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Abstract

Water stress and water qualifegradation are major problems in river basimarldwide, challenging the

goal of achieving water, foodand energy security and environmentalprotection. Water <sarcity,
economic growth, population expansion, and changing water use patterns between competing and
vulnerable sectors have led tosharp increasén water demands. Climate change projecti@mdicipate

higher variability of water supply, increased temperatyrand reductios of water resource availability,
especially in arid and semiarid basiTlese are major risks th@mphasize the neeaf taking immediate

action to deal with climate change effects. A specific challenge along these lines is the development of
management strategies teffectively allocatevater among competing sectors, improve watguality,

and enhance climate resilience and adaptation in coming decadwescontribution of this research is to
support the design of efficient and equitable water plannimghe Ebro basin (Spain), which can be useful

for other basins with snilar climate conditions.

Hydroeconomic modeling offers considerable potential to support decision making. This information
is essential for the design, implementation and enforcement of sustainable water management and
climate adaptation plans. A number studies use hydroeconomic modeling to investigate water
allocation problems, analyzing sectoral and spatial interactions in catchment areas. Despite the
widespread advances in integrated hydroeconomic modeling over recent decades, several gaps are not
yet settledin the literature, and much more progress is expected. Facing these gaps, this thesis presents
the development and application sklectedintegrated hydroeconomic modeling approactes multi-
sector analysis, using nonlinear and stochastic optimization techniqueesfour main chapters of this
thesis present specific methodological approaches and evaluate combinations of water management

strategies for improving water supply reliability, water quality, and adaptation of water systems.

Agricultural nonpoint pollution is a major sources of water quality degradation and air pollution,
arising from excessive use abp nutrients and intensive livestock farming. Thus, tist article of the
i K S ZLhapter @ Hydroeconomic modeling faissessing water scarcity and agricultural pollution
abatement policies in the Ebro River Basin, $pain | yI t 81 $& 6 GSNJ a0 NDAGe |y
water quantity and water quality. These results are used to evaluate theeffisiency of a series of
mitigation and adaptation measures for the abatement of water and air pollution, under bothai@ma
drought conditions. The study is based on an integrated hydroeconomic model developed and applied for

the Ebro basin. The modattegrates hydrologial, biophysical,economic and water quality aspects,



capturing the main spatial and sectoral interactions in the bashe model is validated using two
calibration procedures: hydrological calibration based on observed stream flows, and economic
calibration using Positive Mathematical Programming (PNIRg. inclusion of water quality is a topic of
growing relevance, although there are féwdroeconomic modelingtudies analyzing water qualitfhe

key messages from this study are: (1) drought conditions reduce water availability and increase nitrate
concentations in river reaches and the Ebro mouth, highlighting the tradeoffs between water quantity
and water quality; (2) selected mitigation and adaptation policies have large potential for decreasing
climate change impacts, improving water quality, reducit3Gemissions, and lowering environmental
damages; (3)he most costeffective policies ar@ptimizingnitrogen application by reducing excessive
fertilization, substituting synthetic fertilization by manure, and irrigation modernization. Those policies

would facilitate the achievement of sustainable water management goals.

Improving the efficiency of water allocation to confrdature climate stress conditions is a strong
challenge in many regions in the world, especially in arid and-kelNA R | NB I & & ¢OKkaéptera SO2 y R
3: Climate Adaptation Guidance: New Roles for Hydroeconomic ABalyssS @St 21Ja 'y Ayy 2 @t
framework that integrates hydrology, economics, climate stress, and institutional water sharing
arrangements. The model design illustrates how flexible sharing alternatives during water shortages can
play an important informing role in adaptation to climate stress. This study disctlverpotential of
different water sharing policies in providing efficient water allocations across sectors and spatial locations,
and in reducing economic losses incurred from the impacts of climate change. Selected policy alternatives
are identified for adptation to climate stress and protection of sustainable use of water resources in the
future. FAndings highlight that theaccomplishments under unrestricted water tradirgy under
proportional sharing of shortages provide significant grounds for optimism, made more pronounced in
light of the economic value of additional watdrhisoffers critical information for decisions makers in the
assessment of the performance and efficiency of policies. Those values provide a clearer understanding
of the costs and benefits of policies, giving the economic attractiveness of climate wateraxiagstation
patterns. Implementing economically efficient water sharing policies in the faicaigh water stress
uncertainty will have a growing interest in sustaining water resoyraed canbe viewed as a practical

way to adapt to the impact of climate stress.

A crosssectoraWEFHexus dialogue is presentedink S K A Glapter MNEDoay&ténS in WEFE
nexus planning enhance water security and biodiversity for climate resdigciategratedoptimization

frameworkis developed addressing future climate risks, with the purpose of identifying affordable climate

Vi



adaptation strategiesThe model is used to findynergies and tradeffs among sectorgagriculture,
urban, energy, and ecosysten@s)d spatial locationdor a series of water management strategies under
climate changescenarios (G070, C&100), giving insights into the extent of gains and losses among
sectors and location3.he research offers information on water reallocations not only between economic
activities but also with the environment, as well as the associated benefits and costs of [sudicties
sectors.The results of this chapter demonstrate the capabilities of integrated hydroeconomic models to
accurately assess a wide range of sectors, climate water stress scenarios, and water management policy
choices.This integrated managemeptovides a detailed informatioan: (1) the spatiotemporal impact

of future climate change on the hydrology, land and energy production, environmental flows, and
economic outcomes(2) the sectoralulnerabilities and hydrological and economic loses; andh@)
potential of selected strategies in achieving water, food, and energy and environmental seandtin
promoting sustainable developmenithiscriticalinformationcould be useful for the design of sustainable

climate change adaptation policies.

Addressing future climate vulnerability in water sectors is a topgrowing interest, whicks critical
in drought risk research and fadesigning and implementing mitigation strategies. The last article
éChapter 5t NP o I 0 A fRASQ (02 NIPNNR&A(BNE RS aaYSyda dzyRSNJ Of AYIF 4GS
Slidza Gl ot S @&detedphbslal intgfrated/h@droeconomic model for optimal water allocation
decisions under future climate stress. The model assesses the probabilistioffadetween competing
and vulnerable water users and spatial locatiamgler different water priority policies and climate
scenarios The model methodologys istochastic dual dynamic programming (SDDP), which has been
successfully employed to solve optimization problems with stochastic inflows. The stochastic
programming formulation enables the assessment of hydrologic and economic risks, and reveals the
future hydrologic uncertainties linked to each allocation policy. The extent of gains and losses from policy
interventions is measured across spatial locations of irrigation districts, urban centers, and hydropower
plants to characterize suitable mechanisms @auitable water and benefisharing arrangements.
Findings indicate thathe option of agriculturl priority promotes food securitybut increase the
vulnerability of downstream energy productiopwhere the main hydropower plants are locatekh
contrast, theenergy priorityoption advances energy securityut increaseshe vulnerability of upstream
irrigated agricultureThe probabilistic tradeoff analysiscontributes to the design of water management

strategies capable of handling the challenges of larger water vulnerabilitplso contributes to

Vil



implementing appropriate benefisharing schemeshat could reach winwin outcomesand deliver

acceptable levels of food, energy and human water security in large river basins
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Chapter 1General introduction
1.1 Background

Water scarcity andhe lack of clean water are global concerimnsmany river basins resulting from
increased population, income growtbhanging water use patternand climate streslimate change is
affecting water systems by altering weather patterns, leading to more severe droagtitioods andto
uneven water availability and deman@lobal water demantiasincreased in the last century by a factor

of seven and projections show thdemandwill rise by about 30% by 2088QUASTAT, 2010; Boretti and
Rosa, 2019Managing water resources efficiently has become more critical than ever, especially in arid
and semiarid regions with increasing water demand and shrinking water availability. Erratic and uncertain
water supply and the absence of effective water poli@esplify scarcity, shortages, anghjust water
accessWater scarcitypecomesa major impendingmpactof climate changeinvolving large economijc
socialand environmental damagegccording to thaVorld Bank (2016 water scarcity in some regions

of the Middle East and the Sahel in Afrazauld cost up to 6% of their GDP by 2050.

The potential impacts of wateelated climate riskanclude reduced access to sufficient water
guantity, water quality degradation, and increased competition between sectors and locations. Water
resources competition for dwindling supplies could lead to production disruptions, assets decay and
human waterinsecurity, which can multiply the risks of conflicts between local communities in water
scarce basindnsufficient water to simultaneouslgover production activitiedhumansettlements and
ecosystems, are threateningwater, food, energy, and environmental securityPCC, 2023%5tronger and
successful water management policies and reforms are required for water secure and climate resilient
economies that could cope with escalaticfimate stresses. ThPCC (2031affirms the need for
immediate global action to halt climate change and deal with its challenging impacts and hisksain
specificchallenges are the difficulties of fostering effective cooperation between interest agents and
stakeholders in the face of potential conflict in water scarce basind the complexities of developing
water management strategies to improve climate adaptation and resilidhgtire water shortages and

increased water supply unreliability will exacerbate these challenges.
1.2 Climate change, water scarcity and security

Climate change and the associated increase in the frequandyintensityof extreme weather events

(heat wavesdroughts,floods, and storms) are regarded as the most serious security figk&€P, 2021)
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The impactsaffect people's lives and livelihoods in all corners of the globe, collapsing food production,
freshwater accesdyiodiversity,and ocean food chaing€limate changesffectson water resources are

quite large, even for small increases in temperat(ehewe et al., 2014)iménez et al. (20)4ndicate

that for each degree of global warming, approximately 7% of the global population is expected to face a
20% decrease in renewable water resourdgsanges in precipitation patterns can challenge the use of
water for energy production, sanitation systems, drainage, reservoirs storage, threatening the security of
many sectors. Furthermorehé variability of the timing and duration tdmperature andainfall patterns

affects crops and livestock growtndangeringfood securityf USAID, 2014)

Water scarcity and insecurity are rising worldwide, increasing competition between sets,
resulting inconflicts and instability in communitiespuntriesand regionsIPCC (202J2indicates that
NRdzaKfe KIFfF 2F GKS 62NI RQa Ll2LJzZ I GA2y A& SELISNRS
year.The weak institutional capacity to constructively adapt to water scarcity and variahilityrespond
to extreme climate eventswould further aggravateclimate risks. Water distributiorinequality is
particularly visible in developing countri@gith weak institutional arrangements to govern water security
(Hepworth et al., 2013)Climate water stress is affectittige way people livén those countriesbecause
the lack ofadaptation anddevelopment ofcoping mechanismiBy communities and institution§USAID,
2014) More equitable water distribution could reducthe burden on deprived peopland the risks of
water conflictsGunasekara et al., 2018uccessful and sustainable wattategiesneedto balance the
interests ofsectors and spatial locatios (upstream, downstream), while protecting the environment

(Munia et al., 2016)
1.3 Agricultural nonpoint pollution

Pollution fromcrop andivestockproduction in the form of nutrient loadsind greenhouse gas emissions
degradewater and atmosphere qualityWater quality deterioration causes considerable damage to
ecosystemsn watersheds, plaeswater supplies at risk, jeopardizgfood quality (crops and freshwater

fisheries), and damag economically lucrativecotourism(USAID, 2014)About 2 billion of worldwide

L2 Lz F GA2Yy R2y Qi KIF @S | OO0 §Ma022)Rutriérit @lluton is ohRofthd FS R N.
main sources of water quality degradation from excessive use of fertilizers is arapfrom livestock

manure The overloading with nutrients of river basersd coastal waterpromotes adverse effectsuch

aseutrophication.

Several actions and regulations have been taken to rediecgoint pollution from agriculture and

inducebetter management practicesuch as thélitrates Drective in Europeandthe USDAonservation

2
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programs (Conservation Reserve and Environmental Quality Programs, with US$5 billion funding per year)
in the United StatesHowever, he efficiency of thoseollution abatementpolidesremains to be seen in

both Europe and the USAhe Nitrates Directive seems tohavefailed in reducing pollution loads in the

last 30 years, with pollution loads doubling in the Seine River since (Fagtero et al., 2016)r no
abatement in the Po or Thames rivdidowden et al., 2011; Musacchio et al., 20ZDhe only country
showing abatement of agricultural nitrogen loads is Denmark, achieved with a mix of command and
control (fines) and institutional instruments started with the Action Plans in the 1@B8kjaard et al.,

2014) In the USA, despite the large public funding in agriculturatpwint pollution policies, there is no

clear general improvement of water quality in bagjRibaudo, 2015)he preoccupation of the European
Union with the environment has increasedractentyears,leading to theadoption of the EU action plan

¢ oéwards zero pollution for air, water and soil for 2@38C, 2021)

Several studies assegmter quality deterioration and propose cesffective practices to mitigate
the climate change effectsPenaHaro et al. (200P address water quality deterioration using
hydroeconomic modeling, with the purposéfinding effective and economically beneficial measures to
control nitrate groundwater pollution.Ward and Pulide/elazquez (2008adevelop a basin scale
optimization framework to identify the hydrologic and economic impacts of water pricing alternatives
that protect water quality andcomply with environmental regulationsWard (202) emphasies the
growing relevance of including water quality aspects in hydroeconomic modeling and assess new

emerging contaminants from agriculture, urban, and industrial sources.
1.4 Water management strategies for climate adaptation and resilience

Resilient and sustainable water systems that advance smwoomic and environmental goals are
required to deal with increasing climate stress and future uncertainties. Successful water management
strategies for climate adaptation are essential to sustaiater supply reliability, efficient water
distribution among sectors, environmental biodiversity, and food syst&uof.et al. (201Bconsidetthat
sustainable water management should meet human water demands while maintaining ecosystems

biodiversitycrucial tosupport the longterm provision of environmental goods and services.

Designing and enactingater management strategies are challenging, especially in arid and semiarid
regions where climate stress and water scarcity involve high economic costs and environmental damages.
Numerous potential options are available for enhancing the performance of water systems and

developing the capacity for climate risk adaptativvard (2022 reviews several measures that improve
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the capacity of irrigated agriculture for climatesilience such as water conservation, water treatment,

and reservoir and aquifer recharge managemedfipanding reservoir storage capacity is an interesting
management option for dealing with periods of water scarcity during drougBthar et al. (2013
indicate that increasing reservoir storage offers considerable opportunities for boosting economic growth
and for increasing farm income and food security. This water management strategy buffers against water
supply fluctuations and builds capacity fdintate adaptation, with releases covering economic and

environmental demands in a controlled manner that dampen down the effects of droughts and floods.

Increased water supply fluctuations, water demand, population growth, and awareness of the need
for water management for food, water, energy, and environmental security, and for climate resilience,
have led many farmers, business and social organizatemd,governments to promote water use
efficiency in irrigated agriculture. Investments in irrigation modernization convert traditional flood
irrigation to modern and efficient irrigation technologies (drip, sprinkler), which are believed to conserve
water. HoweverPerezBlanco et al. (202landWard and Pulidé/elazquez (20084ind that the strategy
of water conservation technologies could increase water consumption because of increases in water
evapotranspiration associated with more water demanding crops, double crops, and irrigated land
expansion. Thiscould resultintlef £ 2 F o6l aAy &A0GNBlIY Ft26as |y Aaads
S T ¥ A QGréftgnCedat., 2018)

Institutional water markets encourage more economically efficient water use patterns and provide
significant grounds of optimism to confront water scarcity. Markets facilitate water reallocatonlow-
to high valued useand improve private benefitBrewer et al., 2008; Olmstead, 2014; Wheeler et al.,
2014) Water trading and moving water to high profitable uses depend on differences in the water
marginal values across users, that create incentives for water reallocgitimvabe et al., 2020Jhe
economic value of additional water offers critical information for decisions makers in the assessment of
the performance and efficiency of policies. The shadow price of water provides a clearer understanding
of the costs and benefits of policies, highting the economic attractiveness of alternative strategies for
climate water stress adaptatioifficient water allocation among economic sectors and the environment
would improve sustainable water use, and could be also an instrument foitéongsccial equity(Xu et
al., 2019) However, the availablexperience with fully developed water markets in Australia and Chile
shows that the protection of environmental flows is not evident, either with public buying of water for
the river in AustraligColloff et al., 2020; Grafton, 2019)r with limitations of withdrawals in Chile
(Macpherson and Salazar, 2020)
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Considerable and growing interest by policymakers in finding ways to enhance climate resilience and
reduce economic and environmental damages require scientific support, such a®ffanetcy
information on management strategies to deal with predictedriling water supplies and future climate
stress. This information on the cost and benefits of management options could be a valuable resource to

limit financial exposure and economic losses in guiding policy debate.
1.5 Review of modeling approaches for water policy analysis

The complexity of water resources and climate change impacts are challenging the understanding of
stakeholders and policymakers about the severity of future climate water stress and its impacts. Several
modeling approaches have been developed, contrilutto many achievements irecent decades.

Integrated and dynamic hydroeconomic modeling has been used to solve different water management
problems for agiven time frame. This models account foydrological, economic, institutional, food

security, or cultiral constraints(Ward, 2021) and advancethe sustainable management of water
resources(Booker et al., 2012) 2 YS SEI YLX S48 2F Keé RNERSOatyieytha© Y2 RSt
assesdydrologic uncertainty: analysis of water allocation policies that reduce hydrologid@sks et

al, 20107 AYyGSaANIrdAz2zy 2F aSOSNI{ & Booke &l ROIREAUatibrR | Y R &
of flood risks managemen{Zhao et al., 2014)assessment of hydropower capacity development in the

Koshi river basi(Amjath-Babu et al., 2019printegration of environmental benefits across therobasin

(Crespo et al., 2022)

Despite the important achievement of previous studies, several gaps are not yet closed in the
development of hydroeconomic modelBooker et al. (201Rindicate that hydroeconomic modeling
requires further advances in representing the interdependence between model components, and in
including dynamic and stochastic dimension&ard (202) points out that a good hydroeconomic model
needs to be based on solid hydrological specification, includingesrapotranspirationecosystem water
use, and stream aquifer interactions, both at present and in the future. Most existing hydroeconomic
models have been developed to find best responses to climate stress in river basins. However, less
attention has been paid to the impomae ofincludingwater quality or integrating climate, water, food,
energy, and environment. These aspects are neededhi®design of coseffective interventions under
future climate conditions, and for their uptake by stakeholdérse joint management of water along
with other scarce resourcesich agnergy, food, an@cosystemsisbeingrecognized in decision making.

This effortrequires further development in hydroeconomic modeling at appropriate temporal, sectoral,
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and spatial scalesSuch advances are neededaddress the challenges tife growingpopulationand

incomeunderclimate stressin order toguide climate adaptation polies
1.6 Thesis objectives and methodology

The main objective of this research is develop and apply integrated and dynamic hydroeconomic
modeing, that could provide costeffective water policy interventions for climate adaptation at basin
scale. These models are used to examine the impacts of droughts and water drancitjimate stress

on crosssectoral water use in the Ebro River basindthen assess the scope dffferent management
strategiedn bringing abouthe sustainalility of the water system. The empirical results of this thesis could
support the design of efficient and equitable water planniaigd serve as a guide for othieasinsm arid

and semiarid regions.

The thesis includes four articles (chapters 2 to 5) that present various hydroeconomic modeling
approaches for addressing several water management policies under future climate water stress

scenarios. The following specific objectives were establishertigr @0 achieve this goal:

The inclusion of wateand airquality in hydroeconomic modeling for th@ssessment of climate change
mitigation and adaptation policies The analysisdeals with both water scarcity and agricultural

nonpoint pollution (Chapter 2)

To meet this objective, an integrated hydroeconomic modeling is developed that integrates hydrological,
biophysical, economic, water quality (nutrients) and GHG emissidresinclusion of water quality is a
topic of growing relevance, even though few published studies use hydroeconomic modeling to examine
water quality.The interactions among model componeptevide a better assessment of water allocation
options among sectors argpatial locations showing the large negative impacts of droughts on the

system.
The model is validated using two calibration procedures:

Hydrologic calibratioriThe reduced form hydrological component is calibrated by incluslanckvariables

to close the mass balance between estimated and observed stream. flows

Economic calibratianThe economic regional component is calibrated with positive mathematical

programming (PMP), reproducing the observed water and land use under baseline conditions.

Assessment of institutional water sharing arrangements to guide farm and urban economic benefits

optimization for successful climate adaptatiofChapter 3)


https://www.sciencedirect.com/topics/engineering/spatial-location
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In this chapter, we develop a novel model framework that integrates hydrology, economics, climate stress,
and institutional water sharing arrangements. The purpose isdidress climate water stress variability

and identify opportunities for water sharing policies adapted to climeltange, which could deliver
sustainable water resourcdn the future. The model uses innovative calibration methdds ensuting

that optimization outcomes from the modehatch historically observed datm water use and econoit
welfare. The calibrated model enabldbe discovery of efficient water allocation plarend provide

insighsinto marginal behavioral responses to climate water stress and water policies.

Integrating ecosystem benefits in the Water Nexus enharsdeuman water security and biodiversity,

andincrease<limate resiliencgChapter 4)

A hydroeconomic model that includeke hydrolog/, the maineconomicsectors(agriculture, urban,
energy) but also theecosystem services is develop@dspurmore comprehensiverosssectoral nexus
dialogueamong stakeholdersThe crossectoral integration will be used to find synergies and tratfe

among sectors and spatial locations, giving insights into the extent of gains and losses among sectors and
locationsfrom policy interventionsThis model assesses the potential of water management stesgtegi
achieving water, food, and energy security and ecosystem protectiwer climatechangescenariodor

periods 2042070(CCG2070 and 207€2100(CCG2100. Resultddentify affordable measures that could

limit sector vulnerability, minimize the risks of water stress, and improve climate resiliEncduture

climate scenarioshie basirheadwaterseries are generated using the statistical delta change downscaling

method (EscrivaBou et al., 2017; Fowler et al., 2007)

A stochastic optimization framework tossess probabilistic tradeffs is developed. Trad®ffs between
competing and vulnerable water users and spatial locations (upstredawnstream) are estimated

combiningwater priority policies and climate scenarid€hapter 5)

This chapter presents an integrated hydroeconomic model using a stochastic optimization prooedure

optimal water allocation decisions under future climate stteSbe model is solved with the SDDP

algorithm that could deal with complerulti-stage and stochasticINR 6 f SYaz | LILJX @Ay 3
principle of optimality The model integrates the economic activities and the hydrologic system, and it is

used to analyze wateoriority allocation policies for water sector withdrawals and reservoir releadas.
modelF20dzaSa 2y lFaaSaaiay3d GKS aLl dAlrf R AsA@INGE thedzi A 2 Y

corresponding tradeoffs in heavily committed river basin
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Chapter 2Hydroeconomic modeling for assessing water scarcity and agricultural

pollution abatement policies in the Ebro River Basin, Spain
Abstract

Water scarcity and water quality degradation are major problems in many basins across the world,
especially in arid and semiarid regions. The severe pressures on basins are the consequence of the
intensification of food production systems and the unrelagtigrowth of population and income.
Agriculture is a major factor in the depletion and degradation of water resources, and contributes to the
emissions of greenhouse gases (GHG). Our study analyzes water allocation and agricultural pollution into
watercourses and the atmosphere, with the purpose of identifying edftctive policies for sustainable

water management in the Ebro River Basin (Spain). The study develops an hydroeconomic model that
integrates hydrological, economic and water quality aspectpifurang the main spatial and sectoral
interactions in the basin. The model is used to analyze water scarcity and agricultural pollution under
normal and droughts conditions, providing information for evaluating mitigation and adaptation policies.
Results ndicate that drought events increase nitrate concentration by up to 63% and decrease water
availability by 42% at the mouth of Ebro River, highlighting the tradeoffs between water quantity and
guality. All mitigation and adaptation policies reduce the effeof climate change, improving water

jdzt f Ad0e FyR NBRdzOAYy3 DI DaQ SYAaaAizyasr GKdza-f 26SNR
being. Manure fertilization and optimizing the use of synthetic fertilizers are importanteftesttive

policies inceasing social benefits in a range between 50 and 160 million Euro. Results show that irrigation
modernization increases the efficient use of nitrogen and water, augmenting social benefits by up to 90
million Euro, and enlarging stream flows at the rivesuth. In contrast, manure treatment plants reduce
private and social benefits even though they achieve the lowest nitrate concentrations. Our study
provides insights on the synergies and tradeoffs between environmental and economic objectives.
Another findng is that drought conditions decrease the effectiveness of policies, and increase the
tradeoffs between water availability and nitrate pollution. The results contribute to the discussion of
designing coseffective policies for the abatement of agriculéall polluting emissions into water and the

atmosphere.

Keywords hydroeconomic modeling, nonpoint pollution, droughts, water quality, abatement palicies

climate change
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2.1Introduction

Water resources are vitally important for both human livelihoods and natural ecosystems. Water
withdrawals have risen sharply in the last century, placing massive pressures on water resources and
causing severe water scarcity and degradation problems ist mer basins worldwide, especially in arid

and semiarid regionggreve et al., 201,8asgupta, 2021 These negative impacts are linked to the strong
growth in population and income. Climate change is altering precipitation patterns and making extreme
weather events more frequent and intense. Drought is one of the most devastating natural disasters, with
serious effects like the shortage of freshwater to meet societal requiremétimédi et al., 2010 Water

scarcity and water quality degradation are serious global problems. The challenge is to ensure good quality
water to fulfill human, environmental, social, and economic demands in order to support sustainable
development UNESCO, 202Rerthet et al., 202)L Addressing water scarcity and quality is one important
topic of the eighth phase of the Intergovernment Hydrological Programme\{IH)}P which focuses on

G2 FGSN) { SOdzNAGeyY wSalLkyasSa G2 [ eHOlnim) éwbS BARBNES NS
connections between water availability and water qualifyry and Vaux, 2005and both have been
associated with human healtiMers and Patz, 2009food security Rockstrom et al., 20Q0%Bimelton et

al., 2012 and sustaining natural ecosysteni®off et al., 199Y. This means that water availability and
guality should be assessed in a consistent manner to account for the relationships between water

availability and quality.

Nonpoint pollution is responsible for 38% of pressures affecting waidiesin Europe mainly due
to agricultural sources such as nitrates and pesticiesqpean Environment Agency, 2018griculture
is a major source of water quality deterioration and GHG emissions to the atmosphere. Both water
pollution by nutrients and GHG loads are complex problems arising from excessive use of fertilizers and
intensive livestock farmingB(uemling and Wang, 2018Nitrous oxide (bD) and methane (CHare
potent GHGs that contribute to the planet global warmitiGC, 20Q'Kanter etal., 2017. Rivers receive
large quantities of nutrients, which cause water eutrophication and create large hypoxic dead zones in
some regionsRreitburg et al., 2018 Parris (2011jighlights that agricultural water quality is a major
environmental issue in OECD countries, and it is a relevant matter for policy consideration in all OECD

countries.

Protecting water resources and natural ecosystems requires robust institutions, coupled with
compelling and enforceable water policies. Sustainable river basin management is a quite challenging

task, considering the current scale of global water degradaitiobasins. The methodologies needed to
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address this challenge call for a better understanding of water management problems in order to deploy
effective and politically viable measures dealing with water scarcity, droughts, climate change and
pollution. Sustainable management of water resourfmrsdifferent uses will not only depend on water
guantity withdrawals, but also on nutrient loads, organic matter, salinity, water temperature, and other

pollutants {an Vliet et al., 201 Barbieri et al., 2010

The use of hydroeconomic modeling is increasing, driven by the advances of integrating hydrology,
environment, and socieconomics in the analysis of water resources management. Several studies
investigate the problem of water allocation among sectors gisipdroeconomic modeling to assess water
policies Ringler et al., 20Q8Kahil et al., 20152016a; Escriva et al., 20}80ther studies emphasize
sectoral and spatial interactions in catchment areBekchanov et al., 201%Kahil et al., 20162018
Dogan et al., 2018Crespo et al., 2019 Despite the widespread use of hydroeconomic modeling in
assessing water allocation, the inclusion of the policy analysis for the abatement of water pollution is

limited.

The inclusion of water quality is a topic of growing relevance, although there are few studies
analyzing water quality by using hydroeconomic modeling. Some examples are salinity polaiieh (
al., 2003 Aein and Alizadeh, 202larsenic in drinking watei\{ard and Pulido, 2008 organic matter
loads Moraes et al., 201)) biochemical oxygen deman&inawardena et al., 20}8nitrate pollution
(Carolus et al., 2020and environmental and salinity damages in terms of water savings, replacement
costs or crop production damageBdoker and Young, 1991994 Brown et al., 1990Cai et al., 2002
Divakar et al., 2001 Recreation benefits such as boating and fishing are sometimes included in relation
to stream flows evaluation, and travel cost or contingent valuation techniques are used for valuation of
the ecosystem serviceRingler et al., 2008Babel et al., 200Booker et al., 200Ringler and Cai, 2006
Ward and Pulido, 2002012. In Spain, there are only a couple of previous studies on water pollution
abatement using hydroeconomic modeling, where the modelling framework was applied to a hypothetical

groundwater systemRefiaHaro, 20092011).

Some studies assess the tradeoff between water quantity and quality using a simulation Wematg! (
et al., 2015. However, the tradeoffs between water scarcity and water quality degradation using an
optimization model remain unsettled in the literature. The advantage of usirapamization model is in
the capacity of the model to maximize the economic benefits under water scarcity and agricultural
nonpoint pollution simultaneously, which involves a more realistic approach. This integrated

hydroeconomic model is designed to fitiee most costeffective management policieslginz et al., 2007
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and to make socially optimal policy decisiordufawardena et al.,, 2018 The assessment of the
relationship between water quantity and quality is important to strengthen hydroeconomic modeling, in

order to understand and realize its full power to inform critical policy debates.

In this paper, an integrated hydroeconomic model is developed addressing both water allocation and
agricultural nonpoint pollution, with the purpose of looking at the tradeoffs between water quantity and
water quality under normal and drought conditiondhi€eTmodel estimates agricultural pollution impacts
on both the watercourses (nitrates) and the atmosphere (nitrous oxide and methane). The integration of
hydrological, economic and environmental components captures the interactions among components.
This povides a better assessment of water allocation options among sectors and spatial locations,

showing the large negative impacts of droughts on the system.

Selected climate change mitigation and adaptation policies are evaluated under normal climate and
severe drought conditions in order to identify the effectiveness and robustness of policies. These policies
could boost the efficient use of nitrogen and waia agricultural activities, reduce pollution loads and
improve water and air quality, or protect environmental flows. The hydroeconomic model is developed
to analyze the Ebro River Basin in northeast8pain.Nearly all basins in Spain are under mougtin
scarcity pressures and water quality problems that require effective policy intervertassdéletta et al.,

2009. Climate change and agricultural nonpoint pollution problems have to be tackled locally, with

practical alternatives addressing water depletion and pollution.

This study contributes to the literature performing a detailed concurrent assessment of water
allocation and pollution abatement solutions at river basin level, using hydroeconomic modeling. The
study analyzes how to achieve a more sustainable managenfi¢giné &bro Basin, but also contributes to
the scientific debate on sustainable policies and measures for water management worldwide. The results
of this paper highlight the strong links between water quality and water quantity in the basin, and show
that drought conditions reduce water availability and dilution processes, increasing nitrate concentration

in water media. Our results indicate also that mitigation and adaptation policies have a double effect by

! Costs of drought damages have been estimated at $8 billion per year in the United States, (202},

and arounde9 billion per year in the European Uniddammalleret al., 2020. Hernandez et al. (2013)
estimate the cost of the 2005 drought in the Ebro basin at 0.5% of GDP. The evidence during recent years
indicates that the drought anomaly in Europe is unprecedenBith{gen et al., 2021
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abating pollution into the atmosphere and in watercourses, thus reducing environmental damages and

enhancing social welfare.
2.2The EbrdRiverBasin Backround information

The Ebro Basin, located northeast of the Iberian Peninsula, is one of the main European Mediterranean
basins. It covers an area of 85,600%u fifth of the Spanish territory, and its streamflow is one of the
largest in the country. Natural ecosystems of great value cover 30% of the basin area. Precipitation occurs
mainly in the Pyrenees, where it exceeds 1000 mm/year, while it does not e8&fethm/year in the

central part of the basin, where conditions are sarid (CHE, 2015 The most important tributaries
(Zadorra, Aragon, Gallego, Cinca and Segre) supply the canals of the main irrigation distetsse el

most important urban areas in the basifigure2.1).

The renewable resources of the Ebro basin are estimated at 14,60 &b withdrawals amount
to 8,460 Mn#, of which 8,110 Mrhare surface diversions and 350 Mare groundwater extractionsOHE,
2015. Water use in agricultural activities is estimated at 7,680°Mnud urban extractions amounts to
357 Mn? supplying three million inhabitants, including households and industries connected to urban
networks. The irrigated crops in the Ebro Basin are field crops, fruit trees and vegetables covering an area
of 750,000 ha, distributed under surface, sprinkle anig irrigation technologiesGHE, 2016 The Ebro
River is one of Spain's rivers with substantial minimum environmental flows at river mouth. The Ebro

water plan of 2015 established the current level of this environmental flowGBMn¥/year.

The Ebro Basin Authority is responsible for water management, water allocation, water quality, and water
planning and control. The special characteristic of this institutional approach is the key role played by
stakeholders, which are involved at all démms making in the basin governing bodies and in local
watershed boards. The Ebro Basin Authority or Confederacion Hidrografica deCEtp2020ndicates

that nonpoint pollution represents one of the main pressures on the Ebro coming from agricultural and
livestock activities. Almost half surface waters in the basin are being significantly affected, particularly in
its middle and lower reache®(lero, 2007 Vericat and Batalla, 2006The mean annual streamflow has
decreased 40% in the last 50 years because of the expansion of irrigation, decreasing rainfall and
revegetation Buendia et al., 2006 The ecological condition of water bodies is threatened by these
hydrological alterations and nonpoint pollution loads, impairing the dilution capadégyero et al. (2018)
highlight that changes in land use, rainfall, water temperature, and nitrate concentration could lead to a

general decrease in the ecosystem quality of water bodies within the basin. Overall, water quality
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Figure 2.1. Map of the EbrdriverBasin.
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pressures from agricultural nonpoint pollution are degrading the status of water bodies in the Ebro, and
require the active intervention of state and fedepalblic authorities together with all water stakeholders.

2.3Hydroeconomic model for the Ebro Basin

Water is an essential component of sustainable development, underpinning almost all types of economic
activities, human water security, and ecosystems services. Challenges to water management such as
water scarcity, pollution loads, and the impacts of @ienchange are threatening human wellbeing and
biodiversity. Hydroeconomic analysis is one type of wateponomy modeling, which is based on the
hydrologic network of river basins. The hydroeconomic approach has clear advantages in evaluating
management ad policy strategies for adaptation to climate change, by providing efficient water
allocations and pollution abatement across water uses and spatial locations. Hydroeconomic models have
achieved greater sophistication by integrating agronomic, hydrolagid,economic component£éi et

al. 2003 Harou et al., 2009Booker et al. 2012Vard 202). This involves a more realistic approach to
water allocation and water quality tradeffs across space and sector, and less reliance on temporally and

spatially integrated demand functions used by economywide mo@slkghanov et al. 20).7
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The hydroeconomic model is used to analyze water allocation among sectors and spatial locations,
nonpoint pollution loads across the basin, and also to evaluate drought scenarios and climate change
mitigation and adaptation measures. The policy analysesdwith both water allocation adjustments
under droughts and climate change, and pollution abatement of nutrient loads and GHG emissions. The
model includes the main water uses in the basin: irrigation, livestock, and urban and industrial. Dryland
crops ae also included in the assessment of pollution emissions. The model integrates three components:
(1) the hydrological component, (2) the regional economic component, and (3) the environmental

component Figure 2.2).
2.3.1 The hydrological component

The hydrologicatomponentis a reduced formhydrological modebf the Ebro basin, calibrated with
observed streanflows. The reduced form hydrological model is a ndik network, in which nodes
represent physical units impacting the stream system, and links represent the connection between these
units. The nodes are classified into supply nodes such as rivers, and dewdesl such as irrigation
districts, livestock, households and industries. The links could be rivers or canalstreau flows
between supply and demand nodes are characterized by simplified equations using the hydrological
concepts of mass balan@nd continuity of river flowsKahil et al., 2016 The representation of the
AYGSNI OGAzya FY2y3a y2RSa A& o0laSR 2y RSGFAESR AYyT
characteristics. The component incorporates information on inflows, withdrawals, return flows and
losses, and water metering aelected measurement stations in the baslinemodel can simulate the

flows at each node and the distribution of water availability between sectors and spatial locattuns.
hydrologic component is developed using the databases of @BIE)( and it is calibrated witlihe
observed historical allocationsn selected stations of the basirFiQure A2.L The mathematical

formulation is given byhe following equations:

71T 00 7ET 711 &GO®QL 0OQ0 0OQL (2.1)
w0 wEOO 1 2000 i 2 0QU i 200Qu YO (2.2)
wWEO6O O (2.3)
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Figure 2. 2Modeling framework
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The first equation shows the mass balance and determines the water ouifléwo dn river reach

d, which is equal to the inflowb "Q& minus water lossee & € i, and minus the diversions for irrigation

‘0"QU, urban uséO" QUL and livestock us® QU . The second equation guarantees flow continuity in

the basin.w Q¢

is the water inflow into the following river reaah+1as the sum of the outflow from

the upstream water reaclw ¢ 6 pthe return flows from upstream irrigation districts O O"Qu

urban return flows
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, livestock return flowsi
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the river reach from tributarier 0 . The third equation specifies that the water outflow in river reach

d must be greater than or equal to the minimum environmental flow imposed on that river reach.

The hydrologic component is calibrated by introducing slack variables in every river reach to balance
supply and demand at every node. These variables represent unmeasured water sources or uses. This
calibration procedure reproduces the water flows obsehie the reference conditions. Water inflows,
outflows and characteristics of flow rates in rivers and channels have been taken from databases and
reports byCHE (2016nd CEDEX (2020)

2.3.2 The regional economic component

The regional economic component consists of optimization models for irrigation districts, for livestock and
dryland crops, and for urban economic surplus. For irrigationctimaponent is set at irrigation district

scale to maximize the benefits of crops subject to a set of technical and resource constraints. Yield
functions are linear and decreasing in cropland area, with constant input and output prices. The

optimization prolem is as follows:

0 W 0 20 (24)
subject to
@ YA OENQ Goi gQa ¢ 1 OHAQAE@IQl | QORI (2.5)
w 20 YO 00 Qi (2.6)
0 O Yo OE i (2.7)
0 OJn Ye Qo1 € QQ¢ 2.8)
(W) 1 29
whered s the private benefit in each irrigation districend 6 is net income per hectare of crap

using irrigation technology The decision variable of the optimization problentis , the area of crop
with irrigation system. Irrigated crops are grouped into field crops, vegetables and fruit trees, using
surface, sprinkler and drip irrigation systems. Field crops are irrigated by surface and sprinkler irrigation,

while vegetables and fruit trees are irrigated by surface anijl idrigation.

Equation 2.5) is the lanctonstraint,and it represents the land available in each irrigation diskict

equipped with irrigation syste) "Ya @ £. Bquation 2.6) is the waterconstraint,and it represents the
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water available in each irrigation district’Y0O @ 0, @herew is the requirement for water per hectare
and per crop with irrigation systenj. The level of available watety0 & 0, @ithe variable linking the
optimization model of the irrigation districts and the hydrological component. Equa2idi) i the labor
constraint, and it represents the labor available in each irrigation distkictYa G @& i is the
requirement for labor per hectare of cropwith irrigation systemj. Equation 2.8) is the nitrogen
constraint and it represents the nitrogen available in each irrigation didtricte Qo i € 0QQis the
nitrogen applied per hectare of cropwith irrigation systemj. Equation 2.9) is the nomegativity
constraint of the crop surface area. Net income per hectare is the difference between revenues and

costs and it is defined as:

s o (2.10)

whereD is the price of crop & is the yield of cropunder irrigation systenin irrigation districtk, and

6 Orepresents the direct and indirect costs of criop

The Ricardian rent principle is used in the yield function by assuming that yield decreases as the scale
of production increases. The yield function is linear and decreasing in the area ofucrdgr irrigation

systemj and it is expressed by:
& Imop o 240

Positive mathematical programming (PMP) is used to calibrate irrigated crop production following
the approach ofDagnino and Ward (2012) order to solve the aggregation and ovarecialization
problems. The procedure estimates the linear yield function paramdtets andf p . Those

parameters are calculatetlla s ed on Afirst order necessary conditions
¢KS 2LIWGAYATIGAZ2Y Y2RSH F2NJ RNEBfIFYR OdzZf GADI GA2)
watershed board, subject to technical and resource constraints. A constant yield production function for

crops and constant input and output prices are used. The@rpation problem is as follows:

Y0 0 20 (2.12)
subject to
@ Yade O (2.13)
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0 2 Yo QE i (2.14)

0 J® "Ye Qo1 € "QQ¢ (2.15)

@ T (2.16)
where 6 is the private benefit in each watershed boardnd 6 is the net income per hectare

of crop™Q . The decision variable of the optimization problemiis , the area of each croff2 in
watershed boarde. The main dryland crops in the basin are barley, wheat, alfalfa, almond trees, olive

trees and vineyards.

The dryland model constraints are equations (2.13), (2.14), (2.15) and (2.16). Equation (2.13) is the
land constraint, which is the land available in each watershed bedMa @ ¢ ‘QEquation (2.14) is the
labor constraint, and it represents the availability of labor in each watershed beafda ¢ @ é.1
Equation (2.15) is the nitrogen constraint, and it represents the availability of nitrogen in each watershed
boarde,"Y¢ Q0 1 € Q0 ¢ is nitrogen fertilization per hectare of créQ . Equation (2.16) is the nen

negativity constraint.

Net income per hectaré is the difference between revenue and costs. The net income of each

crop isconstant,and it is calculated as follows:
6 0 2 6 0 (2.17)

whered s the price of dryland cro , & is the yield of crofQ in watershed boar@and® 0
is the production cost of crof2 . The yields of drylanctops are reduced by 20% and 30% under moderate

and severe droughts, respectively.

The livestock optimization model represents livestock production in each watershed board. This

model maximizes private benefits from livestock, and the optimization problem is defined as follows:

0 Od 0 20
(2.18
subject to
O D YQQQQ (2.19
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0 D YA ODE | (2.20

0 T (2.2)
where" Aa fAGSaG201 FIFNYSNEQ LINRe@hidhSsthe Sigi 6fRekidcomey S Ok
0 per type of animah multiplied by the number of heads . The decision variable @ , which is
the number of animals of each type of livestomhn each watershed board. Equation 2.19) is the
livestock feed constrairdnd it represents the availability of feed in each watershed beatd is labor
per type of animah and per watershed board. The most important livestock species in the basin are

pigs, sheep and cattle.

The economic benefits of urban water use are determined using a social surplus model, by
maximizing the consumer and producer surpluses for the main urban centers in the basin, subject to the

water supply and demand balance constraint. The optimizatioiblpro is expressed as follows:

0 & & @ 20 23&) 20 ® 20 go& 20 (2.22
subject to

0 0 T (2.23
0 no T (2.24

where6 is the sum of the consumer and producer surpluses in urban centme variabled and

0 are water supply and demand in urban centerespectively. The parameteés and® are the
intercept and the slope of the inverse demand function, ¢ @ & .The parameter&) and

& are the intercept and the slope of the inverse water supply function, ¢ @ & .Equation
(2.23) indicates that water supply is greater than or equal to demand. The vafiablis the quantity of
water supplied and it is the variable linking the urban model with the hydrological component. The water
demand parameters have been obtained from the estimatedAllyués et al. (2004and Arbués et al.
(2010).

2.3.3 The environmental component: water and atmosphere pollution

Agricultural nonpoint pollution is analyzed in the environmental component, assessing the environmental
damage derived from agricultural activities in the Ebro Basin. The impact of nonpoint pollution is assessed
by estimating the nitrate loads into waterases and GHG emissions from irrigated and dryland crops,

and from livestock. GHG emissions from cropland include direct and indirect nitrous ox@)e \While
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livestock emissions include methane (Clifbm enteric fermentation and nitrous oxide and methane from
manure management. The environmental component includes the minimum environmental flows at each
section of the basin. The estimation of the social costs of agricultural nonpoint polluti@oms@Eex task

that requires a detailed analysis of the biophysical processes generating source emissions and transport

and fate processes, the damages from water and atmosphere pollution, and the costs of these slamage

The nitrogen pollution is estimated from leaching and runoff from crops, and from the nitrogen
excreted by livestock. The biophysical information for each crop and irrigation system are taken from
literature reviews and fertilization practices in Spain lmled by the Spanish Ministry of Agricultufde
nitrogen pollution from crops by leaching and runoff is a consequence of excessive nitrogen fertilization,
coupled with inefficient irrigation practices. Also, the nitrogen excreted by livestock coulddzkta
substitute synthetic fertilizers, and therefore reduce the entry of nitrogen in soils. The nitrogen loads

entering soils are given by the following equations:

Yo Ty @ 0 00 (2.25
Yo O @ 0 2 (2.26)
YO Q® 0 Qw0d (.27

Equation 2.25) represents nitrogen leaching from crops in irrigation diskjéa ‘0o dwhered
is the leached fraction of nitrogen per hectare of crayith irrigation systenj in irrigation districtk, and
@ is area of crop. Equation (26) represents nitrogen leaching from dryland crops in watershed board
e.0 s the leached fraction of nitrogen from crd@ in watershed board, and® is area of crop
"Q . Equation 2.27) addresses the quantity of nitrogen excreted, wher& wis the nitrogenexcreted

per head of each type of animal ando is the number of heads of animadsn watershed board.

In this study, the methodology applied to estimate GHG emissions from agriculture is the Tier 1

method of the IPCQ0Q19a;2019h). GHG emissions are estimated using the following equations:

1T .
$0 /1 % 0 J0 ED"OOc—qJO“O(bU Tonnnmm (2.29

1T -
$6 /1 % 6 00 :)'0"ooc—wo"o(bo To mmm (2.29
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. SN S SN
) 8/ % 0 20 20 OOC—wOOwU Tommmm (2.30
o~ T ”n »n 0 ”n T T o 5

00 0 O 0 20 00 CBC_ljJ:) Owv Tprnnm (2.3)
6 "00"00 6 000 20mwL T mmm (2.32

TT -

00000 6 2 Qwm :)'0"ooc—w:>"om0 Tommmm (2.33
6" 00 6 000 000mL Tpmmm (2.34)

Nitrous oxide emissions from crops derive from nitrification deditrification processes, which are
related to the entry of nitrogen in soils. The emissions are divided into direct emissions from applied
fertilizers and indirect emissions from nitrogen losses from leaching and runoff. Equai@8s gnd
(2.29 represent direct BD emissions from irrigated and dryland crops, respectively, whereand 0
are the nitrogen fertilization applied to irrigated crops i in irrigation district k, and to dryland crops idr in
watershed board e. Equation®.80) and @.31) represent indirect MD emissions from irrigated and
dryland crops, respectivelp. and0  are the leaching fractions for irrigated crop i and dryland crop
idr, and® and®@  are the irrigated and dryland crops areas. Th® Emission factors of crops are
0.010 kg of BD-N per kilogram of nitrogen applied for direct emissions EF1, and 0.011 k@ Ner
kilogram of nitrogen leached for indirect emissions EIPZC, 2019aThe coefficientSOw 0  and

"Ow 0 define the global warming potential of greenhouse effect for nitrous oxide (265) and methane

(28). Coefficient—is the molecular weight ratio between.® and N.

Equation 2.32) represents methane emissions from enteric fermentation of ruminants (sheep and
cattle), whered is the number of heads of type of animal a in watershed board e,@id is the
emission factor for type of animal a. Equati@3@ describes the nitrous oxide emissions from manure
management, wher® ‘Q wis the nitrogen excreted by type of animal a in watershed boafd '@is the
N>O emission factor of manure management, which depends on the manure management systems.
Methane emissions from manure management are equal to the number of lieads$ype of animal a in

watershed board e) multiplied by the associated emission faot@® (IPCC, 2019b

The environmental damage of agricultural activities is the sum of the cost of GHG emissions and the

cost of nitrogen pollution into watercourses. The damage of GHG emissions is determined by the volume
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of GHG emissions and the social cost of carbon set BU@&CO,e, which is taken from OECD estimates
(Smith and Braathen, 20)1%nd is close to current US EPA regulation ($5L8L®@/e assume also that

the NQ-N loads reaching watercourses are 40% of all nitrogen loads at the source of pollution, and the
NG:-N loads reaching the Ebro River mouth represent only 10% of all nitrogen loads at the source of
pollution. This is based on the resultsafssaletta et al. (2012)hich indicate a high level of retention in

the basin (90%)rhe environmental damage from nitrates is calculated multiplying the volume of nitrate
loads from crops and livestock, by the cost to removing nitrate from water &ur@kg NQ-N Martinez

and Albiac, 2006 The environmental damages are given by the following equations:

%$ = $0/ %+ 8/ %)BC +0.HYa U aNC (2.35)
%$ =G0/ % +) 8/ % )IBC+0.4*d X ONC (2.36)
%$ =(6"0000 +0 /- -0 +6A 00 )BC+0.D"Y) QANC (2.37)

where the first component is GHG damages (social cost of carbon SC multiplied by crops or livestock
emissions), and the second component is nitrate damages (nitrate cost NC multiplied by nitrate loads).
41 AA@& @41 A A Aske nitrogen leaching from irrigated and dryland crops 4nd A i@the nitrogen

excreted from livestock.
2.3.4 Ebro optimization model and model application

The optimization model of the Ebro Basin integrates the three components described above, and the
objective function represents social benefits, the sum of private benefits minus environmental damages
The maximization of social benefits covers all water sectors and spatial locations. The optimization
problem is given by:

Dwwd OO0 B pp 6 00 (2.38)
subject to all hydrological, technical, econorai@ environmental constraints of irrigated, dryland, and
livestockactivities where 0 are private benefits and ‘O are environmental damages from crops in
irrigation districtk, from dryland crops and livestock in watershed boardnd from urban centers. The
mathematical programing GAMS package has been used for the Ebro model. The model has been solved
using a nonlinear programming algorithm (CON@PWard (2021)indicates that GAMS might be an
effective tool for implementing linear, nelinear, and integer optimization. It can solve large systems of

non-linear equations simultaneously. The system is flexible, open, andi@alimenting, with obvious

connections btween model formulation and solution.
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The hydroeconomic model is used to analyze the interdependence between water quantity and
water quality, under normal water inflows and drought scenarios. Drought scenarios are used to
understand future drought severity levels, and the ensuing impactsatémscarcity and pollution on
social benefits in the basin. Moderate and severe drought scenarios assume reductions of 30% and 40%
in water inflows, respectively, relative to the flows under normal climate conditions. Then, the model is
used to assess sited mitigation and adaptation policies under normal climate and severe drought

conditions.

This assessment highlights the role that policies could play in the abatement of nonpoint pollution in
watercourses and the atmosphere, and also in identifying the tradeoffs between water quality and water
scarcity. The analysis shows the effectivenespatities under extreme droughts and the impacts on
water use, pollution loads and their environmental damages, and social benefit outcomes. The selected
policies are P1: Optimization of nitrogen fertilization (by reducing fertilization to crop requirein&as
Substitution of synthetic fertilization by organic fertilization; P3: Irrigation modernization; P4: Manure

treatment plants, Table2.1).
2.4Results
2.4.1 Water allocation, and nonpoint pollutiomnder normal and drought scenarios

The results of water allocation, environmental damages and social benefits under the baseline and
drought scenarios are presented Trable 22. Under normal climate conditions, the social benefits are
€3,375million and the total water use reaches 3,874 Mnthe irrigated land covers 557,000 ha of field
crops, fruit trees and vegetables. Dryland covers 1,194,000 ha and livestock herds amount to 2,769
Livestock Units (LSU). Employment in the basin is 37,000 Annual Work Units (AWU) for irrigated crops,
21,500 AWU for dryland crops, and 34,000 AWU for livestock rearing. Results show that nitrogen
emissions at the source are 236,000 tNODand GHG emissions are 7.15 Mi€@om agricultural
activities, whichconcentrate in Canal de Urgel, Canal de Bardenas, and the lower sections of the Segre
and Gallego tributaries, given the large irrigated cropland and swine herds in these figpas 22a;

Figure 2.3 Nitrogen loads entering watercourses in the Ebro are around 94,008-fM\l@nd the nitrate
concentration at the river mouth is estimated at 11.3 mg/IN@der normal climate (Figure 2.2b). The
environmental damages from water pollution and GHG emissions40@million, which are subtracted

from the farming private benefits in order to calculate social benefits.
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Table 2.1. Description of policies.

Policies Description Source

P1 Efficient use of nitrogen fertilization at crop requirements withc (Kahil et al., 2011)
impacts on yields. The nitrogen price used is equal®37Eurdkg.

P2 Substitution of synthetic by organic fertilization up to 60% sh (Daudén et al., 2011)

(from current 27%). The cost of manure application amounts to

Eurdm? for a distance of 10 km, which includes transport ¢

specialized equipment costs.
P3 Replacing surface irrigation by more efficient irrigation technolog Guardia et al. (2010).
P4 Use of manure treatment technologies to reduce nitrogen emissic (Flotats et al., 2011)

This study considers plants of 50,000%year capacity with

nitrification and denitrification processes, with total cost at

Eurdm? of manure

Under drought conditions, water allocation to irrigation districts is reduced proportionally to their
regular allocation, while water allocation to urban areas and livestock is maintained. Urban areas take
priority over any other water use, followed bydstock. In normal weather conditions, animals only use
1% of water withdrawals, and during droughts water is not a limiting factor for livestock. Under moderate
drought, water diversions for irrigation are reduced by 30% with private benefits droppa¥g&million.
Moderate drought reduces irrigated acreage by 35%, especially for less efficient irrigation system. GHG
emissions and nitrogen pollution at the source are reduced, while the nitrate concentration at the Ebro
River mouth increases by 40% due to the redwrcdf river flows. Under severe drought conditions, water
withdrawals for irrigation are reduced proportionally by 40%. Irrigated cropland genez&&&million
in private benefits using 2,098 Mnof water. The irrigated acreage falls almost half and nitrogen
pollution at the source decreases. However, the nitrate concentration at the mouth of river increases by

63%.

The results show that droughts reduce crops with low profitability and high water requirements, and
the cropland acreage under less efficient irrigation technologigufe A2.2)The drought scenarios
illustrate what are the more efficient water and land management options for adaptation to water
scarcity, which vary between irrigation districts and respond to factors such as crop diversification, the
level of modernization of iigation systems, and the access to water resoufEégure A2.3)In addition,
results highlight the tradeoff between nitrate concentrations and water availability. Nitrate
concentrations increase under drought conditions, as the dilution processes worsen driven by water

scarcity.
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2.4.2 Policy analysis under normal and drought conditions

P1. Optimization of nitrogen fertilization

The efficient use of nitrogen fertilization in irrigated and dryland crops in the Ebro Basin is an interesting
policy that can reduce nonpoint pollution into the atmosphere and watercourses. This policy increases

the profit of crops by 45 million while reducing environmental damages &2 million, achieving higher

social benefits. The increase in private benefits results from the drop of nitrogen fertilize8®Aq0 tN)

which reduces nitrogen leaching?(000 tN) and crops N S YA & & A 2 y & ,€)0Cultivated>arean n G/ h
and water withdrawals increase, reducing the streamflow at the Ebro mouth. Nitrate loads at the source

in the basin are reduced to 229,000 tNR, declining nitrate concentrations at the river mouth by 0.3

mg/l NG

Under drought conditions, despite the reduction of streamflow at the mouth to 5,3413 Minis
policy still improves water and atmosphere quality by reducing nitrate concentration to 18.2 mg/l NO
and GHG emissions to 6.79 Mt#&QOcompared to drought conditions without policies. The results point
out also that the policy under drought reduces nitrate loads at the source to 220,00eNNOX increases
water withdrawals to 2,566 M Compared with the policy in normal flow, nitrate concentration at the
mouth rises 65%, and the reason is drought decreases water availability and impairs the dilution
processes. In both cases, normal and drought conditions, this policy is efficient in mitigating agricultural
pollution into the atmosphere and watercourses (althbugpductions are moderate), and in enhancing
private profits. The policy benefits both farmers and the environment generaymgrgies between
environmental and economic outcomes$aple 2.3)However, its implementation requires the training

and willingness to cooperate of farmers.

P2. Substitution of synthetic fertilization by organic fertilization

Substituting synthetic fertilization by organic fertilization is also an interesting policy for reducing
nonpoint pollution to the atmosphere and water streams, and avoid the high abatement costs of manure
treatment plants. Increasing the circular use acimare as fertilizer from the current 27% upG0% would
promote a more sustainable agriculture by reusing nutrients in the soil and preventing pollution. This
study assumes that the cost of manure application amounts t&8rdm? for a distance of 10 km, which
includes transport and specialized equipment cofaudén et al., 2001 Results show that manure
fertilization increases irrigated land to 584,000 ha and water withdrawals to 4,032, Myducing

streamflow at the river mouth by 112 Min
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Table 2.2. Agricultural use of resources, pollution and benefits under drought scenarios

Climate conditions Normal flow  Moderate drought  Severe drought

Land (1,000 ha)

Irrigated land 557 362 315
Field crops 399 225 184
Vegetables 36 30 28
Fruit trees 122 107 103

Dryland 1,194 1,194 1,194
Field crops 900 900 900
Fruit trees 294 294 294

Livestock (1,000 head)

Swine 12,913 12,913 12,913

Ovine 2,380 2,380 2,380

Beef cattle 724 724 724

Dairy cattle 74 74 74

Water use (Mnf) 3,874 2,825 2,475

Irrigated land 3,497 2,448 2,098

Livestock 55 55 55

Urban 322 322 322

Irrigation system (1,000 ha)

Flood 292 158 129

Sprinkler 174 120 104

Drip 91 84 82

Streamflow at the river mouth (M) 9,272 6,366 5,406

Nitrogen emissions (1000 tN£N)

At the source 236 227 225

Entering watebodies 94 91 90

Nitrate concentration at Ebro mouth (mg/I 11.3 15.8 18.4

GHG emissions (MtGE) 7.15 6.97 6,93

N2O from crops 0.76 0.58 0.54

CH from Enteric Fermntation 1.92 1.92 1.92

N2O from Manure Managment 0.85 0.85 0.85

CH from Manure Managment 3.62 3.62 3.62

Private benefits fillion Eurg 3,784 3,650 3,586

Irrigated land 813 739 705

Dryland 301 241 211

Livestock 811 811 811

Urban 1,859 1,859 1,859

Environmental damagegtillion Eurg 409 397 394

Irrigated land 34 22 19

Dryland 14 14 14

Livestock 361 361 361

Social benefitsrgillion Eurg 3,375 3,253 3,192

Irrigated land 779 717 686

Dryland 287 227 197

Livestock 450 450 450

Urban 1,859 1,859 1,859
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This policy increasegganic fertilization up to 153,000 tN, while synthetic fertilization declines, achieving
a reduction of 300,000 tG® in GHG emissions and 28,000 tNMDin nitrate loads into watercourses,
which decreases nitrate concentration at the Ebro mouth by 32% to 7.7 mg/l E@vironmental
damages decrease laf09million and private benefits increase a2 million because of the cost savings

of organic fertilization, augmenting social benefits ug 8496 million.

Under drought conditions, the policy abates nitrate loads at the source to 189,008NN@d GHG
emissions to 6.81 MtG®, while water withdrawals amount to 2,564 MmHowever, nitrate
concentration increases at the river mouth by 39% to 15.7 mgA €cause of the drought lower
streamflow Compared with drought conditions without any policy, manure fertilization improves water
and air pollution, lowering environmental damageg&2 million) and increasing social benefitsg*19
million). This policy mtails synergies in reducing both atmosphere and water pollution, and synergies
between economic and environmental outcomes under normal and drought conditions. It shows also an
acceptable tradeoff between water quantity (streamflow at the mouth) and qualitypoh abatement)
(Table 2.3)

P3. Irrigation modernization

Modernization investments involve upgrading irrigation technologies, which enhance the efficiency of
water use and reduce nitrate and GHG emissions. Modernization increases cultivated land to 566,000 ha
after substituting surface irrigation by sprinklerdadrip systems. However, advanced irrigation systems
reduce water withdrawals to 3,173 Mnand nitrogen fertilization to 85,000 tN, increasing the efficiency

of water and nitrogen useTherefore, nitrate loads at the source and nitrate concentration atEheo

mouth are reduced, while the streamflow at the mouth increase®© &missions also decrease to 0.72
MtCQe. This shows that modernization generates suitatskdeoffs between streamflow, nitrate
concentrations and GHG emissions. Advanced irrigation technologies increase yields and farmers'
benefits, but modernization costs are very high. As a consequence, the private benefits of irrigation

decrease but they arstill advantageous compared with the baseline.

Under drought, modernization reduces water use, nitrogen leached, and GHG emissions, increasing
social benefits by 35 million compared to drought without policies. Although modernization increases
streamflow at the mouth, the abatement of nitrate concentration is very small, which shows the tradeoff

of this policy between water quantity and quality (Table 2.3).
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Figure 22. Nitrogen emissions at the source and in water bodies at municipal level
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Figure 2.3. Agricultural GHG emissions in the Ebro Basimunicipal level
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Figure shows D emissions from crops (@ CE), the GHémissions from enteric fermentation (CHF),
and the NO (NO MM) and CH(CH MM) emissions from manure management.

Table 2.3. Use of resources, pollution armknefitsfor each policy under normal and drought

conditions
Normal flow Severe drought
Policies Without P1 P2 P3 P4 Without P1 P2 P3 P4
policies policies
Land (1,000 ha)
Irrigated land 557 584 584 566 557 315 330 347 328 315
Dryland 1,194 1,194 1,194 1,194 1,194 1194 1,194 1,194 1,194 1,194
Animals(LSU) 2769 2,769 2,769 2769 2769 2,769 2,769 2769 2,769 2,769
Water use (Mn3) 3,874 4,031 4,031 3549 3,874 2475 2,566 2564 2,280 2,475
Agriculture 3,552 3,709 3,709 3,227 3,552 2,176 2,244 2242 1,958 2,176
Urban 322 322 322 322 322 322 322 322 322 322
Streamflow at Ebro 9,272 9,160 9,160 9,290 9,272 5,406 5341 5,342 5,416 5,406
mouth
Nitrogenemissions (1000 tN&N), Nitrate concentration NC (mg/land GHGemissiongMtCQOe)
At the source 236 229 160 234 115 225 220 189 224 105
Enteringwatercourse 94 91 66 93 46 89 87 73 89 42
NC at Bro mouth 11.3 11.0 7.7 111 55 18.4 18.2 157 18.3 8.6
GHGemissions 7.15 696 6.85 7.11 6.65 6.93 6.79 6.81 6.92 6.43
Private benefits(a €) 3,784 3,829 3,796 3,796 3.501 3,586 3,623 3,623 3,620 3,303
Agriculture 1,925 1970 1,937 1,937 1,642 1,727 1,764 1,772 1,761 1,444
Urban 1859 1859 1859 1859 1859 1859 1,859 1,859 1,859 1,859
9y @d RIYI I 409 397 300 406 326 394 386 312 393 312
{20A1f 0Sy 3375 3432 3496 3,390 3,175 3,192 3,237 3,311 3,227 2,991
Agriculture 1516 1,573 1,672 1531 1,316 1,333 1,378 1452 1,418 1,133
Urban 1859 1859 1859 1859 1859 1859 1,859 1,859 1,859 1,859
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P4. Manure treatment plants

Manure treatment plants reduce direct and indirect nitrogen loads into watercourses and nitrous oxide
emissions into the atmosphere from manure management. Tladsgement technologies involve high
investment, operation and maintenance costs. This study considers plants of 500@€amwith
nitrification and denitrification processes, with total cost aEdrdm? of manure Flotats et al., 2011
Results under normal flow and drought conditions show that the installation of manure treatment plants
maintains water withdrawals by agriculture and streamflow at the river mouth, but achieves significant
abatement of both nitrate concentration at thebro mouth (by more than half to 5.5 and 8.6 mg/IsNO
respectively for normal and drought years) and GHG emissions (down to 6.65 and 6.43eMtCO
respectively). Environmental damages are curbed by ara@@million but the costs of this policy are
close toe280 million, reducing both private and social benefi&able 2.3. The investments in manure
treatment plants would be reasonable for higher social carbon costs above the current estimates of 40
€ K (b€, br for river reaches where highly valuable aquatic ecosystems are damaged by nitrates. Also,
manure treatment plants could be the only alternative in areas generating large quantities oferthati

cannot be reused as fertilizer because of the lack of cropland in the surroundings.
2.5Discussion

This research provides a comprehensive analysis of water allocation and agricultural nonpoint pollution
in the Ebro basin under normal and drought events, together \li relationship between water
guantity and quality. Drought conditions reduce agricultural withdrawals and pollution loads to water
media and the atmosphere, although nitrate concentrations increase because of the substantial fall in
stream flows.Yang et al., 201%dicate that these tradeoffs between water quantity and quality are

important in considering sustainable development outcomes.

The results on water allocation and agricultural pollution loads during normal weather and droughts
provide useful information for decision making. Climate impacts would undermine the sustainability of
water systems in the Ebro under current managementcpcas, threatening both irrigated agriculture
and environmental flows. The results of drought scenarios call for decisive policy interventions by local,
state and federal stakeholders to reduce the vulnerability of the economic sectors, and also td giretec
natural environment. This research evaluates several policies relevant for regional and basin water
planning. These policies promote the efficient use of water and nutrients, enhance farming conditions and
SYGANRYYSyGl t 2dzi O2 YiScarde insghie cabes. StkBebstul$olidy limplensitadion
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and enforcement entail the involvement of water stakeholders in water planning, along with the general

public support that would motivate political representatives.

Several policy initiatives have been taken in some countries to address the abatement of agricultural
nonpoint pollution, such as the European Nitrates Directigarfépean Commission, 1991limiting
nitrogen emissions from farming systems to protect groundwater and surface waterways. The purpose is
to reduce nitrate pollution into water bodies caused by excessive nitrogen fertilization and manure
surplus. However, the achievements of thetrdtes Directive during the last three decades are
questionable because the entry of nitrogen in soils has not been curtailbd. main problems with the
Directive are that the use of homogeneous measures across very heterogeneous European regions in
terms of pollution loads, and the flimsy enforcement mechanism based on penalizing agricultural
subsidiesAlbiac et al., 2020 Another case is the conservation programs in the United States for reducing
agricultural nonpoint pollution. Despite spending 5 billion US dollars per year in conservation programs
over the last two decades, there is no clear general improvement of mgatality in basinsRibaudo,

2015.

Our results indicate that the selected policies contribute to the abatement of nonpoint pollution, and
improve both water and air quality. The results reveal the tradeoffs and synergies between economic and
environmental effects of these abatement polici®ééitrogen optimization (P1), manure fertilization (P2)
and irrigation modernization (P3) are interesting policies that reduce polluting emissions into the
atmosphere and watercourses, while enhancing the private benefits of farmers. Those policies deliver
synergies between the economic and environmental outcomes. However, manure treatment plants (P4)
deliver a strong reduction of nonpoint pollution and environmental damages, but they also reduce private
benefits because of the high investmentandoperathg &8 1 &8 @ ¢ KA & NBRdAzOGA 2y Ay Tl
that the uptake of this policy by farmers would be challenging, requiring strong command and control
measures coupled with public incentives or subsidies. Drought conditions limit the effectiveness of
pollution abatement policies compared with normal weather. However, these policies still have significant

economic and environmental positive effects compared to drought conditions without policies. The

2Examples of the limited success of the Nitrates Directive is the Seine River where nitrate pollution at the
mouth has doubled since 199R@mero et al., 2006 the Po River where nitrate trends have been
increasingusacchio et al., 2030and the Thames River where nitrate pollution has not decreased since
the 19909Howden et al., 20111
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analysis of mitigation policies supports decision making and contribute to the ongoing policy discussion

for designing basin wide sustainable water management.

The use of manure as fertilizer is an effective policy to cut back nitrate concentration, improving
water and atmosphere qualityBaccour et al, 2031 According toStrokal et al. (2020)incorporating
manure as crop fertilizer is an effective strategy for drasticadljuce eutrophication. This policy is
considered an important solution to prevent the entry of nitrogen in soils by substituting synthetic
fertilizers Khan and Chang, 2018la et al., 2019MOA, 2018. Moreover, manure fertilization is quite
interesting in the Ebro Basin, especially in Aragon, because the volume of available manure in the region
can meet all nitrogen requirements by crop3r(s, 2008 Albiac et al. (2016ndicate that the use of
organic fertilizers in Europe could decrease the use of synthetic fertilizers by almost half, thus reducing
nitrous oxide emissions and nitrogen loads in watercourses, which would generate a®@@@million
in environmental benefitsDalgaard et al. (20140dicate the successful implementation of this policy in
Denmark, with a mix of command and control (fines) and institutional instruments, by showing farmers

that substitution of synthetic fertilizers with manure was profitable.

Another interesting policy is irrigation modernization, which enhances water efficiency at parcel level
and abates pollution loads. According BorregeMarn and Berbel (2019)he impact of irrigation
modernization on improved water quality is significant at the basin scale and the implementation of this
strategy minimizes nitrogen leaching into water bodies, while providing economic benefits similar to our
results.GarciaGarizdbal and Causapé (20&8)imate a 20% reduction in leached nitrogen following the
adoption of water conservation measures in an irrigation district in the Elloac et al. (2017hdicate
that irrigation modernization in Spain could reduce GHG emissions by 2. Lajt@i®involves quite high
investment costsGrafton et al. (2018mphasize the paradox of irrigation efficiency, which indicates that
advanced irrigation technologidacreaseirrigation efficiency at district level, but could also increase
water consumption in the basin. Gains in irrigation efficiency promote more watensive crops, double
crops or irrigated land expansion, resulting in higher evapotranspiration and lostem flows to
watersheds. To avoid the paradox, modernization projects of irrigation districts should include water

balances that prevent increases in evapotranspiration.

The choice of policies depends on the objectives of decision makers, but also on the availability of
biophysical and economic information. The uptake of policies is related to theireffaséncy,
acceptability by stakeholders, appropriate design of enméntation and enforcement mechanisms, and

resulting transaction costs. Successful implementation requires effective policies that are socially viable
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and include appropriate enforcement mechanisms ensuring compliance by stakeholders. A mix of
command and control, economic and institutional instruments are needed to facilitate the
implementation of sustainable water management. Better education is atgpmitant, as seen by the
Science Technology Backyalmitiativein China, in which scientists, students, and farmers exchange their
expertise. In other terms, collective action and cooperation among farmers, policymakers, scientists, and
other stakeholdes are needed to achieve sustainable polici#ad et al., 2016)0Overall, implementing
costeffective management strategies requires the successful deployment and uptake of policies and

technology packages by stakeholders, as well as organizing their active cooperation.

Our study is novel in two key aspects: First, an optimization model is used to analyze the tradeoffs
between water quantity and quality in order to maximize the social benefits of water from agricultural
activities and urban centers. Second, the evaluattbmutrient pollution into watercourses and GHG
emissions into the atmosphere from irrigated, dryland, and livestock activities under normal and severe
droughts conditions. The evaluation of selected policies with the model provides clues on suitable

comhbinations of mitigation and adaptation policies for water and air quality enhancement.

A certain number of simplifying assumptions have been used in developing the hydroeconomic
model. The model includes a reduced form hydrological framework, which does not include reservoirs
and their linkages with streamflows. Moreover, the model is sttid does not include dynamic aspects
regarding water allocations, basin streamflows, and drought events. This may change the effectiveness of
mitigation and adaptation policies over a mugar horizon. Despite these limitations, the
hydroeconomic modek a good analytical tool to assess the effects of drought scenarios under selected

mitigation and adaptation policies for enhancing water allocation and curbing water and air pollution.

Future work could address model improvements such as incorporating significant additional
biophysical processes (pollution transport and fate processes, other pollutants), and including water
storage of reservoirs and hydropower generation. Other improvetsi@re considering the headwater
inflow variables stochastic, modifying the time step of the model from yearly to monthly, and improving
the model calibration and validation. The introduction of stochastic variables would be an interesting
advance for a étter representation of droughts and climate change. This will improve the estimation of
nonpoint pollution loads into water streams for a better assessment of policies. Another important aspect
that could be included in the analysis is the strategic ba&iransf stakeholderdn order to figure out the
acceptability and stability of cooperative solutions for the abatement of water pollution loads and GHG

emissions.
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2.6Conclusions

Water availability and agricultural nonpoint pollution in the Ebro River are analyzed under normal and
drought conditions using an integrated hydroeconomic model. The study analyzes a set of mitigation and
adaptation policies to address water scarcity aquhlity, and emissions of greenhouse gases. Results
indicate that drought conditions reduce crops with low profitability and high water requirements, raising
nitrate concentrations by up to 63 % and highlighting the tradeoff between nitrate concentradiwhs
water availability. The assessment of mitigation and adaptation policies provides insights on the synergies
and tradeoffs between environmental and economic objectives, as well as on the potential tradeoffs
between water quantity and water quality. Adlsaluated policies improve water quality and reduce the
emissions of greenhouse gases. However, the mosteffsttive policies are the reduction of nitrogen
fertilization, the substitution of synthetic fertilization by manure, and the improvement ddadtion
technologies. These cosffective policies would facilitate the achievement of sustainable water
management goals in the basin. Our study could support the deeaisaking process by contributing to

the ongoing policy discussions for the desigmas$in wide sustainable policies. The findings in the Ebro
could have interest also for other rivers basin, especially in arid and semiarid regions with similar

agricultural and climate conditions.
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Appendix

Figure A21. Hydrological system of the Ebro Basin
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Figure A22. Land use under baseline and drought scenarios
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Figure A23. Land use in irrigation districts under baseline and drought scenarios
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Figure A24. Nitrogen applied, leached, and excreted for each policy under normal and drought

conditions
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Figure A25. Agricultural GHG emissions in the Ebro river basin for each policy under normal and
drought conditions
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Table A21. Use of resources, pollution and benefits for each policy under normal and drought

conditions
Normal flow Droughtconditions

Policies Without P1 P2 P3 P4 Without P1 P2 P3 P4

policies policies

Land (1,000 ha)

Irrigated land 557 584 584 566 557 315 330 332 328 315
Field crops 399 423 423 407 399 184 197 199 193 184
Vegetables 36 37 37 36 36 28 29 29 29 28
Fruit trees 122 124 124 123 122 103 104 103 106 103

Dryland 1,194 1,194 1,194 1,194 1,194 1,194 1,194 1,194 1,194 1,194
Field crops 900 900 900 900 900 900 900 900 900 900
Fruit trees 294 294 294 294 294 294 294 294 294 294

Livestock (1,000 head)

Swine 12,913 12,913 12,913 12,913 12,913 12,913 12,913 12,913 12,913 12,913

Sheep 2,380 2,380 2380 2,380 2,380 2,380 2,380 2,380 2,380 2,380

Beef cattle 724 724 724 724 724 724 724 724 724 724

Dairy cattle 74 74 74 74 74 74 74 74 74 74

Water use (Mn3)

Agriculture
Irrigated land 3,497 3,654 3,654 3,173 3,497 2,098 2,189 2,187 1,903 2,098
Livestock 55 55 55 55 55 55 55 55 55 55

Urban 322 322 322 322 322 322 322 322 322 322

Total 3,874 4,031 4,031 3,549 3,874 2,475 2,566 2,564 2,280 2,475

Irrigation system (1,000 ha)

Flood 292 312 312 26 292 129 138 140 9 129

Sprinkler 174 180 180 385 174 104 109 109 184 104

Drip 91 92 92 155 91 82 83 83 135 82

Streamflow (Mn#)

Ebro River mouth 9,272 9,160 9,160 9,290 9,272 5,406 5,341 5,342 5,416 5,406

Nitrogen emissions at the source (1000 ti{Y)

Crops 32 25 34 30 32 21 16 22 20 22

Livestock 204 204 126 204 83 204 204 167 204 83

Nitrogen emissions entering water bodies (1000 tiN)

Crops 13 10 14 12 13 8 6 11 8 9

Livestock 81 81 52 81 33 81 81 62 81 33

Nitrate concentration (mg/l NQ)

Ebro River mouth 11.3 11.0 7.7 111 55 18.4 18.2 15.7 18.3 8.6

GHG emissions (MtG&)

N2O from crops 0.76 0.57 0.79 0.72 0.76 0.54 0.40 0.57 0.53 0.54

CH from EF 1.92 1.92 1.92 1.92 1.92 1.92 1.92 1.92 1.92 1.92

N2O from MM 0.85 0.85 0.52 0.85 0.35 0.85 0.85 0.70 0.85 0.35

CH from MM 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62 3.62

Total 7.15 6.96 6.85 7.11 6.65 6,93 6.79 6.81 6.92 6.43

Private benefits fillion Eurg

Agriculture
Irrigated land 813 841 843 825 813 705 731 730 739 706
Dryland 301 318 318 301 301 211 222 223 211 211
Livestock 811 811 811 811 528 811 811 779 811 527

Urban 1,859 1,859 1,859 1,859 1,859 1,859 1,859 1,859 1,859 1,859
Total 3.784 3,829 3,796 3,796 3.501 3,586 3,623 3,623 3,620 3,303
Environmental damagegtillion Eurg
Irrigated land 34 27 36 31 34 19 15 21 18 19
Dryland 14 9 14 14 14 14 10 14 14 14
Livestock 361 361 250 361 278 361 361 277 361 278
Total 409 397 300 406 326 394 386 312 393 312
Social benefitsrfillion Eurg
Agriculture
Irrigated land 779 814 807 794 779 686 716 709 721 687
Dryland 287 309 304 287 287 197 212 209 197 197
Livestock 450 450 561 450 250 450 450 533 450 249
Urban 1,859 1,859 1,859 1,859 1,859 1,859 1,859 1,859 1,859 1,859
Total 3,375 3,432 3,531 3,390 3,175 3,192 3,237 3,311 3,227 2,992

52



CHAPTER

CLIMATE ADAPTATION GUIDANCE: NEW
ROLES FOR HYDROECONOMIC
ANALYSIS






Chapter3

Chapter 3Climate Adaptation Guidance: New Roles for Hydroeconomic Analysis
Abstract

Climate water stress internationally challenges the goal of achieving food, energy, and water security.
This challenge is elevated by population and income growth. Increased climate water stress levels reduce
water supplies in many river basins and elevabmpetition for water among sectors. Organized
information is needed to guide river basin managers and stakeholders who must plan for a changing
climate through innovative water allocation policies, traoff analysis, vulnerability assessment, capacity
adaptation, and infrastructure planning. Several hydroeconomic models have been developed and
applied assessing water use in different sectors, counties, cultures, and time periods. However, none to
date has presented an optimization framework by whidhktdrical water use and economic benefit
patterns can be replicated while presenting capacity to adapt to future climate water stresses to inform
0KS RSaAdy 2F LRftAOASa y20G &S4G 0SSy AYLX SYSYGSRo
by designing and presenting results of a hydroeconomic model for which optimized base conditions
exactly match observed data water use and economic welfare for several urban and agricultural uses at
several locations in a large European river basin for whidemese supports a population of more than

3.2 million. We develop a statef-the arts empirical dynamic hydroeconomic optimization model to
discover land and water use patterns that optimize sustained farm and city income under various levels

of climatewater stress. Findings using innovative model calibration methods allow for the discovery of
efficient water allocation plans as well as providing insight into marginal behavioral responses to climate
water stress and water policies. Results identify thadter trade policy under climate water stress
provides more economically efficient water use patterns, reallocating water from lower valued uses to
higher valued uses such as urban water. The Ebro River Basin in Spain is used as an example to investigate
g1 GSN) dzaS T RIFLIGFGA2Y LI GGSNYya dzy RSN @I NA2dza f S@S

challenges can be of relevance to other river basins internationally.
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3.1Background
3.1.1. Introduction

Climate variability and growing population worldwide increase water demands for food production and

urban use presenting an ongoing and growing challenge for climate water stress adaptation policies.
Climate change is affecting the duration and the intgnef severe hydranetrological events, causing

climate water stres§Johnson and Weaver, 2009his climate water stress poses difficulties in protecting

food security and economic sustainability, notably in arid and seidiriver basin. Increased water

shortages and reduced water availability induced by climate change could ensue in an unéesira
consequence on economic activities and environmental sustainaf@impar et al., 2019 Climate water

stress has been responsible for 41% of environmental disasters and 54% of economic losses in Europe
over the last 50 yearBVMO, 2021) A better understanding of the economic impacts of climate water
aiNBaa 2y oFGSN) dzaSs 6l GSNI I @FAtroAftAGET o GSNI ad:

provide a more efficient and sustainable adaptation policies.
3.1.2. Previous Work

Hydroeconomic analysis (HEA) has been a sihthe arts approach for integrating physical and
economic dimensions of water resource systems to guide policy deljBmaker et al., 2012; Boucher et

al., 2012; Brouwer and Hofkes, 2008; Esteve et al., 2015; Foudi et al., 2015; George et al., 2011; Goor et
al., 2011; Guan and Hubacek, 2007; Guan and Hubacek, 2008; Harou and Lund, 2008; Harou et al., 2010;
Harou et al., R09; Heinz et al., 2007; Howitt et al., 2012; Jalilov et al., 2016; Kabhil et al., 2015; Klein and
Whalley, 2015; Kragt et al., 2011; Maneta et al., 2009; PMelazquez et al., 2008; Qureshi et al., 2013;
VarelaOrtega et al., 2011; Verkade and Werned12; Ward and Pulidvelazquez, 2008; Yang et al.,

2016) This capacity of HEM to guide policy choices sees growing importance in light of ongoing debates

over methods to inform policy design for adapting to climaiater stress.

Much HEA has been conducted for European watersifétisnanos et al., 2019; Alamanos et al.,
2021; BlanceGutierrez et al., 2013; Carolus et al., 2020; EsB8ma et al., 2017; Graveline, 2020; Heinz
et al., 2007; Herivaux et al., 2013; Her@amez and Delgad®amos, 2020; Koch and Grunewald, 2009;
Molina et al., 2013; Penélaro et al., 2009; Puliddelazquez et al., 2008; Rupefidpreno et al., 2017,
Udiasetal, 2016){ 2YS 2F 9dzNRLISQa 0684l (y26y O2y(iNROdziA2Y:
history of climate stress and intense competition for waBlanceGutierrez et al., 2013; Crespo et al.,
2019; Essenfelder et al., 2018; Kahil et al., 2015; Kahil et al., 2016:Niopézs et al., 2018; Per&tanco
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et al., 2021; Rupereldloreno et al., 2017; Varel@rtega et al., 2016; Varelartega et al., 2011)Several
watersheds in Asia have also been analy@@dkchanov and Lamers, 2016; Bekchanov et al., 2018;
Bekchanov et al., 2015; Bekchanov et al., 2016; Jalilov, 2021; Jalilov et al., 2016; Jalilov et al., 2015;
Nechifor and Winning, 2018; Ray et al., 2015; Sadoff et al., 2013; Satoh et al., 2017; Ward02la

Yang et al., 2016)

Many other studies have been published that integrate the disciplines of hydrology, irrigation,
economics, and policies to discover resilient adaptations to drought and climate stress. One important
policy analysis was conducted for Niger Basin that hasophisticated integration of hydrology,
economics, and institutional analys{(/ard and Kaczan, 2014Notable contributions have been
conducted in Spain to address policy adaptation to climate chéageve et al., 2015; Kahil et al., 2Q15)
Another study for the Murray Darling Basin in Australia assesses climate adaptation fKlitigst al.,

2014)

3.1.3. Gaps

Several hydroeconomic modeling works have been conducted assessing water use in varying sectors in
varying locations of the world and for various time periods. However, few have presented an optimization
framework by which historical water use and econontienefit patterns can be replicated while
developing capacity to adapt to future climate water stresses to inform the design of policies not yet
implemented. Successfully addressing this pair of gaps informs water policy debates on efficient water
distributions to face future climate conditions to adapt to climate stress in the world, especially in arid

and semiarid areas.
3.1.4. Contribution

¢CKAA LI LISNDa dzyAljdzS O2y iNRodziAz2y Aa G2 | RRNBaa (K
hydroeconomic model (HEM) for which optimized base conditions match observed data on water use and
economic welfare for several urban and agricultwsés at numerous locations in a large European river

basin for which water use supports a population of more than 3.2 million. This innovative model
framework integrates hydrology, economics, climate stress, and institutional water sharing to address
climae water stress variability and identify opportunities for water sharing policies to adapt to climate

water stress to protect future sustainable water resources, especially in new climate conditions. Our

model also evaluates the potential of water sharaiternatives under different levels of climate water

stress in providing an efficient water allocation across sectors and spatial locations, as well as presenting
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outcomes that could reduce total economic losses that would otherwise be incurred by that climate water
stress. The model we developed permits assessments of alternative water sharing policies to protect
future sustainability of water resources in new nwdite conditions not previously experienced.
Furthermore, this model uses innovative calibration methods to enguaie optimized base water use

and water use outcomes match historically observed data water use and economic welfare. After
performing thiscalibration, the calibrated model is used to discover efficient water allocation plans for
adapting to shortages under alternative water shortage sharing methods, providing insight into important

behavior responses to climate water stress adaptation pedici
3.2Methods of Analysis
3.2.1. Study Area

The Ebro River Basin is one of the main European Mediterranean basins and the largest river in Spain. It
represents 17% of the Spanish peninsular territory with a river length of 910 km and an annual water
supply of about 15,000 million cubic met€@HE, 2020 he mainstream river is supplied by several main
tributaries, most of them are Zadorra, Aragon, Gallego, Cinca, and Segre, and the basin drained by the
River terminates in the Mediterranean Sea (Figdii. The Basin includes about 85,600 kamd is home

to 3.2 million. Water withdrawals in the Ebro amount to 8,480°in recent years, from which its largest
supplies comes from surface water with a share of about @Ric, 2015 he Ebro water system supplies

water for different irrigation districts with agricultural water use of about 7,88M and urban use of

about 630Mm?.

The climate in the Ebro Basin is highly heterogeneous due to its great spatial extetheand
contribution of both Continental and Mediterranean climate influences. Precipitation falls mostly in the
Pyrenees, where it exceeds 1000 mm/year, while it does not exceed 350 mm/year in the basin's center
region, where conditions are sefarid (CHE, 2015)The Ebro basin suffers from long dry spells in summer
with annual potential evapotranspiration of about 700 m(Bovolo et al., 2010)This climate
heterogeneity and variability have long provided water stress challenges in the basin. To address these
special challenges in that basin, this paper formulates and applies an innovative approach to inform policy
debates in the basin undeuture climate water stress in order to get the best ways to manage water for

its many competing uses and to provide adaptation patterns.
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Figure 3.1. Ebro River Basin
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3.2.2. Data
Data were gathered from several reliable sources to establish a foundation for an integrated analysis.

Monthly data on streamflow and reservoir storage for all five years (Zil®B) come from the Ebro basin

Authority and CEDEKXEDEX, 2016; CHE, 2088\veral sources of data on yield, prices, production costs,
crops water requirement and land in production were secured from the Spanish Ministry of Agriculture

and State Governments. Tat8d and Table.2 present some of the most important data such as land in

production and associated water use, water applied for cities, and the ecoriafitnation for the

agricultural and urban sectors.
Table3.1 shows that land in crop production under the normal climate condition in the Ebro basin

amounts to 584,000 ha from the 12 irrigation districts. Agricultural activities use 3688 million cubic meters
(Mm3) of water, providing economic benefits of about 1,022 million Euro. The most economically

important irrigation districts are the Aragon and Catalufia canal, Riegos del Alto Aragon and Urgel canal,
0 2 (dctivities. $abI8 7 ikdicdtes that urbaf@er 6 I 3 A y Q

LINEGARAY3I pm: 2F GKS
usein main citiess about 422Mm?3with total economic benefits (consumer surplus) at about 2,435 million

Euro.
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Table 3.1. Water, Land, and benefits data. ElRiver, Spain

Variable Water used Land in production Base Total benefits
Units Mm3 1000 ha Million Euro

Bardenas canal 447.51 71.99 73.02
Aragon and Catalufia canal 593.17 100.53 276.51
Imperial canal 306.13 43.33 49.89
Jalon canal 109.43 21.32 64.29
Lodosa canal 269.18 56.58 122.11
Navarra canal 130.17 22.69 33.25
Tauste canal 60.01 8.84 9.82
Urgel canal 536.29 78.19 143.57
Delta canal 325.77 29.34 42.60
Rioja canal 121.85 27.90 60.58
Riegos Alto Aragon 749.71 117.02 131.38
Zadorra canal 38.87 6.21 15.09
Total 3688 584 1022

Table 3.2. Urban Data

Variable Water Withdrawals Price Costs Consumer Surplus  Benefits
Units Mm?/year Million Euro/ Mm3 Million Euro/ Mm3 Million Euro Million Euro
City

Vitoria 21 1.04 1.04 72.80 72.80
Bilbao 195 1.73 1.73 1124.50 1124.50
Logrofio 20 1.37 1.37 91.332 91.332
Pamplona 37 1.33 1.33 164.028 164.028
Zaragoza 59 1.53 1.53 300.09 300.09
Huesca 6 1.63 1.63 32.604 32.604
Lerida 14 2.21 2.21 103.28 103.28
Tarragona 70 2.34 2.34 546.00 546.00
Total 2434.63

3.2.3. Dynamization of the model

The analysis of the policies and the different scenarios in this work has been carried out after improving
the specification of thénydroeconomic model since the periodicity of the model has been changed from
annual to monthly, and the model has been transformed from static to dynamic with the inclusion of the

reservoirs in the hydrological network.

The reservoir capacity of the Ebro basin is approximately 8y0@8 which means that around 55%
of the basin's annual renewable resources can be stored. However, the reservoirs also have some negative
effects such as the modification of the riverbeds and regimes, which causes airgpzadt on the
environment. The dynamics of stored water are determined by the inputs and outputs of water from the

reservoirs, which depend on weather conditions, evaporation, precipitation, and water discharge.
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The hydrological component is a reduced form hydrological setting of the Ebro basin, calibrated with
observed stream flows. The reduced form hydrological model is a-hokiaetwork, in which nodes
represent physical units impacting the stream system, larié represent the connection between these
units (Baccour et al., 2021jsee chapter 2Reservoir storage) j at each reservoires periodt and
month m, is equal to the sum of storage in previous motith ;;  and precipitationd {7 , minus
reservoir evaporatiof©O U 1 ; andnet releases (outflows minus inflows) from the resenwir ‘Q:
(Equation 4). Net water releases add flow to the downstream node in the river reach. The reservoir storage

equations are represented as follows:

® fri =0 fR 0 rr  ©1 Oy OO0 Ajs (3.9
WO am = L 3.2
& aim Xoddbw 3.3
& Qim X0 & Q& (3.4
0L A, =0LRAT GO Q 3.5
0 & 01 GO QIYo1 Q (3.6)
YOI R =Tp 00 pp TG OO pr TOo D0 g 3.7)

where equation(3.2) defines the initial conditions of reservoir storage gm at @ = 1 and t =1, and
equations (3.3) and (3.4) constraint reservoir storage at the maximud & & @ and minimum
0 & "Q¢ capacity of the reservoir. Equatio(&5) and(3.6) state the reservoir evaporatio® 0 1 ;; and
precipitation 0 {; , which are proportional to the reservoir surface aré& i i 8The reservoir

surface area is a polynomial relationship between reservoir area and reservoir storage (E¢Ri&})on

3.2.4. Calibration: Climate Water Stress Adaptation

We formulate a model calibration and climate water stress adaptation framework using a mathematical
programming model. The optimization model developed integrates economics, hydrology, climate stress,
and institutional water sharing policy design. Theieatlbreakthrough using this method was developed

by Howitt(Howitt, 1995) This approach is to build an optimization model for which the principal observed
behavior of water supply and land use patterns is used to infer the underlying parameters of the
agricultural production function, for which this paper advances that metbgddeveloping a similar
approach to infer the parameters of the urban water demand functions. In this study, we develop an

optimization framework that infers the relevant parameters that reproduce observed data that would
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have been seen under a benefits maximization model for both farming and urban regions. Our method

advances the PMP (Positive Mathematical Programming) calibration for agricultural and urban sectors.

The PMP calibration for the agricultural sector was originally described by Dagnino and Ward
(Dagnino and Ward, 2013and used in many studies in order to reproduce observed land and water use
under the baseline scenario. However, no study to date that we were able to find uses the PMP calibration
approach for the urban sector. An innovative PMP calibration method isloleed for the consumer
surplus of the urban sector, which allows replicating the observed water use behavior. The PMP
calibration predicts urban water use under the constraint that total revenues equal total costs and water
using behavior is derived frofm K S -# MR SIHII O2y RAGA 2y aé F2NJ 2LIGAYLFE &1

calibration coding for the agricultural and urban sectors are shiovthe complete GAMS code

The PMP calibration of agricultural and urban sectors under an optimization model provides a
starting point for observed data where there is a competition for water among uses and sectors. This
competition increases in extent with a greater severity adhate water stress. This PMP model is well
suited to dealing with challenges posed by climate water stress, providing important information to
support adaptation policy design on the economic value of scare water when climate water stress

becomes more seve.

Hydrologic calibration is also provided based on observed monthly historical data-ZRQ62 in
order to achieve predicted gauged flows and reservoirs storage consistent with the observed data. The
calibration procedure also entails introducing slackatalgs in each river reach in order to balance supply
and demand at each node. These variables represent unmeasured sources or uses of water. This
calibration procedure reproduces the water flows and the reservoir storage observed in the reference

conditions.
3.2.5. Integration

This paper investigates the economic performance of agricultural and urban sectors under different levels
of climate water stress and water sharing policies through the development of an empirical dynamic
hydroeconomic optimization procedure using the saite GAMS® (General Algebraic Modeling System)
(Figure3.2). In this model, water supply, water demand, and water allocation between sectors were
significant dimensions over which optimization took place. Fif#erepresents the detailed network
schematt diagram for the Ebro Basin showing the water distribution among rivers, reservoirs and water

users. The optimization framework has the feature of discovering least cost adaptation methods for
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allocating water among sectors and time periods to protect food security under climate water stress. Total
economic welfare is defined as farm income plus urban consumer surplus, over different climate stress

levels and water sharing policies.

Farm Income

Farm income is secured by water consumption at use node for irrigated agriculture and the willingness to
pay is determined by the contribution of water to net farm income. This income from agricultural activities
is set at the irrigation district scale thaximize the crops benefits subjdota set of technical, resource,

and institutional constraints. The optimization problem is as follows:

VAT B &6 00 (38)
subject to
A YO OEM Goi YQa £FE I QARG | QOHRI0E (39)
w 10TA) YO @0 Qi
(3.10)
0 20 YA ODE |
(3.11)
» T
(3.12)

where 6 represents the private benefit in each irrigation distkdh the yeard, that is equal to the net
farm income per hectare of crojpusing irrigation system 0 multiplied by the decision variable of

the optimization problem which is the land in production of each drapd irrigation technologyin the

irrigation districtk, @

Equation 8.9), 3.10), and 8.11) represent the land, water, and labor constraints, indicating the land
available in each irrigation distrigtequipped with irrigation systerjy "Ya @ & ‘(the water available in
each irrigation districk, “YO ® 0 ‘Qand the labor available in each irrigation distkct'Ya @ ® per
year. Huation @.12) is the nonnegativity constraint of the crop surface area which can become binding

as water supplies fall much below historically observed levels. They are not binding under historical data.
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Figure 32. Flow chart showing model component and climate water stress adaptation policies
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where the price is the selling amount received by farmers where crops are sold commercially and
measured in million Euro per 1000 tons. Yield is the production of each crop by irrigation technpémgies
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multiplied by yieldd minus production cost§ 0,

measured by million Euro per 1000 ha (Equati8ri3)). The yield function is determined using the

Ricardian rent principle, assuming that yields decline linearly with an expanded scale of production

(Equation (3.14)). The PMP procedure is used to calibrate crop production and to estimate the linear yield

function parameter$ T andf p
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# 09 #0 (3.13
9 [ T [ p 8 (3.19)

The total farm income igalculated by multiplying the net farm income by the total land in production
by crop and irrigation technology in each irrigation district. Total farm income calculation has great
importance; it informs farmers and policymakers about the range of bentfis would result in a
determined water supply under climate water stress and water allocation rules. It helps to answer
concerns regarding knowing the advantages and the costs of adopting-slzeng policies on climate

water stress conditions and crpmg patterns.

Urban welfare

The economic benefit from urban sector is secured by water use from cities, maximizing the urban
consumer surplus and the urban benefits for the main urban centers in the Ebro Basin, subject to the
water supply and demand balance constraint. The waterhyseity depends on the population growth in

each city, increasing the urban welfare over years. The optimization problem is expressed as follows:

P

0 O@ Eo&p 20 Y'Y Yo (3.15)
subject to
0 0 T
(3.16)
0 no T (3.17)

where, the urban welfar® in each urban centen and yeart is equal to the consumer surplus and
urban revenuéY'Y , minus urban production costYd for urban centeuand yeart. 0 is the water
demand in urban centenandcp s the slope of the inverse water demand function. The urban price
used in this study is a linear function of water use and price elasticity of demand. Eq@atigrir(dicates

that water supply0  is greater than or equal to demand  in yeart.

Total Economic Welfare

The modeling framework in this study is a dynamic hydroeconomic optimization model. It is formulated
to determine water allocation and adaptation patterns under climate water stress that optimize the
objective of discounted net present value (DNVP) of eotin benefits summed over sectors and periods

(Jalilov et al., 2018; Primavera, 199Ihis model includes agricultural and urban sectors and maximizes
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the total economic welfare of sectors subject to hydrological, resources, and institutional constraints. We
achieve this aim under the baseline condition by employing the innovative calibration method described
above. It is also implemented under the falimate stress levels and the two institutional constraints for

water sharing shortfalls in order to suggest sustainable adaptation policies. The objective function of the

Ebro Basin takes the following form:

0 OO wo 2 B (3.18)

This DNPV term indicates that the net present value of the total wadsed benefits for all water use
nodes in the Ebro Basin sums over time periods to secure total discounted net present valdiscdbet

rate r used in the analysis is 3%.
3.2.6. Policy Analysis

The policy analysis examines the level, distribution, and economic implications of managing different
water supply scenarios under water shortage allocation policies. Water supply scenarios are presented by
specifying different levels of climate water siee The annual water supply in the historical climate
conditions in the Ebro Basin model is estimated at 12 MiBG®. Several climate water stress forecasts
have been presented and documented in recent years. For example, the IPCC Sixth Assessment Report
(IPCC, 202redicts falling precipitation in the Mediterranean region, with reductions in the Iberian
Peninsula up to 20% by the end of the century depending on the emission scenarios. Reduced stream
flows in Spanish basins and more intense drought spells are adeciad by the European Environment
Agency(EEA, 2007and other studiegForeraOrtiz et al., 2020; Koutroulis et al., 2018; Roudier et al.,
2016) Climate projections in the Ebro Basin show lower precipitation patterns, higher evapotranspiration,
and falling stream flows in future climate conditio(GEDEX., 2017; MAPAMA, 20Egch of these

assessments produces different results, as expected.

Our model assesses four levels of climate water stress relative to historical levels: 0% (historical
climate condition), 25%, 50%, and 75% as percentages of the historical baseline. The different levels of
climate water stress (0%, 25%, 50% and 75%) asedban the combination of historical drought spells
patterns and future negative trends in stream flow supplies from climate change. Droughts in the Ebro
basin could be quite severe, according to historical inflows, and droughts with inflows falling38y 40
percent have been observed in recent decades in years 1989, 2005, and 2012. The four climate water

stress levels merge recent severe drought events (up 608 falling inflows) with the predicted climate
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change negative trends in the Ebro along this century up to 12% under RCP 4.5 and 26% under RCP 8.5 in
20702100(CEDEX., 2017)

These four climate water stress scenarios we modelled represent selected levels of progressively
higher water scarcity in which drought events and inflow trends from the climate change reports
described above are combined. The economic implications ofdutlimate water stress scenarios are
also examined, considering that population growth in each city of the Ebro Basin increases urban water

usage.

In light of the various shortage levels described, our model was built with sufficient flexibility to adapt
to whichever of those climate scenarios plays out. Those shortage levels are the ones our model allows
for adaptation: 25% shortage, 50% shortaged 5% shortage. For each of those shortage levels our
model demonstrateseconomically optimized (economic lesgnimizing) water allocation under each
relative to the base water supply. This model design illustrates how flexibility in water shortagegshari
policies can play an important informing role in adapting climate water stress levels even in severe

conditions.

The two water sharing alternatives assessed are proportional sharing of shortages and unrestricted
water trading. A proportional water sharing arrangement refers to river water shortages that are shared
proportionally, and this is the current policy in tB$®ro basin. This policy reduces water users' permitted
water allocations by a percentage relative to historical levels, depending on the level of climate water
scenario. Under this policy each irrigation district and cigeivethe same share of the tygal full
allocation in the face of overall shortages. This water sharing rule ensures that all irrigation districts and
regions in the basin face the same share of the risk of water shortages and that no region, such as the

basin's lower parts, bears a nroportional burden of shortage risg/ard et al., 2013)Figure3.3).

The unrestricted water trading arrangement reduces the total water supply in the basin relative to
the historical level, depending on the climate water stress scenario, and allows rmaokieated trading
to efficiently move water to where it could minineéizconomic losses caused by climate water stress. This
kind of water sharing rules in which water is exchanged and moved to the combination of regions and
crops, produce the best and optimal total income. The implementation of this water sharing polity wou
require careful planning and execution in order to account for local institutions and beliefs on justice, the
rule of law, and custom. This policy has a potential economic gain from improved economic efficiency
(Figure3.3).
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Figure 3.3. Description of climate water stress adaptation policies
Water Policies and scenarios

Proportional Water Sharing
* Historical scenario (0% Climate Water Stress)

This policy replicates for each water usingeconomic sector (irrigation districts, city)
the observed water use, and benefits during the historical period. The approach uses
positive mathematical programming (Dagnino and Ward, 2012).

=) Simulation,calibration and validation of current conditions using historical data
of inflows and diversions, and agriculturalland and crops (2012-2016.

* Climate Water Stress scenarios (25%, 50%, 75%)

Reduction in water use among sectors in proportion to each sector’s observed use
levels for the periods investigated. If water supplyfalls by X percent due to climate
change for future years, then each sector sees their permitted available water to use
reduced by an equal X percent.
=) Decrease of water supply by 25%, 50%, and 75% due to the increase of climate
variability and water stressed. Water users receive the same share of the typical
full allocation in the face of overall shortages.

Unrestricted Water Trading
* Climate Water Stress scenarios (0%, 25%, 50%, 75%)

The total water supply is allocated amongall water users, creating market-motivated
tradingto efficiently move water to where it could minimize economiclosses caused
by climate water stress.

mp Run the historical scenario without water supply reduction and climate water
stress (0%) in order to show the effect of unrestricted water tradingin the
current condition.
Decrease of the total water supply by 25%, 50%, and 75% due to the increase of
climate variability.

3.2.7. Economic Value of Additional Water (Shadow Price)

The shadow price approach has different economic explanations and definitions in the literature. A 2015
work (Ziolkowska, 2015gvaluates the water shadow prices for irrigation under extreme weather
conditions and demonstrates that shadow prices could be useful to predict the future economic value of
water in drought conditions, and used to design water management policies. @dewstprices can also

be referred to as the marginal value of water that is related to the efficiency gained from water
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reallocation (Bierkens et al., 2019; Wang and Lall, 2002; Ziolkowska, .2006) shadow price is the
maximum price that is affordable for an extra unit of scarce water. This shadow price represents the value
of each additional unit of water, in added farm income and urban consumer surplus, if water were
available. That economi@lue of the additional river flow derives by putting that water to its optimal use
somewhere in the basin while adhering to all the constraints imposed on the use of the water that was
outlined previously in this paper. The shadow price is interpretedh@srtarginal economic value gained

by relaxing the water supply restriction by one unit.

The shadow price carries greater relevance in the design of water policies and could be a good
indicator for addressing urgent question such as water conservation and climate water stress adaptation.
The use of the shadow price indicator is motivated keyfect that it provides information on the marginal
economic value of crops or cities that can be generated by the marginal unit of water supply. This could
be useful for forecasting future economic value in climate water stress conditions or demonstleting

benefit loss of increasing the annual water supply shortfall by one cubic meter.
3.3Results

Tables3.3, 34, 3.5, and3.6 and figures3.4, 3.5 and 3.6 show detailed findings for several important
elements of the Ebro River Basin. These findings show that understanding the relationship of water
sharing policy, climate water stresses, cropping patterns, and water use by sectors provides a
comprehensive aessment for insight into water use adaptation patterns under various levels of climate

water stress.
3.3.1. Water Use

Table3.3 shows the total amount of water used for urban and agricultural activities by climate water
stress and watesharing policies in million cubic meters per year. The water use in each irrigation district
is summed over crops and irrigation technologies.

Table3.3 and its corresponding figu4show important results. Agriculture uses most of the water
under base conditions. This table shows that irrigated land accounts for 90 percent of overall water use
while urban activities use only 10 percent under the base conditions. This large amaagricfitural
water use is delivered to 27 crops in several irrigation districts. The most important irrigation districts are
Riegos del Alto Aragon, Aragon and Catalufia Canal, and Urgel Canal with water usat 6f58bo

Mm?3/year, 593Mm?3year, and 53eMm?year, respectively.
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Table 3.3. Water use Results by sector, Climate Water Stress, and Water Sharing policies. Ebro River.
Spain. averaged over 5 yeakdni®).

Water rules policies Free market Proportional sharing
Climate water stress Sector 0% 25% 50% 75% 0% 25% 50% 75%
Bilbao U 194.61 192.48 190.16 184.03 194.61 145.96 97.31 48.65
Huesca U 6.05 6.03 6.00 5.94 6.05 4.54 3.02 151
Lerida U 14.28 14.25 14.21 14.10 14.28 10.71 7.14 3.57
Logrofio U 20.36 20.28 20.19 19.94 20.36 15.27 10.18 5.09
Pamplona U 37.45 37.29 37.11 36.65 37.45 28.09 18.72 9.36
Tarragona U 72.28 71.69 71.05 69.37 72.28 54.21 36.14 18.07
Vitoria U 21.34 21.22 21.10 20.76  21.34 16.00 10.67 5.33
Zaragoza U 59.83 59.61 59.37 58.73 59.83 44.87 29.92 14.96
Total 426.20 422.84 419.18 409.53 426.20 319.65 213.10 106.55
Bardenas canal A 44751 292.66 137.84 17.43 44751 33256 217.62 103.62
Aragon and Catalufia A 593.17 459.92 320.99 141.02 593.17 437.63 283.48 129.74
canal
Imperial canal A 306.13 208.18 102.25 11.17 306.13 228.21 150.30 72.42
Jalon canal A 109.43 90.10 69.11 44.24 109.43 78.37 47.88 16.37
Lodosa canal A 269.18 214.27 158.06 93.72 269.18 19496 12156 46.36
Navarra canal A 130.17 93.12 54.98 12.74 130.17 96.08 62.10 28.38
Tauste canal A 60.01 40.66 19.64 2.51 60.01 44.79 29.57 14.35
Urgelcanal A 536.29 393.01 238.05 83.36 536.29 398.34 260.42 123.44
Delta canal A 325.77 156.89 37.51 25.61 325.77 240.23 154.68 69.13
Rioja canal A 121.85 99.59 75.39 4556 121.85 89.58 57.59 23.61
Riegos Alto Aragon A 749.71 52542 293.34 20.68 749.71 558.49 367.61 179.79
Zadorra canal A 38.87 31.95 24.43 1439 38.87 28.83 18.80 8.33
Total 3688.11 2605.78 1531.58 512.44 3688.11 2728.08 1771.60 815.54
Ebro Water Use 4114.31 3028.62 1950.76 921.97 4114.31 3047.73 1984.70 922.08

Urban water use is distributed across several cities, which the large cities such as Zaragoza and Lerida,
with a population of about 771,000 using just Bbn%year, and a population of approximately 414,000
using 14Mm3/year, respectively. Those cities provide a water use per capita of about p8meapita in
Zaragoza and 34 hper capita in Lerida. Huesca is the smallest city, with a population of about 219,000
inhabitants and water use of 273%per capita. Bilbao and Tarragona have the highest per capita water

use, with 199 mand 97 ni per capita, respectively.

Figure3.4 shows the distribution of agricultural water withdrawals by type of crop and by irrigation
technology. This figure illustrate that field crops show the highest water use (79%) because of the high
water requirement of some crops such as corn and ricepu@d by fruit trees and vegetables with a
water use share of 16% and 5%, respectively. As expected, a considerable amount of water is applied by
using less efficient irrigation technologies (58%) followed by sprinkler (32%) and drip (10%®nrriga
systems. This highest water use of agricultural sectors illustrates the importance of agriculture
development in the Ebro basin with crops diversification in order to improve food security with current

climate stress and population growth.
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Figure 34. Water use by types of crops, irrigation technologies, climate water stress, and water sharing
policies. Ebro River. SpaMr®).
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becomes more severe. Tal8&8 shows that severe climate water stress reduces agricultural water use
by 3,176 Mm®year under unrestricted water trading and 2,8M@m3 under proportional sharing.
However, water withdrawal by the urban sector is reduced only by a much smaldm#/gear and 320
Mm?3/year for water trading and proportional sharing, respectively. These results highlight that climate
water stresimposes a much large water adaption stress on the agriculture prioritizing the use of water
for urban activities compared to that for irrigated land. This vividly shows that a reduction in water supply
exacerbates competition among sectors and spatiahtions, allocating scarce water based on their
economic values and water use efficiency. A climate water stress management framework that is
transferable to other parts of the world needs real attention both by scholars and policymakers to adapt

to the impact of growing water scarcity, supporting policy decision making.

Irrigated regions with higher valued crops bear a smaller percentage of shortages than those with
lower valued crops as climate stress intensifies. Figufand Figure3.6 show that climate water stress
reduces mainly field crops and some vegetables, maintaining fruit trees, showing the greatest reduction

for the lowest economic valued crops. TaBI8 and Figure3.6 highlight that the irrigation districts of
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Aragon and Catalufia canal, Jalon canal, Lodosa canal, and Rioja canal have a high proportion of high crop
values, with water use declining by roughly 60% during severe climatic water stress. However, Delta canal
and Riegos del Alto Aragon are irrigatiorgims with low crop economic values, with water use
decreasing by 97%, 92%, respectively, during severe climate water stress. This difference in water
shortages is linked to the type and the economic value of crops, and the efficiency of irrigation ¢egghnol

in each irrigated region.

Findings indicate that agriculture bears an even larger percentage of the shortage under unrestricted
water trading as climate stress becomes more severe. TaBlshows that severe climate water stress
reduces agricultural water shortage by 86% in free water trading, while it declines 78% in proportional
sharing.This is explained by theffective water reallocation in free water trading, minimizing overall
losses in economic welfare. In other words, water trading reallocates scarce water towards crops or
regions with the highest value and most efficient use. Free water markets anatgsidsrto identify a
water allocation system that minimizes the loss in economic benefits by efficiently sharing water supplies

when the inevitable climate water stress occurs.

Larger cities bear larger proportion of shortages as climate stress becomes more severe, but a smaller
share under market trading than under proportional sharing. T&®keillustrates a large reduction of
urban water use of about 75% under proportional sharing, while water trading reduces urban shortage
only by 39% under severe climate water stress. Water withdrawal in larger cities such as Bilbao is reduced
by 75% undetJNB L2 NI A2y Ff AKFENAY3I FyR aAaSOSNBE Of waeri S a i NJ
trading and increased climate stress. Smaller cities such as Huesca have a reduction of water use by 2%

under unrestricted water trading.

Unrestricted water trading could play a significant role in increasing water use efficiency among
sectors and spatial locations, stave off the worst effect of reduced water supply and increased climate
water stress. Water trading increases the flexibilityresponse to water scarcity and incentivizes the
allocation of water to higher value use, playing an important role in limiting the economic losses

associated with climate water stress.
3.3.2. Land in Production

Table3.4 shows the amounts of irrigated land in production in 1000 ha summed by several climate water

stress levels and water sharing rules. Increases in climate water stress would reduce the base irrigated
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land under water sharing rules. FiguBes show the irrigated land by types of crops and irrigation

technologies.
The results of this table and figure show several key messages:

Land use changes are based on how severe climate water stress i3 Zablews that climate stress
affects land productivity depending on the severity of drought and water scarcity. Results indicate that
under a lower climate water stress level, agricultural land decreases only by 26%, while it declines by 81%
under severe ainate stress. Climate water stress level assessments are critical for understanding future
droughts and the resulting impacts of water scarcity on the basin's economic benefitgstamdtng the

ensuring effects of climate water stress has implications for adaptations policies.

Climate water stress reduces cropland with less efficient irrigation technologies and high water
requirement. Figur&.5shows that severe climate stress reduces land in production by 100 % for all field
crops, followed by 43% of vegetables and 27% of fruit trees under water trading. However, for
proportional sharing, severe climate reduces 88% of field cropland, 49% ethbdes, and 39% of fruit
trees. Findings illustrate also that a severe climate stress decreases cropland in production with flood
irrigation technology by 270,000 ha, followed by sprinkler irrigation system with a reduction of 180,000
ha and drip irrigation system with 19,000 ha under free water trading, highlighting the most efficient
water use. Our results highlight that climate watémess reduces crops the most for which there is a low
profitability and high water requirement, and cropland production with less efficient irrigation

technologies.

Market trading of water reduces more the total cropland as climate stress become more severe
compared with proportional sharing. TabB+4 illustrates that under severe climate, the total land in
production decreases by 81% to 111,000 ha for the unrestricted water trading, while it declines only by
75% to 146,000 ha for proportional sharitpwever, in some irrigation districts like Aragon and Catalufia
canal, Jalon canal, Lodosa canal, and Rioja canal, land in production in water trading are highatdhan un
LINE LR NIAZ2Y I f &AKFENAYId ¢KA& 200dNB 0S50FdzasS GKS RAA
and crop profitability, which improves the productivity of land and the efficiency of water use patterns.

The intuition that water trading reallocates water resources towards land with the highest valued and
most efficient use shows that water trading could serve as an adaptive policy identifying their potential

to address climate water stress variability.
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Table 34. Land by irrigation district, Climate Water Stress, and Water Sharing Policies. Ebro River.
Spain. average over 5 years (1000. ha)

Water rules policies Free market Proportional sharing
Climate water stress Sector 0% 25% 50% 75% 0% 25% 50% 75%
Bardenas canal A 7199 4839 24.08 4.86 7199 54.49 36.99 18.40
Aragon and Catalufia canal A 10053 79.51 57.23 27.78 100.53 76.02 51.09 25.59
Imperial canal A 43.33 29.80 15.17 2.93 43.33  32.57 21.82 11.09
Jalon canal A 21.32 18.09 1459 1006 21.32 16.14 10.93 3.59
Lodosa canal A 56.58 46.99 36.95 24.18 56.58 43.63 30.25 12.32
Navarra canal A 22.69 16.65 10.43 3.66 22.69 17.14 11.61 6.26
Tauste canal A 8.84 6.07 3.06 0.72 8.84 6.66 4.48 231
Urgel canal A 78.19 57.70 3555 1377 78.19 58.48 38.79 19.65
Delta canal A 29.34  16.67 7.51 5.09 29.34  22.93 16.52 10.11
Rioja canal A 2790 2286 17.37 1057 2790 20.59 13.32 6.08
Riegos Alto Aragon A 117.02 82.81 46.98 485 117.02 87.88 58.79 29.24
Zadorra canal A 6.21 5.27 4.24 2.76 6.21 4.84 3.48 1.73
Ebro land 583.94 430.81 273.16 111.23 583.94 441.38 298.07 146.38

Climate waterstress levels and water sharing policies illustrate the more efficient water and land
management options for adaptation to water shortage, which vary by irrigation districts and respond to

factors such as crop diversification, the efficiency of irrigasigstems, and the access of water resources.
3.3.3. Economic Welfare

Table3.5 presents results of the economic benefits of agricultural and urban sectors by climate water
stress levels and water sharing policies in Millions of Euros per year. Results provide baseline information
on benefits by crops, irrigation technologies in leagigation district, and a consumer surplus by each

city, using the Positive Mathematical Programming (PMP) in order to assess deviations from base policy

and baseline water supply.

¢CKS NBadzZ# 6a 2F GKAa (GlofS aK2g¢g AYLRNIFIYyG (62
produced by urban water use. Tal@l® shows that 71% of the total economic welfare comes from urban
consumer surplus, while farm income is only 29% of the Ebro benefits under the baseline condition.
Climate stress reduces the economic benefits for agricultural and urban sectors. Under dawate
stress, urban benefits decline by 56% for proportional sharing policies and 0.2% for water trading Despit
this huge benefit loss under the proportional sharing policy, the urban sector still has a greater welfare
share of overall benefits than agriculture. The high benefits losses are explained by the proportional
decrease in water withdrawals in cities. Teservation of the water trading policy of urban benefits

comes from free markets reallocation of scarce water from the levadued to highewalued.
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Figure 35. Land in production by types of crops, irrigation technologies, climate water stress, and water
sharing policies. Ebro River. Spain (1000 ha)
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Second, unrestricted market trading minimizes the total benefits lost under each of the climate water
stress levels, providing a smaller reduction in water use in cities. Bdbkhows that under the water
trading policy, a reduction of 25% of the total water supply declines the economic benefits only by 1%.
However, under severe climate stress, the total water supply decreases by 75%, and the economic
welfares fall by 12.5%. Tke results highlight an interesting and counterintuitive message that states
water trading minimizes the total benefits lost in the face of a large reduction of water use due to climate
stress. This is explained by the low crop and city price elasticity of demand, which lower water use by city
and agricultural production increaseiges. This has the effect of increasing revenues more than boosts
costs of production. Furthermore, water trading preserves the economic benefits of urban activity in all
climate water stress levels. This is explained by the higher value of urban wateompared with crops

value.
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Table 35. Economic Benefits by sectors by Climate Water Stress and Water Sharing policies. Ebro River.
Spain. average over 5 years (Million Euro)

Water rules policies Free market Proportional sharing

Climate water stress Sector 0% 25% 50% 75% 0% 25% 50% 75%
Bilbao U 1122.25 1122.12 1121.67 1118.94 1122.25 1052.11 841.69 490.99
Huesca U 32.86 32.86 32.86 32.85 32.86 30.81 24.65 14.38
Lerida U 105.22 105.22 105.21 105.20 105.22 98.64 78.91 46.03
Logrofio U 92.99 92.99 92.99 92.95 92.99 87.18 69.74 40.68
Pamplona U 166.01 166.01 166.00 165.94 166.01 155.64 12451 72.63
Tarragona U 563.75 563.72 563.59 562.84 563.75 528.52 422.82 246.64
Vitoria U 73.97 73.97 73.96 73.92 73.97 69.35 55.48 32.36
Zaragoza U 305.14 305.14 305.12 305.04 305.14 286.07 228.86 133.50
Total 2462.21 2462.02 2461.41 2457.68 2462.21 2308.32 1846.66 1077.22
Bardenas canal A 73.02 66.87 48.13 20.38 73.02 69.64 59.48 42.07
Aragon andCatalufia canal A 276.51 270.58 25150 203.37 276.51 268.44 243.95 198.79
Imperial canal A 49.89 45.89 32.54 11.99 49.89 47.37 39.79 27.13
Jalon canal A 64.29 63.50 60.83 54.62 64.29 62.24 55.95 31.86
Lodosa canal A 122.11 119.94 113.16 9741 122.11 118.16 105.88 69.38
Navarra canal A 33.25 31.72 26.89 16.39 33.25 31.96 28.07 21.36
Tauste canal A 9.82 9.05 6.45 2.72 9.82 9.34 7.91 5.52
Urgel canal A 143.57 137.86 118.81 84.35 143.57 138.29 122.44 95.86
Delta canal A 42.60 36.17 23.85 20.32 42.60 40.95 36.01 27.78
Rioja canal A 60.58 59.67 56.62 49.24 60.58 58.67 52.93 36.11
Riegos Alto Aragon A 131.38 121.55 90.20 18.56 131.38 124.25 102.83 66.26
Zadorra canal A 15.09 14.81 13.89 1150 1509 1451 1278 832
Total 1022.10 977.61 842.87 590.87 1022.10 983.81 868.03 630.45
Ebro Benefits 3484.31 3439.63 3304.28 3048.55 3484.31 3292.13 2714.69 1707.67

3.3.4. Economic Value of Additional Water

Information for Climate Adaptation Plans

The shadow prices provide critigaformation to decisiormakers, water stakeholders, and other interest

groups seeking information on the performance and efficiency of policies. It guides a clearer

understanding of the costs and benefits of policies. These values guide the economitivatiess of

climate water stress adaptation patterns and motivate the implementation of an alternative innovative

water sharing policies. It measures the benefits of additional water that can be compared with raising

costs of making the water available.oBe shadow prices carry greater relevance especially in unrestricted

water trading because the market forces efficiently allocate shorstg®ing responsibilities, for which

marginal discounted net present value remains equal in all uses and time pérfaegualization of the

shadow price across all cities and irrigation districts in the basin guides water management among all uses

unless or until the marginal economic value of additional water becomes equal. An interactive decision

making discussion adesses urgent question of water pricing, water conservation, and climate water

stress adaptation.
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Guides for Efficient Policy Design

Table3.6 shows the shadow price of water by city and irrigation district by climate water stress and water
sharing policies in Euro per cubic meter. Shadow prices are zero under the baseline condition, and
therefore under the baseline with full water supply, the shadow price of water is zero by-glzeing
policies. This indicates that all farmers and cities satisfied and there is no economic motivation to

move water among cities and irrigation districts.

Shadow prices are uniformly higher when climate water stress becomes more severe3Bable
illustrates as it is expected higher values of shadow prices with higher levels of climate water stress under
water-sharing policies. The shadow price in lower climate stress by therfegket policy is equal to 0.12
Eurdm?, which increases to 0.68Burdm?® under severe climate stress. For proportional sharing, results
indicate lower shadow price in each city and irrigation district under lower climate stressgirat ialues
when climate stress become more intense. For example, the shadow price in Aragon and Catalufia canal
is about 0.14&£urdm?3in lower climate water stress and increases to CEtifdm? under severe climate
stress. This increase of shadow price under water scarcity and higher climate water stress levels highlights
that climate water stress produces more difficulty in delivering water. These shadow prices shown in table
3.6 under different climate water stress indicate the maximum price that mayalefpr an extra unit of
scarce water if that extra water can be obtained through climate water adaptation policies. In addition,
the high shadow price values in severe climate water stress demonstrates the climate plan informing
utility of a basin scale yroeconomic model, where complex hydrological, economic, and political

interactions must be resolved.

Equalizing shadow prices among cities and irrigation districts under market trading, which is the least
cost way to adapt to climate water stress. TaBlé shows an equal shadow price across all cities and
irrigation districts under each climate water stress level for unrestricted water trading. This indicates that
water moves among cities and irrigation districts until achieves an equal marginal valnextra unit
of water in all cities and irrigation districts. In other words, farms and cities #restving water through
markets buying and selling water in order to achieve an equal marginal economic value of water. The
economic marginal value of water provides important information guiding the economic attractiveness of
climate adaptation policiest gives insight into the least cost way to adapt to climate water stress and the

benefits of additional water, which can be compared with rising costs of making the water available.
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Figure 36. Economic value of crops by irrigation district, climate water stress, and water sharing
policies. Ebro River. Spamillion Eurg.
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These findings suggest that the Ebro water authority and policymakers would secure a significant
economic advantage from introduce an unrestricted water trading policy to replace or at least supplement
the old and traditional method of water sharing. Samliy, implementing a proportionate sharing system
would produce almost the high gain and may be more culturally acceptable. It should be noted that water

trading is not always acceptable to all cultures in all time per{@gpelgren and Klohn, 1999)
3.3.5. Calibration for Climate Water Stress AdaptatiBositiveMathematical Programming

An innovative calibration model for urban and agricultural activities and climate water stress adaptation
predictor is developed in this work using a mathematical programming mdbeke calibrated optimized
valuesinvolved the observed values under base condition. In the teh®&S8.4 and3.5, we can see that

the optimized calibrated value of water use by irrigated land, land in production and agricultural benefits
in the base condition without climate water stress (0%) under water sharing policiebtedha observed
values presented in the tab@1. PMP calibration can replicate the observed resource use behavior and
involve the first order conditions for profit maximization. The first order conditions for optimal resource

use are used to estimate crop yield function paramet@&agnino and Ward, 2012Yany studies use the
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PMP calibration methods in agricultural secBaccour et al., 2021; Crespo et al., 2019; Kahil et al., 2015;
Kabhil et al., 2016; Salman et al., 2Q1Hpwever, there is no study use the PMP calibration for consumer
surplus of urban sector. The optimized value of water use by cities in the base conditions and the first
years replicates the observed resource use behavior. For later years, the waten uskan cities
increases with population growth. The calibration of both sectors under an optimization model provides
a better assessment of water allocation, creating a water competition between cities and crops
production especially under climate watdress levels. Our findings indicate that the competition among
spatial locations move water from low valued to higher valued crops and cities, in order to minimize

economic welfare losses.

This innovative model calibration enables the development of effective water allocation strategies
and gives insight into the marginal behavioral reactions to climate water stress and water sharing policy.
This important information support policy makers the design of adaptation policies and could help to

handle challenges posed by climate water stress.
3.4Discussion

This paper has contributed to the literature by pointing the way to discover programs that control the
economic benefits from water allocation between agricultural and urban sectors under climate water
stress, while also respecting institutional needstfandling water shortages. Our research allows analysis
of a variety of shortage sharing institutions related to the economic consequences of each institution.
Furthermore, this study shows the potential of hydroeconomic modeling in promoting integrated
as®ssment under various climate water stress adaptation policies, demonstrating that hydroeconomic
modeling can inform climate adaptation plans by reducing the economic costs of responding to climate
water stress. Results can help to identify the best pobipyions for climate adaptation, guiding

policymakers in implementing these alternatives.

Designing and enacting unrestricted water trading or proportional sharing policy of water shortages
demonstrate goals and means to allocate water efficiently among sectors reducing water use at minimum
low costs to motivate and guide policy design. VWibrmed water management will support optimized
planning. That plan carries the potential to inform and guide decisions on the best economically and
institutionally choices over periods. This work incrementally advancesralerstanding of measures to
suskinably protect water resources under climate water stress that adapt to economic, hydrologic, and

institutional features.
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Table 36. Incremental Value of Water by Climate Water Stress and Water Sharing R&ligie&subic

meter).

Climate water stress 0% 25% 50% 75%
Free market 0.00 0.12 0.25 0.60
Proportional sharing Sector

Bilbao U 0.00 2.76 5.52 8.28
Huesca U 0.00 8.67 17.34 26.00
Lerida U 0.00 11.75 23.50 35.26
Logrofio U 0.00 7.28 14.57 21.85
Pamplona U 0.00 7.07 14.14 21.22
Tarragona U 0.00 3.73 7.47 11.20
Vitoria U 0.00 5.53 11.06 16.59
Zaragoza U 0.00 8.14 16.27 24.41
Bardenas canal A 0.00 0.09 0.18 0.29
Aragon and Catalufia canal A 0.00 0.14 0.29 0.77
Imperial canal A 0.00 0.10 0.19 0.29
Jalon canal A 0.00 0.19 0.46 1.95
Lodosa canal A 0.00 0.16 0.36 1.37
Navarra canal A 0.00 0.11 0.23 0.36
Tauste canal A 0.00 0.10 0.19 0.29
Urgel canal A 0.00 0.12 0.23 0.36
Delta canal A 0.00 0.06 0.12 0.18
Rioja canal A 0.00 0.18 0.36 1.42
Riegos Alto Aragon A 0.00 0.10 0.21 0.32
Zadorra canal A 0.00 0.18 0.35 1.16

Some simplifying assumptions were made for this work. For example, we present ongoing debates
only between agricultural and urban sectors. The inclusiorother water users such as livestock,
hydroelectric, and ecosystems could improve the assessment of water competition between uses to guide
a broader sectoral scope of efficient allocation under climate water stress. Another simplification is that
our climae change water stress scenarios abstract from the full range of complexities characterizing the
frequency, intensity, and duration, and seasonality of future climate water stress conditions. Our work
abstracts from these complexities by selecting only feelected levels of water climate stress, which are
based on recent variations in headwater supplM&th the context of water sharing policies to adapt to
climate water stress, the assessment of other water sharing institutions like the upstream or downstream

institutions could have a great interest by scientists, stakeholders, and policymakers.

With the risks of climate water stress in Spain or other arid and -seithiareas increasing the
uncertainties over the sustainability of water resources, implementing economically efficient water
sharing policies will face a growing interest. This intevél be sustained along with increased scrutiny
as practical ways to adapt to the impacts of climate stress. However, the adoption of new policies such as

unrestricted water trading must be culturally compatible with the institutions of the country.
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Climate water stress, population growth, and poorly developed water sharing institutions in many
arid and semarid river basins have increased the importance of designing institutions that adapt climate
water stress and water supply variability. Despititiations stated above, our findings provide an
inspiring message to policy makers, water authorities, farm managers, and stockholders to design and
implement practical water sharing institutions. Future economically motivated works could investigate
sustinable water allocation by integrating climate, water, food, energy, and ecosystems with the rest of
the economy, while also using the PMP calibration methods used in this study which would be a
remarkable advance. Inclusion of water quality into the ass®ent of water scarcity is a topic of greater
relevance, especially with climate variability and the high levels of contaminants entering water river
basins from agricultural activities. Considering this is a coherent and important challenge for

hydroecoromic adaptation.

Agent based modeling is also an innovative topic to address climate water stress adaptation and
could be employed to determine the economic implications of the water users in our study area. Agent
based modeling could also examine the effectiveness ofrabpathways towards the adoption of water
conservation technologies in order to combat water scarcity and solve water resources depletion

(Rasoulkhani et al., 2018)
3.5Conclusions

CKAA LI LISNRAE O2yGNROdziA2Yy KlFa o6SSy G2 Ay@Sadaaras
policies to adapt to climate water stress and to protect water resources and food security under future
uncertainties of climate variability while meéay growing demands for foods linked with raised
population. To meet this gap, an empirical dynamic hydroeconomic model is developed for which
optimized base conditions reflect the observed data of water use and economic welfare for several urban

and irrigation districts in an important European river basin. This model is used to identify the efficiency

of water sharing mechanisms in improving water allocation between sectors and reducing economic
losses while protecting water resources and food securityrédver, results using an innovative model
calibration approach provide optimal water allocation plans, giving insight into marginal behavior

responses to climate water stress policies.

The take home message from our findings is those accomplishments under unrestricted water
trading or a proportional sharing of shortages provide significant grounds for optimism, made more

pronounced in light of the economic value of additional water hirs critical information for decision
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makers in the assessment of the performance and efficiency of policies. Those values provide a clearer
understanding of the costs and benefits of policies, giving the economic attractiveness of climate water

stress adaptation patterns.
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Chapter 4Ecosystems in WEFE nexus planning enhance wseeurity and

biodiversity for climate resilience

Abstract

Safe, reliable, and equitable water access is critical for sustaining healthy livelihoods. Climate water stress
is a growing challenge internationally making it difficult to achieve sustainable management of river
basins. Addressing the problem requiresldaintried integrated multsector water management
strategies for climate resilience. The WatemergyFoodEcosystems (WEFE) nexus offers promises as an
innovative and comprehensive framework to guide sciebased plans for sustainable development
goals Several nexus approaches have been proposed in previous widdigever, none to date has
conceptualized, formulated, tested, validated, and applied a comprehensive dynamic optimization
framework that includes several wateising sectors including ecosgms for a significant river basin
supporting livelihoods of large numbers of peopMone to date haassessed tradeoffs among competing
water uses that could measurably advance water, food, energy, and environmental security. The original
contributonof G KA & LI LISNJ A& G2 YI1S KSIRglre 2y TFAtfAy3
study, providing evidence to guide sciertd & SR LIR2f A 08 NBTF2NX¥® ¢KAA 62 NJ] ¢
previously untried use of information to guide proposed watkocations among several economic sector
including protection of key ecological asséesults provide a rigorous framework for measuring the level

and distribution of benefits and costs among sectors and stakeholders. Findings support-gdiemsed

design of efficient, flexible, and equitable water plannirResults show outcomes that reduce sectoral
vulnerabilities and promote sustainable development. Results indicate a range of options that improve
the hydrologic and economic performance of wateamagement compared to the current policy for
addressing with climate change. Policy options that systematically account for the full range of benefits
of environmental flows guide sciendgformed strategies for climate resilience. They can increase stream
flows in rivers, enhance water security and biodiversity, and reduce the economic burdens imposed by

climate risks.

Significance Statement

Discovering sustainable water management strategies for adapting to climate stress requires discovery of
realistic synergies and tradeoffs within the wafeod-energyecosystem nexus, requiring an integrated

modeling approach. This study conceptualized tormulates an integrated optimization framework at

basin scale that accounts for spatial and temporal water allocations in economic and environment sectors.
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Forecast outcomes from future climate stress scenarios are assessed under a range of potential
management options. Findings reveal that systematically accounting for ecosystem services to guide
integrated multi sector water plans advance human water ségand natural biodiversity, while limiting

sectoral vulnerability and future climate risks.

WEFE Nexus

Transport, processing

Global trends mmp

Climate water
stress

Population
growth

Water allocation
patterns

Water security
=P |mpacts: Biodiversity loss, eutrophication
=P Ecosystem services

Management strategies
Sustainable Development Goals |

| CE—

Keywords:WEFE nexus, hydroeconomic modeling, environmental flows, climate resilience and

adaptation, management strategies.
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4 1 Introduction

Communities internationally face hard choices to sustain supplies of water, energy, land, and food, while
protecting key ecological assets. Pressure on these resources is driven by the growing global population,
wealth, urbanization, and consumption (Future Earth, 2018; Zhang et al., 2018). The question remains
how to meet sustainable economic and environméngmals with the current or potential natural
resources, which have been stressed by peorgrmed management in recent decades (Harwood,
HAMYyOoOd® ¢KS NBaLRyaS KFra oSSy | INRPgAYI AYOIGSNYLIl GAZ
conservationand use of natural resources (Finley and Seiber, 2014). The Bonn Conference addressed the
interaction of sectors, focusing on how a nexus approach if implemented could grow water, energy, and
food security if a scienemformed framework could be establisd to promote cross sector
complementarities (Hoff, 2011; The Nexus Resource Platform, 2011). The Food and Agriculture
Organization of the United Nations has investigated the potential gains from applying the nexus approach
(FAO, 2013; Flammini et al., Z)1 and the European Commission has included feoergywater-
climate linkages among challenges facing its Horizon research and innovation program (European
Commission, 2021).

The nexus is a systerdased approach representing links among water, energy, food, and
environmental systems. This cressctoral integration if implemented systematically when underpinned
by rigorous science is believed to have the capacity to achiestaisable development (Endo et al.,
2017). The nexus approach is believed to have the capacity discover latent synergies among sectors, to
light the path to improve water, energy, food and environmental security. A few works have implemented
elements of tle nexus approach to identify some sector interactions in basins. The hydropower sector has
been examined to assess effects of energy taxes (Sun et al., 2021) and power y prices (Gaudard et al.,
2018) as well as links among energy, water and ecosystematfABabu et al., 2019; Basso et al., 2020;
Chen et al., 2020). Other works have implemented the nexus approach to assess sustainability of
environmental resources (Biggs et al., 2015; Conway et al., 2015; Daher and Mohtar, 2015; Liu et al., 2018;
Rasul, 204; Rasul and Sharma, 2016; Wang et al., 2018). Others have implemented a nexus approach to

advance Sustainable Development Goals (Liu et al., 2018; Yoon et al., 2021).

The integration of ecosystem services as an element of the nexus approach has been recognized
recently for sustainable resource management, although environmental services have to date been
weaklyaddressed in nexus studies (Hulsmann et al., 2019; Liy 8047; Liu et al., 2018). Both the global

2030 Agenda for Sustainable Development and the European Green Deal with an aim of making Europe
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climate neutral by 2050 have called for including ecosystem services in nexus stoliks byCarmona

Moreno et al.(2021) and Kebede et gR021) accounted for ecosystems in their nexus implementation.

Also, several authors and institutions (ICIMOD, 2012; Karabulut et al., 2018; UNECE, 2018; Yuan and Lo,
2020) indicate the pivotal role played by ecosystems in nexus interconnections: ecosystem services are
pillars to maintain biodiversity and support akadility of food, water, land, and energy. Th@plem for

including the environment in the nexus is information to systematically account for ecosystem benefits at

the basin scale is rarely available at present.

Despite significant advances in nexus modeling at the basin scale, there remain numerous challenges
to develop comprehensive and reliable nexus model implementations capable of representing the basin
hydrological network, resource user behavior by sectad docation, and ecosystem responses to
variations in streamflow. Bekchanov et al. (2019) propose using the hydroeconomic modeling framework
for addressing the watefood-energyenvironment nexus at the basin scale. However, reviews of the
peer-reviewed hylroeconomic literature concludes that feedbacks across nexus elements are incomplete,
the institutional and policy features are weakhcluded in modeling, and nexus principles are
disconnected from decision tools provided by hydroeconomic modeling, yutieg practical and
integrated policy guidance. There are many nexus studies dealing with different sectors in several
locations. Still, few have presented an integrated hydroeconomic optimization framework that assesses
the spatial and temporal interconieéions among water, food, energy and ecosystems, under climate
change scenarios for selected climate adaptation policies. Hulsmann et al. (2019) indicate that ecosystems
are mostly missing in nexus assessments despite being essential for sustainable mamagEading to

a call for a more rigorous accounting of ecosystem elements in nexus assessments.

This paper addresses these gaps by conceptualizing, formulating, applying, and assessing an
integrated hydroeconomic modeling framework addressing future climate risks in order to identify
affordable and sustainable climate adaptation strategies. The megstematically accounts for nexus
elements among competing sectors (agriculture, energy, urban and ecosystems) for a series of water
managementstrategies under climate water stress scenarios-2000, C&éimnn o = GF 1Ay 3 { LI .
River Basin as a castudy (Figure 4.1 Thecrosssectoral integration, after being conceptualized, is
applied to discover synergies among sectors and spatial locations, uncovering insights into the extent of
gains and losses among the elements. This analysis shows the efforts and related coiopgrsabng
groups of stakeholders as well as workable interventions that could bring about resilience and adaptation

to drought events.
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Figure 41. Case study.
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The potential of water management strategies to achieve water, food, and energy security and
ecosystem protection is assessed. Findmegeal affordable measures that have a measured potential to
limit sector vulnerability, reduce risks of water stress, and improve climate resilience. Results provide
information on water reallocations among economic and environmental sectors, locatiodstime
periods and the associated distribution of benefits and cost of polices among those same dimensions.
Findings provided can inform improved management to enhance water, food and energy security as well

as ecosystems protection through improved e@owmental flows. Findings are important to guide
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decision making in arid and semiarid regions, which are strongly vulnerable to human activities as well as

elevated water stress induced by climate change.
4.2 Materials and methods
4.2.1 Modeling framework

The WEFE nexus is characterized by using integrated hydroeconomic modeling, where water can be
spatially and temporally allocated between different sectors (agriculture, urban, hydropower, and
ecosystems), under a range of policy options and climate wstieyss scenarios. The challenge of
combining the use of water, energy, food and ecosystem services into one integrated planning and
management framework is demanding, and calls for an intensive use of data and advanced methods. The
WEFE nexus assessmenbased on an empirical hydroeconomic model developed using the GAMS®
(General Algebraic Modeling System with the CONOPT4 solver) software. The model is an extension of
previous modeling work (Baccour et al., 2021; Baccour et al., 2022). The model isd@ecd dynamic
optimization problem with multisector benefits in the objective function, and with biophysical, technical,
resource availability and institutional information in the constraints. The objective function maximizes
social benefits of WEFE s$ars across basin locations, under current and future climate conditions. There
are three components in the model; the hydrological, regional economic, and environmental components

(Figure 42), which are described below.

The hydrological component is a reduced form hydrological representation of the Ebro basin. It
represents flows between supply and demand nodes, using the hydrological principles of water mass
balance and flow continuity in the riveFigure 4.3 Thehydrological component shows the spatial
distribution of water between economic sectors and environmental flows, and the model dynamics is
driven by the water storage in reservoirs. This component is calibrated introducing auxiliary variables for
river reaches so that predicted gauged flows are broadly consistent with observed flows at each river

gauge $ee chapter 2 and)3

The regional economic component consists of optimization problems for water allocated to irrigation
districts, hydropower plants, and urban settlements. There is an optimization program for agricultural
activities in every irrigation district, which maxim6 & FI NX¥SNEQ LINAGF S o0SySTA
subject to technical and resource constraints. Crop yield functions are assumed linear and decreasing in
cropland acreage, and output and input prices are constse chapter 2)The optimization prograror
dzNB Yy &1 GSNI YFEAYAT Sa S$02y2YA 0 &dzNLJ dzas GKS adzy
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main cities(see chapter 3)and the optimization of hydropower maximizes the benefits of electricity
production. Positive Mathematical Programming (PMP) is used to calibrate agriculture and urban sectors

at the baseline observed data of water allocations, following Baccour 0&2].

Figure 42 WEFE nexus modeling framework
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Electricity generated at hydropower plants in the Ebro basin comes mostly from power plants in
reservoirs that have an elevation drop, with some additional generation frorrofdhe-river power
plants. The water stored in dams is used to power turbinest ttonvert the fallowing water into
mechanical energy and then to electricity. Hydropower production in the Ebro basin comes from
hydropower plants operated in most reservoirs in the basin, such as Ebro, Ulivarri,-Kaealkmo,
Mequinenza, La Sotonera,i@arasa, Riatm f A I yI YR { | Yyl LofiheNRAIOERET NB Y SN

plants located in the mainstream of the Ebro.

The benefit from hydroelectric productioh i Is determined by maximizing the net income
from energy generation. The hydropower benefit is equal to the amount of energy produced each month
'00 A1 ¢ 'Q j; multiplied by the monthly electricity pricé ‘Q & ‘Qinus production costs C in the
plant. The production features of each hydropower plaDb 1 & éré émbedded in equationg.2) to
(45). Equation(4.2) shows the upper limit of water that can feed the turbines in plabb 1 & éechd
month, which depends on the capacity of turbines. Equat8) represents the head of each reservoir
which is function of reservoir storage. Equat{@) relates the production of electricity in plaf®0 1 & & o
with the water fed to the turbines, whereo ki is fed water in MR, 01 € Q i s
hydropower production per unit of water {@/Mm3), and O iR ] 00 W R Is the water
level in the reservoir divided by the maximum reservoir water level. Equ@iByshows the hydropower
plant's capacity to produce energy and limits the annual energy production by summing the hydropower

generated each month.

TRALS ; 00 fi £0Q fr 00 QaQd (4.1)
subject to
W A Y1 0 QA DO Uiy 4.2)
(o) EF AN T AR & fr where indexresHP @3
only includes reservoirs having hydropower plants '
00 Rl € Q g O AR ] 00 G R 2O FR 201 EQ g 4.4)
00Nt £€Q ki YOO ni € Qp (4.5)
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Figure 4.3. Network of the Ebro Basin.
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The environmental component includes the ecosystem health levels and associated environmental
benefits.¢ KS  LILINR I OK F2NJ SadlofAaKAY3I SYy@ANRYYSyGlt Ff
GKSNBE KIFIoAGFG adadlroAfAde Aa NBEFGSR G2 41 GSN @S
simulation methodology evaluates the environmentamfloequirement, and accounts for hydrological,
physical, mechanical proprieties, and biological relationships. The suitability values are assigned to the
area of river reaches to determine the weighted usable area WUA. The river reach is divided into cells
where river depth and water velocity are simulated for streamflow levels. The simulation results and
riverbed composition by the cell are evaluated gsindexes in the habitat preference function, which
connects streamflow and habitat adequacy. The WUA is the sum of the suitability habitats index weighted
by the size of the cell over the total area of river reach, determining the habitat potential toshaose

aquatic species given the river streamflow.

The benefits of ecosystem services can be estimated by finding the response of ecosystems to water
flows, and then valuating the services provided by these ecosystems. This environmental benefits of

aquatic ecosystem in the basin depend on the health stadfi ecosystems, where the relationship
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0SG6SSy (KS NAOGSNDA KFoAdlFdG adl ddzamotrgiRandIJowes, I ¥ Tt 2
2005; Wilding et al., 2014)he relationship relating WUA with streamflow is a linear function with a

plateau, which approximates well the empirical data provided by the Ebro basin authority on river reaches

(CHE, 2015)The variableo Yo is defined as the fraction of WUA over the maximum WUA attained

in river reach e, so the variable range is between zero when flow is zero and one as flow rises. The WUA

equation is given by:
W Y05 8 o pp (4.6)

where® Yo depends on water flowb jj; at each river reack, timet and monthm. Parametef
has been estimated for each of the 14 river reachebased on the ecological studies of the Ebro basin

authority for setting environmental flow&CHE, 2015)

Equation(4.7) defines the health statu® wj 5 Of ecosystenmecosin river reach e, which is equal

to 0 YOy, , and takes values between zero and one.
O W, @ Y05 4.7)
The benefits of ecosystem services in each river reach are defined by:

0 p Owpp J0 D 4.8)

where environmental benefité ; depend on the ecosystem health stat@swy; (between 0 and 1),
multiplied bya which is the length in kilometers of river reaehand byO wwhich is the economic

valuation inEurdkm of ecosystem services in river reaeh

The economic valuation of ecosystem servié@siis obtained from published studies in the
literature. Values are usually given in euros per hectare and year for the riverbed, which can be converted
to euros per kilometer by knowing the surface area of the river reach covered by water and the length of
the river reach. Valuation of freshwater bodies and wetlands in the literature ranges from 20,000 to
75,000Eurdha per year of riverbed covered by watéfFEEB, 2010; Troy and Bagstad, 2009; Troy and
Wilson, 2006) From this range we select an average value of 4000k K LISNJ @S NJ F2NJ S
services in the Ebro. The area covered by water in the Ebro basin is 68,000 ha with a total length of 8,900
km, therefore the average value in euros per kilometer is @ndlion Eurdkm (40,000Eurk KI wcy Znnn
KFkyZdpnn 1Y0d 1 26SOSNE SO2aeaiSvyaqQ @lfdzSa NB aLdk

for mountain rivers than for streams in the vall@gyARM, 201Q)Following the range of valuation in the
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literature, four valuation levels are chosen: a low value (Oviiion Eurdkm) for river reaches with
moderate environmental value in the main stem of the Ebro and some right bank tributaries, a medium
value (0.31Imillion Eurdkm) for nonrmountain Ebro tributaries, a high value (O.Ffllion Eurdkm) for
mountain river reaches, and a very high value (Irfilion Eurdkm) for the Ebro mouth where the Ebro

Delta is locatedFigure 4.4)

The optimization problem in the hydroeconomic model maximizes the discounted net present value
of social benefits added over sectors and periods. Social benefits are the sum of private and environmental
benefits coming from water withdrawals at nodes faigated agriculture and urban centers, by water
flowing through turbines that generate energy, and by environmental flows in river reaches that support

aquatic ecosystems. The objective function takes the following form:

Bh r Br i B 3 i Bh ok 4.9

Max

subject toall hydrological, economic, institutionabnstraints in the basird j is private benefit from
irrigation districtk, 0  is urban economic surplus from urban centied i is hydropower benefit
from hydropower plantHPplant and6  is environmental benefit from river reagh The discount rate

r used in the analysis is 2%.

Future climate water stress scenarios are developed to discover the potential of water management
strategies in reducing climate risks. The impacts of water scarcity on the interlinked-evetegyfood-
environmental systems are analyzed for calculatirgdéroffs, synergies and welfare effects across
sectors and locations. Welfare effects by groups of stakeholders are important for evaluating the efforts
and related just transition compensations for acceptability and uptake of policy interventions. Several
management strategies have been assessed for improving climate resilience and adaptive capacity of
irrigated agriculture, energy production, urban use, and the environment. The selected interventions are
water reallocation by the basin authority with sl 2 f RSNAQ O22LISNI GA2y s FdzZf £ C
benefits in settling environmental flows, modernizing irrigation systems, expanding dam storage, and
water markets. The resulting traeffs and synergies between watenergyfood-ecosystems under

future climate conditions are used to rank the performance of policy alternatives.
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Figure 44 Environmental benefit response using the WUA weighted usable area.
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4.2.2 Generation of future climate water stress scenarios

Future climate scenarios up to 2100 are developed based on the Ebro basin inflow projections under
climate change estimated by CEDEX (2017). The basin series of headwaters are generated using the
statistical delta change downscaling method (EseBwa etal., 2017; Fowler et al., 2007). The CEDEX
projections are derived form a set of Global Climate Models (GCM). These projections are arranged in four
time periods between 1960 and 210@nd include two scenarios of Representative Concentration
Pathways (R@FS and RCP8.5). This study focuses on the voaist scenario RCP8.5 from the projections

of CEDEX based on the GCMs by the Centre National de Recherches Meteorologiques and the Max Planck
Institute. Future monthly inflow series are generated for eachdweater node in the Ebro basin. Thirty

series of future basin inflows are simulated per node covering a horizon of 30 years for period¥)2040

(CG2070) and 207100 (C100). The procedure consists in altering the historical monthly series
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between 1986 and 2016, by using the CEDEX information to generate future basin inflows for climate

water scenarios.

Thestatistical delta change approa¢biazNieto and Wilby, 2005; Escri@ou et al., 2017; Fowler et
al., 2007)s applied to the historical inflow series by modifying the mean and standard deviation according
to the CEDEX inflow predictions. The procedure generates future stream flows under climate water stress
scenarios for 2042070 and 2072100 (C€070; C€100). The procedure involves the following steps:

1. The monthly historical data time series of each basin headW@ter; is standardized using the
corresponding monthly statistical parameters, whete indicates the subset of river reaches
corresponding to basin headwaters.

R (4.10
» QR

I AT TR O TS

¢
5

where™» fr "Q [y is the standardized time series for each basin headw@ter, in yeart and
month m.
2. The average relative change in mean and standard deviation for the 12 months that correspond to
the average year, is obtained for each climate scenarie?@0; C€100). The change is calculated from
the mean and standard deviation of the historicatiss’Q  and the future serie¥2 j , where the

future series are the projections provided by CEDEX (2017).

. ATQ AQ - . Q- , Qo (4.11)
¥ : h h I,.] y" . h h

AQ n Q

whereY*  andy, | are the changes in mean and standard deviation of mantih headwater
‘Q . There is not significant and systematic change detected between the variances of historical and

future series, and therefore th¥, | are considered equal to zero.

3. Finally, the future time series for each climate scenario is obtained by applying the relative changes
in statistical parameters to the historical standardized series. Thirty simulations are generated for climate
scenarios, each with a time span of thigears (30 simulations for €070 and 30 simulations for €C
2100).

4.2.3 Management strategies for climate resilience

Crosssectoral water management and enhanced climate resilience are needed to lessen future economic

losses. Several recent contributions in the literature address climate resilience in river basins. The range
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of intervention measures found in the literature deal mostly with the agricultural sector, because
irrigation represents 70% of withdrawals and 90% of water consumption both worldwide and in the Ebro
basin. Recommendations include reducing demand, inangagipplies, dam storage and water transfers
(Scanlon et al., 2017), better management and improved irrigation practices to reduce losses (Hoff et al.,
2010), irrigation area expansion in water abundant regions (Elliott et al., 2014), and unconventional
saurces such as treated urban wastewater and desalinated seawater in coastal areas. As indicated above,
protection of environmental flows has become an important issue in nexus studies to advance sustainable

management.

Institutional cooperation (IC)IC is the primary management policy in the Ebro for water allocation. This
current management by the Ebro basin authority is based on the effective involvement and cooperation
of stakeholders. In this study, the IC policy is combined with a strongergbiareof ecosystems, which

is called environmental institutional cooperation (EIC). The current cooperation policy (IC) under drought
conditions is that the basin authority reduces water allocations to irrigation distrigisojportion to the

fall in inflows. Also, environmental flows are lowered during droughts trying to abide by minimum
thresholds. Allocations to urban networks and hydropower are reduced only in cases of a very severe
drought. These water reallocations unmd@rought are undertaken by the basin authority with
a0l 1SK2t RSNBRQ O22LISNI GAZ2Yy D

Environmental institutional cooperation (EICEIC would achieve a more sustainable management, by

including the environmental benefits generated by stream flows in the basin. This implies higher
environmental flows that enhance social welfare. The procedure for enlarging flows is that the basin
authority purchases water for the river in order to maximize social benefits, the sum of both private and
environmental benefits. The basin authority buys water for the different river reaches, by first selecting

purchases in irrigation districts with less profitable crops, where the shadow price of water is low.

Irrigation modernization (IM):Farmers could face water scarcity and reduced water allocations from the
basin authority during droughts by modernizing irrigation systems. Investments in modernization involve
upgrading irrigation technologies, which enhance the efficiency of watetAllssurface irrigation systems

in irrigation districts are substituted by sprinkler and drip systems (except rice). The implementation of
this policy should involve a cutback of water withdrawals by irrigation districts, begaaintaining water
withdrawals would increase crop evapotranspiration and reduce return flows (from more water
demanding crops, double crops, or acreage expansion), with a fall in basin stream flows (Grafton et al.,
2018). Advanced irrigation technologie A y ONBI aS @A St Ra IyR TIFINYSNAQ
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modernization are substantial. Both revenue and cost effects have been included in benefit calculations.
The modernization policy is combined with the proportional reduction in allocations during droughts

(farmers cooperation), and with the buying of wafer environmental flows by the basin authority.

Enlarging dam storage (EDShe response to water scarcity by the basin authority is to protect basin
storage through proportional reduction of water allocations. The substantial water withdrawals in the
Ebro (60% of yearly stream flows) in relation with the low storage capadigms (50% of yearly stream
flows), call for augmenting dam storage capacity. The increase in water storage in the basin is set at a 50%
increase in dam storage capacity, and the investment costs are included in social bexisfiftghe basin

authority buys water for the river.

Water markets (WM):Farmers and urban centers receive reduced water allocations from the basin
authority during droughts. Then these water allocations can be exchanged among irrigation districts and
urban centers, maximizing the private benefits of water use. There is @ct @xchange of water between
sellers and buyers, but rather the sellers (irrigation districts) reduce withdrawals, and the buyers augment
withdrawals in their respective river reaches. Water is traded between irrigation districts doah ur
centers, and the basin authority participates as well in the water market by acquiring water for the river.
This policy enhances both private and environmental gains, so it is an appealing policy to capture the

private benefits of markets while protaag ecosystems.
4.3Results
4.3.1 Enhancing environmental flows in the current Institutional cooperation

Adjusting the current Institutional cooperation (IC) in the Ebro basin augmented by Environmental
institutional cooperation (EIC) is prescribed by fully accounting for the benefits of environmental flows in
river reaches. In this light, EIC achieves beteosystem protection than IC, delivering more
environmental flows even with reduced cultivated lantl3%6) and energy generatiofb$o) (Figurd.5a).

The EIC policy generates a significant increase of environmental flows in all rivers reaches, ehkrging t
streamflow at the Ebro mouth by about 180 Mper year. There is a significant improvement of

ecosystem status across the full range of watersheds in the basin (Bigaye

Water use in agriculture under EIC compared to IC is reduced by 14%, although impacts on
agricultural economic benefits are smalk%) because farmers reduce cultivation of field crops, which
have high water requirements and low income generating capa8itgcial economic benefits increase
GAGK JlFAya AY SYGANRBYYSyYydGlt o0SySTA(a f@dothemergyn YA £ 2
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and agriculture (Figuré.5b). These results reveal tragdfs between the environment and the economic

sectors, if decision makers implement the protection of environmental flows.

Reduced withdrawals by the largest water consuming sector (agriculture) increase stream flows in
rivers across the basin. The increase is an important buffer during droughts for protecting ecosystems and
economic activities. Therefore, relative to unadpsiC, EIC enhances both economic water security and
aquatic biodiversity during periods of water scarcity and represents a risk adaptive policy to advance

sustainable water management.
4.3.2 Sectoral responses and competition: Tradeoffs analysis under future climate scenarios

Understanding the complex relationship among water, energy, food and ecosystems provides critical
insights for development of future sustainable water planning. Tradeoffs among competing water uses in
the Ebro basin by policy (IC, EIC, IM, EDS and S#bManagement Strategies section4.2.3 and
climate scenario (G070 and CR100), are presented in Figurke6. Information from the tradeoff
analysis informs the design of water management strategies. These strategies have the capacity to
address challenges of future elevated water vulnerability by implementing workable and science
informed benefitsharing schemes. Climate change reduces considerably baseline inflows, by 1500 and
3000 Mn? for CG2070 and CRQ100 scenarios, respectively. The agriculture and urban water consuming
sectors would curtail water withdrawals, depending on the policy option. An unadjusted IC policy
(business as usual) is the weakpstforming strategy for climatehange, for which there is a negative
benefit gap, lagely explained by lower ecosystem benefits, driven by smaller environmental flows as a

result of high irrigation withdrawals (Tablel).

Under the EIC, IM, EDS, and WM policy options, the water authority assigns water for the
environment to improve ecosystem status. These policies deliver higher social benefits than an
unadjusted IC, lowering the risks of water stress and improving enveatahsustainability under climate
change. The EIC, IM, and WM policies deliver more environmental flows, while reducing irrigated land and
energy production, compared to IC (TaBlé, Figured.6a). The EDS policy increases energy production
and environmatal flows over any other policy, while reducing cultivated acreage compared to IC (Figure
4.6). These results show the tradeoffs between environmental and economic activities under future
climate scenarios. They also highlight the difficulties of achievingwviroutcomes that jointly ensure

water, energy and food security, together with ecosystprotection in large and complex basins.
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Figure 45 1C and EIC under baseline inflows.

(a) Land, Energy production, Urban water use, and Streamflow at (b) Benefits (M€)
Ebro mouth
Land Energy Production Urban water Streamflow at Ebro [gectors IC  EIC
(1000 ha) (GWh) use (Mm?3) mouth (Mm?3)
IAgriculture 1008 | 989
500 8000 - 400 - 8000 - Urban 2655 | 2655
400 + A E 400 | 382
6000 300 A 6000 - nergy
300 A Ecosystems 888 | 1056
4000 + 200 - 4000 -
200 A Expense by CHE -3
100 - 2000 + 100 A 2000 A Total 4951 | 5079
0 - 0- 0- 0-
IC EIC IC EIC IC EIC IC EIC

(c) Ecosystem status (unitless)

EIC baseline inflows

IC baseline inflows : :
(accounting for environmental benefits)

(a)Land (1000 ha), energy production (GWh), urban water use’dnu streamflow at the Ebro mouth
(Mm?3), under IC and EI() Benefits (million Euro)c) Ecosystem status in watersheds under IC and EIC.
IC: Institutional cooperation and EIC: Environmental institutional cooperation.

The pattern of changes between IC and EIC under climate change are the same as under baseline
climate conditions. The EIC policy reallocates water between economic activities and the environment to
maximize social welfare, by reducing irrigation withdraavaind increasing environmental flows,
augmenting streamflow at Ebro mouth by 300 and 200 Mor CG2070 and CQ100 scenarios,
NBaLISOGAGSted Ly 620K OfAYIFGS &a0SylFNazas 9L/ AyON
social benefitsby argiR e mnn YA f A 2y 5410 FNé wdteNFutRority @cqulres 676 Mrh 6 £ S
2F 61 GSNI F2N GKS N O LN20,laid 630 MBI2E (I 232 & (v o2 W2AeH ph 2 WA fAf
(TableA41-A42). The EIC policy requires planning for resource and benefit sharing that would advance

ecosystem biodiversity, water security, and resilience and adaptation to climate change.
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Figure 46 Tradeoffs analysis

(a) Annual distribution of Land, Energy production, Urban (b) Tradeoffs between competing
water use, and Streamflow at Ebro mouth by policy and climate  objectives
water stress scenario

Climate water stress scenario CC-2070 Climate water stress scenario CC-2070
Land Energy Urban Flow at Ebro mouth
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(a) Boxplots of the distribution of land, energy production, urban water use, and streamflow at Ebro
mouth, by policy and climate scenarifh) Parallel coordinate plot showing the tradeoffs between
competing sectors under climate scenarible average of sector indicators by policy and climate scenario

is represented by lines (30 simulations of 30 years), and the area is the interquartile range between the
25th and 75th percentiles. IC: Institutional cooperation. EIC: Environmental irstiéitooperation. IM:
Irrigation modernization. ED&nlargingdam storage. WM: Water markets.

The food security goal is elevated under the unadjusted IC and IM policies. However, IM has clear
advantages over IC because modernization investments involve upgrading irrigation technologies, which
improve water use efficiency in irrigation, boost ecdsys status, and increase private and social
benefits. Compared to IC, modernizing irrigation systems could reduce agricultural water withdrawals by
around 1000 Mn? and increase streamflow at Ebro mouth by 300 ¥with large gains in social benefits
betweSy mMHANn FYR empn YAftA2Yy F2N Fdzidz2NBE Ot AYFGiS ao$
Mmidzy RSNJ 0 KS La L}t AOe& s narldS yrR/AR/ X cei 06V (RedSAL2292)yA VA VT [/ |
FYR AYONBlFaAy3d Sy@aANRYyYSydalrt oSySTAGa o0& | NRdzyR ¢

achieving water and food security goals and enhancing aquatic biodiversity in the Ebro basin.
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Table 4.1 Land, energy production, water use, and benefits by climate change scenario and
management policy.

Climate scenarios| Baseline CCG2070 CC2100

Policies IC IC EIC IM EDS WM| IC EIC IM EDS WM

Land (1000 ha) 541 | 503 425 431 424 416 | 441 371 377 371 353

Field crops 384 | 351 277 282 276 268 | 299 229 233 228 211
Fruits trees 121 | 116 115 115 115 115 | 109 111 112 111 111
Vegetables 36 | 35 33 34 33 33| 33 31 32 32 31

Flood 293 | 265 214 17 213 208 | 225 180 14 180 168
Sprinkler 158 | 151 125 268 125 122 | 133 107 222 107 101
Drip 9 | 87 8 146 86 86 | 83 84 141 84 84

Hydropower (GWh) 8710 | 8288 8060 8064 9975 8068| 7553 7361 7373 9263 7384
Reservoir 6401 |5987 5835 5837 7130 5840| 5425 5286 5296 6574 5298
Runof-river 2309 | 2301 2225 2227 2845 2228| 2128 2075 2077 2689 2086
Water use (Mnd)

Agriculturé 4248 | 3948 3282 2953 3285 3206| 3459 2831 2539 2830 2665
Urban 454 | 401 401 401 401 454 | 346 346 346 346 452
Energy 32082 3093532437 32487 31930 32465 28905 29980 30017 29610 30028
Streamflow at EbI )07 | 7657 g014 8124 8156 8028| 6983 7183 7312 7406 7238
mouth (Mm?3)

{(20OAFf 08 4951 |4772 4896 4923 5002 4931| 4494 4596 4615 4697 4741
Agriculture 1008 | 1006 980 1027 981 980 | 981 956 1005 957 963
Urban 2655 | 2617 2617 2617 2617 2654| 2502 2502 2502 2502 2647
Energy 400 | 382 368 369 463 368 | 349 337 338 429 338
Ecosystems 888 | 767 944 951 955 048 | 662 826 834 835 834
Expenses by CHE -13 41 -14 -19 25 65 -26 42

Figures for climate change scenarios are yearly averages of 30 simulation runs over the 30 years periods
20402070 and 2072100.IC: Institutional cooperation, EIC: Environmental institutional cooperation, IM:
Irrigation modernization, EDS: Enlarging Dam Storage, WM: Water markets.

1 Water use for agriculture is the sum of net withdrawals entering irrigation districts, without including
losses of upstream main canals.

2 Expenses by CHE are the public funds used by the basin authority to buy water for the river.

EDS is a crucial policy for adapting to periods of water scarcity during droughts. It buffers against
fluctuations in water supply by augmenting water storage in reservoirs, with releases covering economic
and environmental demands in a controlled manndrieh dampen effects of droughts. The EDS policy
achieves good results for social benefits and the best result for energy security, in badvyCa@nd CC
2100 scenarios. For both scenarios, it provides aroy@1,800 GWh of additional energy generation
FYR FTNRBdzyR emnn YAftA2y 2F FTRRAGAZ2YIf SySNH& 08
protection especially in mountain and dekeatersheds, by delivering more water for the environment.
The water authority purchases around 650 ¥ g+ G SNJ F2NJ 6 KS NAGEWNE aLISYyR

YR € Hc Y-R10A Edingared i ottier policies, EDS increases streamflow at the Ebro mouth
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between 30 and 330 M#in CG2070, and between 100 and 420 Min CG2100. EDS is an important
policy for supplying clean energy, protecting ecosystems, and improving water and energy security. It is a

good policy option to build resilience and adaptation to climate change.

The WM policy reallocates the available water among sectors from low to high profitable uses. Water
trading takes place not only between economic activities but also with the environment, through water
purchases for the river by the basin authority. Marketling results in welfare gains by efficiently moving
water among sectors and locations, dealing with the economic impacts of future climate water stress. This
policy enhances urban use, the more profitable sector for water allocation, but generatesrat®de
outcomes for agriculture and energy. Water exchanges among irrigation districts are only 8 and®*25 Mm
in CC2070 and CR100, respectively. Water trading from irrigation districts to urban centers is around
50 Mm? in CG2070 and 100 Mrhin CG2100. Purchases of water for the river by the basin authority from
irrigation districts amountto around 690 M g A K O2a i a -hAT AR HINY RAEG-A2YARYA
2100 (Tabldd3). These efficient water reallocations between competing sectors achieviedst social
benefits in C& m n n,740 naillion), and the secordest social benefits in @Cn T n,93d miltion) only
behind EDS. This policy achieves the best urban benefits, which guarantee human water security, while
providing also ecosystems protection.

t2f AO8 OK2AO0Sa T2NJ FdzidaNBE Of AYF UGS ¢F 0SSN adNBaa
production, then both unadjusted IC and IM deliver higher agricultural benefits, although IM frees higher
stream flows across the basin and environnaritenefits. The policy choice for energy priority is EDS,
which delivers higher energy production with gains in energy benefits close to 30% over other policies.
The choice for urban supply priority is WM which augments urban water use (+30%) and keéftijs
over other policies, but reduces food production. If ecosystems are a priority, then all policies deliver high

environmental benefits except the current unadjusted IC.
4.3.3 Climate risk management: resilience and adaptation

There is considerable and growing interest by policymakers in finding ways to improve the climate
resilience of water sectors, and to better deal with shrinking water supplies in arid anehsemegions.

Various strategies could be undertaken for redagcihe risks of water stress and its subsequent economic
losses. Results in the Ebro under climate change indicate that compared to IC (business as usual), all other
management strategies (EIC, IM, EDS, WM) reduce agricultural water withdrawals andeirstreas)

flows across all watersheds in the basin (Figu7 Improving the resilience of water resources to climate
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risk involves more efficient use of water and larger environmental flows, while finding an appropriate

balance between food, energy and human water security.

The economic analysis of strategies provides the costs and benefits of policies for sectors, groups of
stakeholders, and spatial locations. This is a valuable tool for informing policy debates and guiding
adaptation to the ongoing evidence of climate chan@he success or failure of policy interventions would
depend on the equitable sharing of costs and benefits among stakeholders, including compensations for
loser groups. Findings indicate that all alternatives to the current policy (IC) increase snef@kl{Table
4.1), despite the high investment and operating costs associated with some water management
strategies, such as high investments in irrigation modernization (IM) or in additional dam storage (EDS).
These gains in social benefits could cover compensatiogi®tgs of stakeholders that may sustain losses

from policy changes.

Water resources support sector productivity, biodiversity, and 4welhg of inhabitants, and the
crosssectoral relationships in this nexus analysis are key in the assessment of strategies to confront
climate change. This integrated water resources managg approach could enrich the policy dialogue

for promoting sustainable outcomes that limit sector vulnerabilities and are resilient to climate impacts.
4.4Discusion and conclusions

Integrated water resources management and measures for climate risk reduction are needed for
affordably maintaining irrigated agriculture, energy production, urban use, and ecosystem biodiversity,
which are threatened by more frequent, intense and lelagting supply unreliability from climate change
extreme events. Our research informs the nexus dialogue between water, energy, food, and ecosystems
that would improve crossectoral planning and achieve equitable tradeoffs. The results show that the
current Institutional cooperation (IC, business as usual) is the worst policy option to deal with climate
change challenges. In contrast, the other management options (EIC, IM, EDS, and WM) increase water in
rivers, enhance biodiversity, and promote the resiliert sectors by lowering the risks of climate stress.
Therefore, integrated water management is needed to coordinate the groups of stakeholders and build
adaptive capacity to climate change impacts. Furthermore, considerable-trifgldetween economic
activities and the environment are shown, when ecosystem benefits are considered in the allocation of
water among sectors and locations in the basin. The specification of thosedftsd@sters the design of
innovative governance arrangements and practitest decrease sectoral vulnerability and maximize

social benefits, without jeopardizing ecosystem sustainability.
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Figure 4.7 Average stream flow in selected gauges by policy alternative and climate scenario, and
minimum environmental flows (Mffyear).
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The irrigation modernization policy may have the potential for water conservation if gains in irrigation
efficiency do not increase water consumption, which requires reductions in water withdrawals and water
reallocation to the environment. A successful $Mategy will support farm income and social benefits,
delivering water and food security and better ecosystem protection in the Ebro basin, which is in line with
other studies such as (Jagermeyr et al., 2015; 2016; Kang et al., 2017). According -Bldaezt al.
OHNHNOZ ANNARIFGAZ2Y Y2RSNYAT I GA2Yy o6agl SN O2y aSNDI
aGFoAfT AT S& | INRKROdz GdzNIF £ 6+ GSNI LINERAzOGAGAGE YR Ay
2F ANNRIIGA2YneBAF2OIBN &y B issue ovBsNdirehdy 2aised by Ward and Pulido
Velazquez (2008). The catch for irrigation modernization delivering water conservation at basin level is
avoiding the increase in water consumption (withdrawals minus return flows)gaiion districts. This is
I O2y&aARSNIoG6fS OKIFfftSy3aS GKFd NBldzANBa aidl | SK2ft RS
water authorities based on reliable measurements of withdrawals, water consumed, and return flows in
irrigation districts. Howear, water authorities could impose water measuring and enforcement when
designing irrigation modernization policies that usually involve public subsidies. Ward (2022) indicates
that there is little published research describing economically affordable wneasfor water
conservation, especially for technologies or polices in irrigated agriculture that could reverse depletion

trends in water systems and engage climate water stress.

Enlarging dam storage is another attractive management option to cope with the temporal variability
of water resources (Gaupp et al., 2015), enhancing energy and water security and boosting ecosystem
status. The EDS is considered an option to confront meltertages, and improve climate resilience and
adaptation (Ward, 2022). However, there is at present a significant opposition to building new dams from
environmental NGOs which have been successful at stopping water storage projects in judicial courts.
Sdting up water markets enable trading between economic activities by moving water from low to high
valued uses that generate welfare gains, and also minimize economic losses associated with climate water
stress (Baccour et al., 2022; Wheeler et al., 20Bd).experience with fully developed water markets in
Australia and Chile shows that the protection of environmental flows is not evident, either with public
buying of water for the river in Australia (Colloff et al., 2020; Grafton, 2019), or with liomtanf

withdrawals in Chile (Macpherson and Salazar, 2020).

Policymakers at present are left with great ambiguity on how to address climate change with cross
sectoral water management. The reason is the scarcity and inadequacy of information to buttress

resiliency to climate water stress in basins, either with fiesst or even second best cesfficient policies.
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The choice among policies would depend on the priorities of society among sectors in coping with climate
change. These priorities depend on the collective action arrangements among groups of stakeholders.
Since water resources in arid and samd basinsare scarce, water management is highly political with
interventions responding to the distribution of power among groups of stakeholders. Therefore, water
allocations could respond to the priorities of some sectors rather than to the social welfare whisle

basin.

Future studies should improve hydrologic projections using sophisticated methodologies that could
address spatial and temporal variabilities, and better deal with uncertainties. Another limitation is that
S R2y Qi FadaasSaa GKS A Y bdshiwate gualiy!InclGdmg watenfuamSnvtiey i 2 LJ
analysis could be a relevant information for decision makers. Despite these limitations, our modeling
approach generates useful insights for improving cisestoral planning that could jointly deliveraer,
food, energy, and environmental security, and also promote climate resilience and adaptive capacity of
sectors. Those inspiring messages could help policymakers in the design of measures for the management

of climate risks.

116



WEFHEexus planning

References

Amjath-Babu TS, Sharma B, Brouwer R, Rasul G, Wahid SM, Neupane N, et al. Integrated modelling of the
impacts of hydropoweprojects on the watefood-energy nexus in a transboundary Himalayan river
basin. Applied Energy 2019; 239: 45383.

Baccour S, Albiac J, Kahil T, Esteban E, Crespo D, Dinar A. Hydroeconomic modeling for assessing water
scarcity and agricultural pollution abatement policies in the Ebro River Basin, Spain. Journal of Cleaner
Production 2021; 327: 13.

Baccour S, Ward FA, Albiac J. Climate adaptation guidance: New roles for hydroeconomic analysis. Science
of the Total Environment 2022; 835: 14.

Basso S, Lazzaro G, Bovo M, Soulsby C, Botter G.-&atgirecosystem nexus in small raf-river
hydropower: Optimal design and policy. Applied Energy 2020; 280: 12.

Bekchanov M, Pakhtigian E, Sood A, Jeuland M. Hgetsnomic Modeling Framework to Address Water
EnergyEnvironmentFood Nexus Questions at River Basin Scale. Working Paper. Sanford School of
Public Policy. Duke University. Durham. 2019.

Biggs EM, Bruce E, Boruff B, Duncan JMA, Horsley J, Pauli N, et al. Sustainable development and the water
energyfood nexus: A perspective on livelihoo&@nvironmental Science & Policy 2015; 54:-389.

CarmonaMoreno C, Crestaz E, Cimmarrusti Y, Farinosi F, Biedler M, Amani Apgilexnenting the
WatercEnergyFood;Ecosystems Nexus and Achieving the Sustainable Development Goals. Retrieved
from Agency of Natural Resources Department of Environmental Conservation, UNESCO, European
Union and IWA Publishin@021.

CEDEX. (Centro de Estudios y Experimentacién de Obras Publicas). Evaluacion del impacto del cambio
climatico en los recursos hidricos y sequias en Espafia. Anexo 1: Tendencias y cambio de estadisticos
para cada proyeccion. MAPAMA, MadriD17.

Colloff M, Rocheta E, Hillman T, al. e. Assessment of river flows in the NDartyg Basin: Observed
versus expected flows under the Basin Plan 2BQ29. Wentworth Group of Concerned Scientists.
Sydney. https://wentworthgroup.org/wszontent/uploads/2@0/08/MDB-flows.pdf. 2020.

Conway D, van Garderen EA, Deryng D, Dorling S, Krueger T, Landman Wijreai®.and southern
Africa's waterenergyfood nexus. Nature Climate Change 2015; 5:-836.

CHE. (Confederacion Hidrografica del Ebro). Plan Hidrologico de la Demarcacion Hidrografica del Ebro,
Documentacion sobre Caudales Ecologicos. Zaragoza: CHE, Ministerio de Agricultura y Medio
Ambiente (MAGRAMA). 2015.

Chen L, Huang KD, Zhou JZ, Duan HF, Zhang JH, Wang DM l&blatrisk assessment of water supply,
hydropower and environment nexus in the water resources system. Journal of Cleaner Production
2020; 268: 15.

Daher BT, Mohtar RH. Watenergyfood (WEF) Nexus Tool 2.0: guiding integrative resource planning
and decisiormaking. Water International 2015; 40: /81.

DiazNieto J, Wilby RL. A comparison of statistical downscaling and climate change factor methods:
Impacts on low flows in the River Thames, United Kingddiimatic Change 2005; 69: 2268.

117



Chapterd

Elliott J, Deryng D, Mueller C, Frieler K, Konzmann M, Gerten DCenatraints and potentials of future
irrigation water availability on agricultural production under climate change. Proceedings of the
National Academy of Sciences of the United States of America 2014; 11133289

Endo A, Tsurita I, Burnett K, Orencio PM. A review of the current state of research on the water, energy,
and food nexus. Journal of HydroleBegional Studies 2017; 11:-30.

EscrivaBou A, Pulidé/elazquez M, Puliddelazquez D. Economic Value of Climate Change Adaptation
Strategies for Water Management in Spain's Jucar Basin. Journal of Water Resources Planning and
Management 2017; 143: 13.

European Commission. Horizon 2020 Topic: Integrated Approaches to Food Secur®arbow Energy,
Sustainable Water Management and Climate Change Mitigation. Available online:
http://ec.europa.eu/research/participants/portal/desktop/en/opportunities/h2@topics/water-2b-
2015.html. 2015.

European Commission. Strategic Research and Innovation Agenda. European PartnershigtMLATER
"Water Security for the Planet". Available online: http://www.waterjpi.eu/implementation/water
challengesn-horizoneurope/waterdalt_2nd_draftsria_08022021 fordistribution.pdf. 2021.

FAO. (Food and Agriculture Organisation of the United Nations), An Inno&ativenting Framework for
the FoodEnergyWater Nexus Application of the MuSIASEM Approach to Three Case Studies; FAO:
Rome, Italy. 2013.

Finley JW, Seiber JN. The Nexus of Food, Energy, and Water. Journal of Agricultural and Food Chemistry
2014; 62: 625%262.

Flammini A, Puri M, Pluschke L, Dubois O. Walking the Nexus Talk: Assessing tHen@rgigrood
Nexus in the Context of the Sustainable Energy for All Initiative; Food and Agriculture Organisation of
the United Nations (FAO): Rome, ltaly. 2014.

Fowler HJ, Blenkinsop S, Tebaldi C. Linking climate change modelling to impacts studies: recent advances
in downscaling techniques for hydrological modelling. International Journal of Climatology 2007; 27:
1547-1578.

Future Earth. WateEnergyFood Nexus: We are the Nexus! https://futureearth.org/2018/07/30/water
energyfood-nexuswe-are-the-nexus/. 2018.

Gaudard L, Avanzi F, De Michele C. Seasonal aspects of the-wagFgyexus: The case of a rofithe
river hydropower plant. Applied Energy 2018; 210:-602.

Gaupp F, Hall J, Dadson S. The role of storage capacity in coping withamutranterannual water
variability in large river basins. Environmental Research Letters 2015; 10: 12.

Grafton RQ. Policy review of water reform in the MurE2grling Basin, Australia: the "do's" and "do'nots".
Australian Journal of Agricultural and Resource Economics 2019; 634116

Grafton RQ, Williams J, Perry CJ, Molle F, Ringler C, Steduto P, et al. The paradox of irrigation efficiency.
Science 2018; 361: 74%0.

Harwood SA. In search of a (WEF) nexus approach. Environmental Science & Policy 20B%.83: 79

Hoff H. Understanding the NEXUS, Background Paper for the Bonn 2011 Conference: The Water, Energy
and Food Security Nexus 2011. Stockholm Environment Institute. Stockholm. 2011.

118



WEFHEexus planning

Hoff H, Falkenmark M, Gerten D, Gordon L, Karlberg L, Rockstrom J. Greening the global water system.
Journal of Hydrology 2010; 384: 1T186.

Hulsmann S, Susnik J, Rinke K, Langan S, van Wijk D, Janssen AB@egtatdd modelling and
management of water resources: the ecosystem perspective on the nexus approach. Current Opinion
in Environmental Sustainability 2019; 40:2d.

ICIMOD. (The International Centre for Integrated Mountain Development), Contribution of Himalayan
ecosystems to water, energy, and food security in South Asia: a nexus approach. URL
https://lib.icimod.org/record/1898. 2012.

Jagermeyr J, Gerten D, Heinke J, Schaphoff S, Kummu M, Lucht W. Water savings potentials of irrigation
systems: global simulation of processes and linkages. Hydrology and Earth System Sciences 2015; 19:
30733091.

Jagermeyr J, Gerten D, Schaphoff S, Heinke J, Lucht W, Rockstrom J. Integrated crop water management
might sustainably halve the global food gap. Environmental Research Letters 2016; 11: 14.

Kang SZ, Hao XM, Du TS, Tong L, Su XL, Lu HN, et al. Improving agricultural water productivity to ensure
food security in China under changing environment: From research to practice. Agricultural Water
Management 2017; 179:-57.

Karabulut AA, Crenna E, Sala S, Udias A. A proposal for integration of the ecoggstefood-land
energy (EWFLE) nexus concept into life cycle assessment: A synthesis matrix system for food security.
Journal of Cleaner Production 2018; 172: 38889.

Kebede A, Nicholls R, Clarke D, Savin C, Harrison P. Integrated assessment of-wateciclacd
ecosystems nexus in Europe: Implications for sustainability. Science of the Total Environment 2021;
768: 12.

Lamouroux N, Jowett IG. Generalized instream habitat models. Canadian Journal of Fisheries and
Aquatic Sciences 2005; 6214%.
Liu J, Yang H, Cudennec C, Gain AK, Hoff H, Lawford R, et al. Challenges in operationalizing the water
energyfood nexus. Hydrological Sciences Journal 2017; 62-1724@.

Liu JG, Hull V, Godfray HCJ, Tilman D, Gleick P, Hoff H, et al. Nexus approaches to global sustainable
development. Nature Sustainability 2018; 1: 4665.

Macpherson EJ, Salazar PW. Towards a Holistic Environmental Flow Regime in Chile: Providing for
Ecosystem Health and Indigenous Rightansnational Environmental Law 2020; 9: 43D.

MARM. (Ministerio de Medio Ambiente y Medio Rural y Marino). Valoracion de los activos naturales de
Espafna (VANEYIARM, Centro de Publicaciones, Madrid. 2010.
PerezBlanco CD, Hrasissenfelder A, Perry C. Irrigation Technology and Water Conservation: A Review
of the Theory and Evidence. Review of Environmental Economics and Policy 2020:239.216

Rasul G. Food, water, and energy security in South Asia: A nexus perspective from the Hindu Kush
Himalayan region. Environmental Science & Policy 2014; 28835

Rasul G, Sharma B. The nexus approaatater-energyfood security: an option for adaptation to climate
change. Climate Policy 2016; 16: 6812.

Scanlon BR, Ruddell BL, Reed PM, Hook RI, Zheng CM, Tidwell VC, et al-dierdgaditer nexus:
Transforming science for society. Water Resources Research 2017; 5&5850

119



Chapterd

Sun YY, Zhang J, Mao XQ, Yin XA, Liu GY, Zhao YW, et al. Effects of different types of environmental taxes
on energywater nexus. Journal of Cleaner Production 2021; 289: 11.

Tharme RE. A global perspective on environmental flow assessment: Emerging trends in the development
and application of environmental flow methodologies for rivers. River Research and Applications 2003;
19: 397441.

TEEB. The Economics of Ecosystems and Biodiversity: Mainstreaming the Economics of Nature: A
Synthesis of the Approach, Conclusions and Recommendations of TEEB. Ecological and Economic
Foundation, Earthscan, London and Washington. 2010.

The Nexus Resource Platform. Messages From the Bonn 2011 Conference: The Water, Energy And Food

Security Nexus Solutions for a Green Economy Bonn, Germany. 2011.

Troy A, Bagstad K. Estimating Ecosystem Services in Southern Ontario. Spatial Informatics Group, LLC
3248 Northampton Ct. Pleasanton, CA 94588 USA. 20009.
Troy A, Wilson MA. Mapping ecosystem services: Practical challenges and opportunities in linking GIS
and value transfer. Ecological Economics 2006; 604435
UNECE. Methodology for assessing the wéded-energyecosystems nexus in transboundary basins and
experiences from its  application:  synthesis. URL  https://unece.org/environment
policy/publications/methodologyassessingvaterfood-energyecosystemsiexus. 2018.

Wang Q, Li SQ, He G, Li RR, Wang XF. Evaluating sustainability-ehesmfyfood (WEF) nexus using an
improved matterelement extension model: A case study of China. Journal of Cleaner Production 2018;
202: 10971106.

Ward FA. Enhancing climate resilience of irrigated agriculture: A review. Journal of Environmental
Management 2022; 302: 15.

Ward FA, Pulid¥elazquez M. Water conservation in irrigation can increase water use. Proceedings of the
National Academy of Sciences of the United States of America 2008; 105:1B2A®%

Wilding TK, Bledsoe B, Poff NL, Sanderson J. PREDICTING HABITAT RESPONSE TO FLOW USING
GENERALIZED HABITAT MODELS FOR TROUT IN ROCKY MOUNTAIN STREAMS. River Research
and Applications 2014; 30: 8@24.

Wheeler S, Loch A, Zuo A, Bjornlund H. Reviewing the adoption and impact of water markets in the
Murray-Darling Basin, Australia. Journal of Hydrology 2014; 518128

Yoon J, Klassert C, Selby P, Lachaut T, Knox S, AvisseAcetipled humamatural system analysis of
freshwater security under climate and population change. Proceedings of the National Academy of
Sciences of the United States of America 2021; 118: 12.

Yuan MH, Lo SL. Ecosystem services and sustainable development: Perspectives f1 rometherfiyod
water Nexus. Ecosystem Services 2020; 46: 10.

Zhang C, Chen XX, Li Y, Ding W, Fu GT .-eveteyyfood nexus: Concepts, questions and methodologies.
Journal of Cleaner Production 2018; 195: -639.

120



WEFHEexus planning

Appendix
Table A4.\Water exchanges between irrigation districts and water authority (CHE) for the EIC, IM and
EDS policies.
Water sales by irrigation districts (M#)
Climate scenarios CG2070 CG2100
Policies EIC IM EDS EIC IM EDS
Bardenas 172 211 172 150 182 150
A&C 89 122 91 101 131 102
Imperial 28 81 28 24 69 24
Jalon 23 24 23 16 21 16
Lodosa 10 52 10 6 42 6
Navarra 44 53 44 38 45 38
Tauste 2 12 2 2 10 2
Urgel 118 190 117 96 162 97
Delta 21 25 21 20 24 20
Rioja 9 25 4 3 19 2
RAA 146 181 147 169 202 169
Zadorra 3 20 3 3 14 3
Water purchases by the
water authority (CHE) 665 996 662 628 921 629

Table A4.2Vater shadow prices in irrigation districts and costs of purchases by policy (EIC, IM and EDS)
and climate scenario.

Shadow pricesBurdm?) Costs of Wateéltjer):);:hangem(llion
Climate scenarios CC2070 CC2100 CC2070 CG2100
Policies EIC IM EDS| EIC IM EDS|EIC IM EDS|EIC IM EDS
Bardenas 0.02 0.04 0.02/0.03 006 0.02|27 92 26|42 11 36
A&C 0.03 0.04 0.02|0.06 0.07 0.06|23 45 22|61 97 6
Imperial 0.03 0.04 0.03|0.06 0.08 0.06/09 32 09|15 53 15
Jalon 0.02 0.03 0.02/0.02 0.06 0.02|04 07 04|04 12 04
Lodosa 0.05 0.06 0.05/0.11 0.12 0.10|{ 05 33 05|06 52 0.6
Navarra 0.02 0.05 0.02|0.04 0.07 004,08 25 09|15 32 15
Tauste 0.03 0.04 0.03/0.06 0.08 006|021 04 01|01 08 0.1
Urgel 0.02 0.06 0.03/0.04 0.1 006|218 106 32| 4 16 54
Delta 0.02 0.02 0.02|0.04 0.04 004,04 05 04|09 1 09
Rioja 0.02 0.03 0.02|0.06 0.08 0.07/0.2 08 01|02 16 0.1
RAA 0.02 0.03 0.02/0.03 0.05 0.03|26 49 27 |57 97 54
Zadorra 0.03 0.01 0.03|0.07 0.01 008,01 0.2 01|02 01 0.2
Purchases CHE 13 41 14 | 25 65 26

121



Chapterd

Table A4.3Nater exchanges among sectors under the water markets policy by climate scenario.

Climate scenarios \ CG2070 CG2100
Water exports (+) and imports) by irrigation districts (Mnd)
Bardenas 195 208
A&C 90 100
Imperial 22 25
Jalon 27 21
Lodosa -8 -25
Navarra 48 45
Tauste 2 2
Urgel 140 121
Delta 37 64
Rioja 12 6
RAA 173 225
Zadorra 4 2
Exports irrigation districts 750 819
Imports irrigation districts 8 25
Imports urban centers 53 107
Imports CHE (water for the river) 689 687
Water shadow prices Eurdm 3) 0.03 0.06
Costs of purchases by CHgil{ion Euro 19 42
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Chapter 5Probabilistic crosssectoral tradeoffs assessments under climate stress

for sustainable and equitable water planning
Abstract

Pressures on water resources are fueling conflicts between sectors. This trend will likely worsen under
future climateinduced water stress, jeopardizing food, energy and human water security in most arid and
semtarid regions. Probabilistic analysis usistpchastic optimization modeling can characterize
vulnerabilities and risks associated with future water stress. The original contribution of this study is to
make headway on filling these gaps, identifying the probabilistic taftleebetween agriculturia urban

and energy sectors in the Ebro Basin (Spain). Two intervention policies are examined and compared,
agricultural priority and energy priority, for two planning horizons 20@0 (C€070) and 2072100
(CG2100). The analysis gives insights on éxéent and distribution of welfare gains and losses from
alternative intervention objectives. Our paper provides evidence to support scies®ed policy reform

for efficient, flexible, and equitable water planning. Results show that the human waterityegoal is
achieved under both intervention policies. However, the accomplishment of food and energy security
goals depends on the policy objectives and the spatial location of irrigation schemes and hydropower
plants, changing basin stream flows and i@y water user withdrawals. Agricultural priority advances
food security, but increases the vulnerability of downstream hydropower where the main hydropower
plants are located. On the other hand, energy priority increases the vulnerability of upstnégation
districts. The policy choice results in substantially different benefit gains and losses by sector and
therefore by location. Moreover, neither priority policy provides an equitable sharing of benefits among
all sectors and locations under climatkange. This is an important issue, because the success or failure
of policy interventions would depend on the distribution of the gains and losses of benefits across the
basin. Policy uptake by stakeholders would depend on reachingvimimutcomes deligring acceptable

levels of food, energy and human water security in large river basins. Information on the probabilistic
trade-offs contributes to the design of water management strategies capable of handling the challenges

of larger water vulnerability bynplementing appropriate benefisharing schemes.
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5.1Introduction

Water resources are essential for food, energy and human water security. Water scarcity and uneven
spatialwater distribution threaten sustainable development (Cheng et al., 2019). The sharp rise of water
withdrawals during the last century, well above the rate of population growth, has created massive
pressures, severe degradation problems (Greve et al., 2018)najat management challenges in many

river basins worldwide. Driven by socioeconomic and climate developments, these challenges are
expected tobecome more crucial in the coming decades. Management policies in arid and vulnerable
river basins must be adapted to a changing climate. The developmesuicoessfupolicies requires
knowing thetrade-offs across sectors, such as agricultural production, energy supply, and ecosystem
health, as well as across space and time (Cai et al., 2018). At present, drought damages and economic
f2aa8a Ay 9dz2NRPLIS I NB SaiAa YedisgSpain{l.5e.), taly i bjan@ y LIS
France (1.2 b.)with damages concentrating in the agriculture (50%) and energy sectors (35%). Future
damages could increase up to five times for a +3°C scenario (Cammalleri et al., 2020; Feyen et al., 2020).
A critical policy task is to understand and identify the traffie between competing uses, by finding the

gains and losses for alternative water allocation policies under climate change. Then, the scope of
policymaking negotiation can go beyond outdated water allocations, and seek creative and sustainable
policies (Tfmant et al., 2020). Hajkowicz and Collins (2007) indicate that @m&xassessment of trade

offs between competing uses could become an instrumental for mitigating burgeoning conflicts.

Water system models can be used to discover traffe in complex water resource systems involving
multiple, interdependent, water uses. More specifically, optimization modeling is an efficient tool for
optimal water allocation and for discovering tradé&obetween sectors and spatial locations (Wu et al.,
2022). Several nonlinear and stochastic optimization models have been applied to identify the interaction
between sectors and to inform policy debates (Cai et al., 2018; Crespo et al., 2019; Jalilp2Ct8a
Jalilov et al., 2016; Tilmant et al., 2020). Mendes et al. (2015) develop a nonlinear multiobjective
optimization model to assess the tradeoff among multiple water uses in a hydropower system in the Sao
Francisco River Basin in Brazil. Tradesfisng environmental flows, hydropower, and irdesisin water
diversion projects have been analyzed in the Datong River basin using a nonlinear multiobjective
programming (Yin et al., 2022). Tilmant and Kelman (2007) developed a stochastic multiobjective
optimization to analyze tradeoffs between energy generation and irrigated agriculture under hydrologic

uncertainty in the Euphrates River basin. Also, probabilistic tadtfebetween agriculture, floodplain,
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hydropower, navigation and fisheries are analyzed in the Senegal River basin, identifying their
vulnerability with respect to natural and anthropogenic factors (Tilmant et al., 2020). Another study
considers the tradeffs between spatial locations for thmanagement of intebasin water diversions

(Wu et al., 2022).

Addressing future climate vulnerability in water sectors is a growing topic that is critical for drought
risk research and for the design and implementation of adaptation strategies (Vargas and Paneque, 2017).
Vulnerabilities in water resources are definad the degree to which a system, subsystem, or system
component is likely to experience harm due to exposure to a hazard, either a perturbation or
stress/stressor (Turner et al., 2003). Zhang et al. (2023) emphasize the need to assess water resources
vulnerability and identify spatiotemporal patterns for policymaking. Several studies develop a boftom
approach based on stress tests in order to identify conditions under which water systems require

adaptation policies (Brown et al., 2012; Turner et al140

This study contributes to the growing body of literature on adapting the management of water
resources systems to climate change. More specifically, this study focuses on assessing the spatial
RAAGNRAOGdzOAZ2Y 27F & (S NJaszied asQhe dNdkresjoading tradéfs i@ teawlyS NI 0 A f
committed river basins. A novel integrated hydroeconomic model is developed using stochastic dual
dynamic programming (SDDP) to identify suitable mechanisms for sustainable and equitable water and
benefit-sharingarrangements (Grey and Sadoff, 2007). The SDDP has been successfully employed to solve
optimization problems with stochastic inflows. Several studies used the SDDP to assess the economic
value of coordination in a multiuser and medéiservoir, determinehe costs and benefits related to the
multi-reservoir operation, and to evaluate the probabilistic traafés between competing sectors (Goor

et al., 2010; Marques and Tilmant, 2013; Tilmant et al., 2020).

This paper addresses the water challenges and sectoral vulnerabilities umckntainty and future
climate water stress by providing information on the hydrologic and economic risks associated with each
water allocation policy. The spatial distribution of benefit gains and losses from water stress scenarios
analyzed aims to conbiute to the debate on sustainable basin management, which includes stakeholder
participation and equitable benefit sharing in strategic planning (Wilson, 2019). As indicated by Dinar et
al. (2015), benefisharing arrangements are relevant for ensuringiliest and adaptive communities.

Sustainable management needs to be based on scientific knowledge and appropriate governance to
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balance human water withdrawals and environmental flows, and information on iodidewould
O2y(NROdzGS (2 (GKS RS&aA3dy 2F YSOKFIyAavYa fSIFIRAy3a G2
5.2 Study area

The Ebro River Basin is one of the main European Mediterranean basins located in theasoihthe

Iberian Peninsula. The Ebro is the largest river in Spain, co8&r®@0 knd and being home to 3.2 million
inhabitants (Figuré.1). Renewablevater resources amount to 15,000 (million cubic meters @ylper
year(15 kn?), with 8,500 Mnd (8.5 kn¥) of water withdrawals of which 7,680 for irrigation, 630 for urban
networks and 150 for direct industry abstractions. An intense development of water infrastructures took
place during the twentieth century due to the large expansion of irrigation andrgesim economic
development and industrialization. The consequence has lleemgrowing pressure on water resources

and the ensuing problems of water scarcity that has been aggravated by periodic droughts, especially in

the middle basin.

Water resources in the Ebro are managed by the Ebro water authority (Confederacién Hidrografica
del Ebro). A special characteristic of the water authority is the crucial role played by user groups, which
YFEAYyGFAya GKS NI RA G AoBpgratibn. @sde fiomziEry secfor (@rigation, Siahf R S N&
AY Rdza G NR | f YR KE@RNRBLERGSNLEZ OSyidNIt FyR adlrds
environmental associations, business associations and workers unions are represented in the water

authority taking and enforcing decisions.

The pressures on water resources in the Ebro Basin are going to be aggravated by the impacts of
climate change with reductions and increased variability of water availability (CHE, 2022). As indicated,
severe droughts occur about every 10 years in recemtades. The resulting damage costs are
considerable, reaching 400 million euro in 2005 (0.5% of GDP) (Hernandez et al., 2013; Lines et al., 2017),
although the average yearly drought damages could be estimated at below 0.1% of GDP (Feyen et al.,

2020).

Interactions between climate and land use drivers, water availability and water withdrawals have led
to an increased level of conflicts among the Ebro basin sectors and locations, including farmers, cities,
industries, environmental flow protection, as wek between the federal water authority, states in the
basin, and local administrations (Crespo et al., 2019). The combined effects of-imdunaad permanent

water scarcity and climate changaduced water scarcity and droughts portend unprecedentedlkoé
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water resources degradation in the absence of remediating water reforms. The worsening of future
extreme events further threatens sustainable outcomes, and call for a reconsideration of the current

water management, institutions and policies not only ie tbro but in all Mediterranean basins.

So, a key issue for dealing with hydroclimdtezen risks in a warmer world is the successful
implementation of enhanced management policies and strategies that bring about resilience and
adaptation to more extreme droughts. This governance frameworkordy be based on the collective

action of stakeholders.
5.3The SDDP model for optimal allocation

A stochastic hydroeconomic model of the Ebro basin is developed in order to assessectossl

probabilistic tradeoffs, and hydrological and economic risks under climate change. The model is solved

with the SDDP algorithm that could deal with complexitinstage and stochastic problems, applying the
CSEEYFYQa LINAYOALX S 2F 2LIAYIEAGE 6. SEEYFYS MppTO
hydrologic system, and it is used to analyze different water allocation policies for water sectoramighs!

and reservoireleases. Figure 5shows the schematic representation of the Ebro basin, which includes

52 nodes, 13 reservoirs, 16 hydropower plants, 8 urban centers, and 12 irrigation districts growing 27
crops under different irrigation technologies (flood, sprinkler, drip). The optafiatation decision is

determined for monthly time steps over a period of 30 years.

A periodic autoregressive model of order BAR(p) isisedto generate the stochastic inflow at stage
t, whose parameters are derived from historical inflows. For the sake of notational simplicity, the
description of the SDDP algorithm is restricted to cases where inflows can be modeled by an
autoregressive modeadf order one PAR(1). The ostage SDDP optimization problem at stage t during

the Lth iteration has the following objective function:

"0 vha i Ag vhahe ® "0 (5.1)
where Orepresents the benefito-go function, ¥ is the volume of reservoir storage at the beginning of
stage t, anda is the inflows at stage @ is the vector of allocation decision variables (release, spillage

and losses, end of period storage, and water withdravd’aI)S is the net benefit function at stage®,

is the discount rate, an®D is the future benefits variable.
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Figure 51 The Ebro River basin in Spain
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The optimization problem includeseveral constraints such as lower and upper bounds on storages
(Equation (5.2)), reservoirs releases (Hafion (53)), water withdrawals (Egption (54)), water balance
(Equation (55)), and the outer approximation of the future benefits (Edgjon (56)). The different

constraints are represented as follows:

9 Lower and upper bounds on storages:
v v v (5.2)
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Figure 52 Schematic representation of the Ebro River basin
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54)
I Water balance:

v 6 » m 6 g vVvhy v A 4 N (5.5)
where the topology of the system is represented using the connectivity maticeand 6 . gy andm
represent the vector of reservoirs evaporation and the vector of spillage and losses, respectively.

A A h istheinflow generated using the PAR(1).

1 The outer approximation of the future benefits:
O ¥ 5V A A T 0 pheBR p (5.6)
wherev and s j are the gradients of0 regarding the state variablesy( ha ,f  j is the

intercept, and L1 is the total number of iterations already completed. More details are available in
(Tilmant et al., 2020)
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1 The Convex hull approximation of the hydropower production functions can be found in
Goor et al. (2011
The simulation of optimal allocation policy decision is determined from the SDDP results based on
the re-optimization procedure described ByejadaGuibert et al. (1998with SDP and applied Gyimant
et al. (2020 with the SDDP. The approach is based in using the twelve monthly piecewise linear functions
determined from the intermediate year in simulation over the entire streamflow record. The re

optimization problem at time t (year y and month m) is:

& | AZd Vvhaphe O (5.7)

Subject to
v 0O » =m Y  Aj (5.8)
A i a pkdd p (5.9)

Those constraints and the other constraints stated in the-stage optimization problem are both
applicable. Once the reptimization problem is solved, the system moves to time t + 1 using the mass
balance (Egation (58)) and solving a new reptimization problem, and so forth until the end of the

streamflow record is reached.

The simulated allocation decisions arsedto obtain the performance indicators for the probabilistic
trade-offs between economic sectors and between spatial locations. The analysis ofdftsdectween
economic sectors includes five performance indicators (field crops, fruits, vegetables, hydropower
generation, and urban centers). The performance indicator for egohp of crops (field crops, fruits,
vegetables) is irrigated land, which is the number of hectares (ha) irrigated during the simulation period
(30 years). The performance indicator for hydropower generation is the annual energy production, while

the performance indicator for urban centers is the volume of water supplied to cities.

The analysis of tradeffs by spatial location includes six performance indicators (upstream irrigated
agriculture, downstream irrigated agriculture, upstream hydropower generation, downstream
hydropower generation, upstream urban centers, and downstreaban centers). The three indicators
for upstream economic activities are irrigated land, energy production, and urban water use in upstream
areas, and the three indicators for downstream economic activities are irrigated land, energy production,

and urbanwater use in downstream areas.
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In this study, the reptimization procedure is performed for both historical (baseline) and future
climate stream flows. This procedure is critical for assessing the performance of the system under
historical and future drought conditions in hydrologicieences that show the effects of extreme drought

events.
5.4Procedure to identify tradeoffs

The optimizatiorreoptimization process is applied for baseline and for future climate scenarie20(@C
C(G2100) under the alternative water allocation policies of agricultural priority or energy priority (see
more details in section 4). The-optimizaion procedure for each climate scenario and each policy over

30 years delivers vectors for each performance indicator (30%x1). These vectors are used for comparisons

between sectors and spatial locations described above.

A variety of visualization techniques can be used to discover fWffidebetweenmultiple elements
and dimensions, such as Parallel Coordinate Plots and Radar Charts. These interactive visualization
frameworks facilitate the discovery of the Pareto optimal solution, especially in high dimensional systems
that need sophisticated represgations of properties such as color, shape, etc. (Giuliani et al., 2014;
Hurford et al., 2014; Tilmant et al., 2020). In this study, Parallel Coordinate Plots are used to discover
trade-offs between sectors and spatial locations for each climate sceaadopolicy. The performance
indicators are represented on theaxis, while the increasing preferences are on thaxié. The average
of the performance indicator over the simulation period (30 years) is represented by a dotted line. The
distribution of the performance indicator is characterized by colored areas associated with quantiles.
These areas explain the response of performance indicators to changing water stress conditions under
each policy. The orange area represents the first quartile (25%),thdtlowest values of performance
preference. The green area is the interquartile range between the 25th and 75th percentile; and the blue
area includes the highest values, above the 75th percentile. The comparison of plots shows the change in
trade-offs between climate scenarios and policies, showing the impacts of priority policies and hydrologic

uncertainty.
5.5Policies and climate scenarios

The analysis investigates the two allocation policies between competing uses under climate scenarios
(baseline, CR070, C€100). The energy priority policy ranks first hydropower generation, whereas the

agricultural priority policy ranks agriculture tirfn this study, the urban sector is given priority under both
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intervention policies based on the current water management of the Ebro water authority that prioritizes
water allocation for the urban sector. The main reservoirs are operated to maximize their energy
production under the energy priority policy, while tlriculture sector maximizes its benefits to the

extent possible. For the agricultural priority, the model is optimized so that the total irrigated agriculture

benefitsare maximized

The selected policies enhance three important challenging goals: human water security, food
security, and energy security. Given escalating trends in human population, climate stress, water use, and
development pressures, human water security will remaider threat into the future (Vorosmarty et al.,
2010). Safe drinkingvater and access to fresh water are basic human rights and are prerequisite to
achieving many dimensions of sustainable development including health and food security. The challenge
of meeting future water needs in a sustainable manner requires the implementation of integrated water
resources management and efficient water planning (UN, 2018). Food security and agricultural
sustainability are particularly challenging during droughts, neéagiurgent action in both developing and
developed countries (Gil et al., 2019). Ensuring food security is an important target of the sustainable
development goals (SDG) for reducing hunger and extreme poverty, and achieve good health and
wellbeing. Energ security is a key issue in Eurcgred beyondfor adaptation and mitigation of climate
change. In Spain, the Integrated National Plan of Energy and Climate@8@1and the Energy Security
Enhancement Plan regulate the measures and investments for the development of renewable energies,

including thetarget of 74% of renewable energies in electricity generation by 2030 (MITECO, 2020; 2022).

The model is used to assess three climate water stress scenarios for each priority policy in the Ebro
basin: Baseline, GZD70, C&100. The future climate water stress scenarios are based on the
combination of historical drought patterns and projectedutg declines in stream flows under climate
change. There have been four severe droughts during the last three decades in the Ebro with reductions
close to 40% in basin inflows (in years 1989, 2002, 2005 and 2012). This will be combined with the negative
trend of stream flows from climate change. The trend of stream flows in the Ebro have been calculated
by CEDEX (2017) by downscaling six leading general circulation models. Under scenario RCP 4.5 the fall in
streamflow is 11% in 2042070, and 12% in 2072100. Under scenario RCP 8.5 the fall in streamflow is
13% in 204070, and 26% in 2072100.
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5.6Results
5.6 1 Hydroeconomic risk assessment under future climate water stress

The empirical cumulative distribution of annual outflow at the Ebro River mouth under climate water
stress scenarios (E2D70 and C@Q100) and priority policies aghown in figure 5.3. Baseuh the SDDP
simulations under historical climate conditions, the optimal annual outflow for 50%emroeedance
probability is estimated to be 8080 and 9910 Rumder agriculture and energy priority, respectively. Not
surprisingly, the energy priority policy involves higher stream flows at the Ebro River mouth betause
the larger reservoir releases from hydroelectric generation. The rise of stream flows in rivers under the
energy priority enhance water security. Overall, under future climate water stress scenarios, the annual
outflow at Ebro River mouth is projected be smaller for both priority policies in comparison with the
historical outflow. For agricultural priority, the annual outflow at the Ebro River mouth with a 50%
exceedance probability is estimated at 6830 RMmmder C&070 climate scenario, but only 533m?

under C&100 climate scenario. However, for energy priority, the annual outflow will exceed 8600 and

7470 Mn+ for 2070 and 2100, respectively, for a 50% exceedance probability.

The projected annual hydropower production, irrigated cropland, and urban water use in the Ebro
River basin for baseline, @070 and CQ100 climate scenarios under agriculture and energy priority
policies are showin figure 5.4.The urban sector takes priority over all other water uses and the annual
urban water withdrawals are maintained in both policies and future climate scenarios, promoting the
human water security goal. The annual hydropower production for current climatditions and 50%
non-exceedance probability is estimated at 4030 GWh under agricultural priority, which is considerably
smaller than under energy priorityl3%; 4640 GWh). The hydropower production is expected to decrease
under future climate water stress scenarios because of fddéng stream flows in the basin. The
hydropower production decreases by almost 30% (at 2930 GWh) under agricultural priority, while it
decreases only close to 20% (3@3W/h) under energy priority for the €100 scenario, compared to the
baseline. The mp in hydropower generation is substantial under agricultural priority compared to the
energy priority policy. The projected irrigated land for current climate conditions under agricultural
priority is 538,000 ha for an exceedance probability of 50%ewinitler energy priority, the irrigated land
with a 50% exceedance probability is only 311,000 ha. In both future climate scenarios, the fall in irrigated
land is below 10% under agricultural priority. However, under energy priority irrigated croplantyfalls

20% (249,000 ha) and 34% (206,000 ha) for the@0 and CQ2100 scenarios, respectively.
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Figure 53 Empirical cumulative probability distribution functions of projected annual outflows at the
Ebro River mouth for baseline, 2Q70, and C2100 periods under energy and agricultural priority.
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5.6 2 Probabilistic tradeoffs between competing water users and spatial locations

Figures 5.5 and 5.6 show the tradés between economic activities and between spatial locations in the
basin, by priority policy and climate scenario. The results show the -wfdeamong economic sectors,
agricultural subsectors, and upstreagiownstrean spatial locations. The magnitude of tradts reveals

their sensitivity to hydrologic stress from climate conditions.

Under future climate scenarios, the policy of agricultural priority reduces energy generation
considerably, while maintains the irrigated acreage of field crops, fruits and vegetables. This priority
damages the energy sector, with lower production and bighulnerability to climate conditions. The
reason is the reduced basin stream flows because of larger irrigation withdrawals. Water is used for
energy production only to the extent permitted by irrigation oriented reservoir releases and by the

diminishedriver flows.

In contrast, for all climate scenarios the energy priority policy increases hydroelectric production,
decreases the performance of agriculture, and maintains urban water use. There is a large drop in
production of field crops, fruits and vegetables, congehto agricultural priority (Figurg5). This reveals
the trade-offs between energy and agriculture, which are an important consideration for decision making.
Water use in urban centers is met with a reliability of 100% under both agricultural and guérgty

policies for all climate scenarios, achieving human water security.
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Figure 54 Empirical cumulative probability distribution functions of projected annual hydropower,
irrigated land, and urban water use for baseline;ZDC0 and C2100 periods under energy and
agricultural priority.
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Figure 55 shows also the intraectoral tradeoffs between agricultural subsectors, especially
damaging under energy priority. The agricultural priority slightly reduces the acreage of field-Zbps (
fruits ((9%) and vegetables8%) for a 50% exceedance prbbdy in 2070 and 2100. However, a
considerable reduction of vegetabled2% in 2070:67% in 2100), and field crop1{% in 2070:31% in
2100) is sustained under energy priority when water scarcity intensifies. The reason for the considerable
fall in irrigated area is the lack of water to cover crop requirements in all irrigation districts under climate
water stress conditions. For the energy priority policy, the probability of the acreage of field crops and
vegetables falling below 233,000 aad 14,000 ha, respectively, is close to 25% in the baseline. This
probability rises to 75% in 2070 and 100% in 2100, highlighting the vulnerability of field crops and
vegetables to climate water stress. The probability of the acreage of fruits being BOI000 ha is 0% in
the baseline, and around 25% in 2070 and 50% in 2100, showing that fruits are less vulnerable to climate
water stress than field crops and vegetables. The substantial decrease in field crops and vegetables under
energy priority is dueo the low profitability and high water requirement linked to outdated irrigation

technology (flood).
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Figure 55 Tradeoffs between sectors for baseline, @C70 and CQ100 periods under energy and
agricultural priority.
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As mentioned above, agricultural priority results in low performance and high vulnerability of
hydroelectric production under water stress conditions. However, the vulnerability level depends on the
spatial location of hydropower plants. Figuseé shows that under agricultural priority, downstream

hydropower generation decreases by 15% in 2070 and 28% in 2100 for a 5@%ceedance probability,
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while upstream hydropower generation declines only by 7% in 2070 and 20% in 2100. This indicates that

downstream hydropower production is more vulnerable than upstream hydropower production.

Despite the slight vulnerability of the agriculture sector under agricultural priority, agriculture
downstream is more impactedg% in 2070 andl0% in 2100) than agriculture upstream under future
climate scenarios for a 75% nemceedance probability. Thindicates that agriculture downstream is
more vulnerable than agriculture upstream. The reason is the advantage of upstream areas to use water
from inflows and reservoir releases, while water withdrawals in downstream areas are limited by more

scarce dwnstream flows.

The energy priority policy decreases upstream irrigated acreage by 57% and 100% for 2070 and 2100,
respectively, for a 50% negxceedance probability. However, irrigated acreage downstream decreases
only by 8% and 16% for 2070 and 2100, respectively. higidights the low performance and high
vulnerability of agriculture upstream to water stress. The low vulnerability of downstream irrigation is
explained by high hydroelectric production downstream, which delivers large reservoir releases to

irrigation davnstream.

Benefits from hydropower, irrigation and urban supply decrease under future climate scenarios (CC
2070 and C@100) for both priority policies. For the QC00 scenario, average annual agricultural benefit
falls by 8% and 23% under agricultural and engmigrities, and average annual energy benefit falls by
27% and 21% under agricultural and energy priorities, respectively. The implication is that agricultural
priority promotes food security and energy priority promotes energy security. However, agraultu
priority worsens the performance and increases the vulnerability of hydropower, and energy priority has
the same negative effect on agriculture. Results on bagite benefits indicate the tradeffs of shifting
from agricultural to energy priority: guiculture benefit losses would be close to 50% (43% in baseline,
46% in 2070, and 52% in 2100), while energy benefit gains would be close to 20% (14% in baseline, 17%
in 2070, and 23% in 2100).

The costs of climate change for irrigation districts and hydropower plants by spatial location are
presented in Figur&.7. This information provides a better understanding of the vulnerability of sectors
across locations in the basin. Under energy priority, upstream irrigation districts would lose 57% of their
benefits for C&2070 and 95% for CZ100 climate scenarios. Thisrdonstrates how climate water stress
coupled with energy priority, increases the likelihood of irrigation losses up to the poihtedtening

the sustainability of upstream irrigation. Benefits of downstream irrigation districts are less affected by
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future water scarcity coupled with energy priority, because they take advantage of large reservoir releases
that maximize downstream hydropower production.

Figure 56 Tradeoffs between sectors by spatial location (upstredownstream) for baseline, GZD70
and C€100 periods under energy and agricultural priority.
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Figure 5.7 Benefit losses by sector under future climate scenarios.
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Under agricultural priority, benefit losses of downstream hydropower could reach 45% for the CC
2100 climate scenario, while benefits of upstream hydropower plants would be only slightly reduced. This
is explained by the advantage of hydropower in upstreamas that can use water from headwaters and
reservoir releases, whereas hydropower downstream is faced with depleted stream flows since more

water is consumed by irrigation districts under agricultural priority.
5.7 Discussion and policynplications

This paper contributes to the literature by analyzing alternative water allocation policies that can be
adopted to share water resources under future climate water stress conditions. The study deals with the
hydrologic and economic impacts in the Ebro Riedarge and complex basin. The research investigates
the probabilistic tradeoffs between agriculture, urban supply, and energy under water allocation policies
and future climate scenarios. Furthermore, the study provides information on the gains ssesloy
sector from selecting alternative management objectives. Results can inform a nexus dialogue between
sectors in order to improve crosectoral planning and achieve equitable traaiés. This is in line with

the ongoing international interest in ptecting water resources, and preparing for global warming and

future drought conditions.

142



Probabilistic tradeoffs assessment using SDDP model

Findings are based on the assessment of hydrological and sectoral risks from climate water stress.
They call for decisive policy interventions by local, state and federal stakeholders in reducing the
vulnerability of economic sectors. The results for ctenehange scenarios are consistent with other
studies that find streamflow reductions: Pulielazquez et al. (2021) indicate that there would be
substantial streamflow reductions in Spain's northern basins, and tdpegno et al.(2014) estimatea
14% acrease in stream flows in the Pyrenees from the projected trend of warming for the period 2021
2050.

The relationships between hydropower and irrigation can be better understood by considering the
impacts of climate water stress, which affects both water demand and supply by sector and location.
Under climate change, there is competition between food siguenergy security and human water
security in urban centers. Our results indicate that the human water security is achieved under both
priority policies and climate scenarios. Findings demonstrate that choosing a policy of agricultural priority
worsengthe performance and increases the vulnerability of hydropower. Conversely, selecting a policy of
energy priority increases the vulnerability of irrigated agriculture. Tilmant et al. (2020) indicate that
traditional food production is much more vulnerabte changes in hydro climatic conditions and
allocation policies in the Senegal basin, emphasizing the importance of factoring this vulnerability into

schemes for water and benefit sharing negotiations.

Enhancing energy security would come at the expense of irrigated agriculture. Findings show that
the energy priority policy reduces water supply to upstream irrigation schemes, with substantial benefit
losses in upstream agriculture. Conversely, the afjal priority policy would damage hydropower
generation downstream, where the bigger hydropower plants are located, because upstream withdrawals

by irrigation districts deplete downstream river flows used for hydropower.

Although hydropower production does not consume water, the seasonality of releases and the
spatial location of plants may have strong impacts on river flows. These flow changes could lead to
conflicts between large hydropower plants downstream and upstreaigation districts. The same
dilemma is found by Jalilov et al. (2016) in the Amu Darya River Basin in the assessment of alternative
priority policies. They indicate that energy priority ensures more energy production by Tajikistan but
dwindling agricdlral benefits in downstream countries, while agricultural priority brings more
agricultural benefits to Tajikistan and Uzbekistan. They stress the importance of seasonality and timing in

reservoir releases for the performance of energy production angated agriculture.
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Our study is novel in two aspects: first, a stochastic optimization model is used to assess the
probabilistic tradeoffs between sectors and spatial locations in the basin, under future climate scenarios
and alternative water allocation policies. The traolés could inform a nexus dialogue between sectors
for supporting the sciencenformed design of efficient, flexible, and equitable crgsstoral water
planning and promoting sustainable development. Identifying those t@ftieis a prerequisite towards
the development of adapted, socialficceptable allocation policies between sectors and spatial locations,
and the collective action of stakeholders and decisimakers to advance sustainable water management
coupled with food, energy, and human water gdty. Second, the evaluation of hydroeconomic risks
under future climate conditions reveals the achievable goals and means for efficient water allocation

among sectors, and the reduction of future uncertainties by promoting politically feasible planning.

A certain number of simplified assumptions have been undertaken in the modeling approach. The
stochastic optimization model presents ongoing debates only between irrigated agriculture, urban supply
and energy sectors. The inclusion of other important cotimgewater users such as ecosystems could
improve the assessment of the probabilistic traolés between sectors. This will guide a broader sectoral
scope for efficient water allocation under future climate water stress. The projection of future hydrologic
data that are used in this study is based on reductions in historic inflows for each spatial location based
on the informationprovidedby CEDEX (2017) for the Ebro basin. Future studies should improve hydrologic
projections by using sophisticated methodologies for more accurate climate projections that could
address spatial and temporal variabilities, and better deal with uncertairifiespite these limitations,
our modeling approach generates useful insights for improving &estral planning, achievequitable
trade-offs with the support of stakeholders, adapt to future climate water stress, and provide
policymakers with inspiring messages for the design and impleatientof efficient and feasible water

allocation policies.
5.8Conclusions

The contribution of the study focuses on investigating the probabilistic <es®ral tradeoffs and risks
associated with future climate water stress. The purpose is to understand the Yemigienergy nexus

under future uncertainties of climate varidity. To meet this challenge, a stochastic optimization model
(SDDP) is developed for the Ebro basin. This model is used to identify the vulnerability of the economic
sectors to hydrological risks, and the response through alternative priority policiesethat in gains and

losses among sectors and spatial locations.
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The take home message from our findings is that the analysis of probabilisticaffsdehows the
ranges of vulnerability for agriculture and hydropower depending on the goals embodied in the policy
priorities of decision makers. The policies of agrigaltwor energy priority coupled with the spatial
locations of irrigation schemes and hydropower plants, determine stream flows across the basin and
water withdrawals to competing sectors. This results in dramatically different benefit gains and losses by
sector. However, neither priority policy provides an equitable sharing of benefits among all sectors and
spatial locations under climate change. This fact emphasizes the difficulties of reachingwimtcomes
that would enhance food, energy and human watsecurity in large river basins. However, the
information on probabilistic trad®ffs contributes to the design of water management policies that could
handle the challenges posed by climate water stress, by reducing economic losses and achieving

acceptalbe levels of energy, agricultural and human water security.
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Probabilistic tradeoffs assessment using SDDP model

Appendix

Table 54.1. Optimized energy production by hydropower plant, policy, and climate scenario, Averaged

over 30 yearsGwh

Policies Agriculture priority Energy priority

Hydropower plants (Nodes) | Baseline CG2070 CGC2100 | Baseline CG2070 CG2100
Node 1 11.95 9.37 7.95 11.33 9.44 6.03
Node 2 49.97 36.42 41.76 44.14 36.15 29.39
Node 5 87.93 82.84 74.86 81.07 72.83 59.95
Node 8 152,92  140.19 122.73 159.27  147.79 135.64
Node 12 52.57 45.55 39.50 51.45 45.88 40.01
Node 19 104.90 98.39 87.11 131.88 125.92  121.99
Node 20 113.08 103.04 85.66 142.25 13045 117.15
Node 28 6.77 6.28 3.71 6.91 6.47 5.37
Node 32 203.10 187.38 161.38 | 272.32  259.71  249.05
Node 33 950.56 824.14  656.42 | 1235.12 1115.12 981.66
Node 36 570.44 49799  433.35 | 574.28 503.90 431.98
Node 39 330.16  285.04 244.43 | 325,53 289.90 258.16
Node 41 308.87 273.21 23552 | 308.65 273.07 235.50
Node 43 209.70 184.20  158.57 | 208.45 183.20 160.30
Node 48 827.19 708.39 567.26 | 982.67 864.28 748.90
Node 50 63.27 54.22 42.84 75.91 66.93 57.68
Total Ebro 4043.36 3536.66 2963.06 | 4611.23 4131.05 3638.78

The spatial location of each node is represented in Figle
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Table /4.2. Optimized land in production by irrigation scheme, policy, almhate scenario, Averaged
over 30 years (1000 ha)

Policies Agriculture priority Energy priority
Irrigation schemes | Baseline CG2070 CG2100 Baseline CG2070 CG2100
Zadorra 6.18 5.99 6.02 0.66 0.30 0.04
Najerilla 27.78 27.07 27.31 8.33 3.72 0.88
Lodosa 56.58 54.65 54.43 16.01 6.94 1.83
Navarra 20.51 14.34 11.70 5.86 4.04 1.64
Bardenas 67.83 54.74 56.85 13.93 7.12 0.80
Tauste 8.84 8.84 8.84 3.18 1.66 0.49
Imperial 43.33 43.22 43.33 13.13 6.68 1.82
Jalén 12.31 11.31 9.63 2.88 1.22 0.38
RAA 107.31 102.84 103.98 67.74 59.13 51.85
C A&C 85.96 82.91 81.61 85.39 81.53 72.39
Urgel 70.06 62.47 53.10 61.07 58.30 54.15
Delta 29.34 29.34 29.34 29.34 29.34 29.34
Total Ebro 536.02 497.72 486.11 307.53 259.97 215.61
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Table 54.3. Optimized land in production by crop type, policy, and climate scenario, Averaged over 30
years (1000 ha)

Policies Agriculture priority Energy priority
Irrigation scheme Baseline CC2070 CC2100 Baseline CC2070 CC2100
Field 396.5 369.9 362.5 239.4 204.0 173.0
Vegetables 35.4 32.7 32.0 14.9 9.9 6.3
Fruit 104.1 95.2 915 53.2 46.0 36.3
Total 536.0 497.7 486.1 307.5 260.0 215.6
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Table /5.4. Optimized water use by sector, policy, and climstenario, Averaged over 30 yean(®)

Policies Agriculture priority Energy priority
Climate scenarios sector | Baseline CG2070 CG2100 | Baseline CG2070 CG2100
Zadorra A 25.1 24.3 24.4 2.4 1.1 0.1
Najerilla A 82.9 80.9 81.5 21.7 9.7 2.2
Lodosa A 185.1 178.0 177.9 42.1 18.3 4.4
Navarra A 79.4 57.6 48.0 17.4 115 4.4
Bardenas A 266.8 219.9 234.3 40.0 19.0 2.2
Tauste A 38.4 38.4 38.4 10.0 5.3 1.3
Imperial A 201.1 200.5 201.1 45,5 23.8 5.6
Jalén A 48.7 44.8 38.9 9.4 4.0 1.1
RAA A 479.2 454.7 466.5 286.1 261.5 230.6
C A&C A 367.7 352.9 347.4 366.0 352.1 312.5
Urgel A 311.7 275.9 244.9 269.6 259.6 248.0
Delta A 205.8 205.8 205.8 205.8 205.8 205.8
Total A 2292.0 2133.9 2109.2 1316.1 11717 1018.5
Vitoria U 6.3 6.2 6.2 6.2 6.1 6.1
Bilbao U 195.0 194.7 194.3 195.0 194.2 192.4
Logrofio U 6.0 6.0 6.0 5.9 5.9 5.4
Lérida U 4.2 4.2 4.2 4.2 4.2 4.2
Pamplona U 11.1 11.1 11.1 11.1 11.1 11.0
Zaragoza U 17.7 17.7 17.7 17.7 17.7 17.7
Huesca U 1.8 1.8 1.8 1.8 1.8 1.8
Tarragona U 70.0 70.0 70.0 70.0 70.0 70.0
Total U 312.1 311.7 311.3 311.9 311.0 308.6
Node 1 E 79.8 63.5 54.2 76.6 63.8 67.9
Node 2 E 361.9 338.4 323.1 349.8 346.1 310.4
Node 5 E 136.8 127.6 116.4 126.7 121.7 118.9
Node 8 E 1264.7 11447 1002.1 1300.4 1206.8 1107.5
Node 12 E 104.6 89.9 78.0 101.6 90.6 79.0
Node 19 E 1442.7  1306.0 1156.4 1750.7 1671.6 1619.3
Node 20 E 1993.0 1785.5 1484.3 2465.0 2260.6 2030.1
Node 28 E 63.2 53.8 41.8 60.6 55.5 46.0
Node 32 E 1876.8 1680.8 1447.6 24427  2329.7 2234.0
Node 33 E 2461.2 21144 1684.0 3169.0 2860.7 2518.3
Node 36 E 548.7 489.9 421.1 556.4 492.0 417.8
Node 39 E 289.8 2455 210.6 280.4 249.7 222.4
Node 41 E 539.8 476.3 410.3 538.8 476.0 410.2
Node 43 E 296.4 261.4 2245 295.1 259.3 226.9
Node 48 E 3978.2 3386.3 2711.7 46975 4131.6 3580.0
Node 50 E 3726.7 3171.7 2505.9 44409  3915.1 3374.2
Total E 19164.1 16735.9 13871.8 | 22652.2 20530.7 18363.0
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Chapter 6Summary and general conclusions

This thesis addresses several challenges confronting water resources in most arid aaddéasins,
proposingcosteffective managemenptionsto adapt to climate stress. The main outstanding challenges
are water scarcity, water quality deterioration, climate stress impacts, water conflicts among sectors and
spatial locations, and sectoral vulnerability. The four key chapters of this reseaesenprthe
development of various integrated and dynamic optimization frameworks, taking the Ebro Riveinbasin
Spain as a case study. Those different hydroeconomialeling include hydrologic, economic,
institutional, environmental, and climate aspects, with each model tailored to a specific goal. This
integrated managemenrdpproachprovides a betteunderstanding of the impacts of climate changad
identifies the potential of hydroeconomic modeling in informing equitable water planning for climate
adaptation. The empirical findings ofallifferentintegrated modeling approa&sprovide useful insights

into policymaking for sustainable development. The modeling approaches developed are flexitle

could be adaptable to many river basins with similar climate conditions.

Facing increasing climatnd humanchallenges that threaten water and atmosphere quality, this
thesisanalyzesrarious agricultural management practices that reduce nutrient water pollution and GHG
emissiorsfor climate mitigation and adaptation. Anotheontribution quite significanisthe information
presented on sectoral responses and competition urgiareral water management strategiasd future
climate conditions. This information enables to find the best allocation strategies thaefficéent,
equitable, and sustainalel for sharing théurdenof dwindling resources anfbr protecting river flows.

Such allocation strategies wouhdinimize economic losses while adapting to hydrologic, economic, and
institutional features in basinsThe study contains several methodological modeling advances such as
non-linear and stochastic optimizatiothe inclusion ofboth water quantity and qualityn modeling
multi-sector assessment, and integration of different components of water systems (hydrology, economy,
environment, and institutions). A limited number of studies in the literature address jointly these
modeling advances for evaluating climate adaptation and mitigation policies. This research contributes to

more sustainable water planningnd to advance water policy modeling.

The findings of this thesis have a wide range of policy implicasimegthey highlight the variety of
challenges thapreclude sustainable water managementarid and semarid climate conditions. Theey
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policies, such as institutional watellocation water conservation, and reservoir management to combat
the negative impacts of water scarcity and climate stremsd to encourage cooperativevater
management among sectors and locations. Those decisions must be supported by scientific information
to prevent policy failureUnderstanding the implications arttie unintended consequences of policy
interventions is an important step before policy implementation. Knowledge of sectoral responses and
competitionunder various policies and climatic conditiotisg economic analysisf gains and losses by
group of stakeholdersand information on the costs and benefits of options could all help in finding
affordable policiesthat can be successfuProviding coseffective policy options will help achieve
sustainable development goals, reduce financial burdemsosedby climate risks, and guide science
informed strategies for climate resilience. Thenflicts between the goals of equity, environmental
protection andwater efficiency coupled with the asymmetric distribution of poweould jeopardize the

effectiveness ointerventions leading t@olicy failure
MAIN CONCLUSIONS
The methodological advances and main conclusions of each chapter are presented as follows:

Chapter 2 Hydroeconomic modeling for assessing water scarcity and agricultural pollution abatement
policies in the Ebro River Basin, Spain

A novel integrated hydroeconomic model for bastale optimal planning is developed in the Ebro River.
The inclusion of wateland air quality in the assessment is an important methodological advance
consideredn thismodel The model includes water scarcity and nonpoint pollution and evaluates a series
of climate change mitigation and adaptation polici&#be assessment emphasizes the role that policies
could play in abating nonpoint pollution in watercourses and the atmosphere, as well asiatettii
tradeoffs between water quality and water scarcity. The analysis demonstrates the effectiveness of
policies in the face of extreme droughts and the impacts on water use, pollution loads and environmental
damages, and social benefit outcomes. The selectdidips are P1:Optimizing the amount ofitrogen
fertilization; P2:Syntheticfertilization substitution fororganicfertilization; P3: Irrigation modernization;

and P4: Manure treatment plantResults indicate thatrdught events increase nitrate cogtrations by

up to 63% while decreasing water availability by 42% at the mouth of the Ebro River, highlighting the

tradeoffs between quantity and quality of water.

All mitigation and adaptation policiedecreasethe effects of climate change by improving water

guality and lowering GHG emissiomdyich reduce environmental damageand improwe socialwelfare.
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Evaluating theselected policies with the modgdrovides clues on suitable combinations of mitigation and
adaptation policieghat enhancewater and air qualitylrrigation modernization improves nitrogen and
water efficiency, boosting social benefits by up to 90 million Euinde increasing stream flows at the
river mouth. Manure treatment plants, on the other hand, reduce private and social benefits despite
achieving the lowest nitrate concentratioasd GHGs emission loa#sndings demonstrate thatrdught
conditionsreducethe effectiveness of palies and increase the tradeoffs between water availability and
nitrate pollution The policy implications of these findings highlight the importance of accounting for
water quality in water management, and call for a reconsideration of ongoing water policies in most arid
and semiarid regions. The assessment of different policies coieslio the discussion of designing cost

effective policies for the abatement of agricultupalluting emissiongnto water and the atmosphere.
Chapter 3: Climatadaptation guidance:new roles forhydroeconomicanalysis

A state-of-the-art empirical dynamic hydroeconomic optimization model is developed to identify efficient
water allocation plandor adapting to shortages under alternative water shortage sharing schemes,
providing insight into important behavioral responses to climate water stress adaptation policies. The
model uses innovative calibration methods (PMP) for urban and agricultctigitizs in order to ensure

that the outcomes from the baseline optimized solution match the historically observed data on water
use and economic welfare. The purpose is to find suitable climate adaptation measures that advance
sustainable water managemerOur model assesses two water sharing alternatives (Proportional sharing
of shortages or else unrestricted water trading) for four levels of climate water stress (0%, 25%, 50%,
75%). These four climate water stress scenarios and their economic imppsest selected levels of

progressively higher water scarcity from drought events and diminishing inflow trends.

The model shows the potential of hydroeconomic modeling in promoting integrated water
management under climate adaption policies, informing sustainable, equitable and affordable adaptation
plans that could address climate water stress. Results indicateclinaate water stress imposes a much
large water adaption burden on agriculture when shortages are shared under a water market
arrangement, effectively prioritizing the use of water for urban activities compared to irrigated farming.
This highlights tha&a reduction in water availability exacerbates competition among sectors and spatial
locations, allocating scarce water based on economic profitability and achieving allocative
efficiency. Under proportional sharing of water, shadow prices of water in cities and irrigation districts
are different and lower when water is abundant, but they increase when climate water stress b&come

more intense. Under water markets shadow prices equalize among cities and irrigation districts, with gains
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in social welfare. Therefore, water markets seem to be the least cost way to adapt to climate water stress.
The unrestricted water trading moves water from irrigation districts to cities until achieving an equal
marginal value of an extra unit of water afi cities and irrigation districts. €e shadow prices provide

important information guiding the economic attractiveness of climate adaptation policies.

Chapter 4:Ecosystems in WEFE nexus planning enhance water security and biodiversity for climate

resilience

The WaterEnergyFoodEcosystems (WEFE) nexus offers promises as an innovative and comprehensive
framework to guide scienebased plans for sustainable development goals. In this chapter, a dynamic
and integrated optimization framework is developed to spusre comprehensive crosgectoral nexus
dialogue among stakeholders. The model includes several wiaiag sectors including ecosystems for a
significant river basin supporting livelihoods of large numbers of people. This study assesses synergies and
tradeoffs among competing water uses that coulé used toadvance water, food, energy, and

environmental security.

Findings provide a range of options that improve the hydrologic and economic performance of water
management compared to the current policy,(iGtitutional coopeation) for addressing climate change.
Policy interventions that account for the full range of benefits of environmental flows are more science
informed, furthering thestrategies for climate resilience. They increase stream flows in rivers, enhance
water security and biodiversity, and reduce the burdens imposed by climate fiskslrrigation
modernizationpolicy could reduce agricultural water withdrawals by around 1000 Mnd increase
streamflow at Ebro mouth by 300 Miywith large gains in social benefits between 120 and hilon
Eurofor future climate scenarios. This policy suppdearm income and social benefits, delivering water
and food security and better ecosystem protectidime policy oEnlarging dam storagecreases energy
generation and providea better ecosystem protection especially in mountain and delta watersheds, by
delivering more water for the environment. It is a critical policy for climate resilience and adaptation
supplyingmnoreclean energy, protecting ecosystems, and improving water and energy sethety/ater
marketspolicyresults in welfare gains by efficiently moving water among sectors and locatémhsing
the economic impacts of future climate water stre¥gater markets achieve théighesturban benefits
which guarantee human water security, while providing also ecosygpentsction. However gxpelience
with fully developed markets in Australia and Chile shows that protection of environmental flows is not

evident with water marketsThese findings haveimportant policy implications becausieey demonstrate
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the difficultiesof achievingvin-win outcomes that jointly ensurevater, food, energy, and environmental
security. A suitablemix of policy strategies could address scarcity and droughts in Fétjlelysed basins

with the support of stakeholdergreventingthe risks of policy failure.

Chapter 5:Probabilistic crossectoral tradeoffs assessments under climate stress for sustainable and

equitable water planning

A stochastic optimization modeas developed tocharacterize vulnerabilities and risks associated with
future water stress. This study identifies the probabilistic trafis between agriculturalurban and
energy sectorsand examines water priority allocation policies for water sector withdrawals and reservoir
releases for two planning horizon 2C70 and CQ100. Findings show that the spatial location of
irrigation districts and hydropower plants is a key factothia distribution ofbasin stream flowsndthe
impact on water user withdrawalsdepending on thegriculturalor the energy priority policies anthe
degree ofclimate stressResults indicate that choosing a policy of agricultural prionitproves food
security, whileworsering the performance and increasy the vulnerabilityof the hydropower sector.
Agriculture priority would damage hydropower generation downstream, where the bigger hydropower
plants are located, because upstream withdrawals by irrigation districts deplete downstream river flows
used for hydropower. In contrast, eeting a policy of energy priority enhargcenergy securityout
increases the vulnerability of irrigated agriculture. Achieving-wiim solutions that deliver acceptable
levels of food, energy, anduman water security in large river basins would be a prerequisite for
stakeholders touptake policdes. The design of water management strategies that can handle the
challenges of greater water vulnerability by implementing suitable beségiring schemes is aided by

knowledge about the probabilistic tradsffs.
RECOMMENDATIONS FOR FUTURE RESEARCH WORK

The findings in this thesis provide an inspiring message to policymakers, water authorities, farm managers,
and stakeholders to design and implement sustainable and equitable water planning for climate
adaptation. Future researemotivated works could inv@igate the detailed impacts of uncertainty and
climate variability using Monte Carlo simulations and the Markov switching modelinwitie
hydroeconomic model. Agesitased modeling is also an innovative topic to address climate water stress
adaptation andcould be employed to determine the economic implications for the water users in our
study areaand beyond Agentbased modeling could also examine the effectiveness of several pathways

toward the adoption of water conservation technologies to combat water scarcity and solve water
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resource depletion. Additional research might be focused on linked hydroeconomic modeling to
computable general equilibrium approaches to evaluate the econamg effects of policy interventions
under future climate scenarios, accounting for the biophgisacomplexity of basins with the wide range
of economic activities. A final direction of future research could be the improvement of ecosystem
responses accounting for both water quantity and qualibased onmore advanced modeling of

ecosystems anfetter valuation of environmental goods and services.
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Capitulo 6Conclusionegenerales
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