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Abstract (in Greek)

H Evponaixn Evoon éxet avardfel otabepd évav nyetikd poho oto diebvég Tomio yapacng moATiKdv
Yo T0 KMUO KoL TNV EVEPYELD VIOOETOVTOG GYETIKES GTPOTNYIKEG Kol TPo®OmdVTOC ol PrAodoén
«IIpdovn Zvpeovion yio v exitevén KAPATIKNG 00deTEPOTNTAS £0C TO 2050. AV KOl 0 dPOUOG TPOC
NV KAMPATIKN) ovdeTepotnTa £ivor pakpvog Kot yepdtog afefatdtntes, ot amo@doels eival enelyovoec:
ot vrevvvol Yapaéng TOMTIKNG TPEMEL amd TOPU VO TAPOLV TIS OMOTEG AmoPAcels mov Oa
ONUoVPYNoOLY TIG KATAAANAEG GLVONKES Yo evepyelakd cuoThpaTa Ta omoia Oa faciloviot og peydia
Lepida avOVEDCLUMVY TNYDV EVEPYELNG UEYPL TA HECH TOV odVO. O1 OTOQAGELS AVTEG EXOVV GUVETELEG
TOALOTAGDV J10GTAGE®V, 1 0EI0AGYN oY TOV 0ToiwV, TO60 o€ gBvikd 660 kal o€ Evponaikd eminedo,
dev pmopet va mpaypatomombei Bdoet euneipikdv/ mepapatikdv pedddmv. Katd cvvéneia, ot popeic
xopaéng moAtikav Pacilovv T Sadkacio ARYNG amoPAcE®V GE OMOTEAEGUATO Kol TPOPAEYELC
VIOAOYIOTIK®V gpyareimv poviehonoinong/ tpocsopoimonc. Ta vroloyiotikd epyaieio avtd pmopovv
va vrootnpi&ovy 10 oxedloUd TOMTIK®V Tpog €va aféfato péEALOvV, eved pmopovv, emiong, vo
0£10A0YNGOVY 101 VITAPYOVGES TOMTIKEC TOPEYOVTOC EUTEPICTATOUEVT EMYELPTLATONOYIO GYETIKA UE
TNV OTOTEAECLATIKOTNTO TOVG,

Ov e&eliCelg oto medlo TG povieAomoinong/ TPOGOUOIMONG EVEPYEWNKADY GULOTNUATOV EYOUV
adlPPIoPNTNTA TPOYWPNOEL TOAD YPNYOpO TS TEAELTOiEG OVO dekoetieg pe v ovénon g
AETTOUEPELOG OMEIKOVIONG TOV OUQOP®Y TOUEMY TEAIKNG KOATAVAAW®ONG KOL TOVL OVTIGTOLYOL
yoptoeurakiov texvoroyldv. [Hopora avtd, ol cuykekpiuéveg e€eMEelg xovv empEpel, TapdAinia,
Kot pion avEnoem ¢ VTOAOYIGTIKNG TOADTAOKOTITAG TMV VITOAOYIGTIK®OV EPYOAEIOV QLTAOV, T, OTTOid
yivovtor ohoéva Kot PEYOADTEP Kot To cUVOETA, TOPAUEVOVTHG GUVEXMG GTO OPLOL AVTOV OV £ivol
VTOAOYIOTIKA EQIKTO. Q6T000, dev givol aKOUN CAPEG €AV TO VPIGTAUEVO VTOAOYIOTIKA epyoAEiol
LOVTELOTIOINOTG/ TPOGOUOIMGNC EVEPYELONKMDY GUGTNUATOV YIVOVTOL KOADTEPQ, UE TNV EVVOLL TOV OV
elval ikavd vo ddcovv amavInoelg oe OAa Ta kpioyo Bépata Tov evepyelakol oxedlacoD 6To dpOLO
TPOG TNV KAMUOTIKT 0vdeTEPOTNTA TOL 2050, pE TPOTO 0 0Toiog Ba eivar YPNGUOC Y10, TOVG TEAKOVS
YPNOTEG TOV ATOTELEGUATOV TOVC.

‘Eva. amd to peyaddtepa LEIOVEKTAUATA TOV VPIGTAUEV®VY EpYOAEi®V glval 0Tl 0TI 0LV TEPIGTOTEPO
OTO KOHMMUATL TNG TPOCQOPAS EVEPYEWS, &V M TAevpd 1ng (ATnomng mopapével EAMIMG
EKTPOCMOTOVLEVT, €0TIAloVTag Kupimg oe oevdplo. Peitioong g evepyelokng eE0KOVOUNGNC.
Emmpdcbeta, n avdykn yio SIEMOTNHOVIKOTNTO EMTAGGEL O)L LOVO TN dlepehivnom Tov “mr”, oAG Kot
NV a&10AGYNoN TNG CKOTUOTNTOG Kot TG EMBLUNTOTNTOC, amd TV Aoy Tov “7oze”, Tov “mod”, Ko,
Wwitepa, Tov Yoo “molov.” Xwpic TOLG AmAPOITNTOVS WUETACYNUATIOUOVS CLUTEPIPOPAS TV
KOW®VIKAV VTOOOUMY, O KOGHOC OVIIUETOTILEL M0 OVETOPKY] OTAVINGN OTNV TPOKANGM NG
KMUOTIKnG oAAaYNC. AapuPavovTag vadyy 0Tl 01 GLUTEPLPOPIKOT pETOTYNLOTIGHOT O EekviiGouV amd
Tov Topén tng {Nnmnomng, oG Kot kel ot TeMKol ypnotes/ KOTavoAmTég £yovv mo Gueco polro,
ypewlOpnacTe €vo OMOTIKO TAOIGI0 OIEMOTNUOVIKOTNTAG YO TNV EMOPKN  HOVIEAOTOiNoT/
TPOGOLOIMOT] TOL POAOL KL TNG EMIOPACTS TOV OVOPOTIVOV ETINOYDV GTN LETAPOCT TPOS Otkovouiec/
KOW®VIES YOUNADV eKTopmdV 610&e1diov Tov AvBpaka, Eekivavtog omd Tig emBupieg TOV ATOU®V Kot
avoADOVTOC EMOPKAOG TO “ZS” OVTE GAANAOEMIOPOVV UE TO EVEPYEWNKO KOl OLKOVOWUIKO TOTIO,
00N YMVTOG GE GLOTIIKY OAAAYT OE LOKPO-ETTimedO.

Y& oavtd TO TANIGLO, TPOKVTTEL 1 OVAYKN PEATIOONG TOV VPIGTAUEV®Y VTOAOYIGTIKOV €pYaieinv
LOVTELOTIOINOTG/ TPOGOUOIMONG EVEPYEINKMV GLOTNUATOV, Kabhg emiong n avantuén véwv mov Oa
OTOGKOTOVV GTNV TEPULTEP® OLEPEVVI|ON OKPUIMV GEVOPIMV EVEPYELNKNG UETABOOTG KOl KOVOTOUMY
EPEVVNTIKAV EPOTHCEDV TOL APOPOVY OAO TO PAGHX TNG evepyelaKNg Prooiudtntag. To vroioyioTikd
gpyoreia vEOg YeVIdG Ba TPETEL VO GTOYXELOLV GTNV AN KO KOTOVOTTH OVATOPAGTOCT) TOV VO UEAETN
ovoeTNUaTOV, KaBhg eniong kol otov apbpmTd TPOTO TEPULTEP® AVATTLENG EQPUPUOYNG TOVS, MGTE VO,
EMUTPEMETAL 1] EVKOAT SlooVVOEST TOVG pe dAAa To e€edkevpéva epyareia. Me avtd tov Tpomo Oa



glvar gkt 1M Olepedbvnon TPOCGHETOV EPELVNTIKOV EPOTNUATOV TNG EVEPYEINKNG HETAPOONC,
TPOCOEPOVTIOS TO EVPMOTH KOl ONTH VROOCTNPEN OTOLG OIPOPOLS TEAIKOVS YPNOTES KoL
evolapepopeva pépn. Eniong, n eniivon Bepdtov dtopdvelag kot avorytig TpocPacng eivar {oTIKNG
onuaciog, emiong, Wwitepa 0T0 TANICI TPOMONGCNG €VOC ETOKOSOUNTIKOD OLOAOYOV KATH TN
dwdkacia xapatng mMoMTIKOV Kot AYNG amopaceE®V.

AopfPavovtog vmoywy ta dvwbev, givor amopaitmro vo dievpOvovpe to TEdlO €PAPUOYNS TOV
VTOAOYIGTIK®V €PYOAEI®V HOVTEAOTOINGNC/ TPOCOUOINONG EVEPYEWNK®DY GLOTNUATOV o€ (NTiuHaTO
dwaxeipiong tng evepyetokng {Ntnong Kot emitevéng eveMé&iog, EVoOOUATOVOVTOC TOPAAANAL TTVYES TTOV
a@opoV TN (EMEVOVLTIKN) CUUTEPIPOPA TOV TEAMKOV XPNOT®OV/ KOTAVOAOTOV, OoTE Vo enttevydel o
OYEOLOGLOG TOV KATAAANA®V TOATIKOV TTOL Oa EXTPEYOLY GTOVG TEAMKOVG YPNOTEG KATAVOAWMTEG VO
GUUUETEXOVY TO €VEPYA OTNV eMKEILEVT gvepyelakn petdfaot, kabag, eniong, Kot vo a&loloynel
EMOPKDG TO UTOPOLTITO YUPTOPLAAKIO TEYVOAOYIDV EVEPYEINKNG LETAPACTC.

Ye autd 10 mAaiclo, avtikeipevo tng mapovoag Awaktopikng AwTpifnig amotelel m oavdmTuén
VTOAOYIGTIKDY EPYOAEI®V LOVTEAOTOINGTG/ TPOGOUOIMONG EVEPYELNKDY GUGTNUAT®Y OV €6TIALOVV
OTO PENAMOTIKO GYEOIOGUO, KOl GTNV OVATTUEN Kol EQAPUOYN KAWVOTOU®V PLuOLIGTIKOV TAIGIOV Kot
TPOTOVTOV/ VANPECIDY Yo TNV EVOLVAUMDGCT] TOV POAOD TOV TEAIKMDYV ¥PNOTOV/ KATOVIA®TOV GTIV
EVEPYELOKN HETAPOCT KOl GTNV TOpOYN KIVATP®V LE oKoTo TNV avénon tng evelé&iag g (Rnong. Ot
dopég povteAomoinong mov avamTuyOnKov PEATIOVOUV TO VOIGTAUEVO VLTOAOYICTIKA epydieia
TPOCOLOIMOTG LOVIEAOTOIDVTOG EMAPKADS TO, YOPOUKTNPLOTIKG TOV TPOPANOTOC, Kol vTooTnpilovTag
™ Sdwkocic ANYNg amopdcemv TV edvikov @opémv Yxapatng TOMTIKNG Y. TO OYXESOGUO
OTTOTELECUATIKOTEP®V EPYOAEI®V TOMTIKNG OTA TAAICLO EMITEVENG TOV KAUATIKDY KOl EVEPYELNKDY
oTOY®V.

MéGm UI0G EUTEPIGTATOUEVNC AVOAVOTIG OAMV TOV TOPAUETPOV TOL TPOPANIATOS KAl TNG AVATTUENS
plag Pdong tekunpioong, ovamtHydnkov 7o pPeoloTiKA Kol Olpovi) LTOAOYIOTIKA epyoieio
povtehomoinong, eotidlovtag otnv apbpwot) dour avamTTuénG Kol EPOPROYNG, TO OTOl0L UITOPOvV Vo
YPNOOTONHOVV Y0 VO TPOCOUOIDCOVV OAPOPEG TTLUYEG TOV EVEPYELONKOD GULOTIUOTOC KOl VO
eepeuvnoovv/ a&loAOYNoOVY TN OYECT KOGTOLG-O0PEAOVS VRAPYOVI®V OAAL Kol KOWOTOH®V
PLOUOTIKOY TAOLGI®V, TPOIOVIMOV KOl VANPECIDY Y10, OAOLE TOLG eUmAekOuevoug qopeig. H
O10ecIUOTNTA TPAYUOTIKAOV Kol €0VIKA OVTITPOCOTELTIKMY SEOOUEVAOV T 0Toio, GLAAEXON KOV GTO
mAaiclo €pyov ypnuotodotovpevov and v Evponaikh Emitponn, dtopdpemcay 10 oxedocud tov
uebodoroyikod TAOIGIOV UOVTEAOTOINGNG KOl OTOTEAEGOV GNUAVTIKO GTOWEID TNG TPOTEWVOUEVNC
TPOCEYYIONG KAOMG KOl T®V OTOTEAECUATOV TNG.

Té\og, N epapLOYT TOV TPOTEWVOUEVOL TAOLGIOV LOVTEAOTOINOTG KOl TPOGOUOIMGTG GTNV TPALYLOTIKN
UEAETT] TEPITTOONG TOL WIYHOTOG TOV EPYOAEIOV €BVIKNG TOMTIKNAG, KOOMG Kol TV TEYVOAOYIDV
OVOVEDCIH®V TNYDV evépYeElng kot eEotkovounong, otov EAANvViKO owklokd topéo, emETpEYE TNV
a&lohdynon g TAnpOTNTAG Kol TG AS0TIoTIOG TOV OTOTEAEGUATOV TOV TAPEYEL 1| TPOTEWVOUEVN
Adoxtoptkny Atatpin. Avtd emtedybnke péom ¢ avantuéng tov mloiciov povielomoinong/
TPOCOOIMOTG GE GTEVT GUVEPYAGIN LLE TOVS BVIKOVE POPEIG YAPAENS TOALTIKNG KOl T EVOLAPEPOLEVAL
uépn tov EAANviko0 evepyelaxoh GUGTHLOTOC.

AéEac-Kheond: Avovemowueg mnyéc evépyswg A&loAdynorn moMtikodv; Amokpion g {fmong;
EAGOa; Evepyslokny kot xhpotiky mwoAltikr); Evepyslokdc ocvpyneouds;  Idtoxotaviilmon;
Movtelomoinon Kol TPOGOUOIMON EVEPYEIONKDOV cuoTnUdtY; Movitelomoinon HE GLOTAUOT
npoktopwv; TToltikny otabepng tapipag; ITocotikonoinon afePardotntog; XZvotiuata arodnKevong
gvépyelog; Xvotuorto otaygipiong g (Rong; Teyvoroyikn dudyvon; PwtoPoitaikd cuoTHUATO.



Abstract

The actions proposed by the European Green Deal aim at increasing the European Union’s climate
ambition and are expected to lead to the complete transformation of the current energy system, by
investing in feasible and innovative technological options, and by empowering end-users (i.e., citizens
and consumers) and including them in the energy transition. In this context, energy system models have
been used for policy advice and in policymaking processes in Europe, such as to explore potential
energy futures or alternative socio-technical pathways and scenarios.

While existing models have provided valuable information about how to make marginal modifications
to the current energy system in ways that will reduce costs, and, thereby, enhance economic growth,
they were not designed to support the transition to energy systems dominated by intermittent renewable
energy sources. Accelerating the energy transition towards climate neutrality by 2050 in Europe
requires us to develop a new set of modelling tools, able to represent and analyse the drivers and barriers
to complete decarbonisation, including decentralisation, a large-scale expansion of fluctuating
renewables-based power leading to a vastly increased need for system-side flexibility, sector coupling,
including the electrification of mobility and heating, and the impacts of different market designs on the
behaviour of energy sector actors. In addition, without the necessary behavioural and societal
transformations, the world faces an inadequate response to the climate crisis challenge. This could result
from poor uptake of low-carbon technologies, continued high-carbon intensive lifestyles, or economy-
wide rebound effects.

In this context, it is important to acknowledge that the shift to a more decentralised vision of a low
carbon energy system in Europe, where end-users take ownership of the energy transition, benefit from
new technologies to reduce their bills, and actively participate in the market, implies that part of the
necessary infrastructure will be only developed if they are willing to invest in the technological
capabilities required. However, while technological infrastructure is already available, business models
and regulatory innovations are needed in order to find ways to maximise the value of the technological
capabilities, as well as to monetise them, to compensate end-users.

This doctoral dissertation thesis builds on these insights, and, by developing two new energy system
models, contributes to the analysis of innovative regulatory designs and product-service offerings that
could incentivise end-users to actively participate in the energy transition and invest in demand
flexibility. In particular, the thesis acknowledges the need to improve understanding on how the
interactions between the key characteristics of end-users’ behaviour affect investment decisions, and
on the specific benefits of different technological capacities for engaging end-users and incentivising
household-level changes towards energy autonomy. In this context, the dissertation thesis is structured
around three main pillars:

e In the first pillar, the thesis asks questions of “what,” “how,” and “why,” considering the problem
of policy instrument design as a multifaceted problem with different objectives to satisfy instead
of just a fixed target. It focuses on the policy landscape of the past (“whar”) and “how” this has
incentivised end-users so far to participate to the energy transition. This allows to learn from past
failures (“why”) by identifying evaluation objectives and criteria that could be used to make better-
informed judgments on policy instrument (re)design and selection to, eventually, (re)adjust future
planning and decision-making. To this end, an analytical framework that facilitates the systematic
exploration of the impact that policy measures have on the electricity system and its components
was developed, building on the premise that understanding and quantifying the major monetary
flows in the electricity market can contribute to the efficiency assessment of policy interventions,
and that assessing how a policy measure affects the performance of the energy market requires
the quantification of both the benefits and the costs attributed to it.
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e Inthe second pillar, the dissertation thesis focuses on the interaction between the policy landscape
and end-users, i.e., the technological infrastructure required and its role in empowering end-users
to participate more actively to the energy transition. Alternative regulatory designs, which are
currently showcased in different geographical and socioeconomic contexts in the EU were
considered, to evaluate their potential effectiveness in driving investments in the necessary
technological infrastructure. Considering that people and their social interactions greatly influence
the diffusion and use of technology and further shape overall technological transition dynamics,
investment criteria, and different decision-making behaviours were also explored, since many
technical innovations and public policies often fail because they do not sufficiently consider what
matters to people (i.e., the motivating factors shaping their adoption preferences). To do so, a new
energy system model, the Agent-based Technology adOption Model (ATOM), was developed,
which, apart from exploring the expected effectiveness of technology adoption under regulatory
designs of interest, allows to consider and explicitly quantify the uncertainties that are related to
agents’ preferences and decision-making criteria (i.e., behavioural uncertainty).

e In the third pillar, the approach of the two previous pillars is expanded by focusing on the end-
users’ perspective. The main premise is that, in order for end-users to have a more active
participation to the energy transition, they first need to become more aware of the benefits from
investing in new technological capabilities. While technological infrastructure is often available,
business models and regulatory innovations are needed to find ways to maximise the value of
these technological capabilities, as well as to monetise them, to compensate end-users. To this
end, “game changer” business models in terms of different configurations of innovative product-
service offerings, which could incentivise end-users to invest in demand flexibility, were
evaluated. In addition, market-oriented regulatory designs, which eliminate aspects of
subsidisation and implement more advanced market rules that could affect the behaviour and
consumption patterns of end-users were explored. To do so, a fully integrated dynamic high-
resolution model embodying key features that are not found together in existing demand-side
management models was developed. In particular, the hybrid bottom-up Dynamic high-
Resolution dEmand-sidE Management (DREEM) model combines key features of both statistical
and engineering models and serves as an entry point in demand-side management modelling in
the building sector, by expanding the computational capabilities of existing building energy
simulation models, to assess the benefits and limitations of demand flexibility for residential end-
users.

Finally, to test the analytical framework developed under the first pillar, and to demonstrate the
usefulness and the applicability of the two new energy system models, this dissertation thesis used as a
testing ground the case of Greece. In this context, feasible and robust decarbonisation pathways were
developed and agreed with a variety of stakeholders under the European Commission-funded Horizon
2020 projects “CARISMA,” “TRANSrisk,” and “SENTINEL,” which were, then, modelled via the
developed agent-based and demand-side management modelling architectures. This enabled to identify
not just least-cost pathways, which have traditionally dominated modelling exercises, but rather
institutionally and socially preferred, and politically realistic transition pathways, in line with current
and increased decarbonisation ambitions.

Keywords: Agent-based modelling; Battery storage; Demand-Response; Demand-side management
Energy policy; Energy system modelling; Feed-in-tariff; Greece; Net-metering; Policy assessment;
RES generation; RES support mechanisms; Self-consumption; Smart home; Solar PV; Technology
adoption; Uncertainty quantification.
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1. Introduction

This Chapter introduces the background and motivation of this dissertation thesis as well as the main
pillars that this thesis contributes to. It also summarises the main challenges and formulate our research
questions addressing key issues in the frame of energy system modelling.

1.1. Background and problem formulation

During the last two decades, the European Union (EU) has been a global leader in fighting climate
change through its ambitious policies [1,2], since 1991 and the launch of the first Community strategy,
aiming to limit carbon dioxide (CO;) emissions and improving energy efficiency. Climate change
mitigation efforts have thus been underway for many years now, driven not only by the EU’s own
priorities, but, also, by the need to fulfil its international commitment under the United Nations
Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol and more recently, the
Paris Agreement [3]. As a direct strategic action, the European Climate Change Programme (ECCP)
was introduced leading to a mix of different climate change mitigation measures. This led to the
introduction of the EU legislation to be transposed and implemented at a Member State (MS) level. The
2020 climate and energy package, adopted in 2009, was a turning point, with climate and energy
policies integrated in a single package of targets for reducing greenhouse gas (GHG) emissions, and
measures for the further deployment of renewable energy sources (RES) and energy efficiency
improvements. This structure is largely maintained in the EU’s package towards 2030. It has also been
widely acknowledged that the energy sector is responsible for a major proportion of the total GHG
emissions, and that the EU is focusing on actions to decarbonise it, including the promotion of RES and
energy efficiency upgrades. Towards this direction, the “Winter Package,” published in November 2016
by the European Commission (EC), addressed all areas of the energy system, shaping the policy
framework for the post-2020 period [4,5].

EU’s progressive climate efforts have been accelerated over the past few years. and at the end of 2019
the EC announced the European “Green Deal,” which is a comprehensive strategy navigating the EU
to become the world’s first climate-neutral continent by 2050 [6]. In particular, the European “Green
Deal” includes the 2030 Climate Target Plan, which aims at reducing net GHG emissions by at least
55% by 2030 (compared to the 1990 levels). This is a significant increase relative to the previous target
of at least 40%, set in the EU’s “2030 Climate and Energy framework'.” According to the EU’s 2030
climate and energy framework, besides the outdated target of at least 40% GHG emission reduction
compared to 1990 levels, the other two key targets for 2030 are: (i) at least 32% share of renewable
energy (Renewable Energy Directive- RED II [7]), and (ii) at least 32.5% improvement in energy
efficiency (Energy Efficiency Directive- EED [8]). These two targets are still in effect.

The Green Deal presented an initial roadmap of the key policies and measures needed to transform the
EU’s economy for a sustainable future. The key elements/ policy areas of the Green Deal are:

e Increasing the EU’s Climate ambition for 2030 and 2050.

e Supplying clean, affordable, and secure energy.

e Mobilising industry for a clean and circular economy.

e Building and renovating in an energy and resource efficient way.
e Accelerating the shift to sustainable and smart mobility.

e Zero pollution ambition for a toxic-free environment.

e Preserving and restoring ecosystems and biodiversity.

e Fair, healthy, and environmentally friendly food system.

e Financing the transition.

! https://ec.europa.eu/clima/policies/strategies/2030_en
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e “Leave no one behind” (just transition).

For achieving climate neutrality, key legislation and policies have been outlined in the EU climate
action and the Green Deal?:

¢ Reducing GHG emissions of electricity generation, industry, and aviation sectors via the EU
Emissions Trading System (EU ETS); Contribution of forestry and land use to GHG emission
reduction; GHG emission reduction from transport using, for instance, CO» emission standards
for vehicles.

e Setting national GHG emission targets for non-EU-ETS sectors, such as transport, buildings,
and agriculture.

e Boosting energy efficiency, RES, and governance of the EU MS energy and climate policies as
well as promoting innovative low-carbon technologies.

e Phasing down climate-warming fluorinated GHGs, protecting the ozone layer, and adapting to
the impacts of climate change.

e Funding climate action.

Finally, in 2020, a Recovery plan was also set by the EC, the European Parliament, and EU leaders, to
enable EU countries to repair the economic and social damage caused by the COVID-19 crisis [9]. For
this task, a total of €1.8 trillion, which is the largest stimulus package ever financed through the EU
budget, have been reserved. Furthermore, financial support and technical assistance will be offered to
help those that are most affected by the energy transition, the so-called “Just Transition Mechanism.”
At least €100 billion, over the period 2021-2027, will be mobilised for the most affected regions’. As a
result, mobilising additional public and private funding, and pushing investments in research and
innovation, combined with multiple instruments foreseen in the recovery plan for Europe, will give an
additional push to the expected transformation of the EU’s energy system.

At the same time, though, the way leading to such deep transformation comprises numerous challenges
and uncertainties. For more than twenty years, energy system modelling has been at the heart of the
EU’s future climate and energy scenarios, assisting policymakers to unpack and face those challenges
[10]. However, models applied in the EU policymaking have been criticised for lack of transparency
and conservative assumptions [11]. Thus, new ambitions, as set in the European “Green Deal,” require
better-adapted modelling tools for addressing challenges and uncertainties of energy transition. One of
their main desired features is to reflect, as precisely as possible, on the concerns, needs, and demands
of stakeholders interested in, and affected by, European climate and energy policies [12].

1.1.1. Energy system models and their role in the European policy landscape

In view of the recent EU climate commitments, policymakers face the challenge of making decisions
about new renewables-dominated energy systems, like for example, designing policies supporting the
decarbonisation of the energy system. or dealing with sector coupling, while balancing the interests of
the involved actors at the same time. Because real world experimentation is in large scale not possible,
energy system models can serve as “laboratories” to allow policymakers to explore different
decarbonisation options in a virtual world and generate an understanding of the policy domain [13].

Energy system models are purposeful mathematical simplifications of reality- “smaller, less detailed,
less complex, or all together,” but they are also shaped by, and potentially shaping, the social world, in
which they are embedded [14]. The same holds true for the modellers themselves, who define the
model’s nature-based theories, empirics, and also their ideas and mental models, respectively [15].
Thus, computer models and mental models are mutually dependent. In this regard, models can function

2 https://ec.europa.eu/clima/policies/eu-climate-action_en

3 https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
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as “discursive,” or “negotiation” spaces, bringing together different social worlds- such as represented
by scientists and policymakers- and enabling these worlds to create a shared understanding, work
together, and negotiate knowledge and policy [16,17]. Hence, energy system models can support
governmental decision-making processes [ 18]; however, they cannot be a “final decision for the policy
process to [be] simply implement[ed]” [13].

Pfenninger et al. (2014) distinguish between four key groups of energy system models relevant for
national and international climate policies: (i). energy system optimisation models, (ii). energy system
simulation models, (iii). power system and electricity market models, and (iv). qualitative and mixed-
methods scenarios [19]. Optimisation and simulation are common underlying methodologies of energy
system models (cf. [18]), which provide solutions of lowest economic costs of the energy transition,
and represent developments of energy systems based on potentials, costs, policies, and constraints,
respectively. Those energy system models are often combined, or completed, with macroeconomic
models. Different approaches to modelling are represented by agent-based models, or models based on
network and fuzzy theory (e.g., [20,21]). Depending on the problem formulation and input data, diverse
model types are suitable to be deployed in policymaking in different ways: while some models help to
understand long-term developments and answer a wide range of energy policy questions, others answer
precise policy questions, relevant to specific sectors or localities [22].

Energy system models have been used for policy advice and in policymaking processes in Europe, such
as to explore potential energy futures, or alternative socio-technical pathways and scenarios [23]. They
are contributing to energy policymaking processes indirectly by referring either to model-based studies
or to scenarios published in other contexts. Dedicated model runs are conducted for particular policy
processes and directly used by official government institutions for policy guidance. In this context,
governments seem to have different approaches and practices to modelling [24].

While some of them do model runs internally, other governments commission modelling-based studies.
For example, in the UK, the MARKAL model, and subsequently TIMES-UK, have been helping to
underpin energy and climate policies for over 35 years [25]. Currently, modelling has been embedded
and institutionalised in the energy policy community and contributes to target-oriented climate policy
in the UK. Another example provides Switzerland, where after the Fukushima nuclear disaster, the
government commissioned the consulting company “Prognos” to carry out a modelling-based study,
determining how the Swiss energy system should develop until 2050 [26]. Although the feasibility of
future energy scenarios drawn in the Swiss Energy Strategy 2050 have been questioned [27] and
evaluated with other models [28], the policies resulting from the modelling were largely adopted the
way “Prognos” suggested it. For more relevant European cases see [29].

Finally, a recent survey found that among 48 investigated energy system modelling tools, almost two-
third had a direct or indirect policy impact. Over a third of the modelling tools did not have any
identifiable policy contribution, because they are rather new in-house developments, mainly used within
academic research, or because their application had a limited scope [30]. Thus, many energy system
models fall short of their potential in policymaking [31], as their existing structures have been
monolithic and unable to address the multifaced problems related to the ongoing energy transition.
There are certain main challenges and limitations with existing energy system models, along the policy
process, that cause the gap between the design of models in research and their use in policy [32].

1.1.2. Inefficiencies of existing energy system models

Decarbonising the European energy system depends on continuing the shift from fossil to RES-based
power generation, combined with a shift of both mobility and heating from being fuel-based to being
primarily electrified in conjunction with an increase in energy efficiency [33]. This has important
ramifications for energy system planning. Solar and wind power are both intermittent, while offering
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the possibility of greater decentralisation. Indicators such as levelized or marginal costs matter a great
deal for planning a cost-effective energy system, and yet unlike with thermal power generation,
differences in the needs for reserve capacity, storage, and transmission and distribution grid capacity
can affect average costs even more [34,35]. Given these facts, the potential synergies (or conflicts) from
electrifying transport and heating become of crucial importance.

At the same time, factors other than cost take on additional meaning. The land footprint of RES-based
energy supply, together with potential additional need for power transmission, have raised crucial issues
of public acceptance [36,37]. Public acceptance, in turn, is closely associated with issues of
participation, infrastructure ownership, and the match between local supply and local demand [38,39].
The reality is that there is not one possible RES-based system of the future, but rather many possible
systems. They differ in critical ways, average and marginal costs being only one among many, with
diverse impacts on different stakeholder groups [40].

In 2011, the EC analysed and published its long-term energy strategy options in the Roadmap 2050
[41]. The kinds of models on which the Roadmap relied, and on which national and European energy
planners continue to primarily rely, were originally developed in response to the energy supply and
price shocks of the 1970s and 1980s, the same shocks that led to the creation of institutions such as the
International Energy Agency (IEA). Examples of these types of models include TIMES/ MARKAL
and PRIMES. The goal of these models was to assist national-level energy planners in reducing overall
energy system costs, while staying within fossil-fuel supply constraints, to optimise an already well-
oiled machinery in order to enhance security and cost-effectiveness [42].

The models have evolved over time and are now very detailed in their representation of current
technologies, capacities, and constraints, including the expansion and limited resource potential of
renewables. Now the EC and national energy planners will need to move forward from the European
Energy Roadmap 2050. The Roadmap envisioned a RES-based energy system, and, yet did not specify
any details with regards to the choices between different possible system designs, choices that need to
be made now. The modelling framework that was sufficient in 2011, for the level of detail that the
Roadmap offered, is not sufficient today.

As Europe now starts to truly implement the energy transition as envisioned in the energy union strategy
(COM/2015/080) [43], many specific decisions have been and still need to be made— and all need
specific policy advice, including with models. The recent decisions on the Buildings, Energy Efficiency
and Renewables Directives, and the upcoming decisions on an integrated electricity market design are
examples of such issues. They are also examples of policy issues that cannot be meaningfully analysed
with the existing models because they are too coarse and are unable to represent the mechanisms that
are at play. In particular:

- The RED II holds several innovations with great impact on Europe’s energy strategy and for the
feasibility of modelling the future with existing models [44]. In this context, it foresees a 32%
share of renewable energy by 2030, almost a doubling from 2015 [45]. Given the technological
maturity of renewable power source, this will likely mean a renewable power share of at least
40% and more likely 50%, or higher. This means that RES, and especially fluctuating RES, will
no longer be an addition to the system; they will be the dominant part. This will vastly increase
the need for power system changes, including improved flexibility on all timescales from seconds
to seasons.

Existing models were not built to handle the temporal fluctuations of RES, and thus, they cannot
advise policy decisions that foresees RES-dominant systems.

- In addition, the RED II also requires MS to open their national support schemes to investors in
other countries, which will change the geography of the power supply, as RES expansion will no
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longer necessarily be strongest in countries with the most advantageous support schemes but may
expand in places where, either generation costs are lowest (enabling the lowest auction bids), or
where additional generation has especially high value (enabling lower auction bids as the cost
recovery from spot sales can be higher).

Models with low geographic and/ or temporal resolution cannot represent any of these factors.

- On the other hand, the Directives on the Energy Performance of Buildings require all new
buildings to be near-zero energy buildings from 2020, and very high energy standards for the
existing building stock upon renovation [46,47]. This means that (a). they must use very little heat
and that they must- on-site, or nearby- produce the energy they still need from RES, and that (b).
buildings must have, or be prepared to include later, charging stations for electric cars. These
Directives, and especially combined with the self-generation and self-consumption rules of the
RED II, imply that the energy of the future will be much more decentral, with a marked increase
of RES-based power feed-in at low voltage levels and high additional loads resulting from home-
charging of electric cars. It is still not clear, and existing models cannot assist with learning this
as they lack the necessary temporal and spatial resolution, what the effect on local grids will be,
or how this will affect the overall energy trajectory of Europe. Further, it has great ramifications
for sector coupling by essentially removing most of the heat demand, with questions arising about
the impact and necessity of electrification of heat, or about the consistency in simultaneous
decisions for district heating systems and combined heat and power (CHP).

Existing models are not well-suited to analyse such cross-sectoral impacts.

- Finally, the EEDs, including the recently adopted Directive of 2018, foresee both the continuation
of the energy intensity improvements in energy-consuming products, and importantly also on
smart technologies and smart meters, while it also seeks to improve and adapt consumers’ energy
consumption patterns by enhancing the visibility of energy costs and prices for the end consumer
[48]. Thus, current EU policy seeks to improve the flexibility of demand and cost responsiveness
of consumers. Both these issues will be particularly important on short time-scales, hours, or less
[49], but such impacts cannot be identified by current models, especially as their time-resolution
is much too low. Upcoming decisions of importance in particular includes harmonised rules for
the electricity market design, including a decision on the role of capacity markets, pricing in
supply-side flexibility and priority dispatch of RES [50]. These market design decisions will
greatly influence how investors behave, both in the short and the long terms, and they will
therefore, to a large extent, determine what type of power system Europe will have in the future.
We do not yet know what these decisions will be, but:

The existing framework of energy system models cannot adequately analyse any of these issues, both
because they are too coarse in temporal and spatial resolution, and because they generally have no
sufficiently explicit representation of investor behaviour.

Table 1.1 synthesises a set of key issues that energy system planners now need to grapple with, and
what modern energy system models need to accomplish for the transition to climate neutrality in Europe
by 2050.

The existing framework of energy system models used for policy advice in the EU and elsewhere do
an inadequate job at these, because they are too coarse and do not acknowledge that a decarbonised
energy system will function very different than the current system, leading to entirely different
modelling requirements.

8
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Table 1.1. Key energy planning issues and modelling requirements for the transition to climate neutrality by 2050 in Europe
as synthesised from [19,51].
a/a Energy planning issue What energy system models need to be able to do

.. . Representing a future infrastructure that includes large shares of decentralised
Decentralisation and variability

1 L. RES and operate under a variety of objectives (e.g., self-consumption, cost
in electricity supply S .. .
minimisation, revenue maximisation through aggregation, etc.).
Accurately representing the flexibility potential of RES and consumers/
2 Need for flexibility prosumers (both capabilities and limitations) and simulating different

strategies for the utilisation of this flexibility.

Integration of energy sectors

Putting demand at the centre of the system to model different energy carriers
3 (electricity, heating/ cooling, and £ 4 !

in a unified way (demand service).

gas)
4 Short- and long-term market Capturing the effect of short- to mid-term market effects on longer-term
dynamics investment decisions and consumer behaviour.

Capturing how societal actors interact and shape the energy future, including
in far-from-cost-optimal ways, especially the way their strategies may co-
evolve, and how they react to energy system developments and create
pressure to redirect policies and the overall energy trajectory.

Social drivers/ constraints and
5  societal reactions to energy
trajectories

Non-economic determinants and

barriers (including financing- Accurately and explicitly representing the factors often dismissed as “non-
related issues) for the necessary economic factors.”

investments

Explicitly and transparently handle uncertainty in key parameters (e.g.,
learning rates, technology costs and availability, etc.) in systematic manner
(i.e., not ex-post in a sensitivity analysis based on arbitrary parameter
variations).

7  Uncertainty quantification

1.1.3. Energy system modelling for the transition to climate neutrality by 2050 in Europe

The existing models have provided valuable information about how to make marginal modifications to
the current system in ways that will reduce costs, and, thereby, enhance economic growth. In this
context, nearly all of their details have been oriented towards the existing energy system. As a result,
they were not designed to support transitions to energy systems dominated by intermittent RES [52].
One easy criticism, repeatedly raised, is that their temporal and spatial resolution is too coarse to model
the behaviour of intermittent RES, although one has to acknowledge that more recent versions of these
models have made a great deal of progress in this area.

In addition, a fundamental challenge is that most of these models are very complex and, therefore,
difficult to understand, raising issues of transparency [53] and lack of trust [54]. To use them properly,
one has to comprehend all of their components as well as the interactions between these components.
Given the additional level of detail that has come with designing an energy system based on intermittent
RES, their complexity has expanded to the point where it is extremely difficult to understand why they
give the results that they do. This problem could be exacerbated even more, if one were to further
develop and expand such models in order to consider other issues relevant to energy system planning.
For example, synergies and conflicts associated with sector coupling, factors limiting or enhancing
public acceptance and diffusion of new technologies, etc. Third, most models are “one-size fits-all”
tools. However, having complex structures does not automatically mean that they are better-suited to
user needs. As shown by Gaschnig et al., (2020), users of models and modelling results have specific
needs for energy system models, which cannot be covered by “all-rounders,” but by specific targeted
and tailored tools [12].

Accelerating the energy transition towards climate neutrality by 2050 in Europe requires us to develop
a new set of modelling suites, able to represent and analyse the drivers and barriers to complete
decarbonisation, including decentralisation, a large-scale expansion of fluctuating RES-based power
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leading to a wvastly increased need for system-side flexibility, sector coupling, including the
electrification of mobility and heating, and the impacts of different market designs on the behaviour of
energy sector actors. This often goes beyond improving the models’ resolution, as it fundamentally
requires the development of a new modelling framework for the transition to climate neutrality (Table
1.1).

Large, difficult to maintain monolithic models can no longer deal with the more decentralised and
dynamic European energy landscape. By instead creating a system where smaller, more specialised
models can be combined in a modular fashion to answer pressing questions, offers a more resilient and
robust approach to providing complex energy system information to stakeholders that require it. It is
unworkable to provide the level of detail that the energy transition requires, and the level of
transparency that stakeholders demand, in a single model that is “one-size-fits-all.”

That is why we need modelling structures that are modular, made up of independent, but interlinked
components. These can be applied as required and stakeholders can ignore the components that are not
relevant to their needs. Making it possible to link several of these models together, on a mix-and-match
basis, solves the conundrum of how to get enough detail while maintaining transparency and usability.
At the same time such an approach leads to a more comprehensible, transparent, and workable system,
useful to a broad range of users. Moreover, there are almost certain to be unknown unknowns, factors
for one country that prove to be important, but which nobody has yet thought of. So, we need to be able
to add new models that go into detail on these new factors, or add these factors into existing models,
when and if such issues raise their ugly heads. Thus, modellers must also develop tools that will address
specific transition challenges in specific geographical contexts, also considering diverse spatial focus
[55].

Modular models are nothing new: Many current models, in particular [AMs, such as the IMAGE model
[56], incorporate different modules that can be separately run. In all of these cases, however, the

modules were designed to be combined together: the structure and function of a core module defined
the structure and function of the other. What we need, by contrast, is to develop a platform where model
users can link together models that were never designed to be run together. New models can be brought
in and added, to provide detail about aspects of the system, or problems in need of being addressed,
which prior modellers may never have thought of. Such a modelling framework could become a truly
open platform for the entire stakeholder community to be able to use, and could be adaptable, both to
their individual needs, and to dealing with the kind of unforeseen issues that any complex system throws
up [57].

In addition, for linking energy system models together and allowing them to be run on a mix-and-match
basis, model interface protocols are required. These are the algorithms that translate the output from
one model into a form that can be used as input for another, forming robust soft linkages. Such interface
protocols need to be open source and transparent, so that anybody is able to make use of them to link
additional models to other models, so that specialised modelling suites to provide answers to specific
research questions of interest are created.

They also need to be oriented towards uncertainty, creating a set of algorithms that will enable the
tracing of cascading uncertainties through multiple models. For example, one model (X) might drill
down energy demand to the level of individual heating and cooling technologies mandated by specific
building codes. The resulting time patterns of aggregate building energy demand could then be used by
an energy supply system model (Y) to identify the optimum mix of energy supply, considering other
energy demand sectors such as mobility and industry. The suggested platform could also enable model
X to be used to test the sensitivity of model Y’s results to factors that the developers of model Y had
never even thought about. For example, an energy system model (Y) may produce an optimal supply
scenario for a given year in the future such as 2030. Such a scenario may include the construction of
new power lines, and there may be some embedded or implicit assumptions concerning how fast such
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power lines can be constructed. But that speed of planning and construction depends on a number of
factors, including unpredictable (ex-ante) aspects of participatory processes for stakeholder engagement
[58]. A different model (X) would capture these elements. So how sensitive is the optimal scenario to
a change in the participation rules in a given jurisdiction?

— Current models simply do not allow one to answer this question quantitatively. New modelling
suites must be able to allow for such configurations.

Finally, by actively engaging policymakers and other stakeholders in the modelling process, the gap
between modelling and policymaking can be counteracted, and the chance of energy system models
being of tangible value to different end-users increases [59]. As a result, various forms of stakeholder-
informed modelling, such as participatory modelling, mediated modelling, companion modelling, group
model building, or participatory simulation (for a review see: Voinov and Bousquet, 2010 [60]), must
be incorporated into next-generation modelling suites. In this context, policymakers can be engaged at
different stages of the model development: from data collection, through model development and
validation, to interpretation of model results and model use [61].

1.2. Scope and objective

At the core of this PhD thesis is the recognition that the actions proposed in the “Green Deal” document,
aiming at increasing the EU’s climate ambition, are expected to lead to the complete transformation of
the current energy system, by investing in feasible and innovative technological options, and by
empowering end-users/ citizens and including them in the energy transition. In addition, the EU energy
union strategy especially stresses out the importance of putting “citizens at the core” of the energy
transition and envisions a Union where “citizens take ownership of the energy transition, benefit from
new technologies to reduce their bills, participate actively in the market, and where vulnerable
consumers are protected”’ [62].

Furthermore, common across all energy system models is the need to balance energy supply and
demand. However, recent scientific literature acknowledges that energy demand is rarely a modelling
outcome, but rather an exogenous input assumption, either as a static demand, or with some elasticity.
This requires that modellers represent energy demand for the variety of the different sectors at the
relevant temporal and spatial resolution of their modelling tools [51]. Especially in the case of thermal
demand, several projects have endeavoured to simulate it using both bottom-up and top-down
approaches [63], but their incorporation by energy modelling tools is currently limited.

Reliance on demand-side modelling tools that also consider behavioural aspects of end-users is key to
understanding future profile shapes of the upcoming transition, but so far has been underutilised.
However, scientific support to climate action is not only about exploring capacity of “what,” in terms
of policy and outcome, but also about assessing feasibility and desirability, in terms of “when,” “where,”
and especially for “whom.” Without the necessary behavioural and societal transformations, the world
faces an inadequate response to the climate crisis challenge. This could result from poor uptake of low-
carbon technologies, continued high-carbon intensive lifestyles, or economy-wide rebound effects [64].
In this context, it is important to acknowledge that the shift to a more decentralised vision of a low
carbon energy system in Europe, where end-users (consumers/ citizens) take ownership of the energy
transition, benefit from new technologies to reduce their bills, and actively participate in the market,
implies, that part of the necessary infrastructure will be only developed if they are willing to invest in/
pursue the technological capabilities required. However, considering that it is unlikely for them to invest
in new technological capabilities having the support (e.g., flexibility, etc.) of the energy system as their
primary goal, it is reasonable to assume that they may only invest according to a value stemming from
increased proportion of the self-produced energy that they consume.
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While technological infrastructure is already available, business models and regulatory innovation are
needed in order to find ways to maximise the value of the technological capabilities, as well as to
monetise them, to compensate end-users [65]. The current European regulatory framework, though,
leads to conditions where business models do not bring the full value of demand-side capabilities, even
when the latter are already there, due to conflicts between the interests of end-users and market actors
[66]. Given that in modern energy systems technological innovation will continuously pose new
challenges to existing regulatory frameworks, innovation in regulation should be as important as
regulating innovation [67]. As a result, efficient policymaking around Europe should explore “game
changer” business models that incentivise all involved actors to incorporate demand flexibility into the
markets that can valorise it.

The PhD thesis builds on this realisation and, by developing two new energy system models, contributes
to the analysis of innovative regulatory designs and product-service offerings that could incentivise
end-users to actively participate in the energy transition and invest in demand flexibility. In particular,
the thesis acknowledges the need to improve understanding on how the interactions between the key
characteristics of consumers’/ citizens’ behaviour affect investment decisions, and on the specific
benefits of different technological capacities for engaging consumers/ citizens and incentivising
household-level changes towards energy autonomy. To do so, feasible and robust decarbonisation
pathways were developed and agreed with a variety of stakeholders under the EC-funded Horizon 2020
projects “CARISMA4,” “TRANSriskS,” and “SENTINELG,” which were, then, modelled via the
developed agent-based and demand-side management modelling architectures. This enabled to identify
not just least-cost pathways, which have traditionally dominated modelling exercises, but rather
institutionally and socially preferred, and politically realistic transition pathways, in line with current
and increased decarbonisation ambitions.

1.3. Research questions (RQs)

This thesis has as a starting point the above-mentioned requirements and needs for improving energy
system modelling towards more efficient and better-informed decision-making. However, considering
that the identified requirements and needs cover a wide spectrum of the energy system, and thus, of the
field of energy system modelling, in this thesis, we mainly focus on the two following user needs:

o We need a new modelling framework, which will be demand-side oriented, adequately and in
detail representing all different aspects of end-use, and which will also allow for a more
transdisciplinary perspective on the role of human choices and behaviours in influencing the
neutral-carbon transition. The starting point for such a framework needs to be considering the
desires of individuals and analysing how these interact with the energy and economic landscape,
leading to a systemic change at the macro-level.

o We need to expand our scope, from analysing policy effects, to understanding the adoption of the
necessary technological infrastructure, to, finally, empowering end-users to actively participate to
the energy transition.

In this context, the overarching research question of this dissertation thesis is shaped as follows:

How could energy system models be used to evaluate the adoption of regulatory designs and
product-service offerings that empower end-users and incentivise demand flexibility in support of
low-carbon energy systems?

4 http://carisma-project.eu/
5 http://transrisk-project.eu/

6 https://sentinel.energy/
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To answer this overarching research question, the dissertation thesis comprises of three stand-alone
research chapters, i.e., “Chapter 2 - Analysing policy effects,” “Chapter 3 - Understanding technology
adoption,” and “Chapter 4 - Empowering end-users,” each one of which contributes to one of the three
pillars on which this thesis builds, namely: (i). Policy, (ii). Technology, and (iii). End-users (Figure
1.1).

Analysing
policy effects

Empowering
end-users

Understanding
technology adoption

End-users Technology

Figure 1.1. The interaction cycle between the three main pillars on which this dissertation thesis builds.

In the first pillar of the thesis, we ask questions of “what,” “how,” and “why,” considering the problem
of policy instrument design as a multifaceted problem with different objectives to satisfy instead of just
a fixed target. We focus on the policy landscape of the past (“whaf”) and “how” this has served the
ultimate goal of this thesis, which is to identify regulatory designs that could empower end-users to
participate more actively to the energy transition by investing in technological infrastructure that
increase demand flexibility. Analysing and evaluating policy effects of the past, thus, is an essential
first step to understand “khow” regulatory designs have performed so far in terms of impacting the energy
system and the individual components/ elements that comprise it. This allows to learn from past failures
(“why”) by identifying evaluation objectives and criteria that could be used to make better-informed
judgments on policy instrument (re)design and selection in order to, eventually, (re)adjust future
planning and decision-making.

In the second pillar of the thesis, we focus on the interaction between the policy landscape and end-
users, i.e., the technological infrastructure required and its role in empowering end-users to participate
more actively to the energy transition. We consider alternative regulatory designs, which are currently
showcased in different geographical and socioeconomic contexts in the EU, to evaluate their potential
effectiveness in driving investments in the necessary technological infrastructure. Considering that
people and their social interactions greatly influence the diffusion and use of technology and further
shape overall technological transition dynamics, we also explore investment criteria and different
decision-making behaviours, since many technical innovations and public policies often fail because
they do not sufficiently consider what matters to people (i.e., the motivating factors shaping their
adoption preferences).

In the third pillar of the thesis, we expand the approach of the two previous pillars by focusing more on
the end-users’ perspective. Our main premise is that, in order for end-users to have a more active
participation to the energy transition, they need first to become more aware of the benefits from
investing in new technological capabilities. While technological infrastructure is often available,
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business models and regulatory innovation are needed in order to find ways to maximise the value of
these technological capabilities as well as to monetise them to compensate end-users. To this end, we
evaluate “game changer” business models in terms of different configurations of innovative product-
service offerings, which could incentivise end-users to invest in demand flexibility. We also explore
market-oriented regulatory designs, which eliminate aspects of subsidisation and implement more
advanced market rules that could affect the behaviour and consumption patterns of end-users.

These three pillars shape the overall flowchart of the dissertation thesis (Figure 1.2) and allow us to
answer to the overarching research question by further decomposing it into the three following thematic
research questions (RQ1.3), which are dealt with in one or more of the research chapters (Sections 2-4):

RQ: How did the regulatory design of the past affect the transition to a low-carbon energy system?

How could alternative regulatory designs incentivise consumers to invest in technological

RQ: . ..

Q infrastructure for the transition to a low-carbon energy system?

How could new regulatory designs and novel product-service offerings incentivise consumers

RQs to invest in the necessary technological infrastructure for the transition to a low-carbon
energy system?

¥ . R .
: i Informing the policymaking process
Domain Stakeholder Public domain Chapter 5
knowledge msights data
¥
‘ Policy effects |
I
Analytical framework
Chapter 2
Alternative . Technological .| End-user
regulatory designs infrastructure behaviour
Adoption scenarios towards
policy targets
Agent-based modelling
Chapter 3
Innovative Product-service Cost-benefit
regulatory designs offerings analysis

‘ End-users mvesting in demand ‘
flexibility

Demand-side management modelling
Chapter 4

Figure 1.2. Flowchart: Implementation steps to provide answers to the three thematic research questions that comprise the
overarching research question of the dissertation thesis, in accordance with the three pillars and the interaction cycle between
them.

1.3.1. RQ:.How did the regulatory design of the past affect the transition to a low-carbon energy

system?

One of the most utilised policy mechanism to support electricity generation from RES (RES-E) has
been the feed-in-tariff (FiT) scheme, providing security and high profits to investors [68]. Many EU
MS have adopted the FiT scheme [69—71], which proved to be the main driver for the drastically
increased RES-installed capacity over the period 2008 to 2015. However, despite the large growth, in
many cases, policymakers failed to respond to the negative implications of the scheme in a decisive
manner [72]. Although the FiT scheme was mostly designed as a generous subsidy to help initiate RES
investments, it has been gradually decreasing or even ceased; thus, sustaining the growth of new RES
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installations has been challenging ever since. Increased RES deployment due to generous schemes as
FiT, has sparked a debate across Europe regarding the effects of the enhanced RES integration on the
performance of the energy market [73]. This debate challenges the premise that higher volumes of RES
can enter every year the EU internal market and be absorbed progressively by the existing mechanisms.
However, while most studies so far have focused on a technoeconomic analysis of the regulatory design
and efficiency of the different RES-E support mechanisms [74—77], there is a knowledge gap on the
impact of such mechanisms on the performance of the energy market and its interaction with the RES-
E sector. Despite the learning progress of the past years, important regulatory questions remain still
unanswered, while policymakers face the challenge of making decisions about technologies, spatial
requirements, democratisation, and others aspects of unfamiliar RES-dominated energy systems, like
for example, balancing interests of end-users in designing policies to support the decarbonisation of the
energy system [78,79], etc. In view of a high-RES market design in line with the EU Target Electricity
Model, regulatory efforts need to expand their approach to carefully review how the energy market
performance has been affected by the different support mechanisms both in the short- and the long-
term, as well as assess past mechanisms to optimise market performance in both time horizons. Thus, a
structured approach, aiming at filling knowledge gaps on the effect that the regulatory design of the
past has had on the electricity system and its components is of paramount importance.

Chapter 2 addresses this gap by presenting an analytical framework that facilitates the systematic
exploration of the impact that policy measures have on the electricity system and its components. To
do so, we built on the premise that understanding and quantifying the major monetary flows in the
electricity market can contribute to the efficiency assessment of policy interventions, and that assessing
how a policy measure affects the performance of the energy market requires the quantification of both
the benefits and the costs attributed to it. By exploring the monetary flows in the energy market, one
adopts a holistic view, which can provide insights on the interactions between different components of
the benefits and costs, as well as on the possible conflicts or alliances between the involved actors of
the system. Consequently, government officials and consultants in the policy community can gain a
clearer perspective on how to devise a roadmap of least resistance for a policy measure to attain its
goals, given that, while European RES targets have already been set, governance of RES-E support
beyond 2020 at the EU level remains still undefined.

Overall, Chapter 2 contributes to the first thematic research question of the thesis (RQ1) by paving

the way for a more comprehensive, detailed, and better-structured evaluation of RES-E regulatory
designs than what currently prevails.

1.3.2. RQ,. How could alternative regulatory designs incentivise consumers to invest in
technological infrastructure for the transition to a low-carbon energy system?

Solar photovoltaic (PV) systems have been proven to be one of the key technologies for the transition
to a low-carbon energy system. In this context, PV self-consumption (SC) is becoming extremely
important, especially in the case of residential buildings, with consumers taking the role of “prosumers.”
Typically, SC encompasses the adoption and further diffusion of a wide range of technologies and
systems such as small-scale PV, battery storage, and smart-grid devices, which bring demand flexibility
into the market. A growing number of recent studies in the literature have been assessing PV SC and
its economics [80,81]. The findings show that if PV SC at the residential level becomes economically
competitive soon, end-users will be willing to self-consume electricity instead of buying it from the
grid [82,83]. Such a massive and radical change could impact national power systems around the world,
especially if the necessary regulatory framework is not in place, and influence the interests of the
electricity market stakeholders [84].

Aiming at overcoming the difficulties encountered in the post-FiT era, policymakers seek new legal
mechanisms based on a combination of tax benefits and other incentives; Net-metering (NEM), feed-
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in-premium (FiP), and tenders are considered such mechanisms that could raise, once again, end-users’
willingness to invest [85]. However, regulatory and financial challenges related to the need for novel
market business models and supporting mechanisms remain the main obstacles to the sustained
exponential growth of PV technology. Therefore, policymakers should focus on an optimal mix of PV
power and other RES technologies; they should also anticipate the risks and uncertainties related to
further PV adoption [84].

Scientific literature highlights the importance of understanding consumer behavioural patterns with
respect to PV adoption to guarantee the effectiveness of future policies [86]. Because of the multitude
of factors influencing the decision to invest in an innovative energy technology such as PV, agent-based
models (ABMs) provide a suitable framework to simulate the adoption decision-making process of the
members of a heterogeneous social system; the framework is based on members’ individual
preferences, behavioural rules, and communication within a social network [87,88]. ABMs perceive a
system as a collection of autonomous decision-making entities called “agents” and provide an intuitive
framework to consider the explicit characteristics of both technology and human behaviour [89]. Instead
of using regression to extrapolate growth based on past trends- the typical approach used by
policymakers so far- modelling agents’ decisions and interactions represents a more “real-world”
process [90].

Optimisation models, so far, implicitly assume that there is some centralised control over the energy
system,; this is often not the case, especially for small-scale, privately-owned technologies, such as PV.
ABMs address this limitation by introducing a layer of control and decision-making, thereby allowing
greater understanding of macro-phenomena [91]. Many technical innovations and public policies often
fail because they do not sufficiently consider what matters to people (i.e., the motivating factors shaping
their adoption preferences). People and their social interactions greatly influence the diffusion and use
of technology, and shape further technological transition dynamics. However, transitions are difficult
to scientifically understand because of the influence of a broad range of contextual factors that affect
policy processes, society, and agency. Thus, considering the diversity of interests, motivations, and
other factors that inform people’s choices helps to reduce the uncertainty that may lead to policy failure
[92].

While recent studies in the scientific literature have already addressed the issue of PV adoption by using
an ABM, one limitation of existing models is that they often fail to capture uncertainties related to
agency (i.e., individuals or households that make decisions independently) [21]. Chapter 3 addresses
this gap by presenting the Agent-based Technology adOption Model (ATOM), which, apart from
exploring the expected effectiveness of technology adoption under regulatory designs of interest, allows
to consider and explicitly quantify the uncertainties that are related to agents’ preferences and decision-
making criteria (i.e., behavioural uncertainty). To develop ATOM, the initial framework of the Business
Strategy Assessment Model (BSAM) [93,94] has been expanded and further developed, focusing on
consumers/ citizens, rather than on power generators, as the unit of analysis. ATOM is part of the
Technoeconomics of Energy Systems laboratory-TEESlab’ Modeling (TEEM) suite and serves as an
entry point in technology adoption modelling by including a strong component of decision-making
behaviour- and policy-contingent scenario elements that correlate technology adoption with its value to
end-users.

Overall, Chapter 3 contributes to the second thematic research question of the thesis (RQz) by:

* Presenting a new ABM that explores the expected effectiveness of PV adoption under
alternative regulatory designs of interest and specifies the values of the agent-related

7 https://teeslab.unipi.gr/
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parameters under consideration, according to the plausibility of the model’s results compared
to historical data/ observations.

* Bridging the disciplines of uncertainty analysis and ABM policy assessment by showing how
uncertainty in energy system modelling can influence effective policy design.

1.3.3. RQs. How could new regulatory designs and novel product-service offerings incentivise
consumers to invest in technological infrastructure for the transition to a low-carbon
energy system?

For the energy transition to happen in a manner that end-users are empowered to actively participate,
transforming from passive consumers to prosumers [95], end-use products and service offerings need
to be properly assessed [96]. To foster their role and evaluate their impact into the future energy regime,
the modelling of user interaction and resource management needs to be considered first through
demand-side management (DSM) modelling exercises. DSM typically encompasses the entire range of
management functions associated with directing demand-side activities, including programme
planning, evaluation, implementation, and monitoring. Its main objective is to improve the energy
system at the side of the end-user in terms of consumption and cost effectiveness [97]. Different aspects
of DSM range from improving energy efficiency up to sophisticated real-time control of distributed
energy resources through smart devices with incentives for promoting certain consumption/ production
patterns [98]. By doing so, DSM adds significant economic value to all actors involved and interacting
with each other in the modern energy network [99].

For the time being, policy mechanisms like, e.g., NEM, FiP, tenders, SC with storage subsidisation,
etc., are mainly considered as transition policies from the FiT scheme towards market-oriented schemes
that eliminate aspects of subsidisation and implement more advanced market rules (e.g., dynamic cost-
reflective pricing, etc.) [100,101]. Innovative DSM aspects, like Time-of-Use (TOU) and Demand-
Response (DR) practices, which aim at shifting the demand from peak to off-peak times, could be such
innovative market-oriented regulatory designs. TOU tariffs are usually sent beforehand to allow end-
user to adapt to new market prices, while DR signals have a more direct impact on the behaviour and
consumption patterns of end-users [102].

On the other hand, DSM modelling can support different types of end-users as, e.g., electricity
distribution network operators, demand aggregators, government agencies, electricity retailers, etc.
Accurate DSM modelling could be also beneficial for testing DR schemes that are primarily offered to
residential end-users and could provide directions for the development of innovative regulatory designs
and product-service offerings related to the smart-grid paradigm. However, most models in the
scientific literature address DSM partially, or in a simplified manner, used most of the times for
forecasting purposes. The main challenge of DSM models is being flexible enough, while at the same
time including all important aspects of end-use [100].

Chapter 4 addresses this gap by presenting a fully integrated dynamic high-resolution model
embodying key features that are not found together in existing DSM models. In particular, the hybrid
bottom-up Dynamic high-Resolution dEmand-sidE Management (DREEM) model combines key
features of both statistical and engineering models and serves as an entry point in DSM modelling in
the building sector, by expanding the computational capabilities of existing Building Energy Simulation
models to assess the benefits and limitations of demand flexibility for residential end-users. The novelty
of the DREEM model lies mainly in its modularity, as its structure is decomposed into individual
modules characterised by the main principles of component- and modular-based system modelling
approach, namely “the interdependence of decisions within modules; the independence of decisions
between modules; and the hierarchical dependence of modules on components embodying standards
and design rules” [103].
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This modular approach allows for more flexibility in terms of possible system configurations and
computational efficiency towards a wide range of scenarios studying different aspects of end-use. It
also provides the ability to incorporate future technological breakthroughs in a detailed manner, such
as the inclusion of heat pumps, or electric vehicles, in view of energy transitions envisioning the full
electrification of the heating and transport sectors. The latter makes the DREEM model competitive
compared to other models in the field, since scientific literature acknowledges that there are limitations
to how much technological detail can be incorporated without running into computational and other
difficulties [104]. DREEM is also part of the TEEM suite.

Overall, Chapter 4 contributes to the third thematic research question of the thesis (RQs) by:

* Developing a DSM model that, based on the strengths of object-oriented programming and
equation-based system modelling approaches [105], is: (i.) input—output free, (ii.) modular,
(iii.) hierarchical with control capabilities, which helps in managing the complexity of large
systems, (iv.) universal, (v.) able to provide more realistic representations of the dynamic
systems, (vi.) able to integrate end-users’ behaviour along with determination of end-use
qualities, and policies supporting RES, and (vii.) able to allow faster development and
simulation.

+ Developing and testing via simulation control strategies the coordination of technologies as
electricity storage and smart thermostats toward increasing demand flexibility by increasing
the consumption of electricity generated from RES.

»  Suggesting implications for policy and practice, which could enable the design of novel
regulatory designs that ensure clear incentives for end-users to invest in technological
infrastructure that increase demand flexibility.

1.4. Case specification: Energy transition in Greece

To test the analytical framework that we developed to answer the first thematic research question (RQy),
and to demonstrate the usefulness and the applicability of the two new energy system models that we
developed to answer the second and the third thematic research questions (RQ2-3), this thesis used as a
testing ground the case of Greece. In this sub-section, thus, we provide the geographic and
socioeconomic context of the dissertation thesis by presenting the main specifications of the energy
transition in Greece, and by describing how each thematic research question has been adapted and
answered for this case study.

1.4.1. Climate and energy targets by 2030 and by 2050

Greece is a transcontinental country with a diverse geographical landscape and a large potential in RES
[100]. It presents a very recent case of a radical change in the planning of the energy system
development. Although the introduction of renewable energy was actively promoted in the energy
policy agenda over the past ten years [106], indigenous lignite continued to play a major role in the
electricity generation in all scenario analysis and policies formulated until 2019. However, in the second
half 0of 2019, Greece took the political decision of phasing-out lignite-fired power plants in a short time
horizon (initially by 2028), which called for extensive energy system modelling to analyse its effect on
the further development of the national energy system.

Modelling work resulted in the development of the revised National Energy and Climate Plan (NECP)
that outlines the energy and climate objectives, policy priorities, and targets of the country until 2030
[107] and the development of the Long-Term Strategy for 2050 (LTS50), which presents the different
viable options and energy transition scenarios in accordance with the long-term European vision for
climate neutrality [108]. Recently, it has been announced that the lignite phase-out will be completed
by 2025 [109], while a revision of the NECP and LTS50 documents is currently work in progress to
account for the effects of the COVID-19 outbreak [110]. For the transition to the post-lignite era, special
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focus is also given on the regions where the power plants exist to alleviate effects from the loss of
employment and analyse overall consequences in the whole supply chain of the lignite-fired plants
[111].

Energy system modelling in Greece was introduced over the past decade on a wider scale to support
policy decisions in the energy sector. This development was considerably driven by the implementation
of the EU law, as the EED, resulting in the development of the 1* National Energy Efficiency Action
Plan (NEEAP) [112], and the RED [113], resulting in the development of the 1% National Renewable
Energy Action Plan (NREAP) [114] (Figure 1.3). One of the reasons why energy system models have
not been broadly used in policymaking before is that open-access to the models, as well as to their
databases and their high-resolution results have not been often available to policy/ decision-makers in
Greece. This has caused policymakers to become less familiar with the processes and requirements for
using such models. However, the implementation of the EU’s Governance Regulation and, in
consequence, the compilation of the recent NECP and LTS50 documents, induced a very broad
application of energy system modelling with meaningful to significant impact at all stages of the
documents’ preparation. This trend is expected to be additionally strengthened with the introduction of
a set of monitoring and verification procedures, aiming at directing and supporting data collection,
continuous monitoring of modelling activities, and periodic verification of modelling outcomes [10].
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Figure 1.3. Timeline of energy system models’ development to support policy documents and decision-making in Greece
over the past decade. Source: [10].

According to the recently published version of the NECP, Greece has committed to the redesign of the
energy sector from production to end-use, along the axes of sustainability, environmental protection,
and climate change mitigation. Special focus has been also given to energy security and affordability
for all. Towards this direction, the diversification of energy supply and the energy independence of the
country are of primary importance, enhancing the role of Greece as energy hub, promoting financial
stability, and facilitating resource management. Furthermore, the design of competitive energy markets
is crucial to promoting sustainability and transparency in product and service provision as well as their
price. Finally, as new competitive technologies enter the market, innovation in terms of investments
and activities is promoted. The national targets for 2030, as dictated by the latest NECP, are presented
in Figure 1.4. For the achievement of these targets the NECP lays down policy priorities, which are
defined along the dimensions of the Energy Union, which aim at: (i.) decarbonisation in terms of both
GHG emissions and removals and renewable energy, improving (ii.) energy efficiency and (iii.) energy
security, and enhancing (iv.) the internal energy market and (v.) research, innovation, and
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competitiveness. Particular areas of interest for additional sectors as agriculture, shipping, and tourism
are also included.
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Figure 1.4. National targets of the energy transition by 2030 in Greece for the three main priorities outlined in the Greek
Energy and National Plan. Source: [107].

Regarding long-term strategy, all scenarios analysed in the LTS50 document assume the achievement
of the NECP targets by 2030, as the NECP document does not incorporate further goals, priorities, and
policy measures for the post-2030 period. In particular, the “NECP-2030” scenario foresees the
continuation of the current NECP policies post 2030, while it lacks specific targets and further policy
measures post 2030. On the other hand, the “NECP-2050" scenario, which aims at significant GHG
emission reduction by 2050, foresees the reinforcement of NECP policies with larger intensity after
2030 compared to the 2020-2030 period. It includes the following policy priorities, which are also
included in the alternative, more ambitious LTS50 scenarios: 1. cross-sectoral energy efficiency
improvements, emphasising in large-scale energy renovation of households and buildings, 2. cross-
sectoral RES development, especially in the power sector, and elimination of CO, emissions from fossil
fuels in electricity generation, 3. electrification of transport and heating, 4. development of domestic
fuels and biogas with advanced methods, and 5. electricity and expansion of gas interconnections and
sector coupling. The alternative LTS50 scenarios are the following:

e The “Energy efficiency and electrification for 2°C (EE2)” scenario.

e The “New energy carriers for 2°C (NC2)” scenario.

e The “Energy efficiency and electrification for 1.5°C (EE1.5)” scenario.
o The “New energy carriers for 1.5°C (NC1.5)” scenario.
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The “EE2/1.5” scenarios consider that it is economically and technologically uncertain to develop new
climate-neutral energy carriers that will replace fossil fuels, promoting to a very high degree, thus, the
electrification of energy uses in all sectors and the improvement of energy efficiency, including
transformations in the direction of circular economy in industry and green technologies in transport.
They also include large-scale development of biofuels and biogas to replace fossil fuels in areas where
full electrification is not possible. For climate neutrality, electricity generation must have zero carbon
footprint and will therefore be based on large-scale RES development.

On the other hand, the “NC2/1.5” scenarios assume that appropriate policies at the EU level ensure the
gradual maturation of technologies and means to produce hydrogen, biogas, and synthetic methane with
climate-neutral standards. Nevertheless, ambitious policies are being pursued to improve energy
efficiency and electrification of transport and heating because otherwise the volume of electricity
generation, and, consequently, RES capacities, would increase to unattainable levels, since green
hydrogen and synthetic methane can only be produced via electricity. The targets for improving energy
efficiency and electrification in the “NC2/1.5” scenarios are slightly lower than those in the “EE2/1.5”
scenarios, while emissions from fuel use in the “NC2/1.5” scenarios are reduced using zero or low-
carbon footprint gases and hydrocarbons. In the “EE2/1.5” scenarios emissions are avoided due to the
very ambitious improvement of energy efficiency, electrification, and the increased use of biomass.
Figure 1.5 presents the main targets regarding GHG emissions, final energy consumption, and RES
share in electricity generation towards 2030 and 2050, as specified in the different scenarios of the
NECP and LTS50 policy documents.
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Figure 1.5. Main targets of the energy transition towards 2030 and 2050 in Greece according to the different scenario
specifications: (a). Percentage change of GHG emissions ([107,108,115]), (b). Percentage change of final energy consumption
([107,108,116]), (¢). Percentage change of RES share in electricity generation ([107,108,117]).
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1.4.2. Regulatory designs and product-service offerings to empower end-users and incentivise
demand flexibility in the residential sector in Greece

During the past decade, small residential PV systems in Greece have gained investors’ attention, mainly
owing to the profitable FiT scheme and simplified installation procedures that have been introduced by
the special programme for the deployment of PV on buildings and roofs [118]. However, despite the
RES boom over the period 2009 to 2013 owing to the FiT scheme, high investment costs led to a
significant deficit to the special account for RES, which was responsible for funding the agreed
contracts [119]. To counterbalance negative economic implications, the Greek government imposed an
extra tax on the consumers’ income from RES-E generation, which came simultaneously with a
reduction of the tariffs [72]. These retroactive cuts to the tariffs shook the confidence of investors in the
stability of the expected revenues [120,121] and led to a complete shutdown of the RES market, with
the domestic PV market, indicatively, shrinking during 2014-2017 to approximately 1% of its 2013 size
[106], as also visualised in Figure 1.6.
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Figure 1.6. PV adoption in Greece during the period 2007-2018 based on historical data published by the Hellenic Association
of Photovoltaic Companies (HELAPCO) [122].

RQ,. How did the regulatory design of the past affect the transition to a low-carbon energy system in
Greece?

Literature studies have already assessed the effects of the FiT legislation in Greece upon the resulting
RES penetration and investments [120], also addressing the impact of the imposed retroactive reduction
upon the profitability of specific RES systems to their owners [118], and the resulting surcharge on the
electricity prices owing to the massive PV penetration achieved [122]. However, while a literature
consensus providing an account of the scheme’s profitability, mainly through a technoeconomic
spectrum, has already been established, there is still a knowledge gap on how the scheme affected the
structure and the performance of the Greek energy market [119].

To address this gap, in Chapter 2, we applied an analytical framework based on domain knowledge,
stakeholder insights, and public domain data, to analyse the main drivers and interactions that governed
the major monetary flows and causal relationships within the Greek wholesale electricity market over
the period 2009-2013. In view of a market design that foresees sector coupling and the development of
a single European electricity market, the focal point of the national energy transition is the formulation
of a new electricity mix that will be based on the integration of high shares of RES. Thus, it is important
to ensure that the regulatory environment adapts to the new situation to avoid legislative failures of the
past. Consequently, given the importance of increasing reliance on RES-E, our work can trigger wave
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of research and denote structural and regulatory adaptations and adjustments needed towards the
achievement of the national decarbonisation targets.

Regulatory efforts to reach the standards of other European markets that experienced a transition from
a high FiT status to a market-based environment have been put in place, with a NEM scheme taking the
place of the effective, but very generous FiT scheme. This new scheme was legislated in 2014 by the
Government Gazette Issue B’3583/31.12.2014 and came into effect during the second half of 2015
[123].

RQ>. How could alternative regulatory designs incentivise consumers to invest in technological
infrastructure for the transition to a low-carbon energy system in Greece?

Recent scientific literature has already highlighted the importance of studying the profitability and the
effects of NEM or SC schemes related to PV systems [124]. Scientific studies have also acknowledged
that a NEM regulatory design must be considered in combination with flexibility measures to maximise
SC in residential buildings. Declining PV costs, along with rising retail prices and the phasing out of
the FiT scheme, have made PV SC a more financially attractive choice for end-users than exporting to
the grid. Such flexibility measures mainly refer to the further deployment of automated control
technologies and electricity storage; further, they facilitate the large-scale integration of electricity from
variable RES with the existing power system [125]. A particular focus is placed on the joint operation
of SC with battery storage because it is the latest trend in small-scale PV systems [124].

To address these gaps, in Chapter 3, we use ATOM to explore the evolution of the market share of
small-scale PV systems (i.e., installed capacity of up to 10 kWpeak) in Greece, under two different
policy support schemes of interest. In particular, the applicability of the model is demonstrated by
exploring the expected effectiveness of the NEM scheme, which has been operational since mid-2015,
and of a proposed SC support scheme that subsidises residential storage (SC-ST) with a share of 25%,
during the period 2018-2025.

In addition, scientific studies have acknowledged that the return of investment in such support schemes
is highly related to the unpredictability of electricity prices, thereby increasing the uncertainty
experienced by consumers [75]. To address this gap, we use ATOM to explore scenarios of small-scale
PV adoption, under the two policy schemes under study, by assuming an annual increase in the Greek
electricity retail price based on historical data/ observations.

Finally, the main challenge of decentralised generation and prosuming is that the initial cost of RES
technologies may be prohibitive for investments, despite the benefits over the investment’s lifetime
[126]. While PV SC already seems attractive, electricity storage is still not a profitable solution owing
to high costs and short lifetime. Only a sustained decrease in investment costs would lead to
economically viable storage projects [124]. To address this gap, we use ATOM to explore the
effectiveness of the SC-ST scheme under study in driving investments in small-scale PV systems in
Greece by assuming different feasible scenarios of decreasing investment costs.

RQs. How could novel product-service offerings along with new regulatory designs incentivise
consumers to invest in technological infrastructure for the transition to a low-carbon energy system in
Greece?

Digitalisation is expected to enable better DSM and create more opportunities for active participation
of end-users in Greece, through the provision of novel product-service offerings (e.g., smart appliances,
Internet-of-Things, smart meters, prosuming, DR, etc.) [55]. However, the vision of a more
decentralised and digitalised Greek energy system has an important implication; part of the necessary
infrastructure will be only developed if end-users are willing to invest in it. Considering that it is
unlikely for end-users to invest in new technological capabilities having the support (e.g., flexibility,
etc.) of the energy system as their primary goal, it is reasonable to assume that they may only invest
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according to a value stemming from increased proportion of the self-produced energy that they consume
and/ or the energy savings that they achieve, as, in both cases, they benefit from lower energy bills.
While technological infrastructure is already available, business models and regulatory innovation are
needed in order to find ways to maximise the value of the technological capabilities as well as to
monetise them, to compensate end-users. However, the current regulatory framework in Greece, leads
to conditions where business models do not bring the full value of demand-side capabilities, even when
the latter are already there, due to conflicts between the interests of end-users and market actors. Given
that in modern energy systems technological innovation will continuously pose new challenges to
existing regulatory frameworks, innovation in regulation should be as important as regulating
innovation. As a result, national policymaking should explore innovative business models that
incentivise all involved actors to incorporate demand flexibility into the markets that can valorise it.
To address this need, in Chapter 4, we use DREEM to develop such a preliminary business model and
to explore benefits of investing in technological infrastructure, as solar PV and electricity storage
installations, a smart thermostat and an advanced control device that regulates their dwelling’s energy
performance, for residential end-users, while they also comply, when possible, to market dynamic price-
based DR signals. The potential for additional revenue sources for other power actors involved and
benefits through the provision of services to the grid is also evaluated.

1.5. Structure

The current dissertation thesis is structured in five chapters as depicted in Figure 1.7, namely:
Chapter 1 - Introduction to the PhD thesis: In this first chapter, we have provided a background on
the field of energy system modelling, and we have presented the formulation of the main problem, by
which this dissertation thesis was mainly inspired. Based on the identified gaps and needs, we then have
justified the main scope and objectives of the thesis, which have been further translated into the
overarching research question that the thesis intends to answer, along with the individual thematic
research questions that are addressed in each one of the following research chapters. The chapter has
concluded with presenting the main specifications of the energy transition in Greece, which has been
used as a case study to demonstrate the applicability and the usefulness of the analytical framework and
of the two energy system models that have been developed in this thesis.

Chapter 2 - Analysing policy effects: In the second chapter, we present the analytical framework that
was developed to facilitate the systematic exploration of the impact that policy measures have on the
energy system and its components. The applicability of the framework is demonstrated for the case of
the FiT policy scheme in Greece during the period 2009-2013 and specific policy-relevant implications
are discussed.

Chapter 3 - Understanding technology adoption: In the third chapter, we present a new agent-based
technology adoption model, ATOM, which serves as an entry point in technology adoption modelling
by including a strong component of behaviour- and policy-contingent scenario elements that correlate
technology adoption with its value to end-users. We also demonstrate the applicability and usefulness
of the model by exploring adoption scenarios of small-scale PV systems in the residential sector in
Greece toward the national targets of 2025 under different (alternative to the FiT scheme) regulatory
designs of interest. Results are then discussed and insightful implications for policy and practice are
derived.

Chapter 4 - Empowering end-users: In the fourth chapter, we present a new dynamic high-resolution
DSM model, DREEM, which combines key features of both statistical and engineering models, and
serves as an entry point in DSM modelling in the building sector, by expanding the computational
capabilities of existing BES models, to assess the benefits and limitations of demand flexibility for
residential end-users. The applicability and usefulness of the model are demonstrated for the residential
sector in Greece, while interesting results and policy implications are derived and discussed.
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Chapter 5 - Discussion and conclusions: Finally, in the last chapter of this dissertation thesis, we
discuss overall results, while we reflect on the implications of the thesis for end-users from the fields
of policy and practice, and of energy system modelling. We also summarise the advances and the
contribution of the thesis to the scientific literature considering methodological novelties and insightful
results for the case of Greece, along with the contribution of the thesis to the fields of research and
academia by presenting the overall metrics that have been achieved. The chapter concludes with a series
of considerations on limitations of the thesis and, most importantly, on concrete suggestions for further
research in the field of energy system modelling outlining areas for further application of both ATOM
and DREEM.
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CHAPTER 1

O Background and problem formulation

O Scope and objective
O Research Questions (RQs)

U Casc specification: Energy transition in Greece

O Structure

MAIN RESEARCH QUESTION

How could energy system models be used to evaluate the adoption of regulatory designs and produci-service offerings
that empower consumers and incentivise demand flexibility in support of low-carbon energy systems?

Chapter 2

How did the regulatory design of
the past aftect the transition to a
low-carbon energy system?

Chapter 2

The regulatory failure of the FiT
scheme at the end of 2013 in
Greece i1s mainly attributed to the
market asymmetry between wind
and PV, derived from challenges in
determining the appropriate
remuneration  levels. Promoting
competitiveness through market-
based instruments, rather than
guaranteed prices, is vital to avoid
negative rebound effects.

O Conclusions

THEMATIC RESEARCH QUESTIONS
Chapter 3

How could alternative regulatory
designs incentivise consumers to
invest in technological
infrastructure towards a low-
carbon energy system?

FINDINGS

Chapter 3

Policy contingency actions are
required and different sources of
positive financial revenues for
consumers should be further
investigated so that the current net-
metering  scheme  in - Greece
becomes successful towards the
achievement of the national targets
ot 2025 & 2030.

Significant technological
breakthroughs and high levels of
subsidisation will be required so
that sclf-consumption becomes
more profitable than net-metering
by 2025 in Greece.

CHAPTER 5

O Summary of results and discussion of key findings
O Overall contribution of the dissertation thesis
O Limitations and prospects for further research.

O Appendix

Chapter 4
How could novel product-service
offerings along with new
regulatory designs incentivise
consumers to invest in
technological infrastructure
towards a low-carbon energy
system?

Chapter 4

Flexibility to increase  self-
consumption can be brought into
the Greek market without (i)
significant changes in the current
market design, and (ii.) consumers
sacrificing thermal comfort and
energy services.

Synergistic co-operation between
power suppliers and consumers,
could lead to significant cost
reductions and energy savings.

“Game-changer” business models
that capture new value on the
supply side by coupling it to the
demand side are the way forward.

Figure 1.7. Graphical overview and structure of the dissertation thesis.
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2. An ex-post assessment of RES-E support in Greece by investigating the monetary
flows and the causal relationships in the electricity market

Abstract

One way to perceive the electricity market is as a network of actors connected through transactions and
monetary flows. By exploring the monetary flows in the electricity market, one adopts a holistic view
which can provide insights on the interactions between different components of the benefits and costs,
as well as on the possible conflicts, or alliances between the involved actors of the system. The
importance of such an analysis becomes even more evident when considering if the system’s state
would change due to either the effectuation of a policy measure or a shift in the external drivers of the
system. Additionally, by identifying conditions of conflicting interests between the involved actors, one
can devise a roadmap of least resistance for a policy measure to attain its goals. Our work is based on
the premise that understanding and quantifying the monetary flows in the electricity market can
contribute to the efficiency assessment of policy interventions in the market. We present a structured
analytical framework and the results of a quantitative analysis based on available public domain data,
for the identification of the main drivers and interactions that governed the major monetary flows in the
Greek wholesale electricity market, from 2009 to 2013 and the ex-post assessment of the market impact
of the feed-in-tariff scheme that was in place during this period.

Keywords: Greece; Feed-in-tariff; Market design; Climate policy; Policy assessment; Energy
regulation; RES support mechanisms; Security of energy supply.
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2.1. Introduction

To achieve climate goals implied by the Paris Agreement, the energy sector in the European Union
(EU) should maintain its momentum towards a transition to a zero-carbon, sustainable electricity system
by 2050 [1,2]. Renewable energy sources (RES) are significant contributors to this goal [3,4]. Although
RES were not market competitive at first [5], electricity generation from RES (RES-E) has been
growing rapidly over the last years, owing to economies of scale, technological progress, and financial
support mechanisms [6]. One of the most utilized RES-E support mechanism has been the Feed-in-
Tariff (FiT) scheme, providing security and high profits to investors [7,8]. Many EU Member States
have adopted FiT [9—11], which proved to be the main driver for the drastically increased RES installed
capacity over the period 2008 to 2015. However, despite the large growth, in many cases, policymakers
failed to respond in a decisive manner to the negative implications of the scheme [12], as indicated by
several examples across Europe [13-16].

Although FiTs were mostly designed as a generous subsidy to help initiate RES investments, the scheme
has been gradually decreasing, or even ceased, and, thus, sustaining the growth of new RES installations
has been challenging ever since. Although financial support is of substantial importance to incentivise
new RES investments, it has to be designed in a way that does not result in public deficits or burdening
costs for consumers. Introduction of closer-to-market oriented policies that compensate consumers with
real-time electricity prices may be the way forward [12]. Aiming at overcoming the difficulties
encountered in the post-FiT era, policymakers seek new legal mechanisms based on a combination of
tax benefits and other incentives; Net-Metering (NEM), Feed-in-Premium (FiP), and tenders are
considered such mechanisms, that could raise, once again, consumers’ willingness to invest [17]. For
the time being, though, these mechanisms should be mainly considered as transition policies from FiT
towards self-consumption schemes closer to the market, that eliminate aspects of subsidisation and
implement more advanced market rules (i.e., dynamic cost-reflective pricing) [18,19].

Increased RES deployment due to generous schemes as FiT, has sparked a debate across Europe
regarding the effects of the enhanced RES integration on the performance of the energy market [20].
This debate challenges the premise that higher volumes of RES can enter every year the EU internal
market and be absorbed progressively by the existing mechanisms. However, while most studies so far
have focused on a technoeconomic analysis of the regulatory design and efficiency of the different
RES-E support mechanisms [21-24], there is a knowledge gap on the impact of such mechanisms on
the performance of the energy market and its interaction with the RES-E sector. Despite the learning
progress of the past years, important regulatory questions still remain unanswered, with the long-term
relationship between RES-E and conventional markets remaining ambiguous, mainly owing to two
structural changes (Figure 2.1) [25]:

e  The intermittency in the RES-E generation requires now more challenging conventional generation
capacity services to the market, while these services need to be reduced in order to achieve
decarbonisation targets.

e  The day-ahead electricity price declines reaching a zero value to become equal to the marginal and
opportunity costs of large RES-E integration, while there is going to be a higher variation of daily
average prices.
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Figure 2.1. The impact of the RES-E growth on different aspects of the EU electricity market over the past few years.

Increasing RES shares brings new dynamics to the current fossil-based energy systems, which makes
the decision-making process about the energy future more complex. Policymakers face the challenge
of making decisions about technologies, spatial requirements, democratisation, and other aspects of
unfamiliar RES-dominated energy systems, like for example, balancing interests of involved actors in
designing policies to support the decarbonisation of the energy system [26,27]. So far, studies suggest
that RES and conventional generators, operate within the same market but with very different business
models; a market operating only with RES would be a market with zero marginal and opportunity costs
that compensates agents through subsidies [28], while the thermal market is based on bidding
competition as well as fuel and electricity spread risk. As a result, existing market mechanisms may not
be the ones that can effectively support the evolution of these two “worlds.” In view of a high-RES
market design in line with the EU Target Electricity Model, thus, regulatory efforts need to expand their
approach to carefully: a. review how the energy market’s performance is affected by the different
support mechanisms both in the short- and the long-term as well as b. assess past and/ or modern
mechanisms to optimise market performance in both time horizons. However, the outcomes of policy
mechanisms depend on more than variables such as price and quantity; they depend on institutions that
may be part of the environment surrounding a policy [29]. As a result, a structured approach aiming at
facilitating the systematic exploration of the effect that policy measures have on the electricity system
and its components, and filling knowledge gaps, either at a national or at an EU level, is of paramount
importance.

This chapter sheds light on the debate regarding the competition between conventional and RES-E
generation, as well as on the role that RES-E remuneration played in this debate, by perceiving the
electricity market as a network of actors connected through transactions and monetary flows. In
particular, our work builds on the premise that understanding and quantifying the major monetary flows
in the electricity market can contribute to the efficiency assessment of policy interventions, and that
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assessing how a policy measure affects the performance of the energy market requires the quantification
of both the benefits and the costs attributed to it. By exploring the monetary flows in the energy market,
on the one hand, one adopts a holistic view, which can provide insights on the interactions between
different components of the benefits and costs, as well as on the possible conflicts or alliances between
the involved actors of the system. By identifying conditions of conflicting interests between the
involved actors, on the other hand, one can devise a roadmap of least resistance for a policy measure to
attain its goals. The novelty of this approach becomes more evident when considering if the system’s
state would change due to either the effectuation of a policy measure or a shift in the external drivers
of the system.

To this end, in this chapter, we developed and applied an analytical framework based on public domain
data to identify and present the main drivers and interactions that governed the major monetary flows
and causal relationships within the Greek wholesale electricity market over the period 2009-2013. This
was the period that the FiT scheme contributed to a remarkable RES boom in the country, which was
then suspended by institutional and legislative failures, combined with an adverse fiscal environment.
The latter resulted to a stagnation of the RES market to this day and a gradual phase out of the FiT
scheme [30].

Literature studies have already assessed the effects of the FiT legislation in Greece upon the resulting
RES penetration and investments (see [24,31]), also addressing the impact of the imposed retroactive
reduction upon the profitability of specific RES systems to their owners [32], and the resulting surcharge
on the electricity prices owing to the massive solar photovoltaic (PV) penetration achieved [33].
However, while a literature consensus providing an account of the scheme’s profitability, mainly
through a technoeconomic spectrum, has already been established, there is still a knowledge gap on
how the scheme affected the structure and the performance of the energy market, also highlighted in
recent scientific literature [34].

Furthermore, one of the main priorities of the recently revised National Energy and Climate Plan
(NECP) is the goal for phasing out all lignite-fired power plants by 2028 [35], an objective which is at
the heart of the European Green Deal [36], and in line with the EU’s commitment to global climate
action under the Paris Agreement and climate neutrality by 2050 [37,38]. In view of a market design
that foresees sector coupling and the development of a single electricity market in Europe, the focal
point of the national energy transition is the formulation of a new electricity mix that will be based on
the integration of high shares of RES. In order for this transition to happen in a fair and socially just
manner, with “no one being left behind,” it is important to ensure that the regulatory environment adapts
to the new situation, also to avoid legislative failures of the past. Thus, given the importance of
increasing reliance on RES-E, our work can trigger wave of research and denote structural and
regulatory adaptations and adjustments needed towards the achievement of the national decarbonisation
targets.

The remainder of this chapter is organised as follows: Section 2.2 presents the analytical framework of
our work. Section 2.3 presents the application of our framework using as an illustrative case study the
electricity market in Greece to quantify the main benefits and costs attributed to the RES-E generation
achieved from the FiT scheme over the period 2009 to 2013. Section 2.4 presents and discusses the
results of our work, while Section 2.5 provides conclusions and reports key implications for market and
industry professionals, consultants in the policy community, and government officials.

2.2. Materials and Methods

Our analytical framework comprises of the following main methodological steps:
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2.2.1. Step 1: Identifying the relevant monetary flows

As a first step, we map the relevant monetary flows and the respective causal relationships in the electricity
market under study, based on domain knowledge, literature review, and tacit knowledge embedded in
stakeholders.

2.2.2. Step 2: Quantifying costs and benefits from RES-E generation

As a next step, we consider the main costs and benefits of RES-E generation. In our framework costs and
benefits are modeled as:

e Costs: Fiscal support of RES-E generation. Taxes are not considered. The levy often paid by
RES-E producers to the local municipalities has only a distributional effect, thus, it is omitted.

o Benefits: Substitution of fossil-fueled generation by RES-E could be measured by the induced
reduction in the wholesale day-ahead electricity price, or in the fossil fuel usage. In order to omit
transfer payments, we check if there is any energy consumption or savings, e.g., regarding fossil
fuel use, or the net impact on public expenditures, etc.

To quantify the benefits attributed to the RES-E generation the following sub-steps are implemented:

I.  Estimating the mix of the conventional-powered generation that is substituted by the RES-E
generation, and

II.  Estimating the capacity value of the RES-E generation, while keeping the electricity system’s
reliability at a designated level.

Note that balancing costs that derive from uncertainties of the short-term forecasting of the RES-E
generation are not taken into consideration, while the reduction in capacity payments due to the capacity
value of RES-E generators is considered as benefit.

Sub-step 2.1: Estimating the mix of the conventional-powered generation that is substituted by the RES-
E generation

An econometric approach often used to model the relations of the different variables that rule the
electricity market is Cointegration Analysis (CA) and Vector Error-Correction Modelling (VECM) [39].
The rationale behind CA is that if a steady relationship between a set of variables, for a sufficiently long-
time period, can be proven, then causal interactions between these variables can be inferred. Usually in
literature, CA is applied to model the wholesale spot electricity price as a function of its fundamental
underlying drivers, like a. demand for electricity consumption; b. RES-E generation; c. fuel prices; and
d. capacity availability. In this work, we apply an econometric approach that considers the randomness
and exogeneity of RES-E generation patterns and identifies the average capacity reduction for
conventional generators substituted by the RES-E generation. In doing so, the following two points are
considered:

e Regarding the system’s load, increasing the RES-E generation must result in equally decreasing
of the conventional generation, so that the electricity generated is always equal to demand plus
total losses, and

e Avoiding results of the conventional generation in increasing the RES-E generation, which
varies with marginal costs of the dispatchable generator. As a result, the impact of the RES-E
generation differentiates according to demand levels (i.e., high or low).

Our premise is that in a market where average load is constant, an equilibrium between electricity and
fuel prices can be identified. For example, Jong and Schneider (2009) developed a multi-market modelling
framework that showed that natural gas and electricity prices are cointegrated at long-term forward price
levels, since both markets are highly linked when considering physical transportation [40]. Bosco et al.,
(2010) examined the causal relationships affecting the wholesale electricity prices in six major European
countries, revealing four highly integrated central European markets, which shared a common trend in
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natural gas prices [41]. Ferkingstad et al., (2011) also acknowledged that natural gas prices highly
influence electricity prices, while coal and oil prices play a lesser role [42]. Finally, Furi6 and Chulia
(2012) used a VECM to reveal that the forward prices of crude oil and natural gas are important
components in the formation process of the electricity price. They also showed that causation, both in
price and volatility, is transferred from oil and natural gas to the electricity forward market [43].
Sub-step 2.2: Estimating the capacity value of the RES-E generation, while keeping the electricity system’s
reliability at a designated level

Capacity values determine the contribution of generators to designated levels of adequacy and reliability.
Capacity values can be quantified via installed capacity, capacity factors, and effective load carrying
capability (ELCC). Evaluating ELCC is imperative to optimise RES integration for the planning of the
long-term reliability of the power system, while different kinds of uncertainty are introduced [44]. Loss
of load probability (LOLP) and loss of load expectation (LOLE) are the main metrics that evaluate the
generation adequacy of the power system. LOLP is defined as the probability that total load is higher than
the available generation capacity at a given time, while LOLE is the cumulative time during which load
is higher than the available generation capacity [45,46]. LOLP can be expressed as:

LOLP(t) = Pry(Cg < Ly (1)

where:

- Cg: the total available (in service) capacity of the existing system’s configuration, and
- Ly the system’s total load at time t.

The annual system’s LOLE is respectively calculated as:

8760
LOLEyear = Z _ Pr{ Cg < L¢} (2)

ELCC of a new generator about to be added to an existing electricity system is equivalent to the amount
of additional load that can be integrated into the system, without jeopardising the designated reliability
level defined by the LOLE of the system, before adding the new generator. More specifically, assuming
a LOLE index of acceptable ranges for the existing system, the concept of ELCC is represented as:

D PrCe <Ld= ) Prel(Ce+Ca) < (Le+ AL} G)
t=1 t=1

where:

- Cp: the additional generation capacity of the new generator (i.e., capacity value), and

- AL: the additional load that can be integrated into the new system’s configuration.
Finally, we calculate the Capacity Outage Probability Table (COPT) of the electricity system. The
COPT is built using an iterative algorithm, in which generating units are sequentially added to produce
a table that consists of all the possible capacity outage states of the system, along with their respective
cumulative probability [45]. Each unit is incorporated in the COPT, both at an operating (on) state and
a non-operating (off) state. Long-term unavailability statistics are used in order to find the probability
that a unit is on forced outage (i.e., off state). The COPT is calculated by a chained convolution of the
binomial distributions for the on/ off states of each unit:

pi(X) = pj_1 (X (1 - EFORdj) + pj_l(x— cj) - EFORG, 4)
where:

- X: the outage capacity in MW,
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- pj(X): the probability of outage capacity when adding the j unit.
- pj-1(X): the probability of outage capacity before adding the j unit.
- C;: the equivalent perfectly reliable capacity of the j™ unit.

- EFORd;: the demand equivalent forced outage rate of the j™ unit.

2.3. Application to the electricity market in Greece

Despite the RES boom over the period 2009 to 2013 owing to the FiT scheme [34], high investment
costs led to a significant deficit of the Greek RES Special Account, which was responsible for funding
the agreed contracts. To counterbalance negative economic implications, the Greek government
imposed an extra tax on the consumers’ income from the RES-E generation, which came simultaneously
with a reduction on the tariffs [12]. This led to a complete shutdown of the RES market, with the
domestic PV market indicatively shrinking during 2014-2017 to approximately 1% of'its 2013 size [30].
Over the past three years, regulatory efforts to reach the standards of other European markets that
experienced a transition from a high FiT status to a market-based environment have been put in place,
with a NEM scheme having been legislated [12].

Literature studies have already assessed the effects of the FiT legislation in Greece upon the resulting
RES penetration and investments, also addressing the impact of the imposed retroactive reduction upon
the profitability of specific RES systems to their owners and the resulting surcharge on electricity prices
owing to the massive PV penetration achieved. While a literature consensus providing an account of
the scheme’s profitability, mainly through a technoeconomic spectrum, has been already established,
there is still a knowledge gap on how the scheme affected the structure and the performance of the
energy market. In the following sections, we demonstrate the applicability of our analytical framework,
as presented in Section 2.2, using as an illustrative case study the electricity market in Greece over the
period 2009 to 2013.

2.3.1. Identifying the relevant monetary flows

In the context of the European Commission (EC) Horizon 2020 (H2020) “TRANSrisks” project, a
workshop to engage with stakeholders from different groups and institutions, including the Centre of
Renewable Energy Sources and Savings (CRES), the Independent Power Transmission Operator
(IPTO), the Hellenic Electricity Distribution Network Operator (HEDNO), and the Greek Ministry of
Environment and Energy (MEE), along with researchers and experts from private sector industries that
are involved in the provision of greenhouse gas (GHG) emissions, was carried out. Building on their
feedback and domain knowledge, the major monetary flows within the wholesale electricity market in
Greece over the period 2009 to 2013, are visualised in Figure 2.2, if the equipment manufacturers and
distributers, and the aspects of job creation and energy security, are excluded.

8 http://transrisk-project.eu/
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Figure 2.2. Major monetary flows within the wholesale electricity market over the period 2009 to 2013 in Greece.

Over the period under study, compensation for the electricity produced from conventional generators
was taking place at the System Marginal Price (SMP) as derived from the Day-Ahead Scheduling
(DAS) market. During DAS, offers made were firm, exposing generators to a penalty payment if they
did not comply with a delivery equal to the ex-post imbalance price. IPTO was responsible for
determining an ex-post System Imbalance Marginal Price (SIMP) in an hourly basis by executing the
ex-post imbalance pricing procedure after the DAS process. This procedure was comparable to the DAS
process, but used the actual demand, the actual availability of generators, and the actual RES-E
generation. Deviations of generators could be either instructed (i.e., deviations of the actual generation
from the scheduled one), or uninstructed. Generators with positive instructed deviations were paid the
equivalent SIMP, while negative deviations were charged as bid. On the other hand, positive
uninstructed deviations were not paid, whereas negative and load deviations were settled at the relevant
SIMP. The Variable Cost Recovery Mechanism (VCRM) provided extra payments so that generators
ended up profitable if this was not succeeded through market revenues.

The Greek capacity adequacy mechanism supplied conventional generators with capacity payments
through which they were able to accumulate a portion of their fixed costs. In particular, each generator
had issued a number of Capacity Availability Tickets for the next five reliability years, the total number
of which was equal to the generator unit’s net capacity. Each ticket was valid for one reliability year
and each year IPTO, by estimating the available capacity of each generator based on its EFORd, was
allocating to every ticket an available capacity value of 1-EFORd. Each generator could reach an
agreement with IPTO to acquire a fund equal to the available capacity of the ticket multiplied by a non-
compliance penalty value PNP when the generator was unavailable in the DAS market. As a result, the
payment that was received by a generator j was [47,48]:

payment = PNCP. (1 — EFORdj)2 (5)

where PNCP was equal to 35,000 € MW-year until 31/10/2010, and to 45,000 €/ MW-year from
1/11/2010 until the end of 2013.
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On the other hand, remuneration of RES-E generators was paid through the Special RES Account, with
its outflows being the FiT payments and its main inflows being:

» The payments to RES-E generators for each MWh generated at SMP, and

» The RES-E levy directly paid by final consumers. This levy was basically the monetary
difference between the tariff and SMPs, or between the tariff and the average variable costs for
non-interconnected regions such as islands.

However, as FiTs were higher than SMPs, the Hellenic Operator of Electricity Market (LAGIE) was
facing a deficit that should be covered by the RES-E levy, whose level was decided by the
administration of the Greek Ministry of Development. This annual deficit was equal to [49]:

[ee)

760

Z [(SMPy, — FiT,) - RES} ] (6)

t=1 h=1

where:

- SMPy, was the System Marginal Price during hour h,
- FiT, was the Feed-in-Tariff reimbursement for technology t,
- RES} was the RES-E generation (MW) during hour h, from technology t.

Typically, the RES-E generation reduces the SMP due to the merit order effect [28] and thus, lower
SMPs led to an increase of the required levy, and as a result to the total deficit. This led to questions
about the design of the RES-E levy mechanism. Considering the latter, the deficit of the RES Account
was excluded from our analysis, since: a) it only answered the question of who is in charge of paying
for the FiT reimbursements, and b) it did not reflect the actual costs of the RES-E generation, as SMPs
may typically vary regardless of the RES-E generation.

2.3.2. Quantifying costs and benefits from the RES-E generation
The major costs and benefits attributed to the RES-E generation from FiTs are:
o Costs: Paying for the FiT reimbursements.

o Benefits: Under the assumption that the SMP reduction due to the substitution of the conventional
generation by the RES-E generation is balanced by VCRM, a better way to approximate economic
benefits owing to the offset of fossil-fuelled generators, is the reduction in fuel use. Given that
lignite is an indigenous energy source in Greece [50], monetising the lignite consumption avoided
due to the RES-E generation can be calculated by considering the lignite export price. However,
there are no trends for the price of the lignite-fuelled generation in liberalised markets as its
transport over longer distances is considered an uneconomic choice due to its low calorific value.
As an alternative, the pre-tax avoided cost of natural gas imports and lignite use, as well as the
avoided CO, emissions owing to offsets from the RES-E generation, will be regarded as benefits.

Kaldellis and Kapsalis (2014) combined historical data for Carbon Dioxide (CO>), Sulfur Dioxide
(S0»), Nitrogen Oxide (NOy), and Particulate Matter (PM) emissions from the main Greek lignite-
fuelled generators with electricity generation data, to estimate each generator’s emission contribution
(i.e., emission factors) [51]. Emission factors (kg/MWh) for each major lignite-fuelled generator in
Greece are presented in Table Al in Appendix A. Additionally, Gouw et al., (2014) used data from
continuous emission monitoring systems (CEMS) to investigate the CO,, NOx, and SO, emission
factors of natural gas-fuelled power generation units in the United States of America (USA) [52]. Their
analysis showed that generation from combined cycle technology that is fired by natural gas contributes
to average emissions at 44% of the CO; of the coal-fuelled generator. The latter was also assumed valid
for the case of Greece.
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Annual CO, emissions avoided due to RES-E generation were estimated as:
AEP = GRES . £C02 (7)

where:

GRES: the RES-E generation during year t (kWh).

- EE : CO, ecmission coefficient of the displaced fossil-fuelled generator during year t

( kg of CO, )
kWh avoided/"
Estimating the mix of the conventional powered generation that is substituted by the RES-E generation

In this section, CO, emissions avoided during the period under study are quantified to estimate the
fossil-fuelled generation that was substituted by the RES-E generation and measure the avoided cost of
natural gas imports.

Based on domain knowledge and stakeholder insights, the causal relationships within the electricity
market in Greece are visualised in Figure 2.3. The solid line arrows show causal relationships that are
viewed as certain, whereas the dashed ones represent relationships that are plausible to exist and should
be verified. Note that the term “causal relationship” is used as a way to indicate that “if Z; includes a
set of properly selected explanatory variables, we can predict Y, based on lagged values of Y; and Z; ,
and we can add the lagged values of W, (i.e., W, contains unique information for predicting Y;,4) to
achieve a better prediction. Therefore, it could be implied that there is a (Granger) “causal relationship
from Wi to Yy (W, = Yy) ” [53].
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Figure 2.3. Causal relationships within the wholesale electricity market in Greece over the period 2009 to 2013.

According to the Granger causal relationships between the fossil-fuelled and the RES-E generation, the
total electricity load and the system’s available capacities, the latter three variables are considered
exogenous. Regarding electricity load, residential and commercial consumers are late to realise the
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variation of the wholesale price, since they are charged with the most common tariff in Greece (i.e.,
“G1” tariff) [54]. Consequently, since consumers purchase electricity at a constant price, demand
volatility is caused by exogenous factors, which do not relate to the wholesale price. Moreover, causal
relationships between the natural gas-fuelled generation, the lignite-fuelled generation, and the
hydroelectric generation should be further investigated. One should expect to identify a causal
relationship between the residual load and the lignite-fuelled, the natural gas-fuelled, and the
hydroelectric generation.

CA is applied to estimate the displacement of lignite- and natural gas-fuelled generation by the RES-E
generation owing to FiTs in the Greek wholesale market over the period 2009 to 2013. To model the
long-run equilibrium relationships, a set of explanatory variables must be selected, such that: (a)
variables are exogenous, thus the dependent variable has no reverse causations with any of the
explanatory variables, (b) no relevant variables are excluded from the analysis as this would lead to
false results, because the regressors and the error term are correlated, (¢) unnecessary explanatory
variables are excluded as they would add noise to the estimations, and (d) multiple, significantly
correlated variables must be avoided. Their inclusion would make individual coefficients to drastically
change regarding variations in the model or the data, hence, be falsely and unstably estimated.

Due to the fact that high-frequency data for the PV RES-E generation over the period under study are
not available, our work focused on wind RES-E generation data. This was possible since available load
data was adjusted by the ex-post PV RES-E output. Figure 2.4 and Figure 2.5 depict the daily
electricity demand and the actual wind RES-E generation during the period under study. Since
calculating the correlation between two non-stationary variables is not useful, either due to a
deterministic or a stochastic trend, we detrended the load time series and used the wind capacity factor
instead of the actual wind RES-E generation.
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Figure 2.4. Data of daily electricity demand in Greece over the period March 2009 to November 2013.
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Figure 2.5. Daily wind power generation in Greece over the period March 2009 to November 2013.

The capacity factor is bounded and, hence, stationary: CF; € [0,1]. Figure 2.6 depicts the daily wind
capacity factor for the period under study in Greece. As visualised in Figure Al in Appendix A, the
mean value of the correlation between the detrended load and the wind capacity factor is -0.05. This
implies that no clear pattern throughout time could be identified and that the assumption that the load
and the wind RES-E generation are uncorrelated is considered pertinent.

0.6

Capacity Factor

Figure 2.6. Daily wind capacity factor in Greece over the period March 2009 to November 2013.

Figure 2.7 and Figure 2.8 present the actual daily lignite- and natural gas-fuelled generation during the
period 2009-2013. The fact that the daily natural gas-fuelled generation is ascending during this period,
rather than descending due to the merit order effect, is because of the combined impact of the important
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capacity additions and the effect of VCRM. The total available capacity for lignite-fuelled generators
determines the final lignite-fuelled output, so if residual load levels remain the same, a reduction in the
available capacity should cause an equivalent reduction in the output. The same applies to the
relationship between the total available capacity and the final output of the natural gas-fuelled
generators. Furthermore, for the constant residual load, a reduction in the available lignite (natural gas)
capacity should cause an increase in the natural gas-fuelled (lignite-fuelled) generation.
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Figure 2.7. Daily generation from lignite-fuelled plants in Greece over the period March 2009 to November 2013.
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Figure 2.8. Daily generation from natural gas-fuelled plants in Greece over the period March 2009 to November 2013.

On the other hand, Figure 2.9 presents the evolution of the natural gas-fuelled and the hydroelectric
generation over the period 2009 to 2013. Note that when hydro generation is high, natural gas-fuelled
generation is low. For each time period, the hydroelectric generation depends on the comparison
between the marginal water value (MW V) and the expected SMP. The value of water is linked with its
opportunity cost, and thus, expected income relies on the future values of stochastic hydro inflow and
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electricity prices as well as on the current reservoir levels. The substantial change of the MWV curve
does not alter its general shape over the years [55]. MWV and storage have a converse trend, with the
curve being almost flat for most of the storage levels, reaching zero at the upper bound, but ascending
abruptly as storage descends towards the other end. The latter highlights the system’s ability to cope
with different inflows and storage levels at average costs. However, in case that storage values become
immoderate, water turns out to be very valuable in order to avert a probable shortage.
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Figure 2.9. Monthly hydro and natural gas-fuelled generation in Greece over the period March 2009 to September 2013.

The MWYV value could be described by two components (Figure 2.10) based on the way that the
marginal cost of the hydroelectric generation is calculated, namely: (a) the C; g4 ,, component, reflecting
the substitute value of thermal generation in the case of hydroelectric generation (i.e., impact on SMP),

and (b) the C; 4y, component, where d is a day and mis a month index, reflecting current reservoir
levels.
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Figure 2.10. Components of the hydroelectric generation in Greece over the period March 2009 to September 2013.

The daily C; 4, component derived from the following formula:

C1,d,m = (1 + 0-d,m) ’ CTH,m ()

where:
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- O4m 18 a factor capable of adjusting to the volatility of fuel prices. It was calculated on a daily
basis as the total price change of the different fuels (Apfuel’m’d_l) according to their

contribution in the generation output (afuellm):

Odm = Z(afuel,m “ APfyelmd—1) )
fuel
The price variation of each fuel was calculated as the difference between the previous day and
the average price of the same month for the last three years:
Pueld—1
APfyelmd-1 = = -1 (10)
1 . yvy-1 P
3 Zy_3 fuel,m(y)

Finally, ag,e) m Was calculated as the average contribution in the total fossil-fuelled generation
for the last three years:

y—-1
Gfuel,m(y)

(11)

dfyelm = 5
3 =3 Gfossil,m(y)

- Crym is the reference displacement value of the thermal generation due to the hydroelectric

generation. The reference value Cry ,, was calculated as the rolling average of SMP during

month m over the last three years, considering the respective hydroelectric generation variable
hydro © 9.
Gm(y),h over the same period:
hydro )

_ X SMPm(Y)h Glm(y),h
Critm = 32 o (12)

Zn Gm(y),h

The scheduling of the hydroelectric generation takes place according to the peak shaving method that
is based on the heuristic idea that the generation should be allocated to the higher part of the system’s
load curve, which concerns the system’s peak load [56]. Thus, the total available capacity of the
hydroelectric generation, while being limited for a specific time period due to resource constraints, can
be dispatched resulting to a significant decrease in the operating costs in the rest of the units.
Hydroelectric generation is considered as an exogenous variable to both the conventional generation
and SMP. As far as the relationship between lignite- and natural gas-fuelled generators is concerned,
we consider that the continuous bidding ‘game’ between market agents has reached to an equilibrium,
and, thus, a generator holds the same market share (i.e., constant generation), while the system’s total
load remains stable, unless a change in the available thermal capacity happens. Additionally, the RES-
E and the hydroelectric generation affect both the lignite- and the natural gas-fuelled generation; thus,
having RES-E and hydroelectric generation data in a model for the lignite-fuelled (natural gas-fuelled)
generation, can provide natural gas-fuelled (lignite-fuelled) generation data without any other source of
data being required.

A vector autoregressive (VAR) model between the lignite- and the natural gas-fuelled generation (i.e.,
dependent variables) and the total electricity load (shorthand: “Load”), the RES-E generation
(shorthand: “RES”), the hydroelectric generation (shorthand: “Hydre”), and available fossil-fuelled
capacities (shorthand: “Lignite” and “NGas”) (i.e., explanatory variables), was modelled. Choosing
the lags to be equal to 7, the partial autocorrelation diagram suggests that the natural gas-fuelled
generation during hour t is correlated with the generation during the same hour of the previous days, as
presented in Figure A2 in Appendix A. This led us to model each hour of the day separately through
an autoregressive distributed lag (ARDL)/ Bounds Testing methodology [57,58]. The ARDL modelling

64



Chapter 2: Analysing policy effects

process implies that the lignite- and/ or the natural gas-fuelled generation during time t was based on
past generation, modified by the new state of the electricity market incorporated into past values of the
total load, the RES-E and the hydroelectric generation, and available fossil-fuelled capacities. For the
lignite-fuelled (natural gas-fuelled) generation variable, the corresponding ARDL model had the
following form:

P

n
Aog = Z aiqrg_; + z BiXta-j + €td (13)
L

i=1 j
where:

- q?ﬁ is the actual generation by lignite-(natural gas-)fuelled generators during hour t and day
d, and

l. !
- Xea = [Lt,d,rest'd, hydroy 4, cap;1 g,captlg] , Where:

e L4 is the system load during hour t and day d,
e res;q is the actual RES-E generation during hour t and day d,
e hydroyq is the hydroelectric generation during hour t and day d, and

o cang, capgﬁl are the total available capacities during hour t and day d for natural gas-
fueled and lignite-fueled generators, respectively.

Next, we formulated an unrestricted Error-Correction Model (ECM) between dependent variables and
explanatory ones, chose the lag structure, and assured that the model was well-defined (i.e., model
errors were serially independent). Additionally, we performed an F-test under the assumption that: “If’
the coefficients of the lagged values of the explanatory variables are jointly equal to zero, then a long-
run equilibrium relationship between dependent and explanatory variables cannot be concluded.” A
typical difficulty with an F-test is that its distribution is not standard and that the exact critical values
for the test are unknown. However, based on the range of the critical values for the asymptotic
distribution of the F-statistic [58], we concluded that the coefficients are not nullified, thus, our
assumption must be rejected (i.e., the F-statistic exceeded by far the upper bound). Since the test
concluded in cointegration, the long-run equilibrium relationship of the variables under study is
meaningful and can be estimated.

Estimating the capacity value of the RES-E generation, while keeping the electricity system’s reliability
at a designated level

Derived from an autocorrelated process, the density plot of the wind capacity factor is presented in
Figure A3 in Appendix A. However, the mean value of the plot provides very limited information on
the generation adequacy risk, as the length of the investigation period required with wind generators is
typically an open question. Wind’s ELCC is usually calculated using one or more years of hourly
generation data. However, this approach is effective enough when applied to long-term generation data
of conventional generation and is not able to effectively represent the long-term performance
characteristics of wind generators. Especially, when available data for wind generation is only for a
single year, then the calculated LOLE will be a historical assessment rather than a predictive one, and
as a result, an increase in the available years of time series data could result in an important wind
generation volatility [45]. A way to overcome this difficulty is by finding in a yearly basis from 2009
to 2013, the month with the most volatile wind generation (i.e., difference between higher and lower
daily wind generation). The corresponding days are shown in Table A2 in Appendix A.

Hydroelectric generation is excluded from the COPT calculation due to its dependency on water
reserves and the estimation of the wind’s ELCC by comparing the system’s LOLE before and after its
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configuration. Table A3 in Appendix A presents the available fossil-fuelled power plants for the
investigation period in Greece, alongside their net maximum capacity and EFORd. Then, for the same
period, and using the hourly system load series data (i.e., without considering the wind RES-E
generation), we calculated the LOLP in an hourly basis (i.e., for each hour of the year) as well as the
yearly LOLE. In the case of low demand, in comparison to the installed generation capacity, LOLP is
insignificant (Figure A4 in Appendix A). If we add the total hours that the demand is lower than the
load where the LOLP starts to become high enough (a threshold Lty ), we can calculate the LOLE using
the residual load L%, If the LOLE is assumed to be the same as adding a perfectly reliable resource of
capacity CV,,inqg, the annual LOLE can be approximated as:

I-‘()]-‘Eyear,wind = Z Prt{ Ce<L¢— vaind} (13)

t: Li>Lry

2.4.Results and discussion

This section presents and discusses findings regarding the economic and environmental impact of the
FiT scheme over the period 2009 to 2013 in Greece, along with its contribution to the reliability of the
electricity system.

2.4.1. The long-run equilibrium relationship between conventional and wind RES-E generation

Although a VECM can be specified, our work was based on the premise that the long-run equilibrium
relationship is the important aspect of the effect of the RES-E generation on the conventional
generation. The coefficients of the long-run equilibrium relationship for the natural gas- and the lignite-
fuelled generation, for four representative hours of the day, are presented in Table 2.1.

Table 2.1. The coefficients of the long-run equilibrium relationship for the natural gas- and the lignite-fuelled generation.

Natural gas Lignite
Hour of the Day
0 10 16 20 0 10 16 20
Load 0.32 0.41 0.38 0.46 0.41 0.35 0.37 0.34
RES -0.37 -0.42 -0.40 -0.43 -0.31 -0.27 -0.33 -0.25
Hydro -0.44 -0.37 -0.35 -0.28 -0.53 -0.46 -0.49 -0.40
NGas 0.36 0.30 0.28 0.30 -0.12 -0.10 -0.11 -0.08
Lignite -0.22 -0.25 -0.24 -0.24 0.31 0.37 0.37 0.38

Although a distinct pattern is not visible, our outcomes imply that, over the period 2009 to 2013, 1
MWh of wind RES-E generation displaced on average 0.41 MWh of natural gas-fuelled generation and
0.29 MWh of lignite-fuelled generation.

2.4.2. Economic benefits due to wind RES-E generation

Excluding the consumption tax and the tariffs of the transmission system, the fuel cost of natural gas-
fuelled generators is calculated as the natural gas price divided by their efficiency. If efficiency of
natural gas-fuelled generators is assumed to be equal to their capacity-weighted average, which is 0.51,
the evolution of the monthly weighted average import price of natural gas is depicted in Figure 2.11.
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Figure 2.11. Evolution of the monthly weighted average import price of natural gas over the period 2009 to 2013 in Greece.

Considering the monthly weighted average import price of natural gas, economic benefits of natural
gas imports avoided due to the substitute of the natural gas-fuelled generation from the wind RES-E
generation over the period 2009 to 2013 are presented in Figure 2.12. Our results suggest that impact
of the FiTs scheme on the public finances during this period was positive. In particular, from March of
2009 until the end of 2011, the economic benefits reached the €98.32 million in total, while from early
2012 to end of 2013, the respective benefits were one and a half times over (i.e., €147.2 million).
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Figure 2.12. Economic benefits of natural gas imports avoided owing to the substitute of the natural gas-fuelled generation by
the wind RES-E generation achieved with the FiT scheme over the period 2009 to 2013 in Greece.

2.4.3. Environmental benefits: CO; emissions savings due to wind RES-E generation

Figure 2.13 and Figure 2.14 present the CO; emissions avoided owing to lignite- and natural gas-
fueled generation offset by wind RES-E generation from FiTs, over the period 2009 to 2013.
Considering that the electricity system in Greece relies heavily on a high share of lignite- and imported
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natural gas-fueled power plants, our results suggest that the high share of RES-E achieved by FiTs
during the period 2009-2013 had also a significant environmental impact. In particular, from March
2009 to end of 2011, the cumulative emission savings owing to the wind RES-E generation from FiTs
reached almost the 4 Mt of COs.q, accounting for more than the 6% of the total GHG emissions
reduction in Greece during the same period. Especially for the year 2011 it should be noted that almost
all the major Lignite Thermal Power Stations (LTPSs) in Greece were not in a compliance status with
the national obligations, with the largest one presenting the greatest emission excess (i.e., about 3.2
Mt/year more than permitted) [51]. Similar results, over the period 2009 to 2011, are also presented for
the case of FiTs in Portugal, the electricity market of which has a very similar structure to the electricity
market of Greece [59]. Additionally, the respective savings from early 2012 until the end of 2013
exceeded the ones of the previous period.
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Figure 2.13. CO; emissions avoided owing to the lignite-fuelled generation offset by the wind RES-E generation from the FiT
scheme over the period 2009 to 2013 in Greece.

The CO, emissions’ reduction trend over the period under study in Greece has also been acknowledged
by the scientific literature [60,61]. However, such a decrease can typically be attributed to the economic
austerity of this period, as previous studies have already highlighted that positive economic activity is
strongly coupled with, and mainly responsible for, CO, emissions increase [62,63]. Our results
differentiate, as they explicitly estimate the emission savings owing to the lignite- and the natural gas-
fuelled generation offset by the increased wind RES-E generation from the FiT scheme, providing, thus,
a clearer perspective on the environmental performance of the FiT policy in Greece.
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Figure 2.14. CO2 emissions avoided owing to the natural gas-fuelled generation offset by the wind RES-E generation from
the FiT scheme over the period 2009 to 2013 in Greece.

Note that including CO; emissions contributed by RES, owing to material processing, component and
facility construction, and electricity intense utilisation of metals, during the initial fabrication stages,
was out of the scope of our work. From this aspect, a tailor-made life-cycle environmental performance
assessment, to address this issue in a more detailed manner, is needed, focusing on the development of
an emission inventory of the electricity sector in Greece. The latter should include emissions, not only
of conventional, but also of RES-E generation.

2.4.4. Capacity adequacy of the wind RES-E generation

The COPT for the electricity system in Greece over the period 2009 to 2013 is presented in Figure
2.15. Note that the x-axis corresponds to different capacity levels (MW) and the y-axis to the cumulative
probability that the available capacity at any given time period t is equal to these capacity levels.
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Figure 2.15. The COPT curve as a function of the system’s available capacity for the electricity market in Greece.
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If one chooses a threshold Lty equal to 7,500MW, which corresponds to all hours in the 1% peak load
period, then the annual LOLE, from October 2012 to September 2013, was found approximately 1.34
hours. Assuming that the LOLP function is linear between the threshold Lty and the maximum
observed load, which is approximately true at the upper end of the LOLP curve (Figure A5 in Appendix
A), leads to the following condition [64]:

CViing = mean(Windy) (14)

where Wind; is the wind RES-E generation when residual load is greater than the threshold value of
7,500 MW. The LOLP curve as a function of the system’ residual load is depicted in Figure 2.16.
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Figure 2.16. The LOLP curve as a function of the Greek residual load from October 2012 to September 2013.

The capacity adequacy value of wind RES-E generation was found equal to 239 MW, or, equivalently,
16% of the average wind RES-E capacity (i.e., 1,485 MW) during the same period, while the total wind
RES-E generation was 3,416,125 MWh. As the capacity-weighted average EFORd of natural gas-
fuelled generators was equal to 8.58%, the capacity displaced by the wind RES-E generation was 426.57
MW of a nominal fossil-fuelled generator with an EFORd of 8.58%. At the same time, given the
capacity contributed by the wind RES-E generation (i.e., 239 MW), an annual capacity payment equal
to €7,055 million, or, equivalently €4,750/MW is attributed as a cost to the wind RES-E generation
from the FiT scheme.

Although a static analysis like ours can provide useful insights, a dynamic one is also imperative, due
to the fact that, as the RES-E penetration increases, the peak period of the residual load shifts toward
hours that the RES-E generation has lower capacity factors. This results to a condition where, mainly
owing to increased reserve requirements, increasing RES-E capacity has diminishing returns in terms
of its value. The relationship between wind and peak loads, for example, remains ambiguous over the
years, as dictated by the respective patterns. It would be useful to have an estimation of the possible
deviations of the capacity values during different time periods, in order to quantify the impact that
limited data can have on the calculation results. Our analytical framework provides a good starting point
for that; future studies can build on our work to assess the impact of newly introduced support
mechanisms, as NEM or FiP, in different contexts across Europe.
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2.5. Conclusions and implications for policy and practice

Over the period 2009 to 2013, RES in Greece have been treated as a special type of market participant,
mainly owing to their non-dispatchable nature. During this period, RES-E has been compensated based
on a FiT support mechanism, which was necessary for the investment initiation, not only in the country,
but also in many national electricity systems across Europe. Despite the remarkable boom, as RES
penetration progressively reached large-scale, and given the economic recession in Greece, market
prices were distorted, and market efficiency was downgraded. Since then, although regulatory efforts
to reach the standards of other European markets that experienced a transition from a high FiT status to
a market-based environment have been put in place, progress remains slow. On the other hand, in spite
of the learning progress of the past years, governments and regulatory agencies still remain uncertain
about the necessary regulatory framework to incorporate larger shares of RES into the generation mix
of a country or region.

While most studies on the regulatory design of RES-E support mechanisms focus on assessing the
efficiency of the different alternatives, there is a knowledge gap on how these mechanisms affect the
performance of the energy market. In view of a high-RES market design compatible with the EU Target
Electricity Model, regulatory efforts need to include in their scope the interaction between the market
and the RES-E sector. To this end, quantitative assessment studies filling knowledge gaps on the market
effect of RES-E support mechanisms, either at a national or at an EU level, are of paramount
importance. Although the FiT scheme is almost in the past in Greece, our work focused on its ex-post
assessment to identify the main drivers and interactions that governed the major monetary flows and
causal relationships within the wholesale electricity market over the period 2009 to 2013.

To do so, we developed an analytical framework that facilitated the systematic exploration of the impact
that policy measures have on the electricity system and its components. Our framework was built on
the premise that assessing how a policy measure affects the performance of the energy market requires
the quantification of both the benefits and the costs attributed to it. By exploring the monetary flows in
the electricity market, one adopts a holistic view that can provide insights on the interactions between
different components of the benefits and costs, as well as on the possible conflicts or alliances between
the involved actors of the system. As a result, government officials and consultants in the policy
community can gain a clearer perspective on how to devise a roadmap of least resistance for a policy
measure to attain its goals. Given that, while European RES targets have been set, governance of RES-
E support beyond 2020 at an EU level remains undefined, our work contributes to the scientific
literature by paving the way for a more comprehensive, detailed, and better-structured analysis of RES-
E policy designs than what currently prevails.

Our results indicated that the share of the wind RES-E generation achieved by the FiT scheme, owing
to the displacement of conventional generators, had a positive environmental impact, highlighting a
reduction trend of CO; emissions. Understanding and analysing emission trends can contribute to the
effective design of policies and practices targeting the achievement of the existing climate goals.
However, the large-scale penetration of RES-E alone, does not necessarily imply a more environmental-
friendly energy generation approach. Increasing the shares of RES-E in Greece is a step to the right
direction; an efficient low-carbon transition though, also requires the inclusion of an appropriate
regulatory framework designed to consider factors associated with the adverse impacts of the early
stages in the life cycle of RES. Additionally, our work explicitly quantified the emission savings
attributed to the FiT scheme, decoupled from issues of economic growth. From this aspect, policy
priority for breaking the connection between economic growth and GHG emissions is vital to establish
a stable RES support framework and a safe environment for investors.

On the other hand, while our results indicated that the capacity of the wind RES-E generation achieved
by the FiT scheme in Greece did not compromise the reliability of the electricity system, compared to
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historical data available, this was almost 70% less than the total PV capacity achieved over the period
under study. The latter, derived mainly from the fact that FiTs in Greece made it extremely challenging
to determine the appropriate RES-E remuneration levels, led to a regulatory failure and market
asymmetry at the end of 2013. As a result, since then, the existing market structure and mechanisms are
unable to incentivise long-term investments and support the long-term growth of the necessary
infrastructure. Considering that the country is still in financial distress, special attention must be paid
to policy measures that do not undermine market competitiveness. As a result, to avoid similar rebound
effects in the long-term, decision-makers should envision a more adaptive policymaking process,
which, based on the concept of Key Performance Indicators (KPIs), will allow for contingency planning
by monitoring cost reductions owing to technological progress and learning effects, also controlling the
profit margin of prosumers and limiting public expenses and burdensome charges for consumers.
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Appendix A
Table Al. Lignite-based thermal power stations in Greece sorted by their emission factors [51].
CO: SO: NOx PM

Plant Value | Plant Value | Plant Value | Plant Value
Megalopolis A 1652 | Megalopolis A 8.70 | Ag. Dimitrios 2.16 | Ptolemaida 2.78
Ptolemaida 1577 | Amyntaio 8.65 | Kardia 2.08 | Kardia 0.68
Kardia 1500 | Ag. Dimitrios 3.11 | Amyntaio 1.37 | Megalopolis A 0.42
Ag. Dimitrios 1435 | Ptolemaida 2.73 | Ptolemaida 1.36 | Amyntaio 0.18
Amyntaio 1349 | Florina 2.29 | MegalopolisB  1.15 | MegalopolisB  0.12
Megalopolis B 1340 | Kardia 1.73 | Megalopolis A 1.09 | Ag. Dimitrios 0.10
Florina 1210 | Megalopolis B 0.69 | Florina 0.82 | Florina 0.02

Table A2. The volatility of the wind RES-E generation during the period 2009-2013 in Greece.

| 2009 2010 2011 2012 2013
Most volatile month ~ December November September November March
Day of max wind 2009/12/25 2010/11/23 2011/09/27 2012/11/29 2013/3/14
Max wind (MWh) 11756 15464 17753 23328 23014
Day of min wind 2009/12/08 2010/11/16 2011/09/1 2012/11/26 2013/3/1
Min wind (MWh) 682 556 1395 1626 2476
Volatility +89% +93% +85% +87% +81%

Table A3. The main fossil-fuelled power plants during the period 2009-2013 in Greece (as accessed at
http://www.admie.gr/fileadmin/groups/EDRETH/CAM/UCAP_12 13.pdf).

Plant name Plant fuel EFORd (%) Net capacity (MW)
AG DIMITRIOSI1 lignite 8.302 274.000
AG_DIMITRIOS2 lignite 7.534 274.000
AG DIMITRIOS3 lignite 7.074 283.000
AG_DIMITRIOS4 lignite 10.174 283.000
AG_DIMITRIOSS lignite 5.355 342.000
AG _GEORGIOSS natural gas 14.231 151.000
AG_GEORGIOS9 natural gas 3.229 188.000

ALIVERI3 oil 0.749 144.000

ALIVERI4 oil 1.767 144.000

ALOUMINIO natural gas 42.390 334.000
AMYNDEOI lignite 11.284 273.000
AMYNDEO2 lignite 11.472 273.000
ELPEDISON THESS natural gas 6.290 389.380
ELPEDISON THISVI natural gas 5.670 410.000
HERONI natural gas 6.670 49.254
HERON2 natural gas 7.790 49.254
HERON3 natural gas 7.380 49.254
HERON_CC natural gas 5.670 422.142

KARDIA1 lignite 9.815 275.000

KARDIA2 lignite 7.607 275.000

KARDIA3 lignite 9.658 280.000

KARDIA4 lignite 17.760 280.000
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Plant name Plant fuel EFORd (%) Net capacity (MW)
KOMOTINI natural gas 5.880 476.300
LAVRIOL1 oil 3.020 123.000
LAVRIO2 oil 8.970 287.000
LAVRIO3 natural gas 11.550 173.400
LAVRIO4 natural gas 6.490 550.200
LAVRIOS natural gas 3.110 377.660
LIPTOLI lignite 6.420 30.000
LIPTOL2 lignite 6.420 8.000
MEGALOPOLI1 lignite 20.485 113.000
MEGALOPOLI2 lignite 20.485 113.000
MEGALOPOLI3 lignite 20.485 255.000
MEGALOPOLI4 lignite 7.265 256.000
MELITI lignite 10.141 289.000
PROTERGIA CC natural gas 5.670 432.700
KORINTHOS POWER natural gas 5.670 433.460
PTOLEMAIDAI1 lignite 27.070 64.000
PTOLEMAIDA2 lignite 27.070 116.000
PTOLEMAIDA3 lignite 28.400 116.000
TOLEMAIDA4 lignite 27.080 274.000

720-hour rolling correlation between wind power capacity factor
and detrended load for Greece during Mar-2009 to Nov-2013
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Figure Al. Rolling correlation between the wind power capacity factor and the detrended load.
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Figure A2. Autocorrelation plot for natural gas-fuelled generation.
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Density plot for wind power capacity factor for Greece during Mar-2009 to Nov-2013
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Figure A3. Density plot for the wind power capacity factor in Greece.
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Figure A4. The LOLP as a function of the system load in Greece.
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Figure AS. Assumed linearity of the LOLP function.
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Acronyms & abbreviations

from the grid (kWh)

ABM Agent-based modelling/ agent-based MERRA-2  Modern-era retrospective analysis
model for research and applications,
version 2
AC Alternate current MLE Maximum likelihood estimation
ATOM Agent-based Technology adOption NEM Net-metering
Model
BSAM Business Strategy Assessment Model OPV Organic photovoltaics
CAMS Copernicus atmosphere monitoring PTC Photovoltaic for utility system
service applications test condition
CHP Micro-combined heat and power PV Photovoltaic
CO» Carbon dioxide emissions RAE Regulatory Authority for Energy
DC Direct current RECs Renewable energy credits
EC European Commission RES Renewable energy sources
ETMEAR  Special duty for reduction of gas SA Sensitivity analysis
emissions
FiP Feed-in-premium SAPM Sandia photovoltaic array
performance model
FiT Feed-in-tariff SC Self-consumption
GIS Geographic information system SC-ST Self-consumption with storage
GP Gaussian process TEEM TEESlab Modelling
GSA Global sensitivity analysis TEESlab  Technoeconomics of Energy
Systems laboratory
IRR Internal rate of return ucC Uncertainty characterisation
LHD Latin hypercube design USA United States of America
List of symbols & parameters
A Matrix n Number of features of an input
dataset
B Matrix PG) Probability of investing in option
j
capex Capital expenditure Prte";fd] Total benefits for consumers (€)
CAPpy Peak power capacity of the solar PV Y Resistance to invest in option j
system (kW)
Cerid Charges for the total amount of Sp Subsidy payment (€)
electricity consumed (€/kWh)
Co Initial battery investment cost (:ﬁ) S First order effect sensitivity
coefficient
Cpv Charges for the total amount of \" Variance
electricity absorbed from the PV panel
(€/kWh)
Discount rate X Input dataset
E Expected value j jth feature of an input dataset
Egrid Total amount of electricity absorbed y Output of interest
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Eresidpy Total amount of electricity consumed Z Probability that the (discounted)
from the PV panel (kWh) payback period of the investment
is equal to i
Eresia Total residential demand for electricity T Mean value of a Gaussian
(kWh) distribution
j Index pCF Precision of a Gaussian
distribution
i Index
N Number of input samples
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3. An agent-based model to simulate technology adoption quantifying behavioural
uncertainty of consumers

Abstract

A good estimation of consumers’ expected response to specific policy measures is of paramount
importance in the design of effective schemes for the adoption of new technologies. The decision-
making process of consumers is influenced by a multitude of factors. In this context, agent-based
modelling techniques provide an appropriate framework to model such private adoption decisions.
However, the models currently in use often fail to capture uncertainties related to agency and their
ability to replicate reality. In order to address this drawback, we developed an agent-based technology
adoption model that is supported by a complete framework for parameter estimation and uncertainty
quantification based on historical data and observations. The novelty of our model lies in obtaining
realistic uncertainty bounds and splitting the total model output uncertainty in its major contributing
uncertainty sources. In this chapter, we demonstrate the model’s applicability by exploring the evolution
of the market share of small-scale PV systems in Greece under two support schemes of interest. Our
results indicated that, over 2018-2025, the net-metering scheme, currently operational, seems more
effective than a proposed self-consumption scheme that subsidises residential storage by 25%; however,
the former scheme’s effectiveness is mainly related to the retail price of electricity. They also
highlighted that storage investment costs need to follow a steep learning curve of at least a 10% annual
reduction until 2025, for self-consumption to become attractive to consumers in Greece. Nevertheless,
simulations showed that none of these two schemes can be as efficient as the previous feed-in-tariff
scheme.

Keywords: Solar PV; Net-metering; Self-consumption; Technology adoption; Agent-based modelling;
Uncertainty quantification.
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3.1. Introduction

For a long time now, solar photovoltaic (PV) systems have been considered a viable substitute for
conventional energy sources [1] and have proven to be one of the key technologies of electricity
generation from renewable energy sources (RES); thus, they support the transition towards a low-
carbon energy system [2]. In the context of this transition, PV self-consumption (SC) is becoming
extremely important, especially in the case of residential buildings, with consumers taking the role of
prosumers, that is, those who produce and consume energy locally. Typically, SC encompasses the
adoption and further diffusion of a wide range of technologies and systems such as small-scale PV,
battery storage, and smart-grid devices, which bring demand flexibility into the market. A growing
number of recent studies in the literature has been assessing PV SC and its economics, focusing on
systems that only use PV or on PV systems coupled with battery storage [3,4]. The findings show that
if PV SC, at the residential level, becomes economically competitive soon, end-users will be willing to
self-consume electricity instead of buying it from the grid [5,6]. Such a massive and radical change
could impact national power systems around the world, especially if the necessary regulatory
framework is not in place, and influence the interests of the electricity market stakeholders [7]. In
addition, regulatory and financial challenges related to the need for novel market business models and
supporting mechanisms are the main obstacles to the sustained exponential growth of PV technology
[2]. Therefore, policymakers should focus on an optimal mix of PV power and other RES technologies;
they should also anticipate the risks and uncertainties related to further PV adoption [7].

Sommerfeld et al., (2017) highlight the importance of understanding consumer behavioural patterns
with respect to PV adoption to guarantee the effectiveness of future policies [8]. Because of the
multitude of factors influencing a household’s decision to invest in an innovative energy technology
such as PV, agent-based models (ABMs) provide a suitable framework to simulate the adoption
decision process of the members of a heterogeneous social system; the framework is based on members’
individual preferences, behavioural rules, and communication within a social network [9,10]. ABM
perceives a system as a collection of autonomous decision-making entities called “agents;” further, it is
a very flexible modelling tool as it describes the micro-level behavior of agents and allows the inclusion
of considerable detail about their decisions and (inter-)actions [11]. ABMs provide an intuitive
framework to consider the explicit characteristics of both technology and human behavior, and are
considered a part of the new generation of models that describe, in a richer and more nuanced way,
sustainability problems and address policy issues [12].

Instead of using regression to extrapolate growth based on past trends- the typical approach used by
policymakers so far- modelling agents’ decisions and interactions represents a more “real-world”
process [13]. Optimisation models, so far, implicitly assume that there is some centralised control over
the energy system,; this is often not the case, especially for small-scale, privately-owned technologies,
such as PV. ABMs address this limitation by introducing a layer of control and decision-making,
thereby allowing greater understanding of macro-phenomena [14]. Many technical innovations and
public policies often fail because they do not sufficiently consider what matters to people (i.e., the
motivating factors shaping their adoption preferences). People and their social interactions greatly
influence the diffusion and use of technology, and, further, shape overall technological transition
dynamics. However, transitions are difficult to understand scientifically because of the influence of a
broad range of contextual factors that affect policy processes, society, and agency. Considering the
diversity of interests, motivations, and other factors that inform peoples’ choices helps to reduce the
uncertainty that may lead to policy failure [15].

Recent studies in the literature have already addressed the issue of PV adoption by using ABMs.
Haringa (2010) explored the potential for micro-generation by focusing on micro-combined heat and
power (CHP), solar PV, and micro-wind turbines in the Netherlands’ domestic sector [16]. An ABM

84



Chapter 3: Understanding technology adoption

was implemented using households as the actors and monetary, social, and environmental factors in
decision-making. Zhao et al., (2011) implemented a hybrid two-level (i.e., high and low) simulation
modelling framework, using agent-based and system dynamics modelling techniques at both levels, to
simulate the diffusion of PV systems [17]. Their framework was developed based on real data for
residential areas in two different regions of the United States of America (USA); further, it illustrates,
in a comprehensive and highly detailed way, the impact of various governmental policies that support
the proper development of solar PV. This study investigates how the behaviour of residential customers
on adopting grid-tied PV systems is influenced by factors such as “word-of-mouth” and advertisement
effects, household income, and PV systems’ payback period.

Additionally, Robinson et al., (2013) used an ABM, along with geographic information system (GIS)
data, to model solar PV diffusion on a real topology [18]. The model explored the impact of social,
economic, demographic, and behavioural attributes of PV adopters; the structure and strength of
information networks; and the role of agents holding extreme opinions about PV. Palmer et al., (2015)
used an ABM to explore the expansion of the Italian PV market by considering the decision-making
process of the agents; the process was based on their individual preferences, behavioural rules, and
interactions/ communication within a social network [19]. Multiple criteria, such as the payback period
of the investment, the environmental benefits in terms of reduction in carbon dioxide emissions (CO-)
emissions, the income of the household, and the influence of other agents who have already invested in
the new technology, that affect the decision of the agents to invest, were incorporated into the model.
Adepetu et al., (2016) designed and used an ABM to model PV-battery adoption in Ontario [20]. The
decision-making process of the agents is described by the model using rational (i.e., economic and
technical) and irrational (i.e., background, social, and environmental) factors. Finally, Pearce and Slade
(2018) presented an ABM that simulates the adoption of small-scale PV systems under the feed-in-tariff
(FiT) scheme in Great Britain [21]. According to the study, the agent-related parameters affecting the
decision-making of each household are income, social network and contacts, total capital cost of the
PV system, and payback period of the investment. The suggested model simulates the observed
cumulative and average capacity installed over the period 2010-2016 by using historical data on FiT.

However, quantitative predictions derived from modelling outputs are not deterministic, and, thus, in
each modelling application, several types of uncertainty, as input, parametric, and structural, are
involved [22,23]. As per the definition used by Willems (2012), “[...]model parameters are constant
(time invariable), while model inputs are essentially time variable. Model-structural uncertainties have
to do with the model’s limitations to describe the physical reality perfectly.” [24]. One limitation of
existing ABMs, though, is that they often fail to capture such uncertainties related to agency (i.e.,
individuals or households, who make decisions independently). Especially for the case of structural
uncertainty scientific literature acknowledges that it has received substantially less attention from
existing models [25].

Considering this gap, in this chapter, we present the Agent-based Technology adOption Model
(ATOM). Apart from exploring the expected effectiveness of technology adoption under policy
schemes of interest, the model allows us to consider and explicitly quantify the uncertainties that are
related to agents’ preferences and decision-making criteria (i.e., behavioural uncertainty). More
specifically, compared to existing models, the novelty of ATOM lies in obtaining realistic uncertainty
bounds and splitting the total model output uncertainty in its major contributing sources, based on a
variance decomposition framework [24] and an uncertainty characterisation (UC) method [26], while
accounting for structural uncertainty. Thus, ATOM supports the definition of uncertainty ranges,
considering the type (i.e., input, parametric, and structural) and the nature of uncertainty (i.e., epistemic,
or aleatory), and how uncertainty propagates to the model outcomes over the planning time horizon.
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Variance decomposition takes places for all the three main modules of ATOM (i.e., calibration,
sensitivity analysis (SA), and scenario analysis). By allowing the user to select preliminary values for
the agent-related parameters according to the plausibility of its results, based on historical data and
observations (goodness-of-fit statistics), the model captures input uncertainty (i.e., calibration module).
By deriving forward-looking simulations for different behavioural profiles (i.e., different set of agent-
related parameters), from willing to invest to risk-averse consumers, ATOM captures parametric
uncertainty (i.e., scenario analysis module). Both types of uncertainty are then propagated through the
model and their contribution to the total model’s output variance is quantified. The rest uncertainty is
assumed to be explained by the model’s structure. Note that the uncertainty propagation for the agent-
related parameters is done for each one of them, allowing calculation of the sensitivity of each parameter
to the model output, in the context of a variance-based sensitivity analysis (Sobol method) [26,27], and
calculation of the relative contribution of the variance for each parameter to the total model output
variance (i.e., SA module).

Furthermore, scenario analysis is a subsequent step in ABM to provide insights on more specific
research questions, formulated and posed to the model to make comparisons among two or more
situations and quantify the differences. In this work, we use ATOM to explore the evolution of the
market share of small-scale PV systems (i.e., installed capacity of up to 10 kWpeak) in Greece, under
two different policy support schemes of interest. Recent scientific literature has already highlighted the
importance of studying different topics, such as the profitability and the effects of FiT, net-metering
(NEM), or SC schemes related to PV systems [28]. To this end, the applicability of our model is
demonstrated by exploring the expected effectiveness of the NEM scheme, which has been operational
since mid-2015, in driving investments in small-scale PV and of a proposed SC support scheme that
subsidises residential storage (hereafter, SC-ST) by 25%, during the period 2018-2025.

Scientific studies acknowledge that the return of investment in such support schemes is highly related
to the unpredictability of electricity prices, thereby increasing the uncertainty experienced by consumers
[29]. Thus, we use ATOM to explore scenarios of small-scale PV adoption under the two policy
schemes of interest by assuming an annual increase in the Greek electricity retail price based on
historical data. Additionally, studies in the literature also acknowledge that consumers are interested in
boosting energy savings and reducing their bills; thus, preferences for SC-ST over NEM schemes are
likely to be strongly incentivised in the future. However, while PV SC already seems attractive,
electricity storage is still not a profitable solution owing to high costs and short lifetime. Only a
sustained decrease in investment costs would lead to economically viable storage projects [28]. To this
end, we use ATOM to explore the effectiveness of the suggested SC-ST scheme in driving investments
in small-scale PV systems in Greece by assuming different feasible scenarios of decrease in storage
investment costs. Finally, owing to the stochastic nature that typically characterises an ABM, we
explore the expected effectiveness of the policy schemes under study- using the same values of the
agent-related parameters- to validate the model’s potential to quantify the uncertainty that is propagated
to outcomes owing to its structure and parameters.

To develop ATOM, the initial framework of the Business Strategy Assessment Model (BSAM) [30,31],
has been expanded and further developed, focusing on consumers, rather than power generators, as the
unit of analysis. ATOM is part of the Technoeconomics of Energy Systems laboratory- TEESIlab
Modeling (TEEM) suite and was developed in the context of the EC-funded Horizon 2020 project
“TRANSrisk®.” The model serves as an entry point in technology adoption modelling by including a
strong component of consumer- and policy-contingent scenario elements that correlate technology
adoption with its value to consumers. The source code is written in Python programming language and,

9 http://transrisk-project.cu/
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therefore, runs in all three of the most widely used operating systems- Microsoft Windows, Apple OS
X, and GNU/ Linux. Overall, our work bridges the gaps between research, development, and
implementation contributing to the scientific literature by:

e Presenting a new ABM that specifies the values of the agent-related parameters under
consideration, according to the plausibility of the model’s results compared to historical data/
observations; further, we also assess all the main sources of uncertainty contributing to the total
uncertainty of the model’s outputs.

e Applying our ABM to explore scenarios of small-scale PV adoption in Greece, under the
current NEM scheme and a proposed SC-ST support scheme. The novelty lies in bridging the
disciplines of uncertainty analysis and ABM policy assessment, by showing how uncertainty
in energy system modelling can influence effective policy design.

e Exploring the impact of electricity price and storage investment costs on PV adoption to
highlight further policy relevant insights and support decision-making.

The remainder of this paper is organised as follows: Section 3.2 presents, step by step, the
methodological framework on which we relied to conceptualize and, thereafter, develop ATOM.
Section 3.3 presents the application of this framework to the geographic and socioeconomic context of
Greece, to demonstrate the applicability of ATOM. Section 3.4 reports the results of our forward-
looking simulations, for the policy schemes under study, by exploring the impact of the retail price of
electricity and storage costs on their effectiveness; further, we assess their performance for the same
values of the agent-related parameters to capture how uncertainty is propagated to the model’s outcomes
owing to its structure and parameters. Section 3.5 discusses key policy implications of our findings for
potential end-users, as policymakers and practitioners. Finally, Section 3.6 provides conclusions of our
study and directions for future research.

3.2. Methodological framework

ATOM consists of three main modelling modules: (i.) a calibration module to define the set of the key
parameters that govern the agents’ behaviour and appropriate value ranges based on historical data/
observations; (ii.) a SA module that allows to quantify and consider uncertainties that are related to the
characteristics and the decision-making criteria of the agents rather than the more obvious ones (e.g.,
technology costs, etc.) based on calibration results, and (iii.) a scenario analysis module to explore,
given historical data/ observations, the plausible behaviour of the potential adopters in the geographic
and socioeconomic contexts under study, for policy schemes of interest (i.e., forward-looking
simulations). Figure 3.1 below presents an overview of the five main methodological steps for
conceptualising, and thereafter, developing these modules. In the sections below, each one of these
methodological steps is presented and explained in more detail.

87



Chapter 3: Understanding technology adoption
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Figure 3.1. Methodological framework used to develop ATOM.
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3.2.1. Step 1: Definition of the proper set of key agent-related parameters

As Step 1, we need to properly define the set of the key agent-related parameters that govern the agents’
behaviour and decision-making process, besides shaping their propensity to invest in the technology
under study. Scientific literature acknowledges that various factors should be considered when
exploring the decision of consumers to adopt RES technologies [31]; existing studies report lack of
awareness (e.g., financial, market, technical, etc.) [32], past market failures, social feasibility and
sociocultural characteristics [33], and individual desire for greater energy autonomy [34]. Additionally,
the economic driver seems to be crucial [8,32]. Considering prior studies, we define the set of key
parameters that characterise the behaviour of the agents, that is, homeowners who, in each simulated
time-period, either purchase or reject the technology under study. Typically, to build a quantitative
model one needs to describe the relationships between model variables using mathematical equations
with deterministic values. As a result, we develop the respective mathematical functions and formulae
that represent these key parameters to generate arithmetic values of acceptable ranges. These ranges
result from Steps 2 and 3, as described below.

3.2.2. Step 2: Calibration of the key agent-related parameters

As Step 2, the initial values of the agent-related parameters are set and the calibration approach to
specify the appropriate ranges of these values is developed. The process of calibration allows us to
quantify and consider uncertainties that are related to the behaviour and decision-making criteria of
agents. Calibration in ATOM takes place on the basis of the concept of emulators, and, more
specifically, of Gaussian process (GP) emulators, as they are typically a probabilistic approximation of
an ABM. The probabilistic nature of emulators makes them ideal for the quantification of the
uncertainty regarding their estimations, as well as the way the parametric uncertainty of the model gets
reflected in its results. The model is then calibrated using historical data/ observations for the technology
under study and for the geographic and socioeconomic context of interest, assuming that future
uncertainty of parameter values implies that historical variations are representative for the future, as
follows:

1. Preliminary value ranges of each agent-related parameter are chosen arbitrarily, with the goal of
fitting a GP emulator to a reasonably large input space.

2. The GP emulator is fitted on the results from several parameter combinations simulated in
ATOM. The parameter combinations are the input data and the model’s results are the output
data for the GP emulator.

3. To generate the input data, preliminary ranges for the value of each parameter are derived, and
then, ATOM is run for 150 different parameter combinations. These initial combinations are
chosen using a maximin Latin hypercube design (LHD) to fill the entire input space by
maximising the minimum distance between the points generated.

4. At the end of the calibration, if the value ranges are too narrow, the user should revisit them,
while, if they are wider than necessary, SA is necessary to test if, and for which parameters, this
is true.

3.2.3. Step 3: Sensitivity analysis
SA aims to quantify the importance of uncertain parameters by explaining which of the n features of an
input dataset X = {xj,j =1, n} are most responsible for the uncertainty in the model’s results (i.e.,

y). Note that X denotes the set of the agent-related parameters, x; denotes the parameters, and n is the
total number of parameters. Our approach builds on the idea of variance-based sensitivity analysis
(Sobol method), which is a form of Global Sensitivity Analysis (GSA) [26,27]. In particular, we use
an one-step GSA and, then, we address further parametric uncertainty by using the history matching
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method [35], as described below. For a more detailed presentation on calibration and uncertainty
quantification based on the concept of GP emulators we refer to Papadelis and Flamos (2018) [36].

L.

We restrict the value ranges of the parameters that have only a small impact on the uncertainty
of the model’s outputs. Thus, the initial dataset X becomes X = {x]f, j=1,-, n'}.

For each feature j = 1,2, ---,n in the remaining set of parameters X, we split X' into two parts
(i-e., sets): the first one includes the selected feature and the other, which includes the remaining
ones, is denoted by EX = (X]:, X_]-).

We assess the sensitivity of y to the uncertainty regarding x; through the expected reduction in

the variance of y, if the true value of xi is learnt. To calculate the expected reduction in variance,

we use the mathematical formula provided by Saltelli et al., (2010) [37]:

v, (E(r1%)) = %Z (@) (£(a9) - )}

where A and B are independent N X n' matrices that contain samples of the model’s inputs.

To produce these matrices, we apply a Sobol sequence [37]. Sobol sequences are designed to
cover the unit hypercube with lower discrepancy than completely random sampling. The index
j runs from 1 to n’, while the index j runs from 1 to N, where N is the number of input samples.
The term f(A); represents the i element of the vector that is the output of the GP emulator when

evaluated at X, = A. The term Ag) represents a matrix where column j comes from matrix B and
all other columns come from matrix A. The matrices A and B can be generated from a Sobol
sequence of size N X 2 - n', where A is the left half of the sequence and B is the right half.
Given VX} (E(y | Xi)), we compute the first order sensitivity coefficient S; that captures the main
effect of xj on y, as:
Vi (E(Y | Xi))
G =—J~ 77
: vy

Finally, we address further uncertainty in the model by using the history matching method,
which has been successfully applied across a wide range of scientific fields, including calibration

€[0,1]

of ABMs [38]. A central concept of the method is the quantification of the major uncertainties
that have an impact on the calibration process. To do so, we use the approach presented by
Kennedy and O’Hagan (2001) [39], which works by excluding those subsets of the parameter
space that are unlikely to provide a good match between model’s outputs and observed reality
(i.e., historical data/ observations). As the plausible space becomes smaller, emulators become
smoother and more accurate, allowing us to zoom into the parameter space that we explore. As
a result, the implausible parameter values are excluded in iterations known as “waves,” and new
GP emulators are built after each “wave.”

Finally, while the Sobol method can be applied directly to the full parameter set, if the number of

uncertain parameters is large, the computational cost can be prohibitive. The novelty of our approach,
thus, lies in using the concept of emulators, as significantly faster approximations of the actual model,

which allows us to employ Monte Carlo sampling methods that would be otherwise prohibitively
expensive in terms of computational resources.
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3.2.4. Step 4: Scenario analysis

Predictive “what-if” scenario analysis is used as a subsequent step in an ABM framework to provide
insights on more specific questions posed to the model and make comparisons among two or more
situations for quantifying the differences. Market-related parameters of the model are set according to
past or existing conditions related to the geographic and socioeconomic context of interest.
Accordingly, the characteristics of the technology under study and the policy context are specified. This
step concludes with explorative forward-looking simulations focusing on system evolution through
interactions between the agents, as a sequence of events and responses, and can be used to explore
whether policy instruments lead to desirable results. Agent-related parameter values fixed within a
model run are varied between runs, based on calibration results, to derive plausible technology adoption
scenarios and to explore uncertainty propagation through the variance of the model’s outputs. This step
also allows for UC (i.e., aleatory or epistemic) [25,26].

3.2.5. Step 5: Visualisation of results

Finally, the projections of the adoption scenarios are scaled-up at national level by using historical data
and past observations. The simulation outcomes are then visualised using error bars to graphically
represent the “cone of uncertainty,” indicating how uncertainty propagates to the model’s outputs as the
projection horizon moves further into the future.

3.3. Application to the PV sector in Greece

Literature findings acknowledge that mainly because of its geographic location (i.e., high solar
irradiation levels), Greece is an attractive market choice for both small-scale PV owners and suppliers,
including novel PV technologies, such as the organic photovoltaic (OPV) systems [40,41]. During the
past decade, small residential PV systems in Greece have gained investors’ attention, mainly owing to
the profitable FiT scheme and simplified installation procedures that have been introduced by the
special programme for the deployment of PV on buildings and roofs (Ministerial Decree OG
B1079/4.6.2009) [42,43]. However, in 2013, the demand for new PV investments in Greece diminished
owing to the drastic reduction of the tariffs and the imposition of a retroactive levy. These retroactive
cuts to the FiT prices shook the confidence of investors in the stability of the expected revenues [44,45].
The latter brought changes in the regulatory framework of Greece with an NEM scheme taking the
place of the effective, but very generous FiT scheme. This new scheme was legislated in 2014 by the
Government Gazette Issue B’3583/31.12.2014 and came into effect by mid-2015 [46].

Scientific studies acknowledge that a NEM support scheme must be considered in combination with
flexibility measures to maximise SC in residential buildings. Declining PV costs, along with rising retail
prices and the phasing out of the FiT scheme, have made PV SC a more financially attractive choice
for consumers than exporting to the grid. Such flexibility measures mainly refer to the further
deployment of automated control technologies and electricity storage; further, they facilitate the large-
scale integration of electricity from variable RES with the existing power system [47]. A particular
focus is placed on the joint operation of SC with battery storage because it is the latest trend in small-
scale PV systems [28]. Building on these insights, we apply the methodological steps, presented in
Section 3.2 above, to demonstrate the applicability of ATOM by extrapolating the dynamics of small-
scale PV adoption among Greek consumers, under the current NEM scheme and a proposed SC-ST
scheme. The model simulates scenarios of PV adoption among a small number of agents, that is, 1,000
homeowners, who decide to purchase or reject a small-scale PV installation in each simulated time-
period.
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3.3.1. Agent-related parameters for PV adoption

Considering prior knowledge and relevant insights from existing studies, we defined a proper set of
agent-related parameters. Figure 3.2 below presents the key parameters that govern the agents’
behaviour in our application.

Agent’s environment

Initial

Social
Expected annual cash beliefs A e n t learning
llnﬂOlv;iSfm;n g “Small-word” network -
investments . - .. Social circle
- Flexibility in beliefs, . _ » - Learning the value of a
- Pessimism about ° technology through the
the payoffs/returns experiences of their
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toward PV of investing - Updating beliefs
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investment expressed by
its payback period \
Installed base Delay due to new Inertia to Option selection

- R information invest - .
- Learning & imitation i \ - Action induced if
- Probability to invest if resistance threshold is

resistance threshold is crossed
crossed

Figure 3.2. Set of agent-related parameters used for the application under study.

Initial beliefs

Each agent has an initial private belief about the expected annual cash inflows from investing in a PV
system of 300 Wpeak. This belief is expressed as a Gaussian distribution with a mean value p°F and
precision p®F. Low values of pF reflect flexibility in beliefs (i.e., little evidence is sufficient to shift
the agent’s beliefs) and low values of puCF reflect pessimism about the payoffs of the investment. As a
result, high values of p°F and low values of pCF denote willing to invest agents, while low values of
uCF and high values of p®F denote risk-averse agents. The initial beliefs of each agent are randomly
drawn from two global probability distributions, one for the mean value u°F and the other for the

precision p®F, while the value ranges of the parameters of both distributions need to be set through
calibration.

Social learning

Young (2009) provides the following definition of social learning: “People adopt [the innovation] once
they see enough empirical evidence to convince them that [the innovation] is worth adopting, where
the evidence is generated by the outcomes among prior adopters. Individuals may adopt at different
times, due to differences in their prior beliefs, amount of information gathered, and idiosyncratic costs”
[48]. To capture the effects of social learning, each agent receives information from the agents in its
social circle that have already invested in PV. This information concerns the actual profitability of their
investments so far and is used to update the agent’s beliefs. This is equivalent to updating a Gaussian
prior, given a new observation. Accordingly, each agent has a social circle. This condition is modelled
as a “small-world” network, which is a type of mathematical graph. The number of the connections per
node is kept low; this is due to the fact that, despite people relating to a lot of other people (e.g., through
social media, etc.), investment decisions tend to be influenced by a smaller circle. Stephenson and
Carswell (2012) note that, while each household has distinct circumstances that may lead to such a
decision, a common driver is knowing about the experience a house that had a similar change and, thus,
having a point of comparison and/ or having the encouragement of family or friends [49].
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Resistance toward PV investment

Agents are characterised by their resistance toward investing in solar PV. Resistance is defined as a
weighted sum of two parameters:

a.

The profitability of the investment expressed in terms of its payback period; thus, the larger the
profitability the shorter the payback period, the lower the resistance. We assume that agents are
able to use their beliefs regarding the expected cash inflows to estimate the profitability of
investing. Given the fact that the agents’ beliefs are expressed probabilistically, we can calculate
the following z; values, where i = 1,2, ---, n, represents the years after the simulation:

-N(0,1),

Zi =

i 1
o 24 (g ay) — capex
i

B_f

where capex is the capital expenditure and d is the discount rate. z; gives us the probability that
the (discounted) payback period of the investment is equal to i. Assuming that all agents evaluate
an investment based on when it will have paid itself back with probability 90%, this formula gives
us the respective payback period i.

The difference between the total number of agents in the simulation and the number of those who
have already invested in PV. The smaller the difference, the larger the installed base; and the
larger the installed base, the smaller is the resistance. Baranzini et al., (2017) provide evidence
that both learning and imitation are important components of the social contagion required for the
adoption of solar PV. By making attitude toward PV a function of the installed base, we aim to
capture the imitation (i.e., social influence) aspect [50].

The weights of this sum are derived from a global probability distribution; its parameters are regarded

as agent-related parameters and their value ranges of whom need to be set through calibration.

Probability of investing

Agents have a threshold value for their resistance parameter. When the latter dips under the threshold
value, action could be induced, but not necessarily so. For the calibration phase, we assumed that when

agents decide to invest in a PV system, its size is given by the empirical probability distribution that

was derived from the available historical data/ observations, as presented in Figure 3.3.
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Figure 3.3. Size distribution of grid connection requests for small-scale PV systems during the period 2009-2013 in Greece,
when the feed-in-tariff scheme was operational.
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Note that the model used for the forward-looking simulations differs from the one used for calibration
in the following ways:

e Available options: When the agents decide to invest in solar PV, they can choose one from a
limited set of options, all of which are available to all the agents. These options concern the size
of the PV system installed, i.e., 2.4 kWpeak, 4.8 kWpeak, and 9.6 kWpeak.

e The option selection rule: If more than one option is favourably evaluated by an agent, the
selection is based on the SoftMax rule (i.e., normalised exponential function), and the probability

e N

of investing in option j is related to the agent’s resistance to it, rj, as P(j) = ST
k

Inertia to invest

Young (2009) notes that inertia is the simplest reason why innovations take time to diffuse, as people
delay acting on new information [48]. Accordingly, inertia has been included in the model by defining
a global parameter (i.e., same value for all agents in the model) that represents the probability of any
agent actually investing, if its resistance threshold is crossed. However, inertia is kept constant during
calibration. The reason is that the inertia parameter controls the scale of the model. Changing its value,
without changing the total number of the simulated agents, affects, at the end of the simulated period,
the ratio of the number of adopters to the number of all simulated agents; this introduces non-
identifiability into the model.

The initial value ranges of the agent-related parameters were set arbitrarily, as presented in Table 3.1.

Table 3.1. Initial value ranges and description of the agent-related parameters used for the application under study.

Initial
a/a Parameter Description Ranges
Min Max
1. The shape parameter of the global distribution that assigns p" to each agent in the model. 100 250
Initial beliefs ]
2. The shape parameter of the global distribution that assigns p* to each agent in the model. 10 50
3. The scale parameter of the global distribution that assigns u“" to each agent in the model. 10 50
Social learning .
4. The scale parameter of the global distribution that assigns p“" to each agent in the model. 5 20
5 The shape parameter of the global distribution that assigns the weight of the profitability to 05 5
’ each agent’s resistance. ’
6 ) The scale parameter of the global distribution that assigns the weight of the profitability to 01 1
© Resistance each agent’s resistance. ’
toward PV
7 investments The shape parameter of the global distribution that assigns the weight of the installed base 05 5
' to each agent’s resistance. ’
3 The scale parameter of the global distribution that assigns the weight of the installed base 0.1 I
' to each agent’s resistance. ’
9 The shape parameter of the global distribution that assigns each agent’s threshold value for 10 30
’ Probability of their resistance parameter.
10 Investing The scale parameter of the global distribution that assigns each agent’s threshold value for 5 10
’ their resistance parameter.
11.  Inertiato invest  The inertia parameter was kept constant during calibration. 0.01

3.3.2. Calibration based on historical data/ observations

ATOM was calibrated using the historical data/ observations for the small-scale PV capacity addition
that took place during 2009-2013, which was the period of the largest PV addition in Greece. Calibration
data corresponds to past market conditions (i.e., prices for small-scale PV systems and tariffs) and
requests for grid connections. Since the available data for capacity addition was aggregated into records
of MW per month, we have used data for the requests for grid connections; the records for these requests
are available upon individual requests made to the Greek Regulatory Authority for Energy (RAE). The
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dataset is presented in Figure 3.4. As is evident by the plot, the demand for new PV investments in
Greece fell in 2013 because of the drastic reduction in tariffs and the imposition of a retroactive levy.
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Figure 3.4. Aggregated capacity of grid connection requests for small-scale PV systems and capacity achieved in Greece
during the period 2009-2013, when the feed-in-tariff scheme was operational.

Since the scale of PV capacities achieved by the model cannot be compared with the scale of the actual
PV capacities achieved in the Greek power market (owing to the small number of the simulated agents,
compared to the potential adopters in Greece), corresponding PV capacity pathways were scaled to the
[0,1] range. This allowed the comparison of the simulated pathways with the scaled pathways of the
actual PV investments during the calibration period. Calibration was conducted assuming that the model
represents reality well if it can replicate the historical growth rates of PV installations. In other words,
calibration looked for similar shapes of the cumulative PV capacity curve, while the scale was inevitably
different. At the same time, calibration only based on the shape of the simulated pathways creates a
problem of non-identifiability, and, thus, we needed a final target to use as a point of reference. To this
end, the median of the capacities achieved at the end of the simulated period was mapped to the value
of 1 during the scaling, and input data was normalised. Model results were split into four periods: 1.
mid-2010; 2. end-2010; 3. end-2011; and 4. end of the simulation period. Four GP emulators were fitted
to the respective results; the hyperparameters of each estimator were obtained by using maximum
likelihood estimation (MLE).

3.3.3. Sensitivity analysis

GSA reveals that the parameters responsible for the greatest portion of the model’s output variance are
(Figure 3.5): (1) The shape parameter of the global distribution that assigns each agent’s threshold
value for their resistance parameter, (2) The shape parameter of the global distribution that assigns the
weight of the profitability to each agent’s resistance, and (3) The shape parameter of the global
distribution that assigns p°F to each agent in the model. Final value ranges of the agent-related
parameters are presented in Table 3.2.
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Figure 3.5. Sensitivity analysis results: Agent-related parameters with a value of first order sensitivity coefficient greater than
the threshold value of 0.02. The threshold value has derived similarly to the study presented by Papadelis and Flamos (2018)
[39].

Table 3.2. Final value ranges and description of the agent-related parameters used for the application under study.

Final Ranges

a/a Parameter Description
Min Max
1 The shape parameter of the global distribution that assigns p" to each agent in the 131 192
: model.
Initial beliefs ]
5 The shape parameter of the global distribution that assigns p“f to each agent in the 15 45
’ model.
3 The scale parameter of the global distribution that assigns p* to each agent in the 10 43
’ model.
Social learning
4 The scale parameter of the global distribution that assigns p“" to each agent in the 538 20
' model. .
5 The shape parameter of the global distribution that assigns the weight of the 19 3
’ profitability to each agent’s resistance. ’
6 ) The scale parameter of the global distribution that assigns the weight of the 01 1
* Resistance profitability to each agent’s resistance. ’
toward PV
7 investments The shape parameter of the global distribution that assigns the weight of the installed 05 47
’ base to each agent’s resistance. ’ ’
3 The scale parameter of the global distribution that assigns the weight of the installed 0.1 0.94
’ base to each agent’s resistance. ’ ’

9 The shape parameter of the global distribution that assigns each agent’s threshold 116 196
’ Probability of value for their resistance parameter. '
10 Investing The scale parameter of the global distribution that assigns each agent’s threshold value 5 97
’ for their resistance parameter. '

11.  Inertiato invest  The inertia parameter was kept constant during calibration. 0.01

3.3.4. Scenario analysis

For the scenario analysis, we set the market-related parameters based on past and existing conditions.
Additionally, the characteristics of the PV technology and the respective generation and consumption
profiles are specified according to historical data/ observations. Regarding the policy context of our
scenarios, recent studies have already assessed the profitability of PV adoption under different NEM or
SC-ST support schemes, mainly by using technoeconomic models; a few studies have only explored
these issues under an ABM spectrum. However, to the best of our knowledge, no study so far has
explored the effectiveness of such schemes using an ABM in the case of Greece. To this end, we apply
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ATOM to explore the plausible behaviour of the potential PV adopters in Greece under these two policy
schemes of interest. Furthermore, the rationale for supporting electricity SC by subsidising residential
storage is twofold: i. The benefits of NEM for consumers come from lower consumption charges
because of netting, and lower transmission/ distribution charges because of less electricity absorbed
from the grid. Increasing SC brings the same benefits, and ii. SC can help decreasing the frequency and
magnitude of peak generation events that stress the distribution network.

On the other hand, electricity prices affect the financial rationale of using NEM, or SC-based PV
applications, because of their variation over the life cycle of PV systems. Although NEM and SC
support schemes are becoming increasingly attractive to homeowners of all income groups, return on
investment remains highly dependent on the unpredictability of electricity retail charges, increasing,
thereby, uncertainty for rate payers [29]. To address this topic, we supplement our scenario analysis by
exploring PV adoption assuming a progressive increase in the Greek retail price, as suggested by recent
historical data/ observations. Finally, many studies acknowledge that consumers have an interest in
increasing their energy savings and reducing their bills, and, thus, preferences for SC-ST over NEM
schemes are expected to be widely incentivised in the future. Results from technoeconomic studies
show that PV SC is already an attractive option, but electricity storage is not a profitable solution, as,
for the time being, batteries are still expensive, and, despite technology progress, their lifetime remains
short. Only a sustained decrease in their costs would lead to economically viable storage projects
[28,51]. Nykvist and Nilsson (2015) mention that the cost of lithium-ion battery packs witnessed an 8%
annual decrease between 2007 and 2014 [52]. As a result, to explore how a further decrease in storage
costs affects the effectiveness of a potential SC-ST scheme in driving investments in small-scale PV in
Greece, we use ATOM assuming six different plausible scenarios of annual decrease in storage
investment costs.

Market-related parameters

Costs of small-scale PV systems, installed on roofs and buildings, were taken according to the trend
suggested by the historical prices presented in Table B.1 in Appendix B. In addition, we assume that
consumers pay the most common residential tariff (i.e., “G;” tariff) of the Public Power Corporation
S.A. The price charged varies according to the total amount of electricity consumed during the netting
period [53]. The different charges under the “G,” tariff are summarised in Table B.2 in Appendix B.

Solar PV generation modelling

We assume that all simulated agents will choose the same reference technology for their solar panels.
The characteristics of the reference technology and installation are: (i.) Capacity: 300 Wpeak, (ii.) PV
for utility system applications Test Condition (PTC) rating: 280.5 Wpeak, (iii.) Surface azimuth: South,
and (iv.) Surface tilt: 30°. For the PV panel assumed, the same annual power generation profile was
used for all the simulated years. For the calculation of this profile, a site-specific solar radiation dataset
was retrieved from the Copernicus Atmosphere Monitoring Service (CAMS) radiation service. The
dataset corresponds to 2016 hourly radiation at the location (38°, 23.8°). The total solar irradiance
incident on the reference module is visualised in Figure B.1 in Appendix B. The PV panel power
generation was calculated using the Sandia PV Array Performance Model (SAPM). SAPM uses the PV
panel’s cell temperature to calculate its current-voltage curve, which is affected by the incident
irradiance and weather conditions such as air temperature and wind speed. Data for the ambient air
temperature and the wind speed at the location of interest was retrieved from the Modern-Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) web service. Finally, to
calculate the Direct Current (DC) to Alternate Current (AC) conversion losses, we assumed a reference
inverter with weighted efficiency of 96%.
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Electricity load modelling

Along with the PV generation, electricity demand profiles are also necessary to model the energy
inflows at the residential level. To do so, we used historical data and assumptions for the case of a
typical Greek residential building. More specifically, it was assumed that all agents consume 3,750
kWh per year, which is the mean annual consumption of electrical power per household in Greece [54].
This consumption amount was used to scale down the data on the hourly total electricity demand in
Greece for the year 2016; this helped to derive a daily profile for an “average” consumer. This daily
profile was split into three seasonal profiles [55], to account for the effects of weather and temperature
on electricity demand (Figure 3.6).
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Figure 3.6. Mean daily electricity demand profiles assumed for the “average” household in Greece. The daily profile is split
into three seasonal profiles, to account for the effects of weather and temperature on electricity demand: Period 1 (mild
weather): April, May, October, and November; Period 2 (hot weather): June to September; and Period 3 (cold weather):
December to March.

Policy scenarios
The NEM support scheme currently operational

The main provisions of the current NEM scheme in Greece, which are relevant to our study, are [53]:

o The amount charged under the competitive electricity consumption tariffs is the difference
between the electricity inflow and outflow (i.e., net energy), if this difference is positive.

o The netting is done every four months, which is the billing period for residential tariffs. The excess
electricity is transferred to the next billing period in the form of renewable energy credits (RECs).
The transfer continues in all subsequent billing periods until the end of the year. After the end of
the year, there is no compensation for any electricity surplus.

o The consumer is charged for the total amount of electricity consumed (i.e., both electricity
absorbed from the grid and the fraction of the electricity generated onsite that is self-consumed)
and for the “other utility services.”

o The transmission and distribution charges are based only on the amount of the electricity absorbed
from the grid.

o Consumers pay the special duty for reduction of gas emissions (ETMEAR) only on the electricity
absorbed from the grid.

The expected benefits from investing P22 (€), at the end of each netting period are calculated

according to the following formula. Note that the first term increases with an increase in PV generation,
only up to matching the total energy consumption of the agents, while the second term increases with
an increase in SC, or by better matching demand with available PV generation.
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total _ :
Presid = Cgrid *min(Epy, Eresia) + Cpy Eresidpvi

where:

€
0 Cgriq: Charges for the total amount of electricity consumed (kwh>

o Cpy: Charges for the total amount of electricity absorbed from the PV panel (kfvh)

Epy: The total amount of electricity generated by the PV panel (kWh);
Eresia: The total residential demand for electricity (kWh); and
0 Eresidpy: The total amount of electricity consumed from the PV panel (kWh).

A proposed SC-ST support scheme

Typically, the shorter the netting period is (i.e., daily or hourly), the closer a NEM scheme is to pure
SC [1]; so, in this case, there is no reason to continue offering the NEM option because it is actually a
form of storage service [56]. As a result, we assumed a support policy that does not remunerate excess
generation, but subsidises the 25% of the initial storage investment cost according to the following
formula [57]:

0.25:Cop
CAPpy

sg = CAPpy - mln{ 500}

where:

o sg is the subsidy payment (€);
o CAPpy is the peak power capacity of the solar PV system (kW); and

)

Note that such a subsidy programme, which supports residential storage, has been recently prolonged
in Germany by promising a payment depending on the size of the PV module and the initial investment
cost of the storage [57]. Following Waffenschmidt (2014), we assumed a sizing of 1-to-1 for storage
capacity to PV peak power [58]. For the storage system, according to the study presented in [57], we
assumed an initial investment cost (Cq ) of 800 €/kWh, and an expected lifetime of 3,000 equivalent

€
o Cgp is the initial battery investment cost (

full cycles. For the storage dispatch model, we used the SC optimisation algorithm presented in [59],
with the storage capacity being dispatched in an optimum way to maximise SC. The benefits P23 (€)
from investing in the proposed SC-ST scheme are calculated according to the following formula:

total _ . .
1:)re51d Cgrid (Eresid - Egrid) + CPV Eresidpv'

where:

€
0 Cgriq: Charges for the total amount of electricity consumed (kwh)

o Cpy: Charges for the total amount of electricity absorbed from the PV panel (kWh)

o0  Eresiq: The total residential demand for electricity (kWh);
o Egriq: The total amount of electricity absorbed from the grid (kWh); and
o Eresidpy: The total amount of electricity consumed from the PV panel (kWh).

Impact of the retail price of electricity on small-scale PV adoption

The current NEM scheme in Greece seems to favour prosumers at the expense of regular customers,
since, by allowing a yearly netting period, the prosumer can offset the PV energy produced with that
consumed at different times, thereby, abolishing the role of the grid- an asset for whose services,
maintenance, and development all consumers pay [53]. This may lead to an increase in the retail price
of electricity to counterbalance the revenue losses of the grid operator. Additionally, Nikas et al., (2018)
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indicated that a SC-ST support scheme, similar to the one presented in this chapter, could force Greek
generators to bid higher prices for their capacity, leading to an increase in the retail price of electricity
[60]. To address the impact of the retail price of electricity on the effectiveness of the current NEM
scheme and the proposed SC-ST scheme, we assume that retail charges will evolve as they did during
the past seven years. Figure 3.7 below presents this evolution for household consumers in Greece, over
the period 2010-2017. By observing data, a total increase of 60% for our forward-looking simulations
seems to be a logical assumption.
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Figure 3.7. Evolution of the electricity price for household consumers in Greece from 2010 to 2017 (semi-annual data as
acquired from [61]).

Impact of storage investment costs on small-scale PV adoption

We explore the impact of storage costs on the effectiveness of the SC-ST support scheme under study
in driving investments in small-scale PV in Greece. To do so, we come up with six plausible scenarios
of annual rate of decrease in investment costs. The scenarios under study are presented in Table 3.3.
For each scenario, we run ATOM for the case that the retail price of electricity remains unaffected, as
well as that it increases according to the trend suggested by historical data/ observations. As our
intention is to quantify the impact of the expected decrease in storage costs on PV capacity addition,
we compute the average value- from the different plausible sets of the agent-related parameters- of the
PV capacity addition achieved.

Table 3.3. Six scenarios of annual decrease in storage investment costs based on the technology breakthroughs expected in
the near future.

Scenarios Annual rate of decrease (%)
SC1 5
SC2 6
SC3 7
SC4 8
SC5 9
SC6 10
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3.3.5. Quantifying structural and parametric uncertainty

Because of the stochastic nature that typically characterises an ABM, we explore the expected
effectiveness of the policy schemes, and the different cases under study, for the same values of the
agent-related parameters. Our goal is to validate the model’s potential to capture the uncertainty that is
propagated to outcomes owing to its structure and parameters, for each case under study. To do so, we
generated a set of plausible values for the agent-related parameters, as presented in Table B.3
(Appendix B). Note that the mean value of the agents’ initial beliefs regarding the profitability of the
new policy schemes (i.e., u°F) is different than the corresponding value under the FiT scheme; this is
because it is assumed that under the new policy regime agents’ perceptions are affected by experience
and past failures. For these values of the agent-related parameters, we run ATOM 25 times for all the
cases presented in Table 3.4. For the cases “SC-ST-3” and “SC-ST-4,” the annual decrease rate of
storage investment costs is assumed to be the mean value of the six scenarios presented in Table 3.3.

Table 3.4. Six cases of the same values of the agent-related parameters to test the model’s ability to capture uncertainty that
is propagated to modelling outcomes owing to its structure and parameters.

a/a Name Description

L “NEM-17 New PV capacity addition expected from the current NEM scheme, assuming no change in the retail price of
electricity

2 “NEM-2” New PV capacity addition expected from the current NEM scheme, assuming a total increase of 60% in the retail
price of electricity

3 “«SC-ST-17 New PV capacity addition expected from the proposed SC-ST scheme, assuming no change in the retail price of
electricity

4 «SC-ST-2” New PV capacity addition expected from the proposed SC-ST scheme, assuming a total increase of 60% in the
retail price of electricity

5. «SC-ST-3” New PV capacity addition expected from the proposed SC-ST scheme, assuming an annual decrease of 7.5% in
storage costs and no change in the retail price of electricity

6. «SC-ST-4” New PV capacity addition expected from the proposed SC-ST scheme, assuming an annual decrease of 7.5% in

storage costs, and a total increase of 60% in the retail price of electricity

3.4. Results

All simulations were performed for 25 different sets of plausible values of the agent-related parameters,
according to calibration results, to represent 25 different, but realistic behavioural profiles, from willing
to invest, to risk-averse consumers. This way, we are able to capture behavioural and parametric
uncertainty related to small-scale PV adoption. The projections for the new PV capacity addition during
2018-2025 were scaled up to the national level by using historical data and observations from the period
that the FiT scheme was operational in Greece. Note that the blue dashed line in the figures below
corresponds to the PV capacity addition that the FiT scheme achieved during the period 2009-2013.

3.4.1. Expected effectiveness of the NEM scheme in driving investments in small-scale PV in
Greece

Not many studies in the scientific literature evaluate the effectiveness of the current NEM scheme in
Greece. Those that do so, apply technoeconomic models to assess its profitability, but they do not make
projections about the expected PV capacity addition [1,29,46,47,53]. To the best of our knowledge, this
is the first time that a scientific study explores the expected effectiveness of the NEM scheme currently
operational in terms of new PV capacity addition in Greece by using an ABM. As indicated in Figure
3.8, ATOM shows that the expected PV capacity addition from the current NEM scheme during 2018-
2025 is positive, with the average expected capacity addition estimated at around 300 MW. However,
it is evident that the scheme is not as efficient as the previous FiT scheme, with the most optimistic
scenario (i.e., consumers willing to invest) showing that it will take at least seven years to achieve the
same PV capacity addition that the FiT scheme achieved during the period 2009-2013. Additionally,
results show a total range of aleatoric uncertainty of almost 225 MW, which, according to GSA results,
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implies that the scheme’s effectiveness is closely related to the most uncertain agent-related parameter,
namely the probability of investing. Total uncertainty is also influenced by consumers’ resistance
towards investing, which is shaped by consumers’ beliefs about the profitability of the investment.
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Figure 3.8. Simulation results on the PV capacity addition expected from the net-metering scheme currently operational in
Greece over 2018-2025, assuming no change in the retail price of electricity. The brown curve represents the average expected
adoption, while upper and lower bounds represent adoption trends for willing to invest (i.e., optimistic scenarios) and risk-
averse consumers (i.e., pessimistic scenarios) respectively. The blue dashed line represents the total capacity addition that the
feed-in-tariff scheme achieved during the period 2009-2013 in Greece.

3.4.2. Expected effectiveness of a proposed SC-ST scheme in driving investments in small-scale
PV in Greece

There are no scientific studies evaluating the expected effectiveness of a proposed SC-ST scheme in
Greece. To the best of our knowledge, this is the first time that a study addresses this topic. As indicated
by Figure 3.9, supporting residential electricity storage seems less effective than the NEM scheme,
with the average expected PV capacity addition estimated at around 200 MW. Compared to the previous
FiT scheme, a storage subsidy of 25% is clearly less efficient, with the most optimistic scenario
suggesting that it will take more than seven years to achieve the same PV capacity addition that the FiT
scheme achieved. However, results show that aleatoric uncertainty, induced by the most uncertain
agent-related parameters (i.e., probability of investing and resistance towards investing) is less
compared to results for the NEM scheme. This means that probability of investing introduces less
uncertainty to the total uncertainty of model outputs, and that consumers’ resistance towards investing
is shaped by clearer beliefs. Nevertheless, it is evident that the 25% subsidy is not sufficient to shift the
consumers’ beliefs about the profitability of the investment, and, thus, their resistance remains high.
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Figure 3.9. Simulation results on the PV capacity addition expected from a proposed self-consumption support scheme that
subsidises residential storage (25% subsidy) in Greece over 2018-2025, assuming no change in the retail price of electricity.
The brown curve represents the average expected adoption, while upper and lower bounds represent adoption trends for willing
to invest (i.e., optimistic scenarios) and risk-averse consumers (i.e., pessimistic scenarios) respectively. The blue dashed line
represents the total capacity addition that the feed-in-tariff scheme achieved during the period 2009-2013 in Greece.

3.4.3. Impact of an increase in retail charges on the effectiveness of the policy schemes under
study in Greece

Assuming that the retail price of electricity in Greece will increase, our results indicate that the current
NEM scheme can reach the target of additional 400 MW of PV capacity with more plausible
combinations of the agent-related parameters (Figure 3.10). However, compared to the case wherein
the retail price remains unchanged, the average improvement is not significant (i.e., 25MW), and it is
evident that the new NEM scheme still remains less effective than the previous FiT scheme.

400

300

200 1

PV capacity additions (MW)

100

T
40 60 80
Month of simulation (2018-2025)

o
(]
o

Figure 3.10. Simulation results on the PV capacity additions expected from the net-metering scheme currently operational in
Greece over 2018-2025, if the retail price of electricity increases according to the trends of the past 7 years, as suggested by
historical data/ observations. The brown curve represents the average expected adoption, while upper and lower bounds
represent adoption trends for willing to invest (i.e., optimistic scenarios) and risk-averse consumers (i.e., pessimistic scenarios)
respectively. The blue dashed line represents the total capacity addition that the feed-in-tariff scheme achieved during the
period 2009-2013 in Greece.
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An interesting finding, though, is that increasing the retail price of electricity makes the current NEM
scheme more robust in terms of its effectiveness, by reducing behavioural uncertainty related to the
agents’ decision-making process. This was expected since an increase in the retail price could result in
greater benefits for consumers who decide to become prosumers. Even the risk-averse consumers obtain
a clearer and positive perception of the investment’s profitability over the years. In contrast, increasing
the retail price of electricity seems to have no significant effect on the effectiveness of the SC-ST
support scheme. As visualised in Figure 3.11, the expected PV capacity addition and the uncertainty
of the SC-ST support scheme remain almost at the same levels as those derived by assuming that the
retail price remains unaffected. As the initial investment costs of storage are currently high, a subsidy
of 25% is not enough to boost further investments, and even an increase in the retail price is not enough
to shift consumers’ beliefs and resistance.
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Figure 3.11. Simulation results on the PV capacity addition expected from a proposed SC-ST support scheme (25% subsidy)
in Greece over 2018-2025, if the retail price of electricity increases according to the trends of the past 7 years, as suggested by
historical data/ observations. The brown curve represents the average expected adoption, while upper and lower bounds
represent adoption trends for willing to invest (i.e., optimistic scenarios) and risk-averse consumers (i.e., pessimistic scenarios)
respectively. The blue dashed line represents the total capacity addition that the feed-in-tariff scheme achieved during the
period 2009-2013 in Greece.

3.4.4. Impact of a decrease in storage costs on the effectiveness of the SC-ST support scheme
under study in Greece

Our results show that an expected decrease in storage investment costs leads to greater PV capacity
addition in Greece for the SC-ST scheme under study, irrespective of the retail price of electricity
remaining fixed or increasing. As it becomes evident from both Figure 3.12 and Figure 3.13, a steep
decrease in battery costs (i.e., 8%, 9%, and 10% annual rates) can lead to significant improvements,
with scenario “SC6” suggesting a 40% increase of the average expected PV capacity addition (i.e., more
than 100 MW). This shows that the SC-ST support scheme under study could become slightly more
effective than the current NEM scheme. On the other hand, lower annual rates of decrease in storage
investment costs (i.e., 5%, 6%, and 7%) are not sufficient and lead to small increase in the expected PV
capacity addition. Especially, for the case that the retail price of electricity increases, scenarios “SC1”
and “SC2” show that the extra benefits from the decrease in costs are not sufficient to overcome the
higher charges of electricity and, thus, the agents’ perception about the profitability of the scheme
remains unaffected (Figure 3.9 and Figure 3.11). This is because they need to invest in storage of
higher capacity and, therefore, of higher cost, to ensure a return on their expenditure.
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Figure 3.12. The impact of an expected decrease in storage investment costs on PV adoption in Greece over 2018-2025, if the
retail price of electricity remains unchanged. The six curves correspond to six feasible scenarios of annual decrease in storage
investment costs, while represent the expected adoption for the average consumer profile. The black dashed line represents the
total capacity addition that the feed-in-tariff scheme achieved during the period 2009-2013 in Greece.
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Figure 3.13. The impact of an expected decrease in storage investment costs on PV adoption in Greece over 2018-2025, if the
retail price of electricity increases according to the trends of the past 7 years, as suggested by historical data/ observations.
The six curves correspond to six feasible scenarios of annual decrease in storage investment costs, while represent the expected
adoption for the average consumer profile. The black dashed line represents the total capacity addition that the feed-in-tariff
scheme achieved during the period 2009-2013 in Greece.

3.4.5. Uncertainty propagation owing to the model’s structure and parameters

Figure 3.14 demonstrates an indicative example of how structural and parametric uncertainty in ATOM
can be quantified for each case under study. Our results show that for the NEM scheme, the model’
structure introduces less uncertainty to its outcomes for the case that the retail price increases (i.e.,
“NEM-27). For the cases “SC-ST-1” and “SC-ST-2”, the model’s structure seems to introduce almost
the same amount of uncertainty to its outcomes. These findings validate the ability of ATOM to identify
and characterise parametric uncertainties. In particular, the uncertainty that the electricity price
parameter introduces to the expected PV capacity addition is characterised as epistemic, as by
increasing the level of detail the total range of model uncertainty is reduced. Finally, an interesting
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finding is that the model’s structure seems to add more uncertainty for the case “SC-S7-4" than the case
“SC-ST-37, as it shows that increasing the level of detail for both the electricity price and the investment
cost parameters, contributes more to the total uncertainty of the model’s outputs. The latter implies that
the effectiveness of the SC-ST scheme under study is more related to the investment cost parameter,
rather the electricity price parameter.

400 4

300

200 1
100 NEM -1
NEM -2
=
g w0
{
5 300
=
h-)
T 2004 S
S 1001 IR e R
g e SC-§T—2
s> 01
g 400

300

200 4

100 4

T
0 20 40 60 80
Month of simulation (2018-2025)

Figure 3.14. Uncertainty assessment of the performance of various policy schemes using the same values of the agent-related
parameters to test the model’s ability to capture uncertainty that is propagated to modelling outcomes owing to its structure
and parameters. The dashed lines represent the total capacity addition that the feed-in-tariff scheme achieved during the period
2009-2013 in Greece.

3.5. Discussion

Although the application of modelling tools cannot result in a clear course of action as a "policy
panacea," especially when simulating the future, ATOM can be of practical support to decision-makers,
providing simplified answers to explorative “What-if” scenarios. Instead of using regression to
extrapolate growth based on past trends, the model assesses the impact of different policy instruments
through a more “real-world” process, addressing social and behavioural uncertainties that could
characterise technology adoption in all spectrums of strategic energy planning. Considering the existing
ambiguity in the PV market in Greece, for example, the appropriateness of ATOM as a valuable
decision and support tool becomes evident, when modelling outcomes are translated to simplified
policy-relevant answers that could support the further development of the PV sector. In particular, the
national PV capacity targets for 2025 and 2030, as defined by the Ministry of Energy and Environment,
are 5,500 MW and 6,900 MW respectively [62]. Assuming that the contribution of small-scale PV to
the national capacity targets is about 14.5% (for about every 7 MW large-scale installation, 1| MW
small-scale PV is installed), and based on historical data from the period 2016-2018 [63], the small-
scale PV capacity target for 2025 can be defined as 417 MW. The latter is assumed considering that the
revised national PV capacity target for 2020 is 3,300 MW and that the total PV capacity achieved until
the end of 2017 was 2,624 MW [64]. The target trajectory for small-scale PV in Greece until 2030 is
presented in Figure 3.15.
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Figure 3.15. Trajectory of the small-scale PV capacity addition in Greece required for the achievement of the overall national
PV capacity targets of 2030.

Our results, while acknowledging the determinant role of NEM provisions in the further growth of
small-scale PV systems, show that the scheme, as currently implemented in Greece, is not capable of
achieving the necessary capacity addition towards the national target of 2025. In particular, while the
scheme could be successful until the end of 2021, it won’t be able to reach the national target of 2025,
even in the most optimistic of the modelling outcomes. This implies that policy contingency actions are
required. Furthermore, by enabling variance decomposition and uncertainty characterisation our model
show how uncertainties impact simulation results. This highlights the novelty of ATOM, which lies
mainly in bridging the disciplines of uncertainty analysis and ABM policy assessment, by
demonstrating how model uncertainty could influence effective policy design. For example, our results
allowed us to identify the epistemic uncertainty that the electricity price parameter contributes to
simulation outputs, indicating that the effectiveness of the NEM scheme in Greece is closely related to
the retail price of electricity. In particular, simulation results indicated that an increase in the retail price,
reduces total uncertainty in modelling outcomes, which is mainly introduced by modelling parameters,
as the probability of investing, consumers’ beliefs, and resistance towards investing. In policy terms,
this is translated into a reduction of the behavioural uncertainty related to the effectiveness of the NEM
scheme, especially for the case of risk-averse consumers, which implies that different sources of
positive financial outcomes for consumers should be further investigated.

An increase in the retail price of electricity, therefore, while entailing an extra source of revenue that
shifts consumers’ beliefs and reducing their resistance towards investing, should be considered only in
conjunction with appropriate policy provisions. Such provisions should focus on relieving vulnerable
social groups and less fortunate-at risk of poverty- consumers from burdensome charges, as cross-
subsidisation between prosumers and regular customers could distort the level-playing field and lead to
an unfair competition. Efficient policymaking needs to explore more market-based NEM structures by
introducing alternative pricing strategies. This will create stability, which will make the benefits of
investing more explicit, providing extra motives for regular customers. Market-based structures
applicable to the existing policy landscape in Greece, include exploring different netting policies (e.g.,
full netting with grid charges) and replacing transfer of surplus electricity in the form of RECs with the
compensation of the excess electricity through realistic, market-based prices.
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On the other hand, policies that promote SC have the potential to drive the uptake of storage
technologies that could bring demand flexibility into the market and enable the integration of electricity
from variable RES. Our results indicate that a proposed SC-ST scheme (25% subsidy), while being less
effective than the current NEM scheme, creates less uncertainty in terms of its performance. Although
the latter suggests that the success of a SC-ST scheme in Greece could be more robust, our results show
that a subsidy of 25% is not enough to boost the further diffusion of small-scale PV towards the national
targets of 2025. Additionally, it has been demonstrated that the effectiveness of a SC-ST in Greece is
closely related to the investment cost parameter. This is another insight that would be missed in a
standard ABM framework. Simulation outcomes indicate that significant technological breakthroughs
are necessary for a 25% storage subsidy to become slightly more profitable than the current NEM
scheme. In particular, our results suggest that investment costs should follow a steep learning curve of
at least a 10% annual reduction until 2025. This implies that efficient policy measures promoting SC-
ST should consider, along with ancillary benefits of SC (e.g., balancing the frequency and magnitude
of peak generation events that stress the distribution network [65,66], etc.), high levels of subsidisation.
Since the latter seems rather infeasible owing to implications of the existing economic recession in
Greece, national policy planning should focus on new and sustainable business models that monetise
the value of PV SC with storage. This will enable the design of regulatory frameworks that ensure clear
incentives for consumers and new revenue collection practices for utilities.

3.6. Conclusions

In this chapter, we present ATOM, an agent-based model that has a strong component of consumer-
and policy-contingent scenario elements that correlate technology adoption with its value to the
consumers. To demonstrate its applicability, we used it to explore the evolution of the market share of
small-scale PV (i.e., 1-10kWpeak) in Greece, under two different policy schemes of interest. Recent
studies have already addressed the issue of PV adoption using an agent-based modelling framework in
different geographic, socioeconomic, and policy contexts; this is because agent-based models, typically,
provide a flexible framework to simulate the adoption decision-making process of the members of a
heterogeneous social system. However, this flexibility comes with greater uncertainty, as modelling the
decision-making process of agents often requires the inclusion of several criteria that introduce
additional uncertainty to modelling results. To the best of our knowledge, existing models are
deterministic and fail to capture uncertainties related to agency, with only the study presented by Pearce
and Slade (2018) [21] quantifying the uncertainty introduced to their modelling outcomes. Uncertainty
quantification is of paramount importance for modelling tools, especially when they are utilised for
decision and support, and policymaking.

The originality and the novel contribution of our work is that ATOM, supported by a complete
framework that consists of uncertainty and sensitivity analysis decision and support techniques, bridges
the disciplines of uncertainty in agent-based modelling policy assessment, and can be a valuable tool in
effective policy design. In particular, ATOM allows for obtaining realistic uncertainty bounds and
splitting the total model output uncertainty in its major sources, based on a variance decomposition
framework and an uncertainty characterisation method. Thus, by identifying and characterising the
different types of uncertainty, the contribution of the main sources of uncertainty to the total uncertainty
in modelling outcomes can be calculated. Additionally, by specifying the values of the agent-related
parameters under consideration according to the plausibility of modelling outcomes, based on historical
data/ observations, the model allows for handling behavioural uncertainty of the agents, by including
the range of the different plausible behavioural scenarios in the variance of the results that they produce.
However, incorporating uncertainty in existing energy models typically leads to heavy computational
burdens, which limit the number of uncertain parameters that can be considered. Although uncertainty
analysis is typically problem-specific, our work could be a valuable contribution to further modelling
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efforts. In particular, another novelty of our approach lies in using the concept of emulators, as
significantly faster approximations of the actual model, allowing the employment of Monte Carlo
sampling methods that would be otherwise prohibitively expensive in terms of computational resources.

As future research, ATOM will be applied to explore scenarios of PV adoption in different geographic
and socioeconomic contexts around Europe, expanding its initial modelling framework to explore the
effect of more agent-related parameters in PV adoption. Scientific literature, for example, reports that
the attitude of Greek consumers toward installing small-scale PV systems varies according to their
income and education level, and also seems to be correlated with their consumption profiles and
demographic characteristics [53,67]. In addition, ATOM will be further developed to derive adoption
scenarios for other technologies, such as electricity storage or smart-grid devices that increase demand
flexibility. Finally, studies in the scientific literature suggest that policy measures must adapt to
uncertain and continuously changing conditions [68,69]. Thus, a policy design process that utilises
agent-based modelling should be structured around the concept of adaptability [70]. This means that,
as new data on the actual decisions of the relevant actors is accumulated, the initial policy design should
adapt in the same way as it adapts to changes in its environment. As a result, the authors intend to link
ATOM with a modelling toolbox for adaptive policy pathways; thus, support policy measures for
further technology adoption can adapt to uncertainties- generated by their assumptions and their
environment- that may hinder their performance. This task could also build on the strengths of a
stakeholder engagement strategy that provides a more comprehensive and detailed assessment of policy
interventions. This could enable a more participatory policymaking approach that collaboratively
explores policy needs and underlying model capability requirements, to improve policy decision
usability.
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Appendix B

Table B.1. Historical prices of small-scale PV systems during the period 2009-2013 in Greece, when the feed-in-tariff scheme
was operational.

Year Prices (€/Wpeak)
2010 4.0
2011 32
2012 2.4
2013 1.5

Table B.2. Competitive electricity consumption tariffs and other regulated charges under the current most common residential
tariff (i.e., “G1” tariff) in Greece.

Consumption thresholds Tariff for electricity consumed
(kWh) (€/kWh)
0-2000 0.09460
>2000 0.10252
Consumption thresholds TSO charges DSO charges ETMEAR fee Other utility services
(kWh) (€/kWh) (€/kWh) (€/kWh) (€/kWh)
0-1600 0.00699
1601-2000 0.01570
0.00527 0.0213 0.02477
2001-3000 0.03987
>3000 0.04488
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Figure B.1. Solar irradiance incident for the PV module assumed. The site-specific solar radiation dataset was retrieved from
the Copernicus Atmosphere Monitoring Service (CAMS) radiation service. The dataset corresponds to 2016 hourly radiation
for the coordinates of Greece (37.98°, 23.73°).
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Table B.3. A random set of plausible values of the agent-related parameters to test the model’s ability to capture uncertainty
that is propagated to modelling outcomes owing to its structure.

a/a Parameter Description Value
1. The shape parameter of the global distribution that assigns uF to each agent in the model. 450
Initial beliefs
2. The shape parameter of the global distribution that assigns p“F to each agent in the model. 39.68
3. The scale parameter of the global distribution that assigns pF to each agent in the model. 35.72
Social learning
4. The scale parameter of the global distribution that assigns p“" to each agent in the model. 17.20
5 The shape parameter of the global distribution that assigns the weight of the profitability to each 204
’ agent’s resistance. ’
The scale parameter of the global distribution that assigns the weight of the profitability to each
6. Resistance > : 0.55
agent’s resistance.
toward PV
5 investments The shape parameter of the global distribution that assigns the weight of the installed base to each 353
agent’s resistance.
g The scale parameter of the global distribution that assigns the weight of the installed base to each 0.89
’ agent’s resistance. '
9 The shape parameter of the global distribution that assigns each agent’s threshold value for their 18.50
’ Probability of resistance parameter. '
10 investing The scale parameter of the global distribution that assigns each agent’s threshold value for their 736

resistance parameter.

11.  Inertiato invest  The inertia parameter was kept constant during simulation. 0.01
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Nomenclature

Acronyms & abbreviations

AC
BES
DC
DR
DREEM

DSM
EC
EE

EEOS
EU

EPBD

HEP

HVAC

IWEC

Lp
MCAR
PID
PMV
PPD
PV
RC
RES
RL
SARSA

SECH

SLG

SOC
SR
SMP
TEEM
TEESlab

Air-condition

Building Energy System
Direct current
Demand-Response

Dynamic high-Resolution dEmand-sidE
Management

Demand-side management

European Commission

Energy efficiency

Energy efficiency obligation scheme
European Union

Energy Performance Buildings Directive
Hourly electricity price

Heating, Ventilation and Air-
Conditioning

International Weather for Energy
Calculations

Limiting price

Missing completely at random
Proportional-Integral-Derivative
Predicted Mean Vote

Predicted Percentage of Dissatisfied
Photovoltaic

Resistance-Capacity

Renewable energy sources
Reinforcement learning

State Action Reward (next)State
(next)Action

Statistics on Energy Consumption in
Households

Strategic Growth Load

State of Charge
Spinning Reserve
System Marginal Price
TEESIlab Modeling

Technoeconomics of Energy Systems
laboratory

TOU Time-of-Use
™Y Typical Meteorological Year
Parameters
A Surface
fact Fraction of the aperture area in the
PV panel
G Conductance
Ieo Clothing insulation
M Metabolic rate
Y Discount factor
n Efficiency

Indices & sets

A Action space

k Index

S State space

t Index of time period

Variables

| Current

P Power

R Reward function

T Temperature
Tair Mean indoor air temperature
T Mean outdoor air temperature
Tim Mean radiant temperature
Teet Indoor temperature setpoint
TSI Total solar irradiation

Tset,min Minimum acceptable indoor
temperature setpoint
Tsetnormal ~ Normal indoor temperature setpoint
Ambient air velocity

v Voltage

m Optimal RL policy

0] Relative humidity

117




Chapter 4: Empowering end-users

4. A modular high-resolution demand-side management model to quantify benefits of
demand flexibility in the residential sector

Abstract

Increasing shares of renewable energy sources and managing total demand are considered pivotal for
energy transitions that fundamentally re-envisage the electricity system. A key challenge of such
transitions is integrating and absorbing increased shares of non-dispatchable renewable energy sources,
without jeopardising the security and the reliability of the electricity system. To this end, key solutions
include the introduction of demand-side management. However, so far, demand-side management
modelling at the building sector has been proven challenging, as existing models are not flexible enough
to incorporate a wide set of modelling features and guiding principles, while including all important
aspects of end-use. This chapter presents a new dynamic high-resolution demand-side management
model which brings together key features and guiding principles of demand-side management
modelling. The novelty of the model lies mainly in its modularity, as the main modelling framework is
decomposed into individual modules, hierarchically dependent on components embodying standards
and design rules, allowing for multiple configurations and computational efficiency. To demonstrate its
applicability the model was used to explore benefits of demand flexibility for consumers in the
residential sector in Greece. Simulation results showed that the flexibility to increase self-consumption
can be brought to the Greek electricity sector without a need for significant changes in the current
market design, and for consumers to sacrifice thermal comfort and energy services.

Keywords: Smart home; Battery storage; RES generation; Demand-Response; Maintenance and
control; Demand-side management.
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4.1. Introduction

Current global climate targets implied by the Paris Agreement command low-carbon transitions that
fundamentally re-envisage the electricity system. Although electricity decarbonisation is not the only
action suggested by these transitions, it is argued that a “sooner-than-later” carbon-free electricity
system will enable mitigation in other sectors and accelerate the transition to a low-carbon society [1].
Further deployment of renewable energy sources (RES) and reducing total demand are considered
critical in decarbonising the electricity system [2]. However, one of the main challenges of a transition
based on a high RES penetration is integrating these variable energy sources without jeopardising
security, reliability, and resilience of the electricity system [3]. Key solution to this end include demand-
side management (DSM), encompassing the entire range of management functions associated with
directing demand-side activities, including programme planning, evaluation, implementation, and
monitoring. Its main objective is to improve the energy system at the side of the end-user in terms of
consumption and cost effectiveness [4]. Different aspects of DSM range from improving energy
efficiency (EE) up to sophisticated real-time control of distributed energy resources through smart
devices with incentives for promoting certain consumption/ production patterns [5]. By doing so, DSM
adds significant economic value to all actors involved and interacting with each other in the modern
energy network, while reduces carbon footprint of conventional generators at the same time [6].

According to the scientific literature the main aspects of DSM are: (I) EE, (II) Strategic Load Growth
(SLG), (IIT) Demand-Response (DR), (IV) Time-of-Use (TOU), and (V) Spinning Reserve (SR) [5].
However, energy management concept changes from utility-driven control to one involving
participation of end-use customers in determining prices and clearing the market [7]. As a result,
categories such as SLG or SR seem outdated at the time being, with EE and DR being the most reliable,
cost effective and efficient practices to affect the demand curve. On the other hand, while TOU tariffs
are sent beforehand to allow the consumer to adapt to new prices, DR signals have a more direct impact
on the behaviour and consumption patterns of the consumer [8]. Some studies acknowledge TOU as a
subcategory of DR implying that both aspects aim at shifting the demand from peak to off-peak times.
This reduces the fluctuations in demand curve and contributes to the efficiency of flexible conventional
power plants. Essentially, both practices reward consumers for altering their consumption practices and
routines [9]. Especially DR can shift consumption from times when energy is limited to times when it
is abundant, for example times with high RES generation. DR schemes allow to manage local power
consumption in response to supply conditions, such as high market prices, peak demand, or regulation
signal. Thus, lower grid operating costs, increased system reliability and improved EE can be achieved
[10].

Furthermore, regarding the future of power grids, it is often stated that residential end-users will play a
more active role in the management of electric power supply and demand, transitioning from passive
consumers to active co-providers called “prosumers” [11]. However, end-use products and services
need to be considered for such a transition [12]. To this end, to foster their role and evaluate their impact
into the future energy regime, modelling of user interaction and resource management needs to be
considered first through DSM modelling exercises. Indicatively, DSM modelling can support electricity
distribution network operators for modelling of network peak demand, demand aggregators for
estimation of potential demand-side flexibility, government agencies for assessing incentive scheme
costs, or electricity retailers for understanding the impact of different technology adoption upon their
demand portfolio. Thus, accurate DSM modelling could be beneficial for testing DR schemes that are
primarily offered to residential customers and could provide directions for the development of products
and services related to the smart-grid paradigm.
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4.2. Why a new model?

Especially in the residential sector, DSM modelling can be used for studying electric use patterns, EE
concerns, and behavioural analysis of consumers. Typically, DSM modelling incorporates inputs such
as building envelope characteristics, climate properties, occupancy and behavioural patterns, indoor
temperature, characteristics of the end-use equipment and their flexibility, load or generation profiles
in case of RES, and aggregation for a time period and validation. However, key aspects of DSM models
include energy demand and management modelling, and hence, their structure is often characterised by
the type of approach used for the energy demand aspect of end-use. Two main types of approaches have
been developed towards this end: top-down and bottom-up. Top-down methods model residential
electricity demand as a whole regarding its general characteristics, while bottom-up methods, aggregate
load profiles. Bottom-up models are considered more precise in general as they enable the aggregation
of various household types with different characteristics and information [13].

Mai and Chung (2016) present an energy model that focuses on thermal and simplified energy
consumption modelling of a residential building. A predictive controller determines the optimal heating/
cooling strategy to minimise energy costs without violating temperature constraints, while the model
also considers electricity price signals and the predictions of future disturbances. However, it does not
consider technologies and systems that introduce flexibility [14]. Furthermore, the approach presented
by Pradhan et al., (2016) builds the demand curve, based on historical data, while it formulates an
optimisation problem for residential DR aiming at the minimisation of the total pricing, and preserving
user convenience [15]. However, the model does not consider thoroughly either thermal comfort or
flexibility provided by RES and storage installations. Similarly, Gottwalt et al., (2017) present a model
of different devices for flexibility analysis, elaborating on an accurate representation of residential
customers within a smart grid. The impact of RES and storage installations are not considered though
[16].

Croce et al., (2017) present a fully distributed architecture to automatically control and implement
distributed DR schemes in a community of smart buildings [17]. The model balances supply and
demand, but it does not consider price signals from utility or storage for improving RES integration.
Mahmoudi et al., (2017) proposes a statistical/ stochastic model to integrate the uncertainties of wind
generation on the supply side and of roof-top solar photovoltaic (PV) on the demand side [18]. However,
the model does not foresee the integration of battery storage and occupants’ profiles. Martirano et al.,
(2017) present a Building Energy System (BES) model, managing both electric and thermal loads and
improving the energy performance of the building through DR [19]. The model is based on sample data
of energy consumption, it does not consider, though, electricity prices focusing on control loads for
optimising consumption. On the other hand, Ren et al., (2017) present a BES model that includes RES
and storage modelling, but it focuses only on a room [20]. The model proposes a multi-objective
optimisation approach for enabling residential DR to optimise the system’s economy and occupants’
comfort by a synergetic dispatch of source-load-storage management systems integrated into the
building.

Hu and Xiao (2018) present a hybrid model consisting of a control-oriented room thermal model and
an air-condition (AC) inverter steady-state model, while optimal scheduling of indoor air temperature
setpoints is formulated as a nonlinear programming problem to achieve low cost, thermal comfort, and
peak power reductions [21]. However, the model focuses only on a room and except of AC units, no
other loads are considered. Sivaneasan et al., (2018) present a DR management algorithm, enabling DR
to overcome RES intermittency based on a thermal building model [22]. The proposed algorithm utilises
a combination of AC and mechanical ventilation load reduction, priority-based load shedding, and
battery energy storage for managing RES intermittency. Its main deficiency is the absence of occupants'
profiles, price signals, and weather information leading to a simplified model. Finally,
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Alimohammadisagvand et al., (2018) study the effect of different DR strategies on energy consumption
and costs from heating, also considering occupants’ thermal comfort. The model considers quite a few
shaping factors, but neglects cutting edge technologies or social implications [23].

It becomes apparent that most models in the scientific literature address DSM partially, or in a
simplified manner, used most of the times for forecasting purposes. The main challenge of DSM models
is being flexible enough, while at the same time including all important aspects of end-use. The key set
of features and guiding principles of a DSM model to judge what should be incorporated and omitted,
or simplified in the interests of computational efficiency, and in recognition of data availability
limitations, can be summarised as follows:

Bottom-up structure,

Capability to be integrated with other models and be easily reused,

Capability to produce outputs at a high resolution (i.e., one minute),

Data requirements that are achievable such that the model can be self-contained,

Seasonal variability to reflect the changing level of demand between winter and summer,

Computational efficiency to simulate large numbers of buildings with the appropriate diversity of

demand,

Modular structure to reduce simulation complexity owing to the multidisciplinary nature and input

data requirements,

» Considering occupant behaviour along with determination of end-use qualities to bridge the gap
between statistical and engineering models,

» Inclusion of practical load control strategies that will allow price-based DR signals to enable the
smooth operation of the smart grid paradigm,

» Capability to link the energy system to economic development and technological breakthrough

(i.e., inclusion of alternative energy technologies or other energy carriers at a later date).

YV VVVVYY

A\

Considering the above, the main premise of this chapter was to develop a fully integrated dynamic high-
resolution model embodying key features that are not found together in existing models. To this end,
this chapter presents the Dynamic high-Resolution dEmand-sidE Management (DREEM) model, a
hybrid bottom-up model that combines key features of both statistical and engineering models. The
model serves as an entry point in DSM modelling in the building sector, by expanding the computational
capabilities of existing BES models to assess the benefits and limitations of demand flexibility,
primarily for consumers, and for other power actors involved. The novelty of the DREEM model mainly
lies in its modularity, as its structure is decomposed into individual modules characterised by the main
principles of component- and modular-based system modelling approach, namely “the interdependence
of decisions within modules; the independence of decisions between modules; and the hierarchical
dependence of modules on components embodying standards and design rules” [24].

This modular approach allows for more flexibility in terms of possible system configurations and
computational efficiency towards a wide range of scenarios studying different aspects of end-use. It
also provides the ability to incorporate future technological breakthroughs in a detailed manner, such
as the inclusion of heat pumps, or electric vehicles, in view of energy transitions envisioning the full
electrification of the heating and transport sectors. The latter makes the DREEM model competitive
compared to other models in the field, since scientific literature acknowledges that there are limitations
to how much technological detail can be incorporated without running into computational and other
difficulties [25].

The model also supports the capability of producing output for a group of buildings and could also serve
as a basis for modelling domestic energy demand within the broader field of urban, national, or regional
energy system analysis. The DREEM model is part of the Technoeconomics of Energy Systems
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laboratory- TEESlab Modeling (TEEM) suite and was developed in the context of the EC-funded
Horizon 2020 project “TRANSrisk'?.” In this study, the applicability of the model is demonstrated by
exploring benefits of demand flexibility for consumers and other power actors in the residential sector
in Greece. Note that, although its applicability is demonstrated in the case of Greece, the DREEM model
can be configured and used for different geographical and socioeconomic contexts to fill-in knowledge
gaps from an international and cross-country perspective. Overall, the novel contribution of this work
to the scientific literature is mainly twofold:

o Developing a DSM model that, based on the strengths of object-oriented programming and
equation-based system modelling approaches [26], is: (I) input—output free (all modelling
components are declarative in nature, as opposed to the traditional procedure), (II) modular, (IIT)
hierarchical (enable incremental modelling, i.e., models can consist of sub-models in multiple
levels) with control capabilities, which helps in managing the complexity of large systems, (IV)
universal (model definition in a generic form), (V) able to provide more realistic representations of
the dynamic systems, (VI) able to integrate occupants’ behaviour along with determination of end-
use qualities, and policies supporting RES, and (VII) able to allow for faster development and
simulation.

« Developing and testing via simulation control strategies the coordination of electricity storage and
smart thermostats towards increasing the consumption of RES electricity. The novelty lies in
combining electricity storage with smart thermostat capabilities, considering that the flexibility
potential of the latter has primarily been used so far for increasing EE in buildings.

The remainder of this paper is organised as follows: Section 4.3 presents, step by step, the
methodological framework on which the DREEM model was developed. Section 4.4 presents the
application of this framework to the geographical and socioeconomic context of Greece, to demonstrate
the applicability of the DREEM model. Section 4.5 reports simulation results, while discusses
implications of modeling findings for key end-users and policymakers. Finally, Section 4.6 provides
conclusions and shapes directions for future research.

4.3. Model description

The DREEM model consists of multiple components, each of which is composed of additional modules.
The overall architecture of the model, as visualised in Figure 4.1, makes it flexible to be adapted,
modified, and extended in the future. All the modules of the model were developed using the
“Buildings” library [27], which is an open-source, freely available Modelica library for building energy
and control systems. Modelica is an equation-based, object-oriented modelling language for the
simulation of dynamic systems [28], and has been used in several studies and applications for the design
and the simulation of various BES and control systems [29-32]. Alongside to the Modelica models,
Python scripts have been developed to model parts of the “Demand-Response” and “Control strategies”
components, and to enable the interface with the Dymola simulation environment. Table 4.1 provides
a short description of each component, along with its individual modules.

10 http://transrisk-project.cu/
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Figure 4.1. Overall architecture of the DREEM model as it currently stands.

Table 4.1. Hierarchical structure of the DREEM model: Short description of the main components and modules.

Components Modules

Description

C1: Weather/ Climate -

This single-module component is responsible for generating climatic boundary
conditions. It reads weather data from the respective files and then provides them to
the other components, where and when necessary.

C2: Building envelope -

This single-module component models different building typologies with the
corresponding characteristics, properties, and heat conduction elements.

C3M1: Occupancy

C3: Electricity demand
C3M2: Appliances

C3M3: Heating,
Ventilation, and Air-
Conditioning

This module defines and sets the parameters for the behaviour and the activities of the
occupants by generating and storing default patterns, such as for the case of a
residential building: wake-up times and arrival times from work, washing and cooking
hours, etc. An uncertainty variable is available to make the person more stochastic.
Also, active occupancy modelling is enabled to account for the “sharing of appliances”
effect.

This module is responsible for generating energy demand profiles from appliances,
using statistics describing their total mean daily energy demand and associated power
use characteristics, including steady-state consumption, or typical use cycles, as
appropriate. The “Occupancy” module considers when specific appliances are likely
to be used.

This module is responsible for heating, ventilation, and air-conditioning inside the
building, according to the “Smart thermostat” module’s input data and signals.

C4: Thermal comfort -

This single-module component is responsible for determining, based on international
standards, appropriate thermal conditions and temperature ranges that result in thermal
satisfaction of occupants.

C5M1: Photovoltaic
installation

CS5: Flexibility
management C5M2: Electricity

storage

C5M3: Smart
thermostat

This module contains information about the orientation of the roof to determine the
PV generation based on the position of the sun and recorded irradiation data for the
location of interest.

This module contains models that represent different energy storages. It takes as an
input the power that should be stored in/ extracted from the storage. The “Control
strategies” component is responsible so that only a reasonable amount of power is
exchanged, and that the state of charge remains between the appropriate ranges.

This module is responsible for the heating, ventilation and air-conditioning control
system. By receiving the indoor temperature as a measured signal and, based on the
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difference of set and measured temperature, it sends signals to the “HVAC” module
to yield the heat and ventilation flows inside the building.

This single-module component simulates DR mechanisms that motivate the

C6: Demand-Response - . . .
consumers to respond to real-time price-based signals.

This single module component is responsible for the energy management supervision
C7: Control strategies - strategy that, given the time-shifting events of demand and the occupancy signals,
aims at achieving energy savings and cost-effectiveness.

4.3.1. C;: Weather/ Climate

Seasonal variability to reflect on the changing level of demand between winter and summer is an
important aspect of DSM modelling, often omitted, or addressed in an oversimplified manner by
existing models in the field. The DREEM model addresses thoroughly this issue compared to other
approaches through the inclusion of a single-module component dedicated to generating accurate
climatic boundary conditions based on historical weather data. To do so, this component uses Typical
Meteorological Year (TMY) [33] weather data format and in particular the “TMY3” format [34]. The
module is then configured to provide a common set of irradiance and temperature data for the geography
under study, with the respective irradiance and temperature profiles having appropriate time-diversity
to enable higher resolution.

4.3.2. C,: Building envelope

Modelling and simulation of the dynamic thermal behavior of buildings is a particularly challenging
area [35]. There are various well-established and sophisticated packages dedicated to this task, which
have been widely used for detailed studies of specific individual buildings under specific conditions
(e.g., weather and occupancy profiles, etc.). However, adopting such models implies extremely detailed
input data requirements and high discretisation, resulting in excessive computational runtimes [36]. To
address such limitations and achieve computational efficiency, the DREEM model builds on the
concept of “reduced (low)-order” modules that adequately represent building thermal dynamics for the
purposes at hand [37]. Reduced-order thermal network modelling represents a thermal zone by thermal
resistances and capacities (RC-network) [38], using the electrical circuit analogy, in which voltage is
analogous to temperature and current is analogous to convective and radiative heat transfer. The
respective module represent all main thermal masses of the building under study as four elements,
accompanied with supportive features for consideration of solar radiation, as visualised and further
described in Appendix C.1. The parameters for heat transfer coefficients, and thermal resistances and
capacities, are determined using historical data and standards for the geographical context of interest.

4.3.3. Cs;: Electricity demand

DSM is expected to introduce time-shifting of end-use demand, while micro-generation is expected to
alter net demand profiles as seen by the supplier. To this end, accurate electricity demand modelling is
an important prerequisite [39]. Bottom-up electricity demand models that use probabilistic methods to
provide stochastic high-resolution data are typically a very useful tool for modelling end-use demand
in buildings [40]. Recognising that it is not possible to predict the exact behaviour of individual
occupants, or appliances, the aim of stochastic demand modelling is to provide simulated data, with the
right statistics, suitable for the task at hand. A critical precursor, therefore, is considering exactly which
statistics need to be included and which aspects need to be approximated. However, by including too
much detail, existing models are often computationally intensive, requiring the collection and analysis
of enormous amounts of input data, often not available [37]. Although more accurate and sophisticated
demand profiles could be achieved, such a degree of detail is not required in the context of DSM
modelling [41]. On the other hand, the “human dimension” is not to be neglected, as there is an
increasing recognition of the value of integrating social and behavioural insights into models. A “fit-
for-purpose” model, thus, is one that achieves a reasonable balance between model accuracy, data
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complexity, and computational efficiency [42]. The DREEM model builds on this concept, aiming at
the generation of accurate and realistic electricity demand profiles, avoiding unnecessary complexity.
This component uses a bottom-up approach with the spikiness of the load created by simulating the
switching on/ off of individual appliances. The individual modules use many simplified assumptions to
simulate various aspects of electricity demand (e.g., occupancy and occupants’ behaviour, sharing of
appliances, etc.), and focuses on a minimal set of easily obtainable parameters and statistics (such as
from surveys or census data).

Cs3M;: Occupancy

This module uses household composition and occupancy patterns derived from historical and statistical
data, based on the concept of fixed, a priori schedules [43]. Schedules are defined independently of the
predicted conditions during the simulation, and they represent simplified and predictable activity
scenarios according to day-types. Schedules derive either from standards or from observation-based
statistically aggregated data and include deterministic rules, where actions are perceived as direct
consequences of one or more drivers. One limitation to this approach, though, is that given their
deterministic nature, schedules typically represent environments where the occupants’ behaviour is
always foreseeable and repeatable [42].

The DREEM model builds on the simplicity of this approach using a heuristic approach to address the
limitation of repeatability. In particular, the module distinguishes three states of occupancy. States are
described in terms of a combined state variable, which consists of a first digit describing the occupancy
state (1 = “at home”, 0 = “not at home”) and a second digit describing the activity state (1 = “active”, 0
= “not active”). In order to refine the modelling of the timing of electricity demand, a second
mechanism, based on the occupants’ activities, is used. Statistical data is used to create profiles, but in
this case they are “activity profiles,” which show people’s tendencies. For example, people tend to do
cooking activities around mealtimes. Thus, each activity has its own daily profile. Furthermore, a
weighted stochastic function is applied for some days or hours of the day to make occupants more
stochastic in terms of their activity profiles (e.g., after-work/ school activities, etc.).

The next step is to link these activities to appliances. For example, watching television will obviously
require a television to be in use, etc. The latter ensures that appliances are activated at appropriate times
of day without need for detailed appliance usage statistics. For accurate demand modelling it is also
important to account for the sharing of appliances and lighting. Sharing is dependent on the number of
active occupants in a house at a given time and also on the appliance type in question, as the load profile
very much depends on the occupancy pattern [44]. Thus, electronic equipment is activated, when
appropriate, using a probability function, which depends on the active number of inhabitants. Each
person that changes its state to active can trigger a device to be turned on, and in that event a random
value between 0.7 and 1.3 is selected as weight for its power consumption. The resulting weighted
consumption time series is scaled in magnitude to match the annual power consumption for electronics.
As soon as a person leaves the house again, there is a probability that such a device turns off again.
Finally, the module distinguishes between weekdays and weekends and holidays (i.e., no occupancy),
and ensures that no appliances are left on when nobody is at home, except from individual freezers/
refrigerators and routers.

CsM>: Appliances

This module builds on the simplicity of engineering methods, determining the relationships between
end-uses and electricity demand, to estimate the final electricity consumption of the building under
study. Engineering methods rely on information of the building characteristics and end-uses themselves
to calculate consumption based on power ratings and use characteristics. Consequently, one strength of
this technique is the ability to model new technologies solely based on their traits. Additionally, the

125



Chapter 4: Empowering end-users

“Distributions” technique utilises distributions of appliance ownership and use with common appliance
ratings to calculate consumption of each end-use [13]. End-uses are specified in the “Occupancy”
module, which feeds this module with turn on/ off and TOU data. The product of appliance ownership,
appliance use, appliance rating, and the inverse of appliance efficiency, results in the electricity
consumption. This bottom-up approach has the capability of determining the total consumption of the
building without relying on historical data.

C3M3: Heating, Ventilation, and Air-Conditioning

Heating, ventilation, and air-conditioning (HVAC) systems plays a vital role in DSM modelling [45].
As a result, compared to monolithic approaches of existing models, addressing the topic of end-use in
an integrated top-down way, the operation of the HVAC system is separately handled by this individual
module, also allowing for the further inclusion of technologies that enable demand flexibility, as smart
thermostats. Typically, different modelling approaches require different levels of user skills, resolution
and details, and different levels of user customisation capability. Higher explicitness in system
representation requires more knowledge about the system because of the increasing number of
parameters for system specification, often difficult to obtain as they are not supplied by manufacturers.
Additionally, higher explicitness implies more intensive computational requirements, which makes the
analysis of the results more complicated. However, most design techniques do not require detailed
system modelling, as final consumption can be estimated by using simpler modelling approaches. As a
result, a conceptual system representation becomes sufficient when only load predictions are considered
and/ or energy saving options are investigated [46]. This module builds on the advantages of such an
approach (e.g., lower user expertise required, less input data, less intense computations, easier results
analysis, etc.) by modeling the HVAC system as a split AC unit for electric space heating/ cooling,
along with an electric pump for indoor ventilation and infiltration. This module is controlled by the
“Smart thermostat” module that allows the HVAC system to properly operate and to provide adequate
services, adjusting the control variables to meet the required setpoint in spite of disturbances and
considering the dynamic system’s characteristics.

4.3.4. Cy4: Thermal comfort

A large proportion of the energy consumed in buildings is used for thermal comfort and, thus, having a
good understanding of its implications is imperative for accurate modelling [47], especially when
studying aspects of energy poverty. However, to the best of the authors’ knowledge, most of the models
in the field do not include the thermal comfort topic under their scope. Thermal comfort is defined as
“that condition of mind that expresses satisfaction with the thermal environment” and has a great
influence on the productivity of indoor building occupants [48]. Dissatisfaction may be caused by warm
or cool discomfort of the body, or by unwanted heating/ cooling [49]. Addressing modelling gaps, this
single-module component is responsible for determining, based on international standards, appropriate
indoor thermal conditions and temperature ranges that result in thermal satisfaction of the occupants
based on the “DIN EN ISO 7730” [50], “ASHRAE 55” [51], and “EN 15251” [52] standards. It builds
on the Fanger approach [53], using the characteristic numbers “Predicted Mean Vote (PMV)” and
“Predicted Percentage of Dissatisfied (PPD)” to compute thermal comfort of occupants. The PMV
index was selected, as it works well in AC applications and not naturally ventilated buildings [47].

Typically the PMV index is based on a theoretical model combined with the results from experiments
and is written as a function of four environmental variables (temperature, T; relative humidity, ¢; mean
radiant temperature, Tm ; air velocity, v), and two individual parameters (metabolic rate, M; clothing
insulation, Icr) [54]. Metabolic rate represents the heat generated within the body (met, 1met equals to
58.2 W/m? and is said to be the metabolomic rate of a seated person at rest) [55].
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The module receives as input the activity profiles of the occupants at each time step and sets the
metabolic rate, for simplification purposes, to the value of the most thermally discomfort person.
Furthermore, clothing mediates convective, as well as radiative and evaporative heat exchange, and in
the assessment standards this effect is solely incorporated by the basic thermal insulation value Ict (clo
is a unit used to express the thermal insulation provided by garments and clothing ensembles, with 1
clo=0.155 m*K/W). The component receives signal from the simulation calendar regarding the time of
the year and respectively sets clothing insulation profiles based on tables with insulation values of
sample clothing ensembles, as derived from the “ASHRAE 55” standard. Finally, for the PPD index
the categorisation presented by the European EN 15251 standard is followed and further expanded by
adding a supplementary subcategory, as presented in Table 4.2.

Table 4.2. Applicability of the thermal comfort categories of the EN 15251 standard as adapted in the context of this study
(source: [52]).

Thermal state of the body as a whole
Category PPD (%) PMV Explanation

High level of expectation: recommended for spaces occupied by very
sensitive and fragile persons with special requirements like handicapped,

N +
! <6 0.2 <PMV <+0.2 sick children, elderly persons, etc.
11 <10 -0.5<PMV <+0.5 Normal level of expectation: used for new buildings and renovations.
111 <15 -0.7 <PMV <+0.7 Acceptable, moderate level of expectation: used for existing buildings.
v
@) <20 1 <PMV <+1 Margi'na¥ level of expectation: values that should only be accepted for a
very limited part of the day.
I table level of tation: val tside the criteria for th
) >0 PMV <-1 or PMV > +1 nacceptable level of expectation: values outside the criteria for the above

categories, that should only be accepted for a very limited part of the year.

4.3.5. Cs: Flexibility management

One of the main drawbacks of existing models is their inability to link the energy system to economic
developments and technological breakthroughs. The DREEM model addresses this issue in a structured
way for each application at hand. In particular, this component uses a bottom-up approach that initially
specifies for each building under study the available flexible devices and technologies, synchronising
their operation with the configurations of the occupants, where necessary, as obtained from the
“Occupancy” module. The “Occupancy” module is used to create consistent profiles for the devices,
meaning that devices requiring user interaction can only change their state when a person is at home.
For flexible devices the usage patterns are generated using the household configuration and it is
guaranteed that the start/ end times are synchronised with the occupancy profiles. At this version the
DREEM model focuses on the inclusion of technologies as PV installations and electricity storage (i.e.,
batteries), and devices as smart thermostats and energy management control systems. The operation of
this component’s modules is controlled by the “Control strategies” component.

CsM;: Photovoltaic installation

This module models a simple small-scale PV installation (i.e., up to 10kWpeak) with orientation. The
module takes as an input the direct and diffuse solar radiation, as derived from the “Weather/ Climate”
component, based on historical irradiance data for the geography of interest, and the location and the
orientation of the PV panel, specified by the surface tilt, latitude, and azimuth. The complete possible
monthly energy yield of the PV installation is calculated during simulation and the power generated
Ppy is computed as Ppy = A - f5¢ - - TSI, where A is the panel area, f, is the fraction of the aperture
area, 1 is the panel efficiency, and TSI is the total solar irradiation, which is the sum of direct and diffuse
irradiation. This power is equal to Ppy = v * I, where v is the voltage across the panel and i is the current
that flows through the panel. Access-energy produced has to be fed into the electric grid and thus, a
grid synchronisation is necessary.
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CsM>: Electricity storage

This module takes as an input the power Py, that should be stored in the battery (Py,¢ > 0), or that
should be extracted from the battery (Pp,; < 0), as generated from the “PV installation” module. It uses
a fictitious conductance G, such that Py, = v-1and I = v - G, where v is the voltage difference across
the pins and I is the current at the positive pin. The main output of the module is the state of charge
(SOC) of the battery. While the module does not enforce the SOC to be between zero and one, each
time it crosses this range, a warning will be written to the simulation log file. The module also does not
limit the current through the battery, and it is linked to the “Control strategies” module, which provides
appropriate control so that only a reasonable amount of power is exchanged and that the SOC remains
between appropriate ranges.

CsM;s: Smart thermostat

Typically, the performance of HVAC systems can be improved through optimised supervisory control
strategies that adjust temperature setpoints to improve the operating efficiency [56]. Building heating/
cooling control by condition means control with respect to indoor temperature [46], with the respective
control systems being either time controllers (occupancy-based controllers), or condition-based
controllers [57]. This module builds on both approaches, modelling the HVAC control system as a
typical arrangement of a thermostat and a timer. The thermostat is modelled as a typical Proportional-
Integral-Derivative (PID) process controller, which receives the indoor temperature as a measured
signal and, based on the difference of set and measured temperature, sends signal to the “HVAC”
module to yield the necessary heat flow, which is then injected into the building as convective heat
flow. However, tuning a PID controller is an important issue, as improper choice of the gains can make
the whole system unstable [57]. To do so, the “Good Gain” method, a simple experimental method,
which can be used on a real process (without any knowledge about the process to be controlled), or
simulated system, was used [58]. Finally, a hysteresis element is also included in this module to allow
the indoor air temperature to vary from the setpoint and always be kept within predetermined minimum
and maximum levels, as derived from the “Thermal comfort” component.

4.3.6. Cgs: Demand-Response

DR schemes offered to residential customers, providing directions for the development of products and
services related to the smart-grid paradigm, are considered integral part of DSM modelling. However,
most of the existing approaches deal with this topic in an isolated manner, usually exploring
implications for the electricity market, and often omitting key aspects and features of end-use. The
DREEM model addresses this gap, by bringing together all important aspects of end-use with a DR
modelling framework that builds on the concept of time-based DR methods. Time-based DR methods
are considered the most effective DSM strategies, because their inherent characteristics are more
suitable to the “real-world” unsteady and fluctuating energy consumption patterns [8]. This component
simulates DR mechanisms as derived through: (i). considering Hourly Electricity Prices (HEPs) and a
Limiting Price (LP), and (ii). a more “real-world” situation, in which a central planner that attempts to
maximise flexibility value by issuing DR signals, is assumed. This entity learns the optimal policy that
maximises its revenues through an optimisation approach based on Reinforcement Learning (RL)
theory. Although RL theory has already been used to address the topic of DR [59], to the best of our
knowledge, this is the first time that a model, which brings together all the guiding principles of DSM
modelling, uses machine learning to illustrate the decision-making framework and solve the dynamic
pricing problem in a hierarchical electricity market that considers both service provider’s profit and
consumer’s costs.
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CsM;: Hourly Electricity Prices

The electricity prices are different at each pricing period and this price variation, compared to a constant
benchmark (i.e., LP), is used to issue DR signals. HEPs are fed in the module as historical market data
for the geographical context of interest, while the LP is selected from a set of plausible constant values,
as presented in similar literature studies [60].

CsM>: A “real-world” situation

RL techniques provide insights of how agents may optimise their control of an environment. For
successful implementation in complex realistic situations, agents must derive efficient representations
of the environment and learn from past experience to handle new situations [61]. This module considers
tasks in which the agent interacts with an environment through a sequence of observations, actions, and
rewards. The goal of the agent is to select actions through an optimal policy that maximises cumulative
future reward. The RL agent (i.e., central planner) interacts with the environment (i.e., day-ahead
market and households) over time. At each time step t (i.e., each hour), the agent receives a state s;in a
state space S, and selects an action a, from an action space A4,, following a policy n (/| s;), which
simulates the agent’s behaviour (i.e., mapping from state s, to actions ;). The agent then receives a
scalar reward (or penalty) r, according to the value of its action and transitions to the next state s;+;
according to the environment dynamics and the reward function R(s,a). This approach is episodic, with
the process continuing until the agent reaches a terminal state and then it restarts (i.e., next episode).
Thereturn R, = Yoo ¥ - 7e4x is the discounted, accumulated reward with a discount factor y € (0,1].
The agent intends to maximise the expectation of such long-term return from each state and the problem
is set up in discrete state and actions spaces. The output of the RL algorithm is a value function, which
is the prediction of the expected, accumulative, discounted, future reward, measuring how good each
state, or each state-action pair is.

4.3.7. Cs: Control strategies

Finally, an important aspect of DSM modelling, often omitted by existing models, or addressed in an
isolated manner, is the inclusion of practical load control strategies that will allow price-based DR
signals, towards the smooth operation of the smart-grid paradigm. To address this modelling need, the
DREEM model includes a whole component responsible for the energy management supervision
strategy towards the achievement of energy savings and cost-effectiveness. In general, supervisory
control systems are high-level controllers that allow complete consideration of the system’s
characteristics and interactions among all elements and their associated variables [46]. This component
builds on the concept of rule-based control strategies, such as presented in previous studies [62]. The
suggested control algorithm is heuristic and uses the minimum and normal indoor temperature setpoints,
the indoor temperature of the building, and the SOC of the storage. The algorithm controls the operation
of the HVAC system and the PV and storage installations and regulates the temperature setpoints for
space heating/ cooling and the storage charging/ discharging. The indoor air temperature is generally
maintained at a constant setpoint that allows thermal comfort during occupied periods, while the control
strategy provides proper setpoints for minimum energy use, without jeopardising thermal comfort. The
proposed changes to setpoints are made by increasing, or decreasing the indoor air temperature setpoint
by small, fixed values to achieve further energy savings, while respecting thermal comfort of the
occupants. The algorithm also allows for considering DR events to enable better energy savings for
consumers through DSM supervision. The main advantages of such control strategies are that they: (i).
use the dynamic, or time-dependent increment change of controller setpoints in response to any
significant change in outdoor conditions or thermal loads by considering the dynamic interaction of
several factors, such as indoor and supply air temperature, and (ii). require neither a detailed multi-zone
variable air volume model, nor an optimisation algorithm.
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4.4. Case study

In this section the applicability of the DREEM model is demonstrated for the geographical and
socioeconomic context of Greece. Located in Southern Europe, Greece is a transcontinental country,
strategically located at the crossroads of Europe, Asia, and Africa, with a diverse geographical
landscape and a large potential in RES (i.e., high solar irradiation levels), which makes it an attractive
market choice for both small-scale PV owners and suppliers [63]. Furthermore, due to its numerous
islands, electricity interconnection of the islands with the mainland remains a continuous challenge,
with the non-interconnected islands mainly depending on conventional generation units. As a result,
Greece makes a reasonable selection for a decarbonised vision of an electricity sector that also relies on
decentralised generation and storage. The parameterisation of the individual components/ modules of
the DREEM model is presented in the next sections, along with key data inputs/ outputs, to explore the
energy performance of a single-family residence in the city of Athens, for one-year period (i.e., 1/1-
31/12 2020), by testing the following two scenarios:

1. Business-As-Usual (“SC1”): The family consumes energy according to their daily needs,
maintaining indoor temperature at comfort levels.

2. Flexibility through provision of services to the grid (“SC2”): The family invests in solar PV
and electricity storage installations, and in a smart thermostat and an advanced control device
that regulates the dwelling’s energy performance, while complying, if possible, to dynamic
market-based DR signals. The suggested control function ensures that RES self-consumption
and thermal comfort of consumers are not compromised. As a result, the potential for additional
revenue and benefits through the provision of services to the grid is evaluated.

Additionally, the DREEM model allows for seasonal simulations to account for the effects of weather
and temperature on electricity demand as in [64]. The three typical seasonal profiles considered to
present simulation results are: (I). Period 1 (mild weather): April, May, October, and November, (II).
Period 2 (hot weather): June to September, and (I1I). Period 3 (cold weather): December to March.

4.4.1. Waeather/ Climate data

The International Weather for Energy Calculations (IWEC) weather data is used [65]. The data on
weather conditions were accumulated by recording an 18-year period (1982-1999) in Athens region.
The data consists of location information, as latitude, longitude, and the time zone relative to Greenwich
Mean Time, along with detailed hourly data of temperature, relative humidity, wind speed and direction,
solar direction and radiation, etc. The annual temperature profile for the city of Athens as generated by
the model is presented in Appendix C.2. The average annual temperature is estimated at 18.8°C.

4.4.2. Building envelope & properties

The building envelope under study is a detached house, modelled as a thermal zone with four elements
for exterior walls, interior walls, floor plate, and roof, with two windows with double glazing. The floor
area of the building is 8 1m? and its height is 3.2m. Specifications of the building envelope and properties
of different elements are set according to the specifications of the Greek Energy Performance Buildings
Directive (EPBD), or “KENAK” regulation [66], as defined in the guidelines of the Technical Chamber
of Greece (TEE-TCGQG) [67]. The properties are summarised in Appendix C.3, and the U-values of each
structure element is less than the maximum requirements set by the TEE-TCG.

4.4.3. Domestic occupancy and energy demand modelling

A typical Greek nuclear (conjugal) family is assumed, consisting of two working parents and two
children; one school-aged child (6-11 years old) and one adolescent (12-18 years old). For their
occupancy profiles, fixed typical schedules were adopted. These schedules were not distinguished
between seasonal profiles, as typically parents’ working hours, or children’s school hours, are not
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differentiated between summer and winter. On the other hand, these schedules were differentiated
between weekdays and weekends, while it was assumed that all the family members were out of their
residence for family vacations for one week during Christmas and Easter, and for two weeks during
summer. Finally, a weighted stochastic function was applied for some days and evening hours to
account for some after-work/ school activities (e.g., sports, arts, outdoor education, extracurricular
activities, etc.). Higher weight values were chosen for the case of weekends, as typically people tend to
do such activities when they do not work. Activity profiles showing occupants’ tendencies were also
created to account for the types of end-use and for sleeping. These profiles were also distinguished
between weekdays and weekends as people tend to do more housekeeping activities during weekends.

Furthermore, all European Union (EU) Member States participate in community statistical programmes,
part of which is the "Development of detailed statistics on energy consumption in households (SECH)."
The SECH survey aimed at collecting data and valuable information on the household energy
consumption, on the type of final energy, and on the sources of energy used from the households,
compared with demographic and economic characteristics. To the best of our knowledge, this survey is
the most recent one for the residential sector in Greece. More details on the questionnaire design,
respondent targeting and quota sampling are provided in the respective report [68]. The appliances in
the model were configured using the SECH 2012-2013 survey data (Appendix C.4), describing their
mean total daily energy demand and associated power use characteristics, including steady-state
consumption, or typical use cycles as appropriate, along with ownership levels. For missing values, a
regression imputation analysis for Missing Completely At Random (MCAR) data was performed [69].
Additionally, activity profiles and end-uses for appliances were specified according to the statistics and
the occupancy profiles and were distinguished between working days and weekends.

4.4.4. Thermal comfort: Acceptable indoor temperature setpoints

One of the key findings from various field studies on adaptive thermal comfort is the correlation
between the mean indoor air temperature (Tair) and the prevailing mean outdoor air temperature (T,).
To define the indoor temperature setpoints that maintain thermal comfort for Period 1, a recent adaptive
model, as developed by de Dear and Brager, especially used for HVAC applications, was considered
[70]. On the other hand, to define the acceptable ranges of indoor air temperature for Period 2 and
Period 3, the correlation between PMV values and indoor temperatures was studied in a similar way
with the one presented in previous scientific studies [71]. Both periods were simulated to determine the
critical PMYV values (minimum and maximum) and indoor temperatures, and the values obtained were
used to find the linear trendline of PMV as a function of the indoor air temperature. The linear trendlines
were then used to determine the acceptable ranges of indoor temperature setpoints, by inserting lower
and upper limits of PMV values, as presented in the respective categories in Table 4.2, into the
equations of the linear trendlines. Minimum PMYV values are defined for heating, while maximum for
cooling. Appendix C.5 presents the linear trendlines of indoor air temperatures for Period 2 and Period
3. The ranges of the acceptable indoor temperature setpoints for all periods under consideration are
presented in Table 4.3.

Table 4.3. Acceptable indoor air temperature ranges for the building envelope under study.

Period 1 Period 2 Period 3

April May October November Category Min-Max Tair (°C)
T, Tair T, Tair T, Tair T, Tair I 22.9-24.6 21.7-22.6
1I 223-251 21.2-23.0
1524 2290 19.85 23.38 18.84 23.26 14.49 22.83 I 22.0-255 20.8-23.4
IV(a) 21.5-26.0 20.2-239
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4.4.5. Photovoltaic and storage installations

Following Waffenschmidt 2014, a sizing of 1-to-1 for storage capacity to PV peak power was assumed
[72], with a typical capacity for a small residential stationary storage selected (i.e., SkWpeak) as stated
in [73], with nominal voltage of 12 volts. Since storing power from the grid is out of the context of the
case study presented, Direct Current (DC) storage is a suitable choice, as it is typically applied when
the primary aim is to store solar energy directly from the PV panels and use it during peak loads.
Additionally, DC storage is lower cost, enabling retrofit in existing infrastructure, and it leverages
existing PV inverter technology.

4.4.6. Demand-Response: Real-time price-based signals

Building on the “real-world” approach, the state space of the problem at hand is defined as a three-
variable vector S = [sy,S,, 53], where s; corresponds to the System Marginal Price (SMP), s, to the
demand forecast for each household, and s3 to the actual demand of each household. For the initial
values of the state variables, historical data of 2015 for the Greek day-ahead market was used, to start
the algorithmic solution from a realistic starting point in terms of the market signals that could be issued.
The initial values of the state variables are visualised in Appendix C.6, and were scaled down to the
average consumer level using the mean annual consumption of electrical power per household in Greece
(i.e., 3,750 kWh) [74].

Additionally, it was also assumed that the agent buys electricity in SMP based on the day-ahead market
and charges the consumers according to the most common residential tariff (i.e., “G,” tariff) of the
Public Power Corporation S.A. in Greece. The price charged varies according to the total amount of
electricity consumed during the billing period [75] and the different charges are summarised in
Appendix C.6. Finally, it was assumed that the agent has to choose the optimal action to maximise its
profits from the action space A = [ay, a,, as, a4, as], which corresponds to “No Signal” (a;), “Signal
1: Shift total demand by >5%" (az), “Signal 2: Shift total demand by >10%" (a3), “Signal 3: Shift total
demand by >15%" (a4), and “Signal 4: Shift total demand by >20%” (as5). To do so, a Python
implementation of the SARSA (State Action Reward (next)State (next)Action) algorithm was
developed, as adapted [76] and further presented in Appendix C.6.

4.4.7. Control supervision

Load shifting is one of the main DR manners, as DR schemes can be more beneficial, if suppliers can
increase the value of the maximum shiftable load [77]. The control algorithm assumes that occupants
comply with the DR signals, if active at home, shifting energy demand related to appliances to the next
hour they are active, and a DR event is not signalled. Figure 4.2 depicts the flowchart of the supervisory
control strategy implemented in the context of the case study presented, and further explained in
Appendix C.7. Note that Ty is the indoor temperature setpoint, Tsetnormal 1S the normal indoor
temperature setpoint, and Tse,min 1S the minimum acceptable indoor temperature setpoint.
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Figure 4.2. Flowchart of the Momentary Control Algorithm used in the context of the case study presented as implemented
by the “Control strategies” component.

Example simulation outputs of the DREEM model for indicative single weekdays and weekend days in
winter and summer are presented in Appendix C.8.

4.5. Results and discussion

Figure 4.3, Figure 4.4, Figure 4.5, Figure 4.6, and Figure 4.7 present simulation results for both the
scenarios “SC1” and “SC2” and for all seasonal profiles considered. Additionally, Table 4.4
summarises quantified benefits of demand flexibility for consumers in the residential sector in Greece,
if they invest in PV and storage installations, along with smart devices (i.e., smart thermostat and energy
management control system), while motivated to comply with dynamic DR signals (“SC2”). All
simulations for each scenario and seasonal profile under study were performed using a Python interface
with the Dymola environment (version 2018 FDO1) on a standard PC with an Intel ® Core ™ i7- 6700U
CPU @ 2.70 GHz and 8.0 GB RAM, with an average running time of 60.8 seconds. The latter shows
the potential of the DREEM model to allow for fast simulations of complex, large systems, bringing
together all the key aspects and guiding principles of DSM and BES modelling. Detailed simulation
results for both the scenarios under study and all the three seasonal profiles considered are presented in
Appendix C.9.
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Figure 4.3. Simulation outcomes for the period April-May 2020, for both scenarios under study. a. Indoor temperature (°C),
b. PMV-index of thermal comfort, ¢. Cumulative energy consumption (kWh) of appliances, d. Cumulative energy
consumption (kWh) of the HVAC system, and e. Solar power (W) generation and energy (kWh) self-consumption owing to
the PV-battery installations for the scenario “SC2.”
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Figure 4.4. Simulation outcomes for the period October-November 2020, for both scenarios under study. a. Indoor temperature
(°C), b. PMV-index of thermal comfort, ¢. Cumulative energy consumption (kWh) of appliances, d. Cumulative energy
consumption (kWh) of the HVAC system, and e. Solar power (W) generation and energy (kWh) self-consumption owing to
the PV-battery installations, for the scenario “SC2.”

4.5.2. Period 2- Hot weather
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Figure 4.5. Simulation outcomes for the period June-September 2020, for both scenarios under study. a. Indoor temperature
(°C), b. PMV-index of thermal comfort, ¢. Cumulative energy consumption (kWh) of appliances, d. Cumulative energy
consumption of the HVAC system (kWh), and e. Solar power generation (W) and energy self-consumption (kWh) owing to
the PV-battery installations, for the scenario “SC2.”

4.5.3. Period 3- Cold weather
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Figure 4.6. Simulation outcomes for the period January-March 2020, for both scenarios under study. a. Indoor temperature
(°C), b. PMV-index of thermal comfort, ¢. Cumulative energy consumption (kWh) of appliances, d. Cumulative energy

consumption of the HVAC system (kWh), and e. Solar power generation (W) and energy self-consumption (kWh) owing to
the PV-battery installations, for the scenario “SC2.”
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Figure 4.7. Simulation outcomes for the period of December 2020, for both scenarios under study. a. Indoor temperature (°C),
b. PMV-index of thermal comfort, ¢. Cumulative energy consumption (kWh) of appliances, d. Cumulative energy
consumption of the HVAC system (kWh), and e. Solar power generation (W) and energy self-consumption (kWh) owing to
the PV-battery installations, for the scenario “SC2.”

Simulation results for the scenario “SC1” showed that the total annual electricity consumption for the
case under study is 5,969.3 kWh. Assuming that consumers pay the “G,” tariff, annual competitive
electricity charges are €1,098.1. Considering the model’s energy demand forecasting it becomes
apparent at a first glance that there is a certain deviation between the final consumption as derived from
the DREEM model, and the average annual electricity consumption per household in Greece (i.e., 3,750
kWh). However, this should be considered with the fact that the DREEM model focuses on electric
space heating/ cooling systems, supporting recent trends in energy demand emerging out of the
electrification of the heating sector. Considering that households in Greece still use oil as the primary
energy source for main space heating systems, and that the total mean annual electricity consumption
for space heating/ cooling per household is estimated at 112.5 kWh and 150 kWh respectively [74],
simulation results shed light in full electrification scenarios of heating/ cooling in the Greek residential
sector.

In particular, for a building envelope constructed post 2010 in the Climatic Zone B in Greece, which is
considered highly energy efficient, full electrification of heating is estimated at 975.4 kWh, while full
electrification of cooling is estimated at 669.1 kWh. This means that the full electrification of both
heating and cooling is estimated at a total of 1,382 kWh of extra annual electricity consumption.
Subtracting this amount of energy, the total electricity demand forecast, as derived from the DREEM
model is 4,587.3 kWh, which is closer to the annual average demand in Greece. However, results from
the SECH 2012-2013 survey data [68] reveal that the average number of occupants per households in
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the Greek residential sector is almost two and a half persons. Considering that the current study focused
on a four members family (15.83% according to the statistical data), it is obvious that the DREEM
model, while not developed solely for this purpose, forecasts electricity demand adequately.

Table 4.4. Quantified benefits of demand flexibility and self-consumption for consumers in the residential sector in Greece,
for the building envelope under study.

Total Energy Savings (kWh) Total Financial Savings (€)

Period 1 Period 2 Period 3 Period 1 Period 2 Period 3

Ap-My Oc-No Jn-Se Ja-Ma De Ap-My Oc-No Jn-Se Ja-Ma De
2283 266.3 386.0 88.4
(27.14%) (27.18%) (23.41%)  (20.13%)
497.3 626.0 475.6 91.9 179.7 143.8
(27.31%) (30.43%) (22.78%) (31.23%) (45.08%) (35.57%)
1,598.9 416.4
(26.80%) (37.86%)

On the other hand, results from scenario “SC2” indicated that, if the family under study invested in
solar PV and storage installations, along with smart thermostat and energy management control system
infrastructure, and agreed to a dynamic DR regime, total annual electricity consumption would be
4,365.8 kWh. In this case competitive electricity charges would be €681.9, while energy savings of
1,603.8 kWh and financial savings of €416.4 could be achieved. In summary, modelling findings
indicate that PV self-consumption with storage and other infrastructure combined with dynamic market
DR signals, could bring significant savings to consumers, mainly due to less electricity absorbed from
the grid. This is also validated by literature studies acknowledging that the effect of load shifting is
more effective if combined with PV self-consumption due to the diurnal cycle of PV and the fact that
many shiftable load follow the same diurnal cycle pattern [78].

However, literature studies acknowledge that PV self-consumption can be fundamentally negative for
power suppliers [79]. Especially for the case of Greece, Nikas et al., (2019) showed that allowing PV
self-consumption with storage in the residential sector could force generators to bid higher prices for
their capacity, leading to an increase in the retail price of electricity. This way generators and suppliers
could counterbalance revenue losses owing to self-consumption and the limited flexibility of the current
Greek electricity market [2]. These results highlighted a consequential risk that must be incorporated
into future policymaking, as this development could expose vulnerable social groups and customers to
burdensome charges. The study concluded that policymakers in Greece should support smart self-
consumption, triggered by measures that have a broader view of the system's state, and activated based
on price signals. Additionally, successful DR depends mainly on the capabilities of end-users in altering
their loads with a favourable manner for both the power suppliers and themselves [80].

To this end, results from the RL algorithm (Figure 4.8) showed that occupants, during the one-year
period of simulation, could comply with the 75.06% of the total signals issued, altering their demand
and adjusting thermostat setpoints to less comfortable levels, with a favourable manner for both the
supplier and them. In particular, simulation results showed that supporting smart self-consumption in
Greece through dynamic price signals allows the electricity supplier to counterbalance revenue losses
due to self-consumption by a margin of 13.15%, which, given the charges assumed, equals to €33/
household per annum. Scaling up at a national level, this is equivalent to a total offset in the range of
€239 to €256 million.
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Figure 4.8. Quantification of the optimal demand-response policy according to the reinforcement learning algorithm.

On the other hand, simulation results also showed that promoting the full electrification of heating/
cooling in the Greek residential sector could lead to an extra annual electricity consumption of 1,382
kWh. This extra amount of electricity sold to consumers could bring the supplier an additional annual
revenue of €266.24 per household, which scaling up at a national level is equivalent to a total profit in
the range of €1.92 to €2.06 billion. These estimations are rather conservative, considering that the
building envelope under study is considered highly energy efficient, and shall be further explored for
all the residential building typologies in Greece. However, they provide strong evidence, that by
promoting smart self-consumption, along with the electrification of the heating sector in Greece,
revenue losses could be offsetted, and considerable profits for the energy supplier could be achieved.
As aresult, further revenue opportunities for energy suppliers could also rise through the promotion of
electrical smart building-scale technologies that allow energy savings, coupled with electricity
generation from RES. This is also acknowledged by scientific literature suggesting a strong
technoeconomic viability when integrating smart AC systems with solar PV generation [81].

While findings of this chapter suggest that a shift to a decentralised vision of a low carbon future
electricity system in Greece, where consumers generate and store clean energy locally, and are
motivated to comply with DR signals, is a “win-win” situation for all actors involved, an important
implication should be highlighted. Part of this future electricity infrastructure will be only developed if
consumers are willing to invest in technological capabilities. Before consumers choose to expose
themselves to bilateral dynamic electricity price contracts with their suppliers, they should first pursue
the technological capabilities that enable demand flexibility. Considering that it is unlikely for
consumers to invest in new technological capabilities having flexibility of the electricity system as their
primary goal, it is reasonable to assume that consumers may only invest according to a value stemming
from increased proportion of the self-produced electricity that they consume. While technological
infrastructure is already available, though, business models and regulatory innovation are needed in
order to find ways to maximise the value of the technological capabilities, as well as to monetise them,
to compensate consumers. This is also acknowledged by recent studies in the scientific literature [82].

The current European regulatory framework leads to conditions where business models do not bring
the full value of demand-side capabilities, even when the latter are already there, due to conflicts
between the interests of consumers and market actors [83]. Given that in modern energy systems
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technological innovation will continuously pose new challenges to existing regulatory frameworks,
innovation in regulation should be as important as regulating innovation [84]. As a result, efficient
policymaking around Europe should explore “game-changer” business models that incentivise all
involved actors to incorporate demand flexibility into the markets that can valorise it.

For starters, the proposed business models and applications should not require significant changes in
the current regulatory framework, or in the current operation of the power market. As findings in this
study indicated, a reasonable start for EU Member States is focusing on the benefits from integrating
demand flexibility into the retailing operations of the utilities. Demand flexibility can be a valuable
resource for suppliers when they manage their (physical) open position. Especially in view of a high-
RES market design compatible with the EU Target Electricity Model [85], demand flexibility can
supplement their trades to minimise the costs of short-term electricity procurement.

Another potential starting point could also be the EE obligation schemes (EEOS) recently introduced,
especially in countries where awareness and maturity regarding energy savings and services market is
relatively improved [86]. The maturity of the energy service market can be benefited by such schemes,
since they usually operate as a driver to generators and suppliers for further business development,
rather than obstacles, also inducing cost reduction of penalties for non-compliance with the EEOs.

Especially in Greece, building on the modelling outcomes of this chapter, policymaking should focus
on promoting small-scale PV with technologies as battery storage or smart thermostats. Considering
the existing ambiguity in the PV market in Greece [87], such an infrastructure could generate additional
sources of revenue for consumers, which could counterbalance the phase out of the previous feed-in-
tariff (FiT) scheme [88]. In particular, policy efforts should focus on more market-based structures by
avoiding cross-subsidisation, along with appropriate promotion campaigns that will inform consumers
on the benefits of self-consumption and its influence on their electricity bill. This should be evaluated
along with the fact that electricity storage manufacturers are promising revolutionary progress regarding
cost reductions in the coming years [89], and that PV self-consumption can balance the frequency and
magnitude of peak generation events that stress the distribution network [90].

Furthermore, observing thermal comfort of occupants for each period under study, it is evident that the
PMV index is constantly inside the range [-1,1], which according to the PPD index indicate an
acceptable maximum discomfort level of 20%. The latter results from the fact that the DREEM model
includes a detailed “Thermal Comfort” component, allowing to predict in advance the comfort ranges
for each period and building typology under study. By allowing control algorithms to coordinate with
such a component and smart devices as smart thermostats, simulation results indicated that consumers
could achieve cost-effectiveness and energy savings without significant sacrifices on thermal comfort
or other energy services. This partially contradicts literature studies acknowledging that DR control
strategies realised in a passive manner through temperature setpoint adjustments, result in unacceptable
indoor environment that impair occupants’ performance [80]. Considering that the Momentary Control
Algorithm implemented in this study is not the best practice, more nuanced and advanced algorithmic
approaches can be explored, revealing the full potential of the rule-based control strategies.

Overall, simulation results show the potential of the DREEM model to quantify benefits of demand
flexibility, primarily for consumers in the residential sector, and energy providers, embodying key
capabilities that are not found together in existing models. The distinguished features of the model make
it competitive, compared to existing work in the field, as it provides dynamic high-resolution simulation
results for a whole year period in less than 5 minutes, rather than one day period [91], a limited period
(i.e., 15-20 days) [92], or a specific period of time [93], while allowing:
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o The optimal control of HVAC systems in response to real-time price-based DR signals, also
considering seasonal variability to reflect the changing level of demand between winter and
summer, rather than focusing on a single period [94].

o To bring together all important aspects of DSM and BES modelling, achieving in parallel
optimal trade-offs among electricity costs, thermal comfort, and peak power reductions in a
dynamic electricity environment, rather than only focusing on individual aspects of end-use [95].

o To test different enabling technologies (e.g., energy storage, energy management control
systems, etc.) in response to price-based DR signals, rather than only focusing on the most
commonly studied case of PV self-consumption [96].

4.6. Conclusions

Considering the future of power systems, it is often stated that residential end-users will play a more
active role in the management of electric power supply and demand and that they are expected to shift
from passive consumers to active co-suppliers called “prosumers.” To foster the role and evaluate their
impact, products and services for end-users need to be thoroughly considered through accurate
Demand-Side Management modelling. The main challenge of modelling exercises is providing the
necessary flexibility to incorporate a wide set of modelling features and guiding principles, while at the
same time include all important aspects of end-use. However, existing models address Demand-Side
Management partially or in a simplified manner, used most of the times for forecasting purposes. In
this chapter, the Dynamic high-Resolution dEmand-sidE Management (DREEM) model, which serves
as an entry point in Demand-Side Management modelling in the building sector, was presented. The
model expands the computational capabilities of existing models to assess the benefits and limitations
of demand flexibility, primarily for consumers, and for other power actors involved.

The novelty of the DREEM model lies mainly in its modularity, as its structure is decomposed into
individual modules characterised by the main principles of component- and modular-based system
modelling approach. This approach allows for more flexibility in terms of possible system
configurations and computational efficiency, exploring all the important aspects of Demand-Side
Management accurately. The latter provides the ability to incorporate future technological
breakthroughs in a detailed manner, without running into computational and other modelling
difficulties, avoiding limitations related to how much technological detail can be incorporated into the
model. It also provides the capability of producing output for a group of buildings, serving as a basis
for modelling domestic energy demand within the broader field of urban energy system analysis. To
demonstrate the capabilities of the model and its applicability, it was used to explore benefits of demand
flexibility for consumers in the residential sector in Greece, considering scenarios of decentralisation
and full electrification of heating and cooling.

Simulation results showed that promoting a synergistic co-operation between the power supplier and
the prosumer could lead to significant cost reductions and energy savings, paving the way towards
“game-changer” business models that capture new value on the supply side by coupling it to the demand
side. These outcomes have already been presented in two EC-funded events, during November 2018,
namely: "TRANSrisk Policy Lunch-Paris in Practice: Understanding the Risks and Uncertainties" in
Brussels, and "TRANSrisk & SET-Nav Regional Workshop: Decarbonising our energy system-
Transformation pathways, policies, and markets, with spotlight on Greece" in Athens. During these
events, relevant stakeholders from the field validated the potential of the DREEM model as a useful
decision support tool that provides fast answers to “What-if” scenarios. Especially policy experts and
practitioners highlighted its usefulness in the further development of business models that will increase
the value of the technological infrastructure required towards a high RES and decentralised power
system. As a result, taking advantage of the model’s capability to be integrated with other models and
be easily re-used, the authors intend to develop, and further explore such business models, by linking
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the DREEM model with the Agent-based Technology adOption Model (ATOM) [97] to explore
adoption scenarios of relevant technological infrastructure (e.g., small-scale PV, residential storage,
Information and Communication Technologies, etc.) towards a European decentralised electricity
system.

Furthermore, considering the modular structure of the DREEM model and the wide range of
functionalities that allows, it could be used to explore decarbonisation scenarios of the European
building stock. Such scenarios could enable the evaluation of the performance and replicability potential
of different energy efficiency measures, also focusing on aspects of energy poverty that have not been
thoroughly addressed so far in the scientific literature. In particular, modelling exercises could evaluate
the performance of conventional and innovative energy efficiency measures in terms of their long-term
energy savings, sustainability, risk, and return of investment. Such an evaluation would focus on
assessing the potential benefits of each measure at a disaggregated (households-neighbourhood) level,
providing utilities with valuable and actionable insights. As the DREEM model also allows for greater
sophistication, with the integration of complex dynamics of the building stock transformations into the
modelling process, it provides the capability to adopt a more interdisciplinary approach, encompassing
the inclusion of socioeconomic and demographic factors. Thus, customer profiles as well as the
particularities of energy poor households per country, will also be considered to tailor the measures and
maximise their impact.

Building on this idea, and considering developments on the smart-grid paradigm, the DREEM model
will also be coupled with a computational monetary framework [98] that uses the energy currency
concept [99] to promote incentive schemes, which, by using energy as a monetary entity, raise public
awareness on the dependence of energy consumption to individual behaviour. Such a study could shed
light on how such schemes, promoting concepts of “Peer-to-Peer” energy trading and economy [100],
could result in the mitigation of the energy consumed by local electricity distribution systems. Important
behavioural implications could be derived from this endeavour, along with a structured policy
framework that could motivate people to regulate their energy consumption as a way to financially
benefit from obtaining energy saving practices.

Finally, public engagement and trust requires greater openness from researchers whose work is meant
to suggest implications to end-users from the field of policy and practice, shaping policy strategies
towards climate change mitigation [101]. To this end, supporting efforts around Europe towards open
model development [102], the DREEM model will be made publicly available. Associate source code,
datasets, and detailed documentations, along with suitable open licenses to enable the model’s use,
modification, and republication, will be distributed through existing public channels. This effort will be
further motivated and assisted in the context of the EC-funded Horizon 2020 project “SENTINEL!! »
which aims at developing a modelling framework in support of the transition to a low-carbon energy
system in Europe, enhancing public transparency, scientific reproducibility, and open-source
development.

1 https://sentinel.energy/
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Appendix C

Appendix C.1

The D

REEM model builds on the concept of reduced-order thermal network modelling, using the

electrical circuit analogy, in which voltage is analogous to temperature (T) and current is analogous to
convective (Qconv) and radiative (Qrad) heat transfer.
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Figure C.1. RC-network representing all the main thermal masses of the building envelope in the DREEM model.

1.

The “Exterior Wall” (shorthand: Ext) element contributes to heat transfer to the ambient and is
parameterised by the length of the RC-chain (nExt) and the vector of capacities (CExt[nExt]),
connected via the vector of resistances (RExt[nExt] and remaining resistances RExtRem) to the
ambient (shorthand: AmbAir) and indoor air (shorthand: IndAir). This element also considers
radiation transmission through windows (shorthand: Win).

The “Internal Wall” (shorthand: Int) element distinguishes between internal thermal masses and
exterior walls. Given that internal masses are applicable to adiabatic conditions, this element
allows for considering the dynamic behaviour induced by internal heat storage. The element is
parameterised by the length of the RC-chain (nInt) and the vectors of capacities (CInt[nInt]) and
resistances (RInt[nInt]).

The “Floor” (shorthand: Floor) element allows for considering long-term effects that dominate
the excitation of floors and typically differ from the excitation of exterior walls. The element is
parameterised by the length of the RC-chain (nFloor) and the vectors of the capacities
(CFloor[nFloor]) and resistances (RFloor[nFloor] and remaining resistances RFloorRem).

The addition of the “Roof” (shorthand: Roof) element leads to a finer resolution of the dynamic
behaviour of the heat transfer in the building, as roofs typically exhibit the same excitations as
exterior walls but have different coefficients of heat transfer owing to their orientation. The
element is parameterised by the length of the RC-chain (nRoof) and the vectors of capacities
(CRoof[nRoof]) and resistances (RRoof[nRoof] and remaining resistances RRoofRem).
Finally, the ambient air temperature (shorthand: AmbAir) and solar irradiance (shorthand: Sol)
are derived from the “Weather/ Climate” component, while casual heat gains (shorthand: Gain)
within the building are derived from the “HVAC” and “Occupancy” modules, respectively.
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Appendix C.2
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Figure C.2. Annual dry bulb air temperature profile for the city of Athens during 2020, as generated by the DREEM model.
Appendix C.3

Table C.1. Properties and U-values of the different structure elements for the building envelope under study.

Total solar heat

Structure Surface U-values Maximum U-value allowed .
Elements A (m?) (W/m™K) (W/m*K) - Zone B t”“s‘:'g‘)“a“ce
Ext wall 28.8 0.27 0.5 -
Roof 81 0.095 0.45 -
Floor 81 0.095 0.45 -
Windows 3 2.8 3 0.46
12?;;:1 I (m) ¥ (W/m-K)
“EEI-11" 12.8 -0,20
“A-28” 36 +0,10
“All-117 36 +0,65
“I1P-4” 36 +0,50
“A-147 6 +0,05
“AK-14” 8 +0.30
“AK-14” 8 +0.30

The mean U-value of the building envelope under study can be calculated by Eq. (C.3.1):

Un = ]n=1Aj < Ummax <m2 ; K) (C.3.1)

e Uy, is the mean heat transfer coefficient of the building envelope (W/m?K),

o  Unmax is the maximum mean heat transfer coefficient allowed for the building envelope
(W/m*K),

e 1 is the number of the structure elements of the building envelope (-),

e v is the number of thermal bridges occurred at junctions between two surfaces A; of the building
envelope (-),

e A is the total surface of each structure element of the building envelope (m?),

e U is the heat transfer coefficient of each structure element j of the building envelope (W/m?-K),

e [; is the total length of thermal bridges occurred at junctions between two surfaces A; of the
building envelope (m),
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e W is the linear heat loss coefficient of thermal bridges occurred at junctions between two
surfaces A; of the building envelope (W/m-K),
e Db is acorrection factor for each structure element of the building envelope (-).

The maximum mean heat transfer coefficient allowed for the building envelope Ummax is calculated
according to specification of the TEE-TCG using the ratio of total exterior surface and total volume of

the building é. According to the Eq. (C.3.1): Uy, = 0.61 < 0.73 = Uy max (é > 1).

Appendix C.4
Table C.2. Weekly energy consumption from appliances based on the SECH 2012-2013 survey data in Greece.
Ownership Nominal Time-Of-Use Time-Of-Use Weekly
Appliances Rate Power (TOU) (TOU) consumption
(%) W) (days/week) (hours/day) (kWh/week)
Cooking
Hobs 91.82 1,600 1.56 1.92 4.77
Electric cooker with oven 86.89 2,150 2.86 3.21 19.75
Microwave oven 33.33 1,150 2.13 1.03 2.51
Toaster 61.80 1,300 2.52 0.20 0.66
Coffee maker 36.91 1,100 2.32 1.00 2.55
Water boiler 31.41 1,250 1.79 1.00 2.23
Cooker hoods 89.64 108 1.56 1.89 0.32
Lighting
Incandescent lamp (x6) 80.54 80 7.00° 3 1.68
LED lamp (x2) 4.75 10 7.00" 2 0.14
Night light (x1) 95.01 1 7.00" 8 0.06
Other appliances
Fridge-freezer 80.57 150 7.00 24.00 25.20
Dishwasher 29.02 1350 3.09 0.52 4.95
X‘;;der (without tumble 9430 500 2.46 0.50 176
Iron 94.98 1000 1.82 0.31 2.15
Vacuum cleaner 78.06 450 2.19 0.21 0.67
Color-television set 99.03 100 7.00 5.19 3.63
DVD or VCR 37.05 40 2.51 0.39 0.11
Stereo 30.59 24 421 1.00 0.17
E‘;‘:;‘;‘Z;g‘,g;cieSkt‘)p’ 41.84 300 3.06 0.53 1.10
;l: zﬂfge‘;fa::xc:fc?g 13.91 50 0.56 0.13 0.05
Li;i::,tscszZ;:,eZtc;e.g., 3821 10 7.00 24.00 1.68
Video game consoles 6,36 160 3.73 0.77 0.86
g’;rgii" mobile  phone 99.36 1 6.58 127 0.08

" Values that were assumed as the respective field was not included in the survey.

Appendix C.5

Typical seasonal activity and clothing levels, and air velocity values were assumed for the average
consumer according to the ASHRAE standard. For the activity levels, the following values were
selected: a. 1.0 met (which is equal to the energy produced per unit surface area of a seated person at
rest), b. 1.2 met (standing and relaxed), and c¢. 1.7 met (walking in the office and cooking). In terms of
clothing, the following insulation levels were selected: 1. Period 2: 0.36 clo (walking shorts, short-
sleeve shirt), 0.54 clo (knee-length skirt, short-sleeve shirt, panty hose, sandals), and 0.61 clo (trousers,
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long-sleeve shirt), 2. Period 3: 0.96 clo (trousers, long-sleeve shirt, suit jacket), 1.14 clo (trousers, long-
sleeve shirt, suit jacket, T-shirt), and 1.30 clo (trousers, long-sleeve shirt, long-sleeve sweater, T-shirt,

suit jacket, long underwear bottoms).
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Figure C.3. Defining minimum and maximum linear lines of indoor temperature setpoints for Period 2 and Period 3 for the
building envelope under study.

Appendix C.6
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Figure C.4. Historical data of 2015, for the Greek day-ahead market: a. System Marginal Price (SMP), b. Total demand
forecast and actual demand.

Table C.3. Competitive electricity consumption tariffs and other regulated charges under the “G1” scheme.

Consumption thresholds Tariff for electricity consumed
(kWh) (€/kWh)
0-2000 0.09460
>2000 0.10252
Consumption thresholds TSO charges DSO charges ETMEAR fee Other utility services
(kWh) (€/kWh) (€/kWh) (€/kWh) (€/kWh)
0-1600 0.00699
1601-2000 0.01570
0.00527 0.0213 0.02477
2001-3000 0.03987
>3000 0.04488

Table C.4. SARSA algorithm: pseudocode as adapted from Sutton and Barto (2017) [89].

Output: action value Q

Initialise Q arbitrarily, e.g., to O for all states, set action value for terminal states as 0
initialise state s «— historical data
until O converges
for cach episode do
for each step of episode, state s is not terminal do
a < action for s derived by Q, e.g., e-greedy
take action a, observe 7, s’
a' < action for s’ derived by Q, e.g., e-greedy
Q(s,a) « Q(s,a) +a-[r+y-Q(s’a) = Qs a))]
s<s',a«<—a
End
end

state s «— simulation results

SARSA is an on-policy control method to find the optimal policy with the update rule Q(s,a) «
Q(s,a) +a-[r+vy-Q(s',a") — Q(s',a’)]. From an optimal action value function, the optimal policy
is derived. The algorithmic solution is recursive with the state variables s, and s; taking the values of
the simulation results at the end of each iteration, until the value function (i.e., Q-value) converges with
a predetermined accuracy. The state variable s; remains the same for each iteration. Then, the optimal
policy that maximises the agent’s reward is derived.

Appendix C.7
At each hour ty, using Eq. (C.7.1), the Momentary Control Algorithm assumes that the energy demand

is equal to:

t t —
Ea}zlnp_load = Ealzlzp_load,o + DR (C.7.1)

where E ggp_l oaa,o 18 the original energy demand at time interval t, and DR 1 is the energy shifted

from the previous hour. The constraint of DRt»~1 is expressed using Eq. (C.7.2):

DRth—l > _DRth_1 (C.7.2)

max

where DR,t,’[a_x1 is the maximum deferrable energy load that can be shifted as suggested by the results of
the RL algorithm. When it comes to the energy needs of the occupants related to the appliances they
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use, load shedding is out of scope of the current study, as the initial premise is that occupants don’t
need to sacrifice neither thermal comfort nor energy services. At the end of the simulation period (i.e.,
N), the total deferrable load related to the use of appliances must satisfy Eq. (C.7.3):

N
> bR =0
t=1 (C.7.3)

Furthermore, if a DR event is not signalled, the HVAC system is turned on (using electricity from the
grid) and a normal temperature setpoint (i.e., Category I or 11, Table 4.2) is used for space heating/
cooling. If the battery is not fully charged (i.e., SOC less than 80%), then the solar power generated
charges the storage, else, if the storage is fully charged, then the solar power generated is fed to the
grid. If a DR event is signalled, then the algorithm sends signal to the occupant to shift the energy
demand for the next one hour and uses a minimum temperature setpoint for space heating/ cooling (i.e.,
Category III or IV(a), Table 4.2). During a DR event, the control algorithm checks the indoor
temperature of the building and the storage’s SOC. If the indoor temperature of the building is less than
the minimum temperature setpoint (heating), or more than the minimum temperature setpoint (cooling),
then the HVAC system is turned on (using electricity from the grid or storage), otherwise it is turned
off (i.e., the indoor temperature is considered acceptable and will be balanced through natural
convention). Additionally, if the storage is semi-charged (i.e., SOC more than 0.5), then it is discharged
and the solar power generated is fed to the grid, otherwise it charges the storage. Finally, while a
continuous operation of the HVAC system throughout the day could easily satisfy thermal comfort, it
could also lead to unnecessary energy overconsumption as the occupancy is intermittent. Therefore,
during unoccupied times and periods the HVAC system is turned off.
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Figure C.5. Example simulation outputs of the DREEM model for indicative single weekdays and weekend days in winter.
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Figure C.6. Example simulation outputs of the DREEM model for indicative single weekdays and weekend days in summer.

Appendix C.9
Table C.5. Detailed simulation results for both the scenarios “SC1” and “SC2,” and all the three seasonal profiles considered.
“SC]” “SCZ”
Period 1 Period 2 Period 3 Period 1 Period 2 Period 3
Ap-My  Oc-No Jn-Se Ja-Ma De Ap-My Oc-No Jn-Se Ja-Ma De
] 703.7 768.5 1,149.8 3149 703.7 768.5 1,149.9 3149
2
g
Energy B
consumption < 1,472.2 1,387.9 1,463.6 1,472.2 13879 1,463.6
(kWh) O 137.6 211.1 498.9 127.8 127.5 135.7 401.9 120.9
<
>
T 348.7 669.1 626.7 263.2 572.2 522.8
‘CSCZQQ
Period 1 Period 2 Period 3
Ap-My Oc-No Jn-Se Ja-Ma De
10.1 75.4 97 6.9
Energy (7.34%) (35.72%) (19.47%) (5.39%)
savings - 85.5 96.9 103.9
setpoints (24.5%) (14.48%) (16.58%)
adjustment
(kWh) 286.3
(17.41%)
218.2 193.6 289.1 87.3
Energy
savings - (25.93%) (19.77%) (17.53%) (19.87%)
PV-storage 411.8 529.1 376.4
self- (22.62%) (25.72%) (18.04%)
consumption 1,317.3
kWh
( ) (22.09%)
“SCI” “Scz”
Period 1 Period 2 Period 3 Period 1 Period 2 Period 3
Ap-My Oc-No Jn-Se Ja-Ma De Ap-My Oc-No Jn-Se Ja-Ma De
Total
electricity 841.3 979.6 1,648.7 4427 613.0 710.6 1,262.7 348.5
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consumed
from the grid 1,820.9 2,057.0 2,091.4 1,323.6 1,431.0 1,611.2
(kWh)
5,969.3 4,365.8
2943 398.5 4043 202.4 218.8 260.5
Total cost of
electricity (€) 1,098.1 681.7

W
W



“hapter 4: Empowering end-users
Chapter 4: Empowering end

References

[1] Michas S, Stavrakas V, Spyridaki N-A, Flamos A. Identifying Research Priorities for the further
development and deployment of Solar Photovoltaics. Int J Sustain Energy 2019;38.
doi:10.1080/14786451.2018.1495207.

[2] Nikas A, Stavrakas V, Arsenopoulos A, Doukas H, Antosiewicz M, Witajewski-baltvilks J, et al. Barriers
to and consequences of a solar-based energy transition in Greece. Environ Innov Soc Transitions 2018:1-17.
doi:10.1016/j.eist.2018.12.004.

[3] Schlachtberger DP, Becker S, Schramm S, Greiner M. Backup flexibility classes in emerging large-scale
renewable electricity systems. Energy Convers Manag 2016;125:336—46. doi:10.1016/j.enconman.2016.04.020.

[4] Lampropoulos I, Kling WL, Ribeiro PF, Van Den Berg J. History of demand side management and
classification of demand response control schemes. IEEE Power Energy Soc Gen Meet 2013:1-5.
doi:10.1109/PESMG.2013.6672715.

[5] Palensky P, Dietrich D. Demand side management: Demand response, intelligent energy systems, and
smart loads. IEEE Trans Ind Informatics 2011;7:381-8. doi:10.1109/T11.2011.2158841.

[6] Albadi MH, El-Saadany EF. Demand Response in Electricity Markets: An Overview. 2007 IEEE Power
Eng Soc Gen Meet 2007:1-5. doi:10.1109/PES.2007.385728.

[7] Yu L, Li YP, Huang GH, An CJ. A robust flexible-probabilistic programming method for planning
municipal energy system with considering peak-electricity price and electric vehicle. Energy Convers Manag
2017;137:97-112. doi:10.1016/j.enconman.2017.01.028.

[8] SuH, Zio E, Zhang J, Chi L, Li X, Zhang Z. A systematic data-driven Demand Side Management method

for smart natural gas  supply  systems. Energy  Convers Manag  2019;185:368-83.
doi:10.1016/j.enconman.2019.01.114.

[9] Borsche T, Andersson G. A review of demand response business cases. IEEE PES Innov Smart Grid
Technol Conf Eur 2015;2015-Janua:1-6. doi:10.1109/ISGTEurope.2014.7028916.
[10] Shariatzadeh F, Mandal P, Srivastava AK. Demand response for sustainable energy systems: A review,

application and  implementation  strategy. Renew  Sustain  Energy Rev  2015;45:343-50.
doi:10.1016/j.rser.2015.01.062.

[11] Parag Y, Sovacool BK. Electricity market design for the prosumer era. Nat Energy 2016;1:16032.
doi:10.1038/nenergy.2016.32.

[12] Geelen D, Reinders A, Keyson D. Empowering the end-user in smart grids: Recommendations for the
design of products and services. Energy Policy 2013;61:151-61. doi:10.1016/j.enpo01.2013.05.107.

[13] Swan LG, Ugursal VI. Modeling of end-use energy consumption in the residential sector: A review of
modeling techniques. Renew Sustain Energy Rev 2009;13:1819-35. doi:10.1016/j.rser.2008.09.033.

[14] Mai W, Chung CY. Model predictive control based on thermal dynamic building model in the demand-
side management. IEEE Power Energy Soc Gen Meet 2016;2016-Novem:1-5.
doi:10.1109/PESGM.2016.7741437.

[15] Pradhan V, Balijepalli VSKM, Khaparde SA. An effective model for demand response management
systems of residential electricity consumers. IEEE Syst J 2016;10:434-45. doi:10.1109/JSYST.2014.2336894.
[16] Gottwalt S, Gérttner J, Schmeck H, Weinhardt C. Modeling and valuation of residential demand
flexibility = for renewable energy integration. IEEE  Trans Smart Grid 2017;8:2565-74.
doi:10.1109/TSG.2016.2529424.

[17] Croce D, Giuliano F, Tinnirello I, Galatioto A, Bonomolo M, Beccali M, et al. Overgrid: A Fully
Distributed Demand Response Architecture Based on Overlay Networks. IEEE Trans Autom Sci Eng
2017;14:471-81. doi:10.1109/TASE.2016.2621890.

[18] Mahmoudi N, Shafie-khah M, Saha TK, Cataldao JPS. Customer-driven demand response model for
facilitating roof-top PV and wind power integration. IET Renew Power Gener 2017;11:1200—10. doi:10.1049/iet-
1pg.2016.0752.

156



“hapter 4: Empowering end-users
Chapter 4: Empowering end

[19] Martirano L, Habib E, Parise G, Greco G, Manganelli M, Massarella F, et al. Demand Side Management
in Microgrids for Load Control in Nearly Zero Energy Buildings. IEEE Trans Ind Appl 2017;53:1769-79.
doi:10.1109/TIA.2017.2672918.

[20] Ren H, Wang F, Zhou L, Liu X, Catalao JPS, Talari S, et al. Multi-Objective Optimization Model of
Source—Load—Storage Synergetic Dispatch for a Building Energy Management System Based on TOU Price
Demand Response. IEEE Trans Ind Appl 2017;54:1017-28. doi:10.1109/tia.2017.2781639.

[21] Hu M, Xiao F. Price-responsive model-based optimal demand response control of inverter air
conditioners using genetic algorithm. Appl Energy 2018;219:151-64. doi:10.1016/j.apenergy.2018.03.036.

[22] Sivaneasan B, Kandasamy NK, Lim ML, Goh KP. A new demand response algorithm for solar PV
intermittency management . Appl Energy 2018;218:36—45. doi:10.1016/j.apenergy.2018.02.147.

[23] Alimohammadisagvand B, Jokisalo J, Sirén K. Comparison of four rule-based demand response control
algorithms in an electrically and heat pump-heated residential building. Appl Energy 2018;209:167-79.
doi:10.1016/j.apenergy.2017.10.088.

[24] Pereverza K, Pasichnyi O, Kordas O. Modular participatory backcasting: A unifying framework for
strategic planning in the heating sector. Energy Policy 2019;124:123-34. doi:10.1016/j.enp0l.2018.09.027.

[25] Nikas A, Doukas H, Papandreou A. A Detailed Overview and Consistent Classification of Climate-
Economy Models. In: Doukas H, Flamos A, Lieu J, editors. Underst. Risks Uncertainties Energy Clim. Policy
Multidiscip. Methods Tools a Low Carbon Soc., Springer, Cham; 2018, p. 1-54. d0i:10.1007/978-3-030-03152-
7.

[26] Wetter M, Haugstetter C. Modelica versus TRNSYS—A comparison between an equation-based and a
procedural modeling language for building energy simulation. Second Natl. IBPSA-USA Conf. Cambridge, MA
August 2-4, 2006 Model., vol. 11, 2006, p. 262-9.

[27] Wetter M. Co-simulation of building energy and control systems with the building controls virtual test
bed. J Build Perform Simul 2011;4:185-203. doi:10.1080/19401493.2010.518631.

[28] Wetter M. Modelica-based modelling and simulation to support research and development in building
energy and control systems. J Build Perform Simul 2009;2:143-61.

[29] Zuo W, Wetter M, Tian W, Li D, Jin M, Chen Q. Coupling indoor airflow, HVAC, control and building
envelope heat transfer in the Modelica Buildings library. J Build Perform Simul 2016;9:366-81.
doi:10.1080/19401493.2015.1062557.

[30] Biinning F, Sangi R, Miiller D. A Modelica library for the agent-based control of building energy
systems. Appl Energy 2017;193:52-9. doi:10.1016/j.apenergy.2017.01.053.

[31] Lauster M, Remmen P, Fuchs M, Teichmann J, Streblow R, Miiller D. Modelling long-wave radiation
heat exchange for thermal network building simulations at urban scale using Modelica. Proc. 10th Int. Model.
March 10-12, 2014, Lund, Sweden, 2014, p. 125-33. doi:10.3384/ecp14096125.

[32] Wetter M, Bonvini M, Nouidui TS. Equation-based languages - A new paradigm for building energy
modeling, simulation and optimization. Energy Build 2016;117:290-300. doi:10.1016/j.enbuild.2015.10.017.
[33] Cebecauer T, Suri M. Typical Meteorological Year Data: SolarGIS Approach. Energy Procedia
2015;69:1958-69. doi:10.1016/j.egypro.2015.03.195.

[34] Wilcox S, Marion W. Users Manual for TMY3 Data Sets. Technical Report. 2008.

[35] Zhao F, Lee SH, Augenbroe G. Reconstructing building stock to replicate energy consumption data.
Energy Build 2016;117:301-12. doi:10.1016/j.enbuild.2015.10.001.

[36] Lauster M, Teichmann J, Fuchs M, Streblow R, Mueller D. Low order thermal network models for
dynamic simulations of buildings on city district scale. Build Environ 2014;73:223-31.
doi:10.1016/j.buildenv.2013.12.016.

[37] Mckenna E, Thomson M. High-resolution stochastic integrated thermal — electrical domestic demand
model. Appl Energy 2016;165:445-61. doi:10.1016/j.apenergy.2015.12.089.

157



“hapter 4: Empowering end-users
Chapter 4: Empowering end

[38] Harish VSKV, Kumar A. Reduced order modeling and parameter identification of a building energy
system model through an optimization routine. Appl Energy 2016;162:1010-23.
doi:10.1016/j.apenergy.2015.10.137.

[39] Richardson I, Thomson M, Infield D, Clifford C. Domestic electricity use: A high-resolution energy
demand model. Energy Build 2010;42:1878-87. doi:10.1016/j.enbuild.2010.05.023.

[40] McKenna E, Krawczynski M, Thomson M. Four-state domestic building occupancy model for energy
demand simulations. Energy Build 2015;96:30-9. doi:10.1016/j.enbuild.2015.03.013.

[41] Hoogsteen G, Molderink A, Hurink JL, Smit GJM. Generation of Flexible Domestic Load Profiles to
Evaluate Demand Side Management Approaches. 2016 IEEE Int. Energy Conf. (ENERGYCON), 4-8 April,
Leuven, Belgium: IEEE; 2016. doi:10.1109/ENERGYCON.2016.7513873.

[42] Gaetani I, Hoes PJ, Hensen JLM. Occupant behavior in building energy simulation: Towards a fit-for-
purpose modeling strategy. Energy Build 2016;121:188-204. doi:10.1016/j.enbuild.2016.03.038.

[43] Yao R, Steemers K. A method of formulating energy load profile for domestic buildings in the UK.
Energy Build 2005;37:663—71. doi:10.1016/j.enbuild.2004.09.007.

[44] Richardson I, Thomson M, Infield D. A high-resolution domestic building occupancy model for energy
demand simulations. Energy Build 2008;40:1560—6. doi:10.1016/j.enbuild.2008.02.006.

[45] Wang F, Li K, Dui¢ N, Mi Z, Hodge BM, Shafie-khah M, et al. Association rule mining based
quantitative analysis approach of household characteristics impacts on residential electricity consumption
patterns. Energy Convers Manag 2018;171:839-54. doi:10.1016/j.enconman.2018.06.017.

[46] Tréka M, Hensen JLM. Overview of HVAC system simulation. Autom Constr 2010;19:93-9.
doi:10.1016/j.autcon.2009.11.019.

[47] Yang L, Yan H, Lam JC. Thermal comfort and building energy consumption implications - A review.
Appl Energy 2014;115:164—73. doi:10.1016/j.apenergy.2013.10.062.

[48] Alimohammadisagvand B, Alam S, Ali M, Degefa M, Jokisalo J, Sirén K. Influence of energy demand
response actions on thermal comfort and energy cost in electrically heated residential houses. Indoor Built Environ
2017;26:298-316. doi:10.1177/1420326X15608514.

[49] Du P, Zheng LQ, Xie BC, Mahalingam A. Barriers to the adoption of energy-saving technologies in the
building sector: A survey study of Jing-jin-tang, China. Energy Policy 2014;75:206-16.
doi:10.1016/j.enpol.2014.09.025.

[50] DIN EN ISO 7730. Ergonomics of the thermal environment - Analytical determination and interpretation
of thermal comfort using calculation of the PMV and PPD indices and local thermal comfort criteria 2005.

[51] Taleghani M, Tenpierik M, Kurvers S, Van Den Dobbelsteen A. A review into thermal comfort in
buildings. Renew Sustain Energy Rev 2013;26:201-15. doi:10.1016/j.rser.2013.05.050.

[52] CEN Ce. CEN Standard EN15251. In: Indoor environmental input parameters for design and assessment
of energy performance of buildings addressing indoor air quality, thermal environment, lighting and acoustics
2007.

[53] Fanger PO. Thermal comfort: Analysis and applications in environmental engineering. Danish Tech
Press 1970.

[54] Luo M, Wang Z, Ke K, Cao B, Zhai Y, Zhou X. Human metabolic rate and thermal comfort in buildings:
The problem and challenge. Build Environ 2018;131:44-52. doi:10.1016/j.buildenv.2018.01.005.

[55] Havenith G, Holme I. Personal Factors in Thermal Comfort Assessment Clothing Properties and
Metabolic Heat Production Pdf Free Ebook Download From Bellsouthpwp.Net. Energy Build 2002;34.

[56] Nassif N, Moujaes S. A cost-effective operating strategy to reduce energy consumptionin a HVAC
system. Int J Energy Res 2008;32:543-558. doi:10.1002/er.1364.

[57] Dounis Al, Caraiscos C. Advanced control systems engineering for energy and comfort management in
a building environment-A review. Renew Sustain Energy Rev 2009;13:1246—61. doi:10.1016/j.rser.2008.09.015.

[58] Haugen F. The good gain method for simple experimental tuning of PI controllers. Model Identif Control
2012;33:141-52. doi:10.4173/mic.2012.4.3.

158



“hapter 4: Empowering end-users
Chapter 4: Empowering end

[59] Lu R, Hong SH, Zhang X. A Dynamic pricing demand response algorithm for smart grid: Reinforcement
learning approach. Appl Energy 2018;220:220-30. doi:10.1016/j.apenergy.2018.03.072.

[60] Alimohammadisagvand B, Jokisalo J, Kilpeldinen S, Ali M, Sirén K. Cost-optimal thermal energy
storage system for a residential building with heat pump heating and demand response control. Appl Energy
2016;174:275-87. doi:10.1016/j.apenergy.2016.04.013.

[61] Volodymyr M, Koray K, David S, Andrei AR, Joel V, Marc GB, et al. Human-level control through deep
reinforcement learning. Nature 2015;518:529-533. doi:10.1038/nature14236.

[62] Ruusu R, Cao S, Manrique Delgado B, Hasan A. Direct quantification of multiple-source energy
flexibility in a residential building using a new model predictive high-level controller. Energy Convers Manag
2019;180:1109-28. doi:10.1016/j.enconman.2018.11.026.

[63] Chatzisideris MD, Laurent A, Christoforidis GC, Krebs FC. Cost-competitiveness of organic
photovoltaics for electricity self-consumption at residential buildings: A comparative study of Denmark and
Greece under real market conditions. Appl Energy 2017;208:471-9. doi:10.1016/j.apenergy.2018.03.019.

[64] Christoforidis GC, Panapakidis IP, Papagiannis GK, Papadopoulos TA, Koumparou I, Hatzipanayi M,
et al. Investigating net-metering variant policies: The case of Greece. 2015 IEEE 15th Int Conf Environ Electr
Eng EEEIC 2015 - Conf Proc 2015:2023-8. doi:10.1109/EEEIC.2015.7165486.

[65] ASHRAE. International Weather for Energy Calculations (IWEC Weather Files) Users Manual and CD-
ROM 2001.

[66] Spyridaki NA, Ioannou A, Flamos A, Oikonomou V. An ex-post assessment of the regulation on the
energy performance of buildings in Greece and the Netherlands—a cross-country comparison. Energy Effic
2016;9:261-79. doi:10.1007/s12053-015-9363-1.

[67] Technical Chamber of Greece. Technical Directive 20701-1: National Specifications of Parameters for
Calculating the Energy Performance of Buildings and the Issue of the Energy Performance Certificate. 2017.

[68] Hellenic Statistical Authority E. Development of detailed statistics on Energy consumption in
Households-2011/2012. Quality Report. Hellenic Statistical Authority; 2013.
[69] Crambes C, Henchiri Y. Regression imputation in the functional linear model with missing values in the

response. J Stat Plan Inference 2019;201:103-19. doi:10.1016/].jspi.2018.12.004.

[70] de Dear RJ, BragerG.S. Developing an adaptive model of thermal comfort and preference. ASHRAE
Trans 1998;104:145-67.

[71] Brennan L, Owende P. Biofuels from microalgae-A review of technologies for production, processing,
and extractions of biofuels and co-products. Renew Sustain Energy Rev 2010;14:557-77.
doi:10.1016/j.rser.2009.10.009.

[72] Waffenschmidt E. Dimensioning of decentralized photovoltaic storages with limited feed-in power and

their impact on the distribution grid. Energy Procedia 2014;46:88—97. doi:10.1016/j.egypro.2014.01.161.

[73] Pfeifer A, Dobravec V, Pavlinek L, Krajac¢i¢ G, Dui¢ N. Integration of renewable energy and demand
response technologies in interconnected energy systems. Energy 2018;161:447-55.
doi:10.1016/j.energy.2018.07.134.

[74] Dascalaki EG, Balaras CA, Kontoyiannidis S, Droutsa KG. Modeling energy refurbishment scenarios
for the Hellenic residential building stock towards the 2020 & 2030 targets. Energy Build 2016;132:74-90.
doi:10.1016/j.enbuild.2016.06.003.

[75] Christoforidis GC, Panapakidis IP, Papadopoulos TA, Papagiannis GK, Koumparou I, Hadjipanayi M,
et al. A model for the assessment of different Net-Metering policies. Energies 2016;9. doi:10.3390/en9040262.

[76] Sutton RS, Barto AG. Reinforcement Learning: An Introduction (2nd Edition, in preparation) 2017.

[77] Vahid-Pakdel MJ, Nojavan S, Mohammadi-ivatloo B, Zare K. Stochastic optimization of energy hub
operation with consideration of thermal energy market and demand response. Energy Convers Manag
2017;145:117-28. doi:10.1016/j.enconman.2017.04.074.

159



“hapter 4: Empowering end-users
Chapter 4: Empowering end

[78] Salpakari J, Mikkola J, Lund PD. Improved flexibility with large-scale variable renewable power in cities
through optimal demand side management and power-to-heat conversion. Energy Convers Manag 2016;126:649—
61. doi:10.1016/j.enconman.2016.08.041.

[79] Eyre N, Darby SJ, Griinewald P, McKenna E, Ford R. Reaching a 1.5C target: Socio-technical challenges
for a rapid transition to low carbon electricity systems. Philos Trans R Soc A Math Phys Eng Sci 2017:1-20.

[80] Yan C, Xue X, Wang S, Cui B. A novel air-conditioning system for proactive power demand response
to smart grid. Energy Convers Manag 2015;102:239-46. doi:10.1016/j.enconman.2014.09.072.

[81] Novaes Pires Leite G de, Weschenfelder F, Aratijo AM, Villa Ochoa AA, Franca Prestrelo Neto N da,
Kraj A. An economic analysis of the integration between air-conditioning and solar photovoltaic systems. Energy
Convers Manag 2019;185:836—49. doi:10.1016/j.enconman.2019.02.037.

[82] Li K, Liu L, Wang F, Wang T, Dui¢ N, Shafie-khah M, et al. Impact factors analysis on the probability
characterized effects of time of use demand response tariffs using association rule mining method. Energy
Convers Manag 2019;197. doi:10.1016/j.enconman.2019.111891.

[83] Wolisz H, Punkenburg C, Streblow R, Miiller D. Feasibility and potential of thermal demand side
management in residential buildings considering different developments in the German energy market. Energy
Convers Manag 2016;107:86-95. doi:10.1016/j.enconman.2015.06.059.

[84] Rubino A. Network charges in a low CO2 world. Nat Energy 2018;3:255-6. doi:10.1038/s41560-018-
0115-2.

[85] Newbery D, Pollitt, Michael G, Ritz RA, Strielkowski W. Market design for a high-renewables European
electricity system. Renew Sustain Energy Rev 2018;91:697-707. doi:10.1016/j.rser.2018.04.025.

[86] Capgemini. Energy efficiency EU directive and its impacts on Ultilities business models 2011:4.

[87] Papadelis S, Stavrakas V, Flamos A. What do capacity deployment rates tell us about the efficiency of
electricity generation from renewable energy sources support measures in Greece? Energies 2016:9.
doi:10.3390/en9010038.

[88] Papadelis S, Flamos A. An application of calibration and uncertainty quantification techniques for agent-
based models. In: Doukas H, Flamos A, Lieu J, editors. Underst. Risks Uncertainties Energy Clim. Policy -
Multidiscip. Methods Tools a Low Carbon Soc. Springer B. Ser., Springer, Cham; 2019, p. 79-95.
doi:https://doi.org/10.1007/978-3-030-03152-7 3.

[89] Camilo FM, Castro R, Almeida ME, Pires VF. Economic assessment of residential PV systems with self-
consumption and storage in Portugal. Sol Energy 2017;150:353-62. doi:10.1016/j.solener.2017.04.062.

[90] Kyriakopoulos GL, Arabatzis G. Electrical energy storage systems in electricity generation : Energy
policies , innovative technologies , and regulatory regimes. Renew Sustain Energy Rev 2016;56:1044—67.
doi:10.1016/j.rser.2015.12.046.

[91] Wang A, LiR, You S. Development of a data driven approach to explore the energy flexibility potential
of building clusters. Appl Energy 2018;232:89-100. doi:10.1016/j.apenergy.2018.09.187.

[92] Hu M, Xiao F, Jergensen JB, Li R. Price-responsive model predictive control of floor heating systems
for demand response using building thermal mass. Appl Therm Eng 2019;153:316-29.
doi:10.1016/j.applthermaleng.2019.02.107.

[93] Pallonetto F, Oxizidis S, Milano F, Finn D. The effect of time-of-use tariffs on the demand response
flexibility = of an  all-electric  smart-grid-ready  dwelling.  Energy  Build  2016;128:56—67.
doi:10.1016/j.enbuild.2016.06.041.

[94] Adhikari R, Pipattanasomporn M, Rahman S. An algorithm for optimal management of aggregated
HVAC power demand using smart thermostats. Appl Energy 2018;217:166-717.
doi:10.1016/j.apenergy.2018.02.085.

[95] Neves D, Pina A, Silva CA. Comparison of different demand response optimization goals on an isolated
microgrid. Sustain Energy Technol Assessments 2018;30:209—15. doi:10.1016/j.seta.2018.10.006.

[96] Stavrakas V, Papadelis S, Flamos A. An agent-based model to simulate technology adoption quantifying
behavioural uncertainty of consumers. Appl Energy 2019;255:113795. doi:10.1016/j.apenergy.2019.113795.

160



“hapter 4: Empowering end-users
Chapter 4: Empowering end

[97] Marinakis V, Doukas H. An advanced IoT-based system for intelligent energy management in buildings.
Sensors (Switzerland) 2018;18. doi:10.3390/518020610.

[98] Sgouridis S, Kennedy S. Tangible and fungible energy : Hybrid energy market and currency system for
total energy management . A Masdar City case study. Energy Policy 2010;38:1749-58.
doi:10.1016/j.enpol.2009.11.049.

[99] Zhang C, Wu J, Zhou Y, Cheng M, Long C. Peer-to-Peer energy trading in a Microgrid. Appl Energy
2018;220:1-12. doi:10.1016/j.apenergy.2018.03.010.

[100] Pfenninger S. Energy scientists must show their workings. Nature 2017;542:393. doi:10.1038/542393a.

[101] Morrison R. Energy system modeling : Public transparency , scienti fi ¢ reproducibility , and open
development. Energy Strateg Rev 2018;20:49—63. doi:10.1016/j.esr.2017.12.010.

161



Chapter 5: Discussion and conclusions

Chapter 5 - Discussion and conclusions

Nomenclature

5. Discussion and conclusions

5.1. Conclusions

5.2. Summary of results and discussion of key findings
5.2.1. Reflecting on the thematic research questions of the dissertation thesis..........c.ccocevevercrieeenne.
5.2.2. Reflecting on the overarching research question of the dissertation thesis............ccccceevvereennne

5.3. Overall contribution of the dissertation thesis

5.3.1.  Contribution of the dissertation thesis to the field of energy system modelling ...............c.........
5.3.2.  Contribution of the dissertation thesis to the field of policymaking ..............ccooevvvveervenieniiennne
5.3.3. Contribution of the dissertation thesis to the fields of research and academia ...........................
5.4. Limitations and prospects for further research
Appendix D

Scientific articles published in peer-reviewed JOUrNALS............ccveviieiieieeieeiereeeee e
Scientific articles currently under revision in peer-reviewed journals ...........cocceeceeoeeiierieiienieneeseeeee
Working scientific articles to be soon submitted in peer-reviewed journals...........cccccevverierieienieneennen.
Announcements in international peer-reviewed CONferencCes. .........cevvereerieerieiiieiierieneese e eeeseeeees
Technical reports & Other STUAIES ......ccvieriieiiiiieiecieiieie et eee st sttt et e et e e estaeste e beeseessessaesseesseenseensenes
References.

162

163
164
164
166
166
173
174
174
178
180
180
185
185
186
186
186
187
189



Chapter 5: Discussion and conclusions

Nomenclature

Acronyms & abbreviations

Agent-based model/ Agent-based

ABM . FiT Feed-in-tariff
modelling
Agent- Technol ti
ATOM gent-based Technology adOption GHG Greenhouse gas
Model
CO, Carbon dioxide H2020 Horizon 2020 Research Programme
DR Demand-Response KPI Key performance indicator

DREEM Dynamic high-Resolution dEmand-

PV Photovoltai
sidE Management otovottaie
DSM Demand-side management RES Renewable energy sources
EC European Commission RES-E Electricity generation from RES
EEOS Energy efficiency obligation scheme TEEM TEESlab Modelling
EU European Union TEESIlab Technoeconomics of Energy

Systems laboratory

EUS Energy union strategy
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5. Discussion and conclusions

This Chapter summarises results and discusses key findings of the dissertation thesis, while reflecting
on implications for end-users from the fields of policy and practice. It also summarises the contribution
of the thesis to fields of research and academia, and energy system modelling. It concludes with
limitations of the thesis and concrete suggestions for further research.

5.1. Conclusions

The European Commission’s (EC’s) energy union strategy (EUS) stresses out the importance of putting
“citizens at the core” of the energy transition and envisions a Europe where “citizens take ownership of
the energy transition, benefit from new technologies to reduce their bills, participate actively in the
market, and where vulnerable consumers are protected.” Increasing the European Union’s (EU’s)
climate ambition is expected to lead to the complete transformation of the current energy system by
investing in feasible and innovative technological options and by empowering end-users/ citizens and
including them in the energy transition.

Considering the latter, this dissertation thesis builds on the premise that the shift to a more
decentralised vision of a low-carbon energy system in Europe, where end-users (consumers/ citizens)
take ownership of the energy transition, benefit from new technologies to reduce their bills, and
actively participate in the market, implies that part of the necessary infrastructure will be only
developed if end-users are willing to invest in/ pursue the technological capabilities required.
However, considering that it is unlikely for end-users to invest in new technological capabilities
having the support (e.g., flexibility, etc.) of the energy system as their primary goal, it is reasonable
to assume that they may only invest according to a value stemming from increased proportion of the
self-produced energy that they consume.

Furthermore, supporting the EU’s climate vision, energy system models have been at the heart of the
EU’s climate and energy scenarios, assisting policymakers to unpack and face challenges and
uncertainties related to the deep transformation that the energy system goes under. However, the new
ambitions set by the European “Green Deal” require better adapted modelling tools for addressing the
challenges and uncertainties of the upcoming energy transition, also reflecting, as precisely as possible,
on the concerns, needs and demands of stakeholders interested in, and affected by, the European climate
and energy policies.

Scientific support to climate action though the use of energy system models is not only about exploring
capacity of “what”, in terms of policy and outcome, but also about assessing feasibility and desirability,
and especially for “whom.” Without the necessary behavioural and

LIS B

in terms of “when,” “where,’
societal transformations, the world faces an inadequate response to the climate crisis challenge. This
could result from poor uptake of low-carbon technologies, continued high-carbon intensive lifestyles,

or economy-wide rebound effects.

Considering the latter, this dissertation thesis acknowledges that, while energy system models tools,
which also consider behavioural aspects of the different end-uses, are key to understanding future
profile shapes of the upcoming transition, so far, the potential of these models is underrated and
inadequately explored. Especially when it comes to demand-side, new modelling tools, including all
important aspects of end-use, while also considering behavioural and societal aspects of the energy
transition, are needed.

In this context, this dissertation thesis identified two main research gaps:

L. While the technological infrastructure required for the transition to a more decentralised low-
carbon energy system in Europe, where end-users actively participate to the energy transition,
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is already available, we are still lacking business models and regulatory innovations to find
ways to maximise the value of the technological capabilities as well as to monetise them, in
order to compensate end-users.

1L While energy system models have assisted policymaking in Europe so far, the new trends and
paradigms of the energy transition, as also dictated by the recent policy developments in the
EU, we are still lacking modelling features and architectures that will be able support the
assessment of the product-service offerings and regulatory innovations needed to empower
end-users to actively participate to the energy transition.

In this context, the key objective of this thesis is to contribute to the scientific literature by improving
understanding on the (i.) interactions between the key characteristics of end-users’ behaviour and how
it affects investment decisions, and on the (ii.) specific benefits of different technological capacities for
engaging residential end-users and incentivising household-level changes towards energy autonomy.
To meet this objective, we developed two new energy system models to analyse and model the effects
of innovative regulatory designs and product-service offerings that could incentivise residential end-
users to actively participate in the energy transition and invest in demand flexibility.

The overall work of this thesis has been presented through a set of successive research chapters, as
following:

e Chapter 1 - Introduction to the PhD thesis: Emphasis on the weaknesses and gaps of existing
energy system models and on how they should be further enhanced to be able to support efficient
policymaking for the transition to climate neutrality by 2050 in the EU.

e Chapter 2 - Analysing policy effects: Development of an analytical framework that facilitates
the systematic exploration of the impact that policy measures have on the electricity system and
its components.

e Chapter 3 - Understanding technology adoption: Development of a new agent-based
modelling (ABM) framework (ATOM), which apart from exploring the expected effectiveness of
technology adoption under regulatory designs of interest, allows to consider and explicitly
quantify the uncertainties that are related to agents’ preferences and decision-making criteria (i.e.,
behavioural uncertainty).

e Chapter 4 - Empowering end-users: Development of a new dynamic high-resolution bottom-
up demand-side management model (DREEM) that combines key features of both statistical and
engineering models and serves as an entry point in demand-side management (DSM) modelling
in the building sector.

Taken as a whole, the aforementioned research chapters constitute stand-alone yet successive steps of
an integrated framework (Chapter 1), which demonstrates how energy system modelling can be used
in support of the assessment of novel product-service offerings and innovative regulatory designs that
empower end-users to participate to the energy transition and incentivise demand flexibility. The
applicability and usefulness of this integrated framework has been demonstrated for the case of Greece,
ultimately supporting and further informing the decision-making process of planning and (re)designing
more effective policy instruments, by: a. quantifying the impact that the feed-in-tariff (FiT) scheme had
on the energy system and its components during the period 2009-2013, b. exploring the effectiveness
of alternative (to the previous FiT scheme) regulatory designs, as net-metering and self-consumption
schemes, towards the adoption of scall-scale photovoltaic (PV) systems by residential end-users and
the achievement of the national targets of 2025, and c. assessing benefits and limitations of demand
flexibility for residential end-users if they invested in technological capabilities as small-scale PV and
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battery storage systems, smart thermostats, energy management systems, and demand-response (DR)
functionalities.

5.2. Summary of results and discussion of key findings

This dissertation thesis focus on how to improve energy system models in support of policy planning
and regulatory designs that put end-users at the centre of attention, empowering them to participate
more actively to the upcoming energy transition, and incentivising them to invest in technological
capabilities that increase demand flexibility. This section summarises the results of the dissertation
thesis and discusses the key findings and the contributions with regard to the overarching research
question and the three thematic research questions that were defined. The central research question of
this dissertation thesis is:

How could energy system models be used to evaluate the adoption of regulatory designs and product-
service offerings that empower end-users and incentivise demand flexibility in support of low-carbon
energy systems?

To answer this overarching research question, the thesis was structured around three main pillars
(Figure 1.1), namely: (i). Policy, (ii). Technology, and (iii). End-users. These three pillars shaped the
overall flowchart of the thesis (Figure 1.2) and allowed us to decompose the overarching research
question into the three following thematic research questions (RQ1-3):

How did the regulatory design of the past affect the transition to a low-carbon energy

RQ:
Q system?
RO How could alternative regulatory designs incentivise end-users to invest in technological
. .
infrastructure for the transition to a low-carbon energy system?
RQ How could new regulatory designs and novel product-service offerings incentivise end-users
3

to invest in technological infrastructure for the transition to a low-carbon energy system?

Based on these thematic questions, our aim was threefold: 1. to identify key features and architectures
that could contribute to more efficient modelling of innovative paradigms for the transition to low-
carbon energy systems, 2. to assess how regulatory designs of the past have performed so far in terms
of affecting the energy system and its components, and 3. to assess the potential of alternative regulatory
designs to incentivise residential end-users to participate more actively to the energy transition by
investing in novel product-service offerings that could increase demand flexibility. These thematic
research questions (RQi-3) have been analysed in one or more of the previous chapters (Sections 2-4).

5.2.1. Reflecting on the thematic research questions of the dissertation thesis

To demonstrate the usefulness and the applicability of the research work that was conducted under this
thesis, we used as a testing ground the case of Greece. Located in Southern Europe, Greece is a
transcontinental country, strategically located at the crossroads of Europe, Asia, and Africa, with a
diverse geographical landscape and a large potential in renewable energy sources (RES) (i.e., high solar
irradiation levels), which makes it an attractive market choice for both small-scale PV owners and
suppliers. Furthermore, due to its numerous islands, electricity interconnection of the islands with the
mainland in Greece remains a continuous challenge, with the non-interconnected islands depending
mainly on conventional generation units. Finally, it presents a very recent case of a radical change in
the planning of the energy system development, as in the second half of 2019, Greece took the political
decision of phasing-out lignite-fired power plants in a short time horizon- initially by 2028, while
recently it has been decided that the phasing-out of lignite will take place by 2025. As a result, Greece
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makes an interesting case study for a decarbonised vision of an electricity sector, which relies on
decentralised generation and storage through the active participation of end-users.

In Section 1.4, we also provided the geographic and socioeconomic context of the dissertation thesis
by introducing the reader to the main specifications of the energy transition by 2030 and 2050 in Greece,
and by describing how each thematic research question has been adapted and answered for the case
under study. Below we summarise results and discuss key findings of the thesis, applying each thematic
research question in the case of Greece.

RQ; How did the regulatory design of the past affect the transition to a low-carbon energy system?
Over the period 2009 to 2013, RES in Greece have been treated as a special type of market participant,
mainly owing to their non-dispatchable nature. During this period, electricity generation from RES
(RES-E) has been compensated based on a FiT scheme, which was necessary for the investment
initiation, not only in the country, but also in many national electricity systems across Europe. Despite
the remarkable boom, as RES penetration progressively reached large-scale, and given the economic
recession in Greece, market prices were distorted, and market efficiency was downgraded. This was
also the case in several other EU Member States. As a result, and in spite of the learning progress of the
past years, governments and regulatory agencies remain still uncertain about the regulatory framework
necessary to incorporate larger shares of RES into the generation mix of a country or region.

While most studies on the regulatory design of RES-E support mechanisms focus on assessing the
efficiency of the different alternatives, there is a knowledge gap on how these mechanisms affect the
performance of the energy market. In view of a high-RES market design compatible with the EU Target
Electricity Model, regulatory efforts need to include in their scope the interaction between the market
and RES-E sector. To this end, quantitative assessment studies filling knowledge gaps on the market
effect of RES-E support mechanisms, either at a national or at an EU level, are of paramount
importance.

Although the FiT scheme is almost in the past in Greece, Chapter 2 focused on the ex-post assessment
of the scheme to identify the main drivers and interactions that governed the major monetary flows and
causal relationships within the wholesale electricity market, over the period 2009 to 2013.

To do so, we developed an analytical framework that facilitate the systematic exploration of the impact
that policy measures have on the electricity system and its components. Our framework was built on
the premise that assessing how a policy measure affects the performance of the energy market requires
the quantification of both the benefits and the costs attributed to it. By exploring the monetary flows in
the electricity market, one adopts a holistic view, which can provide insights on the interactions between
different components of the benefits and costs, as well as on the possible conflicts or alliances between
the involved actors of the system. As a result, government officials and consultants in the policy
community can gain a clearer perspective on how to devise a roadmap of least resistance for a policy
measure to attain its goals. Given that, while European RES targets have been set, governance of RES-
E support beyond 2020 at an EU level remains undefined, Chapter 2 contributes to the scientific
literature by paving the way for a more comprehensive, detailed, and better-structured analysis of RES-
E policy design than what currently prevails.

Our results indicated that the share of wind RES-E achieved by the FiT scheme, owing to the
displacement of conventional generators, had a positive environmental impact, highlighting a reduction
trend of carbon dioxide (CO-) emissions. Understanding and analysing emission trends can contribute
to the effective design of policies and practices targeting the achievement of the existing climate goals.
However, the large-scale penetration of RES-E alone, does not necessarily imply a more environmental-
friendly energy generation approach. Increasing the shares of RES-E in Greece is a step to the right
direction; an efficient low-carbon transition though, also requires the inclusion of an appropriate
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regulatory framework designed to consider factors associated with the adverse impacts of the early
stages in the life cycle of RES.

In addition, our work explicitly quantified the emission savings attributed to the FiT scheme, decoupled
from issues of economic growth. From this aspect, policy priority for breaking the connection between
economic growth and greenhouse gas (GHG) emissions is vital to establish a stable RES support
framework and a safe environment for investors.

On the other hand, while our results indicated that the capacity of the wind RES-E generation achieved
by the FiT scheme in Greece did not compromise the reliability of the electricity system, compared to
historical data available, this was almost 70% less than the total PV capacity achieved over the period
under study. The latter, derived mainly from the fact that the FiT scheme in Greece made it extremely
challenging to determine the appropriate RES-E remuneration levels, led to a regulatory failure and
market asymmetry at the end of 2013. As a result, since then, the existing market structure and
mechanisms are unable to incentivise long-term investments and support the long-term growth of
infrastructure. Considering that the country is still in financial distress, special attention must be paid
to policy measures that do not undermine market competitiveness.

As a result, to avoid similar rebound effects in the long-term, decision-makers should envision a more
adaptive policymaking process, which, based on the concept of key performance indicators (KPIs), will
allow for contingency planning, by monitoring cost reductions owing to technological progress and
learning effects, controlling the profit margin of prosumers, and limiting public expenses and
burdensome charges.

RQ>. How could alternative regulatory designs incentivise end-users to invest in technological
infrastructure for the transition to a low-carbon energy system?

Since the FiT scheme, and although regulatory efforts in Greece to reach the standards of other
European markets that experienced a transition from a high FiT status to a market-based environment
have been put in place, with a net-metering scheme legislated in 2014 and into effect since mid-2015,
progress in Greece still remains slow. In this context, Chapter 3 focused on the assessment of
alternative regulatory designs that could incentivise end-users to invest, once again, in PV systems. In
particular, our work focused on exploring the effectiveness of two alternative (to the FiT scheme) and
more market-oriented regulatory designs- the existing net-metering scheme and of a self-consumption
scheme that subsidises battery storage systems- in empowering residential end-users to invest in small-
scale PV systems (i.e., 1-10kWpeak).

However, a good estimation of end-users’ expected response to specific policy measures is of
paramount importance in the design of effective schemes for the adoption of innovative energy
technology such as PV systems, as their decision-making process is influenced by a multitude of factors,
as, indicatively, grid access fees, revenues from excess electricity, e.g., tariff-based or no compensation,
etc., the geographical character of the compensation, i.e., only onsite or virtual compensation allowed,
the maximum timeframe for compensation, e.g., real-time, hours, up to a year, etc., the availability of
dynamic pricing contracts, etc. In this context, ABM techniques provide an appropriate framework to
model such private adoption decisions. However, the models currently in use often fail to capture
uncertainties related to agency and their ability to replicate reality.

In order to address this drawback, in Chapter 3, we developed and presented a new agent-based
technology adoption model (ATOM) that is supported by a complete framework for parameter
estimation and uncertainty quantification based on historical data/ observations. The novelty of ATOM
lies in obtaining realistic uncertainty bounds and splitting the total model output uncertainty in its major
contributing uncertainty sources. The usefulness and applicability of ATOM was demonstrated by
exploring the evolution of the market share of small-scale PV systems in Greece under the two
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regulatory designs of interest for the period 2018-2025, i.e., to evaluate the potential of achieving the
national targets of 2025 in the context of the national energy transition to 2030.

Although the application of modelling tools cannot result in a clear course of action as a "policy
panacea," especially when simulating the future, ATOM can be of practical support to decision-makers,
by providing simplified answers to explorative “What-if” scenarios. Instead of using regression to
extrapolate growth based on past trends, the model assesses the impact of different policy instruments
through a more “real-world” process, addressing social and behavioural uncertainties that could
characterise technology adoption in all the different spectrums of strategic energy planning.
Considering the existing ambiguity of the PV market in Greece, for example, the appropriateness of
ATOM as a valuable decision and support tool becomes evident when modelling outcomes are
translated into simplified policy-relevant answers that could support the further development of the PV
market.

In particular, the national PV capacity targets for 2025 and 2030, as recently defined by the Ministry,
are 5,500 MW and 6,900 MW respectively [1]. Assuming that the contribution of small-scale PV to the
national capacity targets is about 14.5% (for about every 7 MW large-scale installation, 1 MW small-
scale PV is installed) according to historical data from the period 2016-2018 [2], the small-scale PV
capacity target for 2025 can be defined as 417 MW. The latter is assumed considering that the revised
national PV capacity target for 2020 is 3,300 MW and that the total PV capacity achieved until the end
0f 2017 was 2,624 MW [3]. Figure 5.1 presents the target trajectory for small-scale PV in Greece until
2030. Our results, while acknowledging the determinant role of net-metering provisions in the further
growth of small-scale PV systems, showed that the scheme, as currently implemented in Greece, is not
capable of achieving the necessary capacity addition towards the national target of 2025. In particular,
while the scheme could be successful until the end of 2021, it won’t be able to reach the national target
0f 2025, even in the most optimistic scenarios. This implies that policy contingency actions are required.
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Figure 5.1. Indicative trajectory of small-scale PV capacity addition in Greece towards the national PV capacity targets of
2025 and 2030. Source: [1].

Furthermore, by enabling variance decomposition and uncertainty characterisation, ATOM showed
how uncertainties impact simulation results. This highlights the novelty of the model, which lies mainly
in bridging the disciplines of uncertainty analysis and ABM in policy assessment, by demonstrating
how modelling uncertainty could influence effective policy design. For example, our results allowed to
identify the epistemic uncertainty that the electricity price parameter contributes to simulation outputs,
indicating that the effectiveness of the net-metering scheme in Greece is closely related to the retail
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price of electricity. In particular, simulation results indicated that an increase in the retail price, reduces
the total uncertainty in the modelling outcomes, which is mainly introduced by parameters, as the
probability of investing, end-users’ beliefs and resistance towards investing. In policy terms, this is
translated into a reduction of the behavioural uncertainty related to the effectiveness of the net-metering
scheme, especially for the case of risk-averse end-users, which implies that different sources of positive
financial outcomes for end-users should be further investigated.

An increase in the retail price, therefore, while entailing an extra source of revenue that shifts
consumers’ beliefs and reducing their resistance towards investing, should be considered only in
conjunction with appropriate policy provisions. Such provisions should focus on relieving vulnerable
social groups and less fortunate-at risk of poverty- consumers/ citizens from burdensome charges, as
cross-subsidisation between prosumers and regular customers could distort the level-playing field and
lead to an unfair competition. Efficient policymaking needs to explore more market-based net-metering
structures by introducing alternative pricing strategies. This will create stability, which will make the
benefits of investing more explicit, providing extra motives for regular customers. Market-based
structures applicable to the existing policy landscape in Greece, include exploring different netting
policies (e.g., full netting with grid charges, etc.), and replacing transfer of surplus electricity in the
form of renewable energy credits, with the compensation of the excess electricity through realistic,
market-based prices.

On the other hand, policies that promote self-consumption have the potential to drive the uptake of
storage technologies, which could bring demand flexibility into the market and enable the integration
of electricity from variable RES. Our results indicated that the suggested self-consumption scheme
(subsidising the investment cost of residential battery storage systems by 25%), while being less
effective than the current net-metering scheme, creates less uncertainty in terms of its performance.
Although the latter suggests that the success of such a self-consumption scheme in Greece could be
more robust, our results showed that a subsidy of 25% is not enough to boost the further diffusion of
small-scale PV towards the national targets of 2025.

Additionally, it has been demonstrated that the effectiveness of such a self-consumption scheme in
Greece is closely related to the investment cost parameter. This is another insight that would be missed
in a standard ABM framework. Simulation outcomes indicated that significant technological
breakthroughs are necessary for a 25% storage subsidy to become slightly more profitable than the
current net-metering scheme. In particular, our results suggest that investment costs should follow a
steep learning curve of at least a 10% annual reduction until 2025. This implies that efficient policy
measures promoting self-consumption with storage should consider, along with ancillary benefits of
self-consumption (e.g., balancing the frequency and magnitude of peak generation events that stress the
distribution network, etc.), high levels of subsidisation. Since the latter seems rather infeasible owing
to implications of the existing economic recession in the post-COVID era, national policy planning in
Greece should focus on new and sustainable business models that monetise the value of PV self-
consumption with storage. This will enable the design of regulatory frameworks that ensure clear
incentives for end-users and new revenue collection practices for utilities.

RQs How could new regulatory designs and novel product-service offerings incentivise end-users to
invest in technological infrastructure for the transition to a low-carbon energy system?

Chapter 3 leaves us with an important implication; in order to incentivise residential end-users in
Greece to invest in the technological infrastructure necessary for increasing demand flexibility
capabilities, national policymaking needs to focus on new and sustainable business models that will
monetise the value of this infrastructure and on novel regulatory frameworks that will create clear
incentives for end-users. Chapter 4 builds on the premise that both solutions need to acknowledge one
simple fact; that although such business models and regulatory designs could indeed incentivise
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residential end-users to participate more actively to the energy transition, they won’t be that impactful
if they conflict with the interests of the other actors of the energy market, as for example, the retailing
operations of the utilities.

This latter is highlighted by recent studies in the scientific literature, acknowledging that PV self-
consumption can be fundamentally negative for power suppliers [4]. Especially for the case of Greece,
scientific studies have shown that allowing PV self-consumption with storage in the residential sector,
could force suppliers to bid higher prices for their capacity, leading to an increase in the retail price of
electricity. This way utilities could counterbalance revenue losses owing to self-consumption and the
limited flexibility of the current Greek electricity market [5]. Such results highlight a consequential risk
that must be incorporated into future policymaking, as this development could expose vulnerable social
groups and customers to burdensome charges. The study concluded that policymakers in Greece should
support smart self-consumption, triggered by measures that have a broader view of the system's state,
and activated based on price signals.

Additionally, successful DR schemes mainly depend on the capabilities of end-users in altering their
loads with a favourable manner for both power suppliers and themselves [6]. The latter implies that
only “win-win” situations that allow for the interests of all the involved energy market actors to be well-
balanced have a real chance to succeed.

To this end, and considering all the above-mentioned, Chapter 4 focused on the development of a
business model, which could incentivise both residential end-users and market actors like utilities/
suppliers to invest in product-service offerings that could increase demand flexibility, through novel
regulatory designs that allow and support smart self-consumption, activated based on dynamic DR
price-based signals. However, to demonstrate the applicability and usefulness of such a business model,
evaluation of the benefits for both sides through accurate quantification is needed.

To address this need, thus, in Chapter 4, we developed and presented a new Dynamic high-Resolution
dEmand-sidE Management (DREEM) model, which is a hybrid bottom-up model that combines key
features of both statistical and engineering models. DREEM serves as an entry point in DSM modelling
in the building sector, by expanding the computational capabilities of the existing Building Energy
Simulation models to assess the benefits and limitations of demand flexibility for residential end-users,
primarily, and then for other energy market actors involved. The applicability of DREEM was
demonstrated for the case of the residential sector in Greece, by evaluating a scenario where residential
users invest in technological infrastructure as a solar PV and an electricity storage installation, a smart
thermostat and an advanced control device that regulates the dwelling’s energy performance, while
complying, if possible, with market dynamic DR signals. As a result, the potential for additional revenue
and benefits through the provision of services to the grid was evaluated.

Simulation results showed that PV self-consumption with storage and other smart infrastructure,
combined with DR signals, could bring significant savings to residential end-users, mainly due to the
less electricity absorbed from the grid. They also showed that supporting smart self-consumption in
Greece through dynamic price-based signals allows the electricity supplier to counterbalance revenue
losses due to self-consumption by a margin of 13.15%, which given the charges assumed equals to €33
per household annually. Scaling up at a national level, this is equivalent to a total offset in the range of
€239 to €256 million. On the other hand, though, simulation results showed that promoting the full
electrification of heating/ cooling in the Greek residential sector could lead to an extra annual electricity
consumption of 1,382 kWh. This extra amount of electricity sold to consumers could bring the supplier
an additional annual revenue of €266.24 per household, which scaling up at a national level is equivalent
to a total profit in the range of €1.92 to €2.06 billion.
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These findings provide strong evidence, that by promoting smart self-consumption, along with the
electrification of the heating sector in Greece, revenue losses could be offsetted and considerable profits
for the energy supplier could be achieved. As a result, further revenue opportunities for energy suppliers
could also rise through the promotion of electrical smart building-scale technologies that allow energy
savings, coupled with electricity generation from RES. However, while simulation results suggest that
a shift to a decentralised vision of a future low-carbon electricity system in Greece, where residential
end-users generate and store clean energy locally, and are motivated to comply with dynamic price-
based signals, is a “win-win” situation for all actors involved, an important implication should be
highlighted. Part of this future electricity infrastructure will only be developed if residential end-users
are willing to invest in the technological capabilities presented.

Before residential end-users choose to expose themselves to bilateral dynamic electricity price contracts
with their suppliers, they should first pursue the technological capabilities that enable demand
flexibility. Considering that it is unlikely for residential end-users to invest in the new technological
capabilities required having flexibility of the electricity system as their primary goal, it is reasonable to
assume that they will only invest according to a value stemming from increased proportion of the self-
produced electricity that they consume. To this end, while technological infrastructure is already
available, business models and regulatory innovation are needed in order to find ways to maximise the
value of the technological capabilities, as well as to monetise them, to compensate residential end-users.

However, the current European regulatory framework leads to conditions where business models do
not bring the full value of demand-side capabilities, even when the latter are already there, due to
conflicts between the interests of end-users and market actors. Given that in modern energy systems
technological innovation will continuously pose new challenges to existing regulatory frameworks,
innovation in regulation should be as important as regulating innovation. As a result, efficient
policymaking around Europe should explore “game-changer” business models that incentivise all
involved actors to incorporate demand flexibility into the markets that can valorise it.

For starters, the proposed business models and applications should not require significant changes in
the current regulatory framework, or in the current operation of the power market. As our work
indicated, a reasonable start for EU Member States is focusing on the benefits from integrating demand
flexibility into the retailing operations of the utilities. Demand flexibility can be a valuable resource for
suppliers when they manage their (physical) open position. Especially in view of a high-RES market
design compatible with the EU Target Electricity Model, demand flexibility can supplement their trades
to minimise the costs of short-term electricity procurement. Another potential starting point could also
be energy efficiency obligation schemes (EEOs), especially in countries where awareness and maturity
regarding energy savings and service market is relatively improved. The maturity of the energy service
market can be benefited by such schemes, since they usually operate as a driver for generators and
suppliers for further business development, rather than obstacles, also inducing cost reduction of
penalties for non-compliance with EEOs.

Especially in the case of Greece, building on the modelling findings presented, policymaking should
focus on promoting small-scale PV with technologies, as battery storage or smart thermostats.
Considering the existing ambiguity of the PV market, such an infrastructure could generate additional
sources of revenue for end-users, not only in the residential sector, which could counterbalance the
phase out of the previous FiT scheme. In particular, policy efforts should focus on more market-based
structures by avoiding cross-subsidisation, along with appropriate promotion campaigns that will
inform end-users on the benefits of self-consumption and its influence on their electricity bill. This
should be evaluated along with the fact that electricity storage manufacturers are promising
revolutionary progress regarding cost reductions in the coming years, and that PV self-consumption can
balance the frequency and magnitude of peak generation events that stress the distribution network.
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5.2.2. Reflecting on the overarching research question of the dissertation thesis

After summing up the main findings for the thematic research questions, we return to the overarching
research question of the thesis:

How could energy system models be used to evaluate the adoption of regulatory designs and product-
service offerings that empower end-users and incentivise demand flexibility in support to low-carbon
energy systems?

In Figure 5.2, we map the key issues (as those identified from the thematic research questions in the
“Introduction” section) that the two energy system models developed address in order to answer to the
overarching research question of the dissertation thesis according to their relevance to the three pillars
on which this thesis builds, namely: (i). Policy, (ii). Technology, and (iii). End-users (Figure 1.1,
Section 1.3).
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Figure 5.2. Mapping of the key issues that the two energy systems developed address to answer to the overarching research
question of the dissertation thesis, also according to their relevance to each one of the three pillars on which the dissertation
thesis builds.

We see that the two models developed are able to address all the important aspects related to product-
service offerings and regulatory designs that could empower end-users to participate more actively to
the energy transition by investing in technological capabilities that increase demand flexibility, while
increase the understanding about policy effects, the role of technology adoption, and the decision-
making behaviour of end-users. This was possible mainly because of the development of new modelling
architectures, which, building on the inefficiencies of existing energy system models, bring together
features, capabilities, and qualities, that existing models lack. The latter makes both ATOM and
DREEM competitive compared to other models in the field, as they are able to address key issues of
the energy transition to climate neutrality that most of the existing models are still not able to adequately
address. This speaks of the contribution of the dissertation thesis to the field of energy system modelling
(see Section 5.3.1).

Furthermore, the dissertation thesis does not only theoretically answer the overarching research
question above, but it practically test the applicability and usefulness of the two new models in the case
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of Greece, considering real-life specifications of the upcoming energy transition. We showed how the
two models can be used to evaluate the adoption of innovative product-service offerings, like PV and
storage systems, smart-home technologies, DR services and novel regulatory designs, like net-metering,
self-consumption, and dynamic cost-reflective pricing policies, could empower residential end-users in
Greece to invest in the necessary capabilities that could increase demand flexibility. The latter makes
both ATOM and DREEM useful decision and support tools that could provide fast answers to “What-
if” scenarios and derive insightful implications for decision-makers.

The latter has also been validated by different policy experts, who were presented outcomes of the thesis
during several EC-funded events the last three years, as, indicatively, the "TRANSrisk Policy Lunch-
Paris in Practice: Understanding the Risks and Uncertainties" in Brussels, the "TRANSrisk & SET-Nav
Regional Workshop: Decarbonising our energy system- Transformation pathways, policies and
markets, with spotlight on Greece" in Athens, etc. Especially policy experts and practitioners in Greece
have highlighted the usefulness of both models in the further development of business models that will
increase the value of the technological infrastructure required towards a high RES and decentralised
power system. This also speaks of the contribution of the dissertation thesis to the field of policymaking
(see Section 5.3.2).

5.3. Overall contribution of the dissertation thesis

The overall contribution of this dissertation thesis is mainly summarised as follows: 1. Contribution of
the dissertation thesis to the field of energy system modelling, 2. Contribution of the dissertation thesis
to the field of policymaking, and 3. Contribution of the dissertation thesis to the fields of research and
academia.

5.3.1. Contribution of the dissertation thesis to the field of energy system modelling

Right from the “Introduction” section (Section 1.1.3), this dissertation thesis synthesised the key issues
that energy system planners need to grapple with, and that modern energy system models need to
accomplish for the transition to climate neutrality by 2050 in Europe (Table 1.1). We also reflected on
“how” and “why” the existing framework of energy system models used for policy advice in the EU do
an inadequate job at addressing these key issues; most of the existing energy system models are too
coarse and do not acknowledge that a decarbonised energy system, and especially a climate-neutral one,
will function very differently than the current system, leading to entirely different modelling
requirements.

Accelerating the energy transition towards climate neutrality by 2050 in Europe requires that we
develop a new set of energy system modelling tools, able to represent and analyse the drivers and
barriers to complete decarbonisation, including decentralisation, a large-scale expansion of fluctuating
renewable power leading to a vastly increased need for flexibility, sector coupling, including the
electrification of mobility and heating, and the impacts of different market designs on the behaviour of
energy sector actors. This often goes beyond improving the models’ resolution as it fundamentally
requires the development of a new modelling framework for the transition to climate neutrality.

In this context, thus, this dissertation thesis, acknowledging the existing gaps in the field of energy
system modelling and the key issues that energy system planners are concerned with, has developed
two new energy system models, one in the field of technology adoption/ diffusion (“Understanding
technology adoption”, 2" pillar of the dissertation thesis) and one in the field of demand-side
management (“Empowering end-users to invest in demand-flexibility capabilities”, 3™ pillar of the
dissertation thesis). Both ATOM and DREEM have been developed in the context of three EC-funded
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Horizon 2020 projects, “CARISMAIZ,” “TRANSrisk13,” and “SENTINELM,” and are part of the
Technoeconomics of Energy Systems laboratory (TEESIab) Modelling (TEEM) suite.

ATOM is developed in Python, while DREEM is mainly developed using the “Buildings” library [7],
which is an open-source, freely available Modelica library for building energy and control systems.
Modelica is an equation-based, object-oriented modelling language for the simulation of dynamic
systems [8], and has been used in several studies and applications for the design and the simulation of
various Building Energy Simulation and control systems [9-12]. Alongside to the Modelica models,
Python scripts have been developed to model parts of the DR and control components of the model,
and to enable the interface with the Dymola simulation environment. Since both models’ source code
is in open-source programming languages, they can both runs in all three of the most widely used
operating systems- Microsoft Windows, Apple OS X, and GNU/ Linux.

Both ATOM and DREEM are new entries in their respective fields, and building on the inefficiencies
of existing energy system models, seek to serve existing tools in a complementary way by addressing
the key issues of energy transition that are presented in Table 1.1, as follows:

1. Decentralisation and variability in electricity supply

Representing a future infrastructure that includes large shares of decentralised RES and operates
under a variety of objectives (e.g., self-consumption, cost minimisation, revenue maximisation
through aggregation, eftc.).

Both models are able to contribute toward this goal. In particular, ATOM, based on available historical
data/ observations, is able simulate the adoption potential of different regulatory designs (e.g., FiT, net-
metering, self-consumption, subsidisation schemes, etc.) that incentivise the inclusion of large shares
of decentralised RES by different types of end-users, e.g., consumers/ citizens, utilities, other market
actors, etc. Different constraints, e.g., technology costs, fuel prices, revenue calculation formulas, etc.,
concerning each time the operation of the market under study, e.g., PV market, wind market, etc., can
be inserted into the model to achieve more realistic representations.

On the other hand, DREEM is able to model and simulate different configurations of decentralised
energy systems that aim to achieve energy autonomy and sufficiency, and to evaluate benefits and
limitations of each configuration, primarily for the end-users under study, e.g., consumers/ citizens,
etc., and then for other market actors involved, e.g., utilities, suppliers, other market actors, etc.
Different constraints e.g., cost minimisation, revenue maximisation through aggregation, can be
inserted into the model.

2. Need for flexibility

Accurately representing the flexibility potential of RES and consumers/ prosumers (both capabilities
and limitations) and simulating different strategies for the utilisation of this flexibility.

The issues of flexibility and prosumerism were two of the main motivating factors for the development
of ATOM and DREEM, since existing models do an inadequate job in addressing these two topics. In
particular, both models are able to simulate the adoption effectiveness of different strategies (i.e.,
technological infrastructure, practices, and regulatory designs) that aim to increase and utilise flexibility
capabilities, e.g., net-metering, PV and battery storage systems, smart management and control systems,
DR and other dynamic pricing schemes, energy communities, etc.

12 http://www.carisma-project.eu/
13 http:/transrisk-project.eu/

14 https://sentinel.energy/
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3. Integration of energy sectors (electricity, heating/ cooling, and gas)

Putting demand at the centre of the system to model different energy carriers in a unified way
(demand service).

This issue is also at the heart of DREEM as a DSM model, since a critical issue across all the energy
system models is the need to balance supply and demand; energy demand is rarely a modelling outcome,
but rather an exogenous input assumption, either as a static demand, or with some elasticity. When it
comes to energy system modelling, the demand side is overly underrepresented and DREEM addresses
this gap by modelling different energy carriers in the building sector, e.g., electricity, oil, natural gas,
hydrogen, etc., in a unified way, also contributing to the evaluation of sector coupling, and by simulating
energy demand at different temporal and spatial resolutions.

In addition, as the modelling structure of DREEM is modular, viz, it is decomposed into individual
modules characterised by the main principles of component- and modular-based system modelling
approach, it allows for more flexibility in terms of possible system configurations and computational
efficiency, accurately representing all the important aspects of DSM. The latter provides the ability to
incorporate future technological breakthroughs in a detailed manner without running into computational
and other modelling difficulties, avoiding limitations related to how much technological detail can be
incorporated into the model. It also provides the capability of producing output for a group of buildings,
serving as a basis for modelling energy demand within the broader field of urban energy system
analysis.

4. Short- and long-term market dynamics

Capturing the effect of short- to mid-term market effects on longer-term investment decisions and
consumer behaviour.

The agent-based structure of ATOM provides a suitable framework to simulate the decision process of
the members of a heterogeneous social system, based on members’ individual preferences, behavioural
rules, and communication within a social network. Thus, ATOM describes the micro-level behaviour
of “agents” and allows the inclusion of considerable detail about their decisions and (inter-)actions, also
providing an intuitive framework to consider the explicit characteristics of both technology and human
behaviour.

On the other hand, also considering developments on the smart-grid paradigm, DREEM can be used
for developing business models that promote incentive schemes, which by using energy as a monetary
entity, raise public awareness on the dependence of energy consumption to individual behaviour. Thus,
the model allows to explore important behavioural implications regarding structured policy frameworks
that motivate people to regulate their energy consumption as a way to benefit financially from obtaining
energy saving practices.

5. Social drivers/ constraints and societal reactions to energy trajectories

Capturing how societal actors interact and shape the energy future, including in far-from-cost-
optimal ways, especially the way their strategies may co-evolve and how they react to energy system
developments and create pressure to redirect policies and the overall energy trajectory.

ATOM has been developed in such a way to provide the user with flexibility in selecting the factors/
parameters that are assumed to moderate end-users’ behaviour, according, each time, to the case of
interest and the technological infrastructure under study. For example, scientific literature reports that
the attitude of Greek consumers toward installing small-scale PV systems varies according to their
income and education level, and also seems to be correlated with their consumption profiles and

176



Chapter 5: Discussion and conclusions

demographic characteristics [13]. To this end, the model allows to explore different behavioural and
socioeconomic profiles and to implement socially-informed modelling exercises by reflecting on the
decision-making process of different end-users’ profiles, also focusing on societal actors or groups that
face social/ economic marginalisation.

On the other hand, as DREEM allows for greater sophistication with the integration of complex
dynamics of the building stock transformations into the modelling process, it also provides the
capability to adopt a more interdisciplinary approach, encompassing the inclusion of socioeconomic
and demographic factors. Thus, end-user profiles, as well as particularities of different social groups
(e.g., vulnerable, underrepresented, etc.) can be considered each time to tailor the strategies under
evaluation and maximise their impact.

6. Non-economic determinants and barriers (including financing-related issues) for the
necessary investments

’

Accurately and explicitly representing the factors often dismissed as “non-economic factors.’

Based on the aforementioned, ATOM is able to address aspects related to social acceptance and
preferences towards RES technologies, local opposition against RES and energy infrastructure projects,
citizen and community ownership, policy preferences and dynamics of adoption/ diffusion, and
technological scaling and scaling of the economy in terms of how the speed of technology deployment
affect the speed and direction of the energy transition. In addition, as DREEM allows for more
interdisciplinary approaches, it is able to support the development of different business models that
evaluate the investment potential in the technological infrastructure under study, also considering
different demographics and profiles of the investing parties.

7. Uncertainty quantification

Capturing how societal actors interact and shape the energy future, including in far-from-cost-
optimal ways, especially the way their strategies may co-evolve and how they react to energy system
developments and create pressure to redirect policies and the overall energy trajectory.

This issue is also at the heart of ATOM, since one limitation of existing models is that they often fail to
capture and quantify uncertainties related to agency (i.e., individuals or households, who make
decisions independently). In order to address this drawback, ATOM allows to consider and explicitly
quantify the uncertainties that are related to agents’ preferences and decision-making criteria (i.e.,
behavioural uncertainty). In particular, the novelty of ATOM, compared to existing models, lies in
obtaining realistic uncertainty bounds and splitting the total model output uncertainty in its major
contributing sources, based on a variance decomposition framework and an uncertainty characterisation
method, while accounting for structural uncertainty.

Thus, ATOM supports the definition of uncertainty ranges, considering the type (i.e., input, parametric
and structural) and the nature of uncertainty (i.e., epistemic or aleatory), and how uncertainty propagates
to the model outcomes over the planning time horizon. Variance decomposition is conducted in all the
three main modules of ATOM (i.e., calibration, sensitivity analysis, and scenario analysis):

1. By allowing the user to select preliminary values for the agent-related parameters according to
the plausibility of its results, based on historical data/ observations (goodness-of-fit statistics), the
model captures input uncertainty (i.e., calibration module).

2. By deriving forward-looking simulations for different behavioural profiles (i.e., different set of
agent-related parameters), from willing to invest to risk-averse end-users, ATOM captures
parametric uncertainty (i.e., scenario analysis module).
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3. Both types of uncertainty are then propagated through the model and their contribution to the total
model’s output variance is quantified. The rest uncertainty is assumed to be explained by the
model’s structure.

Uncertainty propagation for the agent-related parameters is done for each one of them, allowing
calculation of the sensitivity of each parameter to the model output, in the context of a variance-based
sensitivity analysis (Sobol method), and calculation of the relative contribution of the variance for each
parameter to the total model output variance (i.e., sensitivity analysis module).

Finally, public engagement and trust requires greater openness from researchers whose work is meant
to suggest implications to end-users from the field of policy and practice, shaping policy strategies
towards climate change mitigation [14]. To this end, supporting efforts around Europe towards open-
model development [15], the main products of this dissertation thesis, ATOM and DREEM, will be
made publicly available. Associate source code, datasets, and detailed documentations, along with
suitable open licenses to enable the model’s use, modification, and republication, will be distributed
through existing public channels. This effort is currently assisted in the context of the ongoing EC-
funded Horizon 2020 projects “SENTINEL” and “ENCLUDE'?,” which aim at developing a modelling
framework in support of the transition to a low-carbon energy system in Europe, enhancing public
transparency, scientific reproducibility, and open-source development.

5.3.2. Contribution of the dissertation thesis to the field of policymaking

Apart from the technical contribution of this dissertation thesis, which applies mainly to the field of
energy system modelling through the development of two new energy system models, this thesis also
contributes to the field of policymaking. In particular, the application of the two models in the case of
Greece and the interpretation of modelling findings raise a set of interesting insights that policymakers
and practitioners should take into account. We summarise these policy insights at the EU and at the
national level as follows, according to their relevance and their applicability:

Implications for policy and practice at the EU level

1. Inview of a high-RES market design in line with the EU Target Model regulatory efforts need to
expand their approach to carefully: a. review how the energy market performance is affected by
the different support mechanisms both in the short- and the long-term, b. assess past and modern
policy mechanisms to optimise market performance in both time horizons.

2. Although new legal mechanisms based on a combination of tax benefits and other incentives, as
net-metering, feed-in-premiums and tenders, are currently considered regulatory designs that
supported overcoming the difficulties of the post-FiT era in the EU and could raise, once again,
end-users’ willingness to participate more actively to the energy transition, the policy focus should
be on closer-to-the-market self-consumption schemes that eliminate aspects of subsidisation and
introduce more advanced market rules, like compensating end-users through dynamic cost-
reflective pricing policies, e.g., real-time electricity prices, etc.

3. Although financial support is of substantial importance to incentivise new RES investments, it
has to be designed in a way that does not result in public deficits or burdening costs for consumers.
For example, while increasing the retail price of electricity in EU member states entails an extra
source of revenue that could shift consumers’ beliefs towards prosumerism, it should be
considered only in conjunction with appropriate policy provisions. Such provisions should focus
on relieving vulnerable social groups and less fortunate-at risk of poverty- consumers (i.e., regular

15 https://encludeproject.eu/
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customers of electricity) from burdensome charges, as cross-subsidisation between consumers
and prosumers could distort the level-playing field and lead to an unfair competition.

The current EU regulatory design leads to conditions where business models do not bring the full
value of demand-side capabilities. Given that in modern energy systems technological innovation
will continuously pose new challenges to existing regulatory designs, innovation in regulation
should be as important as regulating innovation. As a result, policymaking around the EU should
explore “game-changer” business models that incentivise all involved actors to incorporate
demand flexibility into markets that can valorise it. Such business models should not require
significant changes in the existing regulatory environment. A reasonable start for Member States
could be integrating demand flexibility into the retailing operations of the utilities. Another
starting point could also be energy efficiency obligation schemes (EEOS), especially in countries
where awareness and maturity regarding energy savings and energy service market are relatively
improved since EEOS usually operate as a driver to generators and suppliers for further business
development and cost reduction of penalties for non-compliance to EEOS.

Implications for policy and practice at the national level

1.

For the energy transition in Greece to happen in a fair and socially just manner, with “no one
being left behind,” policymakers need to ensure that the regulatory environment adapts to the new
situation in order to avoid legislative failures of the past. To avoid negative rebound effects as the
ones of the FiT scheme in the long-term, decision-makers should envision a more adaptive
policymaking process, which, based on the concept of KPIs, will allow for contingency planning,
by monitoring cost reductions owing to technological progress and learning effects, controlling
the profit margin of prosumers, and limiting public expenses and burdensome charges for
consumers.

Considering that the financial distress of the last decade and the potential negative consequences
that the COVID pandemic could have for the national economy, attention must be paid to policy
measures that do not undermine market competitiveness. In this context, policy priority is needed
for breaking the connection between economic growth and GHG emissions in order to establish
a stable RES support framework and a safe environment for investors.

Policymakers need to explore more market-based net-metering structures by introducing
alternative pricing strategies. This will create a stable environment, which will provide extra
motives for regular customers to become prosumers. Such market-based structures applicable to
the existing policy landscape in Greece include exploring different netting policies (e.g., full
netting with grid charges, etc.), and replacing transfer of surplus electricity in the form of
renewable energy credits with the compensation of the excess electricity through realistic, market-
based (i.e., cost-reflective) prices.

Self-consumption is not yet regulated in Greece; however, considering the existing ambiguity of
the PV market and the foreseen transformation of the national energy system, policy planning
should focus on promoting PV self-consumption, along with storage systems and electrical smart
building-scale technologies that allow energy savings, and business models that will monetise the
value of this technological infrastructure. This will enable the design of regulatory designs that
ensure clear incentives for consumers and new revenue collection practices for utilities. Promotion
campaigns that will inform end-users on the benefits of self-consumption and its influence on
their electricity bill are also required.

Although increasing the shares of RES in Greece is a step to the right direction, an efficient low-
carbon transition also requires the introduction of appropriate regulatory designs that will consider
factors associated with the adverse impacts of the early stages in the life cycle of RES.

179



Chapter 5: Discussion and conclusions

5.3.3. Contribution of the dissertation thesis to the fields of research and academia
Contributing to the fields of research and academia, this thesis concludes with the publication of:

e Twelve (13) scientific articles in peer-reviewed journals, eleven (11) of which are in scientific
journals with impact factor (IF), as also presented in Table 5.1.

e Ten (10) announcements in international peer-reviewed conferences.
e Fifteen (15) technical reports and other studies.

Table 5.1. List of peer-reviewed journals in which the PhD candidate has published scientific articles during the dissertation
thesis.

Peer-reviewed journals Publisher IF* Nl;l:;::::i t(":z l;:zlllil;ed
Applied Energy Elsevier BV 9.746 1
Energies MDPI 3.004 2
Energy Elsevier BV 7.147 1
Energy Conversion and Management Elsevier BV 9.709 1
Energy Policy Elsevier BV 6.142 2
Energy Research and Social Science Elsevier BV 6.834 1
Environmental Innovation and Societal Transitions Elsevier BV 9.680 1
International Journal of Sustainable Energy Taylor & Francis N/A 1
Open Research Europe European Commission N/A 1
Renewable & Sustainable Energy Reviews Elsevier BV 14.982 1
Sustainability MDPI 3.251 1

*As accessed on the 14" of December 2021.

In addition, up until the time of the defence of this dissertation thesis, the candidate has an overall of
246 citations (213 excluding self-citations) and an h-index of 8 according to the “Scopus'®” database,
and an overall of 348 citations, an h-index of 9, and an 110-index of 9, based on the “Google Scholar'””
database. For a more detailed presentation of the scientific publications and technical reports of the

candidate, we refer the reader to Appendix D.

Finally, another contribution of the thesis to the field of research is that the methodological and
modelling frameworks presented have laid the groundwork for new researchers that pursue their PhD
thesis. In particular, the further development of both ATOM and DREEM is currently funded by several
new EC-funded projects, namely: “IAMCOMPACT, “ENCLUDE,” “ENPOR!'3” “ENSMOV!»
“SENTINEL,” and “SocialWatt?®,” which focus on different aspects of the energy system and the
upcoming energy transition. The further development and application of the models in the context of
these projects also shape the directions for further research of the dissertation thesis.

5.4. Limitations and prospects for further research

With the completion of this doctoral dissertation thesis, a series of thoughts and suggestions for further
research, based on key limitations of the thesis, has been formed:

16 Scopus Author Identifier: 56700348300
17 https://scholar.google.gr/citations?user=mZ4MA4EA AAAJ&hl=el
18 https://www.enpor.eu/el/

19 https://ensmov.eu/

20 https://www.socialwatt.eu/
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» The analytical framework presented under Chapter 2 provides a good starting point for analysing
the relationship between wind and peak loads, which remains ambiguous over the years, as was
also dictated by the respective patterns. However, while a static analysis like the one presented
can provide useful insights, a dynamic analysis is also imperative, due to the fact that, as the RES-
E penetration increases, the peak period of the residual load shifts toward hours that the RES-E
generation has lower capacity factors. This results to a condition where, mainly owing to increased
reserve requirements, increasing RES-E capacity has diminishing returns in terms of its value. As
a result, further research should focus on expanding the presented framework so that it also
incorporates the estimation of the possible deviations of the capacity values during different time
periods in order to quantify the impact that limited data can have on the calculation results. Future
studies can build on our work to assess the impact of newly introduced support mechanisms, as
net-metering, or feed-in-premium, in different geographical and socioeconomic contexts across
the EU.

» In terms of further research in the field of energy system modelling and future development of the
ATOM (Chapter 3) and DREEM (Chapter 4) models, the following set of actions are proposed:

o ATOM

L The presented version of ATOM has been developed so that is simulates adoption
scenarios of small-scale PV systems. However, given the availability of historical data/
observations, the model can be easily expanded so that it simulates adoption scenarios
for other technologies that increase demand flexibility, such as, for example, electricity
storage, smart-grid devices, electric vehicles, etc.

1L The current set of the agent-related parameters used by the model is technology
specific, meaning that it has been selected, based on the most updated insights of the
scientific literature, so that it matches adoption trends of small-scale PV systems.
However, this module of ATOM will be expanded so that it brings together all relevant
adoption parameters for a different set of technological options of interest, also
considering the role of context. Scientific literature, for example, reports that the
attitude of Greek consumers toward installing small-scale PV systems varies according
to their income and education level, and also seems to be correlated with their
consumption profiles and demographic characteristics. In this context, an extensive
database will be developed so that the model is able to simulate technology adoption,
taking into account the specifications of the technology and the context under study.

1. The current version of the model focuses on the adoption of the technological
infrastructure required in the context of the energy transition; however, mechanics and
functions will be further expanded so that the model is able to simulate the further
diffusion of social innovations and energy citizenship trends and paradigms that will
be essential for the achievement of climate and energy targets, e.g., energy
communities, ecovillages, low-carbon lifestyles, etc., by heterogeneous social
ensembles of different profiles.

o DREEM

L. The presented version of DREEM has been developed with a focus on the residential

sector, while the application under study only explored a specific residential building

typology. The “Building envelope” component of the model will be expanded so that
it is able to simulate all the different residential building typologies in the EU, based

181



Chapter 5: Discussion and conclusions

on the specifications provided by the “TABULA?"” webtool and other reliable sources,
so that the model is able to also account for energy efficiency scenarios. In addition,
the model will be also expanded so that it simulates other building typologies apart
from only residential buildings, e.g., public buildings, social housing, etc.

1L The “Electricity demand” component of the model will be further expanded and
transformed into an “Energy demand” component to also compute heating demand
from other types of fuels and technologies, like o0il and natural gas boilers, biomass,
hydrogen, etc., toward scenarios that foresee the decarbonisation of the heating sector.
In addition, an EU database for different occupancy and activity profiles, along with
traits of different appliances and devices, based on available survey and census data,
will be developed, so that the model is able to simulate electricity demand in different
geographical and socioeconomic contexts in the EU.

1. Finally, the “Flexibility management” component will be further expanded, so that it
also simulates other technologies that can provide flexibility benefits to the grid, e.g.,
electric vehicles towards the electrification of the transport sector, etc.

o Both models

L. From a technical perspective, focus will be given on both models’ continuous
development in a modular way; both models’ structure will be made up of independent,
but interlinked individual components and modules, which will be characterised by the
main principles of component- and modular-based system modelling approach.
Inefficiencies of energy system models will be always under the microscope indicating
areas of further improvements, as, e.g., ensuring both models’ capability to be
integrated with other models and be easily re-used, increasing geographic and/ or
temporal resolution of the models, incorporating societal and behavioural parameters,
having consumers/ citizens at the centre of the analysis, etc.

II. Over the past few years, stakeholders and other relevant end-users that have
experienced the models via “hands-on” sessions, or demonstration of simulation
results, have acknowledged the models’ capacity to provide accurate answers to quick
“what-if” scenarios. In this context, both models’ further development will always be
conducted in a participatory and co-creative manner, eliciting knowledge and
preferences embedded on key stakeholders and other relevant actors. This will ensure
a “people-centric” development approach, which will reflect on the different end-users’
real-life and most updated needs. This will make both models relevant and useful in a
meaningful way.

1. Especially policy experts and practitioners have highlighted both models’ usefulness
in the further development of business models that will increase the value of the
technological infrastructure required towards a high-RES and decentralised power
system. As a results, special focus will also be given to the development of the
necessary interface protocols between the two models to explore adoption scenarios of
relevant technological infrastructure towards a European decentralised system, also
creating a set of algorithms that will enable the tracing of cascading uncertainties
between the models.

Iv. Finally, public engagement and trust requires greater openness from researchers whose
work is meant to suggest implications to end-users from the field of policy and practice,

21 https://webtool.building-typology.ecu/#bm
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shaping policy strategies towards climate change mitigation. To this end, supporting
efforts around Europe towards open model development, both models will be made
publicly available. Associate source codes, datasets, and detailed documentations,
along with suitable open licenses to enable both models’ use, modification, and
republication, will be distributed through existing public channels. In this context, a
strategic focus will be the creation of a community of users, who will get familiar with
the models, also contributing to their further development, implementation to other
geographical and socioeconomic contexts, etc.

» Finally, the applicability and usefulness of both models have only been demonstrated for the case
of Greece and only for a very limited spectrum of the envisioned pathways and scenarios for the
transition to 2030 and 2050. In this context, updated versions of both models will be used to
simulate different scenarios and transition pathways (dictated by current policy ambitions and

existing climate and energy targets) in Greece and other EU member states.
o ATOM

L

II.

ATOM will be applied to explore scenarios of PV adoption in different geographical
and socioeconomic contexts in the EU. In this context, the model will also be soft-
linked to modelling toolboxes of qualitative and quantitative descriptions of social and
political drivers and constrains of the energy transition. The main objective will be to
provide empirically based insights on social and political aspects of the energy
transition to improve the representation of these aspects in ATOM. Different ideal/
typical and distinct storylines that are based on transition theory and empirical
observations of actual social/ political drivers and barriers in the EU energy transition
will be explored, and quantitative, empirical data for a range of key social/ political
parameters will be collected. Particular focus will be given to the selection of member
states of different climatic regions, e.g., northern Europe, central Europe, southern
Europe, etc., to reflect on how weather and climatic conditions specifically affect PV
adoption.

Furthermore, studies in the scientific literature suggest that policy measures must adapt
to uncertain and continuously changing conditions. Thus, a policy design process that
utilises agent-based modelling should be structured around the concept of adaptability.
This means that, as new data on the actual decisions of the relevant actors is
accumulated, the initial policy design should adapt in the same way as it adapts to
changes in its environment. As a result, ATOM will be soft-linked with another in-
house modelling toolbox, which focuses on the development of dynamic adaptive
policy pathways; thus, support policy measures for further PV adoption towards the
achievement of national targets in the EU can adapt to uncertainties- generated by their
assumptions and their environment- that may hinder their performance. This exercise
will also build on the strengths of a stakeholder engagement strategy that provides a
more comprehensive and detailed assessment of policy interventions, towards a more
participatory policymaking approach that collaboratively explores policy needs and
underlying model capability requirements, to improve policy decision usability.

o DREEM

L

Considering the modular structure of the DREEM model and the wide range of
functionalities that allows, it will be used to explore decarbonisation scenarios of the
European building stock. Such scenarios could enable the evaluation of the
performance and replicability potential of different energy efficiency measures. In
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particular, modelling exercises could evaluate the performance of conventional and
innovative energy efficiency measures in terms of their long-term energy savings,
sustainability, risk, and return of investment. Such an evaluation would focus on
assessing the potential benefits of each measure at a disaggregated (households-
neighbourhood) level, providing utilities with valuable and actionable insights. As the
DREEM model also allows for greater sophistication, with the integration of complex
dynamics of the building stock transformations into the modelling process, it provides
the capability to adopt a more interdisciplinary approach, encompassing the inclusion
of socioeconomic and demographic factors. Thus, customer profiles as well as different
household particularities will also be considered to tailor the measures and maximise
their impact.

In this context, the primary focus of the model will be to evaluate the cost-effectiveness
of different energy efficiency measures in the residential sector in Greece, also
suggesting specific portfolio of measures and policy schemes that could contribute to
the achievement of the 2030 national energy saving targets.

In addition, modelling exercises will also focus on the regional level, exploring and
evaluating best energy mixture pathways in the residential sector, to be in line with
2050 national energy targets. Different regions of particular interest will be explored
as, e.g., Attica region (where the city of Athens, capital of Greece, is), Central
Macedonia region (where the city of Thessaloniki, the second larger city in Greece, is),
the regions of Peloponnese and Western Macedonia, where natural gas infrastructure
is currently under development to support the phase out of the lignite-fired power plants
and a fair and just transition for the local municipalities, etc.

Furthermore, considering developments regarding the smart-grid paradigm, the
DREEM model will also be coupled with a computational monetary framework that
uses the energy currency concept to promote incentive schemes, which, by using
energy as a monetary entity, raise public awareness on the dependence of energy
consumption to individual behaviour. Such a study could shed light on how such
schemes, promoting concepts of “Peer-to-Peer” energy trading and economy, could
result in the mitigation of the energy consumed by local electricity distribution systems.
Important behavioural implications could be derived from this endeavour, along with
a structured policy framework that could motivate people to regulate their energy
consumption as a way to financially benefit from obtaining energy saving practices.

Finally, one basic indicator that is used for the identification of energy poor households
in Greece is the energy poverty ratio, based on which, “a household is considered
energy poor if it is required to spend over 10% of its income on all domestic energy
use...” Furthermore, there are clear indications that a significant amount of energy
consumed in residential buildings is used for thermal comfort. In this context, the
DREEM model will be used to explore the correlation between thermal comfort,
income, and energy poverty in Greece. The novelty of this application will mainly lie
in using statistical data, the energy poverty ratio, and DREEM outputs, to identify
energy poor households in the Greek residential sector, in accordance with their thermal
comfort and income. DREEM will be used for the calculation of the energy
consumption of the Greek residential sector for marginal cases of thermal comfort that
are accepted for a very limited part of the day, according to different global standards,
and an annual income threshold for each scenario will be calculated and compared
against the expected annual income of each household.
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