008)

In order toguaranteeaesource renewabilitand the ecologicahealth of all water
bodies, as required by tHeU Water Framework DirectivéEuropean Communities,
2000) it will be necessaryo createcontrolled avenues, theplement wateguality and
contamination controls, and set minimum flofes individual stretches of riverand
minimum contributions to theea(Acreman and Dunbar, 2004; Acreman and Ferguson,
2010) All theseneeds are addressedrecentERB hydrological plansHowever, the
volume of water that needs to be dammedcteateartificial avenues, mimum flow
requirementdn the differenttretches of the Ebrbpth to absorb diffuse pollution and to
protect ecosystems, and environmental flows the Delta (contributions to the
Mediterranean) condition the water available for other usdsoth time and space
(Bonsch et al., 2015Meanwhile, theamount of water available for use in tB&B is
furtherlimited by inter-basin transferbke the ZadorraArratia transfer for hydroelectric
use and to supply ti@reaterBilbao conurbationmaximum concession of 283 Rfyear
and averag&ransfer volumesf 192 hni/year between 1982013) and the Ebr@ampo
de Tarragona trafer (between 760 hn¥/yeal).

TheERB is crisscrossed byan extensive network of canals supptybothirrigation
systems anthe genergbopulation. Theseanalsmainlyrunparallel to the Ebro (Lodosa,
Tauste and Imperid€anal3 on ther i v lefrbénk (Bardenas, Riegos del Alto Aragon,
Canal de Aragon y Catalufia and Canal de Urgel), taking advantage of the faas tisat
the aregPyrenees) with theighestrainfall, and therefore the greatest water availahility

in theEbroBasin and in the Delta (Canales del Cherta).

23



Study Area

Based on 2009 data, meanwhilee quality of surface water bodies in the Ebro Basin,
is acceptabléhoughimprovablewith some478outof 644 surfacevater bodies neting
the figood condition standard In the case of groumdater, meanwhile,83 out of 105
subterranean water bodiage ingood qualitativecondition There is relatively little use
of groundwater in the Ebro Basand thequantitative statsl 104 of theseinderground

bodiesis thereforggood.
Description ofagricultural water demand

Agriculture accounts for the greatesbnsumptive use of water in the ERB, and for
this reason it will focus our attentioihe most recemationalfarm census pblishedfor
Spain(INE, 2011)showsa totalcultivated area o2.3 million cultivatedhectaresn the
Ebro Basin,1.7 million hectares underainfed and the remainir@57) under irrigated
crops Demand for irrigation water implies withdrawatdé more than7,500 cubic
hectometrestepresentingstimated consumptive use of more than 4,509 given an
average efficiency levedf slightly above 60%{CHE, 2018) The consumptive use of
water bylivestockfarmersis less than 57 Hfin contrast(Crespo et al., 2018Wwhile
urban and industrial usein the basinaccount foraround 500 hrh These mainly
agriculturalwater withdrawals are vesignificantin relative terms, giveoverall water

availability and environmental requirements.

The case study described here incluti@sainfed and irrigatedrop types, analysed
using data fronthe 2009Spanishagricultural census, thmost recenavailablewhen this
research was undertakéiNE, 2011) Cultivation underrainfed conditions does not
imply any additionaldemand for water from the hydrological network (blue water),
althoughit doesentailrainwater consumption and therefoneeductionin potential water
availability. Table 1.3 showsthe area inhectaresgiven overto rainfed crops by

Autonomous Community
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Tablel.3. Rainfed land conseted in the model (Hectares)

Aragon | Catalonia | Navarre CB:jr?tLrji Rioja Total

Wheat 214,773 37,254| 62,044 17,111| 18,008 349,190
Other winter crops 50,113 9,653| 14,635 62 479 74,942
Corn 4,439 1,054 1,014| 15,064 0 21,571
Barley 380,292 108,107| 98,352 8,809| 20,335 615,895
Other summer crops 210 0 0 77 0 287
Alfalfa 30,909 0 0 27 234 31,170
Other fodder crops 39,182 15,506 8,277 58 568 63,591
Other industrial cropq 13,995 1,765 3,486 44 | 3,227 22,517
Citrus frits 0 0 1 197 0 198
Pome fruits 425 0 0 94 6 525
Stone fruits 5,653 0 0 252 192 6,097
Fleshy fruits 2 1,642 569 308 0 2,521
Dried fruits 59,714 32,921 1,655 1,497 9,407 105,194
Legumes 9,433 483 2,641 161 267 12,985
Horticulture 278 423 1,343 13 0 2,057
Olives 36,722 71,671 2,966 15| 2,873 114,247
Vineyards 29,844 12,760| 10,558 0| 33,118 86,280
Rice 0 0 0 0 0 0

Total rainfed crops | 875,986 293,239| 207,540 44,090| 88,714| 1,509,569

Source: Own workisingdata fromINE (2011)

As shownin Tablel.3, barley and wheaake pride of place in the cultivation of rainfed
crops in the Ebro BasifThe olive occupies the third plade]lowed by maize, dried
fruits andvineyards which alsoaccoun for significant hectaragd.ooking at the totals
by region, Aragorappears athe regionwith the mostultivated hectaresnderrainfed
cultivation, representing more than half tbkethe total forthe entireEbro BasinFigure
1.2 shows the distribution of rainfed barley throughout E#B. As may be observed
barley isfairly widely grownthroughout the ERBhough with a greater concentration in
the Cinco Villas andHuescadistricts Meanwhile Figure 1.3 shows thehectarageper
municipality underrainfed wheat. In this case, we see that rainfed wheat cultivation is
concentrated in thAragonese municipalities along th@nks of theebro ando a lesser
extentalong the first stretchof the river belonging toCastie-Le6n and the Basque
Country.Figure 1.4 represents the spatial distribution of olive groves in the Ebro Basin
which are mainlyconcentrated ithe Province oBurgos (Casté-Ledn), and in south

easernAragon (AlcafiizandCaspe) ad soutlernCatalonia.
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Figurel.2 Barley- rainfed (hectares)
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Figurel.3. Wheat- rainfed (hectares)
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Figurel.4. Olives - rainfed (hectares)
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Table 1.4 showstheirrigated hectaragby croptype and regionOnceagain wefind
that Aragon is the predominant region in terms of crop produatioast 50% of the total
irrigated landn theEbroBasin.As reflected irthis tablecorn, wheat, barley, alfalfand

other fodder crops are the most widespriedgiated cropsn the Ebrabasin.

Figure 1.5 showsthe distribution ofrrigated barley throughout the basks may be
observedthe cultivation ofthis cropis concentrated in the Aragonese parthe Ebro
Valley, extendingalmost uniformly along théanks of theBardenas, Riegos del Alto
Aragoén Aragon y Catalufia and Imperi@knals, not to mention other smaller irrigation
waterwaysFigurel.6, meanwhile, reflectthe distribution of irrigated wheafs can be
seen, theultivation of this crops more concentrate@articularly along théhe Bardenas
Canal,the area around the cibf Zaragoza andlongthe Aragén y Catalufia Canalot
all of the Autonomous Communities, in particular Catalodifferentiatel between
alfalfa andotherof fodder cropsn thefarm censuseven thouglalfalfa predominates in
them.Figure 1.7 shows the number of hectargisen overto fodder cropsifcluding),
revealing that they are cultivatedainly in Aragon especially alonghe Bardenas
Imperial Canalsandto a lesser extent along tRéegos del Alto Aragon and the Aragén
y Catalonia Canal Finally, Figure 1.8 shows the distribution of rice cultivation

throughout the basjwhich ismuch less widespreagiven thelarge amount of water it
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needs. In Aragon, the crop is confined largelyhi® Cinco Villasdistrict andthe Riegos
del Alto Aragbnaregandin Catalonia it is concentrated in the Ebro Delthich benefits
from excellent climate conditiorfsr the cultivation of rice, from the sediments that the

carries down to its ené@ndfrom the availability of water.

Tablel.4. Irrigatedlandincludedin the model (Hectares)

Aragon | Catalonia | Navarre CB:jr?tLrji Rioja | Total
Wheat 33,872 13,787 9,274 17| 3,954| 60,904
Other Winter crops 1,424 2,033 973 0 108 4,538
Corn 58,972 23,915 12,898 18 747 | 96,550
Barley 34,932 13,128 8,670 70| 3,711 60,511
Other summer crops 770 0 0 0 0 770
Alfalfa 69,525 0 0 14 765| 70,304
Other fodder crops 14,557 30,108 7,566 0 253 | 52,484
Other industrial cropy 5,175 374 1,833 66 510 7,958
Citrus fruits 0 9,008 0 5 0 9,013
Pome fruits 7,965 0 0 5| 2,832 10,802
Stone fruits 21,139 0 0 1,183| 1,564| 23,886
Fleshy fruits 43 39,055 2,727 2,043 21| 43,889
Dried fruits 3,545 3,931 830 124 553 8,983
Legumes 3,604 119 1,050 21 163 4,957
Horticulture 3,312 2,160 7,968 2| 7,367 20,809
Olive 6,675 12,748 2,706 0| 2,481| 24,610
Grapevine 4,312 4,325 10,480 0| 11,473| 30,590
Rice 12,892 21,548 2,080 0 0| 36,520
Total irrigated crops | 282,716 176,239 69,055 3,568 | 36,502| 568,080

Source: Own workased orata fromINE (2011)

28



Chapter 1

Figurel.5. Barley- irrigated (hectares)
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Figurel.6. Wheat- irrigated (hectares)

Irrigated Wheat (Hectares) ‘
0-35 &
36- 130
B 131-277
[ 278 - 501
I s02 - 885
I ss6 - 1.751
I 17524733

Canals

tile e La Mancha

Surface water

0 55 110

< - n - 3 3 r=

Lon Valencian Community S

s Ve
330 440
Kilometers

z

29



Study Area

Figurel.7. Fooder (Alfalfa included) irrigated (hectares)
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Figurel.8. Rice- irrigated (hectares)
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Electricity generating

The othemajor consumer ofvater in the ERB is the eleatity industry. Generating
requires large volumes obolingwaterfor thermal and nuclear power plarasd turbine
water forin hydroelectric plants. Cooling of thermal and especially nuclear power plants
involves semiconsumptive use, sin@part of thewater used evaporatebhis usealso
raises the temperature of theer, which canhaveseriouseffectsin nearby areas. The
Ebro basin has two nuclear power plants, Santa Maria de Gavbith, hasinstalled
capacity of 466 Mwandthe two reactors atsco, which hae installedcapacityof 1,033
Mw and 1,027 Mw respectively. Th8anta Maria de Garofia plant, situatedthe
province of Burgoswas closed dowim 2013 and dismantling began in 20T®e Asco
facility, meanwhile,is situatedin the lower stretch of the Ebrm the province of
TarragonaThe combined output of both plants in 2011 w8203 Gwh/yea(CHE,
2017)of which 3,742 Gwh/year were produced by #irece mothballed Garofiant. A
historical series ofooling waterdemand for the nuclear reactors in the Ebro basin
be foundin Sesma Martirand Rubio-Varas (2017)We may note herthatdemand for
refrigerationwater wasestimatedto be more than 3,500 h#tyearwhen both nuclear
plants were in operatiorwhile the consumptive use (evaporatiomds estimated at
between 45 and 50 H¥gear, according topublic data provided byCHE (2017)
Consumptive use iherefordow in relative termsbutthelarge volume of coolingvater

neededshould be considered a restriction.

The ERB has 457 hydroelectric power plants with a total instaligdcityof 3,894
MW which produced 5,110 Gwh/year in 20However, thisoutputis very unevenly
spread, withl5 hydroelectric plantaccounting fomore than 50% athe hydroelectric
power generatedAlthough hydroelectric power plants do not make consumptive use of

water,thewater discharge®quired can sometimge against the interests of other users.
Urban andotherindustrial waterdemand

The Ebro Basin suppliedomestic water foB,226,921people livingin 1,724towns
and villagesAs shown inTable 1.5, the cities ofZaragoza, Vitoria, Pamplonkogrofo
and Lleida are the largest settlements withore than 100,000 inhabitantsach,
accounting fomlmost 45% of th& R B 6 s poputation. Zaragozaistfiebr o 6s bi gges
city andS p a fififth diggest and itscentralgeographical positioroughly hdf way along
t he r i v enakéssit a foegboigtt The city also contributedaragoza almost 20%
of t he ERBO6 s Thg watesusedtgsatisfddorestic and industrial water

31



Study Area

demandin Zaragoza comes mainly from the Yesa reservoir and the lahggainal,

althoughthe cityalso takes water directly from the Ebro.

Tablel.5. Tenlargest townsn the Ebro river basin

Municipality Province Inhabitants ( I\C/l;PFlJ lip eC?DPC a

Zaragoza Zaragoza 675,121 16,732 24,784
Vitoria Alava 238,247 7,885 33,097
Pamplona Navare 197,488 5,857 29,658
Logroio La Rioja 152,650 3,925 25,715
Lleida Lleida 137,387 4,147 30,188
Huesca Huesca 52,347 1,333 25,459
Soria Soria 39,838 845 21,219
Miranda de Ebro Burgos 39,038 838 21,462
Tudela Navarra 35,268 1,048 29,719
Teruel Teruel 35,241 856 24,280

Source: Own work

Vitoria, theprovincial capital of Alava, is the second most populous city in the Ebro
Basin with more tha@30,000 inhabitantand significantndustry. The wateunsed by the
cityds r es i comastiramthé Zadotras reservoag systemyhich supplies
practically allof the towns imAlava provinceandthe Greater Bilba@area Pamplonathe
capital of Naarre, hasaround 200,000 inhabitants, which makes it the thiggestcity
in the ERB, andit alsoranksthird in terms ofGDP. Pamplonavater supplycurrently
comes fromthree sourcesnamely the Manatial de Arteta (a spring fed by the
underground aquéfr of the Sierra de Andinajhe Eugi reservoir (20 hinand the Itoiz
t h dourth Bit By population and fifth in

GDPterms. Itis suppliedirom the Islallana dam olnegua Rivemwith backup fromthe

reservoir(Canal de NavarjaLogrofioi s

33 hn? of theGonzalo Lacasa reservainthe Arroyo de los Albercos, a tributary of the
Iregua.Finally, Lleida is the fifth most populous city in the ERB and the fourtlerms
of GDP. Thec i t y 0 supplyéandetirat of the surrounding district) confesm the
Santa Ana reservoiia the Pifiana Canal.

Water management institutions

ERBO s r e

sometimesconflicting interests of stakeholders and, above all, because water is a

Regul ation and management of t he
prerequisite for fe. Meanwhile, the verjigh leves of political devolution achieved by
the Autonomous Communities in recent years mdiessvastly the regional nature of

Spainasa country. lbwever, lydrographic basins thatclude parts of more than one
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Autonomous Commmity are managed by public law entiti@smed on the basis of their
physical geography rather than regionpblitical structure. The hydrographic
confederations are therefore attached torgoently renamedinistry for Ecological
Transition(former Enwronment Ministry) and their main functiaare tananagevater
resources in the public hydraulic domaimantrights to exploit water resources, thlan
and build hydraulic infrastructure andverseeenvironmentalconditions in the river
basins conceed, payingspecial attention to theonservatiorof resources and water
quality. Meanwhile, the work afhe hydrographic confederatioisbased on the principle
of user participatiorand they are required to seek consensus among stakeholders before
taking any action above and beyond normal operating proced(@wedasMargeli,
2011) The study aretorms part of théebro Hydrographic Confedation.

Giventhe high volumes afvaterdemandn agriculture and the intensieensumptive
use of theresource in thevaterenergyfood nexusnot to mentionrdemandfrom other
industries and the general population, and the needs of hydroelectric generating plants
and environmental flow requirements, all factors that are linked in one way or another
with the ERBOGs already high | eomeslas noo f S
surprise that the countless competing water uses require permanent management to
address both general and emerging or special issues throughout the river hiasis
our framework Meanwhile climate forecasts point tocreasingsupply-side problems
and ever intensifyingressure othe resourcevhich will in turn require diligent, holistic

management
1.2. Surface water flows in theEbro river Basin

This sectionwill describe theprincipal surface wateflows in the Ebro basirand
identify the key points of use. The information obtained is kel Thesis because

one of theprincipalmethodologiesippliedinvolves hydrological modelling.

The Ebrorises atFontibrein Cantabria from where itenters the province of Burgos
(Castik-Ledn) From the Tovalina valley to Miranda de Ebro, thesr forms theborder
between Burgos and the Basque Countfpst of the contributions from the Basque
Country flow into the river alonthis borderstretch,especiallyaroundMiranda de Ebro.
There areliree significant reservoirs this initial reach. Thesare the Ebro reservoir in
Cantabria, and the Ullivarri and Urrunaga reservoirs, both in the vicinity of Vitoria
(Basque Country). The waters of the Ebro reservoir (code 9801)ARAMA (2016b)
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or http://cehRflumen64.cedex.es/anuarioafoyfsed and mark the start of thel v maind s

course, while thevaters of theUllivarri (9827) and Urrunaga (9828) reservoirs supply
the Greadr Bilbao areavia the ZadorraArratia transfer (200 Heperyear according to
CHE), the city ofVitoria and the irrigated areas of practically the entire province of Alava
(Zadorralrrigation Schemg The main contributions to the Ebrdrom the Basque
Country thereforeome fromthe Zadorra Rivediscounting the uses described, atiter

smallertributaries.

The Ebro reservoir has a maximum capacity of 542 Hnal is the main regulatpr
dam onthe uppestretch of the Ebro. Thaverage annual flow (198013)through tte
dam is286 Hn?. Figure 1.9 showsthe monthly distribution of inflows and outfloves
the Ebro reservoiin the form of aboxplot. Inflows (in blue) are practically nil in the
month of October anthenrise month by month until February, remamp at anaverage
level of around 4045 Hn? until July and then dropping back aroutt@ Hn? in August
and practically zero again in Septemb@utflows from the Ebro reservoir(shown in
orange irFigurel.9) reflecta pattern of water storage and retention during the winter and
spring monthswhen practically no water is disalggd, andvater outflows concentrated

in the period fromJuneto October.

The Ebro reservoinoldsan average water stock of 323 RBrRigure 1.10 presents the
monthly distribution of the stock ithe reservoir which increases in line with the
relationship between inflows and outflows depicted in the previous boxplot between
Novemberand June,when the imbalancewith inflows begirs to increaseto cover

downstream water demands.

The Ullivarri (9827) and Urrunaga (9828) reservaarg, situatedery closeo each other
The Ullivarri reservoir has an average annual flow of 15G.Hrhe pattern ofinflows
(seeFigurel.1l) is similar to that alreadgiescribed fothe Ebro reservoir, while oltiws
follow a pattern of minimunmontHy dischargesof 10 Hn¥, which do not increase
significantly in the summer monthgigure 1.12 shows the monthly distribution of the

waterstock in the Ullivarri resenip, which holdsan average of 101 Hin
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Figure1.9. Ebro Reservoir (9801) Distribution ofinflows and outflows (Hrf)
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Figurel.10. Ebro Reservoir (9801) water stock distribution (H&)
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Figurel.11. Ullivarri Reservoir (9827 Distribution ofinflows and outflows (Hrf)
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Figure1.12. Ullivari Reservoir (9827j Distribution ofwater stock (Hr¥)
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Source: Own work based on data frAPAMA (2016b).

The maximum capacity of the Urrunaga reservoir is 72,Hmd its average outflow is

202 Hit. The distribution of inflows and outflows is shownFRigure1.13In this case,

we may observe that the minimum outflows are around 18 Fihe average stock held

in this reservoir is 45 Hi distributed as shawin Figure1.14. The Urrunaga reservoir
begins its recharge cycle in December, reaching maximum levels between May and June.
Water inflows from then until the month of November are less than 18 wWhile

outflows increase to cover downstream needs.

Figure1.13. Urrunaga Reservoir (9828)Distribution ofinflows and outflows (Hrf)
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Source: Own work based on data frlAPAMA (2016b). Orange represénoutflows and blue inflows.
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Figurel.14 Urrunaga Reservoir (9828)Distribution ofwater stock (Hr)

70 ____________________________________________________________________________________________________________________________________________________________________ -
Il RE_9828_STOCK

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

Source: Own work based on data frAPAMA (2016b).

The town ofMiranda de Ebrdies on the border between BurgowllLa Rioja through
whichthe Ebro Rivebetween the towns ¢taroandAlfaro, forming a border first with
the Basque Country areventuallywith Navare. La Riojahas no majoreservoirs, and
water availability dependamainly on the Ebrg althoughthe regionhasother sizeable
streams, including thBajerilla, Iregua and Cidacasvers The left bank of the Ebro in
this stretchbelongsto Navare. In the south othis Autonomous Communityvater is
taken directly from th&brofor use bythe Mendavia and Lodosgaigation canals. The
rest of the water used in the Ebro ValleyNavarrecomes mainly from the western
PyreneesThe Canal de Navarra canal and the Canal de Bardenas help distribution of this

water.

The Canal de Navarra takes wetem the Itoiz reservoir (9875), commissioned in 2004.
The distribution of inflows and outflows at this reservoir is showRigure1.15 while

the dstribution of the average monthly stockRigure 1.16. Inflows into this reservoir
start in October, when they are practically nil, and rise iaiich or April, when they
begin to fallagain Meanwhile outflows follow asimilar cycle similar to inflows, except

in the summer periodyheninflows dwindle almost to nothing bwautflows increase to
support downstream water needs. This difference leetwatflows and inflowsver the
summeruntil reduceghe water stockeld inthe reservoiby 25%-30% of its capacity

in OctoberNovember The recharge cycle of the Itoiz reservoir therefore begins in the
months of November and December and continuesJumte.
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Figurel.15. Itoiz Reservoir (9875) Distribution ofinflows and outflows (Hr)
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Source: Own work based on data frAPAMA (2016b). Orange represents outflows and blue inflows.

Figure1.16. Itoiz Reservoir (9875) Distribution ofwater stock (Hr)
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Source: Own work based on data frtlAPAMA (2016b).

The Bardenas oal, whichtakes water from the Yesa reservoir (9828pplies part of
Navare, althoughmostof the water outflows from Yesa througfie canalare actually
used in Aragon. The Bardenas caoairently supplies more than 80,000 hectares and
numerous towns both Navare and AragonAs Figure1.17 shows, the distribution of
inflows and outflowsatthe Yesa reservois very similar cycleAccording toFigurel.17

and alsd-igurel.18, which presents the monthtpange irthe averag&vaterstockheld,

a netoutflow of wateroccurs betweeduly andOctober while the reservoicollects more

water than it releasésom Novemler to June

La Loteta reservoir was builb improve watequality and guarantee suppiyr the
city of Zaragoza and neighbourityvns. Work was completed 2008.1t takes its waters
from the Canal Imperial and the Canal de Bardenas (Yesa Reseiatig Sorahannel.
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However,problems ofsalinity affectingits basinrendered it unsuitable for supply uses
andit was therefore decideds o ur c e t h esupply dontidususlywrar ¥esa
and to use the Laverné reservoir (38 Hifor regulation purpses At present, then, the
city of Zaragoza isuppliedwith water from the Canal Imperial, the Yesa Reservoir and

the Ebro River, in variable proportians

Figure1.17. Yesa Reservoir (9829)Distribution ofinflows and outflows (Hrf)
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Source: Own work based on data frMAPAMA (2016b). Orange represénoutflows and blue inflows.

Figurel.18. Yesa Reservoir (9829)Distribution ofwater stock (Hr#)
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Source: Own work based on data frtlAPAMA (2016b).

A densenetwork of canalsexists in the last few kilometres befdie Ebro leaves
Navare and the first few as the riventes Aragon,and this in turn means that the area
has a higltoncentration of irrigated land. The Canal de Lodosa parallel to the Ebro
onther i v er 6 s fram treMavarrdsenuanicipality of Lodosdo itsend in Aragon
Meanwhile the Canal de Tauste and the Canal Imperial de Artakantheir waters from

the Ebro afteit pasgsthroughthe town ofTudelain Navarre These canals also run
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parallel to theriver, one on its left and the other on its right bahkese canalsvere
traditionally very important for Aragomas almost as much #se Ebroitself in fact but
the bulk of the watemow consumed in Aragon actualtpmes from the Pyrenees.

Apart from the Canal de Bardenas and the Yesa reservoir, the left bank of the Ebro in
Aragon is largely supplied by waters from the Central Pyrenees, which recharge La
Sotonera reservoir (9838), the reservoir system formed byavled®846) and El Grado
(9847), and the Barasona reservoir (9848). La Sotonera reservoir is located on the Sotdn
river, a tributary of the Gallego, which in turn flows into the Ebro close to Zaragoza. This
reservoir and El Grado feed the Riegos del Altagdm irrigation scheméigure1.19
andFigurel1.20 present the distribution of inflows and outflows, and the stock held in La
Sotonera reserig which receiveaverage inflows of between 2 hn? from December

to July (around 50 hfrin June)butalmost zero inflows in theemaining fourmonthsof

theyear The water stock held iba Sotonera reservoir increasegerthe monthdrom

December to June amglgraduallydischargd between July and November

Figurel.19. La Sotonera Reservoir (9838pistribution ofinflows and outflows (Hr¥)

S et
[ RE 9838 OUT F [ RE 9838 IN F

140 ______________________________________________________________________________________________________________________________________________________________________
1"_’)0 ______________________________________________________________________________________________________________________________________________________________________
100 _____________________________________________________________________________________________________________________________________________________________________
] e o Sl e

60

40

Apr May Jun Jul Aug Sep

Source: Own work based on data fralAPAMA (2016b). Orange represents outflows and blue inflows.
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Figure1.20. La Sotonera Reservoir (9838pistribution ofwater stock (Hrf)
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Source: Own work based on data frttAPAMA (2016b).

The binary system formed by the contiguous Mediano and El Grado reservoirs located on
the Rio Cincaalso supplies the irrigation channels of the Alto Aragén scheme. The
distribution of flows and the volume of water stored at these two reservoirs, are shown in
Figure 1.21i Figure 1.24. As may be observed, El Grado reservoir holds a practically
constant volume of water since inflows and outflows, whiok @determined by the
management of the Mediano reservoir, are practically equal in quantity. The data for the
Mediano reservoir reflect inflows from the Cinca watershed. This water is managed to
ensure supplied for downstream uses. Because the two resaxkmisituated so close
together and El Grado receives no significant contributions from any source other than
the Mediano reservoir a little further upstream, we can study this reservoir system as if it
were single facilityFigure1.25 presents the distribution of inflows and outflows of this
binary system, whilé&igure1.26 shows the distribution of the water stock stored in the
twin reservoirs. As may be observed, the reservoir system collects water from October to

June but makes significant net discharges in the months of July and September.
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Figure1.21. Mediano Reservoir (9846)Distribution ofinflows and outflows (Hr)
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Figure1.22. Mediano Reservoir (9846)Distribution ofwater stock (Hr)
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Source: Own work based on data frtlAPAMA (2016b).

Figure1.23. Grado | Reservoir (9847) Distribution ofinflows and outflows (Hrf)
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Source: Own work based on data frlAPAMA (2016b). Orange represents outflows and blue inflows.
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Figurel.24. Grado | Reservoir (9847)Distributionof water stock (Hrf)
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Source: Own work based on data frtbAPAMA (2016b).

Figure1.25. Grado | and Mediano SysteinDistribution ofinflows and outflows (Hr¥)
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Figure1.26. Grado | and Mediano Systerwater stock distribution (H)
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Also in the central Pyrenees, the Esera river, a tributary of the Cinca, feeds the Joaquin
Barasona reservoir (9848), while the Noguera Ribag@ziver, already a tributary of
the Segre, supplies the reservoir system formed by the Escales, Canelles, and Santa Ana
reservoirs ¢odes985Q 9851and9852respectively. Both the Barasona reservoir and the
Sana Ana reservoir feed the Canal de Arag&uataluiia, whictholdsa concession of
more than 100,000 hectarefsland approximately of whicls in 60% Aragon and 40%
in Catalonia.

Figurel.27 shows the distribution of inflows and outflows at the Barasona reservoir, and
Figure 1.28 reflects the distribution of water stocks. Barasona collects water from
November to March but in April it makes a net discharge of water only to fill up again
between May and June. The reservoir releases more water than it receives between July
and Octobr.

The reservoirsituated ornn the different headwaters must guarantee flmaseet all
of the differentwater needsdownstream, including environmental requiremeiser
calculating these needfiey must capturenoughwater in the first part ofheflow year
to assureavailability in the summer months. In the case of La Sotottee&| Grado and
Mediano system, and Barasona, may observe that the reservoae filled between
February and MarcltStocks are then discharged between April and Based on snow
level data tomake room forinflows of melt water. Greater reservoir capacity at these
points wouldtherefore enhandbe ERB #ow management capacijtgrovidinggreater

watersecurity in dry years.

Figurel.27. Barasona Reservoir (9848Distribution ofinflows and outflows (Hr¥)
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Source: Own work based on data frlAPAMA (2016b). Orange represents outflows and blue inflows.
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Figure1.28. Bara®na Reservoir (9848) Distribution ofwater stock (Hr¥)
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Source: Own work based on data frtbAPAMA (2016b).

As mentioned above, the waters of the Noguera Ribagorzana River and its tributaries feed
the reservoir system formed by the Escales (9850), Canelles (986%aata Ana (9852)
reservoirsFigure1.29 andFigure 1.30 refer to the first of these reservoirs, which has a
maximum capacity af50 Hn¥. As shown irFigurel.29, inflows and outflows at Esczs

follow similar cycles. However, we may observenfré-igure 1.30, which shows the
monthly distribution of the water stock held in this reservoir, it does not follow the
standard water recharge pattern in the early months of the hydrolpgéradnd nor, in

fact, does anyf the three reservoirs that make the system.Also, thereservoir is

recharged between April and Juguggesting that it iagffected by a late thaw.

Figure1.29. EscalesReservoir (9850) Distribution ofinflows and outflows (Hr¥)
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Source: Own work based on data frlAPAMA (2016b). Orange represents outflows and blue inflows.
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Figure1.30. Escales Reservoir (9850) Distribution ofwater stock (Hr#)
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Source: Own work based on data frtbAPAMA (2016b).

The next in thé reservoir system is Canelles, which has a maximum capacity of 687 Hm
Inflows and outflows are representedFigure 1.31. Once again, inflows and outflows
follow a very similar cycle, although a pattern of net imbalances is observable in the
summer months in this caskEigure 1.32 reveals significant variance in the monthly
volumes of dammed water. Moreover, the average volume of water stored in the Canelles

reservoir is below 50% of capacity all year round.

Figure1.31. Canelles Reservoir (9850 )Distribution ofinflows and outflows (Hrf)
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Source: Own work based on data frtlAPAMA (2016b). Orange represents outflows and blue inflows.
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Figure1.32. Canelles Reservoir (9851 )Distribution ofwater stock (Hr)
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Source: Own work based on data frtbAPAMA (2016b).

Santa Ana reservoiwhich hasa maximum capacity of 236 Hiyrcompletes theystem

of three reservoiren the Noguera Riagorzana river. This reservoir also supplies the
Canal de Aragory Cataluiia canal systerto@gether withBarasona reservoigndfeeds
the Pifiana Canal, whigirovides water fothe city of LleidaFigurel.33 shows inflows
and outflowsat this reservoirOnceagain the patterrs verysimilar, althoughthere is
somerecharging between December and April @ntall net dischargebetween May
and November.

Figure1.33. Santa Ana Reservoir (9852 Distribution ofinflows and outflows (Hr)
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Source: Own work based on data frblAPAMA (2016b). Orange represents outflows and blue inflows.

a7



Study Area

Figure1.34. Santa Ana Reservoir (9852Distribution ofwater stock distribution (H#)
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Source: Own work based on data frttAPAMA (2016b).

A little to the east of the Noguera Ribargorzana river we find the Noguera Pallaresa
river, also a tributary of the Segre. Its reservoir system encompasses the Tremp (9858),
Terradets (9859), and Camarasa (9860) reseriMeanwhile the Rio Segre has two
main reservoirat Oliana (9862) and Rialb (9876), which directly supply the irragat
schemeassociated with the Urgel canal. The Noguera Pallaresa river empties into the
Segre in the San Lorenzo de Mongay reservoir (98@iich hasa capacity of only 10
Hm? andsupplies irrigatiorwatervia the auxiliary channel dhe Urgel canahs well as

domestiowvater to various towns

Figure 1.35 shows the distribution of inflows and outflows a¢ thremp reservoir. The
inflows consist of contributions to the watershed via the Noguera Pallareskiguss.

1.36, meanwhile, presents the distributtiof average water stock. As may be observed,
Tremp has two filling cycles due to its low storage capacity compared to the total annual
inflows, as is also the case in the reservoir system as a whole. The reservoir is thus
partially recharged in the montb§November and December, only to proceed with a net
discharge in the months of January to March and recharge again between April and July.
The data for the Terradets reservoir are present&tgire 1.37 and Figure 1.38. This
reservoir has a capacity of only 33 Blaf capacity, and it backs up and then releases the
inflows received from the Tremp reservoir for hydroelectric use. The inflow and outflow
data for Camarasa, the third reservoir included in this reservoir system, are presented in
Figurel.39. This figure andrigurel.40reflect a similar filling and didtarge cycle to the

Tremp reservoir.

48



Chapter 1

Figure1.35. Tremp Reservoir (9858)Distribution ofinflows and outflows (Hr¥)
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Source: Own work based on data frMAPAMA (2016b). Orange represents outflows and biféiows.

Figure1.36. Tremp Reservoir (9858) Distribution ofwater stock (Hrf)
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Source: Own work based on data frtlAPAMA (2016b).

Figure1.37. Terradets Reservoir (9859 Distribution ofinflows and outflows (Hr)
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Source: Own work based on data frlAPAMA (2016b). Orange represents outflows and blue inflows.
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Figure1.38. Terradets Reservoir (9850 )Distribution ofwater stock (Hrf)
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Source: Own work based on data frtbAPAMA (2016b).

Figure1.39. Camarasa Reservoir (98G0Pistribution ofinflows and outflows (Hr)
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Source: Own work based on data frelAPAMA (2016b). Orange represents outflows and blue inflows.

Figure1.40. Camarasa Reservoir (9860Pistribution ofwater stock (Hrf)
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Source: Own work based on data frelAPAMA (2016b).
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The mat recentlycommissionedeservoir in the Eastern Pyrenees is Rialb reseoroir
the Segre riverwhich providesenhancedwater management capacity. Rialb has a
capacity of 403 Hrhand afluvial contribution of more than 800 Higear. Construction

of the reservoir was completed in 200@Jlowed by a period ofyearsto fill it. The
distribution of inflows and outflowat this reservoiis not presented graphically to avoid

the risk of misinterpretation

On its way from Aragon to Catalonia, the waters of Bieo are dammedirst at
Mequinenza(9803)to form the reservoir witlthe largest capacity in thehole of the
Ebro River Basin, holdingvith 1,530 hm of water Mequinenza reservoir empties its
waters intahe much smalleRibarroja (9804) reservo{capacityof 210 Hn¥). Still just
insideAragon, Ribarroja collects the waters of the two tributaries with the largest flow in
the EbroBasin the Cinca and the Segre. The Ribarroja reservoir drains in Catalonia, at
the tail ofthe Flix reservoirwhich hasa capacity of only 11 hnin this last stretgtthe
waters of theebromuststill cool the Asco nuclear power plant, feed the Xerigation
canals whichaverage annual water demand of more than 1,008) upply the Camp
de Tarragona district by transfer, and maintain environmental flows of 3,560aHm

Tortosa.

The ERB Authority uses the Mequinenza reservoir to manage the lower stretch of the
Ebro and make the necessary contributions to cover water needs. As sheigurén
1.41, inflows and outflows at the reservoir are not very different in most months, although
water stocks rise to their highest levels in the sumnuarting. This is in part because the
reservoir is used for winter flood protection and control, which means that it cannot be at
maximum capacity at that time of year, and it also supports minimum flows in the river
in the months from June to October, rasgjtin average annual outflows of about 400

Hm? in summer Eigure1.42).

Ribarroja reservoir receives the outflows from Mequinenza and also the waters of two
of the main tributaries of the Ebro, the Cinca and the Segre. As can be Bepmei.43,
inflows into the reservoir match outflows keeping the level of its waters, shavigure
1.44, more or less constant. Ribarroja therefore benefits from the absence of any
management activity, a matter to which we will return in Chapter 3. Finally, the figures
for Flix reservoir are presentddgure 1.45 and Figure 1.46. This reservoir has a very

small capacityn relation to the inflows and outflows it supports, which are the practically
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equal. In view of this, Flix is not treated here as a reservoir properly speaking but rather
as a gauging station.

Figure1.41. Mequinenza Reservoir (9808 Distribution ofinflows and outflows (Hr¥)
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Source: Own work based on data frlAPAMA (2016b). Orange represénoutflows and blue inflows.

Figurel.42. Mequinenza Reservoir (9808 Distribution ofwater stock (Hr¥)
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Source: Own work based on data frAPAMA (2016b).
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Figure1.43. Ribarroja Reservoir (9804)Distribution ofinflows and outflows (Hr)
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Source: Own work based on data frAPAMA (2016b). Orange represents outflows and blue inflows.

Figure1.44. Ribarroja Reservoir (9804)Distribution ofwater stock (Hr#)
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Source: Own work based on data frtlAPAMA (2016b).

Figure1.45. Flix Reservoir (9802) Distribution ofinflows and outflows (Hr¥)
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Source: Own work based on data frelAPAMA (2016b). Orange regesents outflows and blue inflows.

53



Study Area

Figure1.46. Flix Reservoir (9802) Distribution ofwater stock (Hr)
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Source: Own work based on data frttAPAMA (2016b).

The descriptionof the EbroRiver Basin made in this chapteeflects both its
multiregionalnatureand some of the socioeconomic differences betvtsasonstituent
Autonomous CommunitiesThe socioeconomic databaseilt for the purposes of this
researchat the municipal levelks attached to this thesis in Excel format, dmel main
parameters used in are providedthe annexo this chapterThis databases usedin
Chapters 4 and 5.

As explained belowthe E R B @ater availability problems are not determined by
annual availaitity, which would always be enough to satisfy all the water requirements
of theEbroBasin but bythe spatial and temporal distributiohflows over the course of
the hydrologicalyear and by the storage capacitgf reservoirs. In this light, the
descrption of flowsprovidedin this chapter igrucially important providingone of the
key modelling and calibration baseésscussed irChapter 5. FigureBgigure 1.9-Figure
1.46 presentdescriptive information on monthly flowat the different reservoirsbased
on data from the gauging yearbo@MIAPAMA, 2016b), . This is a key issu®r the
analysis of water availability anglatermanagementso much san factthat one of the
future lines of research propodewould address the relationships betweteansient
inflow, storage and dam dischargenditions and wateuses given thatdifferences in
thesepatterns reveahot only fluctuationgn rainfall and snowmeltbut also regional
divergences inn water useand in themanagementole played bythe reservoirs
throughout thécbroBasin
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Annexto Chapter 1

Construction of municipal level database forthe Ebro River Basin

The research supportitigs thesisnvolved the collection and calculationraimerous
data at the municipal level. As explathabove, the Ebro River Basin has been pared
down in this thesis to include only its five most representative regions (Aragon, the
Basque Country, Calatonia, La Rioja and Navarre) for the purpose of building both the

ERB input-output tableandthe hydreeconomic model.

The ERBas a whole includes a totafl 1718 municipalities, of which 1480 belong to
the regionsnodelled. As a resulsomeof thecalculationamadeextendonly to the 1480
municipalities of theerepresentative regionsyen thougthe dathase shows the data

referring toall 1718 municipalities of thEbro Basin.

The municipal level databader the Ebro basin is attached to this Thesis in Excel
format and is available upon request.ekplained the database referred to in this Annex
wasbuilt upfrom otherdatabases angingcalculationdased omlata from other sources
(Bureau VanDijk, 2017; INE, 2018, 2015, 2011a, 2011b; MAGRAMA, 2013, 2011,
MartinezCob, 2004) The database contains the informatjmmesentedh the Table AL.6

andit also icentifiesthe water use@oneassigned to each municipality for Chapter 5.
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Variable

DataSource

Table AL.6. Data contained in the municipal level database of the Ebro basin

Notes

i
(

fReview of

ra
90

Ag rian
00 I N

1) Wheat ; 2) Other winter cereals (oats, rye,)e8) Corn; 4) Barley; 5) Other
summer/spring cereals (sorghum, millet,)et8) Alfalfa; 7) Other foddecrops 8)
Industrial crops; 9) CitruBuits; 10) Pome fruits; 11) Stone fruits; 12) Fleshy fruits; 11

Water Needs of Cropg
in the EDb
(MartinezCob, 2004)

Own calculations

Dried fruits; 14) Legumes; 15) Horticulture; 16) Okyd7) Vines; 18) Rice
Water needs are calculated by county, so we have identifiggltb@omous Community
to which each municipality belongs. We use the water need data associated with th
percentile Also, the annuairrigation watemeed are extrapolated from timeonthly
irrigation water needsbserved in this study

Hectares planted and

Hectares planted by annual water needs per hectararepiype

Statistical Yearbook of
the MAGRAMA 2011
Estimated production

The average productivity per hectavas extrapolated from the data contained in the
MAGRAMA yearbook, which are provideat the provincial level.

andfarm gateprices*
(IAEST, 2014)
AAgrari an

* Prices receively farmersonthe sale of agricultural prodeand livestockYears 1990
2013- Average pricefor the years 2002012were applied

20090 (I N

1) Cattle 2) Sheep; 3) Gost4) Equine; 5) Pig 6) Poultry, 7) Rabbits
LU * Livestock Units- Equivalences at www.INE.es

Al beri an
Analysis System
(SABI). Online
Dat abaseo
Dijk, 2017)

Aggregate figures for each CNAE (Spanish Classification of Economic Activities) w
obtained bycombining themunicipal postode with the INEEode (Spanish National
Statistics Institute)The CNAEcodes were grouped basedtba sectoral aggregation of
the multiregional tabldor the Ebro Basin (see Chapter 4). Data referring to the prim

sectorwererejected.

Instituto Klein

Unit
Hectares sowrbroken dowrinto 18 groups of
rainfed and irrigated crops (18 x 2 = 36 data pe| Hectares
municipality)
Annual water needs per hectare and crop type (o Cubic
applies to irrigation) (18 data per municipality) metes
Annual water needs by municipality and crop (on Cubic
applies to irrigation) (18 data per municipality) | hectometers
Estimated output Kiloarams
(18 x 2=36 data per municipality) 9
Outputvalue Euros
(18 x 2=36 data per municipality)
Livestockbroken dowrinto 7 groups (7 data per Heads
municipality) LU*
Ordinary result before taxes (29 sector groups) (|
data per municipality)
Results for the year (29 dgtar municipality)
Farm income (29 data per municipality) Tgfgjfglsds
Operating result (29 data per municipality)
Personnel costs (29 data per municipality)
Value added (29 data per municipality)
Number of employees (29 data peunicipality) Jobs
Gross Domestic Produteries 20002012)
Gross Domestic Product per capita (serie 22002) Euros
Population (2002018) (Totalmaleandfemalg Inhabitants

INE

The database to which we have had access contains the GDP and pé&R&pastimates
made by the Instituto Kleifor the years 2000, 2006, 2068d2012. The rest of the datg

wasestimated by interpolation.
Official population figures at Januaryof each year
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Chapter 2

Background and methodological notes

Academic interest in the resolutionwéterrelatedconflicts and in the valuation of water
as an economic input and a natural resourcetwagnin recent yeargHipel et al., 2015)as
it has become more widely reguged that it haso substituteand isessential for life and for
any kind of development, whiles value depends drothplace and timgHanemann, 2006)
In this light water problems are nabnfinedmerely to the tradeff between costs and

benefitsbut alsoinvolve keysocial and politicatoncerns(Madani, 2010)

When the common resource is wathe logicof personagreed that nderlies the tragedy
of the commongHardin, 1968klashes wittihe realityembodiedy the irrigatiorcollectives
and tribunals of Spajrthe oldesof which can trace their origins back as far2@® BC
(Sagardoy et al, 2001y he venerabl@ribunal de les Aigues in Valen@eaower 1,000 years
old andis heir toinstitutions datingpackat leasto the times ofhe Caliphate ofl-Andalus
(GinerBoira, 1997)Indeed, it is widely helthat the existence of managent organizations
is essential to safeguard tbendition andenewability ofwaterresources, and tguarantee
the interests odll stakeholders ovehe long term(Ostrom, 199Q)Game theoryespecially
repeated games, are exceptionally well suited to miadysis of these situatiosumann,

1964)

The international law associatiapproved h e @A He | s(ILA, B967)iR1066¢0s 0
deal with the issues concerning thestribution of water in internationaiiver basins.
However every riverbasin anaverypotential conflicfeaturests ownparticular issuesnd
eachmusttherefore be addressed in its own terinsactualfact, the distributionsprovided
for in most water treatiegre not basedn law or hydrology but on socioeconomic variables
that determine specific need¥®Volf et al., 1999) It is, then,essential tadentify the key
socioeconomic variables ammbserve thenterrelatiorshipsbetween thento ensure good

watergovernance.
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The more arid the riparian terrainhg more necessary it will b® share outwater
resourcegquitablyand thegreater thgossibility thata givendistributioncould prejudice
someusersand unfairly benefitSpain isa largely dry countrandsemtarid or arid climate
conditions prevail wer approximately two thirds afs landaccording taan officialreport on
desertification in Spai(MMA, 2008). Conflicts over water have existed throughBpanish
history, butSpainhas also been a land of agreemgdetaisrecallthe contents aheBotorrita

Il plague datingrom the 1st century BC, which includes an agreement on water uses.

Theinevitability of conflict and the need for agreemargstill presenin the Ebro Basin
today Moriondo et al. (2010pnd a recent IPCC repoftHoeghGuldberg et al., 2018)
forecashighly adverselimate change impagbnwaterresources-or the ERB, it imrgued,
an increase of 1°C in temperatwambinedwith a 5%dropin precipitation wouldnean a
reduction of around 20% iwater availability. Meanwhile,Milano et al. (2013®xamine
trends in water withdrawals and availabilitylight of water stress indices, highlighg the
vulnerability of aid and semiarid Mediterraneanver basingo climate changéetween the
present an@050.As a matter ofact, increasingaridity has acceleratedesertification in the

ERB (VicenteSerrano et al., 2012)

The following methodologal approaches and tools are used in what folkmwsakean
economicandenvironmental analysis of the ERB, assess possible conflicts between different
water uses or users, and design environmental mitigation measures: 1)ouriput
framework 2) game thory, 3) hydreeconomicmodeling, and 4) geographic information
systems (GIS)The methodologiessed areexplainedat the beginning oéach chaptehut
in the following sections we review the literatarethese frameworks as they relateveger

issues

2.1. Input-output and water framework

Input-output tables (IOTslje atthe core of the inpubutput framework, which is based
fundamentallyon supplyand use tables and the implicit relationshipsy embodyased on

the macroeconomic relationshipsherent inany economy. In fact, a symmetric 103

58



Chapter 2

merelya reorganization of theorrespondingource and destination table under the implicit
hypothesis of simple productigi&urostat, 2008)Symmetric IOT<an be maderoductby
product or industry by industrgependingon the objective of the studyconcernedGiven

our statistical sarces, we use industtyasedables.

The supply table showshatsector or industrproducesach type ogoodand the level
of output Meanwhile the use tableeflects thesectos or industres that consumeach type
of good in theiownproduction proes®s as well aghe part of production intended to satisfy
final demandFinally, the symmetric table will tell us what goods (which may define
eitheras products or athe output ofa givenindustry or sector) are inputssed in the

production ofead of theothergoodsexistingin the economy.

Symmetric IOTs were initially developed at thationallevel asan accountingool to
show the economic transactions between the different agemtd ultimately, the
interdependenciesxisting in acountry® economyThe geographical scopef the method
was later extendedto createmulti-regional inputoutput tables (MRIOTS), which identify
transactions between agents from different countries or regtuiesdetermininghe regioms
of origin and dstination of each exchang®IRIOTs have gainedprominencein recent
decade®sn the back of ever more interglebalization andheincreasng availability of data.
In short,interdependenciegvealedshow us the neetthat eachof the productive sectors
an economy has for the othees well as itgelations withother economie§imports and

exports).

Input-output modelghrow light oninter-sectoral and interregional structs@nd allow
calculation othe totaldirect and indireceffectsof shoclks afectingdifferent economic and
environmental variableBNhite et al., 2015)They are thereferan important tool fothe
analyss of the potentialimpacts of policyproposalson productionHowever, the method
permits not only investigation of the possibleanges iroutput that a given measure could
trigger, butalso of the potentialvariation in other socioeconomic variables such as

employment, consumption or exports. Furthermore, the model can be exterafigtess
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environmentahssess effects. This is extensible to r@gjional inputoutput models, which

add geographic and/or regiori@aturesto inputoutput models.

The input-output framework has been widely used to assess environmental inkacts
exampleLeontief (1970)added a row and a column to obtain an environmental model in a
simplified econmy with two sectors while Lenzen (1998)studied the greenhouse gas
emissioneembodiedn goods and service$his methodology has also been widely used to
study CO, emissions(Chang and Lin, 1998; Duarte et al.,, 2018a; Lenzen et al., 2004;
Machado et al., 2001; Munksgaard et al., 2088} in the spéfic case ofwater,it has also
been enlistedo analyse the relationship betwestonomicagents and wat€Duarte et al.,
2002; Lenzen and Foran, 2001; Velazquez, 2006; Wang et al.,&@fi®)estimatehe water
footprint of different activities(Cazcarro etl., 2016a, 2014; Lenzen, 2009; Wang et al.,
2013; Zhao et al., 2009)nd the flows of embedded water or virtual watetuded in the
goods produced by an econo(ntonelli et al., 2012; Chen et al., 2012; Dietzenbacher and
Velazquez, 2007; Duarte al., 2018b; Zhang and Anadon, 2014)

The methodology has also frequently been extended to d@atbased computable
general equilibrium (CGE) models. Modeilsthis kind have also beeavidely usedas atool
to study waterelated topicsAmong others,the United States Department of Agriculture
developed a CGHKRobinson et al.,, 1990fpr this purpose, while Seung et al(1999)
developed anotherather more specifiCGE modelto assess surface water distribution
policies (creation of a water rights market) in Churchill County, Nevattae recerly
Calzadilla et al.(2011, 2010)usedglobal CGE models to analyse the sustainability of
irrigated agriculture. Another notable example is the nraffional CGE model degned by
Wittwer (2012)and applied inwittwer and Dixon (203) to analyse water repurchase
policies in the Murray Darling Basianderdrought conditions. OthewaterrelatedCGE
models have also been developed to address technological changesmappldon water
management and the distribution of agtietdl production(Cazcarro et al., 2019; Philip et

al., 2014)

60



Chapter 2

2.2. Game Theory and water

Widely used in economics, Game Theory is an argaathematics thaisesformalized
structuresto search for optimal strategies and study of the expected behaveyumply.
According toGura and Maschler (200&his is a relatively young branch of mathematics
that dates back to the publicationTdfeory of Games and Economic BehawerJohn von
Neumann y Oskar Morgenstern in 1944. The history of game thebnefly summarized

in TenorioVillalon and MartinCaraballo, (2015)

Game theoryestablishes a broad classification comprisiognpetitive,bargainingand
cooperativegames The literature on cooperative games and water is extensive. An example
of the application of cooperative games to water can be foudohar y Howitt (1997) who
test the acceptability and stability thie balance in cooperative games atisicuss théwo
main reasongecononies of scale and internalization of externali)i@ghy cooperation is
preferableas a means of apportioniegvironmental control cost®ther works thaapply
cooperative game® addressvaterissues includé\bed-EImdoust and Kerachian (2012)

Liao and Hannam (2013ndNikoo et al. (2012)

In the present contextonsumptive water uses turn water into a sernviate goog and
norrcooperative games will therefore take pride of place in this thesgisciallybargaining
games. Thiss theapproachaken inAtwi andSanchezChéliz (2011) whoanalyse thevater
drawnfrom the River Jordaasingnegotiation gameginding that thecurrentdistribution is
clearlyimprovable.Also, Sechi et al. (2013)sebargaininggames to determineleal core
water distributions and compare them with the current distributios®uthernSardinia,
Italy. Otherpapers to analyseaterissues usingion-cooperative gamescludeKerachian

et al. (2010), Madani (2010)Vei et al. (2010and Rafipowlangeroudi et al(2014)

Evolutionary game theory emerged in the workMéynard Smith (1972) and Maynard
Smith and Price (1973pome relatively recemapershave used thidynamic formof game
theory to analysewater issues. One sucls ParsapouMoghaddam et al. (2015who

combine evolutionary game theory and heuristics study othe Karoon river in Iran.
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Cooperative waterelated games have recently been uséchinil et al. (2016h)whouse
a cooperative game theory framework that applies to the economic and environmental
benefits of stakeholder cooperatitmfind the bst water allocation in a context of diffuse
payments in the Jacar River Basin in Spaikewise, Kerachian et al. (201Qpply fuzzy
payment game theoryto developa model based on Rubinst@&nnegotiation model
(Rubinstein, 1982}o resolve conflicts of interestrising betweerparties inrelation to the
joint use of surface and underground water resourtles study areahosen washe
metropolitan area of Tehran (Iran). Another similar study applied to the KRiwen(Iran)

is describedn AbedEImdoust and Kerachian (2012)

Cooperative games have traditionally been useitivessvaterproblems becaugbey
provide an explanation of behaviour when the resource to be distributed is communal and
finite (Jager et al., 2016)n fact, the presence of stakeholder groups can be kasstoing

wateravailability and qualitfAumann, 1964; Ostrom, 1990)

2.3. Hydro-economic modding

Hydro-economic models combine hydrologicalata with socioeconomic and
environmentainformationto seekoptimal water distributions amorsgveralagents, oto
simulatehydrological events andstimate the resultingocioceconomic or environmental
impacts(Booker et al., 2012)0One of the main strengtlid these modelss that theytake
consider time and spag#o account with regdrbothto theavailablewater ando thewater
needs of thagentsnvolved Hydro-economic models are supported by water fhoadelling
based on the principles of water mass balance and of rivec@intinuity, which determine
the volume of water avail#bin the different river reachd€ai et al., 2003)This involves
the identification ohodesto determine the amount tife available water in eadtretch of
river at any giverniime andformulatingequationgo definethe relationship betweerthem
The nodesin the simplified hydrological scheme developeere and the relationships

between thenmare based othe flowsin the Ebro River Basin describadthe section 1.2.
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Hydro-economic models alsaraw on relevant soci@conomic and environmental
information, such as environmental needs, production, bengéitsand patternand the
water needs ahdividual sectos, as well as crop and land productivity data,ithgation
technologiesised and son. All socic-economicandenvironmentalater usesre identified
and associated with specific use nottethe model of the Ebro River Basin described here
Specifically,the modelintegratesa broad range a$ociceconomic datancluding urban
industrial and farmwater requirementsneasured in terms of domestic consumption,
industrial output and monthly consumptiper hectare for each crgpownmonth by month
as well asagricultural productivity, production costs of each se@nod the like This
sodoeconomic datas obtainedfrom the multiregional inputoutput table devela in
Chapter 4and fromour municipal level databader the Ebro River BasinEnvironmental
requirementsare modelled applyinghinimum flow restrictions throughout the scherm
line with the minimum flows establishddr specificsectionsandpointsin the Ebro River

Basin see annex 5 aZHE (2015b)

Scholars first began to combiaeonomic benefit functions with hydrological concepts to
determine optimal levels of use in arid regions in the 1960s and {i9Z60su et al., 2009)
Since then, these models have been closely linked to agreeiturexample thewereused
to maximize the benefit of farmers through the joint use of surface and ground water in the
San Joaquin ValleyBurt, 1964) and Yolo County (Noel et al., 1980; Noel and Howitt,
1982) Californig andin the economic optimization of groundwatese in Isael applying
different water demand curv@Bear et al., 1968 0therhydro-economic models have been
usedto seekoptimal management and distribution stratefpesurface and groundwater
Pakistan(Rogers and Smith, 1970California(Jenkins et al., 2004nd the JucaBasinin
Spain(Kahil et al., 2016¢)among otherslhese models have mairflycused on agriculture

while taking account of the needs of othgents

Hydro-economic models have also been used to study and propose solutions to

international conflicts. Taking the ian Basin agheir study area andnh view of the
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installation of desalination plants lilge state ofisrael, Fisher et al. (2002)evelopeda
software application containindhydrological and economic information to determine the
shadow price of water ilocal population centres. Also in an international cont®umgler
and Cai (20063tudiedthe MekongRiver, which suppks waterto 75 million people living
in 6 different countries, seeking to improve social benefits by identifying-tHsidetween

irrigation, hydroelectric power plants, municipal and industriasufishing, and wetlands.

Babel et al. (2005)leveloped a model that integrates a dam management module with
ecoromic and water distributioaspects as a means to seekimal distributions between
different agentswhile the timeconditioned model proposeBielsa and Duarte (2001)
differentiates betweerdistributionsdependingvhether irrigationis or is not permitted in the
period concernedrinally, George et al. (2011greated a hydreconomic model to assess

and determine the optimal allocatiohwater fromthe Musi River in India.

Modelsof this kindhave also been usegimong many other purposésgevaluate possible
water marketscalculateshadow prices and tassesghe opportuity cost of establishing
environmental flows in SpaifPulido-Velazquez et al., 2008, 200®) assess the benefits of
possible water reallocation in the MursBarling Basin(Akter et al., 2014)to examine
management and climate change adaptgtdicies in scarcity scenari¢kahil et al., 2016a,
2015) to limit damage in the event of drougiwWard et al., 2006)andto study possible
flooding impactsand theirdirect and indirect econom{donkman et al., 20087 detailed

review of the literature on hydmeconomic modelwill be found inHarou et al. (2009)

As explained below water availability probles are determined not by the annual
availability of water, but by the distribution 86ws overthe year andby storage capacity.
Hence the model developed for the Ebro Basibhasedn monthly flows from October 1 to
September 30 in line witRulido-Velazquez et al. (2008\vhoarguethat monthlyrather than
annualintervals usuallyprovide a better explanation bfdrological varations as well as

reflecting theseasonal behaviour of water demandre accurately
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2.4. Geographic information systems (GIS)

Geographic information systems (GIS) allow different layers of information to be
superimposed on a maphe data in questiomay be related to physical and environmental
variables (temperature, rainfall, slope, drainage area, etc.), hydrology (riverspirsse
gauging stations, channels, etor)sociceconomicvariables (location of industriesand
infrastructure, production lewelin a givenarea, etc.)Meanwhile the combination of
differentvariables in a single mapill reveal the effectsof the variablesconsidered in the

districts selected for examinatiamdand/or on locaindustrie(Cazcarro et al., 2016a)

Given their characteristics, GIS have played an important role in-eooimomic and
environmental argsis and planningMalczewski, 2004)For examplePage et al. (1999)
used GIS to examine the role of Maori participation in tourism and the implications of
indigenous participation in toutiglevelopmentwhile Jonkman et al. (200&pplied the
techniqueto estimatepotential flooddamageby looking at layers of land us@and other
economic dataas well aggeographicand/or hydrologicalinformation Finally, Hubacek
and Sun (2001)also incorporated layers of informatian biophysical attributes and
demographic datéo assess how different development pathways influence uaednd

commoditytrade flows.

GISis used herm combination with the methodologidescribed abovespecially input
output modelsin order to achieve a graphic representation of findingstaumdentify the
areas and municipalitiekely to be most affected by changes in water availability as an aid
to interpretatiorand, in some caseas a basis focompensatoryolicy proposalsAlthough
GIS has rarely been used in conjunction witte inputoutput framework Veen and
Logtmeijer (2005combinedthe techniquevith a biregional table to capture and visualize
the total(rather than merely the diredthpactof possible floothg in the province oSouth
Holland (NetherlandsMeanwhile Hallegatte et al. (201-escribe a similar study focused
on the Copenhagen are@ which they usea GIS/IO combination to assedbe overall

impactsof rising sea levelen socioeconomic variablegluding jobs andalue addedGrét
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Regamey and Kytzia (2008)so use a combination of these toolestimate thevalue of
ecosystems as a service in an alpine region of Switzerdmleé Haddad and Teixeira (2015)
combine GIS with apatialcomputable general equilibrium model to assesgtiential
impactof flooding caused by extreme precipitatidfinally, (Cazcarro et al., 2016ae a
multi-regional inputoutput framework in combination with GIS to locate the grey water

footprint, allowing them to identify critical points and vulnerable areas
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Chapter 3
Environmental flow management:

an analysis applied to theEbro River Basin

This chaptempresents a case study thie flows and conflicts associated with tieal
stretch of the Ebra;omprisingthe land near the Mequinenza, Ribarroja andiekbervoirs,

which are the last on the river, and the environmentally sensitive attea Bbro Delta.

TheEbro Delta makes a very interesting case study in both social and political terms not
only in viewof the minimumenvironmental flowsrequiradn der t he EUGs Wat er
Directive, but also because of two unrelated but nonetheless important factors, themely
demands of theegionalgovernmenbf Catalonia(ACA, 2007; CSTE, 2015and thevery
limited room for manoeuvre available for water managensamte uses ar@readyclose to

themaximumpossible

Thedemands of th€atalarregional governmerare impossible to meeais will be shown
through the simulations performed using actuafldata for recent decadd®ased on the
present analysis, however, it appears that the difficulty is not so much a matter of the
equivalent annuavolume sought by the nationalist political parties but the level of their
monthly demandsMoreover, the cainuation ofthe current managemeatrangements
which place the entire burden of regulation on thequinenzadam implies very high
environmental and social impadieth for thereservoiritself for the surroundingrea ,
Nevertheless, this respondityi could be shared with other reservoirs.

As wewill also seevarious potentiasolutionsexistthatwould guarantee environmental
flows in theEbro Delta, but these wouldmply cooperatiorbetween all users and agents
involved, including those ithe mddle and uppereache®f the river (vhich determine water
availabilityatMequinenza) anthose in the finastretchin Catalonia (associatanainly with

the use of water frorRialb reservoir).

This chaptestrongly underscorebe usefulness of agreements and negotiation between
users ancdhighlights the opportunities they could offer to improve watese andgain
economic efficieng. It also to some extent determines the analysis presented in the next

chapters, revealing thadreditions inthe last stretcof the Ebroaredependent ononditions
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further upstream and stressing the need for extensive geographical plakining.same
time, it points up the nedd integratehe analysis ofvater flows with economianalysis to
throw light on theproblems and interdependencisgsting in the ERBThis is theraison
d 6 ° forithe fusion of hydrological and economic modaé¢scribedn Chapter 5Finally,
this chapternvites us to delve into possible conflicts between users, whitie key issue

underlyingall of theresearclsupporting this thesis

The content of this chapter is essentially the same as that of the article: AlGaméz,
M.A., Sanchez Chdliz, J., Sarasa,(2018) En¥ironmental flow management: an analysis
applied to t helJokErarobClegienPmducti®E8?, 83851. However,
somechanges have been madw®inly with regard to the renumbering of gextions, tables
and graphs to adapt them to the numbering of the thdsanwhile, thebibliography has
been incorporated into the general theditbliography and the Abstract and

Acknowledgments have beeamoved

3.1. Introduction

The importance of water for life, for the environment, for human beings and for
industries of all kinds is indisputable. However, the quality and availability of the resource
are affected by numerowsriables, including increases in upstream use and climate change
(Alcamo et al., 207; IPCC, 2014)spontaneous revegetation and so forth, all of which
combine to diminish fresh watevailability (Gerten et al., 2008)The European Wat
Framework Directive (WFD) was enacted partly in response to declining water availability
(European Communities, 2000h particular, the WFD requires member States to achieve
good ecological status (GESh iall water bodies and river basins, and to establish

Environmental Water Requirements (EWR) and regulate environmental flows (EF) in all of

Europeds rivers, defining the quantity, ti

ensure sustainability deer variable conditions, sé&creman and Ferguson (20100 this
context, our study focuses on the final stretch of the Ebro River (Spain) analysing the

competing EF andther economic uses in the Ebro Delta (a Biosphere Reserve).

In economic terms, EFs present a serious constraint, particularly for arid ardrgemi
regions, because they reduce the volume of water available for consumption and condition
agricultural andndustrial use¢Bonsch et al., 2015However, the GES of water bodies and
river EF also provide environmental and emanc benefits for users and nosers alike, see
llija Ojeda et al. (2008), Loomis (2000), and Perni et al. (2QhZact, environmental flows
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often generate new development opportunities in the areas affected, although can result in
social conflict between potential usérsee, for example, the work Qureshi et al. (2010)
who address the question of who should receive the profits and bear the costs implicit in any

management of environmental flows.

Irrigation communities have long existed to regulate and share the precious resource that
is water, some of them going backnturies, even millennigsagardoy, 2001)The Water
Tribunal of Valencia, whose jurisdiction is a legacy from the time of Moorish rule in eastern
Spainis an examie. Despite the argument that human beings are often selfish and will
sometimes exhaust and destroy shared reso(@mslon, 1954; Hardin, 1968jt seems
when the resource is water that commuradies in fact spring up to handle the tasks of

conserving and all ocating water, contrary t«

Nevertheless, conflicts related with water do exist and when rivers or their basins do not
lie entirely within the baters of a single nation, disputes can become bitter and ingrained
(Wolf, 1998) Even under the same flag, water can become a source of conflict, as in the case
of the Cauvery River in India; in Californ{&lanak et al., 2011)gnlong the Colorado River
(Fradkin, 1981)and in the last two decades in Spain, wherePtllae Nacional del Agua
directly affected Ebro water use and water transfers from the Tagus to th&&uea. The
outline of the National Water Plan has been at the root of ongoing political wrangling ever

since.

This study seeks the best solution to the water conflicts associated with the final stretch
of the Ebro River (Spain), where water uses aradyrdoumping up against their limits, as
we shall see below. The Ebro River runs for 910 km in a seagkerly direction across
northeast Spain to its delta on the Mediterranean coast midway between Barcelona and
Valencia. It has the largest discharge f &panish river, and its drainage basin, at 85,500
sqguare km, is also Spainbdbs biggest. The Ebr.
million people living in over 1,700 towns and villages, but it suffers from high levels of
evapotranspiration, a@row, irregular rainfal(Novau and Campo, 1993loreover, a slight
decline in mean annual rainfall has been observed over the last eight d¥edelesia et al.,
2015) According to(Milano et al., 2013a; S&éhezChdliz and Sarasa, 2015 fact, a
general downward trend in water availability is observable in the Ebro River Basin as a
whole, a phenomenon that is strongly supported by statistics from the Tortosa gauging

station. This only increases the @ese on water alternative uses.
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The legal EFs in the Ebro Basin, and in particular for the Ebro Delta, are fixed and
regulated by the Ebro Basin Authorit@d¢nfederacion Hidrografica del Ebrar CHE in its
Spanish acronym), which is also responsible fergteparation, review and implementation
of annual management plans for the Ebro River Basin. The process involves drawing up
preliminary plans, which are submitted to public scrutiny by all stakeholders (irrigators,
industry, local councils and environmahorganizations) as required by the WKB4d]llester
and Mott Lacroix, 2016)

Water use on the final stretch of the Ebro River is a fiercely competitive matter. Not only
doupstream usesompete with uses in the final stretch, but these downs&eaimonmental
and economic uses also vie with each other. Priorities include the water requirements to
guarantee environmental conditions in the Ebro Delta (a Biosphere Reserve) and to control
the salinization of its farmland. Reserv@ES is another pme environmental concern
especially at the Mequinenza dam. Key economic uses include irrigation and hydroelectric
generating. Rice is the main irrigated crop in the Ebro Delta, and this traditional activity is
essential to maintain the local flora andrfauWater is also drawn off from Mequinenza
reservoir for subsidized irrigation in neighboring wetlands (Aragonese Lower Ebro Plan).
Finally, there are also several I mportant h
stretch of the river. For exgte, the Mequinenza power plant has approximate annual turbine
capacityofsome 4,800Ffm year (equal to 75% of Mequinenz

capacity of 324,000 Kw and output equal to around 50eh&w

Conflict with the autonomous region ofat@lonia is a further issue affecting water
management in relation to tB#ro Delta and most of the Segre River Basin, one of its main
tributaries, both of whi ch aThestromg Camlam Cat a
nationalist movement seeks sed@sgrom Spain and to turn Catalonia into an independent
state. This has resulted in a largely contrarian policy on the part of the Catalan authorities
reflected in uncompromising demands to guarantee environmental needs of the Delta while
excluding Ebroeservoirs like Rialb, which is located in Catalonia and which the natienalist
controlled regional government hopes to appropriate exclusively for local irrigation and

future transfers to the city of Barcelona.

A full study of this complex conflict is beyd the scope of this article, see Saez et al.
(2015), but the key to any possible solution will involve the regulation criteria applied to the

lower Ebro reservoirs. For this reasare develop a water management model which allows
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us to simulate scarcitgcenarios and measure environmental flow default rateghe sake

of simplicity, the model assumes that the volume of irrigation in the delta will remain
constant, which allows us to exclude these uses from the analysis. We likewise assume that
there wil be no additional water demand for hydroelectric generating, sinoe@ooday is

lobbying for an increase of this activity. As a result of these constraints, our model focuses
mainly on the hydrological aspects of the problem (dam reoperation) andDElheoEF
fulfilment. We also tackle the current management of environmental flows on the final stretch

of the Ebro and assess possible alternatives to answer the question: Is there a management
criterion that would assure Delta EFs and at the same ticheagewater pressures on
Mequinenza while maintaining current irrigation and hydroelectric uses are and allowing the

completion of subsidized irrigation plans?

Environmental flows in the Ebro Delta, which are gauged at Tortosa, are currently
regulated by tb Mequinenza dam alone, although other options could be considered. In our
case study, we look at three reservoirs situated in the final stretch of the Ebro River Basin,
namely Mequinenza, Rialb and Ribarroja, which have respective capacities of 1,580¢403
210 hni. Other theoretical alternatives also exist, such as the El Grado and Barasona
reservoirs for example, but they are not viable due to overuse of their water for irrigation and

electric power generation and to their size.

We then go on to usgame theory, especially bargaining games, alongside the
management model developed in order to account for different institutional frameworks and
assess the proposed alternatives. To this end, we develop utility functions based on the
reser voi ewléandflucuatiarg ebtained from the model so as to shed light on the
opportunity costs associated with different management alternatives. Our research aims to
contribute to the settlement of water conflicts and to foster more cooperative and equitable
flow all ocations in the final stretch of Sp:
development and sustainability of the area. This is achieved by linking a combination of
methods based on a proposed water management model with game tledey ia account

for the influence of different institutional frameworks.

The rest of the paper is organized as follows. Se&i®meviews the existing literature
on water allocation. In Sectid@3, we analyse time series from the gauging stationgicgve
a period of 50 years to establish a correlation between water inflow and outflow along the

final stretch of the River Ebro as a basis for the development of our water management model.
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Section3.4 describes the initial results from our simulationsilevtihe results obtained from
the different game theory scenarios are outlined in Se8ttrwe end with a discussion of

our main conclusions and policy recommendations in Se8tén

3.2. Review of the literature

Scholarly interest in water conflictgelution and in assessing water both as an economic
input and natural resource, has increased in recent yelgosl (et al., 20%). As a
consequence, numerous methodologies and models have been proposed to establish best
water allocations based on the constant rise in calculation and data management capabilities,

and on progressive developments in game theory.

To begin with, nmerous hydreeconomic models have been proposed to evaluate water
allocation strategies, see for exam@leorge et al. (2011and to analyse wateelated issues
such as intesector water allocatn, water markets and pricing, conflict resolution, lase
management, climate change and drought among others. Various proposals of this kind have
recently appeared, includiriRulido-Velazquez et al. (2008)vho develop a hydreconomic
model to establish the shadow value of water and assess the opportunity cost of
environmental requirement8kter et al. (2014)who describe a hydrecologcal-economic
model designed to assess water reallocation benefits in the Maréigg Basin (Australia);
andKabhil et al. (2015) and Kahil et al (201&Yyho asses different possible water policies in
scarcity and drought scenarios to handle climate change adaptation in aralgeragions.
More details and a detailed review of the literature on hgdmmomic models will be found
in Harou et al(2009) Alongside these models, we also find papers on the subject of dam
reoperationsuch as Bednarek artthrt (2005), who discuss how dam management could
drive better biological status in tailwaters, and Watts et al. (20d1) show the importance
of dam reoperation in the service of climateange adaptation. These models and
methodologies capture rekewt technical, physical and economic information on irrigation
and production technologies, water flows, the technical efficiencies of different uses,

benefits, demand patterns and so forth.

Meanwhile, computable general equilibrium (CGE) models proviaehar tool which
has been widely used to examine water management issues in recent years. Among others, a
CGE model of the US economy developed by the USDA Economic Research Service (ERS)
is presented irRobinson et al. (1990Wwhile Seung et al. (1999sed a CGE model to
evaluate surface water reallocation policies (water rights)satethe Stillwater National
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Wildlife Refuge in Churchill County, Nevada, af@lzadilla et al. (2010, 201tevelop a
global CGE to analyse the sustainability of irrigation. Another frequently cited example of a
multi-regional CGE model is The Enormous Regional Model or TERM designégttwyer

(2012)and applied byVittwer and Dixon (2013jo analyse watebbuyback policies in the
Southern Murray Darling Basin under drought conditions. Other welated CGE models
have also been developed to address technological changes applied to irrigation water

management, sd#hilip et al. (2014)

Hydro-economic and CGE models have been widely used to assess water allocations, and
in this paper we hee chosen to combine a water management model with game theory, and
in particular with bargaining games, in order to address the impact of different institutional
frameworks and to assess the contribution of the proposed alternatives to the attainment of

environmentally sustainable solutions.

This combination of methods for the analysis of the Ebro Delta in Spain is in line with
prior uses of game theory in conflicts of this type, such asstagh Model for Conflict
ResolutiofGMCR),which usegiame theory to find the best allocation withumsarfriendly
windows operating environmen&EMCR is describedn Hipel et al. (1997)and has been
successfully applied t@an enviromental conflict in North America. Other similar models are
the Interactive ComputeAssisted Negotiation Support system (ICANS) developed by
Thiessen and Loucks (1992¥hich offers bargaining solutions for dymmi c mul ti S
mul ti party negotiation problems, and the W
the water situation in the Middle Ea@$tisher et al., 2002)We may note here thgame
theory provides an explanation for the kinds of communal, cooperative behaviour in question
here(Jager et al., 2016and it appears likely that the presence of stakeholder associations is
a key guarantee of water availability and qugitymann, 1964; Ostrom, 199@ooperative
games have recently been used in connection with water issudsediEImdoust and
Kerachian (2012)o look for the best water allocation in a context of fuzzy payoffs, and in
Kahil et al. (2016h)who use a cooperative game theory framework to show the economic
and environmental benefits of cooperation for stakeholders in the Jucar Rive(R=siv).
Other games have also been used for similar purpodésrachian et al. (2010where a
mod el i's devel oped based (Bubinsiin 1982)te tesolven 6 s b a

conflicts ofstakeholder interests in the joint use of surface and groundwater resources.
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3.3. Data and Methodology

3.3.1Data

As mentioned in the introduction, the legal environmental flows for the Ebro Delta at
Tortosa gauging station, describedTiable 3.1, are fixed and regulated by the Ebro Basin
Authority. At a yearly volume equal to approximately 25% of the mean yearly runoff of
12,500 hr from the Ebro River at Tortosa between 1984 and 2014, well above the level of
10%- 20% normally set for EWR, these EF volumes are very large and represent a significant

constraint.

Table3.1 Proposed enviranental flows at Tortosa gauging station

Oct Nov Dec Jan Feb March Aprii  May June July August Sep Total

Minimum flow

3 80 80 91 95 150 150 91 91 81 80 80 80 95.58*
(m3s)

Monthly

o 214.27 207.36 243.73 254.45 369.36 401.76 235.87 243.73 209.95 214.27 21427 207.36 3,016.4
contribution (hm)

*Annual average, sourc€HE (2014)

Our database includes daily data on water volumes measured at the gauging stations and
water discharges from each reservoir situatetie Ebro River Basin from October 1964 to
September 2014, obtained from the Gauging YearbbkPAMA, 2016). However, the
environmental flows we are concerned with are set monthly, and we have converted daily

figures accordingly.

Meanwhile, the Ebro Delta environmtal flows measured at Tortosa are managed solely
on the final stretch of the Ebro River. Water inflow along the final stretch comes mainly from
upstream and from the Ebrodéds two main tribu
includes the Mequinenz Riald and Ribarroja reservoirs, which have respective capacities
of 1,530 HNd, 403 Hn?¥ and 210 H. The Mequinenza dam collects water from upstream
on the Ebro River, while Rialb reservoir receives water flows from the Upper Segre River.
Meanwhile, both the River Cinca and the Segre flow into Ribarroja reservoir, where the

outflow from Mequinenza also ends up, making Ribarroja a junction of the three rivers.

I Rialb is a new reservoir and the water inflow data comprise actual monthly figures frorl 9®B4Ponts
gauging station) and from 20®14 (Rialb reservoir). Meanwhile, annual data for Rialb between 1981 and
2000 were estimated by linear correlationhafigures from Serds gauging station. Monthly data were assigned
proportionally based on actual data for 2@14.

74



Chapter 3

Figure3.1 provides a schematic representation of the final stretch of the River Ebro; a map
is provided in the Annex dhis chapte(Figure A3.7).

The monthly water inflows at these three reservoirs, the flows gauged at Tortosa and the
flows measured at Serds gauging station reduced by Rialb inflows represent the key variables
in the water management model presented in the following subsataderinflows in the
last stretch of the Ebro are showrTiable A3.10in the Annex.

Figure3.1 Schematic representation bktfinal stretch of the Ebro River. Own work.
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3.3.2 Methodology

Using monthly data obtained by the gauging stations over the last 50 year Q1954
we shall establish a monthly correlation betweeter inflowin the final stretch of the River
Ebro andwater outflow(measured at Tortosa). The data used compritenigfobserved at
Mequinenza and the flows measured at the Tortosa, Fraga and Serds gauging stations,
Table A3.11in the AnnexHowever, this estimation suffers framo serious problems. One
consists of the impact on the monthly flows measured at Tortosa over the last two decades
from artificial floods released for regulation purposes from Mequinenza dam since 2002 in
order to guarantee EF at Tortosa, as well as th#irmous water demand for use in
hydropower operations since 1964. The other is the lack, or relative unreliability, of data
from the 1990s. For this reason, we finally opted to use only data covering the peried 1964
1988 for our initial and auxiliary a@station. Moreover, this estimation was made on an
annual basis to smooth the impact of artificial floods, monthly regulation and water demand

for electricity generating.

We performed a regression applying the ordinary least squares (OLS) method to the
annualized data, with the following resyEquation(3.1)).

w prw phtdTNY Mmoot T (3.1)

Wherew represents the estimated annual water outflow (measured at Tortosa) and
represents annual water inflow along the final stretch of the Ebro measured as the sum of
inflow from Mequinenza reservoir and the inflows from the Fraga and Serds gaugingsstatio
The estimated coefficient (1.04) means that water inflows should be increased by almost 4%
to account for contributions from rainfall and minor tributaries. Meanwhile, the model
constant suggests that withdrawals by irrigation canals plus other lrssasound 1,545

hm?® each year.

Starting fromEquation(3.1), we can obtain the monthly flows at Tortosa used in the
analysis and in our simulations as follo@sjuation(3.2):

) P8 T | N a pMBipcg (3.2

Wherew represents the estimated monthly water outflow in Tortosa,represents
the monthly inflows from Mequinenza, Fraga and Serds, the coefficient is the same as in
(3.1); and the monthly constant, , is obtained by dividing up the constasit,§45.54 Hrf)

proportionally to the monthly flow data of the two main irrigation canals on the final stretch
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of the Bbro. These canals, both of which are located at Cherta (10 km upstream from Tortosa),
have drawn off between 1,085 and 1,343%dmmually over the last 20 years

Meanwhile, the coefficient of 1.04 obtained Equation(3.1) may initially seem an
excessively tough hypothesis in this monthly extension, but we believe it to be acceptable,
given the difficulty of obtaining better monthly coefficients from the dataently available.
Keeping the coefficient means assuming that the monthly contributions from rainfall and
tributaries in the final stretch of the Ebro are proportional to the monthly contributions in the
rest of the river basin. This hypothesis alsamiporates the expected monthly variation as
shown in the monthly histogram froRigure 3.2, where we can see the monthly inflows in
19642014 as a percentage of totallawfis obtained from the Gauging Yearbook for

Mequinenza reservoir and Fraga and Serds gauging stations.

Figure3.2. Monthly inflows in 19642014 as % of total inflows in the period

14%
0,
12% 1L7% 19 206 11.5% 11 294
10.4% 10.4%
10%
0,

8% 8.2% 7.7%
0

5.9%
6%

4.2% 4.3%

4% 3.3%
- I I I
0%

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

Meanwhile, thecriteria applied to monthly distribution of the constah645.54 Hm
allows us to assume that these withdrawals are proportional to their major component (i.e.
withdrawals by the Cherta irrigation canals), which account for an average of approximately
80% according to data from the Gauging Yearbodble 3.2 presents the monthly values
of the monthly constant . This sharing criterion is consistent with the canstDelta

irrigation assumed for the sakesimplicity.

Table3.2. Determination of

Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sept

Total

-158.98

-117.21

-102.14

-63.71

-44.94

-74.09

-146.47

-170.08

-166.88

-171.73

-168.85

-160.45

-1,545.54
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Finally, let us consider the meaning of equati¢®4) and(3.2), and therefore of the
water management model generated. Equélidh)d e s cr i bes a At heoreti ca
defined for a scenario where there is no regulation or intervention via artificial floods. It is
not therefore a description of the natural stream, buapgmoximation to an annual flow
without institutional intervention based on the data actually available. Eqai)ns an
alternative to the available monthly dfatas we shall see, however, the referential scenario
defined byequation(3.1) andequation(3.2) is useful, allowing us to answer the two main
guestions posed: Are current and regulated environmental flows acceptable? Aaieare f

and more cooperative management alternatives possible?

Having obtainectquationg3.1) and(3.2), we can now simulate and analyse alternative
scenarios based on the actual data for the purpdessribed in the introduction.
Significantly, the model allows restrictions to be placed on the admissible levels in reservoirs,
so that we can assess falling water availability in line with the downward trend in
measurements taken at TortgS&nchezChdliz and Sarasa, 201%aused Yy increases in
upstream use, the effects of climate change and revege{Biglsa et al., 201]1)among
other factors. Finally, we can also assess compliance with the mandatory environmental
flows established by the EbRiver Authority.

3.4. Results of alternative management scenarios

In this section, we will present two blocks of simulations. Firstly, we analyse the effects
of scarcity scenarios designed in line with current debates and proposals based on the impact
of climate change and the higher environmental flows demanded byoiatalVe then
examine our own proposed water management strategies to assure compliance with regulated

environmental flows while maintaining current water uses in the Ebro Delta.

In order to study current water availability and compliance with regulated EF in the final
stretch of the Ebro River, we may use equafi@f) to simulate a monthly flowegime

without dams or reservoirs in our first block of scenarios. Focusing on the possible future

2 Hydroelectric uses are not included because they are assumed to remain constant. Experience over the last 20
years shows that hydroelectiises have not posed a problem for Mequinenza in guaranteeing EF in the Ebro
Delta. Moreoverno-one today is lobbying for a reduction of hydroelectric generating and recent plans do not
provide for additional water demands in this area.
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effects of climate change and the higher EF demanded by Catalonia, the different scenarios

(results shown iTable3.3) may be summarized as follows:

1 Current Flows (CF) ScenariMonthly flows are defined by equati¢®.2) and actual

inflows obtained from the Gauging Yearbook. The environmental flows are obtained
from CHE (2014) as shown iTable3.1 above. This scenario approximates the actual
figures while smoothing changes caused by regulation acrédses in irrigation

demand over the last two decades.

9 Higher Environmental Flows (HEF) Scenarithis is similar to the CF scenario but it

includes a 10% increase in environmental flow requirements. This scenario allows us

to evaluatesensitivity to changes in EF.

1 Scenario Lower Inflows due to Climate Change (LFCC) Scenagain, similar to the

CF scenario but assuming a 20% fall in inflows due to the impact of climate change.

M HEF&LFCC ScenarioThi s combi nes scecariaos HAEEEONSaT

with the expected future situation due to tougher conditions.

Table3.3. Natural stream simulation results

. Failed months Failed years

Scenario

Number % Number %
CF 62 10.3% 0 0%
HEF 80 13.3% 0 0%
LFCC 132 22% 2 4%
HEF&LFCC 150 25% 2 4%

Source: Own work.
The dAfailed monthso column refers to t

environmental flows would not have been met by the flows obtained from the simulation,
whiledif ai |l ed yearso represents the number of
measured at Tortosa would be lower than annual environmental flow requirements. The

simulation covers 600 months from 1964 until 2014.

3 The scenarioslefined are intended rather to provide qualitative information (sensitivity analysis) than
guantitative data, so the variations of 10% in Scenario HEF a20%f in Scenario LFCC are merely arbitrary.
However, 20% is in line with some forecasts of possibHuctions in the stream flow of the Ebro River from
2040 onwards, (see, for exampMyares et al., 2009)
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In the Current Flows (CF) Scenartbgere are 62 months in which environmental flow
requirements could not have been met without human intervention, as shbainérs.3*
Hence, compliance with the environmental flows established for the Ebro Delta in our model
would be very difficult without infrastructure (reservoirs and dams), and water management
is theefore crucial to meeting EF requirements. It also confirms the claim that Ebro water
uses are already bumping up against its limits, as mentioned in the Introduction. Furthermore,
the number of failed months increases in the other scenarios, which megams iould not
expect any improvement in the coming decades, mainly because of climate change. This is a
relevant finding, especially in view of proposals made by the Catalan Governh@@ht (
2007; CSTE, 2015which would impose much greater demands on theesyseeTable
A3.12in the Annex

We address our second block of simulations under this same framework, again using
equations(3.1) and (3.2). Specifically, we analyse the impacts associated with two basic
water management strategies. The firdorsyterm regulation a soft alternative based on
optimal monthly levels which are the same for every year and establishedamns rof a
conditional optimization procedure. This simulation is designed to achieve and maintain
optimal monthly water levels for each reservoir every year. The sewmmihly regulation
consists of making timely, targeted discharges to meet speciie aad flow requirements
so as to fulfil environmental flows. This second alternative may or may not be
complementary with the first. The model optimization assumes as a constraint that the level

of any reservoir must be above 50% of capacity in ordpreserve ecosystems.

For the sake of simplicity, we shall take @arrent FlowqCF) Scenariqwhich does
not impose tougher requirements or reductions in water availability) as the base scenario for
further simulations. In the case of bdtng-term regulation and monthly regulation, the
optimization policy is implemented based on the data obtained from the Gauging Yearbook,
and we simulate the potential impacts of the policy for each of the three reservoirs both

separately and simultaneowys|

The basic optimization constraints for these simulations consist of maximum and

minimum reservoir levels. The maximum is determined by the spillway level, but the

4 These flows represent approximately 25% of mean yearly runoff at Tortosa. Compliance would
undoubtedly be greater if requirements were set lower. However, these stringent conditions have been
collectively agreed by Ebro watasers through the pertinent institutional mechanisms.
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mini mum | evel I's merely posited at amtound
is based on two criteria, no area should be strong disadvantaged in order to favour another,
and discharges for all reservoirs should be limited so as to avoid harming the local flora and
fauna and to favour tourism and residential development. Whessexvoir does not
participate in management measures in any simulation, its level is assumed to be fixed at
75% of total capacity in volume terms. When monthly regulation is handled jointly by more
than one reservoir, meanwhile, we assume for the sakepligty that the water used is
shared, 50% coming from Mequinenza, 33% from Rialb and 17% from Ribarroja. The

proportions are 65% and 35%, respectively, when only Rialb and Ribarroja contribute.

The results associated with both letegm and monthly redation strategies in different
situations for the period 1964/19@913/2014 are reflected irable3.4, while the optimum
monthly levels obtained from lortgrm regulatia are providedh Table A3.13in the Annex
Table3.4 shows the results for the main variables modelled (i.e. reservoir level, water volume
and number of EF failures) at Tortosa. In particular, the first and second columns indicate the
reservoirghat shoulder the burden of lotgrm and monthly management of environmental
flows, while the third reports the number of failures to comply with regulated EF. The fifth
column shows the minimum water levels reached at each reservoir, and the sixtthehows
simulated average level over the fifty years of the study period. The percentage of total
capacity associated with the minimum and average levels is also given. This table also

presents the values of the utility functions, which we will define lat8eiction3.3.5.

Note that the Current Flows scenarioTiable 3.3 is the same as the scenariolable
3.4 involving no longterm or monthly regulation, so the number alui@s is the same in
both. Note also that some of the scenarios preseniable A3.13of the Annexmatch those
long-term scenarios iffable3.4 that do not involve any kind of monthly regulatjcso that

the number of failures coincides.

As may be observed frofable 3.4, when management policy is applied at only one
reservoir, its water levels are lower than when management policy is implemented by all.
Likewise, itis plain that longerm planning strategies implemented by one or more reservoirs
reduce the number of fares compared to the CF scenario (§able3.3). However, long
term planning alone cannot assure EF compliance at all times, eventually makirtgrshort

planning nevitable.
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Table3.4 also reveals that all of the alternatives involving monthly regulation by one or
more reservoirs display a zefailure rate, ensuringompliance with the environmental
requirements of the Ebro Delta. This confirms the existence of different alternatives to fulfil
EF at Tortosa assuming the current uses for irrigation and hydroelectric power plants. These
alternatives could be achieved da er by means of i ntervention
current option, or by cooperation between reservoirs. In other words, cooperative options

exist and they are efficient.

Finally, although monthly planning is sufficient to fulfil Tortosa EF requinetsiethe
environmental impact on the regulating reservoir and the surrounding area can be very
adverse, as water volumes occasionally fall below the minimum level of 50% established in

our model. This happens especially if monthly planning is not cardith partnership.

82



Table3.4. Water Management Results 198314

Long- . . Minimum Average Standard Unforeseen Minimum Average *
Monthl Fail R o U, (SE U, (UD
term onthly ars eservorr Level Level Error (SE)  Deviation (UD) Volume (%) Volume (%) '( ) i ( )
Mequinenza 111.64 115.50 2.75 0.19 62% 7% 112.75 115.31
None 16 Rialb 419.42 42255 212 0.31 67% 76% 420.44 422.24
Ribarroja 64.50 66.84 0.91 0.00 60% 75% 65.93 66.84
Mequinenza 111.64 115.48 2.76 0.31 62% 76% 112.72 115.17
Al Rialb 416.14 422.48 2.18 0.86 58% 76% 420.30 421.62
2 reservoirs
S Ribarroja 63.10 66.81 0.94 0.28 51% 75% 65.87 66.53
[}
& Mequinenza 110.88 115.46 2.77 0.50 59% 76% 112.69 114.96
S Only Rialb 419.42 422.55 2.12 0.31 67% 76% 420.44 422.24
Mequinenza
Ribarroja 64.50 66.84 0.91 0.00 60% 75% 65.93 66.84
onl Mequinenza 111.64 115.50 2.75 0.19 62% 7% 112.75 115.31
nly
Ribarroja 0 Rialb 410.26 422.40 2.39 1.57 44% 76% 420.01 420.83
and Rialb Ribarroja 61.34 66.78 1.04 0.61 42% 75% 65.74 66.16
Mequinenza 111.27 114.80 251 0.03 61% 74% 112.29 114.77
None 20 Rialb 42250 42250 0.00 0.00 76% 76% 422.50 42250
Ribarroja 66.99 66.99 0.00 0.00 76% 76% 66.99 66.99
Mequinenza 110.47 114.78 2.50 0.21 58% 74% 112.28 114.57
g Al 0 Rialb 417.49 422.42 0.52 073 61% 75% 421.90 421.69
5 reservoirs
£ Ribarroja 64.92 66.96 0.22 0.30 62% 76% 66.74 66.66
o
g i 109.64 114.75 2.49 0.42 55% 73% 112.26 114.33
= Mequinenza
=3 Only Rialb 422,50 422,50 0.00 0.00 76% 76% 422.50 422,50
@) Mequinenza
Ribarroja 66.99 66.99 0.00 0.00 76% 76% 66.99 66.99
onl Mequinenza 111.27 114.80 251 0.03 61% 74% 112.29 114.77
nly
Ribarroja 0 Rialb 411.74 422.33 1.10 1.53 48% 75% 421.23 420.80
and Rialb Ribarroja 62.41 66.92 0.47 0.66 47% 76% 66.45 66.26
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Long- Minimum Average Standard Unforeseen Minimum Average U (SE) u’ (UD)
i i

term Monthly Fails Reservoir Level Level Error (SE)  Deviation (UD) Volume (%)  Volume (%)
Mequinenza 115.49 115.49 0.00 0.00 76% 76% 115.49 115.49
None 28 Rialb 415.00 420.71 5.97 2.14 55% 72% 414.74 418.57
Ribarroja 64.10 65.99 1.85 0.01 57% 70% 64.14 65.99
2 Mequinenza 113.90 115.46 0.18 0.26 70% 76% 115.28 115.20
x Al 0 Rialb 411.19 420.59 5.97 2.47 46% 71% 414.62 418.12
2 reservoirs
S Ribarroja 63.06 65.94 1.84 0.35 51% 70% 64.11 65.59
% Mequinenza 112.19 115.42 0.37 0.53 64% 76% 115.05 114.89
o]
z Only 0 Rialb 415.00 420.71 5.97 2.14 55% 72% 414.74 418.57
> Mequinenza
5 Ribarroja 64.10 65.99 1.85 0.01 57% 70% 64.14 65.99
onl Mequinenza 115.49 115.49 0.00 0.00 76% 76% 115.49 115.49
nly
Ribarroja 0 Rialb 403.77 420.46 6.05 3.09 32% 71% 414.42 417.37
and Rialb Ribarroja 61.88 65.89 1.86 0.76 44% 69% 64.03 65.13
Mequinenza 115.49 115.49 0.00 0.00 76% 76% 115.49 115.49
i . . . . 0 0 . .
None (2'2:) Rialb 42250 42250 0.00 0.00 76% 76% 422,50 42250
Ribarroja 66.99 66.99 0.00 0.00 76% 76% 66.99 66.99
Mequinenza 113.67 115.42 0.25 0.35 69% 76% 115.17 115.07
Al 0 Rialb 416.27 422.27 0.86 117 58% 75% 421.42 421.10
reservoirs
© Ribarroja 64.43 66.90 0.35 0.48 59% 76% 66.54 66.41
c
2 Mequinenza 111.70 115.35 0.52 0.71 62% 75% 114.83 114.64
Only 0 Rialb 422.50 422.50 0.00 0.00 76% 76% 422.50 422.50
Mequinenza
Ribarroja 66.99 66.99 0.00 0.00 76% 76% 66.99 66.99
on Mequinenza 115.49 115.49 0.00 0.00 76% 76% 115.49 115.49
nly
Ribarroja 0 Rialb 408.84 422.02 1.81 2.49 41% 74% 420.21 419.53
and Rialb Ribarroja 61.21 66.79 0.77 1.06 41% 75% 66.01 65.72

Note: Levels are given in meters above sea level (m.a.s.l.). When no reservoir assumes any regulation, the scendsdrgepicteras CF Fable 3.3 Source: Own work.
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3.5. Insights from game theory

According to Gura and Maschler (2008), N Ga

mathematics that goes back to the publicatiofl&fory of Games and Economic Behawpr
John von Neumann and Oskar Morgenstern in 1944. Game theory undertakes to build
mahematical models and draw conclusions from these models in connection with interactive

decisionmaking: situations in which a group of people not necessarily sharing the same

i nterests are required to make a drebadicsi ono.

elements, namely: players, rules governing play, strategies for each player, and payoffs or
utilities associated with the possible outcomes obtained from the strategies applied.

Game theory is widely used in economics because almost any ecomoogisg(or conflict)
can be modelled as a game with players, rules, strategies and utilities, allowing researchers to
i dentify and assess the different outcomes
then to establish the best allocations. hrs twork, we use nenooperative and bargaining
games to evaluate and compare the actual management of environmental flows on the final
stretch of the Ebro River Basin and outcomes from the management alternatives described

above.

We analyse the water cdict in terms of a game between two players, on the one hand,
Mequinenza reservoir, and on the other, the duo formed by Rialb and Ribarroja reservoirs. The
latter plays a less relevant role in the conflict in view both of its small capacity and of its
geogaphical location (sed-igure A3.7), and its evolution is strongly dependent on the
strategies deployed by Mequinenza and Rialb. Both Rialb and Ribarroja are in @ataloni
making both reservoirs potentially members of a Catalan coalition. For all these reasons and
for the sake of simplicity, we will from now on treat the conflicts as aplager game and

assume that Rialb and Ribarroja always apply the same strategies.

According to game theory, a conflict can be addressed in any one of three ways: 1) non
cooperative games (without negotiation or cooperation), 2) bargaining games (without
cooperation), and 3) cooperative games. These three types of games represent differe

institutional scenarios (rules) or forms of interaction between agents.

In non-cooperative gamegach agent seeks the best outcome for himself, regardless of any
gain or loss for other players. The typical solution is the-camperative Nash equililanm
(Nash, 1951)In bargaining gameseach player only considers his own benefit, but all are

willing to engage in negotiation in order to increase their pgy&dth, 1950)In a bargaining
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game framework, then, an efficient (Pareto optimum) solution for all plesyreded to reach
agreement. The NagiNash, 195Q)and KalaiSmorodinsky solution@alai and Smorodinsky,

1975)are the most common.

Finally, the touchktone incooperative games joint benefit, although the possible allotment
of outcomes is treated as secondary. Under the assumption of rationality, nobody should receive
less from allocation than they could obtain individually. These games are usaladyg by
seeking a nucleus or nucleolus, or by means of Shapley Allotni®h#pley, 1988)The
robustness of the equilibrium reached can be analysed using indexes developed for this purpose
(Dinar and Howitt, 1997)We have not considered cooperative games in view of the social,
economic and institional context of the River Ebro, even though such games are generally

applied in waterelated scenarios.
3.5.1.Defining utility functions

The average water | evel and volume are gooc
both variables captute same information and utility functions based on them provide similar
results. We can, then, safely assume that adverse outcomes or losses for the agents increase
when level values fall. On the other hand, fluctuations in water levels generally inegatiae
impact on growth and development. Moreover, they complicate tourist and residential
development and a high variance can leave reserves at extremely low levels and cause
irreversible impacts on flora and fauna. Hence, the standard errors fovéhe dbserved
provide a sure measure of these last adverse effects. In this context, a first type of utility
functions for each reservoir was calculated by subtracting the standard error from the average
level for the total period of our simulations (sesuBtion(3.3) below).

In order to avoid penalizing loAgrm regulation, we also develop other utility functions
using the unforeseen deviation instead of standard error. These utility functions areddesigne
reflect the fact that the real damage to stakeholders can be calculated in terms of their
expectations, if the agents know the expected level of each reservoir in advance. Unforeseen
deviation is defined in a similar way to standard error using theated level instead of the
average level (see Equati@®4)). The qualitative results obtained from both utility functions
do not differ significantly, bu(3.4) opens the way for future research incorporating more

flexible scenarios.

Utility function with standard errors
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Y » B (3.3)

Utility function with unforeseen deviations

Yo —B  w; Wy o o (3.4
Where'Y and™Y represent the utilities for reservdirobtained from our simulationel;
is the average level for 600 months, from 1964 to 2014, gnd is the standard error in these
months;wy; represents the fixed level in montfor reservoiii according to planned lorgrm
regulation, see Table Sl4 in the &l; represents the observed value for reseivioimonthj

according to the simulation; apd;, is the unforeseen deviation.

The values of our utility functions are shownTiable3.4 and also inTable3.5-Table3.8.
Table3.4, presented in the previous section, shows the standard error and unforeseen deviation,
respectively, in the seventh and eighth columns. The last two columns represent the two utility

levels,”Y and"Y .

As shown inTable3.4 and as expected, the maximum utifity for Mequinenza, 115.49
m.a.s.l., is reached in four situations, when the reservoir does not take on eithHeriomy
monthly regulation. This happens regardless of what Rialb and Ribarroja do. The lowest utilities
are found when Mequinenza assumes both types of regulation alone (117°2@uhor 114.33
for 'Y ), without assistance from Rialb or Ribarroja. In tdse, the minimum level of reserves
drops to 55% of total capacity. This level is environmentally unacceptable, though it is

unfortunately the current institutional reality.
3.5.2 Non-cooperative games

In games of this type, players seek only to optirthegr own utility. The values are shown
in Table3.4 and also in the payoff matrixes for Mequinenza and Rialb showialihe 3.5-
Table3.8. TablesTable3.5 andTable3.7 show the payoff matrixes for the utility function with
standard errotY, while TablesTable3.6 and Table3.8 reflect those associated witf . The
four tables Table 3.5-Table 3.8) present four pure strategies or alternatives for each player
based on the two basic planningeattatives discussed above, namely doing nothing (n); long
term regulation (L) only, monthly regulation only (M), and the combined strategy otéomg
and monthly regulation (LM).

No conditions are imposed in Tabl&able 3.5 and Table 3.6, assuming also that any
alternative (n, L, M, or LM) is viable for any player. Therefore, éhgironmental flows will
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not be fulfilled if, for example, botplayerschoose the strategy doing nothing.(In both

tables, a surprising first result is that the two alternatives which includeidomgplanning (L

and LM) are strictly dominated by daof the other two (n and M) for both players. This also
shows that longerm planning, according to the data for the whole period of 50 years used in
the case study, is not a good alternative although it does reduce the number of failures. Hence,
shortterm and monthly planning without lortgrm planning is always better, revealing the

need for an Ebr o Basi n ohsibilith ahwatdr managentemit. A p er ma

Table3.5. Non-cooperative GameMequinenza vs Rialb Average level minus SE

- Rialb

Y n L M LM
’é n 115.49; 422.50 115.49414.74 115.49420.21 115.49414.42
_g L 112.29;422.50 112.75; 420.44 112.29; 421.23 112.75; 420.01
qg; M 114.83;422.50 115.05;414.74 115.17; 421.42 115.28; 414.62
> LM 112.26;422.50 112.69; 420.44 112.28; 421.9C 112.72; 420.3C

Table3.6. Non-cooperative Game Mequinenza vs RialbAverage level minus UD

- Rialb

¥ n L M LM
E n 115.49; 422.50 115.49418.57 115.49419.53 115.49417.37
_g L 114.77,422.50 115.31; 422.24 114.77; 420.8C 115.31; 420.83
q%) M 114.64;422.50 114.89; 418.57 115.07; 421.1C 115.20; 418.12
= LM 114.33;422.50 114.96; 422.24 114.57,421.69 115.17; 421.62

Table3.7. Non-cooperative GameMequinenza vs Rialb Average level minus Skfeasible

points
- Rialb
Y
n L M LM
- - 115.49420.21 115.49 414.42
L - - 112.29:421.23  112.75; 420.01

M 114.83422.50 115.05414.74 115.17;421.42 115.28;414.62
LM 112.26;422.50 112.69; 420.44 112.28;421.90 112.72;420.30

Mequinenzg

Table3.8. Non-cooperative Game Mequinenza vs Rialb Average level minus UB
feasible points

- Rialb
Y
n L M LM
n - - 115.49419.53 115.49417.37
L - - 114.77;420.80 115.31;420.83

M  114.64 42250 114.89;418.57 115.07;421.10 115.20;418.12
LM 114.33;422.50 114.96422.24 114.57,421.69 115.17,421.62

Mequinenzg
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The Nash equilibrium in Tablésable3.5 andTable3.6, is the solution in which no player
takes on responsibility for management. Timglies another relevant finding, namely that a
norrcooperative approach would not assure compliance with environmental flows without an

institutional framework to enforce environmental requirements and limit private economic uses.

Since such an authorityoes in fact exist in CHE, we can advance in the analysis by
assigning zero values to the crossover strategies underlyingcongpliance with
environmental flows in order to evaluate the game outcomes by imposing compliafiedlsee
3.7 andTable3.8. Once again, the M strategy of both players strictly dominates their L and LM
strategis in both payoff matrixes, making monthly planning better thanteng planning and
again revealing t he need for an Aut hority
management. The game using standard erfafs feflected inTable 3.7, has three Nash
equilibriums. Two of them, Mh and AM are pure strategies, and the other is a mixed strategy.
The mixed strategy equilibrium implies a 99.74% probability that Mequinenza would
contribute to monthly regulation (M), while there would be8a72% probability that Rialb
would do so (M). Both figures are very close to one, so we can identify the third Nash
equilibrium as one where all reservoirs play a part in monthly regulation, a collaborative
solution close to the alternative-M. By contras, the solutions Ivh and AM are obtained in
the absence of cooperation. We may recall here thardpresents the current situation, where
Mequinenza Reservoir alone shoulders the burden of regulatory environmental flows, dropping
the minimum level of reerves to 62% of total capacity, which is environmentally unacceptable.
In n-M we have a similar situation, Rialb and Ribarroja alone shoulder the regulation but
reserves at both reservoirs fall to a minimum level of 41%, which again is environmentally
unacceptable. In other words, the only solution compatible both with environmental water
requirements and current economic uses is the cooperative solution between the three
reservoirs. The same conclusion is reached using the utility funtfiamd its uforeseen

deviations, as may easily been seen fi@ahle3.8.

These three equilibria also point to another relevant social and institutional conclusion
concerning the cdhct with Catalonia. The two Catalan reservolRsalb plus Ribarroja, could
assure the fulfilment of regulated EF either by themselves (stratd)yam in partnership
(mixed strategy). Thus, Catalonia would not need an agreement with the rest obSpHih t

the Ebro Delta EF, although the environmental cost to both reservoirs would be enormous.

This game can be al sfooldmnaMeyrsoe ds tfarnodnp oa niil, e
would guide the game to the Nash Equilibrium that best suits it. Giverptivileged

89



Environmental flonmanagement: aanalysis applied to the Ebro River Basin

geographical situation of Mequinenza reservoir and its size, the {fdiderer Nash
equilibrium would be (¥M), which would allow Mequinenza to maximize its level and utility.
This is also the expected equilibrium if there is no cooperagtween Catalonia and the rest

of Spain, though it would be a bad solution as mentioned above.
3.5.3 Bargaining games

Bargaining games represent another potential application of game theory to the search for
and evaluation of equilibrium, especially when utility transfers between players are possible.
We do not assume any utility transfer between players in our ganteefeake of simplicity,
although in the actual economy there is indeed room for utility transfers between the players
through investment in irrigation and infrastructure by the Spanish government or by tweaking

the water use rights granted by the Ebro BAsithority.

Furthermore, bargaining games allow analysis based on variations in bargaining power,
allowing us to lay bare the institutional framework and power ratios underlying the current
management of environmental flows. Policymakers might decidssigradifferent levels of
bargaining power for a variety of reasons. For instance, greater bargaining power associated
with Mequinenza could compensate the distric
of environmental stewardship until now. Onetlother hand, greater bargaining power
associated with Ribarroja or Rialb could represent a framework within which to raise the

bargaining power of the smallest reservoiraos

Thestatus qudpoints of disagreement or paymewsich players expect to receive if they
do not reach an agreement) is a basic element of bargaining games, and it usually reflects
different institutional frameworks. We show results for two such possible frameworks. In the
first we define thestatus quaas the utility associated with 50% of reservoir capacity (i.e. the
level used to optimize longerm regulation), and in the second we take the worst feasible
alternative for each player, i.e. the utility level that each player would obtain if it haduldesho

the burden of environmental flow management entirely on its own.

Under these conditions, the bargaining solutions of the game are obtained according to
Nash (1950}through optimization of the product of utility gains. Specifically, the problem is

solved for'Y as follows:

DOd Y B2 0OXYY N Y~N"AOCABGARGT @35
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Where 1} s thestatus quahosena the bargaining power of playgrandy 7Y the

utility iIsoquants associated with 7Y, and the bargaining set:
YSYNAT T GO® ET EEOBIAAGAY nMT AAORODEIL O

We have a similar equation fo¥ hwhich is estimated based on the points fiGable3.8.

Table 3.9 shows the Nash Bargaining Equilibrium for batiatus quaalternatives using
the two utility functions and various bargaining powers. Similar information is shokigune
3.3-Figure3.6, where we may also observe the optimum isoquants for three pairs of bargaining
powers and thetatus qu@oint where the axes crosBigure3.3 andFigure3.4 represent the
bargaining game using standard error utility functios &ndFigure3.5 andFigure3.6 using

unforeseen deviations function¥'{.

As shown inTable3.9 and inFigure3.3-Figure3.6, the Nash bargaining equilibrium differs
depending on the type of utility functiofY(or "Y') ard thestatus quaused. When the utility
associated with 50% water reserves is taken astttas quo bargaining power becomes
critical to the Nash Equilibrium. If the bargaining power of Rialb reservoir is higher than or
equal to that of Mequinenza regeir (cases 41, 1-2 and 13), the latter will take on full
responsibility for management when the utility function uséttasmd the solution is M, and
it also wil!/ shoul der the | i oY &ithsotutioasrMa of t h
and LM-L. By contrast, if Mequinenza reservoir has significantly higher bargaining power
(case 31), both players implement the Nash bargaining solution together so that cooperation is
necessary, and the solution is close tdvMor the utility *Y, and to IM-LM for "Y. In other
words, assigning increased bargaining power to Mequinenza shifts the game towards a

cooperative equilibrium.

Fixing the status quoas the worst feasible alternative always leads to a cooperative
solution. Thisstatus quois too much for Rialb, forcing it to play a role that is similar to
assigning higher bargaining power to Mequinenza, which results in a more favourable
equilibrium for the latter than in the previous case for both utility functions. Assuming equal

bargairng power in this case, the results ardwfor "Yand LM-LM for Y.
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Table3.9. Bargaining Game Theory Equilibria, Mequinenza ResemgRialb Reservoir

Bargaining Status

Equilibria when 7Y

Equilibria when 7Y

Power Quo
31 ‘g 115.168 421.416 M-M 115.167- 421.619 LM-LM
2-1 % 114.827- 422.50 M-n 114.96- 422.237 LM-L
11 %’ 114.827- 422.50 M-n 114.96- 422.237 LM-L
1-2 R 114.827- 422.50 M-n 114.635- 422.50 M-n
1-3 B 114.827- 422.50 M-n 114.635 422.50 M-n
31 % o 115.324- 420.83 Mixed equilibrium | 115.308- 420.828 L-LM
2-1 'g % 115.269- 421.037 Mixed equilibrium | 115.237- 421.227 Mixed equilibrium
1-1 "i‘) aE.) 115.168- 421.416 M-M 115.167- 421.619 LM-LM
(2]
1-2 6 | 115.067-421.737 Mixed equilibrium | 115.046- 421.981 Mixed equilibrium
1-3 = 115.007- 421.928 Mixed equilibrium | 114.96- 422.237 LM-L
Figure3.3. Mequinenza vs Rialb (5) - status quo at 50% capacity.
430
Bargaining Powers
428 Megq - Rialb
31
426 _11
13
424
Z
= LM-n
= 422 "
“ LM-M
£ L-M - o
B 0 IM-L —4— LM-LM
Lim
418
416 Status Quo M-LM
\
ML— Y o m
414
110 111 112 113 114 115 116 117 118 120
Mequinenza’s Utility

Note for FiguresFigure3.3-Figure3.6: The black isoquant depicts equal bargaining power, while the orange

isoquant dejets greater bargaining power (3/1) for Mequinenza and the blue one for Rialb
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Figure3.4. Mequinenza vs Rialb ("Y) - status quo at worst feasible alternative (11488.21)

430.0
24280 Bargaining Powers
Meq - Rialb
31
426.0 - — 11
—13
4240 4
= M-n
i
i LM-M
- 4220 e
2 &—Lm
(1]
8 LM-L -
Z 1004 T LM-LM
L-LM
418.0 Status Quo
416.0
ML MM
b o W
4140 T T T T T T T T T 1
1100 111.0 112.0 113.0 114.0 115.0 116.0 117.0 118.0 119.0 1200
Mequinenza’s Utility
Figure3.5. Mequinenza vs Rialb ("Y) - status quo at 50% capacity
430
428
Bargaining Powers
76 | Meq - Rialb
3-1
424 —1-1
>
2
= 42
s
=]
~UI
E=
© 420
[~
418
416 -/ StatusQuo
414 + T T T T T T T T T d
110 111 112 113 114 115 116 117 118 119 120
Mequinenza’s utility
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Figure3.6. Mequinenza vs Rialb ("Y) - status quo at worst feasible alternative (114.63
419.53)

Bargaining Powers
428 - Megq - Rialb

—1-1

426 4 I 31

—13

424 -

422 -

Rialb’s Utility

420 -

Status Quo

416 -

414
110.0 111.0 112.0 113.0 114.0 115.0 116.0 117.0 118.0 119.0 120.0

Mequinenza’sUtility

3.6. Conclusions and discussion

The allocation of natural resources has been widely studied by economists. In this paper,
we consider water uses and the alternative ways of avoiding possible conflict between economic
agents and thenvironment, focusing our analysis mainly on water use in the final stretch of
the Ebro River (Spain) in the period 198@14. We have developed a water management model
to simulate and evaluate different flow management hypotheses, and we have alsedombin
the results obtained from the simulations with {cooperative and bargaining games for
getting the best water allocations. We seek to answer three key questions: (i) Are current and
regulated environmental flows for the Ebro Delta (a Biosphere Resmueptable? (ii) Are
the current economic use (mainly irrigation and hydroelectric generating) compatible with
environmental requirements? (iii) Is there a fairer and more cooperative alternative for water

management in the area than the current one?

Themodel is used to analyse four scenarios (CF, HEF, LFCC and HEF&LFCC) and two
types of water planning (lorigrm regulation and monthly regulation), and eventually leading

on to the examination of findings using roomoperative and bargaining games.

In the CF scenario we assume no regulation (which is similar to assuming that there are no
dams) and the first finding from this simulation is conclusive: compliance with the current EF

in the River Delta would be almost impossible without infrastructure and.ddesce,
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reservoir and dam managemean¢necessary if we are to maintain the current economic uses
with no or little effect on the environment. In other words, something similar to the Ebro Basin
Authority (CHE) is necessary. A further conclusion frons théenario is thatses in the Ebro

Basin are close their limits. This is very important in view the declining trend in Ebro Basin

flows observed in recent decades and expected climate change impacts.

In scenario HEF we assume a 10% increase in curragot Blta EF and no regulation.
The simulations reveal an increment in the failed months (80 versus 62 in the previous
scenario). This demonstrates the difficulty of meeting the ever increasing demands made by the
Catalan regional government in recent ye#msscenario LFCC we simulate a 20% fall in
inflows, to reflect the possible effects of climate change. Again, the failed months rise (150
months versus 62 in CF). Both of these scenarios once again confirm that water uses are already
bumping up againsheir limits, and that an Ebro Basin Authority is needed, not to mention an

improvement in water management policies.

The current water management policy deployed by the Ebro Basin Authority (CHE) is
based on additional daily and/or monthly flows from Meguiza reservoir, which ensures the
water supply for economic activities while at the same time allowing compliance with
environmental flows, except in occasional cases arising mostly in times of extreme drought.
This is directly confirmed by the data angl dur simulations. However, we consider that the
current management structure is highly questionable as regulation is handled by Mequinenza
alone, sometimes leaving the reservoir not just below the acceptable environmental level of 110
meters (representirg0% of capacity) but even below the level where irrigation water intakes
are situated (105 meters above sea level), resulting in high financial, opportunity and

environmental costs for the surrounding areaAdemzanGoémez and Sanch&zholiz (2016)

For these reasons, we have evaluated two aliggnwater management strategies using
our model. The first isong-term regulation and it consists of establishing optimal monthly
levels to be repeated each year. The seconmbighly regulationwhich requires occasional
targeted discharges to fulfil EF requirements. Our results showotigiterm regulationis
useful because it reduces the number of months in which environmental flows cannot be
fulfilled, but it is not enough for a full complince with EFs. Hence, monthly regulation
(additional daily or monthly discharges) is needed to comply with regulatory EFs in the Ebro
Delta. Again, the results suggest that an institutional framework and a river basin authority are
necessary to ensure tretvironmental and economic water demands in the area are met. As a

final significant result, it would appear that compliance with Ebro Delta environmental flows
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does not depend exclusively on the reserves of Mequinenza reservoir. There are alternatives to
the current management strategy, in which the burden is shouldered by Mequinenza alone, so
that Rialb and Ribarroja could take part in flow management or even assume stewardship

entirely. In other words, cooperative management strategies are viable.

We then used game theory to evaluate management strategy alternatives, designing utility
functions based on the simulation results for each alternative and reservecodfmerative

and bargaining games each with its cstetus quand bargaining power parareet are used.

By analysing nofcooperative games, we have been able to ascertain that the current
management structure (N), where Mequinenza reservoir shoulders the full burden of
regul ation, i's a Nash Equil i brcureminstitationalf i r mi 1
rul es, which accept as fAnormal 0o a high degr
reservoir and its surrounding district. Another Nash equilibrium-N4, iim which Rialb and
Ribarroja take on the burden alone, again at a highr@miental cost, making this too a bad
alternative. However, these games have a third, msk@degy Nash Equilibrium supporting a
more equitable and collaborative alternative. This is important because it confirms the existence

of a technical basis for #taboration and for sharing the burden of monthly regulation together.

Bargaining games are a standard analytical tool when different Nash equilibria exist,
because they allow us to select between efficient or Papttmal alternatives. This type of
anaysis can be refined by changing thiatus quo(which we may associate with different
institutional situations) and negotiating powers of each player. We have used two different

parameters for thetatu quo five bargaining power pairs and two utility fuions.

The solutions obtained from this analysis are crystal clear. Although the current
management criteria represent a solution if Mequinenza's bargaining power is low, cooperative
solutions become more probable the greater the negotiating power assiyfemgliinenza, or
the greater the no agreement cost for Rialb and Ribarroja. This of course casts serious doubt on
the fairness of the current institutional water management arrangements for the lower stretch of
the Ebro River.

To sum up, let us consid#ére answers to our three key questions. First, increasing current
regulated flows would be problematic in the medium and long term, especially considering the
potential impacts of climate change and the difficulty of removing existing, vested water use
rights in the Ebro Basin. Second, both economic (irrigation and hydroelectric generating) and

environmental uses are viable assuming current EFs. Third and finally, fairer cooperative
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solutions do exist, which involve sharing regulatory burdens and reliédvengressure on the
Mequinenza area. Moreover, these solutions could promote and increase irrigation in the area

by releasing draveffs for other uses from this reservoir.

The methodology employed in this study represents merely the first step in axomple
analysis that could easily be extended to the whole Ebro River Basin and indeed to other river
basins in Spain and elsewhere. This paper merely provides a baseline for the study of socio
economic effects throughout the Ebro Basin and a point of depdotuseonomic policy

proposals.
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Annex of Chapter 3

Table A3.10. Water inflow in the Ebro last stretch

Period Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
19641965 1,022.68 1,028.06 1,538.76 1,755.78 1,009.21 2,306.56 1,211.11 663.75 42191 352,95 239.80 462.55
19651966 2,024.96 2,298.23 2,699.50 2,065.23 2,391.16 2,111.07 1,641.52 1,391.18 1,505.06 689.72 525.54 502.28
19661967 1,153.30 3,669.75 2,532.41 1,480.00 874.62 1,421.27 1,005.06 790.70 652.32 414.05 301.91 362.90
19671968 505.05 2,270.12 2,266.65 2,886.16 1,490.02 1,441.85 1,629.69 1,411.57 1,258.53 492.17 557.15 624.99
19681969 564.29 73252 1,238.24 1,246.58 1,030.73 3,312.46 3,157.57 2,578.61 1,834.26 1,013.79 556.31 923.44
19691970 918.75  756.73 2,249.51 3,077.98 1,973.23 1,739.95 781.90 1,028.70 986.36 452.88 379.47 398.93
19701971 541.44 592,10 727.52 749.02 906.56 1,154.87 2,085.15 3,890.83 2,447.14 1,123.29 671.09 600.27
19721972 836.82 1,058.39 1,648.31 1,847.78 3,158.38 2,272.42 1,746.32 1,949.31 1,988.61 1,004.51 683.70 1,585.18
19721973 1,399.09 1,329.04 1,364.54 1,539.82 1,762.58 1,307.83 945.18 801.09 1,522.77 457.60 439.86 487.70
19731974 501.11 568.30 803.10 1,031.21 1,216.45 2,495.33 1,988.79 1,162.35 887.30 807.05 457.89 1,089.02
19741975 1,248.37 1,735.72 1,285.97 1,047.72 1,217.29 1,389.57 1,993.21 1,443.34 1,858.45 591.83 49356 776.95
19751976 751.43 1,110.05 1,339.76 694.11 1,579.26 928.34 1,108.03 713.01 431.23 368.52 338.82 407.19
19761977 770.35 1,166.49 1,396.56 2,067.69 1,791.58 1,219.53 1,127.91 3,233.80 2,833.12 1,314.56 990.59 556.56
19771978 1,110.57 1,052.05 1,372.87 1,719.38 3,669.58 2,947.47 1,980.60 2,288.51 1,381.08 72555 397.50 492.58
19781979 484.31  415.52 770.55 2,418.84 3,781.57 2,082.86 2,407.46 1,690.98 2,541.22 747.86 386.57 468.60
19791980 910.06 1,149.77 1,366.09 1,808.21 1,684.25 1,491.89 1,187.27 1,140.35 1,041.33 505.72 296.72  488.72
19801981 74495 715.12 1,925.94 2,102.38 910.45 953.34 1,176.25 1,199.48 638.89 605.20 294.38 336.67
19811982 493.76 391.41 1,159.98 1,650.01 1,262.13 1,641.33 734.22 603.13 672.82 288.18 388.95 485.12
19821983 775.64 1,816.83 2,619.94 1,262.76 1,232.25 1,544.68 1,701.16 932.57 593.06 488.71 626.46 614.58
19831984 433.82 632.75 946.72 1,223.67 1,332.17 1,126.26 1,281.82 1,797.31 1,536.06 368.89 299.21 354.51
19841985 597.73 1,800.58 1,457.43 1,588.45 1,399.72 1,277.98 1,011.40 1,465.53 847.31 505.74 377.68 284.06
19851986 467.86 329.29 332.93 837.61 1,122.77 1,046.80 1,274.83 1,230.11 448.86 308.37 184.97 416.36
19861987 482.38 491.20 653.62 838.34 1,239.37 717.64 1,295.06 562.00 253.84 517.22 25551 368.25
19871988 1,085.56 1,006.41 1,319.61 1,381.95 1,938.25 1,350.99 2,691.07 1,825.66 1,937.25 1,178.15 420.56 398.90
19881989 646.06 638.93 583.04 545.03 462.64 688.50 1,103.70 822.31 677.76 554.38 412.00 434.82
19891990 470.92 596.07 626.01 708.88 637.56 431.13 1,017.15 81495 677.20 418.18 381.30 416.62
19901991 661.37 642.77 952.85 1,010.85 758.41 1,345.79 1,832.79 2,070.51 717.17 493.60 379.18 516.24
1991-1992 663.93 1,170.75 865.79 574.86 54151 635.02 1,745.74 823.71 1,200.88 802.39 59457 614.34
19921993 1,929.05 2,184.43 2,375.37 1,079.61 830.41 1,114.28 954.85 1,266.00 747.20 483.02 429.11 527.04
19931994 960.41 973.34 1,555.33 2,302.57 1,522.12 1,044.91 1,422.09 1,07891 646.66 427.77 340.28 391.79
19941995 817.75 1,493.82 1,025.30 2,224.89 1,214.09 1,778.07 720.25 707.70 553.29 433.35 318.13 335.82
19951996 479.65 557.13 1,044.99 2,520.82 2,285.40 1,639.62 1,092.42 1,180.39 83491 47891 372.78 446.68
19961997 570.99 988.49 2,986.82 3,356.91 1,582.42 878.27 743.22 864.91 1,070.75 723.02 475.35 459.94
19971998 398.04 709.02 2,351.09 1,820.78 1,003.17 806.74 908.93 1,143.54 812.79 326.39 318.67 404.61
19981999 746.84 520.18 872.01 883.55 1,055.58 955.02 525,57 974.31 368.56 317.51 357.36 525.92
19992000 580.50 923.04 1,014.48 692.65 567.69 367.23 984.02 1,226.69 754.98 323.75 362.08 342.77
20002001 676.84 1,047.81 1,309.54 2,167.19 1,721.57 2,524.33 888.21 1,261.33 507.55 426.26 327.82 383.76
20012002 376.50 458.90 348.38 395.82 492.69 446.38 44296 621.74 316.35 222.71 270.74 420.26
20022003 439.59 667.44 1,122.99 1,058.01 1,311.88 1,646.65 764.64 1,074.31 376.94 196.85 268.70 584.09
20032004 605.33 1,367.57 1,703.07 1,796.36 973.98 1,538.25 1,779.92 1,617.70 648.23 355.74 292.43 594.61
20042005 507.73 834.18 849.21 97821 979.69 998.75 1,020.61 613.86 250.84 187.69 189.78 265.55
20052006 360.30 689.06 745.88 1,084.06 510.85 1,426.65 748.02 481.00 268.22 187.29 174.74 382.37
20062007 397.26 539.94 770.44 40290 1,006.67 1,420.10 2,743.45 1,212.17 53255 28556 306.52 326.37
20072008 376.88 299.44 410.24 500.82 32793 672.26 1,227.05 1,649.81 2,075.07 482.40 440.36 532.63
20082009 494,49 1,039.84 1,414.04 1,203.94 2,315.29 1,367.25 1,196.86 982.67 418.02 303.41 355.71 429.13
20092010 42583 691.35 692.61 1,694.37 1,513.87 1,223.11 920.22 1,180.65 1,075.58 361.28 296.49  390.52
20102011 44290 619.71 842.57 788.28 618.76 1,283.98 691.49 423.82 448.76  288.65 290.28  309.22
20112012 277.74 57235 500.52 409.54 574.86 346.00 522.28 746.59 284.71 212.70 164.65 223.17
20122013 660.38 511.27 1,026.14 1,969.59 2,989.20 2,334.91 2,222.72 1,762.02 2,013.52 617.83 417.67 461.21
20132014 574.00 893.15 768.73 1,419.70 1,897.62 2,014.28 1,532.78 719.35 575.25 637.14 551.43 701.40
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Table A3.11. Dataused to obtain Equation 1

Year Tortosa Mequinenza Inflow Serés Fraga
19641965 10,785.73 7,624.62 2,323.22 2,065.26
19651966 18,816.62 11,327.42 4,050.17 4,467.83
19661967 13,883.79 9,472.55 2,836.52 2,349.23
19671968 15,599.95 10,645.44 3,329.89 2,858.60
19681969 17,557.78 9,568.28 3,874.63 4,745.87
19691970 14,437.70 10,138.78 2,347.57 2,258.00
19701971 14,359.16 8,118.89 3,656.91 3,713.45
19711972 19,455.67 11,045.90 5,005.75 3,728.06
19721973 12,780.94 8,090.21 2,096.71 3,170.18
19731974 11,826.04 6,686.06 2,924.66 3,397.14
19741975 13,709.29 9,065.34 3,184.83 2,831.79
19751976 8,455.10 6,319.82 1,896.25 1,553.64
19761977 15,476.04 10,523.06 4,102.75 3,842.91
19801981 9,444.57 8,041.70 2,369.95 1,191.42
19811982 7,456.03 5,378.26 2,547.64 1,845.10
19841985 12,411.19 7,958.35 2,660.84 1,994.35
19851986 6,922.30 5,174.68 1,407.81 1,418.28
19861987 6,995.17 4,702.33 1,278.12 1,693.97
19871988 18,114.95 10,826.21 2,615.80 3,092.34
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Table A3.12. Catalonia Government propos#isough some of its agencies for Tortosa Environmental Flows

= > 3] c Q = = > = — o o Annual
o 2 a S e g & g = S 2 B A"n‘igf,‘sge contribution
(hm?)
Environmental Flows Fixed by Ebro River Basin Authority CHE (2014)
Flow
) 3 80 80 91 95 150 150 91 91 81 80 80 80 95,58
required m°/s
Contribution
hm? 214,27 207,36 243,73 254,45 369,36 401,76 235,87 243,73 209,95 214,27 21427 207,36 3.016,40
ACA (2007) for drought years
Flow 3 87 135 248 285 327 276 336 396 252 167 116 103 227,03
required m°/s
Contribution 533 05 349,92 664,24 76334 8052 73924 87091 1.060,6 653,18 447,29 310,69 266,98 7.164,68
hm3 1 1 1 1 ’ 1 , . 1 1 ’ l 1 . )
ACA (2007) for medium years
Flow
required m¥s 119 202 359 388 436 360 428 500 342 198 150 135 300,97
Contribution 3
hme 18,73 523,58 961,55 1.039,2 1.073,6 964,22 1.109,3 1.339,2 886,46 530,32 401,76 349,92 9.497,95
ACA (2007) for wet years
Flow
required m¥/s 207 317 449 468 511 526 569 623 453 254 187 210 397,45
Contribution
hme 554,43 821,66 1.202,6 1.253,4 1.258,2 1.408,8 14748 1.668,6 1.174, 680,31 500,86 544,32 12..542,47
CSTE (2015) for drought years
Flow 5 84 153 204 143 166 212 329 303 268 147 107 120 186,13
required m®/s
Contribution
hm? 224,99 396,57 546,39 383,01 408,76 567,82 852,77 81155 694,65 393,72 286,59 311,04 5.877,86
CSTE (2015) for medium years
Flow s 124 219 249 219 260 283 410 410 310 180 132 151 245,19
required m?/s
Contribution 53515 567,65 666,92 586,57 640,22 757,99 1062,7 10981 80352 482,11 353,55 391,39 7.742,89
hm3 1 1 1 1 1 1 1 ’ 1 ’ ’ ’ . )
CSTE (2015) for wet years
Flow s 192 326 396 321 316 410 475 413 368 212 166 178 314,16
required m?/s
Contribution
514,25 844,99 1060,6 859,77 778,12 10981 12312 11062 953,85 567,82 44461 461,38 9.920,94

hm?

Source: Own work from CHE (2014), ACR007) and CSTE (2015)

Note: Table A3.12 shows the Environmental Flows legally fixed by the Ebro River Basin
Authority in its first rows, and the proposals of the Catalo government through two of its
agencies in the following rows. The Catalonian proposals are divided in three: proposals for
drought years, for medium or normal years, and for wet years. By columns are listed the
Environmental Flows fixed or proposedr feach month and the contribution that this flow
suppose per month. The last two columns show the annual average flow and the minimum

annual contribution that the Environmental Flows suppose or would suppose.
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Table A3.13. Optimal monthly fixed levels (m.a.s.l.) in the letegm regulation

Apply management

policy Fails Oct Nov Dec Jan Feb March April May June July August Sept
.g Mequinenza 11240 11165 11529 116.14 116.63 115.24 116.47 121.00 119.98 11593 112.23 113.40
% Rialb 16 421.05 42219 426.39 421.37 423.69 421.39 42653 42236 419.71 42324 42440 419.42
< Ribarroja 66.59 66.02 67.19 67.12 67.46 66.72 67.60 67.10 66.51 68.40 67.03 64.50
g Mequinenza 111.28 113,58 11357 115.06 11597 113.23 11563 118.85 119.51 116.48 113.22 111.35
g Rialb 20 42250 42250 42250 42250 42250 42250 42250 42250 42250 42250 42250 422.50
g Ribarroja 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00
'%_Q Mequinenza 11550 11550 11550 11550 11550 11550 11550 11550 11550 11550 11550 115.50
3
% _CE Rialb 28 423.03 415.00 415.00 415.00 415.00 426.89 428.37 42856 429.89 428.23 419.16 415.04
> C
g ° Ribarroja 64.10 64.31 64.28 64.29 64.10 67.15 67.50 68.36 69.92 65.36 66.05 66.55
'g Mequinenza 115,50 115,50 115,50 11550 11550 11550 11550 11550 11550 11550 115.50 115.50
§ Rialb 62 42250 42250 42250 42250 42250 42250 42250 42250 42250 42250 42250 422.50
5 Ribarroja 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00 67.00
Note: Fails6é column refers to the number of months t tvak
Figure A3.7. Map of the study area
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Chapter 4

Chapter 4

Effects of water re-allocation in the Ebro river basin:

A multiregional input-output and geographical analysis

One ofthemain objective®f this chapter is to develapsuitabletool for theinterregional
and intersectoral analysis of the Ebro River Basin (ERBased on a socioeconomic
description of the are&iven our interest in watenpwever, it will also be necessary to extend
this description in environmental terms, sotasidentify the relationships existing between

socioeconomic variables and water in the ERB.

To thisend we may build amulti-regioral inputoutput table for the ERB. As mentioned
above inputoutput tables are availabdes a quantitativaccounting instrument in Spain at the
national level, buthey also been calculated at the leveltbé Autonomous Communities
although with less cdimuity. These regional tables, the World Inyidiitput Database (WIOD),
interregional trade informatioand other statistical sourcese used taonstruct the muki
regional inputoutput table for the ERB

The model created here provides key tools forthe socioeconomic and environmental
analysis of the ERB, which will also serve as the basis for the next chapter. The first is the
input-output table for the ERBself, which is attached to this thesis in Excel format and is also
available on request. Thtable ist o t he best of t, the firsttaubeh or 6 s
constructedfor a river basinbased orphysical rather than administrative constraini&he
secondool produceds theweightingmatrix herecalledmatrix M, which will allow estimation
of the municipal distributiorof the resultsobtained fromthe inputoutput model associated
with theEbro Basin inpubutputtable.

Using theERB input-output table, we have been able to verify the t@ffibetween water
savings and value added in the iba3his tradeoff is not evenly distributedso thatsome
municipalities wirwhile others losas calculated using the seetegion weighting matrix\l).
Meanwhile, graphic representation using GIS data is used to aid in the interpretation of results,

given thathe ERBconsists ofl,480 municipalities.
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The content of this chapter is essentially the same as that of the article: AlGaméz,
M.A., Duarte, R., Langarita, R., Sanchez Choliz(2019) Effects of water rallocation in
the Ebro river basin: A multiregional inpubutput and geographical analysidournal of
Environmental Management, 241, 6857. However, some changes have been pradmly
with regard to the renumbering of thections, tables and graphs to adapt them to the nurgberi
of the thesisMeanwhile, thébibliography has been incorporated into the general bibliography

of the thesis and the Abstract and Acknowledgments have been removed
4.1. Introduction

Water is indispensable for life, for the environment, for human beings, and for industry
(Sepehri and Sarrafzadeh, 201Bjeshwatequality and availability a affected by several
variables, such as increases in upstream(Akmmo et al., 2007)or global warming and
revegetatio (Bielsa and Cazcarr@014) These factors are leading to a global decrease in
freshwater availabilityGerten et al., 2008)Climate change and food safety are important
challenges for human and economic development. Thus, the mitigation of the impact of climate
change, and the design of patterns for sustainable consuraptigoroduction are among the

primary societal challenggbnited Nations, 2015)

Freshwater is a natural resource whose value depends on place aifdainemann, 2006)
since water transport or intkesin water transfers are expensive. So, given the importance of
water and the costs of its transportation, this paper aims to study water use and the water
footprint (WF) from a river bsin perspective, considering both the physical and administrative

contexts.

Specifically, we study the water flows in the Ebro river basin (ERB), which is the largest in
Spain (85,500 Krf), representing 15% of the Spanish extension, and whose basin 366ts 7
of the Spanish population and 8.53% of Spanish GIDie.Ebro River runs for 910 km in a
southeasterly direction across northeast Spain, to its delta on the Mediterranean coast midway
between Barcelona and Valencia. It has the largest discharge &pamsh river (average
9,281hm* year ), and its drainage basin, at 85,50
provides water to more than 3 million people, living in over 1,700 towns and villages, and is
one of the most representative samd river basins of the Mediterranegililano et al.,
2013a) Moreover, according tgalencia efal. (2015) a downward trend in water akability
is observable in the ERB, as in other Mediterranean bésiiteno et al., 2013band other

basins around the wor{&Gerten et al., 2008)
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Regarding the agriculture sector, the ERB represents a very importarh dnecERB, most
crop areas, 17,690 Kiare rainfed, while 5,744 Knare irrigated lan@iINE, 2011) The primary
sector is the most watgliemanding sector, with more than 4,300%year of a total of 5,000
hm®/year usedCHE, 2014) The ERB water is regulated via an extensive network of dams
(Tena et al., 2017gndcanals. They allow for the allocation of the water where orography and
weather promote the better development of agrarian activities. Anotuer feature of this
basin is that it contains, in part onirhole, nine autonomous communities of Spain sdde
4.1 andFigure4.1).

In order to propose measures to reduce the WF in the basin and to estimate the
socioeconomic effects at the municipal level, we combine the-mgput framework with
Geographical Information Systems (GIS). The use of the4opiut methodology is jusied
by the significant literature in this field. The inpaitput framework has been largely used to
assess environmental impacts: Leon{i#970) added a row and a column to obtain an
environmental model. Lenzgi998) used the 10 framework to study the greenhouse gases

embodied in goods and services.

Table4.1. Autonomous Communities in the iBbRiver Basin

Autonomous Total area Area within the Basin within the Part in the

Community (km?) basin (kn3) autonomousComm basin
Aragon 47,720 42,111 88.25% 49.21%
Catalonia 32,091 15,635 48.72% 18.27%
Navarre 10,390 9,229 88.83% 10.79%
CastileLeon 94,227 8,148 8.65% 9.52%
Rioja 5,045 5,023 99.56% 5.87%
Basque country 7,230 2,678 37.04% 3.13%
Castilela Mancha 79,462 1,119 1.41% 1.31%
Valencian Community 23,254 851 3.66% 0.99%
Cantabria 5,327 775 14.55% 0.91%

Source: Ebro River Basin AuthorifCHE, 2014)
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Figure4.1. The Ebro River Basin. Northeast of Spain
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Source: Own work. data obtained fratnAPAMA (2016).

Emissionf CO; have been analysed using this methodology in several wWwadkscsgaard
et al. (2008used the inpubutput framework to measure emissions of@Dnational, city,

and household leveRoibas et al. (2018)sed the inpubutput framework to determine the

carbonfootprint from a consumenesponsibility perspective, in Galicia, a Spanish rediong

et al. (2018used the world inpubutput database (WIOD) to compare levels of embodiegl CO
in the international trade of China and Japarquaye et al. (2014)sed the WIOD database

to develop a global multiregional inpautput model to analyse certain supply chaind their

effects on CO2, water consumption, and pollution, among other environmental variables.

This framework is also used to analyse the tatgnts water relationshiuare et al.

(2002)employed the hypothetical extraction method to analyse the behaviour of the productive

sectors as direct and indirect wat®nsumers in the Spanish economy. There are other papers

focused on water pollution or the WIEenzen (2009 e monst r at ed t hat

npu

can be useful in analysing virtual water flows, applying the analysis to a case study of the

Australian state of VictoridWang et al. (2013¢valuated the WF and the virtual water trade

for the case of Beijing, Chin@azcarro et al. (2016)sed the inpubutput framework to analyse
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the foreign tourism WRWVhite et al. (2015also studied he Hai he Ri ver Basi n¢
stress, using a hydecanomic multisectorial model.

There are other papers focused on analysing embodied watefltradeAntonelli et al.
(2012)analysedgeen and bl ue virtual water O0fhé ows
input-output frameworkChen et al. (20123imulated the lgbal network of embodied water
flow, using atop-down approach of inptdutput simulation for the globalized economy in
2004. Cai et al. (2017yeveloped a multiregional modelrf€hina to analyze the grey water

virtual flows among 30 Chinese regions.

In this paper, we construct a mulégional inputoutput (MRIO) table for the ERB for 2010
to assess the WF. Since the primsggtor, and more specifically crop production, isléngest
water consumer in the ERB, we disaggregate it into 36 crops (18 irrigated and 18 rainfed), 6

livestock groups, and the rest of the primary sector (forestry, fishing, and auxiliary activities).

MRIO models usually cover direct and indiréatpacts at the country or regional level.
However, socioeconomic and environmental impacts take place in much more specific areas.
For this reason, we develop a strategy to downscale the MRIO model results at the municipal
level, using GIS software. We csinuct a downscaling matrix using data at the municipal level,
such as land use, yields, livestock and other industry outputs, water requirements by production,

etc.

The novelty of this paper is the construction of the MRIO model for the Ebro river Ipasin a
its link with information at the municipal level and GIS. This MRIO model, to the best of our
knowledge, is the first developed for this important area in terms of agriculture, which can be
identified as NUT1°. The analysis in this paper shows théitytof these tools for policymakers
in determining the effects of policies on certain socioeconomic variables, and the areas where
the effects will be most evident. In this sense, apart from the novelty of constructing an MRIO
model for the Ebro river bas this work goes further in the research, linking it with local
information. Moreover, its link with GIS allows the display of the affected areas in a map,
which opens a way for the interpretation of results and the identification of the affected areas.
This becomes especially interesting when designing possible policies at the district level or for

collaboration between municipalities.

The rest of the paper is structured as follows: in Sedtbwe explain the methodology and

we show the data used fitre analysis. Sectiof.3 presents the main results, and particularly

5> The Ebro river basin has more than 3 Million inhabitants and is part of two Spanisii NES2(Northeast)
and ESHEast).
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the results at the municipal level, for two scenarios, which include changes in water withdrawals

and value adde®&ections4.4 and4.5 contain the discussion and conclusions.

4.2. Materials and methods
4.2.1. MRIO model for the Ebro River Basin

MRIO tables usually describe the sale and purchase relationships between regions,
producers, and consumers within an economy. They show the interdependencies among
industries, agents, and regidisellers by rows, buyers by columns), as we will see |ates.
construction of the MRIO table for the Ebro river basin consists of several steps, which are

explained below.

First, from the world inpubutput database (WIOTimmer et al., 2015)ve obtain the
global MRIO table for 2010 and we aggregate it to obtain an MRIO table with three regions:
Spain,rest of EU, andest of World. As noted earlier, ofeature of the Ebro basin is that it
contains, in whole or in part, nine autonomous camities of Spain, which are, by alphabetical
order, Aragon, Basqu€ountry, Cantabria, Castilea Mancha, Castilkeon, Catalonia, La
Rioja, Navarre, and Valencian Community. This leads us to develop a multiregional analysis,
and we approach the ERB as pat within the basin of the five most representative regions.
Attending to the smaller sizes of the area inside the basin, we discard -Gaséecha,
Valencian Community, and Cantabria regions. We also discard Glasstite since we consider
that thesocioeconomic data of that whole autonomous community do not accurately describe
the part of the region within the basin (this part of the autonomous community represents less
than 7% of the value added of Castileon and its population)So, for the multegional
analysis, we approach the Ebro river basin as those parts of Aragon, Catalonia, Navarre, La

Rioja, and Basque Country that fall inside the basin.

Second, we divide the Spanish table into six smaller tables, according to the regions
conforming tothe Ebro basin: Aragon, Basque Country, Catalonia, Navarre, La Rioja and rest
of Spain. To divide the national table into these six regions, we use the Regional I0Ts, the table
of Aragon has been obtained frétérez and Parra (200%)e Basque country table frdbustat
(2015) the Catalonia table fromdesCat (2012)the table of Navarre fromiEN (2011) and La
Rioja table fromlELR (2011) We also used data from the Spanish Statistical OffNE,

2017) the cintereg databagglano et al., 20100 see interegional imports and exports, data
from the Spanish Institute for Foreign Trad€EX, 2016)to identify international trade at

regional level, and data from a previous multiregional model developed for (®zaicarro et
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al.,, 2013) In order to facilitatethe following disaggregation, explained below, we also
disaggregate the primary sector of all Spanish regions (ERB regions and rest of Spain) into 3:

agriculture, livestock, and the rest of the primary sector.

Third, to harmonize the table, we apply theproved version of the GRAS algorithm of
Lenzen etl. (2007) The GRAS algorithm is an updating method developedumyus and
Oosterhaven (2003xommonly used in the literature to balance tables, which consists of a
Generalization of the updating/regionalization RAS mett&idne and Brown, 19625RAS
IS an improvement with respect to the RAS, since it allows the updating sguaned tables
and, in addition, accounts for the existence of negative elements, both in the original table and

in thedata to bedjusted.

Fourth, since the five regions considered are not completely within the basin, we divide the
regional 10 tables into two sttlables, the intrdbasin and the tradsasin. To this end, we use
the Analysis System of Iberian Balancetatias€Bureau Van Dijk, 2017)From this database,
we obtain, at municipal level, firrndata, such as gross output (approached by operating
income), value addetibor force, zip code, etc. Then, we use proportions to estimate the gross

output that corresponds to the inbrasin regional 10 tables.

To balance these last estimations, we use the GRAS algorithm again. Once we have
determined the data that compose rigigional 10 tables of the ERB, we calculate tast of
Spain IO table by subtraction. Then, to harmonize the MRIO table, we apply the GRAS

algorithm once more.

Finally, due to our interest in water, for the ERB regions we have disaggregated the primary
sector into 43 activities: 36 different crop productions (18 irrigated and 18 rainfed), 6 livestock
groups, and theest of the primary sector, which covers forestry, fishing, and auxiliary
activities. To disaggregate, we take into account-lasel data fromhe last agrarian census
(INE, 2011) yield-data from MAGRAMA (2011), croppr i ces obtained fro
received by far me(@AESTa20kBlandnéhecbhai safvand ec
agricultural h(MAGRAMAQ2013)i Tinen,Ave asg thaet GRAS algorithm to
balance the table and to obtain the finalmeation.As a result, the MRIO table of the ERB

& The maximizationproblem ofJunius and Oosterhaven (2008)0 & B B so S & ; and weusethe

improved version of.enzen et al. (2007)whose optimization problem i8: OB B & —a& é—— ; both

subjecttoBw 6 NB o OIMBG6 BOMNWEQ
Wherew is the new component of the talplaced in row and columrj and® is the old component, also
known a sy idithee mewsunmoby rows of columando is the new sum by columns of raw
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takes into account 428 productive sectors, as can be seen in Table SI1 of the Supplementary
Information: 69 (36 crops + 6 livestock + 1 rest of primary sector fid@gprimary sectors

sectors by 5 regions; 22 crop production + 1 livestock + 1 rest of primary sector 1@

primary sectorsfrom rest of Spain; and 23ectorgprimary sectois not disaggregated) by 2
regions fest of EU andest of World), and 32 components of final deman@4duseholds,
Government, Gross capital formation, and Changes in inventories and valuables) by 8 regions.
Then, the final structure of the MRIO table of the Ebro basin is the followiggre4.2), with

the 6 Spanish regions plus rest of EU, plus rest of World:

Figure4.2. Structure of the MRIO table of the Ebro river basin

A Aol oy R < R
g | 8 @ |ur 8 U
~ F\ ~ ~ > F] ~
é | 9y é é | U é

O | O |0

In Figure4.2 Qrf‘ are the components of the intermediate inputs matrix X (denoting the
intersectoral trade), composed of submatr&ds EachQFf‘ represents the sales from sector i
of region r to sector j of region s. r and s indices, from 1 to 8, indicate Aragtaipi@a,
Navarre, Basque country, La Riojast of Spainrest of European Union, amdst of World
respectively. Indices i and j represent secteeg[able A.7 in the Annex). U;‘ represents the
components of the final demand matrix Y, also composed of subma®itesEach U;‘
represents the sales from sector i of region r to component d of the final demand of region s.

Index d, from 1 to 4, are Householdapvernment, Gross capital formation, and Changes in

inventories and values respectively.represents the value added of sector j in region s

Reading the table by columns, we can observe the productive structure of each sector of each
region, and the gendencies of other sectors of other regions. Meanwhile, reading it by rows,
we can observe the destination of the production. Since the table represents a closed economy

(the whole world), sums by columns coincide with sums by rows (see eq(#atipn

o N} "4a A i (4.1)

=)
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8‘
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>
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Where@ represents the total output of segténom regions. Fromthe MRIO table of the

ERB (figure 2) we obtain the matrix of technical coefficieAtsywhich represents direct needs

from sectorj per Euro produced by sectgrand whose components are thé calculated

following equation(4.2). we can describe the multiregional links in a matrix form (equation
(4.3)).
of -~ 4.2)
6 AOAM O & A QNHEO (4.3)

Wherel is the identity matrix (428x428Y, is the final demand matrig,is a (32x1) column
vector of ones € A s the Leontief inverse, which indicates the inputs generated by
sectori incorporated directly or indirectly to sectoper euro of final demand of secioo is
the (428x1) Gross Output vecto) R "His the final demand aggregated vector

w BB (I)HF‘ , which includes different kinds of final demand: househalugestment,
government expenditures, and exports.

4.2.2. Environmental extension: Blue and green water

The definition of WF is close to the concepts of embodied water and virtual(Watkstra
and Chapagain, 2008Embodied water is therater necessary to produce a good or service
(direct) and the water needed to produce the goods and services involved in its productive
process (indirect) (seghapagainand Orr,2009) The term fAvirtual water
iembodaiteed OW but generally refers to embodie

indicator takes into account both direct and indirect wate(higekstra et al., 2009)

In these terms, there are three kinds of WF: blue, green, and gréyogestra et al., 2009
and Mekonnen and Hoekstra, 201Dhe blue WF refers to the volume of freshwater consumed
and/or evaporated in the production process (supply chain) of a good or service, when water
comes from a freshater body (surface or groundwater). The green WF refers to the rainwater
stored in the soil as soil moistugeapotranspirated (consumed) by plants when they are part of
a productive process. The grey WF refers to pollution (not to consumptidis defined as
the amount of freshwater required to assimilate the load of pollutants. Blue and green water are
directly associated with water consumption and water availafattil and Mishra, 2018)

so, we will focus on these two.

Thedirectwater used by a sector refers to the direct water consumption of the sector and it
is only a part of the WF, or the embodied wakéwwever, knowing the water needed by sector
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per euro of total production, we can obtain the virtual water flow matrix using theaofuit
framework(Roibas et al., 2017)he virtual water flow matrix shows by rows the origins of
embodied water, and by columns the destination of the water embodi&chfded.3). Thus,
totals by rows (usually last column) identify the water used from the rageector identified

by each row; and totals per column (usually the last row) identify the WF.

The data for direct water used have been obtained from the world input output database (see
Genty et al., 2012)This dataset is provided for 40 regions andrigustries, for the period
19952009. We estimate the 2010 data, following equatiot):

Q Qy Qy Qy . Q Q

‘ ‘ ‘ ‘ Qp W ‘ ‘
oy, Wy, Wy, oy, % P S ®

(4.9

¢ =5

Where'Qy represents the direct water used by septor regions and yeart, and oy
represents the gross output of seg¢torregions and yeat. To estimate the direct water used
by the ERB regions and the rest of Spain, for-pomary sectors, we assume the same direct
water used over output rati@p, Wy, for Spain. For primary sectors, we use land use
data(INE, 2011) proportions and coefficients fro@azcarro et al. (2014nd Chapagain and
Hoekstra(2004) and wateineeds data at the county level from Marth@b (2004) thus, we
are also able to estimate the water used in each municipality for feeding each crop. Then, for
further actions, we calculate both vectors, direct blue water per euro and direct green water per
euro, following equabn (4.5). These vectors are called unit requirements.
o
@

Thus, we are able to extertvironmentally the model using these vectors to obtain the

0 (4.5)

virtual water matrix V) of the ERB (see equati@d.6)). To this end, we usé and« which are
the vector of unit requirements of water (blue or green), and the vector of final demand (
JLﬁ diagonalized respectivelyw (428x428) is the virtual water matrix which shows the

embodied water traded between sectors and regions.
I = (4.6)
4.2.3. Downscaling: from regions to municipalities

As the effects on water resources are usually located in small and specific areas, and MRIO
models usually show environmental impacts at a country or regional level only, we ptilmpose

extend the MRIO analysis with GIS layers and municipal informatiothis way, we will be
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able to estimate the water used in specific hotspotandierstand those hotspots and their
locations, to propose policies at the municipal level, and so on.

We make use of thBureau Van Dijk (20173§latabase, sindé contains information at the
municipal level, sector by sector, about output and other relevant variables, for all sectors except
the primary, to discern the proportion that the output of each sector in each municipality
represents over the output otbaegion and sector. To estimate the percentages of the primary
sector, we use owelaboration data that distinguish between irrigated and rainfed crops and
take into account the area dedicated to each crop at the municipal level, as well as different
yields by region. Data on crop production and livestock have been calculated using the 2009
censugINE, 2011) with yieldsfrom MAGRAMA (2011) and prices fromlAEST (2013)

We have used these proportions to estimate the parts of the regional 10 tables that are
included in the basin (mentioned 8ection4.2.1) and to develop the matrM. Matrix M
(148x428) contains, by columns, the percentage that the output of each of the 1,448
municipalities represents over the gross output of each sector in its region. Once we have matrix
M, following equatbn 5.7, we can determine, by sector, the gross output at the municipal level,
Xm (148x428) using the output vector of the MRIO model, diagonalized. Moreover,
substitutingd by *1 0 in equatior(4.7), we can allocate blue or green watezdiat the municipal
level. Also, we develop unit requirements vector of value added, to estimate the municipality
distribution of this macranagnitude. We use this vector in the same way that we use the water
related ones.

fr E6 EESH; EN6 ETEO 4.7)
4.3. Results

4.3.1. MRIO table for the ERB and virtual water flows

As introduced in the Methodology section, iowitput tables represent the economic flows
among sectors and regions. They show by rows the origin of the products or services, and by
column the sectors or the final demand agents that purchase them. Asendter, the
intersectoral trade shows the structural links and dependencies among sectors and regions.
Commonly, the last rows depict taxes, value added (VA), and output (as the sum of the
intermediate inputs and value added), by sector or region egpeesin each column. Table 2
depicts the aggregated MRIO table that shows the economic flows in the regions of the Ebro
Valley and the trade among the regions: Aragon (ARA), Catalonia (CAT), Navarre (NAV),
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Basque country (B_C), La Rioja (RIO), and inchuglifor each region the trade flows wrst
of Spain (R_SP)est of European Union (R_EU), arest of world (R_W).

The output of the ERB in 2010 was 0179, 337
gross output, whil e t hoa, regrésentsf8.0% df SparisRBA, Thél 7 7 , 7
ERB output can be divided into intermediate
(u68, 151 million), 38%, anrdstd lppio LO0t2% testwf4 1, 450
European Union, and 3.4% testof World. The ERB imports goods and services amounting
to 044,201 mi ltestof&pain, 3529%.frdm@st of Eumpean Union, and 15.4%
from rest of World. So, The ERB is a net importer region. The largest producer in the ERB is
Ar agon (ilidhy follBvwaed by Navarre and Catalonia. Aragon imports from the rest of
ERB 04, 5 4ahditernainicammercial partner is Catalonia. Navarre and Catalonia have
an output of 037,474 million and 03@tn830 mi |

is Aragon.

Following equation(4.6), we obtain the virtual water flow3.able 4.3 shows the virtual
flows of blue plus green water by regions. The virtual water flow matrices show the embodied
resource, that is to say, the water in the different regions and sectors, directly and indirectly
incorporated in the various steps of threduction supply chain. Similarly that inpatitput
tables, the virtual flow matrices show the origin of the resource by rows, and the destination by
column. Then, the column sums over the rows show the total water used in production by the
correspondingector or region (the water footprint). Meanwhile, the row sums over the columns
can be interpreted as the total water requirements (virtual water) for each sector and region
according the final demand.

As can be seen, the table of blue plus green vivia#r flow shows that the ERB is a net
importer of embodied water. The ERB uses 14#8¥from its water, while the ERB embodies
15,908hm?® of virtual water in its production. Thus, the ERB is a net importer of virtual water,
which is common in Mediterranean countries due to the usual consumption p¢dtersrs
Olsen et al.,, 2012)Aragon, which uses 48% of the total ERB water used by production
activities, produces goods and services that amount only to 39% of ERB output. Similarly,
Catalonia (part of which is withithe ERB) uses 30% of the ERB water, while the region
produces 19% of the ERB goods & services (Bable 4.4). In fact, both regions produce
Awa-t at ensi v e ainlycroms énd dvessock, ima higher proportion than the others.
On the other hand, Navarre and Basque Country use 10% and 3%, respectively, of the ERB

water used and they generate 20.9% and 12.6% of the ERB gross output, respectively.
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Some socioeconomiand wateirelated variables, separated by sector and region, can be
seen infable4.4. In general, the highest output by region are services and industry. The service
sector is the largest in Aragon, Catalonia, and La Rioja, where the output of the service sector
represents between 43% and 45%. In Navarre and Basque Country, the sector with the largest
output is industry, at close to 50% in both regions. In these twong¢Navarre and Basque
Country), the weight of the primary sector is much lower than in the other three regions, not
only in terms of production, but also in value added, which is mostly concentrated in the service
sector, which represents more than loélthe value added in every single region. The region
whose service sector weight is lowest is Basque Country, 54% of value added; in contrast, the
Aragonese service sector represents 63%. The distribution of the main socioeconomic variables
differs amongegions and sectors. We can identify Basque Country and Navarre as industrial
regions, where the primary sector has a significantly lower weight than the other three regions.
Within the primary sector, livestock is an activity that distinguishes amongnsgi represents
2.5% and 4.6% of the output of Aragon and Catalonia, respectively, while in the other regions

it represents less than 1%
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Table4.2. MRI O Table of the Ebro River Basin Aggregated
Intermedate inputs Final demand
Ebro River Basin RSP R_EU RW Ebro River Basin RSP R_EU RW
ARA CAT NAV B.C RIO ARA CAT NAV B C RIO
ARA | 23,039 381 691 277 294 5,705 4,005 1,237 27,100 85 173 44 92 1,768 4,011 918
Ebro | CAT| 259 11,963 676 417 126 1,371 599 333| 1,041| 12,517 269 84 30 530 892 394
River | NAV 961 56 | 12,314 432 271 2,412 2,694 917 327 16 | 12,252 105 119 860 2,920 817
Basin B._C 656 93 1,019| 7,137 254 1,755 963 567 175 23 272 | 7,190 70 797 1,046 570
RIO 337 16 392 129 | 5,216 1,269 485 109 221 6 116 93| 5,730 676 628 201
R_SP| 4952| 1,773| 2,361| 2,567| 1,165| 749,522 70,826| 52,200| 4,369 734 | 2,444 877 600 | 867,677| 60,568| 36,343
REU| 4161| 2581 3,002| 1515 521 | 83,497| 9,617,703| 1,083,494| 1,142| 1,611 754 222 47| 54,090|10,034,073| 839,005
RW| 1,038 2025 539 729 264 | 72,633| 1,101,714|37,428,689 527 | 1,236 223 186 38| 31,126| 500,772|35,346,951
TAX 716 159 337 174 176 | 29,748| 474,182| 556,354
VA | 31,371| 14,784| 16,144| 9,210| 7,339| 911,066 |10,454,248| 35,364,788
OUTPUT | 69,820 33,830| 37,474| 22,587| 15,626 | 1,858,978|21,727,419]74,488,687
Table4.3. Blue plus green virtual water flows by regiohaf)
ARA CAT NAV B_C RIO TOTAL ERB R_SP R_EU R W EXTPOOTRA'II:ED DTigItAV'\;a:ter
ARA 4,594 316 413 66 33 5,422 1,253 209 116 1,578 6,999
CAT 632 2,535 69 32 7 3,276 707 165 168 1,040 4,316
NAV 99 7 1,085 33 13 1,237 194 53 31 278 1,515
B_C 17 2 23 311 11 364 54 15 7 75 440
RIO 50 5 58 39 744 896 212 37 22 270 1,167
TOTAL ERB 5,393 2,865 1,648 481 808 11,195 2,419 478 344 3,242 14,437
R_SP 935 295 459 296 136 2,122 67,155 3,105 1,917 74,299
R_EU 285 215 129 95 79 803 4,273 489,733 38,260 533,069
R_W 496 579 277 275 161 1,789 15,273 177,454 9,592,907 9,787,423
IML%TR,AT"ED 1,716 1,090 865 666 376 4,713
TOTAL = WF 7,109 3,955 2,513 1,148 1,184 15,908 89,120 670,770 9,633,429
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Table4d4. Soci oeconomic and environment al

Region Sector Output VA VDVZ(::: Slslé% zlrtee:rﬁ t?ng e\:\:;tngtr
water used| productivity

Irrigated crops 830 633 1,887 2,208 0.34

Rainfed crops 615 469 0 2,494 -

Livestock 1,719 388 131 0 2.96

Aragon Rest of primary sect 115 58 23 74 2.52
Industry 27,729 6,997 13 0 538.23
Construction 7,171 2,920 170 0 17.18

Services 31,641 19,473 0 0 -

Irrigated crops 839 605 1,513 1,860 0.40

Rainfed crops 233 168 0 651 -

Livestock 1,559 332 119 0 2.79

Catalonia | Rest of primansect. 74 35 15 48 2.33
Industry 11,642 2,753 8 0 344.13
Construction 4,359 1,619 103 0 15.72

Services 15,125 9,087 0 0 -

Irrigated crops 354 255 359 493 0.71

Rainfed crops 279 201 0 538 -

Livestock 363 65 28 0 2.32

Navarre Rest ofprimary sect. 26 14 5 17 2.80
Industry 18,221 4,643 10 0 464.30
Construction 2,772 1,350 66 0 20.45

Services 15,460 9,344 0 0 -

Irrigated crops 41 28 67 79 0.42

Rainfed crops 99 68 0 188 -

Livestock 190 57 14 0 4.07

gc?jr?turs Rest ofprimary sect. 5 3 3 3.00
Industry 11,258 3,055 0 381.88
Construction 3,278 962 78 0 12.33

Services 7,715 4,872 0 0 -

Irrigated crops 339 211 374 502 0.56

Rainfed crops 188 117 0 201 -

Livestock 84 54 6 0 9.00

La Rioja | Rest ofprimary sect. 33 16 7 21 2.29
Industry 6,167 1,997 7 0 285.29
Construction 2,071 692 49 0 14.12

Services 6,745 4,172 0 0 -
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Of the water used in production, 4,589 *hof a total 5,059 hfhof blue water are
consumed by the primary sector, 464%hsrused by construction sector, and the rest, 46 hm
by industry. Apart from that, the primary sector also uses 9,37?®hgneen water. Irrigated
crops use 83% of the blue water used in the ER&ributed irregularly among regions;
Aragon and Catalonia irrigators together use 67% (3,469 dithe blue water used in the
ERB. Irrigators from La Rioja and Navarre use a similar amount of blue water, which, in
sum, represents 14.5% of the totahisBue Country irrigators use only 67 hinlue water,
which is only 1.3% of the total. The construction sector uses 9.24% of the blue water, with
no differences among regions in relative terms. Livestock activities consume 2.6% of blue

water in Aragon, an@.3% in Catalonia, while the other three regions consume 1% in total.

We divide value added by direct blue water to obtain the apparent blue water productivity.
In the whole ERB, the apparent blue water productivity in irrigated crop production is 0.41
G/3m in 1ivesthocikn ddnsitsr utdGdomd iint iirddulsé ry/ r
Considering these values of apparent blue watteductivity andtaking into account the
proportions of blue water used, we focus on crop production to propose talesa save
water and deal with possible reductions in water availability. The apparent blue water
productivity in the ERB for irrigated crops is not the same in the five regions. In Aragon it is
0.33% uim Cat alPoniim NavdrimieBds gue tCountry it i
and i n La RThesg differ@nces 6ouldibe oaused by the intensity of use, the crop
mix (land use) and the productivity of the combination of factors (land, water, capital, and
labour) of each crop in each regidhe intensity of use can be obtained frdable 4.4,
while the crop mix can be seen Table A4.8 in the Annex. Production in euros (tons

multiplied by price)or each crop and each region can be sedalie A4.9 in the Annex.

We can satisfy the same final demand and reduce the blue WF, substituting the final
demand of sectors and regions that provoke a higher WF in the ERB, by demand of the same
sectors in the regions that provoke the lowest VWable4.5 summarizes the data for irrigated
crop production embodiments in final demaiitie third column identifies the embodied
blue water (the blue WF) in one euro of final demand, by sector andhydgion the Ebro
river basin, and the fourth column identifies the blue WF caused outside the ERB (rest of

Spain, Rest of European Union, and Rest of the World) per euro of final demand. The fifth
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and sixth columns identify the green WF. Columns 7 and® $he embodiments of value
added per euro of final demand and where that value added is generated.

As can be seen, the coefficients of the same crop differ by region. These coefficients
capture the total effect, that is to say, the direct effecttpumdirect effect. While the direct
effect captures the direct use of the resource (blue or green water) or the value added
generated, the indirect effect captures the resource embodied in the different stages of the
production process; that is, it deplsron the productive structure of the region itself and of
the regions providing the inputs.

Given the primary character of agricultural goods, the direct effect represents the larger
part of the total effect, with the differences in the coefficients tegim Table 5 being, in
great part, associated with the direct effect. The differences in the requirements of water per
Euro are mainly motivated by the factors affecting direct water productivities, that is by the

climate, by the differences in the prativity of the land, and by the difference in prices.

Using the data iTable4.5, we propose two scenarios, in which wealecate the final
demand of crop productiorgdking to reduce the blue WF, and maximizing the value added.
In these scenarios, we use the same strategy: for example, in scenario 1, we identify for each
crop, the region that, per euro of final demand, provokes the lowest blue WF in the ERB and
thereg on t hat provokes the highest blue WF in t
final demand of this crop of the region with the highest WF to this crop in the region that has
the lowest WE. In scenario 2, we are looking to maximize value added, sowe e G100, 000
of final demand from the regions with the lowest value added per unit to the regions with the

highest. Results can be seemable4.6.

As can be seen in bk 5.6, we can satisfy the same final demand of each crop, saving
water (first scenario) or having a higher value added (second scenario). The first scenario
shows that we could save 1.06 haf blue water and 1.32 hhof green water; however,
valueaddeavoul d decrease by around 044,000 in the

hectometre of bl ue water would cost around U

“l'n scenario 1, we subtract 0100, (betauseithastmeldrdgest f i nal
wheat blue WF coefficient) and we add 0100, 000 to the
| argest wheat Blue WF coefficient); we subtract 0100,
G6§G100, @O fti o atl demand of Navarrebés corn; we subtract «
and we add 0100,000 to the final demand of Navarreds

119



Effects of water rallocation in the Ebro river basin: MRIO and geographical analysis

the ERB. The second scenario | ooks tamd i ncrea:
green water also increase, by 0.6%famd 0.85 hrirespectively. These scenarios show the
opportunity cost, in the cases where we prioritize one objective. Choosing other crops to
reallocate their final demand, other tremfés appear and, since theodel we use is linear,

other combinations are possibM/e use these two scenarios as examples, to show the
capabilities of combining the MRIO table with data at the municipal level and GIS software,

and their utility for policymakers. Knowing thieadeoffs between environmental and sacio

economic variables at global and local level is indispensable for policy makers. Policy

makers should also know where and how their decisions will have an effect. For this reason,

we developdin 5.3.2a strategyo locate the impacts.
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Table4.5. Embodiments per euro of final demand in irrigated crop production

Blue WF (n¥/ 1) Green WF (fd () Val ue Ad

crop In ERB Abroad In ERB Abroad In ERB | Abroad

Wheat 1.9557 0.0036 3.2038 0.0184 0.9860 | 0.0359

Corn 2.0764 0.0034 2.2841 0.0174 0.9881 | 0.0343

Barley 2.0108 0.0032 3.5168 0.0162 0.9877 | 0.0345

Alfalfa 1.8899 0.0070 2.1157 0.0360 0.9471 | 0.0678

Aragon Other fodder 1.4444 0.0052 3.2109 0.0268 0.9613 | 0.0558
Pome fruits 2.0107 0.0096 2.2058 0.0494 0.9221 | 0.0884

Stone fruits 3.7135 0.0086 4.2648 0.0438 0.9327 | 0.0796

Horticulture 1.2208 0.0053 1.7080 0.0271 0.9681 | 0.0507

Rice 2.3562 0.0053 2.1028 0.0270 0.9684 | 0.0505

Wheat 1.5125 0.0042 2.5569 0.0257 0.9461 | 0.0556

Corn 2.7667 0.0026 3.2343 0.0155 0.9565 | 0.0450

Barley 1.3153 0.0041 2.4365 0.0247 0.9409 | 0.0600

Other fodder 0.4969 0.0095 1.2183 0.0582 0.9024 | 0.0983

Citrus frits 1.5693 0.0075 2.4461 0.0456 0.8975 | 0.1007

Catalonia Pome fruits 1.7059 0.0107 1.9603 0.0655 0.8899 | 0.1102
Stone fruits 3.1482 0.0083 3.6395 0.0506 0.8997 | 0.0996

Horticulture 2.1577 0.0070 2.9720 0.0429 0.9179 | 0.0827

Olive 1.5726 0.0104 2.7501 0.0634 0.8867 | 0.1131

Grapevine 0.5584 0.0107 0.7402 0.0652 0.8920 | 0.1082

Rice 1.6216 0.0070 1.3651 0.0428 0.9179 | 0.0827

Wheat 0.9676 0.0016 2.4972 0.0078 0.9610 | 0.0373

Corn 1.4639 0.0013 1.5306 0.0063 0.9674 | 0.0320

Barley 0.7437 0.0017 2.7647 0.0083 0.9568 | 0.0408

Other fodder 0.2658 0.0048 0.6091 0.0232 0.9198 | 0.0727

Navarre Pome fruits 1.4602 0.0039 1.7321 0.0186 0.9161 | 0.0755
Stone fruits 1.7466 0.0043 2.1309 0.0209 0.9187 | 0.0735

Horticulture 1.3993 0.0029 1.8264 0.0139 0.9474 | 0.0491

Grapevine 0.5749 0.0046 0.8816 0.0220 0.9152 | 0.0763

Rice 1.5755 0.0029 1.3872 0.0138 0.9481 | 0.0485

Industrials 0.1627 0.0217 0.2452 0.1006 0.8512 | 0.1379

Basque Pome fruits 1.0271 0.0232 1.2393 0.1070 0.8430 | 0.1458
Country Stone fruits 3.7018 0.0125 4.4697 0.0576 0.8519 | 0.1355
Rice 2.2691 0.0133 2.0028 0.0616 0.8815 | 0.1088

Wheat 0.9435 0.0058 1.7624 0.0294 0.8801 | 0.1015

Barley 1.1066 0.0081 1.9108 0.0414 0.8642 | 0.1167

Industrials 0.2045 0.0174 0.2615 0.0872 0.8422 | 0.1393

.. Pome fruits 1.0176 0.0186 1.1750 0.0938 0.8017 | 0.1769

La Rioja Stone fruits 1.8355 0.0170 2.2843 0.0857 0.8111 | 0.1678
Horticulture 1.4359 0.0159 1.9403 0.0800 0.8302 | 0.1499

Olive 0.7262 0.0172 1.4836 0.0870 0.8111 | 0.1678

Grapevine 0.3286 0.0168 0.5732 0.0845 0.8166 | 0.1624
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Table4.6. Irrigated crops final demand reallocati@sults

] Blue WF (m3) Green WF (m3) Val ue Add{d
Scenario
In ERB Abroad In ERB Abroad In ERB Abroad
Scenario1l | -1,057,266 2,297 -1,323,459 8,249 -43,724 26,364
Scenario 2 596,768 -6,129 852,749 -31,245 96,990 -67,740

Source: Own Work

4.3.2. Downscaling the MRIO resus; locating the impacts

In the previous section, we have seen the tadfibetween water and valaelded in the
whole basin. This tradeff exists because of the differences between regions. However, the
sociceconomic gains or losses occur in more specific areas. Moreover, the ERB has
depopulation problems: the ERB represents 15% of the Spanish saméacdut only has
7.3% of the Spanish population. Moreover, 400 of the 1,400 municipalities considered
contain 90% of the ERB population. For this reason, it is even more important to know the

sociceconomically affected areas by measures on a moresoaia!.

MRIO tables usually tell us about environmental impacts at the country or regional level.
Thus, to identify the hotspots and quantify the s@@onomic impacts and environmental
damage in specific areas, we develop a methodology to allocatatioarsi MRIO model
results among municipalitiesSéction 4.2.3). Since we are considering more than 1,400
municipalities, we analyze the results through GIS software (disaggregating results by

municipality and also by sector are available on request).

Using equation4.7, we have determined the blue and green water used at the municipal
level, as well as the value added arsdvariations through the two scenarios previously
depicted.Figure 4.3 shows the changes in blue water used when we reallocate the final
demand of crops among regions to reduce blue water (first scefr@giae4.4 is related to
the first €enario and shows the changes in value added at the municipal level.

As can be seen irigure4.3, the reallocation of final demand of crops in the first scenario
providesa solution that mainly water would be saved in the migdi&t and middlevest of
Aragon, the west of Catalonia, and in the Ebro Delta. The areas that would increase water
withdrawals are, mainly, the south of Navarre and the east of La Rioja. Changas in
associated with scenario 1 can be sedrignre4.4, which shows that the areas where the
VA would decrease (in red) are mostly the same areas where blue watergiseial.
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Reductions in water consumption entail reductions in output and in VA, although each
municipality is affected in a different way, due to their crop mix and also their water

requirements per euro of production.

Figure4.5 andFigure4.6 depict thechanges in blue water used and in VA at the municipal
level, respectively, when we-allocate final demand of crops among regions to increase the
VA in the whole basin (second scenario). As can be seEigure4.5, in this scenario, the
savingwaterareas are mostly in La Rioja, and the intensification of water extractions would
be primarily in midAragon.Figure4.6 shows the municipalities where VA increases (gree
zones) and where it decreases (red zones). As noted earlier, the areas where water use
decreases are the areas where VA decreases, andevseeln relative terms, the water
withdrawal variations at the municipal level entailed in these scenariomalie Bhey can
be seen ifrigure A4.7 andFigure A4.8in the Annex. Spthese scenarios do not significantly

increase the water stress.
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Figure4.3. Changes in blue water used. Total impact on blue water (direct plus indirect) of
scenario 1 at the municipal level
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Figure4.4. Changes in value addedtal impact on value added of scenario 1
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