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Executive Summary

This dissertation explores the potential of Nexus analysis under the frame of
advanced clustering algorithms and system dynamics modeling, to enhance
water security at all levels (household-, city-, and national-level) thus
contributing to environmental security. When considering the Water-Energy-
Food (WEF) nexus and in an effort to identify which sector affects the most the
other sectors (most influential) and which sector is affected the most (most
vulnerable), other studies (Laspidou et al., 2019) indicate that the Water sector
is the most vulnerable one. To this end— efficient water uses through data
science, technologies and efficient systems—clustering algorithms and
specifically Self-Organizing Maps (SOM), K-means (KM) and Hierarchical
Agglomerative Clustering (HAC) are implemented in matlab and RStudio to
detect water consumption patterns at household and consumer level, using
different features of the population each time to feed the algorithms. Moreover,
a water-energy nexus analysis is conducted quantifying the water-energy nexus
at the city level. Then the Greek WEF Nexus system under climate change is
simulated using system dynamics modeling implemented in Stella Architect.
Next, a system resilience analysis is applied to the same model to examine
which proposed policy makes the system more resilient in terms of the size of
the disturbance it can absorb and how quickly it recovers to its initial state.
Finally, an analysis in terms of quantifying the impact of WEF nexus as a multi-
dimensional approach on the 17 Sustainable Development Goals (SDGs) is
conducted, aiming to promote integrating planning and policymaking.

In this dissertation, we use several datasets that come from various research
projects. The datasets are the following;:

1) Water consumption from a single household in Sosnowiec, Poland in
various locations, such as kitchen, bathroom sink, shower/bathtub, toilet
flushing, dishwasher and washing machine; data had a granularity of 30
sec. This data set came from the EU project ISS-EWATUS.

2) Total household water consumption for Milford, Ohio, USA, for 10
households. Temporal data granularity is not constant here, since there
was a recording every time a water use "incident" happened, e.g. every
time a faucet was used in the household. This dataset was provided to us
via a research collaboration with Prof. Enrico Creaco (Buchberger et al.,
2003).

3) Total water consumption for the island of Skiathos, Greece. This dataset
came from the Skiathos Water Utility and represents daily amounts of
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treated water supplied to households and businesses in Skiathos, with a
resolution of one value per day. This dataset came from the EU project
ISS-EWATUS.

4) Electricity consumption for the island of Skiathos, Greece divided in 3
uses--domestic, agricultural and commercial--in a monthly time step for
6 years (2010 to 2015). This dataset came from the Public Power Company
of Greece.

5) An extensive national level dataset for Greece divided in its 14 River
Basin Districts for Water, Energy, Food, Land Use and Climate. The time
step is monthly for the year 2010. This dataset came from the
SIM4ANEXUS project, and it is publicly available at: Mellios and Laspidou,
2020.

The structure of this dissertation is described as follows:

Chapter 2 focuses on how the daily household water consumption can be
clustered aiming at water security at household level. Household water
consumptions can be grouped into days of the week through specific
population characteristics. The features used to discretize the days of water
consumption are statistic metrics and (half-hourly) consumption time zone
consumption metrics. The time zoning is realized in two ways, the first being
the typical morning, noon, afternoon, evening and night and the second
considering the local working hour time zones. For the analysis, the SOM
algorithm is implemented, using some of the selected features. The outcome of
this analysis was the self-organization of the Sosnowiec data into groups
(clusters) with specific characteristics that essentially differentiate the water
consumption of the household on weekdays and weekends. So, the algorithm
manages to detect clear consumption patterns, grouping the weekday data
(Monday to Friday) into a separate group from that of the weekends.

In chapter 3, an analysis of urban water consumption patterns at consumer level
and the estimation of the corresponding water demand for water utility is
presented. This study proposes a comprehensive methodology for water
managers to achieve an efficient operation of urban water networks, by
successfully detecting residential water consumption patterns corresponding to
different household needs and behaviors. The methodology uses SOM as the
main clustering algorithm in combination with KM and HAC. The objective is
to create clusters in a literature dataset that includes water consumption by
customer-users. Originally, water consumption data was recorded for every
water use incident in the household, while for this analysis, the information is
converted to half-hourly water consumption. The consumptions refer to
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households in Ohio, USA. Individual customers with similar consumption
behavior are clustered and water-consumption curves are calculated for each
cluster; these curves can be used by the water utility to obtain estimates of the
spatiotemporal distribution of demand, thus giving insight into peak demands
at different locations. Statistical indices of agreement are used to confirm a good
agreement between the estimated and observed water use, when clustering is
employed. The resulting curves show a clear improvement in capturing water
consumption behavior at household level, when compared to corresponding
curves obtained without clustering. This analysis offers residents, water
managers, water utilities, and policy makers an innovative solution relying on
real time data and using data science principles for optimizing water supply
and network operation by successfully detecting residential water consumption
patterns corresponding to different residential needs and behaviors.

In chapter 4, a water—energy nexus analysis is conducted in order to achieve a
sustainable supply and effectively manage water and energy at city level.
Different electricity uses such as domestic, agricultural and commercial are
compared and tested on how they correlate with water use. Specifically, time
series of water and energy consumption for the island of Skiathos are analyzed
using specific distance metrics. The results of the analysis show that water and
energy are intimately related. Therefore, domestic electricity use does not
correlate with water use. This isolated case is due to the fact that the water on
the island of Skiathos is characterized by a high mercury content, thus making
the water not eligible for drinking, so its domestic use is limited.

Chapter 5 highlights that climate change impacts the water—energy—food
security; given the complexities of interlinkages in the nexus system, these
effects may become exacerbated when feedback loops magnify detrimental
effects and create vicious cycles. Resilience is understood as the system’s
adaptive ability to maintain its functionality even when the system is being
affected by a disturbance or shock; in WEF nexus systems, climate change
impacts are considered disturbances/shocks and may affect the system in
different ways, depending on its resilience. Future global challenges will
severely affect all vital resources and threaten environmental resilience. In this
article, we present a resilience analysis framework for a water-energy—food
nexus system under climate change, and we identify how such systems can
become more resilient with the implementation of policies. We showcase results
in the national case study of Greece. Parametric sensitivity analysis for socio-
ecological systems is performed to identify which parameter the model is the
most sensitive to. The case study is based on the structure of a system dynamics
model that maps sector-specific data from major national and international
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databases while causal loop diagrams and stock-and-flow diagrams are
presented. Through engineering and ecological resilience metrics, we quantify
system resilience and identify which policy renders the system more resilient in
terms of how much perturbation it can absorb and how fast it bounces back to
its original state, if at all. Two policies are tested, and the framework is
implemented to identify which policy is the most beneficial for the system in
terms of resilience.

Finally, chapter 6 focuses on the cross-mapping of important interactions
between Water-Energy-Food nexus indices and the SDGs. Worldwide, many
developing countries are making efforts to achieve sustainability through the
17 SDGs and at the same time to contribute to environmental security. The
Water-Energy-Food (WEF) nexus aims to enhance this effort through an
integrated, multi-disciplinary and multi-domain approach providing a better
understanding of the interactions among the Goals, both at and across different
scales, to promote equitable access to resources, human wellbeing, and
ecological integrity. The Nexus approach will support the implementation of
the SDGs especially SDG 2 (Food), SDG 6 (Water), and SDG 7 (Energy), but also
most SDGs have elements linked to food, water, and energy in one or more
ways, and will benefit from a Nexus approach. The SDGs are designed to be
cross-cutting and to be implemented together, which is also reflected in a WEF
Nexus approach. In this article, we explore the influence of the WEF nexus on
the SDGs by assessing the impact of Water-Energy-Food —the three WEF nexus
components—on specific SDG targets by providing scores via a 7-point rating
scheme. The goal is to help policymakers to create coherent policies and
strategies through a systemic analysis of the many interactions by identifying
synergetic or antagonistic effects of WEF nexus policies with the SDGs. Results
are showcased through advanced visualization tools that cross-map the WEF
nexus on the SDGs to reveal the complex and possibly obscure inter-
relationships of the resource nexus with the 17 SDGs. Finally, a Fuzzy Cognitive
Map analysis is conducted on the scores in order to identify the most
“influential” and most “influenced by” SDGs analyzing the causality in this
complex system of positive and negative interlinkages. Through this analysis,
specific SDGs are indicated as the most influenced by the WEF nexus, revealing
either synergies or trade-offs, while other SDGs are identified as having little
interaction with the WEF nexus system.

The novelty of this dissertation relies firstly on a detailed pattern analysis using
the SOM algorithm. Daily patterns of water consumption at household level are
identified by using specific population characteristics leading to the creation of
clusters. An innovative solution for water utilities is proposed, based on real
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time data and using data science principles to optimize water supply to
customers and network operation. Two combined algorithms—Self-Organizing
Maps (SOM) — K-Means (KM) and Self-Organizing Maps (SOM) — Hierarchical
Agglomerative Clustering (HAC)—were developed to create clusters that
include customer water consumption. Then a Water-Energy nexus analysis is
performed at the city level in order to quantify their correlation and a WEF
nexus approach under climate change combined with systemic resilience and
parametric sensitivity analysis at national level is also presented. To simulate
and model the Nexus for this analysis, System Dynamics Modelling is used. In
this dissertation, the influence of the WEF nexus on the SDGs is also explored,
by using Fuzzy Cognitive Maps analysis.
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Exktevng MeplAnyn

Avt) 1 duatoP) degevva TIc duvatoOTNTEG AavaAvong g dxovvdeong
(nexus) Twv MOPWV 010 TAALOLO TIEONYHEVWVY aAyopiOuwyv opadomolnong
KL LOVTEAOTIOMOTG DVVAULIKWY CLUOTNUATWY, OTOXEVOVTAG 0T dLATPAALOT)
TOU VEQOU 0& OAx Tt emimeda (OKIAKO, TOANG kot €0vikd emimedo)
ovupPardovtag étol otnv mepBaAdovikr) aopdAew. Efetaloviag
daovvdeon Nepov-Evépyewac-Toopric (Water-Energy-Food Nexus—WEF
Nexus) kat oe px mEoomabelx var TEOTOLOQIOOVE TOLOG TOMENS eTNEEALEL
TLEQLOOOTEQO TOVG AAAOLG TOHElS (AVTOC HE TN HEYAAVTEQN €TIEEON) KAl
TIOLOG TOMERG emEeAleTal TeQLOOOTEQO (O TIO EVAAWTOGC), AAAeC peAéteg
(Laspidou et al., 2019) katadeucvoovv o1t 0 topéag tov Nepov eivat o mo
evaAwrtoc. I'ia Tov oKkoTo avtd —amodoTIKY) XOT1)0T VEQOV HEOW ETUOTING
OedOUEVWY,  TEXVOAOYWOV KAl EVPLWV  CLOTNUATWV—  aAYOQLOpOL
opadOTONONG KAl oVYKeKQLUEVA XapTeg Avtd-0oQydvwong (Self-Organizing
Maps), K-means (KM) wxoat Hierarchical Agglomerative Clustering (HAC)
epapgpolovtat ot matlab kat to RStudio ywx tov evtomopd mootvmtwv
KATAVAAWOTG  VEQOL 0Og  eTimMedo  VOWKOKLOLOU KAl  KATAVAAWTY),
XONOLHOTIOLWVTAS DAPOQETIKA XAQAKTINOLOTIKA TOL TANOLOHOV kdOe oot
Yx TV 100odOTNON TwVv aAyopibuwv. ErunAéov, diefayetat px avaAvon
dLxovVOEOTG VEQOV-EVEQYELAS TTOTOTIKOTIOLOVTAG T OLXOVVOETT) VEQOL KL
evégyelag oe emimedo MOANG. Ltn ovvéxeta 1o eEAANVIKO ovotnua WEF Nexus
LVTTO TNV KAATIKN] aAAayr]) TQOOCOMOWWVETAL 08 OUVAMULIKO HOVTEAO
OLOTNUATWV XENOHoTIoOLWVTAG TO Stella Architect. AkoAovOel px cvoTnukn
avaAvon avOektikotnTag (system resilience analysis) mov epaguoéotnie oto
(O HOVTEAD Yx va e€etaotel TOWX TEOTELVOUEVT] TIOALTIKT] KaOloTtd TO
oVOTNUA IO AVOEKTIKO OO0V APOEAX TO HéYEDOG TG daTaPAXNG IOV TTOQEL
V& ATIOQROPT)OEL KAl TO TOOO YO YOO EMAVEQXETAL OTNV QQXLKI] TOU
kataotaon. TéAog, moaypatomoleitat px avaAvon pe OKOTo TNV
ntoootwkornoinon tov avtiktvrtov tov WEF Nexus wg moAvdixotatng
TEOCEYYLoNG otovg 17 Ttoxovg Buwowung Avantuéng (EBA), otoxevovtag
otV mEOwONON NG OAOKANQEWOTNC TOLU OXEDAXOHOV KAl TNG XAQaENG
TIOALTIKT]C.

Ze avtr) ) dxtoLPr), €xovv xonopomnowm et ToAA& oUvoAa dedopévwv mov
TIQOEQXOVTAL ATIO dLAPOEa epevvNTKA éQVa. Ta ovvoAa dedopévawv elvat ta
axoAovOa:

1) KatavaAwon vepov amd éva pévo voukokvold oto Sosnowiec Tng
[ToAwviag oe dukgopes tomobeotec, Omwg kovliva, veQoxXVUTNG
HTIAVIOU, VTOUG/UTavVIEQR, TAVOIHO TOVAAETAC, TALVTIOO TUATWYV
Kkat TAvvtieo govxwv. Ta dedopéva elxav Aemtopen katayoapr) 30
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devtepoAémTwy. Avtd TO OLVOAO dedopévwv mEonAbe amd To
evownaikod éoyo ISS-EWATUS.

2) LUVOAIKN KATAVAA®WOT] VeQOU OWKIAKNG XoNomns Ywx to MiAgopvrt,
Oxdio, HITA, yix 10 vowokvouk. H evaoOnoia twv xoovikwv
dedopévwy dev elvarl otabeEn €dw, agov LVINEXE KatayQaen Kabe
(POQA TIOL OLVEPALVE €VA «TEQLOTATIKO» XOTOTG VEQOU, T.X. KAOe
(POQ& TOL XEnowlomou)Onke pix PEVON OTO VOLKOKLQELO. ALTO TO
OUVOAO dedOUEVWY HAG TaQaoxéinke HEOw MG €QELVNTIKNG
ovvepyaolag pe tov kadnyntr Enrico Creaco (Buchberger et al., 2003).

3) LuVvoAkn katavaAwon vepov ywx to vnol g XktkOov. Avtd to
oVvoAo dedopévwv mEonAbe amd v Ydpevon g Lkidbov xat
AVTLTIQOOWTIEVEL TIG MHEQTOLEG TOOOTNTEG ETEEEQYATUEVOL VEQOV
TIOU TAREXOVTAL O€ VOLWKOKUQOLX KAL ETIXELQNOELS 0T XkikOo, pe
avAaAvon plag Tung ava nuéga. Avtd to ovvoAo dedopévwv TEoNADe
atd to €oyo ¢ EE ISS-EWATUS.

4) H xatavaAwon nAektokne evégyewag yix to vnot e Xxukbov
xwolletat o€ 3 XONOELS - OKLAKT], AYQOTLKT] KA ELTIOQLKT] - O PUNVIXIO
X00Viko PBrua ywx 6 xooviax (2010 éwg 2015). Avtd 1o ovvoAo
dedopévwy meonABe amo t Anuoowa Emixelonon HAektolopov tng
EAAGOOC

5) 'Eva extevég ovvoAo dedopévwy oe e0viko emtimedo yix tnv EAA&Gda
xwowopévn otig 14 Iepoyxéc Aexdvng Amtogpons Iotapov v to vepo,
TNV €VEQYELR, TA TQOPLUQR, TN XONoT YnG kat to kKAlpua. To xpovikd
Prjna etvar punviaio yix to €tog 2010. Avtd to ovvoAo dedouévawyv
nipogpxetat and 1o éoyo SIMANEXUS kat etvat dnuoowx duxOéopo
(Mellios and Laspidou, 2020).

H doun g mapovoag OIMAWUATIKNG EQYXOIAG TLEQLYQAPETAL WG EENG:

To kepdAaio 2, eotidlel 0TO TG UTTIOQOVHE VA ONULOVQYT|OOVUE OUADES
(clusters) xonoipomowwvTag dedopéva NUEQNOLAS KATAVAAWOTG VEQOV eVOG
VOLKOKVQLOV HLE ATIWTEQO OKOTIO T1 DLATPAALOT) TOL VEQOL OE OLKLAKO ETILTTEDO.
Ot owctakéc katavaAwoelg vepov pmoel va opadoTomOovv oe NUéeg tng
epdouAdac, HEOW OQLOUEVWV XAXQAKTNOLOTIKWY Tov TANOuopov. Ta
XXQAKTNOLOTIKA TIOV XONOLUOTIOLOVVTAL Y T dlAKQLTOTON O TV NUEQWV
KATAVAAWOTG VEQOD £lval OL OTATIOTIKEG HETETOELS KAL OL (AVA HLLOT] Qo)
HETONOEIS  KATAVAAwONG 0  dxpogec Cwves woas. H  xoovikn
dlakprromoinon g Cwvng weag moaypatomoleltat pe dvo tEOTovg, O
TIOWTOG ELVAL 1) TUTUKN TEWLVT), HECTHUEQLAVT], ATIOYEVUATIVY, KAt Boadivn
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Cavn kat o devteQog AappPavovtag vmoyn Tig TUTKES CWVES EQYATIUWY
wowv og k&Be megroxn. ' v avaAvorn, xonoponomOnke o aAyooLdpog
SOM, XONOWOTIOLWVTAS OQLOMEVA ATO TA ETUAEYHEVA XAQAKTNQLOTIKA.
AmotéAeopa NG OVYKEKQLUEVNG aVAALONG T)TAV 1] ALTO-0QYAVWOT] TWV
dedopévwy oe opadeg (clusters) pe OULYKEKQUUEVA XAQAKTIQLOTIKA TIOU
OLOLAOTIKA OLAKQLTOTIOLOUV TIS KATAVAAWOELS VEQOU TOL VOLKOKLQOLOU O&
kaOnueowvés kat ZapBpPatokvoara. O aAdyoplOpog dNAadn katagégvel va
avayvwoloet Eexabapa potiBa katavaAwaoTg, opadoTolvTag ta dedopéva
TV KaOnuegvwv (Aevtépa éwg Iapaokeun) oe EexwoloTr) opdda amd avtn
TV XaBpatokvolaKwy.

rto ke@pdAao 3, maQovoldletal U AVAALON TWV TIEOTUTIWV QOTIKNG
KATAVAAWOTG VEQOV 0O¢ eMimMedo KATAVAAWTH] KaL 1 ektipnon ng
avtlotolxng CNTnong vepov yix v etaeia vKdPevong. Avtn 1 peAétn
ToTtelvel i OAOKANQEwWHEVT neBodoAoyila yix TOUG OLXXELQLOTEG VEQOU
WOTE VA ETUTUXOVV LXK ATIOTEAETUATIKT) AELTOLEYIA TWV OIKTVWV VOEEVOTC,
AVIXVEVOVTAG ETUTLXWS TIEOTUTIA KATAVAAWONG VEQOL OLKLAKNG XON 0TS IOV
QAVTIOTOLXOUV O& OLAPOQETIKES OLKIAKES AVAYKEG Kal OLUTEQLpoés. H
pne@odoAoyia xonowomotet SOM wg tov kUELO AAYOQLOHO opadoToinong O
ovvdvaoud pe KM kat HAC. O otéxoc etvat va dnpovgyndovv opddeg amd
éva oVVOAO 0EdOUEVWY TIOV TTEQAXIPBAVEL TNV KATAVAAWOT] VEQOV TTEARTWV
— XONOTWV. AQXKd, T 0edOUEVA KATAVAAWOTIG VEQOU KATAYQAPOVTAV YL
Kk&Oe meQLOTATIKO XONONG VEQEOU OTO VOLKOKLOLO, €VW YIX OUTNV TNV
AVAALOT), Ol TIAT|QOPOPLEC HETATOETIOVTAL 08 KATAVAAWOT] VEQOU avd HLoM
woa. Ot pepovwHéVoL TTEAARTES e TTAQOUOLX OUUTIEQLPOQR KATAVAAWONG
opadomolovvTaLl Kat VTOAOYILoVTaL Ol KAUTUAES KATAVAAWOTG VEQOL YIX
k&Oe opdda. Avtég oL KaUTUAEG HTTOQOVV V& XENOLHoTIomOovv and v
etawgelar VOEeLVONC YKx va ANPOOVV  EKTIUNOELS TNG XWEO-XQOVIKNG
Katavoung Tne Cnnong, dtvoviag €tol mMANEOQORLeC VI TIC ATALTNOELS
axung oe duapopetikég tontobeotieg péoa oto diktvo. OL oTATIOTIKOL dElKTEG
XONOLHOTIOOVVTAL Y Vo eTeBawoovy TNV kaAn] cup@wvia petalL g
EKTIHWHUEVTG KAL TNG TOXYHATIKI)G XOT|OTS VEQOU, OTAV XQTNOLHOTIOLE(TaL
opadomoinot. Ot kapmAEg OV TEOKVTITOLV delX VoLV Ha oa@r) BeAtiwon
OTNV KATAYQAPN TNG OULUTIEQLPOQRAS KATAVAAWONG VEQOL O€ €MiMedO
VOLKOKVQLOV, 0 OVYKQLOT] LE AVTIOTOLX G KAUTIVAEG TTOL AapPAvovTat Xweig
opadomoinon. Avty 1 avAALOT] TEOOEEQEL OTOVG  KATOLKOUG, TOULG
OlXXeQOTEG VOQELONG, TIC EMIXEWNOES KOWNG wW@EAEIRG KAl TOLG
LTTEVOLVOLG XAQAENG TOALTIKNG ML KalvoTOpo Avon mov Paociletat o€
dedOoUEVA TIOAYHATIKOV XOOVOU KAl XQNOLHOTIOLEL aXQXEC TNG ETUOTIUNG
dedopévwy Y T BeATIOTOTIOMOT] TG TTAROXNS VEQOL KL TNG AgtTtovQying
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TOL OLKTVOV, AVLXVEVOVTAG EMUITUXWS TIROTUTIA KATAVAAWONG VEQOU OLKLAKT|G
XONONG TOU QVTIOTOLXOUV O€& OLXPOQETIKEG OKIOTIKEG AVAYKES KAl
OUUTTEQLPOQEC.

Lo kepadAato 4, dteEayetal pax avaAvon tng dtxovvdeong Nepov-Evépyeiag
(Water-Energy Nexus analysis) moxepévov va  emutevx0el Puwotpog
EQODLATHOG KAL ATIOTEAETUATUKT) DLX ELOLOT) VEQOU KoL EVEQYELXG O€ €TILTEDO
TOANG.  Alx@QoQeTucés XOTNOES TNAEKTOIKIG EVEQYELXS, OTWS  OLKLAKT),
YEWQEYLKI] KAL EUTOQLKY] OUYKQIvOVTAL Kal eAEyXOVTaL WG TQOS TO TS
ovoxetiCovtal pe t xoron tov vepov. ITo ovykekowéva, avaAvovtat
XOOVOOELREG KATAVAAWOTG VEQOV Kol €VEQYELRG Yl TO Vot tng LkixOov
XONOLHOTIOLWVTAS OVYkKeKQLUEVOLS delkteg pétonorng (distance metrics). Ta
amoteAéopata TG avaAvong delyvouv OTL TO VEQO KAl 1) evéQyelx elvat
agonkta ovvdedepéva. IapgdAa avtd, wg e€alpeon oe avtr) TNV TEQITMTWON
HEAETNG, OUYKEKQLUEVA 1) OLKLAKT] XOT)OT NAEKTOWKNG evéQYelag dev delyvel
va ovoxetiCetatr pe T xoron vepov. H pepovwpévn avtr] meplnmtwon
opelAeTal oto yeyovog 0tL oto vnot e Lkiabov 1o vepd xapaxtneiletatl
amd VPNAN MEQLEKTIKOTNTA LIEAQYVEOV, KADLOTWVTAG £TOL TO VEQO MUN
KATAAANAO Yior TOOT, OTIOTE 1] OLKLAKT] TOV XQT)ON ELVAL TTEQLOQLOEVT).

Zto kepdAalo 5, vroyoappiCetal 0tt N KAHatkn aAAayn ennoedalet tnv
AOPAAELX VEQOV-EVEQYELRC-TOOPNG. Aedopévng NG TTOAVTTAOKOTNTAS TWV
dtaovvdéoewv oe éva ovotnua Nexus, autd TO EALVOUEVO HTOQEL VA
erudevwBel Otav ot PpoxoL avadoaong upeyeOvvouv ta erulnua
amoTeEAéoHATA KAl ONUIOVEYOUV PAVAOLSE KUKAOUG, OTIOL Ta QQVITIKA
anoteAéopata atvovtar taxvtata. Xta ovotpata WEF Nexus, ot
ETUMTWOELS NG KAMATIKNG aAAaync Oewpovvtal duaxtagoxéc/ook Kat
HTIOQEL V& €MNEERCOVV TO CUOTNHA e DAPOQETLIKOVS TEOTIOVGS, AVAAOYX HLE
mv avOexktwdmtd Ttov. Ot peAdoviucés TaykOouleg TEOKANOEelS Oa
ETNEEACOLVY 0OPAOA OAOVLG TOVG LWTIKOVG TTOEOVS Kat Oa attelArjoovy tnv
nteoParrovtikn) avOektikOTNTa. X avtd 10 &pOo, Tagovolkletal éva
Aol avaAvong avOektkotntag Yx éva cvotnua WEF Nexus vrto v
KALUATIKT) aAAayn) kot TEOOOL0QICOVHE TG TETOLX CLOTIHATA UTIOQOVV VA
yivouv To avOektikd pe NV epaguoyn moArtkawv. Ilagovoiklovpue
amoteAéopata Y v eOvikr) megintwon peAétng g EAAGdag. Mégog tng
pneBodoAoyiag amoteAel 11 magapeTokny avaAvon evaoOnoiag (parametric
sensitivity analysis) yix KOWWVIKO-OLKOAOYIKAX OCLOTINUATA WOTE VA&
TIQOOOLOQLOTEL WG TIEOG TOLX TAQAUETQO elvat Tto evaioOnto To povtédo. H
nepimtwon  peAétng Paociletat ot Odopn €vog HOVTEAOL  dLVAULKOU
OLOTNHATOG TIOV XAXQTOYQA@el dedopéva avd Topéa amo peyaAes eOvucég
Kat dLeOvelg Paoels dedopévwy, evw magovolalovtat Causal Loop Diagrams
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kat Stock-and-Flow Diagrams. Méow twv HETONOEWV HNXAVIKNG KAL
OLKOAOYIKNG aVOEKTIKOTNTAS, TIOCOTIKOTIOLOVHUE TNV avVOEKTIKOTNTA TOL
OLOTNHATOG KAl TEOODIOQLCOVHE Ttolx TOALTIKT] kKaOloT&A TO CVOTNUA TIO
avOekTikKO 600V a@opd To HéYEDOC TWV OXTAQAXWV TOL UTOQEL va
ATIOPQOPT|OEL KAL TIOTO YOI YOO EMAVEQXETAL 0TIV AQXIKI] TOV KATAOTAOT),
av emtavéADel kaBo0Aov. Aoktpdlovtatl dV0 MOALTIKES kal e@aQUOleTal To
TAQIOL0 Yt vt TEOODLOQLOTEL TOLX TIOALTIKT) Elval 1 TO WEPEALUTN YA TA
draotnuata avOeKTIKOTNTAC TOL CLOTHHUATOG.

TéAdog, to kepdAao 6 eotialel 0T dACTAVQOVMEV] XAQTOYQAPNOT)
ONHAVTIKOV AAANAETIOQATEWV HETAED TV delkTwV daovvdeons Nepov-
Evéoyewac-Tooprc kat twv XBA. Ot xweg mMaykooulws kataBiAAovv
MEOoTAOeleg Y va emtoxovv Blwolpotnta péow twv 17 EBA xat
TavToXeovVa Vot cVPAaAovY otV epPaAAovtikn aopdAeia. H dixovvdeon
Nepov-Evépyeiac-Toopr)ic (WEF Nexus) otoxevel va evioxVOeL avTr] TNV
nooomdOelx  HéOw  HAG  OAOKANQWHEVNG,  TOAVETUOTNUOVIKIG KAl
TIOAVTOHEAKNG TIQOOEYYLOTG, TIOU TAREXEL KAAVTEQN KATAVONON TWV
AAANAeTOQATEWV HeTAlD TV LTOXWV, 08 dAPOQETUES KALAKES, Y TNV
meowOnNom TG dikaNg MEOTPAONG 0& OOV, TNV avOQWTLVN eunueQia Kat
™V owkoAoywkr] axegaotnta. H mpooéyyion Nexus Oa vmootnoi&et tnv
epapgpoyn twv XBA, ilwg twv EBA 2 (Tooer)), ZBA 6 (Nepd) kat ZBA 7
(Evépyewr), aAA& kat oL meguoodtegol LBA éxovv otolxela mov ovvdéovtal
LLE TNV TEOWPT), TO VEQO KAL TNV EVEQYELX UE VAV 1] TEQLOTOTEQOVS TEOTIOVG,
kat Oa emwpeAnOovv ano pa oooeyyorn Nexus. Ot ZBA éxovv oxeduxotel
yix va elvar dix topeaxol kat va  epapuolovtar pali, KATL TOUL
avtucatontolletal emtiong oe pa meooéyylon tov WEF Nexus. Ze avto to
000, dLepgevvovpe v ertpeor) tov WEF Nexus otoug EBA, afloAoywvtag
tov avtiktumo Tov NepoU-Evégyetac-Tooerc—TwV ToLwV OLVIOTWOWV TOL
WEF Nexus—oe ovykekQipuévoug LBA mapéxovtag PadpoAoyles péow evog
oxnuatog a&loAoynong 7 Paduwv. O otoxog elvat va Pondnbovv ot
vTEVOLVOL XAQAENG TOALTIKTG, WOTE VA ONULOVEYTOOVV  OULVEKTUKEG
TIOALTIKEG KAl OTQATNYIKEG HECW ULAG CLOTNUIKNG AVAALONG TWV TIOAAWV
AAANAeTOQATEWV, eVTOTULCOVTAG OUVEQYLKES 1] AVIAYWVIOTIKES ETUOQATELS
twv moAlrtikwv deouwv tov WEF Nexus pe touvg LBA. Ta anmoteAéopata
nagovolxlovtal HEOw TEONYUEVWV  €QYAAElWV OMTIKOTIOMOTG  TIOV
amtotvmwvovy tnv eTtpeor] tov WEF Nexus otouvg ZBA vy va amtokaAvpovv
TIC TeRITAOKEG Kal MOAVWS OKOTELVEG DIAOVVOETELS TOV CLVOETHOL TIOQWV
ue toug 17 ZBA. TéAog, deayetal pa Fuzzy Cognitive Map avaAvon otig
PaOuoAoyleg (scores) TMEOKEUEVOL Va €VTOTILOTOVUV OL LBA 1tov emnpealovv
Kal emneealoviatl TeQLooOTEQO, aAVAAVOVTAG TNV ALTIOTTA O& AUTO TO
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TOAVTIAOKO CVOTNUA OeTKWOV KAl aQvNTIKWV dxovvdéoewv. Méow avtig
NS AVAAVOTG, OL OLYKEKQLHEVOL LBA vmodetkviovTat wg oL 1o eExQTnpévol
artd to WEF Nexus, anokaAvmtovtag elte ovvéQyeleg eite ovppiacuoig,
evaw dAAoL ZBA avayvweiCovtat otL éxouv nken aAAnAemidoaon ue to
ovotnua WEF Nexus.

H kawotopla avtg g duxtorc Paciletal mowta o& U AETITOLEQT)
AVAALOT TIEOTUTIWV KATAVAAWONG XONOLHOTOLWwVTAS Tov aAyootdpo SOM.
Ta kaOnueova MEOTLTIA KATAVAAWONG VEQOV Ot €MiMedO VOLKOKLQLOV
TEOCOL0QIloVTAL  XONOLHOTIOLOVTAG OUYKEKQLUEVA AN OVO LKA
XAXQAKTNOLOTIKA TTOL 0dNyovv otr) dnuoveyia ocvotddwv. Tlgotelvetat pa
KAXLVOTOHOG AVOT VI TIC eTIXEQNOELS VOQELOTG, BACIOUEVT) O dedopEVa
TIOAY LATLKOV XOOVOUL KAl XOTOLHOTIOLOVTAG QX EG TNG ETILOTIUNG OeDOUEVWV
Ywx T BEATIOTOTIOMOT] TNG TTAQOXT]G VEQOU OTOVG TTEARTEG KL T AgLTOLQY o
0L dKTVOL. AVO cvvdLvAaTEVoL aAyopLOpoL—Self-Organizing Maps (SOM) —
K-Means (KM) and Self-Organizing Maps (SOM) — Hierarchical Agglomerative
Clustering (HAC)—avantoxbnkav vyuwx 11 Odnuovoylax opadwv mov
TEQUAAUPBAVOLY TNV KATAVAAWOT VEQOV ATO TOVG TEAATES. LT OLVEXELX
TIOAYHATOTOLE(TAL  avAAvon Ttov deopoV (nexus) Nepov-Evépyeiag o€
emtimedo MOANG TMQEOKELHUEVOL VA TOOOTIKOTIOMOEL | CLOXETIOT) TOLVG KAl
ntagovoxletat emiong pix WEF nexus mooéyywon vmd v kAHATIKY
aAAQYT) 08 CLVOLVACHO He AVAALOT] CLOTNUIKTG avOekTKOTNTAG (Systemic
resilience analysis) kot mapapetoKrc evaloOnoiag (parametric sensitivity
analysis) e eéOviko emtirtedo. 't tnv mpooopoiwon kat T povteAomnoinor tov
Nexus ywix avtv v avaAvor, xenotporotettat to System Dynamics
Modeling. e avtr) tn dxtoLPr), drepevvatal emtiong 1) emppor) tov WEF nexus
otoug LBA, xonowomnowwvtag v avaAvon Fuzzy Cognitive Maps.
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1.1 Motivation and Objectives

According to the study made by the United Nations (UN) Millennium
Ecosystem Assessment, in less than 50 years our planet has experienced a
doubling of human population and a shift towards more resource-dependent
consumption patterns. Currently, 1.1 billion people survive without clean water,
1.3 billion live without electricity, and 1 billion suffer from hunger (Millennium
Ecosystem Assessment, 2015). This trend is expected to worsen soon, as a result
of growing resource demand driven by climate change, population growth,
economic development, wurbanization, changing lifestyles, pandemics,
insufficient governance & policies and lack of equitable access to technology &
innovation, making the availability and management of resources a priority in
political agendas. Research and policy circles have been increasingly
recognizing the need for a more integrated approach in planning and
management of resources, in order to address the interconnected risks to water,
energy, and food security, since each resource “security” implies trade-offs for
the security of the others. Growing pressures on natural resources are making
the interdependencies and trade-offs between food, water and energy systems,
and their interactions with land, climate change and livelihoods, increasingly
evident. Understanding their interplay is essential to effectively address
sustainability challenges. Furthermore, managing food, water and energy
systems is key to achieving the UN Sustainable Development Goals (SDGs)
(United Nations, 2018) (specifically SDG 2 for food security, SDG 6 for water
and SDG 7 for energy) and requires a better understanding of the interactions
between the Goals, both at and across different scales, to promote social equality,
human wellbeing and ecological integrity. Providing decision-makers with the
multifaceted knowledge needed to seize all opportunities to enhance synergies
and minimize trade-offs is, therefore, a major objective for Nexus research. In
response to this, the Water-Energy-Food (WEF) Nexus concept highlights the
interactions between these systems and provides insights into the cross-sectoral
implications of single-sector strategies.

The need to take a Nexus approach that connects these resources has not only
been quickly acknowledged by the research community but also in public
management. The United Nations, the European Commission and the Food and
Agriculture Organization (FAO) of the UN (Flammini et al., 2014) have all
acknowledged the importance of dealing with the Nexus between resources in
an integrated manner. Hoff (2011) described the process illustrating that the
“Nexus” concept provides a new way of thinking that is not limited to just the
water, energy and food sectors, while the World Economic Forum launched a
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report entitled "Water Security: The Water - Energy - Food - Climate Nexus",
marking the emergence of the Nexus as we know it today. Other approaches
have been described in recent years as well, such as the water-soil-waste Nexus,
the water - food - energy - ecosystems Nexus, the water - energy - food - land
use - climate Nexus and others. The Nexus approach is also used as a defined
area of work under the UN Economic Commission for Europe (UNECE) Water
Convention with a strong focus on transboundary aspects, since transboundary
water bodies often form the connecting resource for food and energy, while
international food trade and regional markets for electricity and energy carriers
cross state borders. The strong presence of the Nexus at the World Water Forum
and the Rio+20 Conference in 2012 is a proof of the impact that this is an
emerging idea worldwide. In few years, the number of books, academic articles
and policy reports that refer to the analysis and management of the Nexus have
grown exponentially. A large body of academic research on the Nexus concept
is available: some are more conceptual, while others focus on quantitative
analysis. Liu et al. (2017) and Brouwer et al. (2018) provide recent reviews and
references on Nexus research from the technical perspectives of water and
energy, respectively, while Weitz et al. (2017) discuss governance across sectors.
This proliferation has resulted in the concept being defined by usage, while the
variety of perspectives under which the Nexus is assessed, results from its
inherent complexity and context specificity.

A recent literature review by Galaitsi et al. (2018) revealed that the WEF Nexus
is closely interlinked with economic forces, governance and socio-physical
factors. Thus, economic considerations might be those that create and enhance
some of the interlinkages within the Nexus and include economic incentives for
managing resources and promoting innovations, variable pricing schemes to
curb demand, fossil fuel taxation, etc. Sustainable development necessitates the
decoupling of economic growth and resource depletion, thus bringing the
economy at the heart of WEF Nexus management schemes. If one considers the
fact that decision-makers are not resource managers, then it becomes obvious
that the WEF Nexus has governance challenges at its core. How can the global
community promote an integrated approach to complex trade-offs and
challenges in respect of WEF resource security? It can only be achieved with
governance processes that engage stakeholders from the Nexus arena and
empowers them in analyses and management decisions, thus addressing power
and gender imbalances and promoting sustainable and inclusive growth.
Raising awareness of the Nexus among actors in governance systems is critical
in achieving adequate governance leading to successful strategic vision and
efficient resource management. Finally, power dynamics are mentioned by
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Galaitsi et al. (2018) as having the key role, as far as social relations are
concerned, in determining WEF connections. Institutions, governance processes,
technologies and innovations can shape power distribution and can cause
particular asymmetries within the Nexus, enhancing its complexity. European
policies in the areas of water, energy, food and climate can be qualified as
coherent in terms of their design and process. However, policy coherence could
still face challenges between objectives, instruments and implementation. This
needs to be made explicit and solved at national and regional scales also
enabling to exploit synergies across these policy areas. In this dissertation, we
address these issues by offering methodologies-solutions to policy makers with
the aim to enhance water security at household and customer level in Chapters
2 and 3, while in Chapters 4 and 5 we present a water-energy nexus analysis at
city level and a WEF nexus analysis under climate change at national level.

The main challenge is that the WEF Nexus is designed to influence policies,
which presupposes that the community is in agreement of what is to be
achieved. But how can trust be built by citizens when no standardized method
exists, and different methods produce different results? It is difficult to deal
with the wuncertainty generated through multiple definitions and no
standardized methodology, research input, convention, performance indicators,
benchmark values, etc. In Chapter 5 of this dissertation, we explore this by
looking into the policies and using engineering and ecological resilience
measures.

As resource scarcity increases and societies and institutions are getting stressed,
especially under the pressure of climate change, abandoning silo-thinking and
institutional fragmentation become seven more urgent. Nexus-coherent policies
are at the core of achieving the SDGs and securing resources; even though this
fact is widely recognized, governments still have a lot of progress to make in
that direction, with lack of suitable information, that is easy to comprehend and
appreciate probably playing an important role. At first level and considering
that Water is the most vulnerable sector of the three nexus sectors (Laspidou et
al., 2019), this dissertation offers solutions for enhancing water security at many
levels via particular methodologies. Specifically, advanced clustering
techniques, such as Self-Organizing Maps (SOM), K-Means (KM) and
Hierarchical Agglomerative Clustering (HAC) algorithms were used to address
the challenge of water stress (Chapters 2 and 3). Also in this direction,
methodologies for analyzing and assessing the Nexus at city (Chapter 4) and
national level (Chapter 5) are presented in this dissertation, whereas in Chapter
6, we map the WEF nexus system on the SDGs and we explore how and in what
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way (positively or negatively) the three Nexus components (Water-Energy-
Food), separately and in combination, interact with the 17 SDGs. To simulate
and model the Nexus for the analyses presented in this dissertation, System
Dynamics Modelling is used. The complexity of a highly interlinked Nexus
system, the plethora of data to be considered and the importance of scale make
it challenging to communicate modeling outcomes to stakeholders. To this end,
in this dissertation, the development of advanced visualization diagrams is
used presenting the complex Nexus data coming from robust modeling analysis
to stakeholders in a comprehendible manner.

1.2 Original Contributions

The original contributions of this dissertation are described as follows:

1. Through a detailed pattern analysis using the SOM algorithm, daily
patterns of water consumption at household level are identified thereby
contributing to water security.

2. Specific population characteristics are used to describe daily

consumption behavior leading to the creation of clusters.

3. Aninnovative solution for water utilities is proposed, based on real time
data and using data science principles to optimize water supply to
customers and network operation, providing tools for the efficient use of
water resources.

4. Two combined algorithms—Self-Organizing Maps (SOM) — K-Means
(KM) and Self-Organizing Maps (SOM) — Hierarchical Agglomerative
Clustering (HAC)—were developed to create clusters that include
customer water consumption.

5. A Water-Energy nexus analysis is performed at the city level in order to
quantify their correlation.

6. Simulation of a Water-Energy-Food Nexus system under climate change,

at the national level, using System Dynamics Modeling in Stella Architect.

7. System resilience analysis framework for a water-energy—food nexus
system under climate change is presented, identifying how such systems
can become more resilient with the implementation of policies.

8. Parametric sensitivity analysis for socioecological systems is performed
to identify which parameter the model is the most sensitive to.
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9. The influence of the WEF nexus on the SDGs is explored, by assessing
the impact of Water-Energy-Food —the three WEF nexus pillars—on
specific SDG targets by providing scores via a rating scheme.

10. Fuzzy Cognitive Maps analysis is used to investigate the influence
of the WEF Nexus on the SDGs
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Data Mining for household
water consumption analysis
using Self-Organizing Maps
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2.1. Introduction

Smart Cities have been defined in many ways. Special focus is given on
Information and Communication Technologies (ICTs) as a key driver. Other
important aspects of instrumenting the landscape of a smart city would be
society, economy, and policies driven by participatory processes. The
concept of Smart Cities sets, in the core of urban planning, monitoring,
recording, analyzing and transferring in real time all data relative to social
activity; thus, enabling social and governmental awareness of all significant
design variables. The monitored variables are linked to basic networks and
environments such as city services, transport, water and energy (Manville et
al,, 2014).

Subsequently, the need of collecting and managing great amounts of
temporal and spatial high-granularity data becomes of conclusive
importance. Great progress in ICTs, social network, and Data Mining (DM)
enable new paths of urban planning, empowering the resilience of urban
infrastructure and the adequacy of resources and systems (Laspidou, 2014).

DM is an ongoing research area, responding to the presence of large
databases in commerce, industry and research (Bishop, 1995). It is a very
useful technique in research; because not only can someone extract
meaningful information from certain databases, but can also predict changes,
discover patterns and relations hidden among the data (Fayyad et al., 1996).
In addition, DM is an interactive process that requires the intuition,
background knowledge and the computational efficiency of modern
computer technology. Clustering techniques can reveal patterns and identify
similar trends and components linked to similar behaviors. Clustering
visualization is a very important part of DM and can be successfully
accomplished, by the use of self-organizing maps (Kaski, 1997).

One of the fundamental urban activities, firmly related to all human well-
being aspects, such as public health, is the urban water consumption. The
Water Distribution Networks (WDNs) are to be thoroughly monitored in
different scales, from an aggregated urban water resources view, down to a
household water consumption view, so as to gather all useful data that will
enable the improvement of water resources management, through all the
available data analysis techniques. The aforementioned DM techniques can
realize water consumption forecasting at small scales, by clustering
householders in different consumption patterns; thus, enabling water
utilities to get more efficient by heading towards more individualized
customer services (Beckel et al., 2012, Laspidou et al.,, 2015). Parallel to
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increasing resolution at individualized scale, analysis can also enable
temporal clustering resolution, identifying different daily consumption
patterns. Past research (Arampatzis et al., 2014) has already indicated
weekdays/weekends water use particularities at urban level, revealing the
potential to further investigate daily patterns at household level. Other
studies focus on household water demand management, reviewing
approaches to water demand estimation and forecasting over the short-
(daily to season) and long-term (years to decade) and note the paucity of
studies on weather and climate (Parker and Wilby, 2012), while another
study presents a data-driven approach to identify fundamental water and
energy demand profiles, cluster buildings into groups exhibiting similar
water and energy use, and predict their demand (Frankel et al., 2021).

The aim of the present study is to further advance how specific daily
household patterns can be inferred from household water consumption
profiles. We make an effort to cluster days of similar water consumption
profiles. The automatic classification of days into clusters is accomplished
with the application of the SOM methodology.

2.2. Materials and Method

In this paper we develop a methodology for the detection of daily patterns
in household water consumption, through a detailed patterns analysis using
SOM (Kohonen, 1995). The methodology is a popular neural network
algorithm based on unsupervised learning. SOM uses specifically chosen
features of a population; then it calculates the Euclidean distances of each
unit of the population considering the features as dimensions or components
of the input vectors. Lastly, it converts the multidimensional positions of the
units into 2-dimensional and maps them. These maps depict all units in a
sense that neighboring units correspond to similar features; thus, making
clustering of similar units possible. The SOM has proven to be a valuable tool
in DM with applications in financial data analysis (Deboeck et al, 1998), in
engineering applications, pattern recognition (Kohonen et al., 1996), image
analysis, process monitoring and fault diagnosis (Simula et al., 1995). SOM
method is widely used to cluster a variety of attributes such as fine-grained
electricity consumption, water consumption, etc. (Beckel et al., 2012,
Laspidou et al., 2015, Rasédnen et al., 2008).

Water consumption is recorded by sensors installed in individual
households. Input vectors are produced from water consumption data from
a household in Sosnowiec, an industrial city in southern Poland. In this
household, sensors were installed in seven different faucets, so we summed
all our data in order to have time-series of the total consumption of the house.
Water consumption values are recorded every 30 sec and a 445-days sample
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is used for the analysis. Each day is considered to be a unit of a population
of 445 and the analysis aims at clustering days that are linked to similar
profiles by mapping them closely. The original data were recorded every 30
seconds, but in order to produce the 13 features, we sum the data
accordingly. An indicative timeseries plot of the consumption of the
household is presented in Figure 2.1.
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Figure 2.1 Total daily water consumption of the household.

We use 13 features to describe the daily consumption behavior, listed in
Table 2.1. The features refer to total daily consumption (feature 1), daily
standard deviation (o) of daily water consumption (feature 6) and
partitioning of daily consumption into specifically chosen time-zones
(features 2-5 & 7-13). Our data are divided in the following time zones:
morning (feature 2), noon (feature 3), afternoon (feature 4), evening (feature
5) and night (feature 7). Another time zone division considers the working
hours and rest hours of offices (feature 8 & 10, respectively), banks (features
9 & 11, respectively) and shops (features 12 & 13, respectively). The features
are chosen in the sense that total consumption, o and time zones
consumption are suspected to possibly characterize different days’ patters.
Specifically, the working hours’ features are taken into account, because the
household is located in an urban environment and most probably its water
consumption is directly affected by the working routines. The
aforementioned features are combined to create three different dimension
sets for the three approaches of our investigation. The features regarded for
each approach are listed in Table 2.1.

After the preparation of the data and estimation of the feature table of its
single day of consumption, a matlab SOM-toolbox and its scripts are used to
preprocess data, initialize, normalize and train SOM and construct the maps
(Vesanto et al., 1999). The normalization of data is of great importance for a

very specific reason: The estimated features and components of the input
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vectors of a SOM, due to their different nature, exhibit values of very
different magnitude. The feature with the greater magnitude would affect
the Euclidean distance unequally to the features with smaller magnitude.
With the normalization we achieve, equal partitioning of the features. An
overview of the methodology in a step-by-step fashion is shown in Figure
2.2.

Figure 2.2 An overview of the step-by-step methodology

Another very significant pre-process is that of labeling each feature table
after its corresponding day. The purpose of this process is that the maps
created are legible and comprehensible and the clusters, possibly created, are
easily visualized. This means, that we expect Saturdays, for example, to
gather around the same area of a SOM map and this way construct a cluster
of similar consumption profile corresponding to that of a typical Saturday.
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Table 2.1 Features of daily consumptions used for the 3 different SOM approaches

approach 1 approach 2 approach 3
1. total daily consumption 7. night consumption (12am-8am) 8. consumption at offices working
hours (8am-4pm)
2. morning consumption (6am- 8. consumption at offices working 9. consumption at bank working hours
10am) hours (8am-4pm) (8am-6pm)
3. noon consumption (10am-2pm) 9. consumption at bank working 12. consumption at shops working
hours (8am-6pm) hours (11am-7pm)
4. afternoon consumption (2pm- 10. consumption at office rest hours
6pm) (4pm-10pm)
5. evening consumption (6pm- 11. consumption at bank rest hours
10am) (6pm-10pm)
6. standard deviation of water 12. consumption at shops working
consumption (o) hours (11am-7pm)
13. consumption at shops rest hours
(7pm-10pm)

2.3. Results and Discussions

The results of the runs are depicted with use of three kinds of SOM maps
(Figures 2.1, 2.2 & 2.3). The U-matrix is the 2-dimensional depiction of the
multi-dimensional Euclidean distances of all the daily consumption profiles.
As we see from top to bottom there is gradation from dark blue, small
distances to light yellow, big distances. This means that two units in
neighboring cells are closer if the cells are in the blue area than if they were
in the yellow area. In the labels map, the location of each unit is presented
according to its characterization as a day of the week. This way it can be
revealed if same days of the week tend to cluster in neighboring cells; thus,
prove to have similar water consumption profiles. At the right side of the
tigures, the feature matrixes are presented. These maps depict the behavior
of each feature separately.

In approach 1 (Figure 2.1), we use features 1 to 6, namely, total daily,
morning, noon; afternoon, and evening consumptions and o. Two main
cluster areas, area 1 and area 2, are formed. In the first one, weekends are
more frequent, while as, in the second one, weekdays seem to dominate. This
clustering of weekdays separately than weekends proves that in the
household depicts different water use profiles in working days than in non-
working. Moreover, weekend cluster cells are much closer one another than
weekday cells. That means that weekend profiles are more uniform than the
weekdays. In area 2, three sub-clusters 2a, 2b, and 2c seem to be formed. Sub-
cluster 2a includes only Tuesdays, sub-cluster 2b includes only Wednesdays
and finally sub-cluster 2c¢ includes only Mondays. The sub-clustering of
cluster 2 justifies its looseness, as it seems that throughout the working days,
some more specific daily consumption prototypes are formed with some
differences. Observing the feature matrixes, we can see that total daily
consumption and o are similar. These two show that weekends in the upper
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are firmly located, in contrast to weekdays which are more loosely located.
This pattern is almost followed by the afternoon consumption feature. On
the other hand, morning, noon, and evening consumption features are more
uniform in an extended area, with some yellow “gorges” low at the
weekdays’ area. Subsequently the U-matrix is formed as a combination of
the six features degrading top to bottom from blue to yellow.

U-matrix Labels
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Figure 2.3. It is depicted the SOM map results: U-matrix, Labels, feature 1 total daily
consumption, feature 2 morning consumption, feature 3 noon consumption, feature 4
afternoon consumption, feature 5 evening consumption, and feature 6 o (Approach 1).

In Approach 2 (Figure 2.2), we use features 7 to 13, which refer to the
working and resting hours consumptions as well as the night consumption.
With this approach, we see that clusters are formed in the same way
(weekends upper and weekdays down). However, the clusters appear more
discretized and more extended than those of approach 1. This proves that the
working and resting hours features are more proper than the typical time
zoning of morning, noon, afternoon, and evening features. This could be an
indicator that the case study household members follow the prevailing
working routine of Sosnowiec (Yang et al., 2017). In contrary to approach 1,
two sub clusters, 1a and 1b, are formed in cluster area 1 rather than in area 2.
The cluster 1 mostly contains weekends, while its sub clusters 1a and 1b
contain exclusively Saturdays and Sundays. The weekdays in this approach
don’t seem to further sub-cluster discretized. In Approach 3 (Figure 2.3), only
three features are used, the working hours consumptions. This improves
clustering, since in the weekend area, Saturdays and Sundays rise up to 3 out
of 4. In the weekday area, 86 % of the cells are occupied by weekdays. In all
approaches, we can see that Fridays are equally distributed in both areas.
This indicates that Fridays water consumption profiles are somewhere in
between and have characteristics of both weekday and weekend profiles.
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Figure 2.4. It is depicted the SOM map results: U-matrix, Labels, feature 7 night
consumption, feature 8 consumption at offices working hours, feature 9 consumption at
banks working hours, feature 10 consumption at offices rest hours, feature 11 consumption
at banks rest hours, feature 12 consumption at shops working hours, and feature 13
consumption at shops rest hours (Approach 2).
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Figure 2.5. It is depicted the SOM map results: U-matrix, Labels, feature 8 consumption at
offices working hours, feature 9 consumption at banks working hours, and feature 12
consumption at shops working hours (Approach 3).
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Chapter 2 includes parts of the following published work:

Ioannou, A. E., Kofinas, D., Spyropoulou, A., & Laspidou, C. (2017).

Data mining for household water consumption analysis using self-

organizing maps. European Water, 58, 443-448

e The contribution of Alexandra Ioannou involves the conceptualization,
the methodology, the software, the formal analysis, the investigation,
the validation, the writing—original draft, and the visualization.

e The contribution of Dr. Dimitrios Kofinas involves the writing—
original draft.

e The contribution of Dr. Alexandra Spyropoulou involves the data

curation

e The contribution of Professor Chrysi Laspidou involves the
conceptualization, the methodology, the resources, the scientific
supervision, the review and editing, the project administration, and the
funding acquisition.
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3.1 Introduction

The United Nations predict that 9.7 billion people will live in cities by 2050
(United Nations, 2015]. Along with the effects of climate change, cities face
numerous challenges as their resources and infrastructure are placed under
ever increasing levels of strain (European Commission, 2014). As water
scarcity becomes more prevalent, the analysis of urban water consumption
patterns for consumers and the estimation of the corresponding water
demand are expected to be among the top priorities for water companies in
the near future. There is a constant need to improve the knowledge of urban
water demand and of factors that influence demand patterns in a household;
this requires collection and analysis of water consumption data, which can
be facilitated by Information and Communication Technology (ICT) systems
in a smart city framework. ICTs can help managers in integrating the water
sector with other city services and in monitoring their status in real time. This
results in several operational benefits that optimize urban water
management, including real time demand forecasting and optimization of
network devices and of operating costs (Laspidou 2014). On this basis, it is
possible to develop better water demand models and new customer-oriented
tools to be used for smart metering, smart pricing and tariff planning, water
distribution network planning and operation, energy savings in water
transfer, and customer service and billing, as well as the real-time
management of condition-based tariffs. These goals abide by the European
legislation, as described in the EU Water Framework Directive and the
Blueprint to safeguard Europe’s water resources (European Commission,
2013) concerning water accounts and ecological flows, water pricing, water
trading, and other factors. Furthermore, the recent technological progress in
wireless sensors that enable monitoring of water use in individual
households, or even in different faucets or appliances inside a single
household, can provide detailed information concerning spatial and
temporal water use patterns. These data have been collected in the past
mainly for research purposes (Kofinas et al., 2018; Rizou et al., 2018; Yang et
al., 2017) but are now becoming more common with the diffusion of smart
city initiatives, such as the installation of smart water meters (Water World,
2011). In the future, the availability of such information will allow for more
accurate billing and customer-specific services, but, more importantly, will
increase water efficiency due to a better understanding of the water
consumption behavior at household levels for both large and small
customers and may help in the reduction of non-revenue water.

In order to assess urban water demand in time and space, a water
consumption profile curve is needed. This curve (profile) shows the amount

of water a customer uses over the course of time, and it is useful for planning
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how much water the utility will need to make available for its customers at
any given time. Furthermore, water consumption profiles reveal the pattern
customers exhibit in using water at different hours of the day, days of the
week and seasons of the year, and can specify what the customer’s share of
the utility’s total water consumption is. By analogy with electricity load
curves, water consumption profiles can provide estimates of the temporal
and spatial distribution of demand, thus giving insight into peak demands
at different locations (Rasanen et al., 2010). The major factors affecting the
consumption profile are (1) family size and customer water use behavior, as
well as residence characteristics and (2) seasonality, i.e., time of day, week,
or year. Local climate factors such as temperature, humidity, and solar
radiation may play an important role in water consumption patterns, but
their effect is captured by seasonality (Kofinas et al., 2014).

Even though it is typical for energy and telecommunication companies to
classify their customers into groups with similar consumption patterns
taking into account their characteristics and annual demand, such practices
are not common for water utilities, maybe because of the relatively low cost
of water. The goal of this classification is to assign to each customer a variable
estimate of consumption, a sort of a “load curve”, in the absence of available
meter data. These pre-fixed curves may also be useful for market
investigation and distribution management for the utility. Yet, they have
flaws as a result of their coarseness, since on the one hand, they may fail to
follow actual consumptions, and on the other, they are unable to predict
possible changes in people’s way of life and/or in their consumption patterns
(Bedingfield et al., 2018). It is undisputed that a more thorough description
and forecast of water consumption throughout the day, month, and year,
capturing seasonality and weekday/weekend patterns in water use can lead
to an improved management and planning of demand and distribution,
resulting in a potential reduction of costs for the water utility. Understanding
customer behavior can lead to a successful categorization based on the
recognition of similarities in consumption patterns among consumers. This
segmentation would allow water utilities to better tailor pumping, treatment,
and network operation, while it can provide useful information on water
pricing policies and other incentive-creation strategies (Rodrigues et al.,
2003).

Many researchers have shown an increasing interest in Artificial Neural
Networks (ANN) to address various kinds of problems in water resources
and hydrology (Maier et al., 2000; Govindaraju, 2000a; Govindaraju, 2000b;
Dawsonand and Wilby, 2001). Self-Organizing Maps (SOMs) is an ANN
algorithm (Kohones, 1982a; Kohonen, 1982b), which has proven to be an
excellent tool for clustering, classification, estimation, prediction, and data
mining (Alhoniemi et al., 1999; Vesanto and Alhoniemi, 2000; Kohonen,
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2001). Kalteh et al. (2008) reviewed a number of successful SOM applications
with emphasis on innovative and creative solutions for the analysis,
estimation, and prediction of various hydrological processes, such as
precipitation (Vesanto, 2002; Hong et al., 2005; Kalteh, 2007), river flow and
rainfall-runoff (Abrahart and See, 2000; Hsu et al., 2002; Lin and Chen, 2006),
surface water quality (Maier and Dandy, 1996; Maier and Dandy, 1997;
Bowden et al., 2005a; Bowden et al., 2005b), and other related disciplines such
as climate and environment (Tran et al., 2003; Schutze et al, 2005;
Shanmuganathan et al.,, 2006). SOMs have many applications in signal
recognition, organization of large data sets, process monitoring and analysis,
and over the last decades, they have increasingly been used for analysis and
modeling in the energy domain (Rasanen et al., 2010; McLoughlin et al., 2015;
Kameoka et al., 2015; Turncinek et al., 2016). However, only a limited number
of articles have been published on domestic water consumption pattern
recognition, classifying customers in different segments (Yang et al., 2018;
Laspidou et al; 2015; Ioannou et al., 2017).

This study aims to bridge this gap by proposing a comprehensive
methodology to residents, water managers, and policy makers, in order to
achieve the efficient operation of urban water networks by successfully
detecting residential water consumption patterns corresponding to different
residential needs and behaviors. This way, households with similar
consumption patterns are grouped in clusters. A large dataset taken from the
work of Buchberger et al. (2003) and consisting of 7 months of water
consumption data recording every instant of water use in the household
from 21 customers located in Milford, Ohio, USA, was examined. To the best
of the authors” knowledge, residential water consumption data with this
granularity have not been analyzed for the purpose of detecting behavioral
patterns in water consumption.

The aim of the dissertation is to create more accurate customer-specific water
consumption curves using refined measurement data. In this context, we
propose a methodology that may be applied in complex and large water
consumption time-series, using SOMs as the main clustering algorithm, in
combination with K-Means (KM) and Hierarchical Agglomerative
Clustering (HAC) to improve performance; this way, we provide a new-
estimated water consumption profile for each customer group. The resulting
curves that are obtained after clustering customers with similar consumption
behavior are compared to the water consumption curves that the water
company might use to create timely customer water use estimates without
performing clustering. The results indicate that there is a clear improvement
when using the newly estimated, data-based water consumption curves after
clustering. This analysis offers water utilities an innovative solution that

relies on real time data and uses data science principles relevant to a smart
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city setting for optimizing water supply and network operation and leading
to efficient resource use. It creates opportunities to engage citizens while
raising their awareness of household water consumption. Therefore, it lays
the foundation for developing behavioral change processes for citizens
towards more sustainable water use patterns that would reduce their
environmental footprint, change their consumption and lifestyle choices, and
achieve a climate-neutral way of living.

3.2 Materials and Methods

In order to develop reliable water consumption curves for customers
belonging to different classes, large numbers of recorded water consumption
values are required —for electricity, it is recommended to have at least 100
customers over a period of 3 years (Lakervi, 1995). For household water
consumption, such long datasets are unavailable due to the very recent
implementation of smart technologies in the water sector, which is often
confined to limited duration of research projects e.g., Yang et al. (2017). In
this article, we use the data collected by Buchberger et al. (2003), who carried
out an experimental campaign aimed at monitoring residential water
demand in the period from April to October 1997 in 21 households in Milford,
OH, USA. An electromagnetic flowmeter was installed in the mainline of
each household and water discharge data was collected for the 7-month
period with a resolution of 1 sec. It should be noted here that only indoor
water consumption was included in our data, so even if a household had
large gardens, or a swimming pool, it would not make a difference to our
dataset. To create a uniform time series for all households, we grouped all
water consumption data (210 days) to half-hour slots, resulting in a dataset
of 10,080 entries for each household. In Figure 2.1, we show graphs of the
consumption dataset for all households—each bar corresponds to the half-
hour consumption and there are a total of 10,080 bars in each graph. To show
the variation of consumption over weekdays and weekends, in Figure 3.2a,
we show, indicatively for household C, average consumptions of all
weekday, Saturday, and Sunday consumptions per half-hour time slot
throughout the day, for a total of 48 time slots per day. This provides more
information on the consumption pattern of each household. In Figure 3.2b,
we show for each household, the average total daily consumption for all days
and for weekdays, Saturdays, and Sundays. We notice that all households
show high average daily water consumptions ranging from 229 liters/day
(household F) to 875 liters/day (household T). It should be noted that the low
average of household F is a result of many days with zero consumption. 19
households were used for the application of the clustering algorithm,
simulating the procedure that the water utility would follow for clustering
existing customers; on the other hand, two households, namely households
M and N, were set aside and were assigned to clusters later, in order to
simulate how well new customers would fit in pre-existing clusters. The

number of households that was set aside was kept to a minimum (9.5% of
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the total data), since a very limited number of households is available in our
dataset. Other researchers that have conducted similar analysis with
electricity data, e.g., Rasanen et al. (2010), used 5.6% of their data to simulate
“new customers”, so for our case, the small number of data reserved for
validation is deemed acceptable.
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Figure 3.1. Water consumption (in liters) for all households in the case study at the step of
half an hour. Households are symbolized by consecutive letters of the alphabet (A through
U)—each subfigure shows the water consumption of a different household.

3.2.1. Clustering Methods

SOMs are well-known unsupervised neural learning algorithms (Kohonen,
1997) and an effective software tool for the modeling and visualization of
high-dimensional data. They use unsupervised learning to group input data
and produce a low-dimension discretized representation of the input space,
i.e., amap. An SOM uses specific features of a population, such as household
surface area, income level, age, number of bathrooms, etc. It calculates the
Euclidean distance of each population unit, taking into account the features
as dimensions or components of the input vectors. It then converts the
multidimensional positions of the units into a 2-dimensional space and maps
them. These maps (SOMs) depict all units as points in space in a sense that
neighboring points have similar features; this way, clustering of similar units
is made possible. In this work, an SOMs algorithm was applied as an
intermediate step before the clustering process since it reduces the size of the
data and makes the computational procedure more efficient. A feature-
extraction approach was used to explore the data set and to identify which
consumer properties are relevant to be included by the water utility in an
automatic classification system (Beckel et al., 2012). In Table 2.1, we list the
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features that were chosen: they include a statistical property of the dataset
(standard deviation) and are based on consumption values of individual
days, as well as aggregated over the entire week, over workdays and
weekends separately and over seasons. Since our benchmark dataset runs
from April to October, we considered separately water use during the
summer (June, July, and August) and autumn months (September and
October). We used SOMs to calculate the Euclidean distance of the data and
to find which households are in the same “neighborhood” or belong to the
same cluster. This way, a map emerged consisting of nodes or neurons—in
our case, various map sizes were tried, and the 3 x 3 size map was chosen
with 9 nodes, since this number of nodes achieved the highest SOM’'s
clustering efficiency (95%). The lattice of the SOM can be either hexagonal or
rectangular but hexagonal is preferred for this methodology due to more
effective visualization (Kohonen, 2001; Vesanto, 1993). All data were
automatically normalized by the SOMs algorithm on a scale 0 to 1. All
calculations were performed with RStudio, using the “Kohonen” package.

Table 3.1. Features used to build the input vectors of the Self-Organizing Maps (SOMs).

Features Units

Standard deviation of water consumption -
Mean daily consumption

Mean daily consumption of weekdays
Mean daily consumption of weekends

Mean morning consumption (6 a.m.-10 a.m.)

| e o e

Mean noon consumption (10 a.m.-2 p.m.)

Ratio of mean summer over autumn consumption
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Figure 3 2. (a) Average consumptions (L) for all weekday, Saturday, and Sunday half-hour
time slots throughout the day, for a total of 48 time slots/day for household C; (b) Average
daily water consumption (in liters) for all households: averages are calculated using all
days, only weekdays, only Saturdays and only Sundays to capture variability throughout
the week. Households are symbolized by consecutive letters of the alphabet (A through
U)—each subfigure shows the water consumption of a different household.
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An overview of the methodology in a step-by-step fashion is shown in Figure
3.3.

Identify features in dataset

Input vectors creation / feed the SOM
algorithm

Decide on the optimum number of
nodes, based on maximum clustering
efficiency

" Run clustering algorithm to create
| clusters, grouping SOM nodes together

| Choose the best performing combined |
| algorithm by assessing clustering

Construct a water consumption curve in |
index series format for each cluster. }

‘ Questionnaire for new customers '

Figure 3.3 An overview of the step-by-step methodology

Once the SOMs algorithm is run and the map is obtained, it can be followed
by a second step in which it is combined with other clustering algorithms.
The main advantage of using this two-step approach is improved clustering.
More specifically, while the SOMs algorithm provides a map of 9 nodes, its
combination with other procedures results in fewer clusters (collecting
various nodes in larger clusters) with higher accuracy. For this purpose,
SOMs were combined with two other clustering algorithms: (1) K-Means
clustering (KM) and (2) Hierarchical Agglomerative Clustering (HAC). KM
(MacQueen and Some, 1967) is a well-known non-hierarchical clustering
algorithm with many applications in different domains. The exact number of
clusters was decided by calculating the Within-Clusters-Sum-of-Squares
(WCSS) measurement that denotes the total distance of data points from their
respective cluster centroids (Makles, 2012). Considering that we have nine
SOM nodes, the ideal number of clusters proposed by KM is three, since this
number is the closest match to the corresponding number of SOM nodes,
when WCSS is calculated, as shown in Figure 3.4.
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Figure 3.4. Within-Clusters-Sum-of-Squares (WCSS) for number of SOM nodes in our
model, used as a basis to decide the number of K-Means (KM) clusters.

HAC is another popular clustering algorithm (Jain et al., 1999). It creates a
cluster dendrogram (tree) by grouping several data together over a variety
of scales and based on this classification, a clustering scheme emerges. Three
clusters were formed from the HAC tree map with this analysis, as shown in
Figure 3.5 in grey boxes, which group different SOM nodes, or codebook
vectors (shown as V1 to V9). Even though the number of clusters is the same
with the two algorithms, the specific SOM nodes grouped under each
clustering methodology are different, essentially each one providing a
different clustering solution that is separately evaluated for its accuracy.
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Figure 3.5. Number of clusters decided through cluster dendrogram.

In order to assess the clustering accuracy, we want to know if the features we
extracted on water consumption (Table 3.1), actually force households to
group together under the same cluster. Ideally, we would use a series of
known properties about our households to identify the ones that are
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particularly relevant, as far as the domestic water consumption pattern is
concerned. Examples include size of house and year built, garden and/or
swimming pool, number and age of residents, number of
appliances/washers, etc. We would then see which of these properties vary
significantly among clusters or can likely be discovered from the data. If a
property seems to vary across clusters, it will mean that it is a good property
to group households by, and that using the set of features we defined in Table
3.1, it is possible to differentiate households by that specific property. In our
case, the only household property available for the 21 customers is the
number of people per residence; this information is shown in Table 3.2.
Naturally, this is a serious limitation in our data set; however, all households
came from the same neighborhood in suburban Ohio, so we expect that the
houses have some similarities in terms of year built, surface area, amenities,
etc. Nevertheless, our only choice is to use number of residents per
household to check whether it is appropriate to group households according
to it and to calculate clustering accuracy based on this property. We do this
only after we confirm that indeed this property varies across clusters, as
explained above. Based on the calculation of this accuracy, we decide on the
best combined clustering algorithm (SOM+KM or SOM+HAC) and on the
final clustering of the households.

Table 3.2. Number of residents per household in the case study.

Households Number of Residents
A, B DFIKLNOPQS 2
CEH,J]M 3
GRTU 4

3.2.2. Validation: Estimated Water Consumption Curves and Associated

Accuracy

After clustering, the new estimated water consumption curves are calculated
for each cluster. These are the curves that would be used by the water utility
for all customers belonging in the same cluster, in order to successfully
estimate the next customer bill, or plan for the estimated water demand in
the network. For comparison purposes, we calculate two types of estimated
curves: one for each cluster and one for all households if no prior clustering
is performed. The goal is to show that clustering improves estimated water
consumption, namely that the index of agreement of customer consumption
with the estimated water consumption curves increases when the clustering
curve is used. This is done for the two households (M and N) that were set
aside for validation, simulating “new customers” not included in the initial
clustering; therefore, clustering was done using 19 households and
clustering performance is assessed for the two new households.

For the construction of these curves, consumptions are transformed into an
index series format, by grouping data in two-week intervals, and
transforming the whole time-series into 15 two-week profiles summarizing
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half hourly data separately for weekdays, Saturdays, and Sundays. Index
series format is what the water utility would use to model water
consumption for customers, i.e., changing the assumed consumption profile
every two weeks, following similar practices already employed for electricity
consumption (Rasanen, 2010). In our case, the two-week index series is scaled
by taking into account not only the consumption of the two-week period, but
also the cluster customers 7-month water use, to calculate the estimated
water time-series (Equation (1)) (Mutanen et al., 2011):

b= <1OI,/|(;80) Qa @

where P; is the estimated half-hourly water consumption, W is the total 7-
month period water consumption for all households in the cluster, Q; is the
average 2-week water consumption of the cluster, expressed in percent of the
average 7-month period consumption, and q; is the half-hourly water
consumption expressed in percent of the average 2-week consumption.

The correspondence between customer-specific water demand and the
estimated water consumption curves is assessed by the modified Index of
Agreement or Willmott Index (W1l,;,44):

i=1|Pi — 04l o)
i=(IP; =0 + 10, — 0D

WImod =

where 0; are the observed values of each customer’s water demand, P; are
the corresponding values of each estimated water consumption curve and 0
is the average of observed data. The WI,,4 is a dimensionless measure,
limited to the range [0,1], giving a relative size of the difference between an
actual value (0;) and its estimated/predicted value (P;). A modified version
of the WI was preferred over the original one due to the fact that the original
version of the index may lead the user to erroneously select a predicting
model that generates poor estimates (Pereira et al.,, 2018). Values of the
W04 close to one indicate perfect fit, while values close to zero indicate
complete disagreement between the observed and estimated values.

To summarize the methodology that the water utility will need to follow in
order to implement this algorithm and benefit from clustering, we are
presenting a compact list with all the steps:

1. Identify features in dataset that could potentially identify patterns in
the population, in order to lead to data clustering;

2. Create input vectors and feed the SOM algorithm;

3. Decide on the optimum number of nodes, based on maximum
clustering efficiency;
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4. Run clustering algorithm (KM and/or HAC) to create clusters,
grouping SOM nodes together (use WCSS and dendrogram to identify
numbers of clusters for SOM-KM and SOM-HAC, respectively);

5. Choose the best performing combined algorithm by assessing
clustering accuracy (as described in Section 3); (use WCSS for assessing
SOM-KM or dendrogram for assessing SOM-HAC);

6. Construct a water consumption curve in index series format for each
cluster. This is the curve that will be used to estimate the consumption of all
customers in the same cluster;

7. For new customers, a questionnaire will be filled out by the customer,
providing information on the features used initially to classify customers
(step 1). Based on the responses, the new customer is assigned to a cluster
and the water consumption curve (step 6) is now updated to include this
customer’s consumption, as soon as it becomes available.

3.3. Results

With the aim of creating more accurate up-to-date customer-specific water
consumption curves, refined measurement data per incident, i.e. every time
a faucet was used in the household, were used from 21 households in
Milford, Ohio, USA. In this context, the SOMs algorithm was applied as the
main clustering algorithm and in combination with KM and HAC, optimal
clustering was achieved. Specifically, for SOMs clustering, an initial
mapping plot was produced, as shown in Figure 3.6a, which includes a
number of observations (households) in each node. The observations are
spatially distributed and their distance from the node codebook vector —the
vector formed with values from the features extracted by the dataset for each
node—signifies its relevance. We see that there are no empty nodes, which
indicates that the map structure is appropriate for the data. The mapping
quality is assessed by the quality plot in Figure 3.6b which shows the mean
distance of objects mapped in a node to the codebook vector of that node;
thus, values close to 0 indicate good quality of the SOM. Even for the two
nodes shown in blue and magenta colors, the mapping quality is still good
(0.2 or less), even though not ideal.
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Figure 3.6. (a) SOMs algorithm map plot showing households per node; (b) mapping
quality based on distance of observations from codebook vector for each node. In (b), node
number is shown in each node. The color legend corresponds to mapping quality, with
values close to 0 indicating good quality of the SOM.

In order to link clustering household characteristics in the dataset and assess
clustering accuracy, we test whether the number of people per household
varies across SOM nodes. In Figure 3.7, we show the variation of number of
people per SOM node, and we see that indeed it varies across nodes. We also
see that clustering could be improved, by combining various nodes in a
single cluster, which is already an indication that the KM and HAC
algorithms can be used to further cluster data to produce fewer and better
clusters.
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Figure 3.7. Variation of number of people per household across the 9 nodes produced by
SOM. The y-axis shows the fraction of households that have the indicated number of
people.

To assess the clustering accuracy of the combined algorithms (SOM-KM,
SOM-HAC), we provided the number of people per household and
examined whether the algorithm would be able to cluster differently the data
according to the number of residents per household. Nineteen households
were grouped in 3 clusters—different for each combined algorithm. The
accuracy results are 73% and 79% for SOM-KM and SOM-HAC respectively,
indicating the SOM-HAC as a slightly better and the preferred clustering
solution; calculation of the clustering accuracy is explained below. This does
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not mean that we reject the SOM-KM clustering technique; we simply choose
to present one of the two, in the interest of saving space, namely the SOM-
HAC technique. The outcome of the SOM-HAC clustering is presented in
Figure 3.8a, in which dashed lines group SOM nodes together in larger
clusters. This clustering results in the grouping of the codebook vectors or
SOM nodes, as shown in the dendrogram in Figure 3.5. Cluster 1 contains a
single node (#1 per Figure 3.6b) and a single household (D)—marked in
yellow font. Cluster 2 contains 3 SOM nodes (#2, #6, and #8 per Figure 3.6b)
and 9 households—marked in green font. Finally, cluster 3 groups 5 nodes
(#3, #4, #5, #7, and #9 per Figure 3.6b) and 9 households—marked in blue
font. This information is also summarized in Table 3.3. In Figure 3.8b, the
algorithm maps the households again, but each entry is represented by its
cluster number: therefore, in node #6 for example, instead of showing
households F, Q and S (as is done in Figure 3.8a), we show the cluster number
that these houses belong to. In other words, we show a series of 2s, since all
these households belong to cluster #2. All entries in black font signify the
households that should not be classified in that cluster, while red entries are
the households that are correctly placed in the specific cluster. Clustering
accuracy is the fraction of matches (reds) in each cluster for the combined
algorithms. Cluster 2 contains mostly 2 residents per household, while
cluster 3 contains mostly 3- or 4-people households. When a household with
3 or 4 people is classified in cluster 2, then it is marked black by the algorithm;
the same is true for 2-people households classified in cluster 3. So, household
L is classified in Cluster 3, even though it should be classified in Cluster 2 (2
residents in household L, as shown in Table 3.2); thus, the number 3 that
corresponds to household L is shown in black in node #7. Cluster 1 contains
only 1 household (D), even after employing the HAC algorithm that
improves clustering; since clustering analysis has no meaning for a cluster
with a single entry, we decide to not consider this cluster further, dropping
household D from further analysis, as an outlier.

Table 3.3. Household partitioning in 3 clusters with the combined algorithm SOM-HAC.

Cluster number Households
Cluster 1 D
Cluster 2 A,B,C,F,LK,P,Q,S
Cluster 3 E,.G,H J L OR, T, U
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Figure 3.8. The SOM-HAC clustering plots —dashed lines signify the clusters. (a)
Households are symbolized by consecutive letters of the alphabet (A through U)—
households in yellow font belong to Cluster 1, households in green font belong to Cluster 2
and households in blue font belong to Cluster 3. (b) Households appear again, but now
instead of letters, cluster numbers are used. Entries in black font: households that should
not be classified in that cluster; entries in red font: households correctly classified in the
cluster.

3.4. Discussion

The WInu is used to assess improvement in estimated customer water
consumption achieved through clustering. For each of the 18 households,
two Wit values are obtained: one that examines how the actual water
consumption time series matches the cluster-estimated curve and one for the
no-cluster-estimated curves. The former curve is calculated by including
only households in the cluster, while the latter includes all households (no
clustering). In Figure 3.9, we see a plot of Wl for the two cases and we can
see that there is an improvement with clustering, which is significant for
some households, proving that clustering can lead in obtaining estimated
customer water consumption curves that are a closer match to the observed
consumptions. Improvement is not observed across the board for all
households, and this is something that is expected, due to the very limited
number of households and the limited duration of the data set (less than a
year). The fact that a significant improvement is observed for some
households is important and indicates that the methodology presented in
this article is promising.
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Figure 3.9. The Wi plot for the two cases; the cluster-estimated curve and the no-cluster-
estimated curves.

This analysis would be valid for the water utility on existing customers that
are grouped based on their historical consumption data. But what about new
customers that come without historical time series? In this case, the utility
would classify new customers based on the number of people in the
household. We do this for the two households that were set aside for
validation, namely households M and N. Since household M has 2 people
and N has 3, the former would be classified in cluster 2 and the latter in
cluster 3. When we perform the same analysis with the curves, we see that
household N has an improvement of almost 40% in the Win. and household
M has about 4% improvement in the same index. In Figures 3.10(a) and (b),
we see how the curves of households M and N are comparatively closer to
the curves of clusters 2 and 3, respectively, than the curve obtained for all
households, thus validating the clustering methodology. Observing the plots
in Figures 3.10(a) and (b), one can see that better agreement is obtained on
weekday data than on Saturdays or Sundays; this might be a result of more
structured activities during weekdays, compared to weekends, when
behavior is more stochastic and not characterized by a “typical” schedule
that is expected to be followed during work- and schooldays for families. In
addition, there are more weekdays than weekends in the dataset, so more
data leads to better fitting.
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4.1. Introduction

Water is mankind’s most precious resource since there are no substitutes
serving the essential functions of life. Human beings consume water directly
and also use it in the production of food, for washing, sanitation, and for
various industrial and domestic uses. Water supply and demand is affected by
many factors such as population growth, increasing urbanization,
intergovernmental relations, political and policy choices, social factors,
technological growth, and uncertainties of climate. In addition to these issues,
water consumption directly affects energy consumption (Plappally, 2012).

Water is an essential element for the extraction, refining, processing and
conveying energy and for the operation of hydroelectric and thermal power
plants and on the other hand, provision of water for any kind of human
activities requires huge quantities of energy (Ziogou and Zachariadis, 2017).
Energy is essential to people to run their homes or industries. Population
growth, urbanization and climate change exert pressure on water and energy
resources worldwide, as global demand increases rapidly. Water and energy
are key for satisfying the basic human needs; billions of people however are
still lacking access to these resources. The direct interconnection of these two
critical resources is easily established, since clean water needs energy to be
produced and power plants need cooling water to operate (Wa’el et al., 2017).

On a global basis, water and energy should be affordable for all people. The
need to find more efficient ways to use water and energy wisely, in households,
in agriculture, and in industry is emerging. Decision makers, researchers and
engineers have to recognize the water-energy nexus as a vital one. Using water
wisely includes producing potable water and cleaning wastewater with less
energy. Pumping water, pressurizing water distribution systems, and pumping
wastewater are major energy consumers (Olsson, 2011).

The need for a water-energy analysis is becoming increasingly important as the
need for resource efficiency becomes progressively urgent. In a water-
constrained world, it is critical to deeply understand the use of water
throughout the entire life cycle of electricity production (Schnoor, 2011;
Meldrum et al., 2013; Murrant et al., 2015). In all countries the use of water and
energy is interconnected. Specifically, in the United States, more than 400
billion gallons of water are withdrawn daily from surface and ground water
sources in order to supply various kinds of uses such as domestic, agricultural,
industrial etc. Information about the energy that is needed to pump, transport,
deliver, and process water is fragmentary and not well documented overall
(Copeland, 2014). In a 2002 report, the Electric Power Research Institute (EPRI)
estimated that nearly 4% of the nation’s electricity use goes toward moving and

treating water and wastewater by public and private entities (Goldstein and
Smith, 2012).
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The main contribution of this chapter is to demonstrate a water—energy nexus
analysis, in order to achieve sustainable supply and effectively manage water
and energy at city level by comparing the different electricity uses such as
household, public, commercial, agricultural, etc., and by showing how they
correlate with total water use. The time series that have been analyzed are
water and electricity consumption of the island of Skiathos and specific
distance metrics are used to check their similarity.

4.2. Materials and Methods

Water and energy consumption time series are analyzed, intending to identify
what the correlation of the two resources is. The energy consumption is divided
in individual uses such as domestic, commercial, agricultural, industrial and
public as well. We used three distance metrics in order to achieve our results.
Specifically, we used Minkowski distance which includes Euclidean and
Manhattan distance (Miskiewicz, 2012), and also the Pearson’s Correlation
Coefficient (PCC).

Our data are time series of water and electricity monthly consumption of the
island of Skiathos from 2010 to 2015. For the analysis, we used the total water
consumption of the island on one hand, and on the other hand, we used
cumulatively agricultural energy consumption, commercial, industrial, and
public. Additionally, we investigated how total consumption of water correlate
with domestic use of energy consumption. Both water and energy data have
been normalized in order to sum to 1. The normalization of the data is essential
due to the fact that all data should be of the same measurement unit and so the
results can be trustworthy.

The distance measures are very useful techniques that have been used in a wide
range of applications such as fuzzy set theory, multicriteria decision making,
research, etc. Among the great variety of distances, we can find in literature the
Minkowski distance, which can be considered as a generalization of both the
Euclidean distance and the Manhattan distance and the PCC as well (Merigo
and Gil-Lafuente, 2008; Vadivel et al., 2003).

4.2.1. Minkowski Distance

The Minkowski distance (Euclidean and Manhattan) can be calculated by the
equation (1) given

below:

n ) 1

Dyvk = (lei =yl ( )
i=1

The generic r parameter in Equation (1) can be replaced by the value 2 to yield

the Euclidean distance, the value 1 would yield the Manhattan distance, and all

the intermediate values in the (1 <r < 2) interval yield an array of Minkowski
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distances. In this research we will use the values 1 and 2 for the parameter r
(Shahid et al., 2009). The values someone can find when calculating the
Minkowski distance varies from 0 to 2. To be more specific, the closer to 0 the
Dynk is, the more related the two-time series are. On the contrary, the closer to
2 the Dy nk is, the more unrelated the two-time series are.

4.2.2. Pearson’s Correlation Coefficient

The similarity measure is clearly application-dependent, so here we used also
PCC, chosen through the several similarity measures have been proposed,
since our data is linear. PCC measures the strength and direction of a linear
relationship between two variables X and Y and can be defined as (Liao, 2005;
Rodgers and Nicewander, 1998):

R— cov(X,Y)
Oy Oy
= FIX =) (Y — )] 2)
Oy Oy
_ E[XY] — E[X]E[Y]
JVE[X?2] — E[X]? JE[Y] — E[Y])?

The Statistical Package for the Social Sciences (SPSS) is used for the calculation
of the PCC, which are presented in the following section. Below in Table 4.1,
the values of PCC and how the two-time series are correlated according to their
values, are displayed:

Table 4.1. PCC values and explanations.

Value of R Correlation
R=+1 perfect linear correlation
-0.3<R<0.3 no linear correlation
-0.5<R<-030r0.3<R<0.5 weak linear correlation

-0.7<R<-050r0.5<R<0.7  average linear correlation

-0.8<R<-0.70r0.7<R<0.8  strong linear correlation

-1.0<R<-080r0.8<R<1.0 very strong linear
correlation

4.3. Results and Discussion

Initially, we had all our data normalized, as aforementioned, in order to have a
clear depiction of their actual consumption behavior. Observing the diagrams
below, (Figure 4.1) one can see that the total consumption of water approaches
the energy consumption—agricultural, commercial, industrial and public
use—in a very satisfying way. The reason we summed the 4 uses of energy is
due to the fact that they appeared to have a similar consumption behavior.
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Figure 4.1 The consumption behavior of total consumption of water in relation to agricultural,
commercial, industrial and public use of energy consumption.

On the other hand, we notice that total consumption of water and domestic use
of energy consumption seem not to have the same consumption behavior
(Figure 4.2). We will investigate those two consumptions and try to prove that
they are unrelated.

0.045
0.04

c
20,035

o
£ 0.03
70.025

c
G 0.02

e W ater

& 4 R W 4 R T 3 R RS
R R A A A
RPN PN N M RN N

Time

Figure 4.2 The consumption behavior of water in relation to domestic energy consumption.

The next step was to calculate the 3-distance metrics and confirm or not the
above assumptions. The values of the distance measurements are presented in
Table 4.2. The first PCC value (0.829) confirms a very strong linear correlation
between the two consumptions (Total Water/ Commercial-Agricultural-Public-
Industrial use of Energy), according to Table 4.1, and the variable a, in the third
column, indicates that the specific test is significant. In graph (a) in Figure 4.3,
this outcome and also their linear function showing the very strong linear
correlation they have, is depicted. To the best of our knowledge, this can be

o _explained by the reason that in Skiathos there is agricultural, commercial and
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industrial activity. The main agricultural products are oil and olives, since 28%
of the island is covered by olive trees. In addition, since antiquity, there has
been cultivation of a local vineyard from which there is a small production for
own consumption. Industrial production includes local food processing
industries.

The second PCC value (-0.053) in Table 4.2, reveals that there is no linear
correlation between total water consumption and the domestic energy use,
even though a small PCC value does not necessarily mean that there is no linear
relationship. Furthermore, the variable a, indicates that this test is not
significant. The question here arises is why this is happening. Our research
concerns the Greek island of Skiathos and according to the Water Utility of the
island, the water is not potable due to its high mercury content. This means,
that many domestic uses of water, such as cooking, personal hygiene
(especially infant hygiene) and drinking water have been replaced by bottled
water. That fact might have caused the reduction of water consumption
through faucets in households and also created this difference between the two
consumptions. Graph (b) in Figure 4.3, visualizes the aforementioned.

Minkowski Distance (Euclidean and Manhattan) is also calculated, and the
results are also in Table 4.2. As we can see all four values, for the two groups of
consumptions, for both Euclidean and Manhattan distance are closer to 0 rather
than to 2. There are some differences in the outcomes of two groups, showing
that the first one (water/commercial, agricultural, industrial and public use of
energy consumption) contains more correlated consumptions but in general
opposes to the result found calculated with the PCC. The error is bigger in
values of the second group (water/domestic use of energy consumption), since
they appear as correlated consumptions while as in PPC value they have no
linear correlation. Considering the above, the Minkowski distance is not the
best metric measurement for these data due to the inaccuracy of their outputs.
Contrariwise, the PPC seems to be a very good distance metric because its
results seem to give better results and can be trustworthy for future prediction

of that kind of data set.
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Figure 4.3 The PCC graphs between water and energy consumption (normalized values): (a)
PCC graph for total water and for 4 uses of energy consumption (agricultural, commercial,
industrial and public); (b) PCC graph for total water and domestic use of energy
consumption.

Table 4.2 Values of PCC, Euclidean and Manhattan Distance

Consumption of PccC Variable  Euclidean Manhattan
Water/Energy al Distance Distance
Total Water | Commercial — 0.829 0 0.069 0.375
Agricultural — Public —
Industrial (Energy)
Total Water / Domestic -0.053 0.703 0.095 0.560
(Energy)

4.4. Conclusions

In this paper, we presented a water-energy nexus analysis for the Greek island
of Skiathos. We analyzed the consumptions of different uses of energy—
agricultural, commercial, industrial and public—and we concluded that there
is a very strong linear correlation with total water consumption. We also
examined the correlation of domestic use of energy with total water
consumption and the results showed no linear correlation between them. For
the results we used PCC and Minkowski Distance (Euclidean and Manhattan)
after having all our data normalized at first level. The PCC proved to be the
best distance measurement and the Minkowski Distance not a suitable one for
our case study.

Through this investigation people could be motivated not only to save energy
but also save water as well in order to get financial benefits, because energy is
much pricier than water. Residents should be informed at a very early stage,

! Variable a defines whether the test is significant or not If a < 0.5, the test is significant while

Institutional Reposit%)frf}—{igfgf)ﬂ&elF}?S%Sé{ilgﬁ Egr%felc—q_rllr!iiversity of Thessaly
30/08/2023 04:36:37 EEST - 137.108.70.14



such as in school for example, in order to save water and energy starting from
their households and by achieving that, we could save the environment in
general.
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5.1. Introduction

Economic growth during the last century have positively affected many people,
thus providing them with the main essentials resources for living—water,
energy and food (WEF) (UNDP, 2016). These accomplishments have adverse
effects on environmental assets. Worldwide, aquatic and terrestrial ecosystems
have been irreparably affected, natural deposits have been exhausted, some
species are facing high risk of extinction, and susceptibility to disturbances has
increased (Turner et al., 2003; Vorosmarty et al., 2010; Puma, 2019). Considering
the current global situation, GHG emissions projected to increase by 50%,
primarily due to a 70% growth in energy-related CO2 emissions (Kitamori et
al., 2012). To prevent that, many countries have adopted National Mitigation
Actions (NAMAs) to set limits to this increase, aiming at stabilising global
temperature increase at 2°C in the future (UNFCCC, 2011). However, if no
major interventions are done, the global temperature is expected to rise by 3.5°C
by 2035 (IEA, 2010), indicating the need for imperative and drastic
implementation of solutions to address the problem in a timely manner. Water
security will ensure both the reduction of energy needs for the agri-food sector
and the generation of renewable energy supply aiming at stabilizing the GHG
emissions.

Both environmental burden and lack of the combined WEF security are
expected to deteriorate in the next decades, driven by overpopulation,
increasingly resource-intensive lifestyles and susceptibility to disturbances
under climate change (Hoekstra and Wiedmann; 2014; Steffen et al., 2018). A
WEF Nexus approach seems to be able to set limits to this ongoing problem,
since such an approach, can enhance WEF security leading to fewer CO2
emissions, by increasing resource efficiency and integrating management and
governance across sectors and scales (Hoff 2011). Applying the nexus approach
to policymaking is based on the idea that WEF systems should be addressed
collectively and holistically in order to achieve WEF security (WEF, 2011;
Bleischwitz et al., 2018). To achieve a sustainable development at national and
ultimately at global level, other aspects, such as poverty, hunger, wellbeing,
equality, and environment are of equal importance. To this extent, these aspects
which constitute part of the 17 Sustainable Development Goals (SDGs) are fully
interconnected with WEF nexus under climate change (SDG2-food, SDG6-
water, SDG7-energy, and SDG13-climate) since the cross-sectoral management
is vital to achieving the SDGs (Flammini et al., 2014). Integrating climate change
adaptation strategies into WEF nexus, can obtain efficient resource cooperation,
resulting in better environmental resilience (Mpandeli et al., 2018). As the nexus
approach becomes more and more popular, a lot of research has been published
on the WEF nexus concept (Laspidou et al., 2020; Albrecht, 2018; Finley et al.;
2014, et al. 2015; Stephan, 2018; Ioannou and Laspidou, 2018), or extended
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Nexus approaches, such as the Water-Energy-Food-Ecosystem (Malago et al.,
2021), or including Land Use and Climate in the Nexus concept (Janssen et al.,
2020; Laspidou et al., 2019), with some articles focusing on the combined WEF
security and system resilience (Mguni and van Vliet, 2020; Sukhwani et al.,
2019). One of the greatest challenges worldwide, is to provide essential human
needs and resources to all, in an environmentally compatible, economically
resilient and socially inclusive manner that is capable to contend with
disturbances and catastrophes (Sachs et al., 2019).

At the same time, resilience analysis approach arose in scientific debates and
evolved from the field of ecology, is firmly linked with sustainability science
and global change research (Folke et al., 2010; Scheffer et al., 2012; Anderies,
2015). In a world characterised by uncertainty and complexity, unexpected
disturbances and disasters may affect systems in unpredictable ways, reducing
system performance (Nystrom et al., 2019). Hence, resilience analysis approach
accentuates the need to design, develop and manage systems for resilience with
the aim to withstand and absorb unavoidable disturbances; either short-term
disturbances, such as a pandemic, or long-term disturbances, such as climate
change (World Bank, 2013; Hall et al., 2014; Grafton et al., 2019). Resilience
literature at its early stage, often uses the metaphor of a stability landscape,
where resilience measures the persistence of a system and of its ability to absorb
change and disturbance (Holling, 1973). Resilience analysis approach is
progressively urged to tackle some of the great disputes of the current century:
providing WEF security to all while maintaining natural resource availability
at sustainable levels; this is a great challenge, considering the extensive
environmental stress caused by exploitation and climate change.

Both nexus and resilience approaches are applicable to science and to policy-
and decision-making, but it is still indefinite to what degree they are expected
to accomplish what they stand for to make a significant contribution to WEF
security goals. In resilience modeling, there is a great deal of diversity in the
literature on disturbance conceptualization, methodology, and tools for
implementing different approaches. (Grafton et al., 2016; Allen et al., 2019).
Similarly for the nexus, while aiming at identifying the WEF system
interlinkages under climate change conditions, there are limited advanced
analytical frameworks proposed in the literature for integrated WEF policy
development (Laspidou et al., 2020; Papadopoulou et al., 2020; Scott et al., 2011;
Leck et al., 2015; Albrecht et al.,2018). Therefore, the convergence of objectives
and concepts in both contexts led researchers to consolidate the two approaches
(Guillaume et al., 2015; De Grenade et al., 2016; Stringer et al.,2018).

System dynamics modeling (Forrester, 1961; Coyle, 1997; Ford, 1999; Kelly et
al., 2013) is used with the intention of simulating and analyzing complex
systems, thus offering policymakers a valuable tool to comprehend the
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potential impacts of policy implementation (Bakhshianlamouki et al.,2020). A
system dynamics model (SDM) attempts to simulate the real-world system’s
behavior based on the principal concepts of flows, feedback loops, and time
delays. Thus, when aiming at modeling any system, it is critical to develop the
model based on the behavior of the system in real-world circumstances and
apprehend the interaction of the parameters affecting the system’s behavior in
accordance with the real system (vanEmmerik et al., 2014; Chen et al., 2016). In
this study, the system dynamics modeling approach is adopted to model the
WEF nexus interlinkages under climate change due to its adjustability and its
ability to focus on the long-term characteristics (Robinson, 1998), and thus
propose policies to improve the overall behavior of the system with the aim to
enhance its resilience.

In this chapter, we identify and quantify the WEF nexus interlinkages of a
system under climate change and develop an SDM that is conceptualized to be
used as a framework for nexus system resilience analysis. We focus on the
nexus approach at the national level combined with system resilience analysis
and parametric sensitivity analysis (SA). We present a study of the systemic
reaction to disturbance and quantify different measures of resilience of socio-
ecological systems (SESs) (Walker et al.,2006) to climate change for different
scenarios/policies for the national case study of Greece. Our goal is to set up a
comprehensive resilience analysis framework of the WEF nexus system under
climate change through system dynamics modeling and causal loop analysis in
order to assess and quantify causality and systemic resilience under
environmental stress and shock, simulating extreme events under climate
change. This methodology is novel and applicable on systems of various scales
and is demonstrated here for the national case study of Greece, but is by no
means limited to this application.

This analysis enhances the science-policy interface and translates the
complexity of a WEF nexus system in terms that are easy to understand, thus
communicating the effects of climate change and leading to informed policy-
making. SA is also conducted on a system and sector level to identify variables
that the system is most sensitive to. The energy and agricultural policies are
modeled, and their effects on system resilience are investigated.
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5.2. Materials and Methods

The SDM was implemented in STELLA Architect (www.iseesystems.com/). We
used the SIMANEXUS project dataset (Mellios and Laspidou, 2020) that was
developed for 2010 and ran simulations for 100 years (2010-2110) with a yearly
time step. We focused on water for the case study of Greece (modeled as
available freshwater) since water has been identified as the most vulnerable
nexus sector and the one most prominently affected by the other sectors for
Greece (Laspidou et al, 2019). In relation to energy, the water—energy
interlinkage is monitored through cooling water (CW) since electricity is
produced in thermal power plants in the country, requiring large amounts of
freshwater. Hydropower is not considered in this study. The water—food
interlinkage is presented through the quantities of water for irrigation and
available food produced locally, while GHG emissions are produced from
fossil-fuel power plants, human activities (transportation, households, services,
etc.), and agricultural activity (Figure 5.1). According to the Greek Statistical
Authority (ELSTAT), Greece has a population of 10.4 million people (2020),
which has been experiencing an ongoing decline since 2010 (Hellenic Statistical
Authority, 2020). It is a popular touristic destination amassing over 30 million
tourists per year, as was the case in 2019 (SETE, 2019). On the one hand, tourism
is a significant factor for the Greek economy, and on the other hand, a
demanding resource consumer, affecting resource availability and competing
with antagonistic resource uses in the country. Furthermore, the agricultural
sector in Greece has always been a reference point for economic and social life,
thus contributing to 4% of the GDP, twice as much as in other European
countries (Hellenic Statistical Authority, 2018), consuming close to 80% of all
national freshwater resources and contributing to 7.84 million tons of GHG
emissions (Our World in Data).
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Figure 5. 1. Stock-flow diagram for the national case study of Greece.

5.2.1. System Dynamics Model

System dynamics modeling has broadly been used as a simulator of complex
real systems, helping researchers and policymakers to frame and understand
the complexities of and interlinkages within the system, while at the same time,
it provides information on how the system might evolve over time
(Bakhshianlamouki et al., 2020).To conceptualize a complex dynamic system
prior to simulation analysis, causal loop diagrams (CLDs) are used to identify
the key variables in a system and indicate the causal relationship between the
musing links (Randers 1980). CLDs can perfectly describe the flow of the
dynamic behavior of complex dynamic systems. A CLD consists of variables
connected with links showing their interdependence and corresponding signs
on each link that mark the nature of the paired connection—increase or
decrease of the dependent variable; the number of increases or decreases
defines the nature of the system behavior as a whole—making loops either
reinforcing (multiplying the change in one direction) or balancing (breaking the
chain, counterbalancing explosive system behavior, and resulting in reduced
outcomes) (Lannon, 2012). Balancing or stabilizing feedback loops (Chapin et
al., 2009) act by altering variables in the reverse direction to their existing one,
neutralizing the effects of the condition on the system (Morecroft,2015).
Balancing the feedback loop is crucial because it can contribute to system
recovery after a perturbation disappears. Reinforcing or amplifying feedback
loops intensify the effects of the perturbations that contribute to destabilizing
the system. The policies aiming at enhancing resilience might be used in

“vicious” amplifying feedback loops by counterbalancing them to diminish or
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delay their effects on the outcome function of the system and mitigate the
impact of perturbations. Whether loops are reinforcing or balancing, it depends
on the number of negative relationships in a feedback loop: an even number of
negative relationships indicates that the loop is positive (reinforcing), while an
odd number indicates a negative (balancing) loop. Ideally, in each SDM, the
existence of both, reinforcing and balancing loops, ensures the overall balance
of the system.

As the next step, to quantify the variables in the loop, the stock-and-flow
diagram (SFD) is used since SFDs can perfectly capture the stock and flow
behavior of a system. Stocks are variables that represent accumulations
(Richardson, 2011), and the flow is changing by decisions based on the
condition of the system and can be simulated to generate the dynamic behavior
of the system. Crucial stocks can enhance system resilience due to the by-
default delay created between the disturbance and its effect. Thus, the system
outcome function is less affected by the disturbance and saves time for easier
recovery. The SFD represents integral finite difference equations involving the
variables of the feedback loop structure of the system and simulates the
dynamic behavior of the system (Manetsch andPark 1982; Bala et al., 2017).

The SDM (Figure 5.1) starts by simulating the GHG emissions as a stock, so
GHGs in the atmosphere are the sum of what is emitted (GHG emitted) minus
what is sequestrated (carbon sequestration). The GHG emitted is the sum of
GHGs produced due to power generation (PG), GHGs due to agricultural
activity, and other GHGs (i.e.,, urban/household) coming mainly from the
population and tourists using the per capita GHG emissions (industrial GHG
emissions are excluded from this calculation as they are deemed minor—see
Laspidou et al., 2020). Carbon sequestration, on the other hand, depends on
land use, land-use change, and forestry (LULUCF) uptake and CO2 uptake by
the oceans. As the GHG emissions change overtime, the effect of GHGs on
climate change varies accordingly, while the effect of climate change on total
renewable water resources (TRWRs) is affected inversely; thus, an increase in
GHG emissions leads to a decrease in the TRWR, reflecting the fact that climate
change will bring about water scarcity in the long run. The TRWR is the inflow
that feeds the available freshwater stock, while its outflows are: flow to the sea,
(CW) consumption, the irrigation water consumption (WC) and other WC
(household/urban WC). The sum of all these out flows (except from flow to the
sea) is the total WC. We use the Water Exploitation Index plus (WEI+) as a
measurement of water stress in the country (Casadei et al.,2020). Values greater
than 20% indicate water scarcity, while values greater than 40% indicate
situations of severe water scarcity (i.e., the use of freshwater resources is clearly
unsustainable) (EUROSTAT). WEI+ is affected by both actual TRWR and total
WC. The former inversely affects the WEI+ (a delay signal has been used herein,
indicating that changes in TRWR will become visible in the WEI+ in the long
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run), while the latter directly affects the WEI+. When the WEI + increases, It
means that we have increasing deficits in freshwater availability, which leads
to a drop in aquifer levels and an increase in pumping energy (PE) as we have
to go deeper and deeper to find water. In turn, the electricity demand (ED)
associated with pumping increases, followed by increased electricity
generation to meet demands, which leads to both increased GHG emissions
(when fossil fuels are used) and increased demands in CW, and thus in total
WC, and a further increase in WEI+, creating a reinforcing loop (R3). An
increased WEI+, which is a result of either increased water consumption,
decreased TRWR, or both, will in the long run result in farmers switching to
alternative crops that do not require irrigation. This is a natural adaptation to
climate change practice that farmers will follow. As a result, irrigated land and
associated irrigation water demand will decrease and non-irrigated land
should increase; this is not expected to be an immediate response to water
scarcity; thus, a delay is taken into account in the SDM. Naturally, both
irrigated and non-irrigated land affect food production (FP) and GHG
emissions due to agricultural activity. Finally, all human consumption is
represented and regulated by the population/tourist parameter directly
affecting the following quantities in the model: urban-industrial ED, food
consumption, other (urban) water consumption, and other (urban) GHG
emissions. The CLDs formed in this SDM are presented in the Results section.
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An overview of the methodology in a step by step fashion is shown in Figure
5.2.

Figure 5.2 An overview of the methodology in a step-by-step fashion.

5.2.2. Sensitivity Analysis

With the purpose of developing confidence and validity in the model and its
results, unit consistency and SA were implemented in the developed SDM,; this
analysis aims to prove that this model is sufficiently accurate for its intended
use (Robinson, 2004). To check the unit consistency of our model, each model
variable in the SDM was separately selected and either confirmed or amended
to ensure that it is correct and in consistent units. In this combined nexus-
resilience analysis, we used the SA to identify the most important parameters
affecting the basic variables of the system by quantifying the importance of
each parameter.

We start by performing sensitivity runs based on Monte Carlo simulations
implemented in the SDM for all model parameters. The initial values of the
parameters were altered by +10% to observe the corresponding changes on the
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variables of the greatest interest in our model. We present the analysis for three
important quantities, namely, available freshwater, ED, and GHG emissions.
Our interest is to show how these quantities change when all parameters vary
by +10% with a Monte Carlo analysis. For some parameters, we observed
almost no change, while for some others, we had significant variability. We
show the results for a selected set of seven parameters that our quantities show
variable sensitivity to. These are: TRWR (m?® of water), population/tourists
(number), GHG emission factor for PG (kg of CO2/GWh produced), per capita
GHG emissions (kg of CO:/capita due to human activity —mainly
transportation), ED per capita (GWh electricity consumed/capita), irrigated
land (m? of land), and actual losses in the agricultural irrigation system (m?3
water). All data come from the SIM4ANEXUS dataset (Mellios and Laspidou,
2020) and are expressed on a yearly basis.

To quantify sensitivity, we used Eq. 1, where S(p) is the estimated sensitivity
value of a parameter, x is the selected variable, p is the selected parameter, and
Ax and Ap denote the change in the variable and parameter, respectively
(Jorgensenand Bendoricchio, 2001). The larger the S(p) value of a given
parameter, the more important that parameter is.

S(p) = ﬁ (1)

5.2.3. System Resilience Analysis

In the context of implementing SRA, we investigated how our system responds
to a disturbance (o). In our case study, we chose disturbance (o) to be the
reduction of the TRWR (i.e., a drought) as a consequence of climate change.
Our outcome function F(x) (i.e., available freshwater) indicates how the system
responds to that disturbance. The purpose of this analysis is to investigate
whether a system —after being affected by a disturbance(o) —can recover or not
and under which circumstances. More specifically, two things can happen to a
system that has undergone shock or a very strong disturbance: it can either
absorb the shock and result in maintaining its original behavior (no change) or
it can change to a new state. When a system shifts to a new state, it can then
either bounce back to its original state (a mechanical equivalent would be that
the system “bends”) or be forced to a completely new permanent state and
never bounce back to its original state (corresponding to the system “braking”
according to our mechanical analogy) (Herrera de Leon and Kopainsky, 2019).
When assessing system resilience, it is important to identify “when the
disturbance forces the system to change its behavior”, or in other words, “how
big a disturbance needs to be”, “under which circumstances and after how long
the system bounces back or breaks”, and/or “how fast the system can recover”,
if at all. To address the aforementioned gslé%stions, we follow the Herrera (2017)
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methodology and quantify system resilience by measuring five resilience
metrics. To do this, we consider the available freshwater as the outcome
function F(x) and quantify the system behavior after being affected by
disturbance (o), which is an extreme drought, expressed as a steep reduction in
the TRWR.

Engineering resilience and ecological resilience are both considered here.
Engineering resilience is defined as the rate (how fast) at which a system
resumes to its original state after a perturbation (Pimm 1984), whereas
ecological resilience is defined as the amount of disturbance a system can
withstand and not change into a new condition (Carpenter and Gunderson,
2001). As also described by Herrera (2017), for this analysis, we assess
engineering resilience by using hardness, recover rapidity, and robustness
measures, whereas to assess ecological resilience, we use elasticity and index
of resilience measures. To define the aforementioned measures, we consider
the following characteristics: d: magnitude of disturbance, t: time when the
disturbance starts, ta: time when the disturbance stops, and t:: time when the
system fully bounces back.

Table 5.1 Whole model’s parameter importance in descending order.

Model parameter Sensitivity parameter
value

TRWR 0.440

Population/tourists 0.438

Baseline irrigated land 0.297

Electricity demand per 0.254

capita

Per capita GHG emissions 0.200

GHG factor 0.184

Actual losses 0.047

Hardness (o) is the system’s ability to withstand a disturbance (o)without
presenting a change in the performance of the outcome function F(x). To
measure hardness, we increase oy, to find the smallest value of ¢ that produces
a different outcome function F(x), while keeping t; and t. constant.

op = Oy X (tqg —to). 2)

Recover rapidity (R) is the average rate at which a system bounces back to its
original situation after a disturbance (o) (Pimm, 1984; Martin et al., 2011;
Herrera 2017). To measure R, we continue increasing & keeping t; and ¢,
steady, and estimate the F(t, 1) for the current (original) situation and F(t, 1)
after the disturbance (0):

(F(te,) = F (tdz))_ 3)

tf_td

R =
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Robustness (p) is the system’s ability to resist big disturbances (o) without
significant loss of performance (Attoh-Okine et al.,2009; Herrera 2017) and is
given by Eq. 4:

= . )
(F(ta,) = F(ta,))
Elasticity (og) is the system’s ability to absorb a disturbance (o) without

changing to a different permanent state (Holling,1996; Herrera 2017). Elasticity
is calculated as the smallest disturbance o that moves F(x) to a different state.

ﬁ:

The bigger o a system has, the more undisturbed it is
og = 0 X (tqg — to). )

Index of Resilience (Irgs) is the probability of the system to keep its current
situation steady (Holling, 1996; Holling and Gunderson, 2002; Martin et al.,
2011). High values of Igs indicate low probability of the system changing to a
different state.

Irgs = P(0 < op). )
5.3. Results and Discussion

5.3.1. Causal Loop Diagrams

For this analysis, the conceptualization of the nexus system is presented
through the construction of a CLD. The CLD (Figure 5.3 revealed seven
interesting feedback loops—four reinforcing (R1, R2, R3, and R4) and three
balancing ones (B1, B2, and B3).
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Figure 5.3 Causal loop diagram (CLD) indicating the interconnection of Greece’s water-

energy-food system under climate change using the SDM.
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R1 is a climate-water—energy nexus reinforcing loop starting from the climate
sector (Figure 5.4a). When the GHG produced due to PG is dealing with an
increase, then the GHG emitted inflow is also increased, which in turn affects
the GHG emissions the same way. An increase in GHG emissions causes a
delayed increase on the effect of GHGs on climate change, while the effect of
climate change on the TRWR is affected inversely, causing a decrease on the
TRWR. When the TRWRs are reduced, WEI+—affected by TRWR—faces an
increase which intensifies PE, ED, and EG, leading to a further increase in GHG
produced due to PG. The R2 loop (Figure 5.4b) indicates the interconnection of
total WC, WEI+, PE, ED, EG, and CW, where all are followed by successive
increase, thus creating a water—energy nexus reinforcing loop. R3 in Figure 5.4c,
is also a water—energy nexus reinforcing loop following the structure of R2, but
in this loop, an increase in PE is caused by an increase in total WC due to the
emerging need to extract more water to cover water demands (WEI+ is not part
of this loop). In the R4 loop (Figure 5.4d), the GHG emissions affect the TRWR
and WEI+ in the way described previously for R1. An increase in WEI+ leads to
a drop in water supply forcing the farmers to adapt to the new challenge by
switching to non-irrigated crops, thus leading to an increase in non-irrigated
land and FP. In turn, an increase in FP leads to a GHG emission increase
through GHG due to agricultural activity, thus creating a reinforcing climate—
water—food nexus loop.
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energy—-climate balancing loop, (F) competitive water uses the balancing loop, and (G) water—
food—climate balancing loop.

In the B1 loop (Figure 5.4e), an increase in GHG emissions causes a decrease in
the TRWR through the effect of climate change on TRWR; thus, both water
availability and WC are also decreased, meaning the energy sector is also facing
a decrease contributing to less GHG emissions (through GHG due to PG).
Balancing loop B1 contributes to the limitation of climate change effects on the
water and energy sector, creating a climate-water—energy nexus loop. In the B2
loop (Figure 5.4f), an increase in total water consumption means that water
scarcity is deteriorating, so the WEI+ values increase. When the country faces
water scarcity, farmers will adapt to this situation by limiting the cultivation of
irrigating crops; thus, the irrigated land, the associated irrigation WD, and
irrigation WC will decrease. This behavior sets limits to reckless water use and
creates a competitive water use balancing loop.

Table 5.2 Parameter quantified importance/sensitivity for available water, electricity demand,
and GHG emissions in a descending order.

Parameters quantified Parameters quantified Parameters quantified

importance/sensitivity for importance/sensitivity for importance/sensitivity for GHG

available water electricity demand emissions

TRWR 0.645 ED per capita 0.563 Population/tourists 0.704

Population/tourists 0.313 Population/tourists 0.531 GHG factor 0.509

GHG factor 0.196 Irrigated land 0.199 Per capita GHG 0.423
emissions

Per capita GHG 0.181 TRWR 0.175 ED per capita 0.276

emissions

Irrigated land 0.163 Per capita GHG 0.090 Irrigated land 0.106

emissions
ED per capita 0.119 GHG factor 0.053 TRWR 0.085
Actual losses 0.048 Actual losses 0.034 Actual losses 0.015

In the B3 loop (Figure 5.4g), similar to B2, an increase in WEI + causes a decrease
in irrigated land, FP, and GHG emissions through the GHG emitted due to
agricultural activity, thus creating a climate-water—food nexus balancing loop.
The system comes to a relative balance due to the existence of both kinds of
loops-reinforcing and balancing. Following the model’s conceptualization, we
then proceeded to the system’s SFD as depicted in Figure 5.1 to quantify the
nexus interlinkages, find the most sensitive system parameters, and quantify
system resilience for the three scenarios.
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5.3.2. Sensitivity Analysis Results

Table 5.1 reveals the most important parameters that affect the whole system
in a descending order based on parameter S(p) (Eq.1). The TRWR and the
number of people (population/tourists) seem to be the two parameters that our
model is the most sensitive to, while the parameter actual losses in the
irrigation network is the one that affects the model the least.
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Figure 5.5 Tornado diagrams showing the value of the quantity for the limiting values of the
5th and the 95th percentile of the parameters for: (a) GHG emitted in kg COs, (c) available
water in m?, and (e)electricity demand in GWh. Spread diagrams indicating values of the

quantities for the whole range of values that the parameter takes in the Monte Carlo analysis
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To quantify how much these seven model parameters affect the three basic
quantities in the model, namely, available water, ED, and GHG emitted, we
present a sector-specific SA, in which S(p) is calculated for each quantity,
making it possible to compare and contrast the sensitivity of the important
quantities to these parameters (Table 5.2). We observe that actual losses are at
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the bottom of the list, and the number of people (population/tourists) is close
to the top of the list for all three quantities.

Next, a percentile analysis is performed. The most sensitive parameters are
expected to bring about large variability in the quantities, while small
variability indicates that the quantities do not change much, so they are
insensitive to the parameters in question. Tornado diagrams are used to
visually depict these results, showing the value of the quantity for the limiting
values of the 5" and the 95" percentile of the parameter (Howard, 1988;
Eschenbach, 1992). To show not only the limiting values but also the values of
the quantities for the whole range of values that the parameter takes in the
Monte Carlo analysis, we use sensitivity spread diagrams that we reproduced
using the “ggplot2” plotting package in R Studio software. These results are
shown in Figure 5.5. The climate sector is mostly affected by the
population/tourists, GHG factor, and per capita GHG parameters (Figures 5.5a,
B). The most important parameters of the water sector are TRWR and
population/tourists (Figures 5.4c, d), while the energy sector is proved to be
sensitive when ED per capita and population/tourists change (Figures 5.4e, f).
Actual losses seem to affect these three sectors (and the whole system) the least.

The spread diagrams indicate the values of the quantities for the whole range
of values that the parameter takes in the Monte Carlo analysis for: b) GHG
emitted in kg CO, d) available water in m?3, and f) electricity demand in GWh.

To validate the results of the model, we used the WEI+ values. We simulated
the WEI+ values starting from year 1 (corresponding to actual year 2010), and
we compared the two values—simulated and real—for the year 7
(corresponding to actual year 2017). We chose the year 2017 since this is the last
value published by EUROSTAT. The actual WEI+ value for the year 2017 is
39.37% (European Environmental Agency (EEA), 2020), while the simulated
value is 38.7%, thus validating model results.

5.3.3. Resilience Analysis and Policy Evaluation

To assess SRA for our case study, we study the system behavior and quantify
its ability to withstand shock under climate change; in this case, an extreme
drought scenario is imposed on the system, and its ability to withstand it is
investigated. The ecological and engineering measures of resilience (system
resilience analysis) were applied to the developed SDM for the baseline
scenario (with no interventions) and also for two suggested policies aiming to
enhance WEF security; the implementation of renewable energy systems (RESs)
(policy I) and increased stakeholder awareness and education, followed by
increased funding to implement advanced irrigation systems with minimal
losses in agriculture (policy II).
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In Figure 5.6, we show the SFD that includes the implementation of policy I.
The outer loop shown with black arrows is reinforcing loop R1, while the
balancing loop B1 combines black and blue arrows and goes through the
available water stock and through total WC and pumping energy.

For policy I, we add the parameter fraction of RES in total energy generation
mix (shown in the box in Figure 5.6), and this way, we reduce the GHG
emissions due to power generation by 30% as compared to the baseline scenario.
For policy II, we add extra variables in the SDM, and a new loop is formed
(reinforcing loop R5). Here, awareness and education is designed to lead to
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Figure 5.6 Stock — and flow diagram with the implementation of Policy I—renewable energy
systems (RES).

stakeholders demanding and obtaining more funding for the implementation
of efficient irrigation technologies that will lead to increased irrigation
efficiency and reduced actual losses in agriculture (Figure 5.7). We expect both
policies to lead to more resilient water systems overall through a WEF analysis;
our goal is to compare the two policies in terms of systemic resilience using the
metrics presented in the system resilience analysis. Therefore, we simulate and
measure the resilience function F(x) (which represents the quantity of choice,
depending on our scenario) for the baseline scenario (with no policies yet
implemented); in our case, F(x) is available water.
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Figure 5.7 Stock — and flow diagram with the implementation of Policy II— funding to reduce

water losses in irrigation systems.

As the next step, the two proposed policies are applied separately to the system,
and then the respective responses to the system are measured. “Before” and

“after” results can then be compared to identify which scenario enhances the

system resilience aiming at WEF security under climate change.

We follow a methodology in order to define system hardness (oH) and

elasticity (oE). To find system hardness, we keep increasing the magnitude of
the system disturbance (TRWR reduction) over a period of 10 years, specifically
from 2014 to2024, and we observe how F(x)—available water —changes. The
highest disturbance/change in the TRWR that produces the least noticeable
change in F(x)is its hardness (0H), the engineering threshold (shown in Table
5.3). We observe that when all scenarios are compared, the baseline is the least

resilient system, having the lowest

Table 5.3. Results of engineering and ecological resilience for the three scenarios; the baseline

scenario, Policy I—RES, and policy Il —irrigation funding.

Engineering resilience

Ecological resilience

Scenarios Ha(r:Hr;ess R p Elasticity (o) resiiir;ii); (()IfRES)
Baseline 2,54-10°m3 0,80-10°m3/year  0.107 5,08-10°m? 33,4%
Policy I 5,08-10°m3 2,38-10°m3/year ~ 0.108 15,24-10°m3 46,6%
Policy II 4,06109m3  1,34-109m3/year  0.108 10,16-10°m3 40%

hardness, while policy I has the highest. With the implementation of policies,
the system can withstand bigger changes (higher hardness) in the TRWR, such
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as extreme droughts caused by climate change, before available water is
affected. Variable R shows how quickly the system will recover from the
disturbance, and it is the highest for policy I, while in terms of robustness, the
two policies appear similarly robust and more robust than the baseline.
Ecological resilience is assessed next with the calculation of system elasticity
(oE) and Index of Resilience (Is) for the same 10-year period (2014-2024). We
now reduce the TRWR even more until the outcome F(x)—available water—
changes significantly and to a new state, and we observe whether F(x) bounces
back or not.

Figure 5.8 Simulated behavior for the available freshwater constituted of initial values of the
TRWR (with no disturbance) and system thresholds of hardness and elasticity referring to the
three scenarios: baseline scenario, policy I, and policy IL

In a mechanical analog, we speak about the system “bending” and “not
breaking”, that is, eventually recovering to its original state after some time.
Again, policy I seems to perform the best, showing higher system elasticity and
a significantly higher Index of Resilience overall. The system shows a higher
overall resilience under policy I.

In Figure 5.8, we show graphically the function F(x) for the three scenarios
(baseline and policy I and II) along with the initial values (blue), hardness o,
(orange), and elasticity o; (green). The initial values are improved for the two
policies, with policy I being slightly better (curve slightly higher than the other
blue curves). For hardness and elasticity, we need to compare the difference
with the initial values. For hardness, we observe that the biggest difference is
found between initial values and policy I, indicating that the system is the
“hardest” with policy I. Policy II shows hardness that is improved from the
baseline. For elasticity, again, policy I is the most “elastic” with the difference

being significantly larger when com]ﬁaring with policy II and baseline. This
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means that the system is more resilient, and even when there is a large
perturbation, it is capable of “absorbing” it and bouncing back to its original
state. When examining the baseline scenario, we observe that the system is
capable of absorbing a small disturbance (indicated by hardness curve
matching the initial value at 100 years), but it is not able to bounce back to its
original state when a larger perturbation occurs. This is indicated when we
observe that the green solid line (elasticity for baseline scenario) never meets
the blue solid line (initial value, baseline scenario), but even100 years later, it
remains lower than the original curve. Thus, without the implementation of
any policies, the system suffers a significant blow and never bounces back.
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Chapter 5 includes parts of the following unpublished work, that will be
submitted for publication:

Ioannou, A. E., & Laspidou, C. S. (2022). Resilience Analysis Framework
for a Water—Energy—-Food Nexus System Under Climate Change.
Frontiers in Environmental Science, 342.

e The contribution of Alexandra Ioannou involves the conceptualization,
the methodology, the software, the formal analysis, the investigation, the
validation, the data curation, the writing—original draft, and the

visualization.

e The contribution of Professor Chrysi Laspidou involves the
conceptualization, the methodology, the resources, the scientific
supervision, the review and editing, the project administration, and the
funding acquisition.

The work described in this chapter has been conducted within the project
NEXOGENESIS. This project has received funding from the European
Union’s Horizon (2020) Research and Innovation Programme under Grant
Agreement No. 1010003881 NEXOGENESIS. This article and the content
included in it do not represent the opinion of the European Union, and the
European Union is not responsible for any use that might be made of its
content.
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6.1. Introduction

Sustainability is commonly defined by the United Nations Brundtland
Commission in 1987 as: “meeting the needs of the present without
compromising the ability of the future generations to meet their own needs”
(Brundtland, 1987). Nearly 140 developing countries worldwide are trying to
find out how to meet their development goals without threatening
environmental security. By 2050, the world population is expected to exceed
nine billion, while at the same time, a 50% increase in GHG emissions is
expected, mainly due to the direct increase of CO2 emissions by 70% related to
energy production (Kitamori et al., 2012; Gielen et al., 2019). The economic
growth experienced during the last century has been followed by an increase
in the use of resources—Water, Energy and Food (WEF) (UNDP, 2016), thus
leading to irreversible impacts on aquatic and terrestrial ecosystems and to an
alarming rate of natural resource depletion (Vorosmarty et al., 2020; Puma,
2019). At the same time, pressures such as climate change, overpopulation and
rapid urbanization are expected to lead to an ever more increasing resource use,
while geopolitical instability and crises such as the COVID-19 pandemic
showcase weaknesses in the implementation of the UN 2030 Agenda for
Sustainable Development (UN, 2015). The 17 Sustainable Development Goals
(SDGs) are divided into 169 targets and there are almost 230 indicators
intending to achieve the targets. To achieve the SDGs, all relevant stakeholders
should collaborate and succeed in managing the synergies and trade-offs across
individual management and governance sectors (Stein et al., 2014). However,
'silo-thinking approaches' traditionally implemented to all countries all over
the world, seem no longer to be effective enough to address these challenges
and there is a need for new integrated and multi- dimensional approaches that
will manage to address multiple SDGs, if not all of them (McCollum et al., 2018,
Boas et al., 2016).

Managing food, water and energy systems is key to achieving the UN
Sustainable Development Goals (SDGs) and requires a better understanding of
the interactions between the Goals, both at and across different scales, to
promote social equality, human wellbeing and ecological integrity. Providing
decision-makers with the multifaceted knowledge needed to seize all
opportunities to enhance synergies and minimize trade-offs is, therefore, a
major objective for Nexus research. In response to this, the WEF Nexus concept
highlights the interactions between these systems and provides insights into
the cross-sectoral implications of single-sector strategies. The Nexus approach
provides a new way of thinking that is not limited to just the water, energy and
food sectors, but promotes an integrated and systems thinking across all sectors.
The World Economic Forum launched a report entitled "Water Security: The

Water —Energy —Food —Climate Nexus", marking the emergence of the Nexus
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as we know it today (Hoff, 2011). The WEF Nexus approach focuses on the idea
that WEF systems should be addressed in a collective and holistic way in order
to achieve WEF security (WEF, 2011; Bleischwitz et al., 2018). WEF nexus is
directly linked to 3 out of 17 SDGs, namely SDG 2 (zero hunger), SDG 6 (clean
water and sanitation) and SDG 7 (affordable and clean energy), but WEF nexus
can indirectly affect more than these three SDGs, positively or negatively
through cross-sectoral collaboration. Through the identification of positive
synergies and negative trade-offs, WEF nexus approach can contribute to
enhance sustainability and at the same time promote higher resource use
efficiency (Biswas, 2008), pollution reduction (Li et al.,, 2012), and more
coherent policy (UNCTAD, 2016; Ziliaskopoulos and Papalamprou, 2022;
Papadopoulou et al.,, 2022). Nexus approach can contribute to uncovering
synergies and detecting harmful trade-offs among various sectors, scales and
regions, revealing unforeseen effects and thus promoting integrating planning
and policymaking (Liu et al., 2018).

Several articles have been published addressing fundamental human needs
using the WEF nexus approach (Laspidou et al., 2020; Albrecht, 2018; Finley et
al.; 2014, Stephan, 2018; Ioannou and Laspidou, 2018), the Water-Energy-Food-
Ecosystem Nexus approach (Malagdé et al., 2021), the WEF nexus approach
under climate change combined with systemic resilience (Ioannou and
Laspidou, 2022, Mguni and van Vliet, 2020; Sukhwani et al., 2019), and also the
WEF nexus approach including Land Use and Climate (Laspidou et al., 2019;
Janssen et al., 2020; Ramos et al., 2022). Additional research focuses on how the
SDGs interact with one another (Weitz et al., 2018; Zhang et al., 2022). Almost
700 million people do not have access to clean and safe drinking water, lack of
sanitation for 2.4 billion people (WHO, 2015), 795 million people are facing food
insecurity (WFP, 2016), and 1.2 billion people still lack access to electricity (IEA,
2015). The three main sectors of water, energy and food are interconnected and
thus affect all the SDGs directly or indirectly, so they should not be treated in
isolation. The WEF nexus approach seems to offer a holistic framework to
policymakers and associated stakeholders to achieve the SDGs (Liu et al., 2018;
Weitz et al., 2018; Barbier and Burgess, 2017) and efforts are made on various
levels to create and operationalize international Nexus Networks, such as the
NexusNet COST Action network (https://www.cost.eu/actions/CA20138/) and
the Nexus Community of Practice (Mohtar et al., 2022).

In this chapter, we map the WEF nexus system on the SDGs and we explore
how and in what way (positively or negatively) the three Nexus components
(Water-Energy-Food), separately and in combination, interact with the 17 SDGs.
In a way, we quantify how following a Nexus approach and addressing
resource use in a coherent way contributes towards the achievement of the
SDGs through synergistic and antagonistic relationships. We choose the three
SDGs representing the WEF Nexus (SDG 6, SDG 7 and SDG 2, respectively)
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and cross-map their relationship to all other SDGs, through two indicative
targets for each SDG—for a group of 34 SDG targets in total. A quantified cross-
mapping across all SDGs has been conducted by Weitz et al. (2018); we use the
same scores but limit the analysis on the three Nexus SDGs. All scores were on
a 7-point rating scheme with the most positive scoring +3 indicating that the
two targets are highly synergetic (“indivisible”) and the most negative scoring
-3, indicating that the two targets are highly antagonistic (“cancelling”). By
focusing on the three SDGs that are relevant to the Nexus and their
interlinkages, we can identify which SDGs are most influenced—either
positively or negatively-by the WEF Nexus approach. We postulate that such
an approach is highly relevant for working towards the SDGs, since the multi-
sector thinking already embedded in the Nexus is a pre-condition for achieving
the SDGs. By conducting a systemic analysis of the complex interactions among
the WEF Nexus and the SDGs, we aim to identify trade-offs and synergies
among the Goals that could help policymakers set investment or political
priorities in their agenda. The presented analysis borrows scores presented by
Weitz et al. (2018) performed at the national level for Sweden but could be
modified to reflect the peculiarities of specific regions, if the scoring is modified
accordingly.

6.2. Materials and Methods

6.2.1. Cross-mapping the WEF Nexus indices on selected SDG targets

In this analysis, adapting the procedure of Weitz et al. (2018), we use the
selected two indicative SDG targets per SDG as indicated in Table 6.1, to
quantify how the WEF Nexus both affects and is affected by the 17 SDGs.

The modified matrix presented in Table 6.2, consists of the impact
quantification of the three SDGs representing the WEF Nexus (SDG 2, SDG 6
and SDG 7) over the 17 SDGs in two ways; influencing targets (rows) and
influenced by the targets (columns). In other words, the scores show how Water
(SDG 6), Energy (SDG 7) and Food (SDG 2) influences all SDGs (presented in
the 6 rows—two rows per SDG) and how the WEF Nexus is influenced by all
SDGs (presented in the 6 columns—two columns per SDG). Influence could be
positive, negative, or zero, if no influence exists. Other than the three rows and
three columns that contain scores, the rest of the matrix is filled with zeros.
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Table 6.1: The 17 SDGs and the 34 selected SDG targets.

SDGs Selected SDG targels

1.3 Social protection

SDGI1: NO POVERTY
1.5 1_:"conomic and social resilience

2.2 Malnutrition

SDG2: ZERO HUNGER
2.4 Food production/agriculture

SDG3: GOOD HEALTH AND WELL-BEING |- 3-4 Nen-communicable disease

3.8 Health coverage

4.1 Primary and secondary education

SDG4: QUALITY EDUCATION
4.4 Technical/vocational skilis

SDGS: GENDER EQUALITY 5.4 Unpaid/domestic work

5.5 Women's participation

SDG6: CLEAN WATER AND SANITATION 6.5 Water resources management

6.6 Water-related ecosystems

SDG?7: AFFORDABLE AND CLEANENERGY |72 Renenable energy

7.3 Energy efficiency

SDG8: DECENT WORK AND ECONOMIC 8.4 Resource efficiency
GROWTH 8.5 Employment

SDGY9: INDUSTRY, INNOVATION AND 9.4 Infrastructure
INFRASTRUCTURE 9.5 Research/development

10.1 Economic equality

SDG10: REDUCES INEQUALITIES
10.7 M igration

SDG11: SUSTAINABLE CITIES AND 11.1 Affordable housing
COMMUNITIES 11.2 Transport

SDG12: RESPONSIBLE CONSUMPTION AND 12.1 Sustainable consumption/production
PRODUCTION 12.5 Waste

SDGI3: CLIMATE ACTION 13.1 Climate change adaptation

13.2 Climate change policy/planning
14.1 Marine pollution

SDGI14: LIFE BELOW WATER

14.4 Fishery
SDG15: LIFE ON LAND LS Fovesy

15.5 Biodiversity
SDG16: PEACE, JUSTICE AND STRONG 16.4 Illicit financial/arms flow
INSTITUTIONS 16.6 E_‘{ﬁtctive institutions

SDG17: PARTNERSHIP FOR THE GOALS 17.11 Exports from developing countries

17.13 Macroeconomic stability

To see the effects of the WEF Nexus to SDG interaction at the SDG level, we
proceed with summing the scores of the 2 targets both in rows and columns.
The result is a single value per SDG considering the two targets in an integrated
form. In Figure 6.1, we show an example of how we get from 4 values per SDG
to a single value. Given that the maximum and minimum value per original
cell was +3 and -3 respectively, we obtain a Table (Table 6.3) with scores ranging
from -12 to +12, since it combines four individual cells in one. We continue by
summing the rows and columns for the three Nexus SDGs, to compare the
influence among the three Nexus components: row sums indicate the strength
of the influence of each component on all SDGs, while column sums indicate
ch Nexus co mponent is most influenced by the SDGs.

whi
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Table 6.2: Modified cross-impact matrix of 6 targets (2 for food —SDG 2, 2 for water—SDG 6
and 2 for energy —SDG 7), and their interactions, adapted from Weitz et al., 2018. The values

in the matrix range from -3 (cancelling, dark red) to +3 (indivisible, dark green). Rows

indicate targets influencing other targets and columns show how much each target is

influenced by other targets.
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Figure 6.1: An example of how 4 scores between the targets of SDG 2 (rows) and SDG 3
(columns) from matrix in Table 6.2 are summed to constitute the score of how the SDG 2
influences the SDG 3 in total.

Table 6.3: 17x17 cross-mapping matrix with the sums of the target scores and their respective
total sums per row and per column.
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6.2.2. Fuzzy Cognitive Maps

Fuzzy Cognitive Maps (FCMs) are widely used to analyze causal complex
systems, which have originated from the combination of fuzzy logic and neural
networks (Papageorgiou, 2013). FCMs usually involve feedbacks, consisting of
nodes and directed edges between them. Along these lines, the cross-impact
matrix that cross-maps the 17 SDGs with scores on how the targets influence
one another and how they are, in turn, influenced by the others has causality
and feedback loops making it a good candidate for an FCM of this complex
system. In our case, the nodes represent the SDGs, and the edges represent
cause-effect relations (influencing / being influenced by) among the SDGs (our
scores), creating a causal diagram with closed loops and paths in them. Closed
loops show feedback among the SDGs, and they are fuzzy because the scores
assigned (Weitz et al., 2018), represented by causal arrows in the diagrams,
inherently include fuzziness, or “shades of gray” (Osoba and Kosko, 2019).
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Feedback loops in our Nexus to SDG system imply that the system is dynamical
and evolves from an initial state, which is defined by the activation vector,
which is initially set at 1 for all nodes. The weights of the links (fuzzy causal
edges) in the FCM include the fuzzy value of the relative influence which is
transformed via a normalization technique from the [-12, 12] range (Table 6.3)
to the [-1, 1] range (Table 6.4). Table 6.4 now becomes the causal edge matrix
representation E for the Nexus-SDG FCM. Each cell shows the fuzzy causal
edge value e, which signifies how much the i SDG influences or is influenced
by the j* SDG. Once the edge matrix is input, the causal activation iterates in
the FCM until the node values reach equilibrium —most FCMs reach it quickly
and the equilibrium serves as the system’s forward inference from the input.

The algorithm we used for convergence (Papageorgiou 2011, 2014) was based
on equation (1) (Kosko’s inference) and function fis described in (2):

Ak +1) = f z ej; x 4; (k) 6.1)
j=1,j%i
[ =11e= (6.2)

In equation (1), Ai is the value of each node (SDG), ¢;i is the strength of the
influence between the SDGs and k is the iteration number. Because the
algorithm includes eji (as opposed to ej), it takes into account columns, not rows.
The results are a list of values obtained after convergence for each SDG and
denote how the SDGs are influenced by the Nexus (Case A), with 0.5 being the
lowest value (indicating no influence) and 1 being the maximum value
(indicating the highest possible effect on the SDGs). To assess how the SDGs
influence the Nexus, we ran the transpose matrix (Case B) with the same
algorithm and produced different results for the SDGs (Ai values). These results
are shown in Table 6.5 in the Results section.
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Table 6.4: Causal edge matrix representation E for the Nexus-SDG FCM. All ejj entries in this
FCM are fuzzy values in the [-1, 1] interval. Red values are negative, while zero values denote
the absence of causal inference.

NEXUS FOOD
SDGs|spe_1{spc 2|spe_3|spe_a|spc_s{spe 6 [spc 7 [spe_s|spe s|spe_10[spe_11]spe_12|sp6_13|spe_14|spe_15|sp6_16/sD6 17
SDG_1 o 0,167 0 0 o| 0,0833 0 0 0 0 0 0 0 0 0 0 0
Foob |spG_ 2 | 0,167 o| 0,333] 0,083 o| 0,3333] -0,0833| 0,333} 0,333 0 o| 0,3333| 0,3333| 0,4167| 0,4167 0 0
SDG_3 o 0,083 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SDG_4 o[ 0,083 0 0 0 o[ 0,1667 0 0 0 0 0 0 0 0 0 0
0| 0,667 0 0 o| 0,0833 0 0 0 0 0 0 0 0 0 0 0
0,25] 0,25 0 0 o| 0,4167] -0,1667| 0,083 0,083 o| -0,083] 0,1667| 0,4167| 0,4167| 0,5833] 0,0833| 0,0833
o 0,167 0 0 o -025]-01667] 05 0,833] 0,1667| 0,4167]  0,5] 0,5833 o| -0,083] 0,0833] -0,083
SDG_8 o] 0,333 0 0 ol o025 025 0 0 0 0 0 0 0 0 0 0
SDG_9 o 0,083 0 0 o 01667 05 0 0 0 0 0 0 0 0 0 0
soG_10| o 0,083 0 of © 0 0 0 0 0 0 0 0 0 0 0 0
sp6_11] o 0 0 0 0 o| 03333 0 0 0 0 0 0 0 0 0 0
soc_ 12| o[ 0333 0 o| o] 04167| 0,5833 0 0 0 0 0 0 0 0 0 0
s06_13] o] o025 0 0 o| 0,3333] 0,1667 0 0 0 0 0 0 0 0 0 0
snG_14 o] o5 0 0 0| 0,6667 0 0 0 0 0 0 0 0 0 0 0
spG_15] o] 0,417 0 o]  of 05833 0,0833 0 0 0 0 0 0 0 0 0 0
s0G_16f o] 05 0 0 o[ 025 0 0 0 0 0 0 0 0 0 0 0
soG_17] o 0,083 0 o © o| 0,0833 0 0 0 0 0 0 0 0 0 0

6.3. Results and Discussion

6.3.1. Analysis and Visualization of the results

To facilitate understanding of the scores shown in Table 6.3, we present them
through a Sankey diagram (Figure 6.2), also available in an interactive form
through this link: https://rpubs.com/alexioan/931954. We calculate how Water,
Energy and Food influences each SDG separately and we post absolute values

of influence scores. In total, Energy has the highest influence on the SDGs (if
we only take the absolute values), with Water coming second and Food
following last. The size of the SDG boxes corresponds to the total influence of
the Nexus on them. The third WEF Nexus column sums up the Water, Energy
and Food columns, showing the total mapping of the Nexus on the SDGs. SDG
13 (Climate Change) has the highest value, with SDG 9 (Industry Innovation
and Infrastructure) and SDG 15 (Life on Land) coming second. SDG 6 (Water)
and SDG 12 (Responsible Consumption and Production) come third and the
other SDGs follow.

In Table 6.3, we also see that Food provides the highest sum both in rows and
columns out of the three Nexus components, showing its high net positive
influence, due to its strong interlinkages with water and energy. Surely
ensuring sustainable Food production will act in synergy with Water and
Energy, making the realization of these targets easier. In terms of the column
sum, it makes sense that Food is the highest since it is greatly positively
influenced by Water and Energy. Energy is quite a bit lower than the other two,
due to negative scores between its own two targets and negative relationship
with the other two Nexus components (a discussion on the negative energy
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scores is presented below). This lower score of Energy indicates that progress
in the other SDG targets makes it more difficult to reach the Energy target.

It is important to see that the Nexus is mapped on SDG 13, suggesting that the
Nexus offers a sustainable way of addressing the effects of Climate Change and
increase resilience. The WEF Nexus includes the main drivers of climate change
(water, energy, and food security) and the main sectors affected (water and the
environment). Decisions around policy, infrastructure, etc. developed on the
basis of WEF Nexus assessments will be suitable as elements of climate change
mitigation and adaptation. In fact, it is difficult to imagine solutions to the
climate change issue that are not built on a form of Nexus approach. The same
is true with the other SDGs that score high, which are all relevant to
biodiversity (SDG 15), innovation, infrastructures, sustainable industry (SDG
9), etc. A Nexus approach will clearly benefit all these SDGs that score in the
top 3 positions, after our analysis. On the other hand, the lowest score
corresponds to SDG 4 (Quality Education), while SDG 5 (Gender Equality) is
completely absent. This shows a weakness in the link between WEF Nexus and
these two SDGs. To advance the UN Agenda 2030, a strong link between the
WEF Nexus and these SDGs should become more evident, as gender equality
and quality education lie at the heart of providing equitable access to resources
for all.

Encrgy P SDG_16

_—
. . . WEF NEXUS

Water " .

SDG_14

SDG_3
— SDG_4

Figure 6.2: The Sankey diagram showing how the three Nexus components Water, Energy
and Food both separately and in total (WEF Nexus) affect the 17 SDGs.

Additionally, we plot the same results with a radar chart (Figure 6.3). While in
the Sankey diagram we plot influence as an absolute value, thus not being able
to distinguish between positive and negative influence, in this plot, we provide
this extra information of the sign (plus or minus) of the scores for each SDG.
Negative scores correspond to trade-offs, while positive scores correspond to
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synergies, with some being more intense than others. The most interesting
element of this graph is with the link of Energy and SDG 6 and 7. The negative
score in SDG 7 stems from the fact that the two targets that were selected were
targets 7.2 Renewable Energy and 7.3 Energy Efficiency. These two targets are
considered either constraining or counter-active: An increase of renewables in
the energy mix will not always lead to an increase in energy efficiency due to
the lack of availability of solar or wind power (at least compared to
conventional systems), thus we observe the negative score. In terms of the
interaction of SDG 6 and 7, we see that hydropower, even though a renewable
energy, affects water quality and ecosystem health (Target 6.6).

SDG3 SDG 16

SDG 4 SDG 15
SDG 5 SDG 14
SDG 6

SDG 13

SDG7 SDG 12

SDG 8 SDG 11

SDG 9 SDG 10

Figure 6.3: The radar chart indicates how thel7 SDGs are affected either in a synergistic
(positive) or antagonistic (negative) way by the Nexus.

6.3.2. Fuzzy Cognitive Maps results

Figure 6.4 shows the results of the FCM analysis. The arrows indicate the edge
values eij as shown in Table 6.4, with the line width being associated with the
magnitude of the value. Red lines indicate negative values. As expected, we see
most of the arrows connecting SDGs 2, 6 and 7, but other SDGs show
interlinkages as well. Negative interlinkages are shown mostly around SDG 7,
as observed also in Figure 6.3, while strong interlinkages are also shown
between SDG7 and 9 which are obviously strongly interlinked as energy is at
the core of achieving innovative infrastructures and sustainable industries
(SDG 9). The sizes of the circles denoting the nodes (SDGs) correspond to the
values of A, as they converge after a few iterations of the algorithm (k=20 for
both cases). Figure 6.4 shows the FCM results in a graphical format for only the
tirst case (how the SDGs are influenced by the Nexus—Case A), while Table 6.5
shows the actual values of the nodes for both Case A and Case B—how the
SDGs influence the Nexus.
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Since the analysis focuses on SDGs 2, 6 and 7, we expect to have the largest
values for these SDGs in the final FCM results, since these nodes would
naturally have most of the interlinkages and influence. However, in Case A we
see that SDG13 (Climate Change) takes the 3 highest value, following SDG 2
(Food) and SDG 6 (Water) and SDG 7 (Energy) comes 5% in place after SDG 13
and SDG 9 (Industry, Innovation and Infrastructure). This is indicative of the
strong links already evident with Climate Change, and the availability of
resources, thus the Nexus. We see that SDG2 (Food) is the most influential of
all SDGs for both cases, with SDG 6 coming 2. Through a different analysis
that quantified the interlinkages between the Nexus components performed by
Laspidou et al (2019), Food was showcased as the one component that was the
most influential and Water as the one mostly influenced by the others. So, the
strength of the influence of Food has been established elsewhere, since it has
strong links mainly with Water, but also with Energy mainly through the
water-energy nexus (via pumping). As mentioned before, SDG 5 has the lowest
value in Case A showing zero influence by the Nexus (0.5 is the lowest possible
value), but has influence on the Nexus, as shown in Case B. It is interesting to
see that SDG 3 (Good Health and Wellbeing) has the lowest value in Case B,
while it lies in about the middle of the ranking in Case A, indicating that even
though SDG 3 is influenced by the Nexus (an obvious link with water quality,
energy pollution and food for example), its influence on the Nexus is minimum.
Finally, SDG 10 (Reduced Inequalities) ranks at the bottom in Case B and
relatively low in Case A, while SDGs 14 and 15 (“Life Below Water” and “Life
on Land”, respectively) with obvious strong links with the Nexus appear with
relatively high values, as expected.

Table 6.5: Fuzzy Cognitive Mapping analysis results after convergence: Node values for all
SDGs quantifying their influence in an ascending order; (a) Case A: how the SDGs are
influenced by the Nexus and (b) Case B: how the SDGs influence the Nexus

SDGs _ [Final values SDGs Final values
SDG5 |05 SDG_3 0.5184
SDG_17 |0.5040 SDG_10 0.5184
SDG_4 10.5193 SDG_17 0.5360
SDG_10 |0.5301 SDG_4 0.5535
SDG_16 |0.5342 SDG_1 0.5546
SDG_11 |0.5561 SDG_11 0.5701
sDG_3 |0.5767 SDG_9 0.6550
SDG_1  |0.5949 SDG_13 0.6571
SDG_8 |0.6789 SDG_16 0.6588
SDG_14 |0.6835 SDG_5 0.6596
SDG_12 |0.6953 SDG_8 0.6732
SDG_15 |0.7032 SDG_15 0.6904
SDG_7 |0.7249 SDG_14 0.7346
SDG_9 |0.7291 SDG_12 0.7593
SDG_13 |0.7531 SDG_7 0.8471
SDG_6 |0.9194 SDG_6 0.8642
SDG_2 |0.9288 SDG_2 0.8846
(a) (b)
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The Nexus approach leads to more integrated and sustainable resource use that
goes beyond traditional silos and is applicable at multiple scales. This approach
needs to be governed by a coordination mechanism, allowing for the creation
of a Community of Practice (Mohtar et al., 2022), where key stakeholders can
work towards identifying and prioritizing solutions, benefitting from an
overall Nexus perspective. Under Nexus-coherent governance and its linkage
with the SDGs, priorities are integrated, compromises are promoted by
sometimes adopting decisions that may not be optimal from a single sector
policy perspective, but which result in an overall better solution for all sectors
involved. This article promotes such thinking and facilitates evidence-based
policy making (Carmona-Moreno et al, 2019).
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Chapter 6 includes parts of the following published work:

Ioannou, A.E., Laspidou, C.S. Cross-mapping the interactions between

Water-Energy-Food nexus indices and the SDGs. [under submission]

e The contribution of Alexandra Ioannou involves the conceptualization,
the methodology, the software, the formal analysis, the investigation, the
validation, the data curation, the writing—original draft, and the

visualization.

e The contribution of Professor Chrysi Laspidou involves the
conceptualization, the methodology, the resources, the scientific
supervision, the review and editing, the project administration, and the
funding acquisition.

The work described in this chapter has been conducted within the project
ARSINOE. This project has received funding from the European Union’s
Horizon 2020 Innovation Action programme under Grant Agreement No.
101037424 ARSINOE.
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This dissertation is based on two main parts; in the first one, it is explored how
advanced clustering techniques such as Self-Organizing maps, K-means and
Hierarchical Agglomerative Clustering can contribute to the detection of daily
water consumption behavior at both, household and consumer level while in
the second part, a water - energy nexus analysis at city level is presented, and
also a resilience analysis framework of the water—energy—food nexus system
under climate change at national level is developed to ensure water and
environmental security. The use of innovative modelling structures under
current methodological frameworks, can be proven crucial towards exploring
the ability to deal with complex qualitative and quantitative objectives, from

single to multiple water systems and from regional to global scales.

The analysis starts by performing automatic classification of daily water
consumption patterns for a household in Sosnowiec, using data collected by
sensors. Our investigation is built upon three approaches accomplished with
use of the SOM algorithm. Thirteen descriptive features of daily consumption
patterns are used for the classification. Approaches 1 and 2, distinguishes two
water consumption profiles dividing days of consumption into two main
clusters, weekdays and weekends. In approach 3, with use of features
partitioning daily water consumption into the time-zones of Sosnowiec
working hours, the two clusters get more solid, and the methodology gets more
efficient. In all approaches, the clustering of days of consumption into weekdays
and weekends implies that the household is affected by the urban working
routine. In future scenarios, this investigation could be expanded to more
households in order to achieve a further classification, even manage to identify
each day of the week. Investigation among households in working areas, or
leisure places might indicate different water consumption daily patterns. In all
cases the choice of good descriptive features seems to be important. The features
have to be customized to better describe daily routines of different types of
households. In this dissertation, we have advanced the state of the art in terms
of introducing appropriate descriptive features that facilitate the detection of
water consumption patterns covering seasonality, behavioral aspects, and

socio-economic characteristics of the user.

Next, a novel methodology suitable for handling large datasets of household
water consumption is presented. This analysis aims to divide customers into
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user groups (clusters) based on the similarities of their water use behavior; this
way, advanced data-based methods may be employed for creating personalized
information about consumer water use. The presented methodology resulted in
better estimates of customer water use when clustering was employed,
compared to the predictions when clustering was not employed. This powerful
information can provide a lot of insight to water companies, as it allows them
to have knowledge of water demand in a detailed spatio-temporal granulation,
thus promoting good planning and efficient operation. Water companies have
better knowledge on what to expect from new customers, by classifying them
in pre-existing clusters; they can obtain information on pumping energy needed
and they have rich datasets that could be used for modeling the water
distribution network, for reducing leakage, for optimizing treatment and
pumping, for accurate billing, and for prioritizing investments.

In the second part of this dissertation, a water-energy nexus analysis is
presented for the Greek island of Skiathos. The consumptions of different uses
of energy —agricultural, commercial, industrial and public— are analyzed and
we concluded that there is a very strong linear correlation with total water
consumption. The correlation of domestic use of energy with total water
consumption is also examined and the results showed no linear correlation
between them. According to the literature, a strong correlation between water
use and energy consumption is expected (Yu et al.,, 2018), but our research
concerns the Greek island of Skiathos and according to the Water Utility of the
island, the water is not potable due to its high mercury content. This means, that
many domestic uses of water, such as cooking, personal hygiene (especially
infant hygiene) and drinking water have been replaced by bottled water. That
fact might have caused the reduction of water consumption through faucets in
households thus creating this difference between the two consumptions. For the
results we used PCC and Minkowski Distance (Euclidean and Manhattan) after
having all our data normalized at first level. The PCC proved to be the best
distance measurement and the Minkowski Distance not a suitable one for our
case study. Through this investigation people could be motivated not only to
save energy but also save water as well in order to get financial benefits, because
energy is much pricier than water. Residents should be informed at a very early
stage, such as in school for example, in order to save water and energy starting
from their households and by achieving that, we could save the environment in
general.

In the 5* chapter, a combined WEF Nexus and Resilience analysis under climate
change is presented. New approaches on policymaking relevant to natural
resource management need to be applied with the intention to provide essential
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human needs and resources to all in an environmentally compatible,
economically resilient, and socially inclusive manner that can withstand
perturbations. SES adaptation to climate change requires a more functional
approach of resilience use in policymaking. System dynamic modeling prevails
over other simulation techniques by supporting the analysis of system structure
and focusing on feedback loop relationships. This study combines WEF nexus
analysis under climate change with SA and SRA that are said to have the
potential to deliver on these grand development challenges. The proposed
methodology describes how to simulate the WEF nexus system under climate
change for the national case study of Greece using system dynamic modeling,
identify the most important (sensitive) system parameters, and quantify five
essential metrics of resilient behavior (for three scenarios), thus providing the
policymakers with a quantitative basis to enhance the resilience of SESs.
Engineering (o, R, and @) and ecological (ot and Irs) resilience measures are
quantified, and the respective thresholds are also identified. In this study, two
proposed policies are compared to decide which one enhances the system
resilience best. Evaluating the results, we conclude that the Greek simulated
system can withstand an extreme drought event affected for a 10-year period
under the allowing circumstances of engineering and ecological thresholds
found for the two policies (policy I and policy II); the baseline scenario has little
tolerance to such disturbance (reduction on TRWR) and easily breaks when it
overcomes the ecological threshold without being able to recover. Policy I
proposing the implementation of RES seems to be the most promising scenario
as its resilience measures have the highest values, so the system can even
recover from the shock for a more severe drought, while policy Il is also a good
scenario since it contributes to system recovery when affected by drought
although having lower resilience measures values by enhancing water security
through irrigation funding techniques.

Finally, in chapter 6, the interactions between Water-Energy-Food Nexus and
the SDGs are quantified and analyzed. The Nexus approach ensures a more
integrated and sustainable use of resources that goes beyond traditional silos
and is applicable at different scales. This is particularly relevant in an
increasingly globalized world where collaboration becomes essential for
societies. By exploring the impact of the WEF nexus over the 17 SDGs and vice
versa, and by quantifying that impact, we provide an assessment framework
that will help policymakers set priorities in investments. This way, investing in
the Nexus might promote synergies and help achieve greater success in
associated SDGs that are influenced positively. Since not all SDG targets were
considered, but only two targets per SDG, it is important to understand the
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limitations of the approach, which is dependent on the selected targets and the
Case Study under consideration. In this chapter, we provide the framework that
allows the users to adjust it to their needs by entering new scores, depending
on the peculiarities of each case study; the results of this methodology should
be taken into account considering the specific conditions, including socio-
cultural aspects and geographical, geopolitical and governance realities, as well
as the scale of the case study in question.
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