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ABSTRACT

Soci etyds | ar ge inocempbamatidneith climateosocicecanbnacrand
demograjic changs, placesamassive pressure on ourghavater resourceés a

result water crisis, defineds a significant decline in the available quality and quantity
of freshwater, i;mow consideredo be among the most critical global risks to society.
The overallaim of this thesis is tmcrease thenderstanding of how decision support
methods based on risk, cdstnefit and multcriteria decision analyses can be used to
facilitate our collective action towardgatersecurity In the thesis, austainaility
assessment modalpresented which carank alternativalrinking wateroptionsfrom
themost preferred to the least preferred within eaictne social, environmental and
economicsustainability domatmand with regards to all domairiBhethesis tirther
presents anarginal abatement cost curve to provide a common starting point for cross
sectoral dialogue owater scarcity mitigatiorit enables @omparson ofthe cost
effectiveness of alternative mitigation measures, providindance or businesses,
householdsfarmersandwater utilities Furthermore, acenariebasedisk assessment
approachs presented tenable a comprehensive view on risk when evaluating water
supply systems and risk reduction options. The appraldmsfor thorough anatses

of economic losses undarrange ofvater supply disruptioecenariosfacilitating
prioritizations on measures that aim to reduce the overall risk rather than individual
risks. The provided methodareall exemplified in Swedish castudies, demonsiting
different ways of evaluating and comparing management resportbesmaterrelated
challengesve facen conclusionthe methods can help us strengthen the ongoing
discussions regardirghallenges and opportunitiesile providingstructure and
transparency to decisiemaking,and by that contribute to an enhanced water security.

Keywords water security, sustainabilitgdyinking watersupply, water scarcitywater
availability, decisionsupport multi-criteria decisioranalysis costbenefit amlysis, risk
assessment, marginal abatement cost curves

Parts of the material in this thesis have previously been published in the licentiate thesis

written by the author: Sjostranid. (2018).Decision Support Model for a Sustainable
Regional Water SupplLicentiate Thesis, Chalmers University of Technology.
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1. Introduction

1 INTRODUCTION

The first chapter provides the background to the thesis. The aim and objectives are
presentechnd the scope of the work is specified. Important limitations of the thesis are
also presented.

1.1 Background

We must treat water as if it were the most preciougytimnthe world, the most valuable
natural resource
T Mikhail GorbachevZ001)

Water is the indispensable natural resource on which nearly all social and economic
activities dependWWAP, 2015) The access to a safe and reliable drinking water sets
the framework for economic development, human health and sociab&et.Further,
wateris an essential input in the production of mgsbds and serviceand about 78%

of the global workforcés working in either heavily watedlependent or moderately
waterdependent job@VWAP, 2016) However, sciety's large dependence on water
places a massive pressure on our freshwater resoOwesthe last 100 years, the
globalfreshwater withdrawahasincreased by a factaf sevenAquastat, 2015)and

the demands expected to continue to increasith 20i 30%to the yeaR050(Burek et
al.,,20l6)According to the WBalabdl RiskReporfwWaFni ¢ For umo ¢
2019) water crisis, defined as significant decline in the available quality and quantity
of freshwateris now considered to be amotige most critical global risks to society
with short andong-term effects on citizens, ecosystem services, biodiversityhend
economic sectors that depend on a reliable veateessin Europe at least 11% of the
EU population and 17% of its territohad experienced water scardity 2007, andhe
number ofareas and people affected by droughts wpriyualmost 20% between 1975
and 2006@esulting in totakoss of 100 billion eurdEC, 2012b)It is expected thatoth
theprobability of water scarcity and its societal consequewdéscrease as a result of
increased water demand amgtiro-climatic changegSchlosser et al., 2014; Veldkamp
et al., 2016)Unless there is a substantial progress in improwiaggrresource
efficiency, it is likely that the worldwill face a 40% water deficit by 2088U, 2013)

Howeve, despite thsubstantiathallenge of balancingariable and uncertawvater
supplies with changing druncertain demangdi is not the only concern for water
managersT o d awat@rgnanagersn Sweden as well as in other countriesye to
deal withan increasinghumber ofcomplex challenges and future unknowersdthey
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are faced wittdifficult decisionsonresource allocatioandprioritizations @ risk-
reductionmeasuresTheir responsibilities include managing challenges and

uncertainties relate@ te.g. ageing infrastructure; urbanization; altered land and water
use; chemical and microbiological fikehazards; as well as other climatecio

economic and demographibangs (Jiménez Cisneros et al., 2014l&iappan et al.,
2007;Rygaard et al., 2014k addition, gveral local watemanagement institutiorege
suffering from limited financial and personnel resources, significantly reducing their
ability to handle the challenges accordin@OU 2016:32)Furthermore, the

development of mitigation actions are often constrained by data scarcity and inadequate
decision supportWWAP, 2015)

UN-Water (2013)has defined water security tiee capadiy of a population to
safeguard sustainable access to adequate quantities of acceptable quality water for
sustaining livelihoods, human w4leing, and soci@conomic development, for
ensuring protectiomgainst watesborne pollution and waterelated disaters, and for
preserving ecosystems in a climate of peace and political stabititgchieve water
security andleal with the uncertainties and the societal and environmental
consequencéddat theabowe-mentionedhreats entajiwe must change the way we
assess, manage and use our water reso(bdsSCO, 2019; WWAP, 2015Among
other things, waeed to integratesk-based approach@#o water managemeiind
combine estimatedsks and uncertaintigggardng water securityvith information on
social,environmental and socieconomicconsequenceto better infornand support
water management decisiofiXll et al., 2014; Lindhe et al., 2009; Veldkamp et al.,
2016; WWAP, 2012) By improving the understanding and awareness of socio
economiccosts and other negative conseq@siassociated witthethreas, the
decisionmakerscan addessthe problers from a more informed positioEstimating
the effects canin itself be a challenging taskout it is necessary to help determine the
value of investing invater improvemesst Significant social, economic and
environmentagainscan beobtaired by investing inmprovedtechnologies and
management systerfr water provisionproductivity and efficiencyand thecoss of
invesmentshould be weighed agairtsiesegairs (Livernois, 2001)

The responsibility of water management is shared between many ditieters and
institutionsin the public and private sectar¥his ha resulted in diverse arichctioned
sectoral water management practisdendealing withthe various resource, use and
servicerelated issued o address the water challenges, water management must shift
towards more collaborative and participatory decisnaking processes and responses.
Engaging the broad range of societal actorsr@ss ectoral decisionrmakingcan
facilitatethedevelopment of more creative solutions, give new perspectives on
decisionproblems, and simplify the gathering of additibimformation.It canalso
facilitate compromises and traddfs betweercompeting water sers and other
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stakeholder groupss well asncrease the legitimacy and transparency of water
governancéMysiak et al., 2010; WWAP, 2015)

1.2 Aim and objectives

The overall aim of thishesis is

to increaseheunderstanding ofiow decision support methodsd toolsbased
onrisk, costbenefit and mulicriteria decision analysesan be used tenhance
water securitthroughsustainable water management.

Theaim is henceo facilitate our collective action towards water secyfite. to

safeguard sustainabdecess t@adequate quantities of acceptable quality wdter

helping decisionmakers across societal sectors, ident#fficient andsustainable water
management choices wherifag complex and uncertain decisisituations. TFs is

done bystrengthemg the link between risk analysis and decision analysisgnd
increadng thevisibility of economic socialand environmental aspecédong with their
associated uncertaintids provide experts, stakeholders aretidionmakers with a
composite perspectiven decisioralternativesThus,the approaciks to use decision
analysis for structuring the evaluation and comparison of different decision alternatives
so that effects fromhese alternatives can be openly shand addressethereby
increasing the potential for wdbunded and viable decisions. To meet the overall aim,
the thesis has the following specifibjectives:

1 Develop ageneric sustainability assessmamddelfor water supply decision
makingthat ircorporates uncertainties and teatbles to combine monetized
costs and benefits witffectsin the social and environmental sustainability
domains

1 Develop a crossectoral decision support tool for water scarcityigation that
cancompae the costeffectiveness andater availabilitypotential ofbothwater
demand andupplymeasureswhile taking the underlying uncertaintiedgo
account.

1 Provide astructuredand transparergpproactof identifying, quantifying and
evaluating risk®f water spply disruption that enablsestimation ofwvelfare
losses under various levelsdisruptionevens as well asomparisos of
potentialrisk-reduction measures

1 Provide exemplifications and background data to facilitate estinsaof the
economic value of water for various sectors in society.
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1 Developthemethods and toolgsinga probabilistic approach to enable
uncertaintyand sensitivityanaly®s of input datand results

1 The nmethods and tools developed shomdudeappioachego formally involve
relevantstakeholder groups in decistiomaking on water managemeandthese
approaches should be exemplified in the case studies

1.3 Scope of the work

Thescopeof the thesis iso describe decision support methaasitoolsthatcan assist
public and private decisiemakers in their effort to deal with water challenges in an
efficient and sustainable way. The theoretical background of the mesiaetscrited
and case studies are used to exemplify their practical applicalfoas/ork is
presented in the following five papers appended to the thesis:

Paper I: Costbenefit analysis for supporting interunicipal decisions on
drinking water supply

Paper II: Sustainability assessments of regional water supply interveritions
combining costbenefit and multcriteria decision analyses

Paper llI: Marginalabatementostcurves forwaterscarcity mitigation under
uncertainty

Paper IV:  Water supply delivery failesi a scenaridbased approach to assess
economic losses and risk redactioptions

Paper V: The value of watelr estimating watedisruption impacts on businesses

Figurel.1 showsa schematic illustration of the research focus irdifferentpapersas
well as the methods used and the main taggmips.All papers provide decision
support or background ddfar water utilities, whilePapes |1l and IV also focus on
industryandagriculture.
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Paper Il

SCARCITY

COST-EFFECTIVENESS ANALYSIS

MARGINAL ABATEMENT COST CURVES
DATA
o SCARCITY
— ECONOMIC
SUSTAINABILITY S—
INTER SECTORAL SURVEY DATA COLLECTION

COST-BENEFIT ANALYSIS

Paper |

RV o

/N /I\
SOCIAL DELIVERY
ENVIRONMENTAL - FAILURES
SUSTAINABILITY
RISK ASSESSMENT
MULTI-CRITERIA DECISION ANALYSIS COST-BENEFIT ANALYSIS
ECONOMIC -
COST-BENEFIT ANALYSIS
Paper IV
Paper Il
Figure 1.1 Schematidllustration of theresearch foas in the different paps(dark grey boxes)

along withmethodased(plain text)and main targegroups (icons illustratingwater
utility, industry, household and agriculture)

1.4 Limitations

The decisiormaking process consists of many different steps. fhleisisfocuses on
methodstoolsandestimates obackgound datato facilitate theprioritization between
alternativeoptions. The thesis does not, however, focus on the creation of alternatives or
on thar implementation.
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Developednethods and toolareexemplified by applicatiosolelyin Swedish case

studies even thouglthe decision suppomnethod aregeneral and thuapplicablealso
in other countriesvith different prerequisites-urther, the focus the thesiss onthe

practical applicationfothe methodsather tharther theoretical foundatios



2. Theoretical background

2 THEORETICAL BACKGROUND

In this chapter the theoretical background to the contents of the thesis is presented. The
chapter includes descriptions of tBevedish water sectantegratedwvater resource
managemenand decision analysis.

2.1 The Swedish water sector

Water provisionand water use

In Sweden, theesponsibility forproviding water supply to residents and society lies on
the 290municipalites The municipalities are characterized by a widgety in land

area number of inhabitanfsvater use and water availabilisee e.g. how the water use
vary across the country irigure2.1. On a national levelSweden i€onsidered to have
good access to natural water resourGedy 1% of therenewable wates extracted for
use in households, agriculture and indugiyrostat, 2017)Thirty-five percent of total
freshwater withdrawals and 88% of household water, is providedtiie public water
supply system for which the municipalities are respongitatistics Sweden, 2017)

Household water use Agricultural water use Industrial water use

1000 m3 1000 m3 1000 m3
| |3673-9844 [ ]829-119 | 1147-23960

9845 - 15254 [11192-200 [[] zs970-62351
[ 15255-17 968 [ 2087 -6 902 B s2352-110465
. 17969 -22 118 .5903711 208 . 110 466 - 166 581
[l 22120137 582 I 11 200-35 863 Bl 1e6582-276477
Figure 2.1 Water use by households, agricultamedindustry in 201QStatistics Sweden, 2012)
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In 2015, a teal of 2,431 million cubic meters of freshwater and 639 million cubic
meters of seawater were usedSwedenThemain source ofreshwater, about 8%,
was surface water from lakes and strea@msundwater accounted fabout13%. The
remaining 7%were of unclear originrAbout 61% of the freshwatevas used by
industry, 23% by household®nd3% by agrculture The remaining 13%vas used
within other user categories, such as construction, retailing, hotel and restaurant,
transport, ad publicadministrationThe water flows irthe Swedish societys
presentegchematicallyn Figure2.2 (Statistics Sweden, 2017)

Groundwater Surface water Not divided in ground
or surface water
[ Sea water ] [ Freshwater

1,264 152
(0000 &]\

75 53

Electric power Agriculture Mining & Manufacturing Electricity, gas, steam,
generation D 35.1 A01 B&C 07-34 air supply D 35

211

Leakage
& losses

Households

industry

35 |
'- s 488
TN 69 9 102
Ciosoo ] P e =
J Municipal wastewater ]
S \ﬁ/ater :] ¥l treatment plants
~~~~~~~~~ SaAgES
[ Back to the sea Back to fresh water ]
Figure 2.2 Waterflows in the Swedish socidgty2015 in million cubic meters. Adapted from

Statistics Sweden (201 Dashed arrow = unknown flow.

(hallengedor the publicwater sector

Betweern2013and 2016the Swedish government investigatie public drirking
watersector with the aim of identifying curreahnd potential challenges to a safe
drinking water supply, and, ifecessary, propose appropriate measures. The inquiry
(SOU 2016:32)dentified a numbeof challengs for Swedish water providers,
including an aging infrastructure; a continuous populagiawth in the larger cities; a
depopulation of the countrysidand climate changes with higher average temperatures,
increasednd more extreme precipiian, changd patterns for drainage and
evaporation, rising sea levels, altered land and water use, and a priictade in
chemical and microbiological health hazarfise inquiry alsemphasized the
considerable variation in local conditiobstweerthe munici@lities andacknowledged
that several municipalities are facing limiggersonnel and financial resourc&ébe
Swedish municipalities' abilities to handle the abcivallenges vary significantlyand
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especially the smaller and midedé&zed murgipalitiesare likely toface problems
meeting the challenge$o cope with present and future challenged uphold a safe
and reliable water supply, the inquiry recommeadsgionalization of the Swedish
water sector, includingxtended regional planrgrand coorthation as well as an
increase in intemunicipal cooperatiorRegionalization is seen agrerequisite for
providing stability and sustainabilitio theeconomic, technical arutofessional
capacitychallengeslt mayalso facilitate a necesyachange towards a more regional
approach to the protection and utilization of water reso{®@%) 2016:32)

2.2 Inter-municipal cooperation

Similar to the Swedish conclusiomsSOU 2016:32 regional cooperation is
recommended in severmathercountries as a means to tackle present and future
challenges and achieve sustainable water services. ImitedStates the American

Water Works AssociatioAWWA, 2015)emphasizes that regional cooperation is a
valuable tool for the utilities to provide safe and reliable water services to their
customers in a sustainable way. They highlight benefits such as knowsteaie,
increased efficiecy, minimized capital expenditure and enhanced source water
protection; and they conclude that a successful cooperation should be structured to
enhance service, achieve balance between responsibility and authority, and equitably
account for all parties wolved. In Germany, th&erman Bundestag (2008fates that
regional cooperation is a key element when modernizing infrastructure, and argues that
cooperation is a basis to ensure kegn saéty, reliability and sustaability in the

water sector.

About 35 percent of the Swedish municipalisé®adyoperate the water supply in

some form of intemunicipal cooperation. The most common form of cooperation is
inter-municipalagreements, which can be reached on aledbkinds of water

cooperation, e.g. shared source waters and joint drinking water production. Joint
committee is another form of cooperation, in which a committee is comprised in one of
the cooperative municipalt i es 6 or gani zat i alegalentity,Bnel c o mmi t
each municipality is still responsible of the issues administrated thereof. Yet another
form of cooperation is municipal alliances, which is a public entity responsible for the
issues handed ev from the member municipalities. And filya municipalities may

also form joint companies in which a board is responsiblexfa governsthe

operations. The undertakings of the company is governed by ownership dir€s@gs
2016:32)

The main drivers for ggonalized water systems are typically the potentials of increased
efficiency through economies of scale, improved access to water resources, enhanced
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professional capacity, integrated water resource manageroeesséao finance and
private sector partipation, and cost sharing between higher and lower cost service
areagFrone, 2008)However,the above mentioned benefits are strongly dependent on
the context and can hence not be taken fortgddiKurki et al., 2016)There are also
recognized challenges associated with regionalization, which palydecision

makers need to take into account for proper evaluations of reform proposals. Some
general, ptentialbenefitsand constraintsf local versusregionalwater serviceare
summarizedn Table2.1. A few of the main benefitare describeffom aninternational
perspectiven thesectionselow.

Table2.1 Benefits(+) and constraintg-) of local versusegionalwater servicein Sweder{SOU
2016:32)
ASPECTS LOCAK LOCAL REGIONAL + REGIONAL
Operational Tiesto other Missing regional Ties to regimal Comprehensive
planning municipal plans perspective developmental task
responsibility
Financing Closenesand Vulnerable in small Economies of Difficult for
participatory municipalities, scale, larger and consumers to
higher taxes more robust base participate and
of tax-payers have influence
Competence - Difficult in small Economies of New experiences
provision municipalities scale, facilitates  may need to be
strategic work established
Operation Local Vulnerable in small Economies of New experiences
knowledge municipalities scale, cope with  may need to be
future chdlenges established
Backup sytems - Inter-municipal Economies of -
and redundancy cooperation is scale, flexibility
often a pre
requisite
Emergency Local Corsumers in small Economies of -
preparedness knowledge, municipalities are  scaletiesto other
principle of exposed regional
subsidiarity, responsibilities
participation (e.g. health

Economies of scale

The water sector is characterizedrhgh capital intensitywith significant investment
coss required to build, matain and develop theater infrastructureystemsScale
economyi.e. the cost advantage that may arise of an increased prodistrarefore
oftenone of the major drivers of regionalizatigk significant number of studies &
been investigatingcsile (dis)economies in the water sector. The most frequently used
method to evaluate efficiency has been the econometric approach to estimate cost
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functions(Abbott and Cohen, 2009kven though the studies use a variety of evaluation
methods and output measures, there is generally a consensus that the water sector has
important economiesf@cale up to a certawutput level after which diseconomies of
scale appediCarvalho and Marques, 2016; Gonza&amez and GarciRubio, 2008;

Saal et al., 2013Countries with gcessive fragmentation, such as Germany and
Portugal, nay benefit economically from merging utilities whereas countriesavith

high degree otonsolidation, such aee UK and the Netherlands, may cause increased
costs if merging furthefSaal etal., 2013) The optimal scale is found to vary between
countries and over tim@auges and van den Berg, 2008)r overview of scale

economy studies, see for examplabott and Cohen (2009Wartins and Fortunato
(2016)andSjostrand (2017)n accordance with the above text, the Swedgsional
inquiry (SOU 2016:32glso highlightanvestmet planning and financings benefits of

a regionakedwater sectar

Professional capacity

Ensuring competence provision, with access to suffieiadtright skilled personnel, is
another major driver for regionalization. Even though small municipalities usually have
enough personnel for routine activitidsey are often short of staff to perform highly
skilled operating and management activifiesone, 2008; Schmidt, 2014)lany
challenges in smaller municiptidis are associated with the lack of personnel, which
also makes them vulnerable to new and unexpected situéfioosasson, 2015)

Larger organizations are often seen as more atteaetnployers due to their career
opportunitiegThomasson, 2013Hence, transirming to larger, regional organizations
may increase the chances to hire and retain highly skilled pergénoeé, 208; Kurki

et al., 2016; Lieberherr, 2011A larger organization also tends to facilitate exchange of
experience within the organization as well as poatihgersonnel between the
municipalities(Lieberherr, 2011) There is, however, a risk of losing local knowledge
when transforming from a local toregional organizatio(Kurki et al., 2016)

Shared water resources and facilities

Ensuring access to sufficieamount and quality of source waters is another driver for
regionalization. The potential of sharingevenly spaced water resources can be
particularly obvious in water scarce areas or areas with insufficient water quality, where
management of the watsystems may need to be carried out at a regional scale in order
to ensure water safety and reliability predicted shortage was for example one of the
drivers leading to the establishment of 10 Regional Water Authorities in England and
Wales in 19740kun, 1975)Water scarcity in the coastal zones was also a maierdri
when regional wholesale water companies were formed in Fiiandi et al., 2016)

By connecting several micipal systems into a regional water supply system, each
municipality may benefit from having accasanultiple source waters and treatment
plants in the event of failure of any particular gRalaniappan et al., 20p
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2.3 Water scarcity

Raindrops in a reservoit..] That is what wee got
T A Camp (2009)

Definition and metrics

Waterscarcity and drought are two related concepts which can have similar,effetts
theterms areoftenused in an indistinct mannen order to facilitate appropriate policy
design to adequatebddresshese conceptshe European Commission proposedta se
of definitionsto distinguish betweethe water scarcity and drought phenom@tC,
2012a)

1 Water scarcitys a manmade phenomenon. It is a recurrent imbalance that
arises from an overuse of water resources, caused by consumption being
significantly higher than the natural renewable availability. Water scarcity can
be aggravated by water pollution (reducing the suitability for different water
uses), and during drought episodes.

1 Droughtis a natural phenomenon. It is a temporary, negative and severe
devigion along a significant time period and over a large regiom faverage
precipitation values (a rainfall deficit), which might lead to meteorological,
agricultural, hydrological and socioeconomic drought, depending on its severity
and duration.

Table2.2 further summarizes the distinction between water scarcity, drought and other
related concepts as agreed upon by the EU Member §atesser et al., 2012

Table2.2 Timescale and causes of wateagcity, drought and related concefftrosser et al.,
2012)
TIMESCALE
SHORTTERM MID-TERM LONGTERM
(DAYS, WEEKS) (MONTHS, YEARS) (DECADES)
NATURAL Dry Spell Drought Aridity
CAUSES . N
MAN-MADE Water shortage Water scarcity Desertification

In order tomeasure andvaluate progress towards reducing water scagpitgntitative
metrics are usually beneficial. There are a number of ways of measuring water scarcity,
from simple threshold indicators to comprehensive measures of human environments
and freshwater sustaibpitity (Damkjaer and Taylo2017) Two widely used metrics

are the Water Stress Index (W8fdkenmark et al., 198%nd théWater Exploitatio
Index(EEA, 2005)
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TheWater Exploitation Index (WE)pr withdrawal rat, is defined as the ratio of the
annual totafreshwatemwithdrawals to théong-termannualaverage of available water
from renewabldreshwater water resources in an afe&igherindex thusmeanghat
more water users are competing for limited watgpbes. The freshwater resources are
estimated based on the mean annual precipitation minus the mean annual
evapotranspiration plus the mean annual inflows in the(aediana and Marcuello,
2004) A WEI above 20% indicate th#tiewater resources ithe given areare under
water stress, and values above 40% imdithat water stress is seveBaveden has one
of the lowest water exploitation indices in Eur¢peure2.3), with just over 1% othe
water being withchwnfor use byhousehold, industy and agriculturéEurostat, 2018)
TheWEI+ is an advanced version of the Water Exploitation Index, which addresses
regional and seasonal aspects of water scarcity. It also considers the amount of water
returned after abstractidgEA, 2019)
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Figure 2.3 Water exploitation indexn European countriefor 2010 and 201%Eurostat, 2018)

The WSI (or the Falkenmlaindicator)relates the totadvailablefreshwateresourcesn
a given areavith its population representinghe pressure that population putstbe
waterresourcesncludingthe needs for natural ecosystefiallana and Marcuello,
2004) The index thresholds 1,700°m,000 n? and 500 M per capita per yedTable
2.3) are used to distinguish between water stressmaceand absolute scaregeas
(WWAP, 2012) In Swedenthere isust under 20,000 frwateravailable per capita
(Eurostat, 2017)see the overvieor all European countries figure2.4.
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Table2.3 Summary ofVater Sressindex thresholds
CATEGOR INVERTED WSI CONTEMPORARY WSI
. THRESHOLD
(peoplef/flow units)
(m3 capita year?)
No Stress <600 people/flow unit >1,700
Water stress 600¢1,000 people/flow unit 1,700¢1,000
Water scarcity 1,000¢2,000people/flow unit 1,000¢500
Absolute waterscarcity >2,000 people/flow unit <500

" A flow unit in the column for Inverted WSI is equal t6 1.

Several otheindices to quantitatively measure and evaluate water scarcity and water
stress are discussed &.g.Brown and Matlock (2011 However, 8 metricsreported at
anational level have limitationasthey do not reflecthelocal and regional variations

in eg. wateravailability and degree of utilization.
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Figure2.4 Freshwater esources per inhabitaiitlong termannual average (1,000%mhabitant)
(Eurostat, 2017)

Globalwater stress andscarcity

Water stress affects every continent on the gldbhe.highest water stress levels occur

in Northern Africa and in Western, Central and Southern A$Ny 2018) In 2010,

around 1.9 million people (27% of world population) lived in potential reewater
scarceareas. This number is expected to increase to between 2.3 and 3.2 billion people
by 2050. When monthly variation is considered, there is already 3.6 billion people (51%
of world population) living irareas that are potentially watsrarceat least one mah
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per yearThis populations also projected tmcrease to some 4.8.7 billion by 2050

(Burek et al., 2016)Some of the main causes for the peéglil increase iwater

scarcity are the increasing world population, the rising demand for food production and
economic development, as well as the changing spatial and temporal pattern of water

supply.

Currently, @riculture accounts for about 70% oétpglobal freshwier withdrawals, the
industry for 20% and the municipalities for 10%. Over the last 100 years, the total
global water withdrawal increased by a factor 7.3 while the world population increased
by a factor 4.4Aquastat, 2015Hence, the glodl water withdrawal increased 1.7 times
faster than world populatiorrigure2.5). The increase in water withdrawal has however
slowed down in comparison to population growth over the last decades. It is estimated
that the global ater demand in 2010 was about 4,600/kear, and it is projected that

it will increase with 2030% to between 5,500 and 6,000%year by 205qBurek &

al., 2016; WWAP, 20190n a global level, the water demand from the industrial and
domestic sectors are expected to increase faster than the agricultural demand, but the
agriculture sector will remain the st water usgfVWAP, 2018)
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Figure 2.5 Global population and water withdveal over timg(Aquastat, 2015)
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Drought and water scarcity in Europe and Sweden

Since the beginning of the 21st century, Europe has experienced a number of extreme
hot and dry summers with recebleaking heatwaves in combination with a latk
precipitation during the summer moniitanel et al., 2018Between 1976 and 2006

the rumber of peopland areasaffected by droghts went up by almost 20% and the

tot al costs amo Byn200Y, chore tlan 1900 thekEU pdpdlaton U .
and 17% of its territory had experienced water sca(Ei§, 2012hb)

Even thougtSwederon a national scalies considered to have good access to natural
water resources, local water imbalanass not uncommarParticularly hie southern,
central and coastal areas along the Balticcaeaxperience watescarcityduring
summes (Statistics Sweden, 201 But it was not until 2016 2018, when Sweden
experiencedow precpitation anchigh summer temperaturés threeconsecutive

yearss, that water scarcitwas brought up on the national ageridaghe summer of

2018, aroun®0% of theSwedishmunicipalities prohibited urban irrigation and called
for careful use of drinkingvater.Farmers experienced their worst harvest since the
1950s, and the lack of grag andfeed led to emergency slaughter of livestock and six
monthlong waiting timego the slaughterhouséSjokvist et al., 2019)Since then,
discussions havicusedon how we can be better prepared for the next dry periods
how weshoulduseand manage our water resourogkich measureshatcanreduce

the effectsor lower the probabilityf water scarcity and droughwho should be

involved in the decisioimaking processes and responsest what needs to be taken
into account when prioriting between alternative water management measures and
policies(Grahn et al., 2020; Sjostrand et al., 2019; SMHI, 2019; SwAM, 2018; Swedish
Food Agency, 201%ydvatten, 2019)

2.4 Integrated Water ResoursdManagement

Toachieve water security, we must protect vulnerable water systems, mitigate the
impacts of waterelated hazards such as floods and droughts, safeguard access to
water functions and services, and manage water resources in an integrated and
equitable maner.

T Maria C.Donoso (2019)Director of UNESCO IHP

Integraedwater resources management (IWRhs beenvidely accepted yowater
managers, decisieamakers and politicians around the waalkkh sustainable and
problemsolvingapproach tamprove water security aratldress challengesichas
water scarcityyaterpollution, climate change, and fractioned sectoral water
management practicefhelWRM concept hd been around for decaddmsut it wasnot
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until theInternational Conference on Water and the Environment in Dahbinthe
World Summiton Sustainable Develamentin Rio, bothin 1992 thatthe water
community agreed upon principldéie so called Dublin Principlefar more efficient
and sustainable water resources manage(t@wWE, 1992)

1 fAFreshwater is a finite and vulnerable resource, essential to sustain life,
development and the environmgnt

1 Water development and magement should be based on a participatory
approach involving users, planners and policy makers at all jevels

1 Women play a central part in the provision, management and safeguarding of
water, and

1 Water has an economic value in adl @tompeting uses andahd be recognized
as an economic good

The Global Water Partnership later defined IWR§a process that promotes the
coordinated development and management of water, land and related resources in
order to maximize theesultant economic and social il in an equitable manner
without compromising the sustainability of vital ecosyst@BWP-TAC, 20@). IWRM

is guided byhe DublinPrinciplestogether with the goals of economic efficiency, social
equity and the sustainability of ecosystgiimsnton and Muller, 2009)

1 ASocial equity: ensuring equal access for all users to an adequate quantity and
quality of water necessary to sustain humeiti-being

1 Economic efficiency: bringing the greatest benefit to the greatest number of
users possible with the available financial and water resources.

1 Ecologicalsustainability: requiring thatquatic ecosystenae acknowledged as
users and that adequate allocation is made to sustain their natural functioning

IWRM is often sen as the water element of the broader sustainabléogevent
approachoffering a way to balance efficiency, equity and environmem&achieve this
balance, water resources management requires hatisic perspective andn
increasednvolvement ofusers at different levelStakeholder participation tausone
of the of the most important issues in IWRRahaman et al., 2004)he water sector
must work together withther sectors of the econopand dfferent levels of desion-
making from localand national to transnational, must seek to reinforce and
complement each oth@VWAP, 2009)

As each countrandregion andeven eachmunicipality, has its own set of economic,

environmental and social challendasd priorities) themost appropriatevater
resourcananagement approaehll differ. But eventhough there is no IWRM blueprint
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that fits all,Lenton and Muller (2009)sted a number of strategies that usually
involved in good water resources management:

1 fAsound investments in infrastructuréo store, abstract, convey, control,
conserve and protect surface and ground water;

1 astrong enabling environmentsetting goals for water use, protection and
conservation; improving the legislative framework; enhancing financing and
incentive structures; and allocating financial resources to meet water needs;

1 clear, robust and comprehevesinstitutional role$ laying out institutional
forms and functions, bldiing institutional capacity, developing human
resources, establishing transparent processes for degisiking and for
informed stakeholder participatioand

1 effective use of avible management and technical instrumérits such
purposes as watersaurces assessment, water resource management planning,
demand management and social change, conflict resolution, allocation and water
use limits, using value and prices for effiatgrand equity, information
management and exchange

2.5 Sustainahlity assessient

Water flows through the three pillars of sustainable developimeabnomic, social
and environmental
i BanKi-moon (2015)

The integrateédpproacho water mangementdescribed aboveartly emerged to meet
challenges that traditiohawatermanagement could natidressHowever, as this meant
that water should be managed to benefit several different settmrsamecrucialto
discuss which criteria that shoujuide such management efforts. The goals and criteria
for individual setors are often relatively cleawithin the drinking water sectpfor
examplethe goahas been expressed &5 providegood safe drinking water that has
the trust of consume($WA, 2004) But how should we define and prioritize criteria
when considering many sectpas well asocial, economic and environmental
developmentat the saméme?Thesolution has been to acknowledge timadtiple
criteriamustbe used to guida sustainable water resoureceanagementLenton and
Muller, 2009) However, he use of multiple sustainability criter@ndthusthe
estimation of thenost sustainable way forwanthay differ depending owhich

definition of susainability weadoptand which ethical theories we embrachisT
sectionaims to provide an overvieaf which conditions and interpretations of the
sustainability concept that is used in this thesis, and particulaPgper landPaper Il
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Strong and wela sustainability

Although there are many definitions of sustainability, nearly all contain some perception
of that human society and economy are intimately connected to the natural environment
(Caradonna, 2014These thredimensions (odomairs) of sustainability, i.e. economic
development, social development and environmental proteetieroften seen as
interdependent aneually supporting pirs of the concedtUN, 2005) Thecurrentl7
Sustainability Development Goals (SDGs), agreed upon by all E38kdr States of

theUN General Assembly (2015 ere designed to balanaied integratéhesethree

pillars of sustainable developmeintconomi¢social and environmeal(UN, 2018)

Thethree domains alsiorm the basif thedecision support model developedaper

I1. Figure2.6 showstwo canmonsustainabilitymodels based aime three components

SOCIAL | ENVIRONMENTAL ECONOMIC
SOCIAL
ECONOMIC
ENVIRONMENTAL
Figure 2.6 Sustainability models consisting of the three pillars economy, society and environment.

To the left in the figurethe three domaing@ shown as separate yet connected systems.
Sustainability is defined as the common grdwvhere the three circles converge. This
model is sometimes referred to as the weak sustainability model as it tends to encourage
tradeoffs, i.e. assumes that a dedm#ion in either the economic, social or

environmental domain can be compensated fampyovements in one of the others
(Williams, 2008) According to the view of weak sustainability, sustainability is attained

as long as the sum of natural and human daghites not declinéPearce and Atkinson,

1993) There is no difference in the value provided byratcapital, such as water
resources, and humamnade capital, such as production plants and infrastructure, and
hence they can be substituted for one andtheg and Van Passel, 2012)

The modeto the right(sometimesalled thestrong sustainability model), emphasizes
the environment, without which neither society nor economy can exist. In this
interpretation of sustainability, economy only exists in the context of a society and is
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therefore seen as a subset therBoth societyand economy are however totally
constrained by the natural systems of our environment. According to the view of strong
sustainability, certain environmental functions cannot be substituted by human made
capital. Human and natural capitals eggarded asomplements rather than substitutes
(Ang and Van Passe&2012) To achieve sustainable development, neither natural nor
humanmade capital may hence decline. Uncertainties about the future and risks of
irreversible natural loss are arguments that support strong sustain@ilitgia, 1995)

However, loththeweak and strong sustainabilitpnceptdhave shortcomings which
make them hard to implement in in their purest forms. Depending on our preferences on
how valuable e.g. certain natural capitals are for our-etig we willend up

somewhere on the scale between the two extrédexenus et al., 2015)he decision
support model proposed iaperi| allows for tradeoffs between sustainability domains
and can hence only be used to enforce weak sustaipaldibtvever, he model can
identify whether certain alternatives lead &rds strong or weak sustainability, i.e.
whether there is an actual compensation between sustainability damnains
sustainability criteriaMoreover,if the requirement is strong sustability, the model

can be used to identify in which respects a measuistbe improvedn orderto

achieve strong sustainability. It can thus also be used to identify which measures are
disqualified if the requirement is strong sustainability.

Ethical heories

In the process of developing a decissupportmodel based orhé concept of
sustainability, it was important to also distinguish between different views on
sustainability based on which moral ethics we embrace. This subsection gives a short
oveniew of the two ethical theorieonsequentialisranddeontologyand desgbes

how sustainability can be interpreted based on these theories.

In consequentialistAnscombe, 1958he rightness of an action is judged on the basis
of its consequences. Thus, for a consequerttialisaction is morally right if its
consequencesre good, generally summarized by the sagtregend justifies the means
(Mizzoni, 2010) In utilitarianism(Bentham, 1789; Mill, 1863)which is a form of
consequentialisiran action or decision is judged on the basis of its contribution to
overall utility, i.e.human weHbeing(Sidgwick, 1874) The definitionof sustainable
development as put forward in the Brundtland ReMETED, 1987) has an
anthromcentric, i.e. humagenteredutilitarian perspective which focus on achieving
and maintaining human webeing now and in the futu(&arley and Smith, 2014;

Imran & al., 2014)

In deontological ethicant, 1785) actions are not judged on the basis of their
consguences but on a set of principles or moral duties. It is our duties to intrinsic moral
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value principals like justice and equity rather tifafilment of well-being that guide

our actiongHowarth, 1995)In the case of sustainable development, our duty to leave
an unharrad world to future generations is for example grounded in both moral
intuition and formal ethical principlg&aslett and Fishkin, 1993)

Depending on which concept of sustainability and moral reasoning we adopt, the right
action moving forward might diffePaper| proposs a decision support model based

on a combiation of the two ethical theorie&conomic consequences of alternative
interventions are assessed by means oftmasefit analysis based on impacts on human
well-being(Paper I) whereas social and environmental consequences are assessed
based on impactsn moral principles of deontological ethics such as fivalues of the
environmen{Peterson and Sandin, 2013he decision support model then allows for
weighing the economic, social and environmental domains differently, depending on the
decisionmakers preferences regarding sustainability.

2.6 Decisionanalysis

Decision analysiss a formalization of common sense for decision problems which are
too conplex for informal use of common sense
i Ralph L.Keeney (1982)

The purpose of decisiemaking is to makgooddecisions. A good decision is one that

is logically corsistent with our preferences regarding the potential outcomes, the
alternatives and the uncertainty assessment. Decision analysis is a formalized way of
helping decisiormakers make good decisionscimmplex decision situations, with e.g.
multiple andpossbly conflicting objectivesmultiple stakeholdersmportant

uncertainties, ardr significant consequenceBecision analysis catreatevaluein two
important ways: by helping decisionakerschoo® between differenpptions, and by
improvingselected ptions by increasing their value and/or reducing their (Rarnell

et al., 2013)

But how do we know if a decision is good, and how can we improve the conditions for a
good decision? According tdatheson and Matheson (1998)good decision requires

high quality in each of the six elements showFRigure2.7: 1) an appropriaterame 2)
creative and doabldtarnatives 3) meaningful and reliablenformation 4) clear \alues

and tradeoffs; 5) logicaly correctreasoningand6) commitment to actionThis means

that a good decision needframe with cleagoals,objectives and alue measures,

which preferably are identified together with a broad group of stakeholders and experts.

L A final valueis avalue that something hésr its own sakeather than as a means to something. else
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It further needs to involve thigght people and address the right probléngood
decisionalsorequires alternatives that can create value for decis@kers and
stakeholdersand it needs meaningful and reliable information regarding those
alternatives. This includes addressing utaie key parametei@d model assumptisn
in a proper way, e.g. by the use of probability distributions and altermatdel

scenariosThe decisiormakersand st akehol ders6é6 values and

clearly statec&nd provide a basis for the cparison of alternative§ he decision

should further be based on logically correct reasoning, which in short impli¢sdleat

is a logical desire to make decisions that maximize expected utility. Hence, the
alternative with the highest probability of thest outcome should be chosen. And
finally, the decisiormakers should be prepared to implement the decisioRafsllet

al. (2013)points out, all of the six elements are important and the decision is only as
good as its weakest link.

3.
Meaningful,
Reliable

Decision
’ Quality

Appropriate Correct

Frame asonm
6
’ Commitment \
‘ to Action '

Figure 2.7 Six elements of decision qual{iatheson and M&eson, 1998)

According toAven (2012) a good decision can be reached by either: 1) establishing an
optimization model andhoose the alternative that maximizes or minimizes a specific
criterion or 2) using a formal process$ sk and decision analysis to provide decision
support, followed by an informal process of managerial judgement and review that
result in a decision. Thsecond approach, which is the preferred approach in most
decision situations according to Aven, chematically described irigure2.8 from a
risk-based perspectivelhis decisiormaking process usually begins with a decision
problem to choose between different decision alternatives. The alternatives aréytypical
developed by experts and managers within the boundary conditions of the decision
problem and he boundary conditions are based on stakeholder values and preferences.

22



2. Theoretical background

The number of alternatives to be analyzed must be manageable. Hence, several
alternatves could be excluded before initiating detailed evaluations. Several different
decision suport methods can then be used to provide the deeamsakers with

information about consequences of choosing one alternative over another. Risk analysis,
costbeneit analysisandmulti-criteria decision analysis are examples of such methods.
Before makinga decision, the decisiemakers review all decisiesupport information

and evaluate it in relation to formulated objectives, values and preferences. The
manageribreview can then give rise to more detailed analyses, or identification of new
alternativesbefore a final decision is made.

)

Stakeholder
values
Goals, criteria
andpreferences
( Y T ]
Y
Decision problerr Analyse_s and f )
evaluations )
Decisi Managerial
It ?:St'ic\)/n Risk analyses and > review and Decision
atternatives decision analyses judgement
A
& J N\ J
Figure 2.8 Basic structure of the decisianaking proces§Aven and Kgrte, 2003)

This thesis focuses on providing decision support methods and tools that can give input
to decisioamakers in complex and uncertain decision situatibhe.method aim to

shed light on the consequences of choosing one altermaivanotherBy using a
well-established approach to risk managenfiS®, 2018) described in more detail in
Chapter3, a systematic handling of uncertaintissnade possible and predictionsiod
performancef the alternativesan be provided along with associated risks and
uncertanties The probabilistic apmach used throughout the thesmhances the
transparency of the uncertainties and assumptions involved in a way that they can be
addressed and consider#chlsofacilitates calculationsf probabilities that alternative
options exceed certain colgnitations or environmental threshold valupsoviding a
structured approadior rational decisiormaking on uncertain outcomé3ekay et al.,
2002)

The way decision support is viewed in this thesis is in line Witen (2012) i.e. its

principal aim isnot to recommend hard decisions ttonstruct a liableelp for
decisionmakers that reflects his or her preferences and considerations as well as those
of affected societal groupBecision support ishus meant to guide, inform and support
rather than replace managerial judgement. Ethical and politicakdisas and

23



K. Sjostrand

negotiations are still needed to guarantee a just evaluation of values and preferences
Hence human judgement is vitean making a final decisio{Ashley et al.2004; Aven,
2012; French and Insua, 2000)
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3 METHODS

This chapter includes a description of the underlying methods and teelsriged in
thepaperspresented in this thesis.

3.1 Costbenefit analysis

The future is already heilei t 6 s j ust nobutedvery evenly di st
T William Gibson

Costbenefit analysis (CBAis asystematic analytical techniqte comparehe positive
andnegativeeffects caused byraeasurdor apolicy), in orderto analyze whetheit is
economically beneficial or ngdohansson and Kristrom, 201&e different steps of
the analysisre summarizeth Figure3.1. CBA has been usemka decisionrsupport

tool to compare and rank alternatigptions in a wide variety of water policy contexts
e.g.water source improvemeniSha et al., @18), Water, Sanitation and Hygiene
(WASH) projectqAzqueta and Montoya, 201 @esalinatior{Sarica, 2018)water loss
reduction(Malm et al., 2015)hydropowerJohansson and Kristrém, 2018)igation
reservoirs(Varouchakis et al., 2016icrobial risk mitigation(Bergion et al., 2018)
andflooding (Rai et al., 2020)

The deisionmetric of the CBA is the net present valbdPy), calculated as

p i " b1 OF (3-1)

wherea is thealternativemeasuret is the time when benefit or cost occliis the time
horizon,rt is the discount rate at timieC are the costs ari8lare the benefits in ration

to the reference alternativEhe benefits (desired effects) and costs (undesired effects)
are adar as possible measured in monetary terms (see furtbeciion3.2). A

measures considered economically profitable when its total benefits to society are
larger than its total costs to society, i.e. wHeNPVis positive. The society in this
meaning istte sum of individuals  wheihgl (preferencespr which the CBA is
performed, i.e. the aggregated willingness to pay (WTP) for benefits and willingness to
accept (WTA) compensation for losf€&ECD,2018) CBA was used in Paperand I

to evaluatehe economic domain of the develomebtainability assessmanbdel, and

in Papes Il and IV as a basis for marginal cost and economic viability estimates.
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1. Determine decision
problem . 11. Evaluation. Can it
i become beneficial?

2. Aim with analysis

3. Describe reference

alternative : .

10. Conclusions. Socio-
economic beneficial?

4. |dentify alternative
solution(s)

Effects on ecosystems 9. Sensitivity analysis

5. Identify effects of

solutions Health effects

8. Distributional analysis

)

Financial analysis

Financial effects etc.

6. Check point: Are
solutions well defined

7. Calculate costs and
benefits

Socio-economic analysis

Figure 3.1 CBA step by step. Adapted frédristrém and Bonta Bergman (2014)

When a multiyear analysis is performechsts and benefits must be measured in real
values (constant prices) instead of nomin&es (current prices). Thus, the costs and
benefits are discounted using specified discount rates. There is an extensive literature on
the subject of discouimg and he selection of discoumnates. There is, however, no
objective and collectively acknowdged rate to be used in a CBA. The choice of
discount rate is instead one of the most disputed subjects of economic(Menda,
1995) The discount ratélustrates how we value e.g. equity between generateon,
environmental resources versus capital resoutésing alow discount rate suggests
that we are more interested in, and willing to pay for, the welfare of fg&merations
compared tavhen usinga higher rateTo increase the weight devoted to thedfare of
future generations, sonteuntriege.g. Norway and UKjisedeclining discount rates
(Jdhansson and Kristrom, 2018y Papes|, Il, Ill, and 1V, thediscount ratesf 1.4%,
3.5% and 5%vere usedor sensitivity analysis. The ratesflect the averagestount
rate used in the Stern Review on Climate Chdigern, 2006and he suggested social
and private rates of tHawedish Transport Administration (201@)idelines for cost
benefit analysisrespectively
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3.2 Economic valuation afost and benefit items

When the wells dry, we know the worth of water
T BenjaminFranklin (1746)

There are severakconomic valuation methodsased on welfare theorgr quantifying

the benefits and costs of nonke@trgoods and services in monetary units. The goal is to
quantify thetradeoffs that individuals are willing to make between inccend a

positive or negative change in the provision of nonmag&ets or servicesThat is, to
quantify their willingnessa pay/acceptompensation (WTP/WTA) for a specific
changgFreeman et al., 2014)he methods areftengrouped inthefollowing
categoriegFigure3.2): direct market valuation methodsyvealed preference methods
and stated preference meth@gBsumaand van Beukering, 2015; TEEB, 2010he
categories are briefly described beJaagether with some wateelated valuation
examplesalthoughfar fromall valuationmethodsdescribedareused in thighesis.

Direct Surrogate Hypothetical
markets markets markets
Avoided cost Hedonic pricing Contingent valuation
Production function Travel cost Choice modelling
Figure3.2 Examples of @onomic valuation approaches

In market basedhethods, prices from wellinctioning markets provide information on
the economiwalues. The avoided costethodis anexample of direct market based
approachedn theavoidedcost method, WTP is estimated by measuring the resource
costs incurred by theegative change, including both direct and indirect costs. Direct
costs are for example costs of medical visits due to polluted drinking water, whereas
indirect costseflect opportunity costs of e.g. reduced produc{doung and Loomis,
2014)

Revealereference methods rely omdivid ual s & expendi ture choi ce
and service$o assess their WTP to related noarket goodsind servicegJohansson

and Kristrom, 2018)Two commonly used revealed preference methods are the travel

cost methodndthe hedonigricing method The travelcost method is typically used to

value sites that ar e % iaedarredioneachingthe sdeas i on .
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used as a value for the site, or for the water quality of the site assuming the water

quality is a decisive factor for the trad®havior. The hedonjaricing value method

uses differences in property pricingtoestime i ndi vi dual sé6 values o
resourcegYoung and Loomis, 2014)

Stated preference methods use structured qu
of goods and services not commiyptradedon existing markets. The contingent

valuation method and the choice experitmaethod are two frequently used stated

preference methods. In the contingent valuation method, individuals are asked directly

what they would be willing to pay to olitea specified good (or willing to accept to

give up the good). In choigaodelling individuals are presented with consequences

and costs of alternative interventions and are asked to rank the interventions or choose

the most preferred one. The rankingshoices are then analyzed to determine their

WTP for different interventionf~reeman et al., 2014; Young and Loomis, 2014)

When primary economic valuation studies aonsidered too expensive or infeasible to
conduct, estimates of benefits and costs can be provided using benefit transfer. The
benefit transfer approach makes userefviously performed valuation studies from
another area and extrapolates the econoaligeg to the area for which a valuation is
required However, transfers can be difficult to perform because measurement values
that are correct in one context do notessarily have to be accurate in other contexts.
And if estimates are transferred from more than one primary study, it can end up in
estimates that doot reflect budget constraingdohansson and Kristrom, 201Bgnefit
transfer ighususually considered a secoebdst solution, buthay bethe only means to
provide empirical economic information wihéme, funding or other constraints
prevent thaise of the above mentioned meth@itshnson et al., 2015)

Paper Iprovides examplesftiow some key costs and benefgach as health effects
and effects of water supply disruptiosan be valuedconomically Health effecs of
insufficient water qualityvasvaluedby the avoided cost metl@asthe sum of health
care costs, costs tifst production, and costs of discomf@lohansson and Forslund,
2009) Effects of water supply disruptions was valuedsed on a combination of effects
on residential consumers and economic se¢&FE, 1991; Brozovi et al., 2007;
FEMA, 2011) Previously estimated water importance fagtimr American economic
sectors were used to estimate the percental reduction ofaddee for Swedish
economic sectori®s Papes | and IV. Toincrease the understandiafhow water supply
disruptionsaffect Swedish economic sectors, Papgevieratd time-dependent water
resiliency factorshrough a survey of the Swedish sectors
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3.3 Marginal abatement cost curves

Every drop in the ocearounts
i Yoko Ono

Marginal abatement cost curves (MACC) are frequently used in climate {oadiking

to provide giudance on greenhouse gas mitigation measures in a variety of sectors, e.g.
in the cement, iron and steel sect@iasanbeigi et al., 2013; Worrell et al., 20abg
transport sectofPeng et al., 2018and in forestry and agriculte (Eory et al., 2018a;

Moran et al., 2009)MACCs have also been used in other policy areas, e.g. to assess air
pollutants(Rentz et al., 19949nd waste reduicin (Beaumont and Tinch, 20Q4)ut

only a few studies have applied them to water challe(Agsams et al., 2009;

Chukalla et al., 2017 he cost curvebave becoma popular decision support tool as
theymanage to illustrate and compare a range of complex me#&suregarious

sectordn aneasily understandable format.

In Paper Ill a MACC was developed to provide decision support for water scarcity
mitigation bycomparingthe costeffectiveness ofmneasures aiming to increase the water
availability, see schaatic descriptiorof this kind of MACCin Figure3.3. A cost

effectiveness analys(€EA) is based ora single indicator oéffectiveness, in this case

water volume, which is to be comparedhecost(OECD, 2018) Thealternative

measures are ranked and displayed as bars on the curve in order of tledinddstg

or conserving water, i.e. increasing water availabidityone unit from the cheapest to

the most expensive. The height of each bar represents the cost per unit of water added or
conserved by the measuend the width of each bar displays #maual amount of

water madewvailable by each measure in cubic enst

There are two different method categories to consaeMACC, i.e. experbased
approaches and modeased approaché¢€hukalla et al., 2017; &sicki, 2012) Expert
based approaches focus on assessing theffestiveness oihdividual measures based
on expert input, mabling inclusion of high technological detail in the assessments.
Modeklbased approaches derive the costs and potentieisdifterent model runs.e.
energy models in the case of £&batementStrengths and weaknesses with the two
approaches are disssed inKesicki (2010)andKesicki (2012) Paperlll applied the
expertbased approach.
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4 Marginal cost

(SEK/m’)
Cost per
Measure A cubic meter
Measure B

Measure C

v .

Water availability potential
(m3/year)

{—} Annual increased water availability

| |

Measures with negative costs, Measures with positive costs,
cost savings for decisionmaker net costs for decisionmaker
Figure 3.3 Schemat description of a marginal abatement cost curve for water scamatigation.

Adapted fromAddams et al. (2009)

A combination of national and local literature data and expert opinions was used to
identify and estimate the parameters neddealculae the water availabilitypotentias
andcostsof the setcted measure$he costs associated with the measqjesere
preseted in the form opresent valued(Vs), calculated as:

(3-2)

whereC is cost t is the time when the cost occufsis the time horizopandr is the
discount rateThe PVswere then expressed as annuities distridbeteenly over the time
horizon, i.e. as equivalent annual co&8C9 in SEK per yea(Brealey et al., 2010)

o~ 10w

Qo0 o0 —p
P (33
The effectiveness of the measures in increasing water availabilityalcagated aghe
ratio of theEACand the annual water availability potential atk measure in SEK per
cubic meter.
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3.4 Multi-criteria decision analysis

Water development and management should be based on a participatory approach,
involving users, planners and policy makers at all levels
I The Dublin Prinicples (1992)

Multi-criteria decision analysis (MCDA) is a general decision support framework
commonly used in complex decision problems to synthesize a variety of information
and compare alternatives with significantly differenpacts(Figueira et al., 2005;

Greco et al., 2016 MCDA can be used to integrate quantitative, sguantitative and
qualitative information concerning alternative interventiResén et al., 2015}t

provides a structured approach in decision situations where stakeholder participation is
central and \Wwere it is necessary to make use of the decisiank er 6 s pr ef er ence
distinguish between the alternatives. Large emphasis is placed on the judgement of th
decisionmaking team and involved stakeholders to establish objectives and criteria, to
assess threlative importance between the criteria, and to decide whethetwoffade
between criteria are allowed or n8imilar to CBA,MCDA hasalsobeenappliedto

compare options ia large numbeof water policy contets, e.galternativesource
waterstechrologies(Godskesen et al., 201 &)esalination plant@©awoud etl., 2020)

river rehabilitation(Langhans and Lienert, 201 @kinking water safetylindhe et al.,

2013) groundwater quality classificatiq@ahedi et al., 2017 and water allocation

(Golfam et al., 2019)

Thefirst stepsof an MCDAfocus on determining the decision cotif@bjectives, and
stakeholders, as well as defining alternative solutions that might meet the goals and
objectives. Once that is settled, the evaluation criteria need to be determined. The
criteria serve as performance measures in the MCDA, and heagedhd to be
operational so that an expert judgement or a data measure can state how well an
alternative perform in relation to a specific criterion. The criteria must also be set up to
avoiddouble counting and they must be independent of each other.

Scaing

Each alternative ihenevaluated by scoring it on each criterion, either qualitatively or
guantitatively. The scores are measures of the performance of the alternatives with
respect to &ch criterionThe scoring can be made in either absolutelative terms.
Thesustainability assessmenbdel inPapeil| uses relative scoring in relation to a
reference alternativd.o score the alternativéperformance, the criteriszeed some sort
of performance scale$he criteria measures might originatenfra natural scale, i.e.
based orheir original unitssuch as kg/h or from a qualitative scale, e.g. ranging from
very low to very high performance. If the criteria are measured on different scales, a
unified scale is needed in order to compare and auarthie scores. A common way to
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establish a unified scale is to rgmm&ie measures onto an interval scale, e.g. from O to
100. This interval scale needs to be defined by two reference points for each criterion,
usually the min and max values. There are difi@erent ways to determine these
reference points, i.e. either ycal scaling or global scaling. A local scale uses the
alternative interventions at hand to determine the min and max values of its scale, i.e.
thebest (worstperforming alternatives remapped to e.g. 100 (0) in the local scale. In
a global scale, orne other hand, theest (worstpossible performangaccording to
decisionmaker®and experi@experiencedefine its max (min) values, e.g. so that
represents the worst possible perfiance and 100 represents the best possible
performanceThe decisio-makers and involved experts are hence responsible for
determining the endpoints in the global s¢denat, 2009)

The scores can be assaghto the alternatives in three different ways: by using a value
function to transform a measurement of the specific criterion to a score; by direct rating
using expert opinions and judgements to assess the alternatives performance; or by
pairwise assessmts by experts on how each alternative perform relative to the othe
alternativegDCLG, 2009) In Papeill, the performance wascoredby direct rating

using expert and akeholder value judgements. The experts estimated minimum, most
likely (mode) and maximum values for each criterion on a scale fifrto 10.

Weighing

Each criterion is then assignedawg ht , refl ecting that criter.]
for the decision problem to the other criteria. The weighting procedure, hence favor

some criteria more heavily than othedsme weighing procedure is the swing weigd

method, which is based on comigans between criteria. The weight of a criterion

reflects the decisioma k er s6 perception of how i mportant
values (i.e. the range differenibetween thevorst and best alternatives) is compuhbie

the swing in values of the otheriteria. Another weighting method is called importance

weighting, which is the method usedRaper I. Importance weighting based on the

decisionma k eperseption of how significant a particular criterion is pamedto the

other criterigMonat, 2009)

Weighted average

The weights and scores are tlommbiredto give an overall assessmenteaich
alternative.The calculatiorcan be performed as a productaaerage or a function
(DCLG, 2009) The most commonly used method, and the one udedperl, is to
cdculate the weighted average of the scoie$®aper I, theoverall assessment was in
the form of asustainability indeXS) for each alternativea) which wascalculated as the
weighted sum of the scores on all crit€kpof a specific sustainability domaid)(by
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Y 0 Gp (3-4)

wherezis theperformancescore w is the weight for eactriterionand

0 ph (3-5)

I.e. the sum of all weights must adg to1l.

3.5 Quantitativeriskassessment

Opportunity and risk come in pairs
i Bangambiki Habyarimana

According tolSO (2018) the risk management procdes managing any type of risk
can generically be described as-igure3.4 andincludes the following steps

1 Communication &onsultation Assising relevant stakeholders in
understanding riskand providng information to facilitate decisiemaking.

1 Scope, context & criteriaCustomiing the risk management process by defining
its scope and context along with the decision criteria, based on which the
significance of risk willbe evaluated.

M1 Risk assessment

o Risk identification Finding, recogniing and descrilmg risks, by
considering factors such as causes and events; consequences and impacts
on objectives; and vulnerabilities and capabilities.

o Risk analysisA detailed considation of uncertainties, risk seces,
consequences, likelihood, events, scenarios, controls and their
effectiveness

o Risk evaluationComparing the results of the risk analysisupport
decisions on whether action needs to be taken or not.

1 Risk treatmen Selecing and implemenng options for addressing risk

1 Monitoring & review Improving the quality and effectiveness of
implementation and outcomby e.g. providing feedback.

1 Recording & reportingDocumening the process to assist communication with
stakeholders and to improve activities.
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Figure 3.4 Schematic description of the risk management procesqtéd fromlSO (2018)
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Communication & Consultation

In Paper IV, a gantitative risk assessment (QR#pproachs used to identify, describe
and analyze risks for a water supply systemravidea basidor decisioamaking

under uncertaintyThe QRA follows a wellestablished approaethich aims at
answeing the following three questiorsy defining a set of scenari@€aplan and
Garrick, 1981)

1 What can go wrong?
1 How likely is it to happen?

1 If it does happe, what are the consequences?

According toKaplan et al. (2001)he set of scenarida a QRAshouldpreferablybe
complete, finite and disjoinfhis means that a nonoverlapping subsé&t s€enarios
together should represent all possible risk scenarios for the entire pr8ylerse of
scenarios,tte isk R canbedefinedbased on the following triple{&aplan and Garrick,
1981)

Y i Rcho (3-6)

wherei is scenaria, i =1, X)js ée fegency with which the scenario occurs;
andw is the consequence given that scenaoiccurs.However, isk assessments are
often complex imature and many aspects of the risk may be subject to large
uncertaintiegHall and Borgomeo, 2013Vhen we do not know the frequencies or the
consequences by certainty, we can express them by probability distributions so that
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wheren and- are the probability derty functions for the frequency and consequence,
respectively.

In Paper IV, heresult fromthe rik assessment wasesented graphicallyy risk

curves, see schematic descriptiohstaircase and continuotisk curvesn Figure3.5.

In order to plot a risk curve, the frequencies must be expressed in terms of cumulative
frequerties. For thisthe scenarios must first be arranged in oodéncreasing
consequences,i.e. ® Ew E ,along with corresponding frequencies.

Starting with the scenario with the most severe consequences, a cumulative frequency
"0 i.e. the frequency of having consequence equal to or greatebtis catulated as

'O 'O "QBy plotting wi0 a staircase function of the analyzed risk scenarios is
derived, representing a discrete approximation of the continuous reality. A smoothed
risk curvey , drawn through the staircas@nthen be regarded to represent the actual
risk (Kaplan and Garrick, 1981ach point of the curve does not belong to a specific
event but instead represettig estimatedeturn period of losse¥he integral of te

curve, i.e. the area underneath the curve, represents the total expected losses in any
given year so that

2% "0LQ 0 (3-8)

in which'y is the total annual risk; is the total number of analyzed scenaribis the
consequences anos the cumulative frequency as a function of consequearieer
risk estimation, the continuous functioanfor practical purposes t®mplified by the
staircase functioto provide arapproximative calculation of the total risk.

F

Figure 3.5 Schematic description efaircase and continuous risk functions. Adapted fk@plan
and Garrick (198).
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In Paper IV, heannual risk reductiofa benefitlof each alternative optias estimated
by calculating the difference betwetre risk curveof thereference system and the risk
curve oftherisk reduction option.

3.6 Uncertainty analysis

Uncertainy is that which disappears when we become certain
i Bedford and Cooke (2001)

Evaluations of alternative measures and their effectsamibstalwayscomprise
uncertaintiesUncertainties are often categorized as eiit@chastic §leatory or
knowledgebased ¢pistemi¢ uncertaintes(Kiureghian and Ditlevsen, 2009%n

epistemic uncertainty is one that is caused by ladkotviedge or data, and can hence

be reduced by e.g. gathering more data. An aleatory uncertainty is one that is caused by
the natural randomness of a phenomenon or experiment and is not possible to reduce.
For decisions involving significant uncertaintigse decisiorshould preferablype

based on estimates of key performance cri{erig costcombined with uncertainty
asessmentto provide an improved perspective of the values and risks of each
alternative(Aven, 2012; Parnell et al., 2013®)ncertainty analysisanhence help
decisionmakers managgherisks associated with decision alternatives by providing
realistic estimates of uncertainty.

Uncertainties are commonly expressedrians of probabilities. There are two main

statistical schools concerning the interpretation of probabijliteegrequentist and

BayesianBerger and Bayarri, 2004f-or frequentists, probabilities are equaittte

long-term frequency of occurrence of repeatable events. For a Bayesian, probabilities

are related to our knowledge about the parametguéstion. In the Bayesian view, a
probability is the quantitative rameer essi on
based on his/her state of information. In the Bayesian approach, hard data, from e.g.

statistics on events, can be combined witheeixjudgements. As hard data on risks is

often lacking, the Bayesian approach is often applied in risk assesgBedfisrd and

Cooke, 2001)

There are severapproaches that can be used to quantify uncertainties and hence
estimate probability distributions. If historical data is available, algatocertainties

can be quantified by use of classical statistical methods by fitting a distribution function
to thedata. This approach is appropriate if the observational data is judged relevant and
sufficiently large for the uncertainty assessn{@&wen, 2012) Aleatory (and epistemic)
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uncertainties can also be quantified by expert opinions, however epistermrtaimmes
cannot be measuréBedford and Colke, 2001)

Formal expert elicitatiomethodscan be used toapture probability distributions of
uncertainparaméersfrom expertsn a structured and methodologically robust way
(Cooke, 1991; O'Hagan et al., Z)Werner et al.2017) In Paper 1\Vthe wncertain
parametersvere estimated by the Sheffield Elicitation Framework SHEQEkley and
O'Hagan, 2016)TheSHELF framework elicits ainglejudicious consensudistribution
from anexpertgroupfor each uncertain quantity. TIS®HELF procesdegns by

eliciting individual judgements from each expartepadently,followed bya group
discussion and a groypdgementThe parameters estatedin Paper IVwere the lower
and upper plausible limits for the uncertain quéaegitas well as the median and lower
and upper quartiles. The MATCH Uncertainty Elicitation T@dbrris et al., 2014yas
then used to find the best fitted statistical distribution model for the group jutigmen

Monte Carlo simulations can then be used to perform the calculations needed in an
asessment, e.g. calculations of net present values. A Monte Carlo simulation samples
values randomly from the input probability distributions and then calculates regeits
and over, involving thousands or tens of thousands of recalculations (iteratexis),
time with a different set of random values. The simulations procigtegramgsee
examplsin Figure3.6) that can be fitted tprobability distributions of thepossible
outcomes. This is beneficial since it not only provides information regarding the
magnitude othe outcomee.g. theNPV, but also regarding how likely each outcome is.
The information from the Monte Carlo simulation dence help decisiemakersmake

a more informed decision on which alternative to choAsetheradvantagef Monte
Carlo simulations is that the data generated can easily be presented graphically,
facilitating communications with decisienakers and stakelders.
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Figure 3.6 Example histograms produced by Monte Carlo simulations.

37



K. Sjostrand

3.7 Sensitivity analys

If a man will begin with certainties, he shall end in doubts: but if he will be content to
begin with douls, he shall end igertainties
I FrancisBacon (1605)

It is common to combine the uncertainty analysis described above sahsitivity
analysis. A sensitivity analysis is a study of how variations in input parameters (e.g. the
estimated uncertain quantities) create variations in the outputs (e.g. inahe4ilt),

with the aim to quantitatively estimate the relationship between input uncertainty and
the subsequent effect on thetcome uncertainty and variabilipjrriola and Hyman,
2009) This information carfior examplebe used taupport decisions on which input
parameterso prioritize for further research and/or data collection in order to reduce
uncertainties. These decisions should generally take the most influential inpg val
into consideration and the cost of gaining new informafitre sensitivity analyses can
alsoprovide information for a variety aftheruses: e.g. to identify critical values or
thresholds; to test the robustness of alternatives; to allow decisi@rsrakselect
assumptionsto improve understanding of the decision modal] to assess theskis
associated with specific alternatives (Pannell, 1997).

Sensitivity analyses are often confused with uncertainty anaBsés sensitivity
analysisdoes ot express the uncertainty associated with the parameter values.
However, it can be used to pide information for the uncertainty analysis by
presenting the result as a function of a parameter yaken, 212).

There are many different approaches to perform sensitivity analysis. IrsR&ger

Monte Carlo simulations were used to calculate the finalresudtds ng Pal i sadeds
analysis software @RISK. The Monte Carlo simulation facilitates sehgiéinalyses

by, for example, measuring the contribution of variance from each input variable to the

total variance of the outcome&heresults from aensitivityanalysiscanbe displayed in

a number oflifferent ways

Figure3.7 gives an example of sensitivity analysis, showshge ar manos r ank
correlation coefficients for input values of different sustainability criteria. The

correlaton coefficient is based on the monotonic relationship between the ranked values
of the analyzed parameters and is express as a valuelfioni. A value of 0 means

that there is no correlation between the input value and the result, whereas a value of 1

(-1) means perfectpositive (negative) correlatioifhe sensitivity analysis hence

shows the importance of the different input values.
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CORRELATION COEFFICIENTS (SPEARMAN RANK)
ENVIRONMENTAL CRITERION A
ECONOMIC CRITERION A
ENVIRONMENTAL CRITERION D
SOCIAL CRITERION C
SOCIAL CRITERION D

SOCIAL CRITERION A

COEFFICIENT VALUE

Figure 3.7 Example of correlation coefficients of input values

In Papes -1V, the impact of discount ratesmdtime horizonsvere studied bgcenario
analyss. This means that tlealculatiors of e.g.NPVwereperformedusing different
values 6 thoseparametes (e.g. 1.4%3.5%and 5%discount rate)representing
different possible future scenari@cenario analysis often used whedealing with
discrete outcomeand can be usdd study alternative realities over which thereds
probability distribution
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4 THE PAPERS

This chapter is made up of summarietheffve papers that are part of this thesis.

4.1 Overview of the papers

An overview of the five papers included in this thesis is predaenféable4.1. Papes

I-1V provide practical examples of how established decisigrpsrt methods can be
further developed and appliedgoovide guidance odifferentwater challenge$?apes

I and Il focus orhow to evaluate the economic profitability and sustainability of water
supply options in amter-municipalsetting, whereas Pag 11l and IV focus on how to
evaluatehe costeffectiveness and risk reductipotentialof water availability
improvemenmmeasires. PaperV, on the other hand, focuses on providing necessary

backgroundiata to better apply the methods developed in the pépars.

Table4.1 Overview of the five papers included in this thesis.

PAPR TITLE SHORT TITLE TYPE OF WORK
Costbenefit analysis for supporting iet- Costbenefit Method

! municipal decisions on drinking water suppl analysis development and

P 9 PPy y case study
Sustainability assessments of regional water S Method
. . - . Sustainability
1 supply interventiong; combining costbenefit development and
L I assessment

and multicriteria decision analyses case study
Marginalabatementcost curves forwater Cost . Method

1l o . effectiveness development and
scarcitymitigation underuncertainty .

analysis ca® study

Water supply delivery failuresa scenariebased Risk Method

v approach to assess economic losses and risk development and

. . assessment

reduction options case study

Vv The value of wateg estimating waterdisruption  Economi Survey dta
impacts on businesses valuation collection

4.2 Paper |. Cosbenefit analysis

Paper | presents a cdstnefit analysis approacth facilitate intermunicipal decisions
on drinking water. Eamples are given of how some key effects that may arise from
regional water gpply interventions can be valued economicaflyspecial focus is
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givent o the quantification of effects on
operation and maintenance costs. The uncertainties qlithdifiedeffect are
represented by pbability distribution functions and analyzed by means of Monte Carlo
simulations. Th€&€BA approactand economic valuation technigue®then usedn a

case studythe Goteborg region in Swedéa illustratetheir applicability. Pgoer | hence
provides adetailed description of how the economic domaithe sustainability
assessment model described in Paper Il can be assessed.

4.3 Paper I Sustainability assessment

Paper I presents a decision support model for assessing the sudigirdivegional
watersupply interventionsThemodelis developedo meet thdack of generic
decisionsupportadapted to the intanunicipal level that can assess economic
profitability and environmental and social aspects of alternative interventiuies
facilitating for astructured handling of uncertainti@he model idased on muki
criteria decision analysisvith input from cosbenefit analysisSustainability is defined
based on a set of critemdthin the economic, social amshvironmental sustainability
domains Model resultsprovide information on whether a specific alternative leads
towards sustainable development or not, taking a reference altermmtveoint of
departureUncertainties about costs, benefits and sudbdityacriteria arehandled by
uncerainty distributionsand calculations are performed by Monte Carlo simulations
The decision support model exemplified by assessing five alternative interventions
for the Goteborg regiom Swedeni.e. the same castéudy as in Paper The

cons

interventiors are designedo meetthetargets n t he regi onés Regi onal

Planand to illustrate decision situatioregarding regionalization, (de)centralization,
source watequality and redundancy

4.4 Paper llICosteffectivenessanalysis

Paper llipreserd anovelapproach of constructing marginal abatement cost curves
(MACC) for comparing water scarcity mitigation measures while taking the underlying
uncertaintiesnto accountThe MACC is appliedn the island of Gtland, one of the

most watesstressed g@rts of Sweden, to provide tffiest marginal abatement cost curve

in Europe for water scarcity mitigation in which municipal, agricultural, industrial and
household measures are compaiédee MACC shows the cost afiding or conserving
water, i.e. increasg water availability by one unitompared to a reference scenario.

The measures are ranked and displayed as bars on the curve in order of cost to increase

water availability, from the cheapest to the most expentincertainties in input
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variables areepresented by probability distributioasd calculations are performed
using Monte Carlo simulations.

4.5 Paper IV: Riskssessment

Paper IV provides a quantitative risk assessment métiecdater supply disruptiarA
disruption in the water provision cagald to economic consequences for the water

utility as well as for businesses and residential consumers, and may generate significant
economic losses for society. In the paper, isskxpressed in terms e€onomic
consequences to society arising frdisruptionevents.The approach proposéuthe
paperintegrateghe full range of risk scenarios, from low to high probability events, to
estimate the total risk of the water supply systéhe purpose is to avoid sub
optimization, whereisk reduction measasare prioritized based on individual events.
The method is based on a combination of quantitative risk analysis arukoesit

analysis, which enables tigentification ofthe most economically profitabtesk

reduction alternative§.he paper appliea probabilistic approach with formal

uncertaitly analysisThe SHELF Framework is used to elicit information regarding
uncertain quantitiesuch as the proportion of households affected in different scenarios
and the frequency of events. Probability lsttions are assigned to represent each
uncerain quantity, and Monte Carlo simulations are used to calculate annualized risks,
risk reductions andet present value§he method is exemplifidaly application on the
island of Gotland, Sweden.

4.6 Paper VEcomomic valuation

The purpose dPaper Vis to gdher data to improve our ability to analyze the economic
consequences of short and letegm water supply disruptions, and thereby improve our
assessments, comparisons and decisions on potential improverasntese An online
guestionnaire is designeddather qualitative and quantitative data on unplanned water
outage fromthe following economic activity sectors in Swed@nAgriculture, forestry
and fishing; B Mining and quarrying; C Manufacturing; D Eledty, gas, steam and

air; E Waterseweragewaste and remediation; F Construction; G Wholesatail and
repair of motor vehicles; H Transportation and storage; | Accommodation and food
service; J Information and communication; K Financial and inserantivities; L Real
estate activities; M Preksional, scientific and technical activities; N Administrative
and support service activities; O Public administration and defense; P Education; Q
Human health and social work activitiesARs, entertainmerand recreation; and S
Other service activite The survey iglistributed both by mail, to companies randomly
singled out by Statistics Sweden to represent the almeveioned economic sectors,
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and throughradeassociations' websites and newslett€sie-dependent water
resiliency factorare calcilatedfor each of the sectotsmsed orthe survey dataThe
resiliency factor is defined as the ratio of maintained vaticdedduring and after a
waterdisruptionevent to the valuaddedduring normal busirss activity.
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5 RESULTS

In this chapter the resulia terms of methods developeldta collectecnd case study
applications are described.

| know that you believe you understamidat you think | said, but | am not sure you
realize that what you heard is not what | meant.
I Unknown

5.1 The sustainability assessmenbdel

As described irsection2.1, theSwedishnationalinquiry of the public water supply
system(SOU 2016:32yecommendda regionalization of the Swedish water sector
includinganincreasean inter-municipal cooperatianro address the lack of decision
supporttools adapted to the intemunicipal level, a decisiosupportmodel for
assessing the sustainabilityrefjionalwatersupplyinterventions was developefloth
thedecisionmodelitself andthe modeldevelopmenteconomic valuation examplasd
modelapgication are important results froRapes| andll. The modelwhich is based
on a combination of CBA and MCDA4s presented in detail in PapérandIl and a
summary is preserdehere.

Framework and decision model structure

Figure5.1 shows a schematic descriptioha frameworkfor decision analysis where
thedevelopediecisionsupportmodelfor sustainability assessmentsisown aghe
innermost (blue) partSustainability is defined based on a set of criteria within the
ecoromic, social and environmental sustainability doméitzch alternative
intervention is assessed relative to a refegaalternative, and the decision model
provides information on whether the analyzed alternd¢iads towardsustainable
development orat, taking the reference alternative as a point of departure.

45



K. Sjostrand

Laws, Regulations, Stakeholder Values and Preferences —
Sustainability Criteria Selection

Key Steps: Select Economic, Social and Environmental Criteria

Economic Social Environmental
CBA Analysis Analysis

Decision Problem and

Generation of Alternatives _ Key Steps: ) ~ KeySteps:
Monetize Costs & Benefits, Relative Criteria Weighting,

Uncertainty Assessments, Scoring of Alternatives,
) Key Steps: Choice of Discount Rates, Uncertainty Assessments,
Define Objectives, Reference Net Present Values Sustainability Index

Alternative, Planning Horizon,
Sustainability Analysis

\ & Alternative Interventions /
Key Steps: Normalization, Relative Domain Weighting,
Overall Sustainability Index

Uncertainty and Sensitivity Analyses

Key Steps: Monte Carlo Simulations,
Uncertainty and Sensitivity Analyses

Review, Deliberation and Alternative Selection
<—

L Key Steps: Ethical and Political Reviews and Deliberations

\V/

Figure 5.1 Schematic description afdecisionanalysisframework, including theevelopediecision
supportmodel for sustainabilitassessmerdf regional water supply interventions

The first part of the sustainabiligssessmeivolves a selection of criteribased on
which the alternative interventions are to be evaludtedhid in that selection, a generic
list of sustainability crited for regional interventions was developedollaboration
with stakeholders and expeftem the Goteborg region in Swedgrable5.1).
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Table5.1 Generic set of sustainability iteria.
DOMAINS CRITERIA DESCRIPTION
Equity Effects on equity regarding if some consumers and/or

municipalities are made worse off by the alternative.

Effects on human health due to insufficient source water
Health quality, quantity, water tretment, distribution and/or

Social
emergency preparedness.
/| 2yadzYSNAQ GI19FFSOGa 2y O2yadzySNEQ G NHza
L Effects with regard to public access and participation in
Access and participation . p .
water supply planning and decisionaking.
Energy use at construction Total energy use at construction.
Energ_y use qt production Total energy use at production and distribution.
and distribution
Effects on water use in production and distribution, e.g.
Water use :
water reuse, alterative water use and leakage.
] Materials for construction  Use of noarenewable materials foconstruction.
Enmironmental _ _ ) )
Chemical use Effects on total chemical use in water production.
Nonrecyclable waste Production of norrecyclable waste.
. Effects on aquatic ecosystem viability due to quality and/ol
Agquatic ecosystems - .
guantity changes in wateesources.
. Effects on terrestrial ecosystem viability due to e.g. land u
Terrestrial ecosystems
changes.
Economic Economic profitability Economic profitability assesd by means of CBA.

Effects in the social and environmental sustainability domains are assessed based on the
MCDA procedures of scoring and weighting (s&gherdescription in Paper Il and
section3.4).Theas sessment principles are based on s
value judgements followed by an aggregation of preferences across the éiteria.
probabilistic approach is used to enable a structured handling of uncertainties regarding
the performancef the alternatives. In relation tareference alternativéhe minimum,

most likely (mode)and maximum scores are therefore estimated for each criterion on a
scale from-10 to 10. These estimates are then input parameters in Beta PERT

probability distibutions(Malcolm et al., 19590 represent the uncertainties of the

scoresA simple scoring ai@f guiding matricesvas developed ttadlitate uniform

scoring By using a linear additive model, a social and environmental sustainability
indexarecalculatedor each alternativas the weighted sum of the scores on all criteria

of the specific sustainability domain.

To account for ethicgllurdism, theeconomic effects are analyzleg use ofCBA (see
further description in Paper | asdction3.1). In aCBA, the benefits o&n intervation
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arecompared to itsosts(again in relation to a referenceéeahative).Future costs and
benefits arexpressed ipresent values using specified discountsatdereby net
present values and thus economic profitability can be calculated for each altetnative.
a similar wayas thdist of genericsustainabilitycriteria wasgenerateda list of generic
costs and benefifer regionalinterventionsvas alsalevdoped {Table5.2). The
provision of generic lists afriteriaand costs and benefifacilitates the identificatin

of potential consequences so thdeets that are normally overlooked in evaluation
processes can be explicitly considered and openly addressed. It fadhegs the risk
of double countingffects when evaluating alternative interventidPeper | povides
examples of how some of the t®and benefits can be estimated in monetary terms.
Uncertainties regarding cost and benefit estimatesx@messedy lognormal
probability distribution functionéGarvey et al., 2016)

Tableb5.2 Potertial costs and benefi of regional water supply interventions.

CRITERION  COST & BENEFIT ITEMS EXAMPLES

Investments

Water utility costs and Operational and maintenance costs

benefits

Other costs and benefits for water utilities
Hfects of watersupply Lost value added in economic sectors
reliability Losses for residential consumers

Costs for healthcare
Water related health .
Lost production
effects

Discomfort and loss of life

Drinking water
Economic

profitability Irrigation

Hydropower

Effects on ecosystem Industrial water use

services Recreational activities
Flood & erosion risk reduction
Retention of contaminants

Other ecosystem services

Effects on agriculture, Agricultural, forestryand industrial production
forestry and industry due
to water protection
restrictions

Other effects on agriculture, forestry and industry due to wate
protection restrictions

After assessments of the social, environmental and economic effects, the alternative
interventions can beanked within each sustainabylilomainby their sustainability
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indexes andNP\s respectivelyln order b calculate an overall sustainability index,
which takes all domains into accoutiite domainsnust first becomparable and
assessed on@mmon scaleln the proposed decision mogdlis is done by
normalizng the economic domaiso that theNPVsare transformed to similar unit-
lessscaleas the social and environmental sustainability indexes, i.e. ranging¥fota
10. Theoverallsustainabilityindex S can therbe calculateddr each alternativéa)
using a linear additive model:

Yoo Yip oo Yy oo Yo (5-1)
whereWis the rdative weight of each domai&eny andSsocare the environmental and
social sustainability index@andSecois the normalizedNPVgiven by:

00 0
0 e ub O cgDwLl O 6

Y . o 52)

Case studgite

The sustainability decision modedovided inPaper Il and the ecomic valuation
examplegprovided inPaper | werdothexemplified by application in th@6teborg

regionin SwedenFigure5.2). TheGo6teborgregionconsists ofl3 municipalitiesand

has aboubne million inhabitantsThe regiord srinkehg water is supplied frorB0 water
treatment plants, of which 12 are supplied by surface water, 15 by groundwater and 3 by
artificially rechargedyroundwaterAbout 75% of the source watein the regiorcomes

from theriver Gotaalv. Gota aly which fows from Lake Vanern to the City of

Goteborg, has a varying water quality andassidered particularly exposealeffects

of climate changes, e.mcreased risks dfooding, landslideserosion, increased sea

levels andraryingstorm watequality. The large dependence on Gota alv together with
the riverbés exposedness and the overall i ns
replace the main source watswith supplementary water if necessary, contributes to

making ther e g i wvater&gply vulnerable(GR, 2014)

The fivealternative intervietions analyzed in Paperand Il were designed to meet the

nine regional targets of the GYGRe20klYy g regi o
and to illustrate general decision situations regarding regionalization, (de)centralization,

source watequality and redundan¢geeTable5.3.
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Lake Vnern

Figure 5.2

Tableb5.3

[

The 13 municipalities of the Gotebampion (left) and their position in Sweden (right),
© Lantmateriet.

Description of akernative interventions evaluated for thét€bag region

ALTERNATIVE
INTERVENTIONS

DESCRIPTION

Al: Regionalized governanci
& centralized production
from lake Vanern

A2: Regionalized governanci
& centralized production
from the river Gota alv

A3: Regionalized governanci
& maintained semi
decentralized production

A4: Maintained governance
& decentralized groundwater
dependent production

A5: Maintained governance,
with additional source waters
and treatment plants

{6SRSyQa I NBSad f1F1SZ NYySNYy
region. Water isdd in a tunnel from Vanern, which is located outsi
the region, to the City of Goteborg wherdsttreated and then
distributed throughout the region. One single drinking water
organization operates the production. Water protection areas and
restrictionsfor prior source waters cease to exist.

The river Gota alv is the main source water for the entire region. 1
water is treated in the City of Géteborg from which it is dimited
throughout the region. One single dkimg water organization
operates the production. Water protection areas and restrictions fi
prior source waters cease to exist.

Currentwater treatment plants, source waters and tea protection
areas are maintained. One single drinking water organization
operates the production within the different municipalities.

Current water treatment plants, water prettion areas and source
waters, except Gota alv, are maintained. The source waters are
supplemented with increased/new withdrawals from several
groundwater resources as well as some lakes. New water protect
areas and restrictions are established for thew source waters.

Current water treatment plants, source waters and water protectic
areas are maintained. The current system ipaded with two new
water treatmentplants and an increased proportional use of the
NEIA2yQa fIFNBSad tF1Saod
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Case study results

Monte Carlo simulationg/ere used to calculate the identified cost and benefit items
the alternative interventionaswella s t h e aNPVssocraleatl envirersnéntal
sustainability indexes and overall sustainability indeXég. simulations were based on
10,000 iterationswhich wasconsidered sufficient number to achieve robust results
sincethevariationbetween epeated simulationgas small and dinot affect the
interpretation otheresults Monte Carlo simulations were also useddensitivity
analysis Since the interventionsere assessed relative to a reference alternative, the
alternatives performing woeghan the reference alternative @anegative
sustainability indexPVand alternatives performing better than the reference
alternative have a positive ind&W?V.

The CBA outcome is presented kigure5.3, indicating thatle two alternatives with a
regionalized water utility and centralized drinking water produdifdnand A2)were
the least economically profitable alternativéle alternatie with highest averagePV
(A3) was that of a maintained production and regiaedliutility. However, as
discussed in Papeland I, alternative A3nayhave benefitefom the model for
estimating operating and maintenance costs compared to the plibesds also
shown inFigure 5.3 there isalarge difference between the attatives on how certain
(or uncertain) the information used to estimate the net present values are.

W P05

1.4% 30 years 3.5% & 30 years m P50

4000 4000 P95
2000 2000

0 0 r—

-2000 A3 4 5 -2000 A3 N A5
-4000 -4000
-6000 -6000
-8000 -8000
-10000 -10000

1.4% & 70 years 3.5% & 70 years
4000 4000
2000 2000
1 I " v s,
-2000 2 A3 A4 A5 -2000 A3 4 A5
-4000 -4000
-6000 -6000
-8000 -8000
-10000 -10000
Figure5.3 P05, P50 and P® net present values of the five alternatives evaluated for the discount

rates 1.46 and 3.5%, and the time horizons 30 years and 70 years (MSEK).
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The results from the criteria weightispows thah e al t h and conseseamer so6 t
asmost important among the social criteféhereas aquatic and terrestrial ecosystems

along with wagér use and energy use at production and distribution were seen as most

important among the environmental criteda. shown inFigure5.4, all alternatives

were expected to contribute to an increased social sustainability. Thisogtg due to

an expected increase in consumefA3)andt rust f o
a slightly expected increase within the health criterion in the other two alternatives (A4

and A5).Within the environmental domain, the groundwater dadternative (A4) was

expected to lead to the highest increase in sustainability, andntinalized alternative

with a long source water tunn@l) wasexpected to lead tiargest decline in
environmentasustainability.This wasin large pardue to psitive and negative effects
respectivelypn aquatic ecosystems

Social sustainability index B P05 Environmental sustainability index ® P05

B P50 m P50

3 pos 3 P95
2 2
'l addd
0 -. 0

1 Al A2 A3 A4 A5 1 2 A3 A4 A5

-2 -2

Figure5.4 P05, P50 and P95 of social (left) and environmental (right) sustainability indexes

As shown aboveht results from the deais model can be used to rank alternative
interventions from the most preferred to tbast preferred within each sustainability
domain angdas shown in Paper With regards to all domains combined. The
probabilistic approach used in the model enabksugtured handling of the

uncertainties in all three domains, facilitating calculadiof e.g. probabilities that
alternatives exceed certain cost limitations or environmental threshold values. Another
valuable feature of the probabilistic approacthat itenablescalculatiors of the

probability that each measure will perform best withach sustainability domain and

with respect to all domainkigure5.5

As shown in Figure 5,3hecentralized and regionaéd alternative Al hsthe highest
probability ofbeing the best solution with respect to the social criteria whereas the
groundwater dependent alternative A4 tiee highest probability of being best solution
with respect to thenvironmental criteria. Hogwer, when combining all the three
sustainability domains (with equal weight), the regionalized alternative with maintained
production (A3) shows the highest probability of being the overall best solution.
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Environmental
10 Probability of being bes.t.solution, 10 Probability of being best solution in each domain g 5
overall sustainability Econonmic

08 0.8
0.6 0.6
04 04
02 02
0.0 0.0 —_ . .

AL R A3 M A Al A2 A3 A4 A5

Figure 5.5 Probability that each alternative is the best solution in each sustainability domain (left)

and in all domains combined (right).

The decision model provides a novel way of presenting monetized benefits and costs
with nonrmonetized social and emenmental effects, capturingpth utilitarian aspects

of the alternative interventions as wellaspects based in the deontological thesoaf

moral ethicsThe model can be used by decisinakers to develop coherent

preferences within economic, enviroental and social sustainability so that decisions

on regional water supply interventions can be taken with a higher degree of confidence.
In addition, communication between decisioakers, stakeholders and the community

is facilitated by the organizezhd transparent treatment of uncertainttysintegrating
stakeholders in thdecisioamakingprocessthe likelihood ofviable and accepte

decisiondgs increased

5.2 Marginal abatement cost curge

As pointed out irsection2.3, large attention has been given to water scarcity and
droughtin Sweden in reent yearsAmong other things,idcussions have focused

how we can be better prepared for the next dry periamg we should use and manage
our water resourceandwhich measuresto prioritize in the effortto increase water
availability.

As improved water availability can be reached in many different waysontribution
from severakocietal sectors, there was a need for a shared startinggpantss
sectoral dialoge. To address this needdeacision support tool for comparing cost
effectivenes and potentials ahunicipal, agricultural, industrial and household
mitigation measures wakevelogdin Paper Il The tool is based and on the marginal
abatement cost cur{®ACC) approach(see further description section3.3), andthe
mainfocus in the development was to provide a systematic handlthg ohcertainties
involved.
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Case study site

The MACC was applied on the island of Gotlande ofthe most watestressed areas

of SwedenGotland iswith its 3,000km’Swe d e n 6 s |. Hislgcatsdtinties | a n d
Baltic Sea about 100 km from the mainlaardlit is one of the most popular tourist

summer destinations in the countifne numbenf people who live on Gotland all year

round isabout 58,000, just a fraction of the vast number of visgach yearThe peak

season for tourisns during the summer, resulting in a large seasonal variation in water
demand and with the highestmand ocuring when water supplies are at their lowest.

Thelargevaration inwater demands coupled wih a generally low water availability
andhigh precipitation ruroff due tothin soil layersextensiveagriculturaldrainage,

and lack of coherent resem®in the sedimentary limestone bedro€ke water supply
systemhasa large proportion of private solutions, with oBl¥%6 of the households
connected to the public water supply systemaddition to an already constrained water
supply situation, the tal water demand on the island is predicted to increase by more
than 40% through to 204&kklund, 2018) seeTable5.4.

Table5.4 Recent andorecasted water demand on the island of Gotléidund, 2018)
FCTOR WATER USK PREDICTECHANGE PREDICTED DEMAN
2015 (Mnilyear) TO2045 IN 2045 (Mni/year)
Households
1 Municipal water 25 +20% 3
1 Private water 1.2 +20% 1.4

Animal keeping

1 Municipal water 0.2 +100% 0.4

1 Private water 13 +5% 14
Tourism etc.

1 Municipal water 1.3 +30% 1.7

1 Private water NA NA NA
Industry

1 Municipal water 0.3 +100% 0.6

1 Private water 5.8 +10% 6.4
Irrigation 5.0 +100% 10
Total 17.6 24.9

Case study results

A multidisciplinary expert workshowasheldto find a relevant subset of measures to
be analyzed and compared for the island of Gotl&hd final list of measuraeacluded
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in the studyis provided inTable5.5. The measures aim to eithacrease the water
supply or to decrease the water demand.

Table5.5 List of measuresaimed at increasing supply (S) and decreasing demandr(@ydedin
thestudy
SECTOR MITIGATION MEASURE SHORT DESCRI®N
Municipality Leakage detection (S) Extended active leak detection efforts using district
metered areas, in which the flow is univocally
measured.
Municipality Desalination (S) Reverse osmosis desalination anahsport of treated
water to demand ceters.
Municipality Surface water extraction (S Increased surface water extraction.
Municipality Groundwater extraction (S) Increased groundwater extraction.
Municipality Artificial recharge (S) Artificial groundwater recharge in existing water
supplies
Municipality Wastewater for irrigation Improved wastewater treatment with UV for irrigation
(S)
Household Rainwater harvesting (S)  Collection and treatment of rainwater to drinking wate
quality at single household units.
Household Small scale dedahtion (S) Collection and treatment of seawater to drinking wate
quality at single household units.
Household Vacuum toilets (D) Installation of vacuum toilets in single households.
Household  Greywater reuse (D) Installation of greywater treatment tectiques for non
potable reuse in single households.
Agriculture  Sub irrigation (large scale) Implementing controlled drainage and sub irrigation k
(S) regulating the riser in the draiautlet. Permit required.
Agriculture  Sub irrigation (small scale) The same measure as above but without permit
(S) requirement.
Agriculture  Irrigation dams (S) Collection of precipitated water in irrigation dams.
Agriculture  Ramp irrigation (D) Conversion from traditional irrigation methods to
water-saving irrigation techiques.
Industry Reuse of mining drainage  Treatment of mining drainage water to drinking water
water (S) quality and use within the municipal water supply
system.
Industry Saltvater pools and toilets Conversion from freshwater to seawati®e campsite
at campsites (D) poolsand toilets
Industry Retrofit showers and taps  Retrofitting showerheads and bathroom faucets with

at hotels (D)

water saving devices.

In Figure5.6, the marginal costs of increasing waterikamlity arepresented for the
analyzed measures along with the water availability potentialobf m@asure. As
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describedn section3.3, the measures mMACC are ranked in order oharginalcoss
with the mat costeffective measuredisplayedo the left. Hence, as shown in the
MACC below, the analyzed household measures were the leasifiemsive for

Gotland. The most cogtfffective measure, retrofitting showerheads and faucets at
hotels, was financiallieneficial due téhe energy savingthat came with reducing
warm water usagéiowever, itis important to point out thaihe marginal costs are
based on sitgpecific conditions and the investments requaerdhosespecificsites in
orderfor theimprovedwateravailability to reach its intended udeor example, if new
pipelines are needed for desalinated water to reach intended towns, the costs of piping
are included in the marginal cost$e largest water availability potential was
associated with greasing the numbef origation dams on the island. Of the municipal
measures, an increased groundwater extraction and desalination had the largest
potential.

Figure 5.6 Marginal abatement cost curve fagricultural, housebld, industrial and municipal
measures based on mean values at a 3.5% discount rate (note the logarithmic scale on
the yaxis)

Uncertainties associated with cost items, water availability potentials and other input
data were represtad by probability ditributions, and calculations were performed by
Monte Carlo simulations (10,000 iteration8% mentioned in Paper llijncertainties

are commonly not considered in MACCs and them@ commonly applied approach

for uncertainty and ssitivity analysis. Tie probabilistiapproach proposead Paper |l
enables a thorough uncertainty analysis where the variatestimated water

availability and cost can be assessed and thus the robustness of the measures
evaluatedThe range of uncainties associated i themarginal costs ishownin
Figure5.7 by the 3", 50" and 94" percentiles.
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