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Iepiinyn

H ovyvémra avabedpnong g Evpomaikng evepyelokfg kot KAWLOTIKNG TOMTIKNG, &ivot
amoTéAecO TNG TPOoomAbelng evapuoviopoy g pe oféPoieg eEelifels, Ommg M emidpaocn NG
avlpOTIVNG OPAGTNPLOTNTOS GTNV KALATIKY] OAAXYT], Ol YEOTOMTIKEG EVTAGELS 1] OL XPNLUATIOTPLOKES
Tipég evépyelas. Ev péom térowmv afefototitov, ta kpdn péAN cuvavtodv SUGKOALES G TPOG TOV
OYEOLAG O TV EBVIKADV TOVG GLVEIGPOPOV PEG® TV EBvikdv Xxediov yia v Evépyeia kot to KAipa,
Ol0TL EKTOC OO €VTATIKOTOINGT TV 6TOY®V KoBopng evépyetlag, ol avabewproels Tov Evpomaikodv
GTPATNYIK®V KOl KOVOVIGUMV UTOPEL Vo TEPLEYOLV dtapBpwticég odlhayés, Omme 1 pelwon g xpnong
QLoD 0EPIOV MG EVOLAUESO KAVGLUO KATA TNV evepyelaxn petdfaon. Katd cuvéneia, ta kpdtn péin,
Oy LOVO TTPETEL VO, ETAEEOLY V0L VEO TEYVOAOYIKO LOVOTTATL, GALG TTPETEL VO TAPOLY KO ATOPACELS Yo
EMEVOLGELC OV £X0VV NOT EEKIVIGEL KOl EVOEXETAL VAL £PYOVTOL GE OVTIOEST LE TNV EXKOUPOTOUEVN
otpatnywkn ¢ Evponaikng Evoong.

Aoppavovtog veoyn onpavtikég afefaidtnreg mov avripetomice n Evponaikiy Evoon ta tedevtaio
xpovia (6mwg 1 owovopukn kpion, n mavonuic COVID-19 ko n evepyelakn kpion tov 2022), yiveton
EUPAVEG OTL O EVEPYEWNKN TOMTIKN/GTPOTNYIKN KOl TG OVTIOTOL(O EVEPYELNKA HOVIEAQD TTOL TNV
vroopilovy, mpénel va amopakpuvlovy and mpofréyelc mov Pacilovial 6€ PEATIGTOTOMGELS VIO
ypappkég vrobécelg. Avtibeta, 1060 Ta LOVTELD OGO KOl Ol EVEPYELOKES GTPOTNYIKES/TOATIKES, Oa
pémel va yopoktnpifoviol amd wovOTNTo TPOCHPUOYNG O TEPIMTMOELS TPAYLOTOTOINoNG HUn-
ypoppkdv eEedilemv. Avth ival 1 TEPITOOT TG O1EPELVTIKIG GELOAOYIONG TPOCUPIUOCTIKMOV
HOVOTTUTIADV Y10, TV HETAPAGT] GE GUCTHNATA AVOVEAGLR®V TNYOV vEpYELS (ATIE) vo cuvOnkeg
peyaing apeporotnrog.

XKOTOG TG TOPOVCAG SOUKTOPIKNG StatpiPng eivar 1 avamtuén evog mAaiciov povteAomoinong 1o
onoio:

o llpaypatomotel diepevvntikny a&loOAOYNOT SUPOP®Y TOATIKOV/GTPAUTNYIK®OV TPOG EVEPYELNKA
ovothpata thovoto o€ AITE, yio tov eviomioud ekeivav mov omodidovv kaAvtepa, kabopilovtag
TOPUAANAC EVOAAUKTIKEG TOAITIKEC/GTPATIYIKES Y10 TNV OVIILETMOTIOT cuvONnKdV afepfoidtrac.

o  Ymoompilel TOV TPOCAPLOGTIKO GYESACUO LOVOTOTIDV EVEPYEINKNC ueTdfoong, kabopilovrog
YTl Kou 7moTE TPEMEL VO YiVEL OAAOYN  TOMTIKNAG/OTpATNYIKNG, KaBdg Kou moleg
TOMTIKES/OTPATIYIKEG €ival EvOA®TEG 0 ovyKeKpluéves afefardtnteg. Me avtd tov TPOTO
yivetor epeavég TL mpémel va mopakoAovBeitol Katd TNV LAOTOINOT TOV EVEPYELNKMOV
OTPOTNYIK®OV/TOMTIK®V, dIvovTag TV duvatoTnTo 6Tovg LIELOVVOLG YAPAENG TOMTIKNG Kot
OTPOTNYIKNG VO TOPOKOAOLOOVV GUGTNUATIKG TNV 0mOO0CT TOV EMAOYOV TOVLE, KOl VO

EVOOUATOVOLV dOPOMTIKES KIVAGEIC GE LEAAOVTIKEG OTOPACELS.



e  Ymoompilel TNV OTAOWOKY EQOPUOYT] TOMTIKOV/GTPATNYIKOV Kol TNV afloddynon tov
OTOTEAECUATOV TOVG TPV TNV ANy pokportpdfesumv amopdoewv. Mg avtd tov tpomo, M
YOpa&n HovomaTidV TOMTIKYG gival SodpaCTIKY, KOl EMTVYYXAVETOL GTEVH] GLVEPYAGIN HETAED
HOVTEAOL Kol VTELHLVOL XEPAENG TOALTIKYG/GTPATIYIKNG.

Me Bdon ta Tapandve, 1 0100KTopIKT SatpiPr] anavtdel 6To £€NG KOPLO EPEVVNTIKO EPAOTILLOL

«lwg umopovv ta evepysiarxd povréla va ovmoctipiéovy THY dlspeovhTiky  alloloynon
TPOGOAPUOCTIKDY HOVOTIATIOV YIA TV UETAPACH GE COCTHHUATO OVAVEDGYWOV YAV EVEPYELAS VTTO
ovvOnKkes ueyding afefarotnrag;»

Yuykekpéva, avoivovtal Tpia kaipto {ntipata yo Ty HETEfooT TPog EVEPYELNKA GUGTHLLOTO
nAovoua og AIIE:

e  Evepydc GUUUETOYT] TOV TOALT®V GTIV EVEPYELOKN UETGPaOT.

e  EloyloTomoinen TEPIKOTDV AVAVEDGIUNG EVEPYELG.

¢  BuoodmnTa T0u EVEPYELNKOD GLUGTILATOG VIO GLVONKEG afefotdTnTOC.

H gpoppoyn tov mhaisiov povielomoinong oty LeAET TEPITTOONG TG LETAPOGTC TOV GUGTAUATOG
TOPOYOYNG MAEKTPIKNG evépyelag g EALGdaG, emétpeye v a&loAdynomn tng mAnpomTag Kot ¢
0&10TIoTIOG TOV OTOTEAECUATOV TOL TAPEYEL. ZVYKEKPIUEVD, apYLKE a&loAoynONKoy TOMTIKES Y10, TV
EUTAOKN T®V TOMTGOV o€ emevdvoelg ATTE pikpng khipokag. Xtnv cuvéyeta avoivdnkoy piypoto ATTE
Kol amobnKeVoNG TOL OmOlo EANYIOTOTOOVY TIG TEPIKOTEG €vEPYEWNC, gvtomilovtag ekeiva mov
meTLYOIVOVY ELAY10TO KOGTOC evamudtwong tng evépyelag AITE oto piypa niextpomapoaywyng. Télog,
peAeThONKOY EVEPYELOKA UTYLLOTO TOL OTTOI0 ATOGLVOEOVY TNV NAEKTPOTOPUY®YNG TS EALGSOG 0o To
QULOIKO 0£PLO, EVAD TOLTOYPOVO TETVYOIVOLV TOLG OTOYOVG EKMOUTDV GVOPOKO KOl OVOVEDGLUNG
EVEPYEWNG, LE OIKOVOUIKE OmodoTIKO TPOTO. XUVOAKA, Ol TPOCEYYIGES HOVIEAOTMOINGNG TOL
avanmtOoyOnKav PEATIOVOLV TAL VPIGTAPEVO VITOAOYIOTIKG €PYAAEio. TPOCOUOIMONG, AVASEIKVOOVTOG
EVEPYELOKES OTPATIYIKEG KOl TOAMTUKEG Ol OTO1EG 0modidovV KOAN VO TOALG GeEVApia afePfatdTNTOS TOV
puéAlovtog. Me avtd Tov Tpdmo, ot vrevhuvvol yApa&ng TOMTIKNAG KOl GTPATNYIKAG UTOPOLV Vo

BonOnBovv 1660 KoTd TOV PpayumpdOeslo 660 Kol KAt TOV LoKPOTPODEGLO EVEPYELOKO GYEOIAGHO.

AéEac-Kheaond: Avavedoeg mnyéc evépyelag; MovteAomoinon Kol TPOGOUOIMGCT) EVEPYELNKMOV
cvoTnuatov; Atgpevvntiky aflohdynorn evepyelokov oyedtacpov; Ilpocoppootikd povomdrtio
evepyelokng petafaong Potofortaikd otéyng Zvothuota amofnkevong evépyewng Miyuata
avaveOCIU®V TY®V gvépyelag; Evepyesitaxn kot kApotiky moittiky; Evepyesiaxn petdPfacn; Kdotog

amo-avOpaxomroinong; [epuonéc evépyeiag.



Summary

The European energy and climate policy is frequently revised in order to be aligned with uncertain
factors, such as the influence of human activity on climate change, geopolitical tendencies, and energy
market dynamics. Given such uncertainties, member states encounter difficulties in formulating their
national contributions via the National Energy and Climate Plans, since, in addition to strengthening
clean energy objectives, modifications to European energy and climate policy may entail structural
adjustments, such as the minimization of natural gas use as an intermediate fuel during the energy
transition. Hence, member states must not only select new technological trajectories, but also make
decisions for implemented expenditures that may contradict with the revised European policy.

Given the notable uncertainties that the European Union has encountered in recent years, including
the economic crisis, the COVID-19 pandemic, and the energy crisis of 2022, energy policy and the
energy models supporting it must shift away from optimized projections made under linear assumptions.
Instead, modelling simulations and the consequent energy policy formulation, should be characterized
by adaptability to non-linear trends. This is the case of exploratory assessment of adaptive pathways
toward renewable energy systems.

The purpose of this doctoral dissertation is the development of a modeling framework that:

e Performs exploratory analysis of policy/strategy options, to identify those that perform well
under deep uncertainty, while specifying coping strategies that can be implemented in the case
of realization of unlikely uncertainties.

e Supports adaptive policy making, by specifying why and when a policy change should be sought,
which policies/strategies are prone to specific uncertainties, and therefore making explicit what
should be monitored to trigger adaptation during actual implementation.

e Supports stepwise implementation of policies. This means that a policy or strategy may be chosen
for implementation for a specific period of time by a stakeholder, and the results, as well as the
plausible policy/strategy pathways forward, are updated almost instantly. With this feature, a
tight participatory modelling process is feasible.

Based on the above, the doctoral dissertation answers to the following main research question:
“How could energy models support the exploratory assessment of adaptive policies towards the
design of electricity systems based on renewables, which are resilient to contextual uncertainties?”

More precisely, the dissertation focuses on three major challenges during the shift towards energy
systems that are abundant in renewable energy sources (RES).

e consumer engagement in the energy transition,

e minimum waste of renewable energy, and



e shielding the electricity system from external disruptions.

The application of the modelling framework to the case study of Greece’s energy transition
showcased its usefulness towards adaptive and robust policymaking. Specifically, policies for
incentivizing citizens to participate in the energy transition through investments in small-scale
photovoltaic systems were evaluated. Subsequently, mixes of RES and storage which minimize
curtailment were explored, identifying those that minimize the cost of integrating renewable energy into
the electricity mix. Finally, power generation mixes which disengage Greece’s electricity generation
from natural gas, while concurrently achieving carbon emission and renewable energy targets in an
economically efficient manner were assessed. Overall, the suggested modelling framework improves
existing simulation practices, by supporting the development of energy strategies and policies which
are robust under uncertainty, facilitating that way policymakers’ short- and long-term energy planning.

Keywords: Renewable energy sources; Energy system modelling; Exploratory assessment; Adaptive
policy pathways; Photovoltaics; Battery energy storage systems; Renewable energy capacity mix;
Energy and Climate policy; Energy transition; Cost of carbon abatement; Curtailment.
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CHAPTER 1 - INTRODUCTION TO THE PHD DISSERTATION

1.1. Background and problem formulation

This section provides the background which led to the need for answering the over-arching research
question (RQ) that governs this PhD dissertation. It consists of a (i) brief summary of recent energy
strategies that were adopted in the European Union (EU), (ii) an overview of modelling techniques that
have facilitated policymaking thus far, and (iii) reasoning behind the need for the adaptive policies’

incorporation into energy modelling.

1.1.1. A brief history of European energy policy

A retrospection at the EU agenda of the last decades clearly indicates that the transformation of the
energy system has long been one of its core priorities. Since 2010, the adoption of energy strategies,
have laid the ground for energy laws and initiatives that were announced subsequently, and are still
under effect (European Commission, n.d.). The 2020 energy strategy (European Commission, 2010),
published in 2020, started with a strong statement that “The price of failure is too high”, acknowledging
the need for safe, secure, sustainable and affordable energy supply in order to ensure well-functioning
of the society, industries and the economy. It also recognized that the shift to sustainable energy would
be a decade-long journey, whose decisions however, need to be taken immediately, and may have an
effect for the next 30 years and beyond. Concepts, such as, decoupling economic growth from energy
use, decrease of dependence from imported fossil fuels, or energy consumers empowerment, date back
to 2010 when the 2020 energy strategy was released. Overall, the strategy aimed for at least 20%
reduction in EU greenhouse gas (GHG) emissions, at least 20% renewable energy consumption, and at
least 20% energy savings by 2020. The 2050 energy roadmap (European Commission, 2011), which
was published one year later, extended the EU ambition, presenting different routes towards 80-95%
reduction of GHG emissions by 2050, which are based on energy efficiency, renewable energy, nuclear
energy, and carbon capture and storage, combined in seven transition scenarios. The aim was to
highlight what follows the 2020 agenda, therefore, reducing investors’, governments’, and citizens’
uncertainties. Specific steps for the period 2020-2030 were more precisely formulated in the 2030
climate and energy framework (European Commission, 2014a), published in 2014, where EU-wide
targets and policy objectives for the period 2020-2030 where agreed by the European Council. Two
binding targets for 2030 were adopted, namely (i) at least 40% reduction in GHG emissions compared
to 1990, and (ii) at least 27% renewable energy consumption, which were complemented by two
indicative targets of (iii) at least 27% energy efficiency improvements, and (iv) 10-15% electricity

system interconnection. Alongside, the energy security strategy was published (European Commission,
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2014b), which specifies mutually beneficial priorities for all member states, towards limitation of short-
to long-term energy security concerns.

Since the publication of these ground-setting strategies, the EU ambition has grown significantly
stronger. In 2019, the EU Green Deal (European Commission, 2019a) was published, aiming to “make
Europe the first climate-neutral continent by 2050, boosting the economy, improving people’s health
and quality of life, caring for nature, and leaving no one behind” (European Commission, 2019b). The
Green deal, along with the recast Renewable Energy Directive (European Commission, 2018a) and the
amended Energy Efficiency Directive (European Commission, 2018b), which are the two key
legislative acts of the Clean energy for all Europeans package (European Commission, 2020), boosted
the targets that were set in the 2030 climate and energy framework, and required 55% reduction in GHG
emissions, 32% renewable energy consumption and 32.5% energy efficiency improvements by 2030.
In parallel, as part of the Clean energy for all Europeans package, member states were required to draft
national energy and climate plans (NECPs) for the period 2021-2030, describing how they intend to
contribute towards the 5 dimensions of the energy union, namely (i) decarbonization, (ii) energy
efficiency, (iii) energy security, (iv) internal energy market and (v) research innovation and
competitiveness (European Commission, 2023a). Long-term strategies were also drafted, describing
member states’ mid-century, long-term low GHG emission development strategies (European
Commission, 2023b). Since the drafting of the NECPs, the renewable energy and energy efficiency
targets have again been raised, as part of:

o the “Fit-for-55” package (European Commission, 2023c) published in 2021, which aimed to update

EU legislation on the way towards 55% reduction of GHG emissions by 2030, and
o the REPowerEU plan, published in 2022, as a response to the energy crisis stemming from the

Russian invasion to Ukraine, aiming for reduced dependency on imported fossil fuels (European

Commission, 2022a).

At the time of writing of this dissertation, the European Parliament and the Council have reached a
provisional agreement in March 2023 for 42.5-45% renewable energy consumption and 38% energy
efficiency improvements in final energy consumption (40.5% for primary energy) by 2030, with respect
to the energy consumption projections made in 2007 for 2030.

This short journey to EU legislation towards a transformed energy system, highlights that EU plans
and regulations, driven by changes in the context (e.g., environmental damage, geopolitical tendencies),
are constantly updated, possibly creating difficulties to member states in keeping up. In some cases,
updates are only an increase in scale, such as the augmentation of renewable energy and energy
efficiency targets. In other cases, however, the changes are structural, such as the abolition of natural

gas use as an intermediate fuel. Since 2010, the 2020 energy strategy acknowledged that member states
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are challenged in choosing the appropriate technologies and infrastructure for their energy transition.
When structural changes in EU policy takes place, member states are further challenged, since not only
a new technological route needs to be chosen, but also, they need to cope with investments that have
been initiated and might contradict with the updated EU policy. Long-term strategies try to analyze a
variety of pathways that can be followed towards 2050. Nevertheless, as the 2050 energy roadmap
acknowledges, “perfect forecasting of the long-term future is not possible” (European Commission,
2011), therefore alternatives are not always available in long-term plans. This is partially owed to the
fact that usually energy models, which support energy planning, are typically resource-intensive in their
calibration and simulation time (Frilingou et al., 2023). Therefore, in a continuously changing EU
context, analyses are restricted to a few energy system transition pathways, with limited context
scenarios incorporation. Thus, the relevant results are prone to uncertainty due to inherent uncertainty
in assumptions, as well as their infeasibility to anticipate many potential extreme externalities (i.e.,
energy crisis, maturity of technologies, etc.). This highlights that in recent view of the uncertainties that
the EU and the world have experienced in the past years (i.e., the 2008 financial crisis, the 2019
pandemic, and the 2022 energy crisis), policymaking, and the respective models supporting it, need to
move away from projections based on best estimates. Instead, they should be flexible to adapt to
potential external disruptions of the context, being robust to negative impacts, while exploiting
opportunities that emerge from positive contextual developments. This is the case of exploratory
analysis and adaptive policymaking, which focuses on short-term actions, with concurrent contextual

planning in case of future contextual externalities.

1.1.2. Uncertainty in energy modelling

Tackling with uncertainty is inevitable when planning for the future (Offermans and Corvers, 2012).
Decision-making in the face of uncertainty can present substantial challenges for policymakers, often
resulting in their inability to arrive at well-informed choices (Forni et al., 2016). The energy sector faces
numerous uncertainties as it strives to achieve sustainable, affordable, and secure energy supply, in line
with the REPowerEU plan (European Commission, 2022a). Contextual factors such as capital costs,
fuel prices, GHG emissions cost, risk aversion of consumers and investors, or evolving regulations,
influence investment decisions in energy infrastructure. Additionally, bureaucratic processes,
construction timelines, and the long-term nature of investments create delays in the response to
investment portfolios. On top, past decisions may also lead to unforeseen long-term effects which may
delay, or financially burden the desired energy transition path. It is, thus, evident that policymakers are

called to develop energy and climate policies that have lasting impacts on the energy system, when the

21



CHAPTER 1 - INTRODUCTION TO THE PHD DISSERTATION

most suitable set of policies or strategies to achieve the desired goals under an uncertain context remains
vague (Chappin et al., 2017).

Policies designed to function effectively under specific conditions, may be ineffective outside the
considered boundaries. In this respect, computer-aided optimization and predictive modelling, which
historically support policymaking, has proven to be insufficient, since they provide insight for the path
to be followed, only under specific assumptions or best estimates (Swanson et al., 2010). Despite this
fact, optimization and equilibrium models dominate the climate and energy policy landscape. According
to Chappin et.al., computational general equilibrium (CGE) models are used to simulate economy wide
effects in a top-down approach, while partial equilibrium and techno-economic optimization models,
are used to deepen in specific sectors in a bottom-up manner. CGE models use agents to represent
sectors in an aggregate manner, and can be used to answer what would happen if an economy-wide
equilibrium is achieved given a set of policies and assumptions, or which policies would be needed in
order to achieve specific goals. Partial equilibrium modes use the same logic of calculating equilibrium
conditions, but applied within one sector rather than the entire economy. In this respect, they are capable
of simulating one sector in greater detail, but they omit the interaction with other sectors of the economy.
Finally, techno-economic models, delve into detailed simulation of specific technologies within the
energy sector, in order to analyze the least cost end-system configuration and/or the pathway leading to
it (Chappin et al., 2017).

The degree that each model is capable of dealing with the complex context within which policies and
strategies are applied, depends on their combined temporal, spatial, and technological resolution, which
affects their computational efficiency. Models can focus either on the present energy system and its
short- or medium-term evolution, or on the desired end-state of the energy system, or on the entire
transition pathway from the current regime to the desired future technological configuration (Chappin
etal., 2017). An increase in temporal resolution can provide more accurate results in all time horizons.
For example, when simulating energy systems with large shares of renewable energy sources (RES),
and fluctuating demand, simulating in high temporal resolution can improve model estimations, such
as the cost of technological expansion in order to balance demand and supply (Marcy et al., 2022), or
the needs for electricity storage capacity to minimize curtailment (Michas and Flamos, 2023). However,
in some cases, some degree of temporal resolution is sacrificed, in order to improve the computational
tractability of the model (Marcy et al., 2022). In this respect, more scenarios can be run, and therefore
better degree of uncertainty incorporation in modelling can be achieved. The computational efficiency
gains, however, depend also on the horizon of analysis, as well as the spatial and technological
resolution of the model. Traditionally, there was a trade-off between temporal and technological

resolution, in order to maintain the necessary computational performance and accuracy. For instance,
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models focusing on a single sector may have high temporal resolution, while multi-sector models may
apply resolution reduction techniques, such as time slicing. With the uptake of RES, spatial resolution
has also become increasingly important, increasing the trade-off dimensions (Martinez-Gorddn et al.,
2021). Indicatively, increased spatial resolution, and therefore, increased computational effort, is
required when simulating regions with high heterogeneity in renewable energy potential (Aryanpur et
al., 2021), or in allocation of demand and generation profiles (e.g., country level) (Martinez-Gorddn et
al., 2021).

Incorporating uncertainty analysis is a fourth dimension, which along-side the need for high
temporal, spatial and technological resolution is constrained by computational resources. Still,
uncertainty cannot be neglected. Deterministic and simplified optimization of fossil-fueled resources
used to be adequate, however the variability of RES generation profiles, calls for higher resolution and
uncertainty incorporation in modelling (Yliruka et al., 2023). While equilibrium and techno-economic
models are capable of incorporating some kind of uncertainty, in general they are not designed to
represent the system out of equilibrium. In other words, they provide insight on which investments or
policy options should be chosen, given their perfect foresight on assumptions. Therefore the model user
is not informed about the reasons that might lead to missing the target, and this has been acknowledged
as a crucial feature that needs to be incorporated in energy modelling (Chappin et al., 2017). Thus there
is a need in designing a modelling framework which focuses on robustness rather than in optimality,
meaning that the results provided perform well under many plausible scenarios, rather than under best
assumptions (Forni et al., 2016). Policymakers informed by such models can focus on equipping
policies with the transformative capacity to effectively handle uncertainties, adapting to anticipated and
unanticipated conditions of the context (Swanson et al., 2010). In other words, the focus is on short-
term planning, while describing potential future adaptive actions, defined from the design phase and

not on an ad-hoc basis (Haasnoot et al., 2013).

1.1.3. Needs for model expansion towards adaptive policies

Strategic planning based on optimization which assumes that the future can be sufficiently predicted,
has been parallelized to “dancing on the top of a needle”, since the so-perceived optimal strategies
might be highly sensitive to uncertainties, and therefore lose their value in the case of less probable but
impactful events (Forni et al., 2016; Mclnerney et al., 2012). Furthermore, often used cost-optimal
solutions, can cause confusion regarding what is cost-optimal and what is feasible (Lombardi et al.,
2023). When dealing with a future filled with uncertainties, traditional prediction or scenario-based
modelling methods are not sufficient for decision-makers and analysts. In fact, during interviews

performed with stakeholders from the fields of academia, policymaking, industry and non-
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governmental organizations, by Sisser et.al. (2022), a point raised by interviewees was that
uncertainties and unforeseen events should be incorporated in energy models. In this respect, methods
supporting the design of adaptive plans become crucial. Such plans focus on identifying actions that
should be followed in the present to prepare for the near-term future, while maintaining the flexibility
to adapt, if necessary, in the long-term. The goal of long-term adaptation is to keep options open and
ensure preparedness in an uncertain environment.

Such an adaptive policy design can only be enabled though exploratory analysis of the candidate
policy/strategy options, and assessment of their performance under uncertainty. Exploratory modelling
allows decision-makers to explicitly assess their policy options under a wide range of potential future
evolutions, providing a more comprehensive understanding of the potential outcomes and implications
of their decisions. In this respect, formulation of robust strategies, which can perform well across a wide
range of conditions, and adapt to potential future evolution scenarios, is feasible, stepping away from
optimised solutions based on a limited set of projections (Moallemi and Malekpour, 2018). Exploratory
analysis can only be made possible, with the active participation of policymakers who need to explore
their policy options. Accordingly, models need to abolish their detached nature from policymakers, for
which they have received criticism (Nikas et al., 2021). This is in line with an expressed stakeholder
need (Susser et al., 2022) which calls for active engagement in the modelling processes, by means of
informing modellers about simulations’ assumptions, and co-designing simulation scenarios. By doing
so, stakeholders can be informed for what could be the effects of each scenario, strategy of policy under
consideration, and what changes when choosing one option over another. Furthermore, though
participatory modelling, simulation assumptions are made explicit, allowing modellers and
stakeholders to mutually identify which parameters are important to be included in modelling exercises.
That way, not only modellers gain valuable insight on their assumption, but also stakeholders can be
informed on which factors lie behind the various actors disagreements (Moallemi and Malekpour,
2018).

In order to enable such a participatory modelling process, models applied need to provide fast
responses to stakeholders. Already from the analysis performed in the European energy policy
landscape in section 1.1.1, it becomes apartment that developments in energy strategy formulation are
proceeding at a fast pace. This is acknowledged also by stakeholders, who mention that “Now things
have to go faster, we need to move faster: policymaking has to be faster; so models also have to follow
it” (Susser et al., 2022). The pitfall is that in order to achieve this, modelers usually need to reduce their
models’ temporal, spatial and/or technological resolution, running in the risk of stepping into
infeasibility or sub-optimality of solutions (Fattahi et al., 2021). However, this is not much of a valid

option anymore, because it contradicts with the need of stakeholders for higher simulations resolution
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(Stsser et al., 2022). Furthermore, such a technique ignores the gaps related to modelling resolution
elicited by Chatterjee et.al. (2022). Specifically, modelling at high spatial resolution, could capture the
contribution of electricity demand at different city scales to the total CO, emissions, or the potential of
demand side management due to heating electrification. On the supply side, simulating renewable
energy scenarios at hourly resolution, could provide a better picture regarding the feasibility of RES in
covering the entire demand profile uninterruptedly and without causing discomfort to electricity
consumers, or integrating photovoltaics (PV) with heat pumps and electricity storage at the building
level (Chatterjee et al., 2022; Manfren et al., 2020).

From the above, it becomes apparent that in an evolving energy system which is gradually dominated
by RES and their intermittent nature, along other long-standing uncertainties (as presented at the
beginning of section 1.1.2), trade-offs in energy models capabilities should be held at a minimum, in
order to enable exploratory and participatory modelling towards adaptive policy design.
Specifically, models should:

i.  Account for uncertainties and unforeseen events through exploratory modelling in order to

support robust policy making,

ii.  be user-friendly and transparent, enabling participatory modelling approaches, establishing a
tight loop between policymakers and the modelling teams,

iii.  support high resolution simulations, and

iv.  be fast, in order to provide policymakers with quick answers to multiple “what-if” scenarios.

1.2. Scope and objective

The European Commission (EC) has published in 2021, guidelines for designing better regulation
(European Commission, 2021). These guidelines are meant for internal use by the Commission staff
and aim in designing “legislation that achieves its objectives while being targeted, effective, easy to
comply with and with the least burden possible”. Key principles that should be followed when designing
policies and regulations include:

o Comprehensiveness: consideration of regulation impacts in all sectors (i.e., economic,
environmental, social, etc.), interested parties, and throughout the policy cycle (i.e., preparation,
adoption, implementation and application),

o Coherency: alignment with high-level and long-term objectives (e.g., sustainable development
goals),

o Proportionality: target areas where policy results matter most,

o Participation: design of policies and regulations with all interested parties,
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o Evidence-base: consider best available evidence sources, including scientific,

e Transparency: disclosure of the regulation design process, including the evidence supporting it and
the rationale behind it,

e Learning from experience: Apply the “evaluate first” principle to improve new regulation based on
the experience gained during the implementation of previous ones.

This dissertation, driven by evidence collected by the scientific community, suggests that the ensemble

of these guidelines can also be applied at the member state level when designing energy policies and

strategies, given that the modelling tools are enhanced to meet the needs of adaptive policymaking

described in the previous section.

Comprehensiveness and proportionality combined can be challenging in terms of energy modelling.
Comprehensiveness requires energy models capable of capturing multiple effects of a policy or strategy,
across the entire policy life cycle, which calls for much detail and high temporal resolution in
simulations. On the other hand, proportionality calls for high spatial or technological resolution in order
to delve into specific regions or sectors, which policies need to target primarily. While high level of
detail in all dimensions (i.e., temporal, spatial and technological) can be implemented in energy models,
it may be restricted by computational capacity (Fattahi et al., 2021), limiting modeling exercises to only
a limited set of scenarios. Nevertheless, in order to handle the deep uncertain context where policies are
applied, literature suggests that robustness instead of optimality should be sought (Forni et al., 2016).
This is enabled only if a wide range of scenarios are modelled, making uncertainty explicit, by designing
and quantifying scenarios which may have slipped stakeholders’ attention (Yung et al., 2019). It
becomes thus obvious that in order to meet the comprehensiveness and proportionality criteria in a
robust way, computational efficiency which enables quick, high-resolution simulations is required
by the models.

Such features are also valuable in order to achieve coherent policy design, which learns from the
past. Usually optimization models, describe which policies or strategies should be implemented under
specific circumstances (Swanson et al., 2010). Nevertheless, such a modelling exercise does not
guarantee that the solution provided will not be similar to the one(s) that led to failure in the past. To
avoid this, literature suggests that models should aim to provide answers to many “what-if”
scenarios regarding the effect of policy options implementation, instead of aiming for optimal policy
trajectory planning (Chappin et al., 2017). In this respect, models can be viewed as tools, which facilitate
stakeholders’ discussion about future policy options, while considering evidence that is collected from
the past (Yung et al., 2019).

This is also relevant to the need for participatory processes which has been pointed out in literature,

in order to trigger a mutual learning procedure between modelers and stakeholders. Participatory
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modelling processes leverage the expertise of stakeholders, for validating simulation results and
advising on simulation assumptions and uncertainties to be considered (Yung et al., 2019). Towards
this direction, transparency in modelling exercises is crucial, not only for the better communication
between modelers and stakeholders, but also because from a stakeholder’s perspective, providing more
information and reasoning behind their decisions, can reduce the public’s opposition to new polices
(Pfenninger et al., 2018). Therefore, openness should be aimed both for the modelling techniques, as
well as the assumptions used and their data sources (Yung et al., 2019). That way, policymaking is
actually evidence-based, since a tight loop between stakeholders and modeling teams is established,
bridging the expertise of scientists and practitioners.

Even though several techniques of energy modelling (e.g., CGE, partial equilibrium, techno-
economic optimization, etc.) has been used in literature, with the specificities mentioned in section
1.1.2, models supporting participatory and exploratory techniques, through high-resolution and quick
simulations of multiple “what-if” scenarios, to the best knowledge, has received little attention.
Moallemi et.al. (2018) present a participatory, exploratory modelling approach, towards the design of
long-term energy transition plans. Their approach consists of three phases. The first phase includes the
identification of the societal needs that the energy system needs to satisfy, the development of storylines
which describe the transition process and the interactions among actors in the energy system, and the
development of a model based on the identified societal needs and the created storylines. The second
phase is the scenario exploration, which means the identification of uncertainties that could affect the
performance of candidate policies/plans, the development of quantitative uncertainty scenarios, and the
discovery of uncertain parameter ranges, under the effect of which a policy or plan performs in a
particular way. Finally, the third phase includes planning for contingency, which entails defining coping
strategies, which increase the robustness of polices and plans, against changing uncertain conditions.
Another study by Wu et al. (2020) suggests a similar approach for exploratory modelling of power
system evolution consisting of five steps. The approach begins with (i) an examination of the power
system’s historical development and a definition of its potential future structure. Next, (ii) a tailored
power system planning model suited to the anticipated future structural form of the power system is
defined and developed. Consequently, (iii) sources of uncertainty are identified and (iv) a multitude of
scenarios are generated using computer experiments. Finally, (v) the analysis of the scenarios is
performed, in order to identify crucial elements of evolution, establish timelines, categorize types of
evolution, and understand their respective combined uncertainties. While both works provide valuable
steps for engaging in participatory “what-if”” scenario analyses, they lack a thorough description of a
modeling framework and its technical capabilities, supporting adaptive policymaking towards

renewable energy systems. Instead, indicative modeling techniques, such as modeling software and
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Python libraries are mentioned by Moallemi et.al. (2018), which could aid in implementing their
proposed approach. Mir Mohammadi Kooshknow et.al. (2022) employ an exploratory agent-based
modeling approach called EABMA, to assess electricity storage business models in the Netherlands
under deep uncertainties. They simulate 10368 scenarios of uncertainty, which are combinations of 11
uncertain parameters, each one taking one to three possible values, in a 20-year time horizon. Even
though they achieve good quantification of uncertainty by simulating each scenario 20 times, they apply
significant time slicing, with only 288 hourly simulation timesteps in a yearly basis, which equals 3.3%
representation of the year. However, this contradicts with the requirement for high resolution, especially
in energy systems abundant of RES. Furthermore, their simulations are performed in a computer cluster
for several days, which shows that interactive participatory modelling processes with stakeholders
would be challenging. Eker and van Daalen (2015) use exploratory analysis in order to assess
subsidization policies promoting biomethane production in the Netherlands, with the policies trying to
achieve three conflicting targets, namely, biomethane production maximization, emissions reduction,
and policy cost minimization. The authors use exploratory modelling to assess the performance of two
candidate policies under 5000 scenarios of a wide range of uncertain parameters with a system dynamics
model. Then, they use robust multi-objective optimization in order to find a pareto front of solutions
for the key parameters of the subsidization policy (i.e., subsidy level and subsidy duration), which allow
the policy to perform well under uncertainty. Finally, they use the Patient Rule Induction Method
(PRIM) scenario discovery algorithm, to identify which uncertain parameters can still cause failure of
the policies selected from the pareto front. Their approach is an exemplary application for robust policy
design. Still, their approach does not explicitly provide implications for contingency actions (i.e., policy
parameterization) that could be implemented in case of realization of less likely uncertainties, which
can provoke poor performance of the selected policies. Furthermore, the subsidy level is assumed to be
constantly applied over the simulation time, with the authors mentioning that adaptive policies based
on market signals are suggested for further research. Finally, the simulation time needed to perform the
analysis is not reported, leaving a gap for the modelling ensemble’s feasibility to be applied in
participatory policy design processes.

Several other studies share similar methodological techniques with the above-mentioned studies
(Auping etal., 2016; Hamarat et al., 2014; Moallemi et al., 2017), whose further elaboration is, however,
omitted to avoid repetitions. The main outcome from the literature review on the limited set of available
studies on exploratory and adaptive energy modelling, is that, to the best of our knowledge, currently
there is a lack of a modelling framework satisfying all the criteria for high simulations resolution,
computational efficiency and consideration of uncertainty and unforeseen events through “what-

if” exploratory scenario analyses, while supporting participatory stakeholder evaluations.
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In this respect, this dissertation presents and applies a modelling framework, that addresses the needs

that have been expressed in scientific literature, and meets the requirements for adaptive policy design

presented in the previous section (Fig. 1.1), supporting that way policymaking according to the EC

guidelines for better regulation. More specifically, the modelling framework:

Performs exploratory analysis of policy/strategy options, to identify those that perform well under
deep uncertainty, while specifying coping strategies that can be implemented in the case of
realization of unlikely uncertainties.

Supports adaptive policy making, by specifying why and when a policy change should be sought,
which policies/strategies are prone to specific uncertainties, and therefore making explicit what
should be monitored to trigger adaptation during actual implementation.

Achieves good computational efficiency, through a highly efficient simulation model, and a plug-in
exploratory and participatory assessment model which performs meta-analysis of other models’
results. Especially for the latter, it has the ability to augment the uncertainty analysis space, even
with reduced simulations from the original simulation model, therefore limiting the trade-offs in
simulations’ resolution.

Supports stepwise implementation of policies, which is a feature not found in scientific literature.
This means that a policy or strategy may be chosen for implementation for a specific period of time
by a stakeholder, and the results, as well as the plausible policy/strategy pathways forward, are

updated almost instantly. With this feature, a tight participatory modelling process is feasible.
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Fig. 1.1. Contribution of the modelling framework developed in this dissertation in designing adaptive policy
pathways

The modeling framework consists of the Adaptive pollcymaking Model (AlM), and the STorage
RequirEmEnts and dispatch Model (STREEM), which have been developed based on stakeholders’
needs, elicited during consultations performed within the EC funded Horizon 2020 projects
TRANSrisk!, SENTINEL?, and TIPPING+3, and the POLIZERO* project funded by the Swiss Federal
Office for Energy (SFOE). The models, as well as their structure, assumptions and methods used, which
prove the merits mentioned in the above bullet list, are openly and transparently described in chapters
2, 3 and 4. To facilitate the readability of the dissertation, a brief description of the developed models
is also provided in Appendix 1. The next section presents the overarching RQ that is tackled with the
developed modelling framework, as well as a set of thematic RQs, which were formulated as steps,

whose answering lead to robust policy/strategy design towards a power system dominated by RES.

! https://cordis.europa.eu/project/id/642260
2 https://sentinel.energy

8 https://tipping-plus.eu

4 https://www.polizero.ch
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1.3. Research Questions (RQ)

The analysis of the previous sections has demonstrated that effective policymaking in a highly uncertain
world necessitates the use of exploratory modeling techniques that explicitly incorporate uncertainty.
In this regard, it is imperative for energy models to align with the evolving dynamics of the energy
system. This entails a shift away from a centralized and uniform nature, towards versatile and efficient
tools that cope with decentralized energy systems based on RES. To do so, energy models need to
augment their representation of agents beyond centralized entities which invest in large power plants,
and consider citizens as active energy transition agents who invest in decentralized projects.
Furthermore, models need to be modified in order to consider factors beyond the efficient allocation of
dispatchable resources. Instead, they should support the design of renewable energy portfolios which
achieve a balance among the available intermittent technologies, towards optimal generation
complementarity, and minimization of supporting technologies (e.g., storage) or thermal electricity
generation, which increase the cost and/or the environmental footprint of the produced energy. Finally,
it is crucial for models to provide users a high degree of adaptability. This entails facilitating effective
decision-making that can withstand uncertainty, while also offering contingency plans that can be
implemented in the event of less likely occurrences, such as an energy crisis. In this regard, it is
imperative for models to offer users a diverse range of potential solutions, as well as a participatory
interface that enables them to evaluate the consequences of applying one choice over another. Driven
by the above analysis, the overarching RQ tackled in this dissertation is formulated as follows:

How could energy models support the exploratory assessment of adaptive policies towards the

design of electricity systems based on renewables, which are resilient to contextual uncertainties?

To answer this overarching RQ, this PhD dissertation comprises of three stand-alone research chapters
(i.e., Chapter 2, Chapter 3, and Chapter 4). These research chapters present methodological
approaches that have been developed into energy models, to effectively put the exploratory and
participatory concept into practice, towards robust policy- and strategy-making, which builds on the
notions of resilience and adaptability. The models are used to study three main pillars of the energy
transition towards decentralized RES-based power systems (Fig. 1.2), namely: (i) consumer
engagement in the energy transition, (ii) minimum waste of renewable energy, (iii) shielding the
electricity system from external disruptions. Each research chapter focuses on one aspect, and presents

the relevant methodology, as well as the models supporting its implementation.
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Fig. 1.2. Pillars of the PhD dissertation

The first pillar abides by the notion of the EU Green Deal that “Citizens are and should remain a
driving force of the transition” (European Commission, 2019a). Especially after the 2022 energy crisis
and the uncertainty about using natural gas as a transition fuel, the EU commission mandates member
states to designate renewable “go-to-areas”, which are areas with low environmental impact when
installing RES and storage projects (European Commission, 2022b). Among the priority areas are
building roofs, which give a great opportunity for citizens to be at the core of the energy transition, by
installing rooftop PV systems. Nevertheless, even if rooftop PV installations are prioritized, citizens
need to be incentivized to invest in such projects. The past has shown that some kind of subsidization
needs to be in place to initiate investments. The subsidy though, needs to be designed in a way that does
not lead to deficits, retrospective rate cuts, or shift to abrupt subsidy-free schemes that cause distrust to
the investment environment and stagnation of new projects. In this respect, the aim of the first pillar is
to identify sequences of support schemes incentivizing rooftop PV installations, which adapt according
to context signals (e.g., cost of technologies, cost of electricity, etc.), and achieve the desired rooftop
PV capacity expansion, without leading to observed market failures of the past.

The second pillar acknowledges that with increasing shares of renewable energy fed into the grid,
there is a challenge in balancing the demand and renewable generation profiles, both of which are highly
uncertain throughout the day. With thermal generating resources as baseload electricity sources, the

electricity supply planning procedure ought to consider only the uncertainty of the demand side. Even
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if deviations occurred, the re-scheduling of generation was feasible with ad-hoc changes in the amount
of electricity injected by committed power plants, or by committing new, peaking units. In electricity
systems dominated by RES, the uncertainty dimensions are expanded to the supply side, which is not
dispatchable, running the risk of supply shortages at high demand and low generation hours, or
curtailment in the opposite case. The combination of these two events, leads to under-exploitation of
the potential renewable energy yield, since electricity is wasted, when it could be used to cover the
electricity needs at other times. Electricity storage can contribute in minimizing this problem, by
transferring renewable energy to the times when it is most needed, as stressed by the REPowerEU plan
(European Commission, 2022a). Nevertheless, deploying mass storage capacity, despite being
unrealistic to implement, is also costly. In this respect, the aim of the second pillar is in identifying how
much storage is needed to reduce the waste of renewable energy, under various capacity mix scenarios
of RES technologies, achieving cost-effective RES integration without electricity waste.

Finally, the third pillar of this dissertation acknowledges that while cost minimization is the most
commonly used criterion in decisions taken about the future electricity generation portfolio, it can be at
the expense of other criteria, such as reduced electricity yield, prolonged dependency on fossil fuels,
slow abatement of carbon emission, or cost-inefficient renewable energy integration (i.e., low energy
return compared to the cost of the systems producing it). After the 2022 energy crisis, energy security
criteria were prioritized, aiming for reduced natural gas use as a transition fuel, through accelerated
RES deployment (Girsan and de Gooyert, 2021). It becomes thus, obvious, that when designing the
future electricity system build-out, policymakers may face a trade-off between the environmental,
energy security and cost-minimization objectives they need to achieve. This pillar aims to find a balance
between these three objectives, by investigating RES and storage deployment pathways, which achieve
all targets at once, despite the uncertainty governing the price of natural gas. That way, it aims to inform
policymakers about potential strategic decisions, which shield the power system from the externalities
caused by the 2022 energy crisis.

The aforementioned pillars constitute the steps followed to conduct this doctoral dissertation, as
shown in Fig. 1.3, highlighting how the exploratory assessment of adaptive policies can be implemented
at different scales and objectives. Considered as a whole, they lead to the answering of the overarching
RQ, which is facilitated by the formulation of the following thematic research questions (RQs 1-3)
which comply with each pillars’ scope, and are thoroughly elaborated and answered in the research
chapters 2-4:

RQ1 Which policy pathways could re-initiate small-scale PV investments (i.e., < 10kWp) in Greece

without leading to the RES market failure that was observed in the past?
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RQ2 Assuming an increase in overall RES capacity, which RES plus storage deployment pathways
to 2030 enable least electricity curtailment and what criteria can be used for their selection?

RQ3 Which RES plus storage deployment pathways enable decoupling from imported gas, while
achieving the emissions reduction and renewable integration targets in an economically efficient
way, despite contextual uncertainties?

@ eee- . e
* |dentification of challenges of + Identification of challenges and setbacks
transitioning to RES-rich systems during the energy transition process
* Validation of the need for storage » Validation of the need for robust multi-
technologies target achievement
* Explratory assessment of VRES plus * Exploratory analysis of VRES plus storage
storage deployment strategies deployment strategies and their

effectiveness towards multiple national

(Chapter 2) . . s
-..targeta. amid contextual uncertainties.

Consumer engagement

in the energy transition = . .
* Analysis of vulnerabilities of ¢
policymaking based on best '.
estimates -
* Validation of need for adaptive
policies
s Exploratory assessment of adaptive
policies for incentivization of
rooftop PV investments

Development of the Adaptive
pollcymaking Model (AIM)

Fig. 1.3. Steps taken and models developed and used for the answering of the thematic research questions of this
dissertation. A brief description of the models is provided in Appendix 1.

Greece was chosen as the case study country to answer these RQs due to its ambitious plans for
variable renewable energy sources (VRES) capacity expansion (i.e., PV and wind turbines (WT)) by
2030, shifting away from its current regime, which is characterized by limited capacity of
interconnection transmission lines compared to its peak demand (i.e., about 20%), high shares of fossil
fuels in its electricity mix and high dependency on imported fuels for electricity generation. To be more
specific, with the publication if its 2019 NECP (Greek Ministry of Environment and Energy, 2019),
which is still under effect, Greece opted for the phase-out of its lignite power plant fleet, the only
technology operated with domestically extracted fossil fuels, and a 200% VRES capacity expansion

(i.e., PV and WT) by 2030 compared to 2019, equal to 14.7 GW. During the transition phase, imported
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natural gas was selected as the transition fuel for power generation. However, this plan was jeopardised
by the 2022 Russian invasion to Ukraine, the weaponization of energy sources and the consequent
energy crisis, revealing aspects of security of supply and turbulent energy prices. The Greek answer
was a doubling in ambition, aiming for 400% increase in VRES capacity compared to 2019, reaching a
total of 23.9 GW by 2030 as presented in the Greek proposal for the 2024 update of its NECP (Greek
Ministry of Environment and Energy, 2023). Greece is, thus, a good example for assessing renewable
energy integration maximization in an effort to rely more on domestic resources and minimize reliance
on imported fossil fuels, under a deeply uncertain environment. Considering also Greece’s solar
irradiation potential (Nikas et al., 2018), the answering of RQ1 is of paramount importance, in order to
support policymakers in the incentivization of consumers to contribute with small-scale PV towards the
Greek VRES targets. It is important to mention that even though this dissertation is focused on the
Greek context, the presented methodological framework is applicable to any country, and the relevant
results could provide an initial assessment for other countries with a power sector transformation plan
based on RES.

1.3.1. RQ1: Which policy pathways could re-initiate small-scale PV investments ( <10kWp) in
Greece without leading to the RES market failure that was observed in the past?

From 2008 to 2013, Greece saw a surge in PV installations due to an appealing funding program for
residential solar installations that offered generous Feed-in Tariffs (FiT) and simplified bureaucratic
installation procedures. Although the policy led to capacity overachievement with respect to the set
target, the respective policy cost led to a significant deficit in the Greek RES Special Account
(Koumparou et al., 2017; Kyritsis et al., 2017), which raised concerns about the sustainability of the
Greek RES market. The Greek government’s response was the introduction of additional taxation on
prosumers’ income. However, this additional taxation along with a pre-agreed reduction in FiT, resulted
in a declining rate of PV installations, as the investment environment was considered less safe (Flamos,
2016; Papadelis et al., 2016). Eventually, since 2015, a net-metering scheme came into effect, which
does not reimburse the prosumer for the electricity injected to the grid, but nets the produced electricity
generation from the PV system with the consumed electricity at the household over a three year period,
without remunerating the PV owner in case of excess electricity generation.

Contrary to net-metering, self-consumption makes the investment of consumers more profitable for
them, as they consume more of their electricity yield (Abdin and Noussan, 2018), grid charges do not
apply to self-consumed electricity (Stavrakas et al., 2019), and therefore, the household’s electricity
cost is reduced and the respective PV system’s payback period is shortened (Gil Mena et al., 2023).

Especially, when combined with battery energy storage systems (BESS), apart from increasing the self-
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consumption of locally generated electricity, which further incentivizes PV installations, it also helps
resolve supply and demand imbalances (Hassan et al., 2023). That way consumers are becoming more
active participants in the energy transition process (European Commission, 2015). However, due the
high investment cost of batteries, it has been stressed in literature that subsidies are needed in order to
make them economically viable (J. Liu et al., 2023).

The objective of answering the first thematic RQ of this dissertation lies in assessing the efficacy of
the net-metering scheme, in effect since 2015 in Greece, and of a potential alternative self-consumption
scheme that subsidizes part of the BESS which accompanies the PV installation, in driving small-scale
PV investments in Greece. Ultimate goal is the design of policy pathways towards the target of 1 GW
of installed capacity by 2030, as mandated by the 2019 NECP, without leading to under- or over-
investment and the market failure that was observed in the past. To do so, AIM was developed, which
is a model (i) investigating the conditions under-, and the timeframe beyond- which a policy/strategy
starts to deviate from the set targets, (ii) visualizing a map of dynamic adaptive policy pathways
(DAPP), and (iii) setting up a monitoring system for real world policy adaptation. AIM has been linked
with the technology adoption model ATOM (Stavrakas et al., 2019), which was used to simulate the
decision-making process of agents towards PV investments, by correlating the investment decision with

the agents’ perceived investment value (for a brief description of ATOM please refer to Appendix 1).

Overall, answering RQ1, which is performed in Chapter 2, contributes to this dissertation by:
¢ validating the need for adaptive policies,

o developing the Adaptive pollcymaking Model (AIM), and

o verifying AIM’s applicability to the rooftop PV sector of Greece

1.3.2. RQ2: Assuming an increase in overall RES capacity, which RES plus storage deployment
pathways to 2030 enable least electricity curtailment and what criteria can be used for
their selection?

The increasing presence of RES in the power generation portfolio poses integration challenges due
to their intermittent nature (Antweiler, 2021), possibly resulting in electricity curtailment (Jorgenson et
al., 2018). Curtailment is a known practice for controlling electricity injection from uncontrollable RES
and ensure safe network operation (Michas et al., 2019). However, it also leads to waste of renewable
electricity (Chang and Phoumin, 2021), reduced economic benefits for RES generators (Mayyas et al.,
2022), and, if applied extensively, breaching of the limit set by the EU, which restricts curtailment up

to 5% of the annual renewable electricity generation (European Parliament and the Council, 2019).
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To address the challenge of maximum exploitation of renewable electricity yield (and consequently
reduced curtailment enforcement) storage and demand response are two promising technologies, each
one with its own challenges when it comes to rollout. Storage systems’ deployment is challenged by
their high upfront investment cost. Nevertheless, the costs have been reported to drop drastically in the
recent years (EIA, 2020), and can also be subsidized as shown in RQ1. On the other hand, demand
response is challenged by the unpredictability of participants’ reaction to demand response signals,
which might reduce system operators’ trust in applying the measure extensively (Oconnell et al., 2014).
The importance of both technologies is undisputed, however, RQ2 focuses specifically on energy
storage as a supplement to efficient renewable generation, given the REPowerEU plan’s (European
Commission, 2022a) emphasis on using energy storage to provide flexibility to the system and facilitate
renewable energy integration.

The need for electricity storage to optimally integrate variable RES (or VRES) and avoid curtailment,
ensuring their sustainability, has also been recognised in the 2019 Greek NECP (Greek Ministry of
Environment and Energy, 2019). The formulation of the second thematic RQ of this dissertation builds
on the 2019 NECP premise that ““/...J the shares and amounts of installed capacity of both thermal
power generation plants and RES technologies, /.../ have been determined in the context of energy
simulation, taking into account specific assumptions regarding the reduced cost of electricity
generation by such plants and they should be considered indicative and possible, but not binding, at
technology and project category level” (Greek Ministry of Environment and Energy, 2019). Therefore,
the aim of addressing this RQ is to investigate different capacity deployment pathways of VRES
combined with energy storage, with the goal of maximizing the utilization of domestically produced
renewable electricity and minimizing instances of curtailment in the Greek electricity system until 2030.
The technologies, whose combined capacity is explored, consist of PV and WT which are the renewable
energy technologies with the highest potential in Greece, accompanied with utility-scale lithium-ion
(Li-lon) BESS, which, along with the already installed capacity of pumped-hydro storage (PHS), can
facilitate the integration of renewable energy generation. To do so, STREEM was developed and linked
with AIM. STREEM enables the exploration of storage capacity requirements to achieve specific
curtailment levels through high-resolution simulation of storage technologies. Its main feature lies in
its ability to model various storage technologies, achieving efficient computational performance in

approximating storage/curtailment correlations, despite the storage technology specifications.

Overall, answering RQ2, which is performed in Chapter 3, contributes to this dissertation by:
¢ developing the STorage RequirEmEnts and dispatch Model (STREEM) and linking it with AIM,

o upscaling AIM’s applicability to national grid scale, accounting for multiple RES technologies, and
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o investigating VRES plus storage deployment pathways to 2030, limiting curtailment enforcement.

1.3.3. RQ3: Which RES plus storage deployment pathways enable decoupling from imported
gas, while achieving the emissions reduction and renewable integration targets in an
economically efficient way, despite contextual uncertainties?

As the shift towards RES-based electricity systems advances, natural gas was initially chosen as a
transitional fuel due to its lower carbon emissions compared to other fossil fuels (Girsan and de
Gooyert, 2021). However, the 2022 energy crisis stemming from the Russian invasion to Ukraine,
turned natural gas into an expensive and unreliable energy resource (Osi¢ka and Cernoch, 2022). The
EU responded immediately, by publishing the REPowerEU plan, which augments and accelerates the
European ambition for RES capacity expansion, towards reduced use of natural gas as a transition fuel
for power generation (European Commission, 2022a). Accordingly, Greece drafted its proposal for the
2024 update of its NECP, doubling the ambition for VRES deployment by 2030 compared to the 2019
NECP. It specifically highlights a remarkable 400% increase in VRES capacity compared to 2019,
aiming to achieve a total capacity of 23.9 GW by 2030 (Greek Ministry of Environment and Energy,
2023).

Therefore, the 2022 energy crisis can be considered a tipping point that has accelerated the efforts
towards RES-based energy systems and reduced reliance on natural gas. Nevertheless, in the short-run,
and in view of securitization of energy supply, many countries have returned to operating coal- and oil-
fuelled power plants (Y. Liu et al., 2023). This is also the case for Greece, which turned to increased
operation of existing lignite power plants (Karamaneas et al., 2023), extending their phase-out from
2023, as originally planned with the 2019 NECP, for at least another two years (Greek Ministry of
Environment and Energy, 2023). Such reactions by member states has caused concerns for a new lock-
in to fossil fuels, which might cause economic instability and intensify energy poverty (Frilingou et al.,
2023; Karamaneas et al., 2023). The latter makes clear that decoupling from imported natural gas should
be perused quickly, but without jeopardizing decarbonization efforts, or causing socioeconomic
hardship (Karamaneas et al., 2023).

In this respect, beyond the issue of “how many” renewables, the third thematic RQ of this dissertation
focuses on determining how the different power generation technologies can be combined, and when
should they be deployed, in order to achieve ambitious renewable energy shares, reduce emissions, and
effectively decouple from the short-term uncertainties associated with natural gas. The aim is to find an
economically efficient power generation portfolio that addresses not only the quantity of renewable
energy, but also the integration of various technologies to meet these goals sustainably. To achieve this
objective, AIM and STREEM were linked with the Business Strategy Assessment Model (BSAM)
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(Kontochristopoulos et al., 2021), which is an agent-based, wholesale electricity market model,
simulating the unit commitment and economic dispatch problems, considering both RES generation
profiles and the technical constraints of dispatchable power plants (for a brief description of BSAM
please refer to Appendix 1).

Overall, answering RQ3, which is performed in Chapter 4, contributes to this dissertation by:

e linking AIM with STREEM and the electricity market model BSAM to simulate the electricity
scheduling problem, taking into account both RES and thermal power plants,

o upscaling AIM’s applicability to account for multiple national targets (i.e., RES integration,
emissions and dependency in imported gas), and

o investigating VRES plus storage deployment pathways and their capability in limiting the effects of

the 2022 energy crisis, while ensuring a cost-efficient energy transition.

1.4. Structure of the PhD dissertation

The dissertation is structured in five chapters as visually illustrated in Fig. 1.4 and described
subsequently.

Chapter 1: This chapter starts with a brief timeline of European energy policy and regulations,
highlighting the speed and complexity of policy-/decision-making with which members states need to
cope with, especially under a deeply uncertain context. Following, an analysis of common energy
modelling techniques supporting energy decision-making is performed, discussing their ability to
capture uncertainty, as well as the trade-offs that need to be performed in order to do that. This led to
the identification of the need for versatile, highly efficient tools, which feature combined high temporal,
spatial and technological resolution, and consideration of uncertainty and unforeseen events, allowing
them to support the design of decentralized energy systems based on intermittent RES. The chapter
concludes with the presentation of the dissertation’s objective, which aligns with the identified
modelling needs, and the RQs that this dissertation answers with the developed modelling framework.

Chapter 2: In this chapter, the need for adaptive policies is validated and a new model is presented
which treats policies/strategies as experiments and focuses on short-term planning while prescribing
future corrective actions in case of contextual evolutions which alter policies’/ strategies’ performance.
Specifically, the AIM model (i) investigates the conditions under-, and the timeframe beyond- which a
policy/strategy starts to deviate from the set targets, (ii) visualizes a map of dynamic adaptive policy

pathways, and (iii) sets up a monitoring system for real world policy adaptation. Its applicability is
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demonstrated for the investigation of policy pathways incentivizing the uptake of rooftop PV in Greece,
which is made feasible by linking it with a technology adoption model.

Chapter 3: In this chapter, a new model capable of simulating storage technologies, at high temporal,
spatial and technological resolution, is presented. The STREEM model simulates the hourly operation
of energy storage systems and calculates the required storage capacity towards exploitation
maximization of the renewable electricity potential. Furthermore, in this chapter, AIM’s applicability
has been expanded to account for multiple RES technologies, allowing national-wide analyses to be
performed. Both models have been linked to investigate VRES plus storage deployment pathways to
2030, limiting the enforcement of curtailment.

Chapter 4: In this chapter, AIM’s clustering functionality has been upgraded to account for multiple
policy/strategy targets (i.e., emissions reduction, renewable energy penetration, dependency on gas),
while decomposing the impact of each assessed contextual factor on the success or failure of a
policy/strategy towards a specific target. Furthermore, AIM has been expanded in order to calculate the
carbon abatement cost of the examined electricity generation portfolio buildouts. The expanded AIM
has been linked with STREEM and a wholesale electricity market simulation model, to investigate
VRES plus storage deployment pathways limiting the effects of the 2022 energy crisis, accounting for
the operation of both RES and thermal power plants.

Chapter 5: In the last chapter of this dissertation, the summary of the results is presented, both with
respect to the thematic RQs governing Chapters 2-4, as well as the overarching RQ presented in
Chapter 1. The contribution of the dissertation in the fields of energy modelling, policymaking and
academia are also made explicit. Finally, limitations of the presented modelling framework and the
analyses performed with them are presented, making suggestions for further improvements and

research.
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Background and problem formulation

Scope and objective
Research Questions (RQs)
Structure of the PhD thesis

How could energy models support the exploratory assessment of adaptive policies towards the design of
electricity systems based on renewables, which are resilient to contextual uncertainties?

Chapter 2

‘Which policy pathways could re -

initiate small -scale PV
investments (< 10kWp) in
Greece without leading to the
RES market failure that was
observed in the past?

Chapter 2

A self-consumption scheme
showed great potential in
incentivizing PV investments,
compared to a net-metering
scheme. A high initial subsidy
is required to attract investors’
interest, due to the high
investment cost of battery
storage  systems. However,
stepwise reduction in
subsidization is suggested, to
avoid rebound economic effects
(i.e., public deficit), in the long-
term, similar to the ones
induced by the Feed-in Tariffs
scheme over the period 2008 to
2013.

Chapter 3

Assuming an increase in overall
RES capacity, which RES plus
storage deployment pathways to
2030 enable least electricity
curtailment and what criteria can
be used for their selection?

Chapter 3

Cost-efficient RES integration
with minimum BESS
requirements could be achieved
with a RES capacity mix
consisting of 60-65% onshore
wind and 35-40% PV. Higher
shares of either technology leads
to higher need for storage due to
suboptimal complementarity of
generation profiles. BESS in
Greece would be needed when
RES shares in the electricity
mix exceed 41-48%, 59-64%
and 51-58% for high PV shares,
high WT shares, and balanced
systems, respectively .

= Summary of results and key findings
= Contribution of the thesis
= Limitations and potential for future research

= Brief presentation of models used in the thesis
= Contribution of the PhD candidate to academic material

Fig. 1.4. Visual illustration of the dissertation’s structure
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Chapter 4

‘Which RES plus storage
deployment pathways enable
decoupling from imported gas,
while achieving the emissions
reduction and renewable
integration targets in an
economically efficient way,
despite contextual uncertainties?

Chapter 4

Balanced wind and solar mixes
enable concurrent achievement
of energy targets in an
economically  efficient way,
while respecting hydro
availability constraints. Various
RES deployment routes to 2030
can be followed, respecting
different perspectives, such as
(i) least-cost, marginal target
achievement, (ii) cost-
effectiveness ensuring resilient
target achievement, or (iii)
combinations of the above.
Nevertheless, licensing
acceleration is needed to
facilitate RES deployment and
limit the short-term effect of the
2022 energy crisis.
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A transdisciplinary modeling framework for the participatory design of dynamic adaptive
policy pathways

Efficient policymaking is crucial towards climate change mitigation. However, policies’ successful
implementation depends largely on the context where they are applied. Classic decision-making used
to be based on a static plan that was considered optimal for the “most likely” future contextual outcome.
However, predicting the most probable evolution of this context has been proved unsuccessful, since it
is vulnerable to unanticipated parameter change. Dynamic Adaptive Policy Pathways can address this
problem focusing on the design of short-term policies, with simultaneous definition of adaptive
interventions to be chosen on the long-term. This chapter presents a transdisciplinary modeling
framework, which builds on the original Dynamic Adaptive Policy Pathways methodology. To
demonstrate the applicability of this framework the author used it to explore the evolution of the small-
scale solar photovoltaics share in Greece, towards the achievement of the national capacity targets of
2025 and 2030. Model outcomes facilitated the identification of several pathways achieving the capacity
targets, while reducing the risk for retroactive policy changes. Overall, the presented study demonstrates
potential to support the design of adaptive policies over contextual evolutions so that social, economic
and technological aspects of integrative planning are balanced towards the achievement of climate
targets.
Keywords: Dynamic adaptive policy pathways, Emulation, Energy policy, Technology adoption,
Adaptive Policies, Solar PV

2.1. Introduction

Energy policymaking is a complex process. Most systems in which policies are implemented, are
characterized by deep uncertainties and continuous changes in the external factors (e.g., technological
innovation, social behavior, economic development, etc.) affecting its dynamics (Zhang et al., 2014).
As such, decisionmakers, in their effort to create robust policies, can find themselves confused or
incapable of making proper decisions, often due to insufficient information about the uncertainties they
need to consider (Chappin et al., 2017; Forni et al., 2016; Pfenninger et al., 2018). Since policymaking
is highly corelated to the future, many researchers have focused on studies regarding the uncertain
evolution of the context, within which policies are applied (Offermans and Corvers, 2012; Swanson et
al., 2010). Classic decision making used to be based on a static plan considered optimal for the “most
likely” future outcome. This strategy has been proven vulnerable to unexpected future evolutions
leading to failure of the once considered optimal plan. Especially when studying complex systems, the

selection of a policy based on the most probable future evolution is risky and unrealistic. This indicates
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that policies should not be optimally designed for the best estimation, but should be robust in most of
the future evolutions (Walker et al., 2001), and flexible to adapt according to the evolution of their
context (Kwakkel et al., 2016). Following this notion, the concept of adaptive policies, which focuses
on short-term planning and describes potential future adaptive actions, defined from the design phase
and not on an ad-hoc basis, has emerged in the past few years (Haasnoot et al., 2013; Spyridaki et al.,
2016).

Reference to adaptive policies is traced back to 1927, when Dewey (1927) proposed that policies
should be treated as experiments and adapt over time as new information and experience are acquired
(Swanson et al., 2010). Since then, the concept of adaptive policies has experienced significant
improvements and variations. In 2001, Walker et.al. (2001) presented an analytical methodology which
can be used for the design of adaptive policies. In 2010, Kwadijk et.al. (2010) used adaptation tipping
points, which are points at which a strategy change is initiated to cope with significant changes to
uncontrollable contextual influences for the design of adaptive strategies for climate change and sea
level rise preparation. In 2011, Haasnoot et.al. (2011) explored adaptation pathways, defined as
sequences of actions succeeding one another towards the achievement of a target, to identify sustainable
water management strategies in river deltas. Integrating the concepts of adaptive policy making,
adaptation tipping points and adaptation pathways led to the development of the Dynamic Adaptive
Policy Pathways (DAPP) methodology by Haasnoot et.al. in 2013 (Haasnoot et al., 2013), which is a
novel framework combining the benefits of all the three previous concepts. The methodology achieves
dynamic robustness by using (i) the concept of “sell-by” date, which is the date after which a policy
starts to perform poorly and an alternative policy is implemented, and (ii) a monitoring system which
allows the end-user to monitor real-world critical contextual evolutions that trigger the initiation of the
policy adaptation process. As a result, according to the evolution of the future, the appropriate
adaptation plan is chosen dynamically. The above methodologies find practice in a variety of research
areas such as climate change (Maru et al., 2014), water resource management (Zandvoort et al., 2017),
coastal flood risk management (Manocha and Babovic, 2017; Ramm et al., 2018), urban heat risk
management (Kingsborough et al., 2017), agricultural management (Nguyen et al., 2019; Prober et al.,
2017), and the transportation sector (Jittrapirom et al., 2018; Marchau et al., 2010; Walker and Marchau,
2017).

A problem worth being analyzed with the concept of adaptive policies is the decarbonization of the
energy system and especially electricity generation which accounts for more than one third of the
energy-related CO, emissions worldwide (Ang et al., 2011; Zhou et al., 2012). The energy system is
composed of many actors, which according to Bale et.al. (2015) are: (a) agents with conflicting interests

(e.g., generators, suppliers, consumers, etc.) dynamically interacting with each other, (b) technologies
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and infrastructure, which, while being stable actors, their adoption is uncertain, and (c) the environment
(e.g., political, social, cultural, etc.) in which the former actors operate. Thus, it becomes apparent that
the energy system is by its nature complex, characterized by high heterogeneity, and cannot be
holistically controlled. Economic activities are also closely linked to the energy system, and thus, a
transition to a low-carbon society should be linked to a transition to a sustainable low-carbon economy.
This link is also reflected in the so-called energy trilemma or the “3Es” problem, which refers to the
complex relationship of the energy system, economic development and the environmental protection,
with significant implications for the social and political dimensions (Nakata et al., 2011). It is proposed
that energy transitions should be considered as evolutions of three discernible systems which change
together: (i) a techno-economic system featuring the energy flows in an energy market, (ii) a socio-
technical system featuring the energy technologies within a social context, and (iii) a political system
featuring energy policies (Bolwig et al., 2019).

Designing policies to support the decarbonization of the energy system is a non-trivial problem since
the interests of all the involved agents must be balanced. Energy models have played a crucial role in
understanding the dynamics of the energy system, energy planning, energy policy, and implication
analysis from the introduction of technologies in the system (Doukas, 2013; Miller et al., 2018).
However, until recently, modeling practices used to be unilateral, because usually models address the
energy transition issue in an one-sided manner (e.g., technological/economic, etc.) (Bale et al., 2015).
In order to capture multiple dimensions of the energy transition and satisfy multiple aspects of the “3Es”
problem, a transdisciplinary modeling approach is required (Nakata et al., 2011). To this end, this
chapter presents such a transdisciplinary modeling framework that implements the original DAPP
methodology via the use of a modeling ensemble, capturing the correlation between the economic,
social and political dimensions of renewable energy source (RES) technology diffusion. In particular,
the modeling ensemble includes: (i) an agent-based model which is considered a valuable tool for
analyzing complex private decisions of consumers, (ii) a Gaussian Process (GP)-based emulator
accelerating heavy model simulations, making the analysis of many scenarios possible, and (iii) a new
plugin toolbox facilitating decision-making under deep uncertainty, which builds on the strengths of
Exploratory Modeling and Analysis (EMA) (Kwakkel and Pruyt, 2013). Each model is used in different
steps of the DAPP methodology, compiling a complete framework for decision support and uncertainty
appraisal.

To demonstrate its applicability, the framework was used to explore sustainable pathways for the
support of the further diffusion of small-scale solar photovoltaics (PV) (i.e., up to 10kWp) in Greece,
towards the achievement of the 2025 and 2030 capacity targets. Solar PV is considered a fundamental

technology, ranked among the RES technologies with the highest potential (Zhang et al., 2016), for the
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support of the transition towards a low-carbon energy system (Michas et al., 2019). The attractiveness

of PV is especially reported in Greece where the solar irradiation levels are high (Nikas et al., 2018).

Additionally, this work aims at providing more practical guidelines on the implementation of the DAPP

methodology, to assist end-users from the modeling community to replicate the methodology to the

benefit of their research and to develop modeling frameworks similar to the one presented here.

Overall, to the best of the author’s knowledge, the novel contribution of this study to the scientific
literature is twofold:
¢ The development of a new plugin toolbox facilitating the participatory design of DAPP, through real

time visualizations and interactive stakeholder consultation. The implementation of a policy for a

time period affects the performance of the alternative policies succeeding it. The presented toolbox

updates the policy adaptation map showing only the available options from the last timeframe a

policy is implemented and forward. This means that opportunities and dead-ends are explicitly

visualized in a stakeholder-friendly fashion.

e The development of a transdisciplinary modeling framework that implements the original DAPP
methodology, capturing several aspects of the “3Es” problem by: (i) modeling various policies (i.e.,
net-metering (NEM), self-consumption (SC)) supporting the diffusion of small-scale PV in Greece,
(ii) correlating the technology adoption with its value for consumers (i.e., guiding their decision to
invest in PV), and (iii) generating energy transition pathways towards the national targets, that
balance the economic interests of consumers and public authorities.

The remainder of this chapter is organized as follows: Section 2.2 presents the models composing
the transdisciplinary modeling framework. Section 2.3 shows the application of this framework to the
geographic and socioeconomic context of Greece, and the design of DAPP towards the achievement of
the 2025 and 2030 PV capacity targets. Section 2.4 reports simulation results visualizing different
potential transition pathways. Finally, section 2.5 provides conclusions, discusses key policy

implications for potential policymakers and end-users, and shapes directions for future research.

2.2. A transdisciplinary modeling framework

This research builds on the original DAPP methodology as introduced by Haasnoot et.al (2013),
adapted to fit the purpose of the case under study and implemented with the use of an appropriate
modeling ensemble as visualized in Fig. 2.1. The modeling ensemble that implements the DAPP
methodology and compiles the transdisciplinary framework consists of the Agent-based Technology
adOption Model (ATOM) (Stavrakas et al., 2019), the STatistical approximation-based modEl
EMulator (STEEM) (Papadelis and Flamos, 2018) and, the Adaptive pollcymaking Model (AlM),
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presented for the first time in this chapter. The modeling ensemble is part of the TechnoEconomics of
Energy Systems laboratory (TEESIab) Modeling (TEEM) suite and was developed in the context of
the EC-funded Horizon 2020 project “TRANSrisk®”.

1 Describe current
situation,objectives &
_ - uncertainties

v

.

2 Analyze the problem,

,
10 Monitor

9 Implement the plan

8 Specify a dynamic
adaptive plan

@AM

7 Determine contingency
actions and triggers

Transdiscriplinary
modelling approach

vulnerabilities &
opportunities using
transient scenarios

@ATOM §

3 Identify actions .

N

4a Assess efficacy, 4b Reassess \
sell-by date of vulnerabilities & '
actions with :
transient scenarios

R

5 Develop adaptation N - - -
pathways and map

opportunities

/

@SIEEM

6 Select preferred
pathway(s)

Fig. 2.1. The DAPP methodology augmented with the use of a transdisciplinary modeling ensemble as
presented in the context of this study. Original figure adapted by Haasnoot et.al. (2013)

2.2.1. ATOM

ATOM is an agent-based model, which apart from exploring the expected technology adoption by
consumers under different supporting policy schemes, allows the user to consider and explicitly
quantify uncertainties related to agents’ preferences and decision-making criteria (i.e., behavioral
uncertainty). To develop ATOM, the initial framework of the Business Strategy Assessment Model
(BSAM), presented by Papadelis et al. (2012), has been expanded and further developed to focus on the
consumers, rather than the power generators, as the unit of analysis . The novelty of the model,
compared to other similar ones in the field, lies in obtaining realistic uncertainty bounds and splitting
the total model output uncertainty in its major contributing uncertainty sources, based on a variance
decomposition approach, while accounting for model-structure uncertainty. ATOM simulates the

decision of agents (i.e., consumers) to adopt or not residential solar PV — based on an intertwined variety

5 http://transrisk-project.eu/
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of factors — by correlating the adoption decision with its value for them. Those factors are social, market-
related and technological and are presented in Table 2.1. The analytical modeling framework and
mathematical formulae of the model are presented in Stavrakas et.al (2019).

Table 2.1. Contextual parameters affecting the decision of agents to invest in small-scale solar PV as simulated
in ATOM

Parameter type Description

Social The agents’ initial beliefs regarding the profitability of the investment

The agents’ social learning effect, by which agents update their initial beliefs regarding the
profitability of the investment, based on the experiences of other agents in their social cycle that
have already invested

The agents’ resistance to invest which depends on the degree of profitability of the investment
(measured in terms of return of investment) and the proportion of agents (from the total agents
simulated) who have already invested

The agents’ probability to invest, which increases as the resistance decreases

The agents’ inertia to invest, which describes the trend of agents to delay investments in new
technologies

Market-related The evolution of the electricity retail price
The evolution of the total residential electricity demand

Technological The evolution of the battery energy storage system’s (BESS) investment costs (in case of a SC
scheme)

The evolution of the solar PV panels’ cost

2.2.2. STEEM

STEEM is a “black-box” emulator, that serves as a plugin toolbox to facilitate fast model estimations.
A two-step approach is followed to run a “black-box” emulator: The first step is called calibration: sets
of inputs and outputs D simulated in the original model are given to the emulator for its training.
Training means that the “black box” emulator learns the correlation between inputs and outputs without
the need to “know” the usually non-linear (and as such time consuming and computational heavy)
formulae governing the original model. After its training, the calibrated model can be used to make
quick estimations of the original model’s outputs given new inputs. Several machine learning
algorithms (e.g., statistical regressions, neural networks, etc.) can be used to build a “black-box”
emulator (Reynolds et al., 2018). STEEM uses GP regression for both the calibration and output
estimations procedures (Papadelis and Flamos, 2018), as it is simple to implement and it provides
estimations in the form of a probabilistic distribution with a mean and a variance (Yoon and Moon,
2018). The latter makes it possible to quantify the uncertainty of output estimations and reapply
calibration, if necessary. STEEM’s simulation speed and low computational requirements make it a
valuable participatory tool for providing quick answers to relevant experts and end-users, allowing a

tight loop between stakeholders and modeling teams to be established; the timely identification of
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options and scenarios that are of stakeholders’ interest or disinterest is thus facilitated. Eq. (2.1) and
(2.2) briefly describe how calibration and prediction is performed in STEEM. As GP regression
presentation is out of scope of this research work, for further analysis the reader is referred to the original
publication for STEEM (Papadelis and Flamos, 2018).

p(fID) = N~(f1KsKif'y, Kep — KppKi Ky ) (2.1)
p(£1D) = N~ (£lmp(X.) + K pKif (y = mp(0)), Kuw — KoK Ky ) 22)
where:

e p(f|D): the estimation of functions governing the known input/output dataset D,

e K:acovariance matrix (kernel) which is formed by evaluating a covariance function on data
(describing how data change together). The parameters of the covariance function are calculated
using historical data,

e Kgr: the kernel of known inputs,

e K,.:the kernel of new inputs,

* K., K,s: the kernel of known and new inputs,

¢ y: the outputs of the input/output set D,

e X.:new inputs whose outputs are not known,

e p(f.|D): the prediction of functions governing the new inputs drawn from the calibrated p(f|D)
estimation of functions,

e my(X,) = E[f.(X.)]: the expected value of f, given X,,

e mp(X) = E[f(X)]: the expected value of f given X.

2.2.3. AIM

The original DAPP methodology served as the central pillar for the development of AIM. AIM (i)
investigates the conditions under-, and the timeframe beyond- which a policy starts to deviate from the
set targets, (ii) visualizes a map of DAPP, and (iii) sets up a monitoring system for real world policy
adaptation. To do so, AIM performs exploratory analysis (Kwakkel and Pruyt, 2013) on many scenarios,

with ultimate goal the visualization of a map showing sequences of policies that lead to a predefined
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target, regardless the evolution of the context within which they are applied. Scenarios are defined as
sets of inputs (usually policy typologies and uncontrollable contextual variables) and outputs (policy
outcomes), generated by a simulation model. Emulation can also be used if the number of scenarios
required is very large, or if the simulation model requires significant simulation time for each scenario.
The large number of scenarios is a key component to the analysis performed by AlM, since it allows a
significant level of resolution for each contextual parameter to be considered. Scenarios are created
using Latin Hypercube Sampling (LHS) (Mckay et al., 2000) to cover the whole uncertainty space of
the contextual parameters. AIM consists of three modules visually presented in Fig. 2.2 and analytically

described in the following sections.

DAPP methodology
-— -— Internal process of AIM

Module 1 Evaluate policies on many

8 Spe_cify a dynamic scenarios and visualize only those
P R adaptive plan performing well above a user-defined SN
s scenario percentage "R -
Module 3 Identify o~
conditions for success, N
signposts,triggers and set-
up the monitoring system . M \
e 7 Determine contingency 5 Develop adaptation \
= ctions and triggers pathways and map i
\\ / ‘i
6 Select preferred i
Module 2 Fine-tune pathway(s) Module 2 Select a preferred
the adaptation plan policy for implementation

for a period of time and

\ update the initial conditions

N Yes

; o
\ No
 ag o S
End of simulation time? -

Fig. 2.2. The modules of AIM as applied in the original DAPP methodology presented by Haasnoot et.al.
(2013).

Module 1: Definition & identification of successful policies

Every policy outcome is evaluated across every timeframe of the simulation period in each scenario.
The aim is to identify those polices that perform well in a user-defined percentage of the scenarios under
study (i.e., future contextual evolutions), thus being valid options for visualization as potential pathways
in an adaptation map. This is done using a heuristic algorithm called Patient Rule Induction Method
(PRIM), which identifies segments (clusters) of the input space, in each simulation timeframe,
corresponding to successful policy results (Papadelis and Flamos, 2018). The inputs that belong in a
cluster, correspond to scenarios under which a policy succeeds. The number of successful scenarios is
divided with the total number of scenarios to acquire the success percentage of the policy in each

timeframe of the simulation period. If this percentage is larger than the user-defined threshold, the

57



CHAPTER 2 - CONSUMER ENGAGEMENT IN THE ENERGY TRANSITION

policy is visualized in the map as a straight line from the start of the simulation time until the timeframe
it starts to perform poorly. Fig. 2.3 visualizes the operations within Module 1.

Variable Definition: user-defined success threshold ST, evaluated policy p. number of
policies np, timeframe in which a policy is evaluated ¢, number of timesteps nt, scenario
under evaluation s. number of scenarios ns. input variables at timeframe t and scenario s
(common for all policies) Xq ¢ s X2 4.6 X p.s- the set of evaluated policy’s p results under
the effect of inputs at timeframe ¢t and all scenarios {PRp.tS(xu.s,xzvt‘s, ...,x,,“): 1<s<
ns}. number of scenarios in which the evaluated policy at a specific timestep succeeds
succ_scen, number of scenarios in which the evaluated policy at a specific timestep does
not succeed unsucc_scen, success percentage of policy p at time frame t PSS,

Process:
for p < 1tonp do
for t < 1 tont do
succ_scen, unsucc_scen < PRIM ({Pvar’s(xl_t's,let,s, ...,x,m,s):l =s=< ns})

|succ_scen|
PSSpp ¢ ——

if PSS, = ST then
visualize policy p at timestep t as valid pathway in adaptation map
end
end
end
return adaptation map

Fig. 2.3. Pseudocode of AIM: Module 1

Module 2: Selection & design of adaptation pathways

The novelty of AIM lies in allowing for a participatory approach when designing the adaptation plan.
Stakeholders’ perspectives, regarding the choice of pathways, are incorporated in real-time and the
adaptation map is updated within seconds (depending on the number of scenarios). AIM starts by
visualizing the available actions from the start of simulation time (i.e., stakeholder’s “today”) until the
time they start to perform poorly, with reference to the set targets (“sell-by” date). At this point, the
initial conditions of the available actions are the outcome achieved until the stakeholder’s “today” from
previous policy implementations. A stakeholder chooses the first action to be implemented and for how
long. After this choice, the initial conditions are the outcome of the last implemented policy. Module 1
runs again for the new initial conditions and the map is updated, showing only the available actions
from the last timeframe the policy was implemented and forward. The new map is completely different
from the initial, as the implementation of a single action affects the performance and the “sell-by” dates
of all the other actions. A next policy is chosen, and the process continues until the end of simulation
time, at which point iterations can be made to fine-tune the basic plan, slightly changing the duration of

each implemented action to take advantage of opportunities according to a stakeholder’s perspective.
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The resulting sequence of policies is the selected adaptation pathway, built directly by the stakeholder.
Fig. 2.4 describes the operations within Module 2.

Variable Definition: initial timeframe for policy evaluation/implementation tg. final timeframe for policy implementation ty. timeframe in
which a policy is evaluated/implemented ¢, number of timesteps nt, policy for implementation pfi. evaluated/implemented policy p. number
of policies np. scenario under evaluation/implementation s, number of scenarios ns, input variables at timeframe t and scenario s (common
for all policies) x1¢5,X2¢5 - ) X5 Policy’s p results under the effect of inputs at timeframe ¢ and scenario s PR, ; (g Xty X
the set of evaluated policy’s p results under the effect of inputs at timeframe ¢ and all scenarios {PR,,',VS(xl‘,,s,xz‘,v,, .x,,,t,,): 1<s< ns},
number of scenarios in which the evaluated policy at a specific timestep succeeds succ_scen. number of scenarios in which the evaluated
policy at a specific timestep does not succeed unsucc_scen. success percentage of policy p at time frame t PSS, ;, user-defined success
threshold ST

ptr

Process:
visualize the adaptation map from AIM Module 1
to—1
while t; < nt do
choose pfi € np from to until ty: to <ty < nt
clear adaptation map
visualize pfi from tg until ty as implemented in the adaptation map
for p — 1tonpdo
fort < tototy do
fors < 1tons do
if p not pfi then
PRyt s(X1t5: X250 Xnts) < PRysies (X165 X2650 0 Xnes)  // from tountil £ setall policy results in each timestep and
// scenario equal to the results of p fi
end
end
end
end
totp+1
for p < 1to npdo
fort « totont do
succ_scen,unsucc_scen < PRIM ({PRP'LS(J\'L,.S,.\'“S, v Xpes)ilss< ns})

Isucc_scen|
PSSy & ———
p.t ns

if PSS, = ST then
visualize policy p at timestep t as valid pathway in adaptation map
end
end
end
return adaptation map
end
fine-tune adaptation map by repeating the process

Fig. 2.4. Pseudocode of AIM: Module 2

Module 3: Making the pathways dynamic

After deciding on the adaptation pathway, AIM calculates at each simulation timeframe, the success
percentage of the respective policy compiling the adaptation pathway. If the success percentage is not
100%, AIM goes back a specified number of simulation timeframes (depending on the case study) and
implements PRIM again to identify conditions (input clusters) at the “early” timeframe corresponding
to successful policy results at the actual simulation timeframe. The contextual variables that belong in
a cluster are called signpost variables because they inform the user about what should be monitored to

identify imminent deviations. The clusters’ minimum and maximum values are called trigger values,
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since outside of those, a policy change process must be activated. Those trigger values inform the
stakeholder for conditions (i.e., values of contextual variables’), the realization or exceeding of which,
signify imminent deviation of the policy from the set targets (policy’s sell-by date). In such a case, a re-
evaluation (i.e., Module 1 and Module 2) of the available alternative polices, which at this point are
contingency actions, needs to be made. This monitoring system is useful because it provides the
stakeholder with a reasonable amount of time to design and implement corrective actions, if deviation
from the targets is observed. With this system in place, the pathway is made dynamic because real world

monitoring and adaptation is feasible. Fig. 2.5 describes the operations within Module 3.

Variable Definition: evaluated policy p. number of policies np. timeframe in which a policy is evaluated ¢, number of years back to check for
trigger values th. number of timesteps nt, scenario under evaluation/implementation s, number of scenarios ns. adaptation map created in AIM
Module 2 am. input variables at timeframe t and scenario s (common for all policies) Xy 45, X2¢ 5, ---, Xn ¢ s, the set of evaluated policy’s p results
under the effect of inputs at timeframe t and all scenarios {PR,, ,vs(xl.,'s,le,_s,...,x,,v,.,):1 =s< ns}. number of scenarios in which the
evaluated policy at a specific timestep succeeds succ_scen. number of scenarios in which the evaluated policy at a specific timestep does not
succeed unsucc_scen. success percentage of policy p at time frame t PSS, limits of clusters/trigger values of input variables at timeframe ¢ —
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Fig. 2.5. Pseudocode of AIM: Module 3

2.3. Application to the PV sector in Greece

In this section, the transdisciplinary modeling framework, as presented in Section 2.2, is applied to
the PV sector in Greece. The DAPP methodology is implemented, step-by-step, using the modeling
ensemble, to develop pathways for the further diffusion of small-scale PV towards the achievement of
the 2025 and 2030 capacity targets. In particular, the author examines how the implementation of
different policies can incentivize consumers to invest in residential PV installations, under a wide
spectrum of future contextual evolutions, proposing sustainable pathways towards the achievement of
the national PV capacity targets. To the best of the author’s knowledge this is the first time that such a

modeling exercise is attempted for the geographical and socioeconomic context of Greece.
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2.3.1. Step 1: Description of the current situation, objectives and uncertainties

During the period 2008-2013, Greece experienced a boom of PV installations, owing mainly to the
attractive funding programme for residential solar installations, which introduced generous Feed-in
Tariffs (FiT) and at the same time reduced the excessive installation bureaucratic procedures that were
in effect until 2007 (Karteris and Papadopoulos, 2013). FiT, a widely used scheme to support the
promotion of RES (Zhang et al., 2016), were mostly designed as a generous subsidy to help initiate
investments on the technology (Koumparou et al., 2017). During this period, the initial 2020 PV
capacity target (2.2GWp) was reached and exceeded by 220MWp. However, despite the early
achievement of the target, the cost of this policy for that period was €5 billion (Kyritsis et al., 2017),
which led to a significant deficit to the Greek RES Special Account (Koumparou et al., 2017). This
situation raised concerns about the viability of the Greek RES market, considering the increasing
installation applications. To counterbalance the economic implications, the Greek government decided
to impose extra taxation on the prosumers’ income from PV generated electricity, which came
simultaneously with the already agreed reduction of FiT. As a result, PV investments in Greece started
to decrease since the investment environment was considered less safe for consumers (Flamos, 2016;
Papadelis et al., 2016). The latter made clear that financial support to incentivize PV investments had
to be designed in a way that does not result in public deficits or burdensome costs for consumers
(Koumparou et al., 2017).

As such, the European Union (EU) analyzed different support mechanisms, including NEM, SC,
Feed-in Premiums (FiP) and tenders, that could increase, once again, consumers’ willingness to invest
in residential PV (Kyritsis et al., 2017). A change to NEM schemes has been observed in most of the
countries worldwide. Additionally, SC with Battery Energy Storage System (BESS) is starting to attract
significant consumer attention, since it allows to self-consume more PV generated electricity, thus
increasing the profits for prosumers (Abdin and Noussan, 2018). In Greece, for large solar parks
(>500kWp), a FiP over the system marginal price is available. NEM has been in effect since 2015 for
both rooftop and ground-mounted systems, up to 20 kWp for residential installations, and up to 500
kWp for commercial installations, that are intended for SC. Virtual NEM has also been legislated in
2016 to allow specific entities (i.e., public buildings) to consume net-metered PV electricity that is
generated away from their premises. Finally, tenders have been introduced in Greece since 2017 for
new PV projects smaller than 10 MWop. Projects that are selected through the tendering process are
awarded a sliding FiP (HELAPCO, 2016; RES-Legal, 2017).

The objective of this study is the selection of proper policy measures to incentivize the further
diffusion of small-scale PV towards the achievement of the national 2025 and 2030 capacity targets.
Given historical data, the total PV capacity achieved until the end of 2017 was 2623 MWp (Hellenic
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Association of Photovoltaic Companies (HELAPCO), 2018). The overall PV targets for 2025 and 2030,
as updated in November 2018, are 5500 MWp and 6900 MWp respectively (Ministry of Environment
and Energy, 2019a; Psomas, 2018). Over the period 2016 to 2018 the contribution of small scale PV to
the overall capacity targets is about 14.5%, (for about every 7 MWp large-scale installation, 1 MWp
small-scale PV is installed) (Operator of RES and Guarantees of Origin, 2018). Following this trend,
the respective small-scale PV addition targets for 2025 and 2030 with relevance to the achieved capacity
at the end of 2017 are assumed to be 417 MWp and 620 MWp respectively. Considering the updated
2020 overall PV capacity targets (3300 MWp), the target trajectory for small scale PV from January
2018 and forward is shown in Fig. 2.6. The flat line between years 2015 and 2018 shows the diminishing
of investments that followed the retroactive changes in the PV support schemes which came

concurrently with the ongoing recession in the Greek economy.
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Fig. 2.6. Trajectory of the small-scale PV capacity targets until 2030 in Greece

The European Parliament has also agreed on intermediate milestones to monitor the progress towards
the achievement of the national binding targets. More specifically, by 2022, 2025 and 2027, member
states must achieve at least 18%, 43% and 65% respectively of the total RES increase envisaged by
2030 (The European Parliament and the Council of the European Union, 2018). Since in this study the
focus is on solar PV capacity additions, it is assumed that the RES milestones can be decomposed to
milestones for each generating technology. As such, comparing the milestones with the target trajectory
presented in Fig. 2.6, the lower allowed deviation from the PV targets trajectory for the years 2022,
2025 and 2027 are equal to -5%, -12% and -10% respectively.

The policy measures under assessment are the NEM scheme, currently in operation, and a potential
SC scheme that subsidizes part of a BESS. The aim of this work is to assess the effectiveness of

emerging subsidy-free projects in terms of consumer-scale investments attraction, as traditional
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subsidy-/tariff-based RES support schemes (e.g., FiT, tenders, etc.) are globally starting to phase out
(Brown et al., 2019). On the other hand, subsidy programmes, which supports residential storage, as the
one recently prolonged in Germany (Goebel et al., 2017), promising a payment depending on the level
of the initial investment cost of the storage, are still necessary to overcome high costs of storage projects
and make them attractive to consumers.

In Greece, under the currently operational NEM scheme (Ministry of Environment and Energy,
2019b), prosumers inject all the generated electricity to the grid, while consuming from it according to
their needs. The net electricity consumed by each household (i.e., electricity inflow minus electricity
outflow) is calculated every four months which is the billing period for residential consumers. In the
case of positive net electricity, the amount due is paid to the retailer, whereas in the case of negative net
electricity, the excess electricity’s value is credited to the next billing period and cleared with any
positive net electricity. Crediting goes on for a three-year period, at the end of which, any surplus
generation is not remunerated. This is contrary to NEM practices which remunerate the prosumer for
the locally generated electricity either by the prevailing retail price, or with a standard tariff reflecting
the value of generation, or the value of avoided costs for the utility (Brown and Sappington, 2017a).
Finally, unlike common NEM practices where grid charges are included during the calculation of the
prosumers’ compensation (Brown and Sappington, 2017b), under the NEM legislation in Greece,
prosumers pay specific regulated charges (hereafter mentioned as grid charges because they apply to
all electricity making use of the grid) for the sum of the electricity consumed (Christoforidis et al.,
2016).

On the other hand, a possible SC with BESS scheme, as presented in Stavrakas et.al (2019) is also
assessed. More specifically it is assumed that the PV system is connected to the grid, but prosumers can
directly consume self-generated electricity without injecting it to the grid. Grid charges do not apply to
self-consumed electricity. Furthermore, when PV generation exceeds the household’s demand, surplus
electricity is stored to the BESS for later direct use. After charging the BESS, any excess electricity is
injected to the grid without any remuneration.

As SC with BESS is not yet legislated in Greece, examples of other countries were used as a guide
for the selection of the proper BESS subsidy levels. In Germany, the Federal Ministry of the
Environment, Nature Conservation and Nuclear Safety subsidizes 30% of the BESS initial investment
cost for PV installations up to 30kWp (Renewable Energy Association (REA), 2016; Truong et al.,
2016). In Southern Australia, the State Government’s “Home battery” scheme subsidizes 600 Australian
dollars per kwWh of installed residential BESS (Department of Energy and Mining, 2018). This
corresponds to almost 47% subsidization of the BESS initial investment cost. In Sweden, a support

scheme introduced in November 2016 subsidizes 60% of the BESS initial investment cost (Hutchins,
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2016; Steel, 2016). Finally, in Japan, the Ministry of Economy, Trade and Industry subsidizes 66% of
the BESS initial investment cost, in both residential and business installations (Energy Storage Council,
2015).

Following these examples, three possible subsidy typologies were chosen for the BESS system: (i) a
subsidy of 30%, (ii) a subsidy of 50%, and (iii) a subsidy of 65%. The uncertain parameters considered
to affect the performance of the policies under study are social (i.e., propensity and resistance of
consumers to invest), technological (i.e., cost of PV panels and BESS), and market-related (i.e.,
electricity retail price and electricity demand). As a result, the definition of success is the achievement

of the Greek small-scale PV capacity targets under any evolution of the uncertain contextual future.

2.3.2. Step 2: Problem Analysis

In this step, it is assumed that no new policies are implemented. The NEM scheme, currently in
operation, was evaluated on the entire uncertainty space, to identify any vulnerabilities under potential
future contextual evolutions. This means that its performance, in terms of new small-scale PV capacity
additions, was tested under a wide range of possible evolutions of the uncertain contextual parameters.
To do so, ATOM was used, and all the contextual factors incorporated in ATOM simulations, were
used for the evaluation of the scheme’s performance.

For the market related parameters, according to the European Commission, the average retail
electricity price is expected to increase by 18% by 2030, with relevance to 2010 levels, stabilize at
around 20% between 2030 and 2040, and then start decreasing (European Commission, 2016, 2011).
This corresponds to an annual increase ranging from 0.9 - 1% until 2030. Furthermore, different
scenarios for the evolution of the electricity demand in the residential sector, are mentioned in literature,
predicting both slight decreases and moderate increases until and beyond 2030. These scenarios range
from an annual decrease equal to -0.2% to an annual increase equal to 1.2%. This is mainly due to an
expected shift to heating means powered by electricity, an increase of the electric appliances used and
the electrification of the transport sector, while negative scenarios assume large implementation of
energy efficiency measures (E3M-Lab et al., 2016; FME CenSES, 2015; Norwood et al., 2017; U.S.
Energy Information Administration, 2018).

Finally, regarding the technological parameters, according to literature, the BESS cost could decrease
between 30% and 66% until 2030 with relevance to 2017-2018 levels (IRENA, 2017; Tsiropoulos et
al., 2018). This corresponds to an about 2.5-5.1% annual decrease. For the case of PV costs, various
scenarios for PV system price reduction exist (Ardani et al., 2018; Fraunhofer ISE, 2015; IRENA,
2012), from which the minimum and maximum annual system price reductions were inferred equal to

1.8-4.53%. The values of the above parameters, as presented in Table 2.2, form the uncertainty
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(contextual) space, in which NEM’s performance, as well as that of the alternative support schemes (see

step 3), was evaluated.

Table 2.2. Interval of uncertain parameters used for scenario creation
Electricity retail price  Residential Electricity Demand  BESS cost (%/year) PV cost (%/per
(%l/year) (%lyear) year)

Min 0.90 -0.20 -5.10 -4.53
Max  1.00 +1.20 -2.50 -1.80

After the determination of the uncertainty intervals of the contextual parameters, 20 scenarios were
generated using LHS. Twenty scenarios were found to be adequate for the calibration of STEEM which
is performed in steps 5 and 6 of the DAPP methodology. These scenarios were simulated in ATOM to
acquire the annual small-scale PV adoption by consumers for the period 2019-2030 and recognize any
policy vulnerabilities. Those vulnerabilities are scenarios in which NEM fails to achieve the Greek PV
capacity targets. It is assumed that a policy is successful if:

i. the PV capacity additions meet the milestones set by the EU (as mentioned in Step 1),

ii. for the years with a milestone, the maximum capacity achieved is not above 20% of the
trajectory,

iii.  for the years without a specific milestone, the PV capacity additions follow the capacity
trajectory with an allowed deviation of +20%.

The upper limitation is set to restrict excess policy costs, avoiding the legislative failure (exceeding
of targets by almost 146%) that was observed under the effect of the FiT scheme in 2013
(Anagnostopoulos et al., 2017; Spyridaki et al., 2013). Furthermore, the upper limitation is set to avoid
the distortion of the energy market owing to overcompensation of a specific technology (Batlle et al.,
2012). This means that if solar PV is highly subsidized, and as such highly profitable, investments in
other technologies (i.e., wind turbines) would decrease significantly, carrying losses for interested
parties. For the case of NEM in Greece, policy costs are equal to zero due the fact that the prosumer is
not remunerated for the excess electricity at the end of the three-year period during which netting is

performed (step 1).

2.3.3. Steps 3 & 4: Identification and evaluation of alternative policy actions

Step 2 resulted in the identification of potential vulnerabilities that will probably emerge in the future,
by a continuation of the NEM scheme, and which might impede the achievement of the Greek PV
capacity targets. As such the evaluation of alterative policies was necessary to prevent situations of

policy failure and keep options open towards the achievement of the definition of success. The
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alternative policies are three typologies of the presented SC with BESS scheme, namely: 30%, 50% and
65% subsidization of the BESS initial investment cost. No subsidy is given for the PV installation. All
these typologies were simulated in ATOM, using the same 20 scenarios and the same simulation period
as in step 2. Assuming that for every 1kWp of PV capacity addition, 1kWh of BESS is installed, the
cost of subsidizing the BESS in each scenario, was calculated using Eq. (2.3):

COSti = COSti_l + (Al - Ai—l) -BC - (1 - BDRL) -SL (23)

where:

e i:the simulation year,

e (Cost;: the policy cost until year i,

e A;: the PV capacity additions until year i,

e BC: the initial investment cost of BESS, equal to 800 €/kWh in 2017 (Goebel et al., 2017; Solar
Choice, 2018),

e 1 — BDR;: the decrease rate of the BESS cost in year i relatively to 2017,

e SL: the subsidy level.

The aim of steps 3 and 4 was to identify any scenarios in which each of the three typologies, either
failed to follow the target trajectory, or performed better than NEM. Failure is defined as deficiency to
meet the requirements described in step 2, while better performance means an opportunity that could
be exploited with a change from NEM to SC. Finally, if none of the SC typologies performs at least
equally well as NEM, more alternative policies should be identified followed by their evaluation (i.e.,

re-implementation of steps 3 and 4).

2.3.4. Steps 5 & 6: Assembly and selection of preferred pathways

In the previous steps, a preliminary analysis of the effectiveness of the individual policies over a
small number of scenarios has been performed. In steps 5 and 6, the timeframe until which each policy
performed well, considering the constraints set was identified and a map of DAPP was visualized. To
do so, 1000 scenarios were generated in which the candidate polices were evaluated. The 20 scenarios
in which the candidate policies were evaluated in the previous steps (inputs), along with the respective
policy outcomes (outputs), were used for training STEEM. The number of scenarios succeeded in

calibrating STEEM in only a few seconds (~ 5 seconds), thus neither an increase of complexity in the
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calibration process of STEEM, nor additional time-consuming simulations in ATOM were required.
Then, 1000 scenarios were emulated for each policy. In LHS, when choosing to generate N scenarios,
each dimension’s (i.e., uncertain parameter’s) interval is divided by N and a random value is drawn
from each one of the N partitions. This ensures that values from the entire interval are drawn when
sampling. Then the N randomly selected numbers of each parameter are combined in N scenarios
(Minasny and McBratney, 2006). Thus, 1000 scenarios were chosen in this research to achieve high
resolution of each input parameter. The scenario inputs and outputs of STEEM were fed into AIM for
the design of DAPP.

AIM: Module 1

Each policy outcome under all scenarios was evaluated in terms of small-scale PV capacity additions
across every year of the simulation period. At this point, the initial conditions are the PV capacity
achieved by former policies until the end of 2017.

Using PRIM, the clusters of the Greek context in each simulation year, which correspond to
successful policy results, and the respective scenarios whose inputs belonged to at least one of those
clusters were identified. Then, a decision on the policies which succeeded in a reasonable number of
scenarios in each simulation year, thus they were valid options to visualize in an adaptation map, was
made. For the case under study, a policy is assumed a valid option if it succeeds in more than 70% of
the scenarios. As mentioned in section 2.2.3, this percentage is a user-defined input to AIM. In this
work, a policy success of 70% reflects the definition of robustness and flexibility of the adaptive policy
plan. More specifically, policy success requirement above 70% reduces contingency actions (i.e.,
flexibility of the policy plan) that could be implemented, if the basic plan fails due to contextual
influences, thus resembling policymaking according to the best estimate of the future which is
undesirable. On the other hand, policy success requirement below 70% means that policy pathways are
not robust in most possible contextual evolutions. Following a binary search logic, 70% was chosen as
the criterion for robustness and flexibility of the generated policy pathways. This percentage was
validated during (i) the TRANSrisk project’s stakeholder consultation process, (ii) a “hands-on”
modelling session at the “TRANSrisk Policy Lunch: Paris in Practice-Understanding the Risks and
Uncertainties” on November 2018, and (iii) the “TRANSrisk & SET-Nav Regional Workshop:
Decarbonizing our energy system-Transformation pathways, policies and markets, with spotlight on
Greece”, on November 2018, during which experts in the field of policymaking participated. As a result,
the adaptation map visualized the successful policies as straight lines until the simulation year they
started to perform poorly. If a policy did not meet some milestone requirements or started to deviate

from the target trajectory, a policy intervention was required. Please note that since the final choice for
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the success ratio is open to the modeler’s judgement, deviations from the validated success percentage
could be inserted to AIM by a researcher (when replicating this study), to test a strict (i.e., 75%) or a
tolerant (i.e., 65%) policy success requirement.

AIM: Module 2

Considering the initial adaptation map produced by Module 1, a policy was selected for
implementation, and the initial conditions for the evaluation of all the other policies were updated, so
that their projected small-scale PV capacity additions are added to the capacity achieved by the
implemented policy. Eq. (2.4) describes this functionality.

n

Aalt,n = Aimp,m + z (Aalt,i - Aalt,i—l) (2.4)

i=m+1
where:

e i: simulation year,

o A;: PV capacity achieved until year i,

e imp: implemented policy,

o alt: alternative policy,

o n: number of simulation years,

e m: simulation year until which the selected policy is implemented.

After updating the outcome of all the alternative policies, Module 1 run again to update the policy
map, showing the implemented policy for the selected simulation years and the available alternatives
thereafter. This iterative process was undertaken several times, considering several hypothetical end-
users’ perspectives, until the end of the simulation time was reached with respect to the definition of
success. The result was an ensemble of maps, each one showing the selected sequence of actions under

different perspectives, so that the final targets are achieved.

2.3.5. Steps 7 & 8: Setting up a monitoring system, determining contingency actions and
making the plan dynamic — AIM: Module 3

In these steps, conditions (i.e., combinations of contextual parameters) under which each policy

might fail were identified. As mentioned in steps 5 and 6, the adaptation map visualized sequences of

actions which were successful in at least 70% of the potential future evolutions. However, if one of the

remaining future evolutions comes up, the policies can fail, and an alternative pathway (i.e., contingency

action) needs to be selected. For this reason, a monitoring system was prepared, informing end-users

68



CHAPTER 2 - CONSUMER ENGAGEMENT IN THE ENERGY TRANSITION

for imminent need for adaptation. At each simulation year, if the success percentage of the respective
policy compiling the pathway was not 100%, AlIM went back two simulation years and implemented
PRIM to identify signpost variables (i.e., variables belonging in a cluster) and their trigger values (i.e.,
cluster limits).

The latter was assumed according to the following premise: policies are designed in year Y-1 to be
implemented in year Y. If policy failure is expected to happen in year Y, a contingency action needs to
be implemented before failure occurs (i.e., year Y-1). As such proper information for the initiation of
the contingency action design should be available in year Y-2.

The conditions under which a policy failed to achieve the targets, were those contextual evolutions
in which one or more contextual variables had values outside of their clusters. Those signpost variables
and their trigger values compiled the monitoring system, which made the adaptive policy pathway

dynamic, enabling real world monitoring and preparation for adaptation.

2.3.6. Steps 9 & 10: Implementing and initiating monitoring

The dynamic adaptive plan is implemented, and the signpost variables are monitored for trigger
events. If a trigger event occurs, one of the alternative pathways needs to be chosen and steps 5-8 need
to be repeated. If no trigger events occur, the selected policy pathway is implemented until the end of
the simulation time. In the worst case that the context evolves extremely differently than expected,
leading to no available pathways that can meet the definition of success, new actions need to be

identified and the whole DAPP methodology must be repeated.

2.4. Results and discussion

All pathways presented in this section start from January 2020. Until December 2019, no shift from
the currently implemented NEM scheme to a SC scheme is assumed. The PV capacity additions
achieved by the NEM scheme form the initial conditions for the evaluation of all alternative policies.
The initial pathway map at the beginning of 2020 is shown in Fig. 2.7. The vertical dashed lines in all
the following figures show the date until which a policy is implemented. The textboxes in years 2022,
2025, 2027 and 2030 show performance information of the pathways at the milestone and final target

years and the respective cost of subsidies the Greek government would be charged with.
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Fig. 2.7. Initial policy pathway map at the beginning of 2020

As presented in Fig. 2.7, NEM is capable of driving adequate investments that follow the targets
trajectory only in the short term. All examined policy pathways showed that the scheme’s effectiveness
fell below threshold after 2021. On the other hand, a SC scheme with 30% and 50% BESS subsidies, is
not capable of following the targets trajectory after December 2020 due to the strict milestone of 2022
and insufficient incentivization, considering the currently high investment costs of the BESS (De Boeck
et al., 2016). As such, an initial change to SC with 65% subsidization of the BESS cost is required to
incentivize more investments. However, high subsidization after December 2028 would attract many
investors, causing significant deviation from the targets’ trajectory with subsequent high subsidy costs

for the government (Fig. 2.8).
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Fig. 2.8. Subsidy cost of individual policies after January 2020

Consequently, stepped subsidization is required to reach the 2030 capacity targets following the
targets’ trajectory. Note that the goal of this study is not to propose one optimal pathway towards the
achievement of the Greek PV capacity targets, as the reality is that there is not one possible RES energy
system of the future, but rather many possible ones. They differ in critical ways, average and marginal
costs being only one among many, with diverse impacts on different stakeholder groups (Lilliestam and
Hanger, 2016). As such, the author presents pathways using three realistic, stakeholders’ perspectives,
as derived from the consultation processes mentioned in section 2.3.4, demanding: (i) minimum policy

changes, (ii) minimum policy costs, and (iii) maximum robustness until 2030.
2.4.1. Minimum policy changes pathways
Pathway 1

In this pathway (Fig. 2.9), two policy changes are required. Since NEM cannot follow the target
trajectory after December 2020, a change to SC with 65% subsidization of the BESS cost is made early,
in January 2020. This leads to the achievement of the 2022 milestone in 100% of the scenarios. Then,

a reduction to 50% subsidization of the BESS cost is made in January 2022 and is kept in effect until
the 2030. This shift leads to the achievement of the 2025, 2027 and 2030 milestones and targets in
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100%, 85.22%, and 72.77% of the scenarios respectively. Since there is no 100% success in years 2027
and 2030, trigger values of signpost variables were calculated for the years 2025 and 2028 respectively.

For the year 2025, the clustering showed that the signpost variables are the BESS cost and the
electricity retail price. If a total reduction of the BESS cost, lower than 19.6% or higher than 35.7% is
observed in 2025, or if a total increase in the electricity retail price, less than 6.3% or more than 7% is
observed in 2025, with relevance to 2017 levels, then a policy change will be required until January
2026 to avoid pathway failure. However, there are no available contingency actions to implement until
January 2026. Simulations showed that if 65% subsidization is applied for one more year after January
2022, there would be no available pathway leading to the achievement of the 2030 targets in at least
70% of the scenarios, because the incentivization for small-scale PV installations would be high and
the targets would be surpassed in unacceptable levels. Furthermore, 30% subsidization is not an option
until January 2027 for the exact opposite reason; it does not create enough incentives to achieve the
milestones and targets.

For the year 2028, the clustering showed that the signpost variable is the PV cost. If the PV cost
decreases less than 18% or more than 37.6% in 2028 with relevance to 2017 levels, then a policy change
is needed until January 2029. The available contingency action is a shift to 30% subsidization starting
in January 2029. The implementation of this contingency action constructs the “Most robust policy

pathway”, which is presented in section 2.4.2.
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Fig. 2.9. Minimum policy changes pathway 1
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The pathway’s subsidy cost until 2030 is dependent on the evolution of the context (Fig. 2.10). From
the 1000 scenarios, the one with the minimum subsidy costs (i.e., minimum PV installations) is equal
to €139.5M, while the one with maximum subsidy costs (i.e., maximum PV installations) is equal to

€211.8M. The respective contextual evolutions are shown in Table 2.3.
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Fig. 2.10. Subsidy cost of the minimum policy changes pathway 1

Table 2.3. 2030 context corresponding to minimum and maximum subsidy costs of the “minimum policy
changes pathway 1”

Electricity retail price Residential Electricity Demand BESS cost PV cost

(% w.r.t 2017) (% w.r.t 2017) (% w.r.t 2017) (% w.r.t 2017)
Min Cost 11.00 391 -59.80 -22.20
Max Cost 11.10 10.5 -30.70 -45.10

Pathway 2

This pathway (Fig. 2.11) is similar to the previous one, with the difference that NEM is implemented
until December 2020, which is the last year that it performs well. Then a shift to SC with 65%

subsidization of the BESS cost is made in January 2021 for one year, followed by a reduction of the
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subsidy to 50% for the rest of the years until 2030.This pathway achieves the 2022, 2025, 2027 and
2030 milestones and targets in 100%, 94.94%, 72.98%, and 73.08% of the scenarios respectively. While
this pathway has a slightly higher success ratio in 2030 than the previous one, it performs worse in 2025
and 2027. For the years not succeeding in 100% of the scenarios, trigger values of signpost variables
were calculated for two years earlier (i.e., for the years 2023, 2025 and 2028 respectively).

For the year 2023, the signpost variable is the PV cost. If the PV cost decreases less than 9.7% or
more than 22.6% in 2023 with relevance to 2017 levels, then a policy change is needed until January
2024. However, no contingency actions capable of building a pathway towards the 2030 targets are
available. Just like the “minimum policy changes pathway 17, one more year of 65% subsidization
would eliminate all pathways leading to the 2030 targets due to over-incentivization. On the other side,
early implementation of a 30% subsidy would result in less PV installations than required to achieve
the targets.

For the year 2025, the signpost variables are the PV cost, the BESS cost and the residential electricity
demand. If in 2025, the PV cost decreases less than 15.6% or more than 31.7%, or the BESS cost
decreases less than 19.6% or more than 35.7%, or the residential electricity demand decreases more
than 1% or increases more than 8.4% with relevance to 2017 levels, then a policy change is needed until
January 2026. However, for the same reasons as for the 2023 trigger point, there are no available
contingency actions.

For the year 2028, the signpost variables are the PV cost and the residential electricity demand. If in
2028, the PV cost decreases less than 18% or more than 38.7%, or the residential electricity demand
decreases more than 1.2% or increases more than 12% with relevance to 2017 levels, a policy change
is needed until January 2029. The available contingency action is the reduction of the subsidy level to
30% in January 2029.
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Fig. 2.11. Minimum policy changes pathway 2

Fig. 2.12 shows the pathway’s subsidy cost until 2030 under different evolutions of the context. The
minimum and maximum subsidy cost scenarios of the pathway until 2030 are equal to €120.7M and
€187.2M respectively. Compared to the “minimum policy changes pathway 17, this pathway results in
less subsidy costs owing to the implementation of the NEM scheme for one more year, and the
implementation of 65% subsidization for one year less. The respective contextual evolutions are shown
in Table 2.4.
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Fig. 2.12. Subsidy cost of the minimum policy changes pathway 2
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Table 2.4. 2030 context corresponding to minimum and maximum subsidy costs of the “minimum policy

changes pathway 2”
Electricity retail price Residential Electricity BESS cost PV cost
(% w.r.t 2017) Demand (% w.r.t 2017) (% w.r.t 2017) (% w.r.t 2017)
Min Cost 11.60 -2.05 -61.20 - 24.60
Max Cost 11.30 +13.4 -31.30 -44.40

2.4.2. Most robust policy pathway

The “most robust policy pathway” (Fig. 2.13) is the same as the “minimum policy changes pathway
17, if the contingency action of 2029 is implemented. It consists of the NEM scheme until December
2019, a SC scheme with 65% subsidization of the BESS cost from January 2020 until December 2021,
a reduction of the subsidy to 50% effective from January 2022 until December 2028, and then a further
reduction of the subsidy level to 30% until 2030. The success percentages in the years 2022, 2025, 2027
and 2030 are 100%, 100%, 85.22% and 84,43% respectively.

The signpost variables are the same as in the “minimum policy changes pathway 17, apart from 2028,
in which, if the PV cost decreases less than 18% or more than 40.9% with relevance to 2017 levels, a
policy change is required until January 2029. The only contingency action would be to continue with
the 50% subsidy until 2030, which is in essence the “minimum policy changes pathway 1”. However,
the 2028 trigger point of the “most robust policy pathway” is a superset of the 2028 trigger point in
“minimum policy changes pathway 17, which means that if a trigger event occurs in the “most robust
policy pathway”, the “minimum policy changes pathway 1” is not available. The latter implies that

while this pathway accomplished the highest success ratios in all years, in has no contingency actions.
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Regarding costs, Fig. 2.14 shows the pathway’s subsidy cost until 2030 under different evolutions
of the context. The minimum cost scenario is equal to €136.1M, while the maximum cost scenario is

equal to €193.3M. The respective contextual evolutions are shown in Table 2.5.
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Fig. 2.14. Subsidy cost of the most robust policy pathway

Table 2.5. 2030 context corresponding to minimum and maximum subsidy costs of the “most robust policy
pathway”

Electricity retail price Residential Electricity BESS cost PV cost

(% w.r.t 2017) Demand (% w.r.t 2017) (% w.r.t 2017) (% w.r.t 2017)
Min Cost 11.00 391 -59.80 -22.20
Max Cost 11.10 10.50 -30.70 -45.10

2.4.3. Least cost policy pathway

To build the least cost policy pathway (Fig. 2.15), the NEM scheme, which has zero cost, is
implemented until the date it starts to perform poorly; that is December 2020. Then, from January 2021
to December 2021, a switch to SC with 65% subsidization of the BESS is made, followed by a reduction
of the subsidy level to 50%, effective from January 2022 until December 2026. Finally, from January
2027 until 2030, the subsidy level is decreased to 30%. In this pathway, the 2022 milestone is achieved
in 100% of the scenarios, while the 2025 and 2027 milestones and the 2030 target are achieved in
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94.94%, 72.98% and 76.82% of the scenarios respectively. Trigger values of signpost variables were
calculated for the years 2023, 2025 and 2028 respectively.

For the years 2023 and 2025, the signpost variables and their trigger values are the same as in the
“minimum policy changes pathway 2”, realization of which would require a policy change until January
2024 and January 2026 respectively. Similarly to the previous pathways, 65% subsidization of the BESS
cost after January 2022 would lead to target surpassing, and the 30% subsidy alternative would not lead
to success if implemented before January 2027. As such, for the 2023 and 2025 trigger points, no
contingency actions exist.

For the year 2028, the signpost variable is the PV cost. If the reduction of the total PV cost in 2028
is less than 18% or more than 38.7% with relevance to 2017 levels, then a policy change is needed until
January 2029. At this point, any subsidy level above 30% would lead to target surpassing, thus no

contingency actions are available.
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Fig. 2.15. Least cost policy pathway

Fig. 2.16 shows the pathway’s subsidy cost until 2030 under different evolutions of the context. The
respective minimum and maximum subsidy cost scenarios until 2030 are equal to €111.3M and
€159.6M. The contextual evolutions causing these costs are shown in Table 2.6. Note here that, while

this pathway results in minimum policy costs, it lacks available contingency actions.
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Fig. 2.16. Subsidy cost of the least cost policy pathway

Table 2.6. 2030 context corresponding to minimum and maximum subsidy costs of the “least cost policy
pathway”

Electricity retail price Residential Electricity BESS cost PV cost

(% w.r.t 2017) Demand (% w.r.t 2017) (% w.r.t 2017) (% w.r.t 2017)
Min Cost 11.00 3.91 -59.80 -22.20
Max Cost 11.50 14.20 - 34.00 - 48.00

2.5. Conclusions and policy implications

In this chapter, a transdisciplinary modeling framework consisting of an agent-based technology
adoption model, and two model plugin toolboxes meant to facilitate participatory modeling approaches
is presented. The suggested framework builds on the strengths of Exploratory Modeling and Analysis,
and augments the Dynamic Adaptive Policy Pathways methodology, as originally introduced by
Haasnoot et.al (2013). The presented work provided more technical details on the implementation of

the Dynamic Adaptive Policy Pathways methodology and presented a complete modeling framework
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to assist end-users in applying the methodology to their benefit. The novelty of this study lies mainly in
the presentation of the AIM plugin toolbox, demonstrating its potential for the participatory design of
dynamic adaptive policy pathways, through real time visualizations and interactive stakeholder
consultation.

To test the applicability of the presented framework, it was used to explore transition pathways for
the support of the further diffusion of small-scale photovoltaics (i.e., up to 10kWp) in Greece, towards
the achievement of the 2025 and 2030 capacity targets. More specifically, the effect of the net-metering
scheme, currently in operation, and three potential typologies of a self-consumption scheme that
subsidizes a Battery Energy Storage System, on photovoltaic investments was examined under several
uncertain contextual evolutions. To the best of the author’s knowledge, this is the first time that such a
modeling exercise is attempted for the geographical and socioeconomic context of Greece.

The timing of this research chapter coincides with the recent update of the Greek National Energy
and Climate Plan (NECP) (Ministry of Environment and Energy, 2019a), which mandates 1GW of
cumulative small-scale RES to be installed in Greece until 2030, under net-metering and self-
consumption schemes. The results of this study suggest that, given the new small-scale photovoltaic
targets, net-metering is capable of driving adequate investments that follow the targets’ trajectory only
in the short term. While net-metering is considered to attract much prosumer attention (Gautier et al.,
2018), the typology implemented in Greece is not so favorable for them. This is because grid charges
for net-metered electricity burden the prosumers instead of being used to increase the value of locally
generated electricity for their benefit as mentioned in Gautier et.al. (2018). Bill savings (i.e., prosumers’
profits) are solely dependent on the electricity retail price and actually reduced by the grid charges
burdening the prosumers. As a result, consumers’ willingness to install a photovoltaic system is
reduced. This finding is also validated by recent scientific literature acknowledging that the net-
metering scheme’s effectiveness, as it is currently implemented in Greece, is strongly related to the
electricity retail price (Stavrakas et al., 2019). Additionally, regarding the price-dependency of net-
metering, the recently updated NECP mentions a reduction in retail electricity prices until 2030 while
in this work a slight increase is assumed. This implies that if the foreseen reductions by the NECP are
indeed materialized, the performance of net-metering would be poorer than the one presented in this
study. It is evident, thus, that the implementation of alternative schemes should be considered.

The introduction of a self-consumption scheme showed great potential in incentivizing investments.
Unlike net-metering, where generation and consumption are not synchronized as there are no incentives
for prosumers to do so (Gautier et al., 2019), the benefits of a self-consumption scheme that subsidizes
battery storage is that prosumers consume more self-generated electricity since it can be stored for later

direct use. Furthermore, grid charges are paid only for the electricity consumed from the grid. As such,
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there is less price-related uncertainty and prosumers’ profits are higher. At the same time, apart from
incentivizing consumers to invest, modeling outcomes suggest that the self-consumption scheme under
study could also contribute to the achievement of the national battery storage capacity target (around
1.2 GW until 2030) mentioned in the Greek NECP. This is because it assumes that for every 1kWp of
photovoltaic capacity addition, 1kWh of storage is installed. In particular, simulation results showed
that up to 776 MWh of battery storage could be installed.

A study by Jin & Yu (2018) has shown that self-consumption with battery energy storage system for
individuals could become profitable before 2030. The development of the appropriate regulatory
framework for the uptake of storage systems seems a promising option to be considered by
policymakers in Greece. Simulation outcomes showed that a high initial subsidy is required to attract
investors’ interest upon the introduction of a self-consumption scheme, due to the high battery storage
investment cost, and the steep slope of the Greek photovoltaic targets trajectory. Smaller subsidies,
while effective, fail to follow the steep targets’ trajectory, if applied too early. On the other hand, high
subsidies can cause rebound economic effects (i.e., public deficit), in the long-term, similar to the ones
induced by the Feed-in Tariffs scheme over the period 2008 to 2013. Indicatively this is observed after
2028, where the trajectory’s slope starts to decrease. As a result, a step subsidization is suggested. Such
asuggestion is also implied by the expected reduction of the battery energy storage system’s cost, driven
by technological progress and learning effects. Regulatory efforts should envision subsidy reforms to
benefit from these cost reductions, control the profit margin of prosumers, and limit public expenses.

Regarding the policy pathway to be followed, results highlighted a set of key performance indicators
that can be considered by policymakers and decision-makers. These indicators are the success rate of
policies, the pathway’s subsidy cost (i.e., implementation cost of a policy), and the availability of
contingency planning. Nevertheless, all parameters should be considered in a parallel planning process,
and not individually, before concluding on a pathway. For example, the “least cost policy pathway”
minimizes the public financial burden but succeeds in less scenarios than the “most robust policy
pathway”. Furthermore, the “most robust policy pathway”, while achieving the highest success rates, is
less flexible in terms of contingency planning than both “minimum policy changes pathways”. Since
short-term decisions influence long-term options, such differences should be ex-ante evaluated to
eliminate the possibility of short-sightedness, providing policymakers with alternatives for future policy
interventions.

Finally, the effect of contextual parameters should also be considered when identifying proper policy
instruments to support the further diffusion of small-scale photovoltaics in Greece. In all pathways
under study, the exceeding of a threshold value for the photovoltaics’ cost appeared as a trigger point

denoting potential imminent failure of policy pathways. Furthermore, pathways indicated that
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maximum photovoltaic capacity additions are driven mainly by a reduction of the photovoltaics’ cost.
This analogy is not the same when a reduction of the battery energy storage system’s cost is observed.
This is due to the fact that the storage system in the self-consumption scheme under assessment is
subsidized, and as such the investment cost does not burden solely the consumer. On the other hand, a
reduction of the battery energy storage system’s cost affects directly the subsidy cost of the pathway.
This implies that a policy mix, partly subsidizing both the photovoltaic and battery energy storage
systems, could result in better consumer behavior expectations, larger availability of adaptation
pathways and limitation of risk.

Regarding the applicability of the presented modeling framework, the case under study showed that
while 100% success of a policy pathway, regardless the contextual evolution, cannot be achieved,
opportunities and dead-ends can be highlighted and visualized in a stakeholder-friendly fashion.
Highlighting risky situations without available contingency actions, showed that the modeling
framework explicitly triggers the need for exploration of more policy options, and the re-application of
the dynamic adaptive policy pathways methodology, which would help reduce uncertainty in potential
pathways. This means that stakeholders using this framework can have sufficient information about the
uncertainties they need to consider and make better-informed decisions on policy planning and
implementation.

Considering the existing ambiguity of the photovoltaics market in Greece, the findings of this study
signaling further research on measures that could counterbalance the phase out of the previous Feed-in
Tariffs scheme, would be useful to government official and policymakers. The latter has already been
validated during the consultation events mentioned in section 2.3.4. During these events, the potential
of the modeling framework, as a useful decision support tool that provides fast answers to “What-if
scenarios”, has been acknowledged by policymakers, practitioners and other relevant experts from the
field.

Given that small-scale PV installations contribute only partly to the cumulative renewable energy
targets, further research on the applicability of the presented framework, for the determination of proper
support measures for photovoltaic systems larger than 10kWp and other renewable energy technologies,
would be purposeful. To this end, the author intends to upscale this analysis to a market-wide context,
where the simultaneous implementation of renewable energy source support policies determine the
electricity mix, which in turn affects the evolution of the wholesale electricity price and has economic
implications for consumers. Furthermore, the AIM toolbox will be also linked with the Dynamic high-
Resolution dEmand-sidE Management (DREEM) model (Stavrakas and Flamos, 2020) to visualize
policy adaptation pathways towards the introduction of demand-flexibility (e.g., Demand-Response,

price signals, etc.) to the Greek electricity market, identifying in parallel contextual factors that may
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affect the performance of the relevant policy measures required. Finally, note that although the
applicability of the modeling framework presented herein was only demonstrated in a national case
study, it can be applied to different geographic and socio-economic contexts, given that historical data-
observations and market-related parameters are available.
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Are there preferable capacity combinations of renewables and storage? Exploratory
quantifications along various technology deployment pathways

The decarbonization of the electricity sector is at the core of the European agenda, with renewable
energy sources playing a leading role. A major challenge emerging with increasing shares of
intermittent renewables is their efficient integration. To overcome this challenge, electricity storage
systems are identified as components which will be inseparable from renewable generation in the
following years. However, what are the available pathways for the capacity evolution of each generating
technology? How do different capacity combinations perform in terms of pledged renewable
penetration targets and investment costs? Is there an optimal capacity combination of renewables and
storage? This chapter presents a modelling framework featuring detailed storage operation simulation
and adaptive policy design, assessing these inquiries. To demonstrate its applicability, it is used to
explore plausible wind, solar, and storage configurations in Greece. The results suggest that the
proportions of wind and solar power is significantly affecting the timing and required capacity for
storage, the potential for renewable electricity integration, as well as the costs needed for their
achievement. Overall, the study demonstrates feasible pathways leading from the current status quo in
Greece and towards the milestone horizon of 2030, concluding with key implications for policy and
practice.
Keywords: Renewable Energy Sources, Battery Energy Storage System, RES Integration, Curtailment,

Power System, Energy Transition

3.1. Introduction

The Green Deal published by the European Commission (EC) in late 2019, set the target for zero
greenhouse gas emissions by 2050, pledging decoupling of economic growth from resource use. A
critical component towards this direction is the decarbonization of the energy sector, which is reported
to account for over 75% of the total greenhouse gas emissions in the European Union (EU). In this
respect, the need to develop a power sector based on renewable energy sources (RES) is acknowledged
(European Commission, 2019). Accordingly, member states, following also the Regulation on the
Governance of the Energy Union and Climate Action (The European Parliament and the Council of the
European Union, 2018), have already drafted their National Energy and Climate Plans (NECP),
incorporating targets for renewable capacity expansion until 2030.

However, a major challenge emerging with high RES shares in the electricity mix is the intermittent

nature of RES-generated electricity, which poses difficulties in their integration (Antweiler, 2021),
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potentially leading to curtailment (Jorgenson et al., 2018). While curtailment is an established method
for managing excess RES generation and ensuring safe network operation (Michas et al., 2019),
instances of curtailment enforcement should be limited, as its application reduces the amount of
exploitable renewable electricity (electricity is wasted) (Chang and Phoumin, 2021), and entails
financial losses for RES generators (Mayyas et al., 2022). In fact, the EU regulation 2019/943 on the
internal market design (European Parliament and the Council, 2019), clearly states that curtailment
should be held at a minimum and not exceed 5% of the annual RES electricity generation. Storage and
demand response are two complementary technologies which can reduce the application of curtailment
and increase the exploitable renewable generation. Demand response shifts demand to high generation
hours, and storage shifts generation to high demand hours. The rollout of both technologies faces
difficulties that need to be overcome, such as the high investment costs for storage, and the challenge
of attracting participants to demand response programmes, as well as managing their loads (Denholm,
2015). With respect to the cost of storage, a sharp decrease is being reported in the recent years, with
70% reduction observed between 2015 and 2019 in utility-scale battery storage costs (EIA, 2020). On
the other side, the participants response to demand response signals is highly random, adding
uncertainty to the reliability of this technology in providing services to the grid. If reliability cannot be
ensured, system operators, could limit demand response application to activities not interfering with
system security, such as night-valley filling, which is already incentivised through time-of-use tariffs
(Oconnell et al., 2014). While both technologies will have a role in the future, considering the above,
and given that the REPowerEU plan (European Commission, 2022) published by the EU in 2022 gives
special attention to energy storage as a means to provide flexibility to the system and facilitate RES
integration, the focus of this chapter is placed on energy storage acting as a supplement to efficient
renewable generation.

Many studies in the literature address the subject of up to 100% renewable energy systems, as
thoroughly reviewed by Hansen et.al. (2019) and Breyer et.al. (2022), with solar photovoltaics (PV)
and wind turbines (WT) mentioned as central pillars in most transition pathways, alongside energy
efficiency measures. As PV and WT are identified as the most profitable among the RES options
(Buonomano et al., 2018) which are likely to have increasing shares in the electricity generation mix in
the future (Christoph Soini et al., 2019), it could be expected that storage will be largely used to store
solar- and wind-generated electricity. In this respect, several studies in the scientific literature have
focused on research combining PV, WT and storage. Cebula et.al. (2018) synthesize studies focusing
on Germany, the United States (US) and the EU level, to investigate the storage requirements per share
of variable renewable electricity, discussing also the effect of PV or WT preponderance and of the detail

of grid modelling on storage needs. Johlas et.al. (2020) study the storage requirements for 100% and
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nearly 100% solar- and wind-powered systems, in the Midcontinent Independent System Operator
energy market in the central US, under the effects of various PV and WT generation shares,
geographical distribution of generation technologies, RES overcapacity and balancing power
availability. Goteti et.al. (2019) study the potential of storage, operated for energy arbitrage (storing
electricity when prices are low to supply it back to the grid when prices are high), to achieve carbon
emissions reduction. They investigate the required wind and solar capacity to marginally achieve

emission reductions, considering also the effect of natural gas prices, by performing case studies in a

coal-heavy and a non-coal-heavy electricity region in the US. Budischak et.al (2013) simulate a wide

range of PV, WT and storage configurations, to find least-cost electricity generation mixes, considering
different storage technologies, geographical sitting expansion and RES technology diversification.

Their simulations are constrained by the number of hours PV and WT need to cover demand, reaching

up to 99.9% of the load hours (remaining demand is met by fossil back up plants), allowing for RES

overcapacity to achieve such targets. Weitemeyer et al. (2015) investigate the effect of storage and its
parameters (i.e., capacity and efficiency) on the renewable integration levels, by using Germany as case
study. The study is performed, by analyzing in parallel optimal wind and solar generation shares, under
the effect of overcapacity. Nayak-Luke et.al (2021) explore the storage magnitude (percentage of
demand that needs to be met by stored electricity) and storage duration (short-/long-term) requirements,
as a function of renewables penetration, wind and solar generation shares, and location, by considering

a total of 37 locations in the United Kingdom and Australia. Heide et.al (2010) quantify optimal wind

and solar generation mixes in Europe and their respective storage needs, considering a 100% wind-plus-

solar only scenario and a transitional scenario allowing for fossil and nuclear power generation.
From the literature sources reviewed, several scientific gaps were identified, which are summarized
subsequently:

o Research so far has mainly focused on analysing PV, WT and storage configurations, towards 100%
RES electricity systems, without limitation in the total RES capacity, or reference to the
implementation horizon of such electricity systems. This means that the focus is on studying an
incremental increase of RES share, without answering when can this share be realized, how much
RES capacity can realistically (or is planned to) be installed, and with which storage specifications.
Therefore, the gap is in studying PV, WT and storage configurations, considering in parallel (i) a
tangible time horizon (e.g., 2030), (ii) reported RES capacity expansion projections and (iii)
established technical specifications of storage technologies.

e RES overcapacity is a usual parameter considered in literature, allowing curtailment to act as a means
for managing excess generation and limiting the need for storage capacity. In fact, overcapacity is

usually used as a parameter affecting the optimal PV and WT shares in the electricity mix, which in
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turn limit the storage capacity required. While such a strategy is mentioned as a cost competitive
alternative to deploying energy storage, especially considering the falling prices of RES (Perez et al.,
2019), it can be restricted from the available land to deploy such a volume of renewable capacity.
Indicatively, as literature suggests, in order to reach a fully renewable electricity system in Europe
with a balanced technology portfolio, 2% of the total European land would need to be occupied,
which is about the size of Portugal (Trondle, 2020). When considered in tandem with other
constraints such as natural resource potential (e.g., solar irradiation), ground morphology, availability
of transmission/distribution network, protected land (van de Ven et al., 2021), or barriers (Rai et al.,
2016) and costs (Gao et al., 2022) to the installation of residential solutions, the sites available to
install such a mass or renewables becomes notably narrower. Therefore, opting for a significant
amount of overcapacity, would expand land use to many country sizes, could compete with other
forms of land use, or could reveal injustices/dependencies among countries with different
geographical, regulatory, or meteorological contexts. Taking also into account, the capacity density
of WT and PV which is reported up to 19 W/m? and 100 W/m? respectively, when commercially
available storage options offer a capacity density around 105 W/m? (Trondle, 2020), it becomes
evident how much more hard-to-find European land would be required when considering
overcapacity, and how much land use would be avoided by replacing PV or WT overcapacity with
storage. Furthermore, overcapacity does not account for other issues, such as utilisation
maximization of domestic resources, social acceptability issues, or investors’ risk. For example, the
REPowerEU plan (European Commission, 2022) published by the EC in response to the Russian
invasion in Ukraine, aiming to reduce the dependency of the EU from Russian gas, mentions energy
storage as a significant asset in providing flexibility to the grid and supporting security of supply, by
facilitating RES integration and shifting generation to high demand times. While overcapacity with
curtailment can reduce the residual demand (i.e., demand minus RES generation) during generation
times, it cannot transfer electricity at times where it is most needed (e.g., peak demand, evening or
night hours). That way the value of RES is reduced since they offset less fossil generation (Denholm,
2015). Finally, literature highlights that social acceptance of RES projects is a significant challenge
in the EU (Kleanthis et al., 2022), and that financing as well as the design of policy support
mechanisms are critical risk factors which could affect investment in RES (Angelopoulos et al.,
2017). Therefore, aiming for underutilised systems might weaken the public and investors’ trust
towards the sustainability of RES systems. Considering the above, the gap in this case is in studying
various PV, WT and storage configurations which minimize the application of curtailment towards
utility maximization of domestically-generated electricity, without bias in allowing a specific

technology to dominate the RES mix.
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o Finally, usually the end-state of the electricity system is the focal point of research. Indicatively, most
studies focus on a "future" electricity system and analyse the effects of its possible build-outs (e.g.,
shares of WT and PV, overcapacity and storage trade-offs, backup fossil generation, etc.). The
current status quo of the electricity system, as well as its timewise intermediate buildouts (e.g., yearly
PV, WT and storage configurations) leading to the materialization of a desired end-state, is usually
neglected. This is in line with Hansen et.al (2019) whose extensive literature review highlighted that
most studies do not analyse transition pathways (i.e., how to reach a target) and therefore do not
provide information to policy-makers answering the “when’s” and “how’s” of the energy transition.
In other words, the gap identified, can be expressed with the following four questions: (i) What is
the current electricity generation portfolio? (ii) What RES plus storage configurations are feasible in
a tangible time horizon (e.g., 2030), (iii) Which PV, WT and storage configurations can be
implemented in the intermediate years, and (iv) What are their implications in terms of RES
integration pace and timing of storage capacity requirements under various PV and WT shares?
This study aims to address the above research gaps by using a methodological framework consisting

of two soft-linked models which: (i) enable the identification of storage capacity requirements, based

on high-resolution storage operation simulation, and detailed technical specifications, such as round-
trip efficiency, depth-of-discharge and energy-to-power ratio, and (ii) facilitate the interactive design
of policy pathways, by providing an interface for simulated policy implementation. Greece is chosen as
the testbed, as a country which has set ambitious RES capacity targets for 2030 and is currently
characterized by limited capacity of interconnection transmission lines compared to its peak demand

(i.e., about 20%), and high dependency on imported fuels for electricity generation. This makes the

country a good example for assessing RES integration maximization in an effort to rely more on

domestic resources. To make this chapter policy-relevant, actual market inquiries are addressed, which
are either directly expressed by, or validated with, Greek stakeholders and market experts.
Overall, to the best of the author’s knowledge, the novel contribution of this chapter is twofold:

e The presentation of a modelling framework, which aggregates for the first time the merits of
individual studies and evaluates RES plus storage configurations of electricity systems, considering
simultaneously: (i) specific RES capacity targets, decomposed in various configurations of PV and
WT shares without bias regarding the optimality of each configuration based on specific criteria (e.g.,
cost minimization), (ii) curtailment limitation under user-defined thresholds, using storage with
detailed representation of its technical characteristics, (iii) RES integration percentages embedded in
actual timewise implementation plans, and (iv) current status quos as well as the pathways towards

diverse end-system configurations.
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o The answering of inquiries expressed directly, or validated with, policymakers, aiming to support
informed decision making. More precisely, taking into account actual RES capacity targets, and
considering available technologies and a tangible time horizon, this study answers critical questions
that still remain to be answered in the course of the energy transition in Greece. The timing of their
answering coincides with the revision process of the Greek NECP, which is currently ongoing.

The remainder of the chapter is organized as follows: Section 3.2 presents the modelling framework

used. Section 3.3 describes the Greek context in which the modelling framework is applied to. Section

3.4 reports detailed simulation results. Section 3.5 discusses key takeaways of the study accompanied

with comparative analysis with relevant studies where possible. Finally, section 3.6 summarizes key

lessons learnt and provides implications for potential policymakers and end-users.

3.2. Modelling framework

The modelling framework used in this study consists of (i) the STorage RequirEmEnts and dispatch
Model (STREEM), which enables the identification of the storage capacity requirements of a region,
towards user defined curtailment levels, and (ii) the Adaptive Pollcymaking Model (AIM) which
performs exploratory analysis on a variety of policy options, and visualizes a map of diverse policy
sequences, whose implementation lead to a desired outcome (Michas et al., 2020). The modelling
framework is part of the TechnoEconomics of Energy Systems laboratory (TEESIab) Modelling Suite
(TEEM Suite®) and has been further developed in the context of the Sustainable Energy Transitions
laboratory (SENTINEL') project, based on consultations performed with relevant stakeholders (Stisser
et al., 2022). Fig. 3.1 shows a high-level overview of the modelling framework, while the following

subsections present the models in more detail.

® https://www.i2am-paris.eu/detailed_model_doc/teemsuite
7 https://sentinel.energy
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3.2.1. STREEM

STREEM builds on the battery energy storage system (BESS) dispatch algorithm presented by

Quoilin et.al. (2016), adapted to the temporal (i.e., hourly) and spatial (e.g., provincial, national,

international) resolution of STREEM, and extended to account for storage capacity requirements
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investigation. The input parameters used by STREEM are summarized in Table 3.1, while the dispatch
and storage capacity calculation algorithms are presented subsequently.

Table 3.1. STREEM inputs

Input Parameter Description
Nominal Capacity Maximum energy that can be stored in the storage system
Demand and RES generation timeseries Projected electricity demand and generation from various RES sources

in an hourly resolution for the entire simulation period

Duration The time interval for which the storage system can charge/discharge at
rated power capacity until full/emptied

Depth-of-Discharge (DoD) The percentage of energy that can be discharged relatively to the
nominal capacity of the storage system

Round-trip efficiency The percentage of stored energy that can be retrieved during a full cycle
of the storage system

Sources: (Cole et al., 2021; HOMER Energy, 2020; MIT Electric Vehicle Team, 2008)
Storage dispatch algorithm

The algorithm runs in an hourly resolution for each year of the simulation period. The initial state of

the storage is set at minimum State of Charge (SOC), as described by Eq. (3.1).

S0C¢—o = nc * (100 — DoD) (3.1)
where:
o t isthe simulation period in hours,
e nc is the maximum energy that can be stored, and
e DoD is the depth-of-discharge of the storage system.

At each hour of the simulated period, the storage system stores electricity when RES generation is
higher than demand, and supplies electricity to the grid when demand is higher than RES generation. If
multiple storage technologies are used, the algorithm prioritizes short-term storage (e.g., battery energy
storage systems) and uses the medium-/long-term storage technologies (e.g., pumped-hydro storage)
after the short-term options have reached their storage capacity, or DoD. Excess generation that cannot
be stored is curtailed. The hourly demand that could not be met either by directly feeding RES electricity
to the grid or by discharging the storage systems, is saved as a residual demand timeseries.

At each simulation period t, the maximum charging power (P, ), the maximum discharging power

(Pais,t), and the SOC of the battery are updated using Eq. (3.2)-(3.4)
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nc

—min(————— e — 3.2

PCh’t_mm<Duration'nC SOCt_l) (3.2)
nc

- =min—— i - —nc- (1 — 3.3

Pgist mm{Duration,round_trlp [SOC,_y —nc-(1 DoD)]} (3:3)

SOCy = SOCy_1 + Py ¢, if storage is charging

i 3.4
SOC, = SOC,_, — —3st__ " if storage is discharging (34)

round_trip
where:

e Duration is the charge/discharge duration, and

e round_trip is the round-trip efficiency of the storage system

Storage losses are modelled during discharge of electricity, represented by the effect of the round
trip efficiency in Eq.(3.3) and (3.4).

It should be noted that:

Curtailment is calculated as the excess generation from RES that cannot be accommodated to the
grid due to lack of demand. The model assumes that all generated electricity from the various RES
technologies is aggregated and managed centrally, and that storage options are modelled as
aggregated units per technology, representing an ideal “sum” of distributed systems. Therefore,
restrictions related to grid-specific constraints (e.g., transformer availability, power flows, humber
of buses, etc.) are not considered. This enables a simplified representation of the power system
allowing multi-spatial application of the model, spanning from cities to multi-country level analyses,
aiming to provide high-level, policy relevant answers to challenges related to energy storage.

The residual demand timeseries that results from the storage dispatch algorithm can be fed in a unit-
commitment and economic dispatch model, to calculate the optimal dispatch of thermal units,
imports, or other dispatchable units, for the demand not covered by RES. With this soft link technique
of STREEM with unit commitment and economic dispatch models, RES generation (either direct or
stored) is by priority injected to the grid, storage is used to store only RES electricity, and non-
renewable generation is used to cover only the residual demand. The author has successfully
attempted such a link with the Business Strategy Assessment Model (BSAM) (Kontochristopoulos
et al., 2021). Relevant results for the residual demand are not in the scope of this study and therefore

are not included.
Required storage capacity algorithm

The algorithm investigating the storage capacity requirements, identifies the correlation between

storage volume and curtailment decrease. Initially the storage capacity is set at zero, representing a no
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storage energy system. The storage dispatch algorithm is run and the annual curtailment without storage
is calculated. Following, a small capacity of storage is simulated, and the new annual curtailment is
calculated. With these two initial iterations, the instantaneous slope of curtailment decrease with storage

capacity increase is calculated using Eqg. (3.5).
Ncj—1 — NCj—3

slope = (3.5

Curt;_, — Curt;_4
where:
e [ isthe iteration of the algorithm
e nc is the nominal capacity of the storage system, and
o Curt is the yearly curtailment as a percentage of total RES generation
Then, the new estimated storage capacity is calculated using Eq. (3.6).
nc; = nc;_q1 + slope - (Curt;_y — Targetcy,yt) (3.6)
where:
e Targetq,,+ IS the target for curtailment
Considering that usually the correlation of curtailment with storage capacity is non-linear, the storage
dispatch algorithm is run for the new estimated storage capacity and calculates the new instantaneous
slope of curtailment decrease with storage capacity increase using Eq. (3.5). With this procedure, the
actual curve of storage/curtailment correlation is approximated (example in Fig. 3.2), regardless of the
storage technology or specifications simulated, while ensuring fast convergence. In fact, simulations
suggest that the algorithm converges in 6-7 iterations. Furthermore, with this stepwise procedure,
storage capacity overshooting is avoided, since the storage/curtailment slope gradually decreases

towards the targeted curtailment levels.
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Iteration 1

Curtailment

Iteration 2

Iteration n-1

Iteration n

Storage Capacity

Fig. 3.2. Approximation of storage/curtailment curve

It is important to mention that the algorithm calculates the storage requirements of a single
technology at a time, while keeping the other technologies at constant capacity. Such a simulation
concept goes beyond classic optimization based on specific criteria (e.g., least investment cost, least
operational cost, arbitrage maximization, etc.). Instead, the user is allowed to perform sensitivity
analysis in terms of storage capacity requirements for different storage technologies, considering also
the storage status quo of a region, or technology-specific constraints (e.g., long construction times and

sites available for pumped hydro storage, maturity of technologies, etc.).

3.2.2. AIM

AlM is a decision support model which facilitates robust decision making under uncertainties and
supports the development of policy pathways towards a desired target, based on simulated policy
implementation and outcome assessment. It is a plug-in model, meaning that it requires as input, both
the input parameters as well as the respective outputs, which are produced by a simulation model. In
this respect it performs meta-analysis of simulation results. The main strength of AIM is that it enables
fast assessment of a large number of scenarios along an analysis horizon, without mandating the same
number of simulations to be performed by computational- and time-intensive simulation models.
Specifically, it enables the assessment of p™ policy development scenarios with only p policy
simulations performed by a simulation model, where p is the number of policies under investigation
and m the number of years in the analysis horizon. The analytical formulation of AIM is presented in

Michas et. al. (2020). In this chapter, AIM is adapted to match the scope of the herein presented
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modelling endeavor. Target is the generation of yearly adaptive pathways, comprising of changing RES
plus storage configurations, towards higher RES integration levels with minimum curtailment.

Initially, AIM investigates if a specific PV-to-WT ratio (i.e., policy pathway), with relevance to the
total RES capacity, is feasible from a stakeholder’s “today” and onwards, considering the already
installed capacities of each technology. Feasible pathways are those that do not result in less installed
capacity of PV, WT or storage in a later year, than that installed in an earlier year, given that the lifespan
of technologies has not been exceeded. Stakeholder’s “today” is defined as the start of simulation time
which coincides with the actual year of the problem analysis. Valid PV-to-WT ratios are depicted in an
adaptive pathway map, showing which PV-to-WT ratios can be implemented starting from the
stakeholder's “today”, and which PV-to-WT ratios can be implemented in later years.

Then, with the simulated policy implementation functionality of AIM, PV-to-WT ratios are
implemented in a stepwise manner. A feasible PV-to-WT ratio is implemented for a selected number
of years, and the adaptive policy pathway map is updated within seconds, showing which PV-to-WT
ratios are feasible for the years following the last year a PV-to-WT ratio was implemented. Policy
implementation goes on until the end of simulation time is reached. During this process, the outcome
of the implemented pathway (sequence of PV-to-WT ratios), as well as the outcome of “future” PV-to-
WT ratios is displayed to the user. The outcomes along the pathway (or “future” pathways) comprise
of: (i) the required storage capacity, (ii) the annual and peak curtailment levels with and without storage,
(iii) the RES integration levels with and without storage, (iv) the peak residual demand that needs to be
covered by thermal generating units, and (v) the pathway costs (i.e., capital cost and operation and
maintenance (O&M)), decomposed to the cost of each technology (i.e., PV, WT and storage).

The outcomes (i)-(iv) result from simulations performed with STREEM. The pathway costs are the
product of post-processing STREEM outputs with AIM. At each year of the pathway, the newly
installed capacities per technology are calculated and multiplied with the discounted overnight
investment costs and O&M costs at the same year as shown in Eq. (3.7) and Eq. (3.8) respectively, to
derive the pathway’s yearly overnight investment costs and O&M costs.

Cost of PV, = (PV, — PV,_,) - PVC,
Costof WT, = (WT, —WT,_,) - WTC,

(3.7)
Cost of Storage, = (ncy — ncy_l) - SC,
Ov.Costy, = Cost of PVj, + Cost of WT,, + Cost of Storage,,
O&M cost for PV, = PV, - PVOM,,
(3.8)

O&M cost for WT,, = WT,, - WTOM,,
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O&M cost for ST, =nc,, - STOM,,
OM. Cost,, = O&M cost for PV, + O&M cost for WT,, + O&M cost for ST,
where:
o 1y isthe year of reference
e PV,WT,nc are the simulated PV, WT and storage capacities in the year referenced by the index,
e PVC,WTC and SC are the overnight investment costs for each unit of PV, WT and storage in the
year referenced by the index, and
e PVOM,WTOM and STOM are the O&M costs for each unit of PV, WT and storage in the year
referenced by the index.
Then, the Equivalent Annual Cost (EAC) of the yearly overnight investment costs of each technology

are calculated using Eq. (3.9).

Ov.Costy tech * Ltech
1- (1 + itech)_kt“h

EACy tech = (3.9)

where:
e i isthe interest rate,
e tech is the technology assessed, and
e k is the lifetime of each technology
Finally, the pathways total cost is calculated as the sum of equivalent annual values and O&M costs

until the pathway’s horizon of analysis as shown in Eq. (3.10).

n
P.Cost = 2 l(i EACtech> + OM. Cost, (3.10)
y=1

tech y
where:
n is the final year of analysis.
It should be noted that Eq. (3.10) is not an objective function subject to minimizing. It only calculates
the cost of each generated pathway. Cost minimization is possible, but it is out of the context of this

work.

3.3. The case of Greece

Greece is chosen as the case study region, being a country which has set ambitious climate and policy
goals for 2030, transitioning away from its current regime which is characterized by low
interconnections’ capacity, high dependency on fossil fuels and lately high dependency on imported
fuels for electricity generation. The Greek NECP (Greek Ministry of Environment and Energy, 2019a)

published in December 2019 describes the set targets, as well as, how they are intended to be achieved.
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Among the targets is the decarbonization of the power sector, presenting ambitious renewable capacity
expansion objectives, as well as projections about the evolution of the generation capacity mix (i.e.,
installed capacities of solar, wind, hydro, thermal, etc. generating units). Specifically, the gradual phase
out of the highly polluting lignite power plants until 2023 is the starting point for the decarbonization
of the power sector, with natural gas playing the role of the transition fuel. Target destination is a power
sector dominated by RES technologies, mentioning a cumulative RES capacity in 2030 amounting to
14.7 GW, implying a growth rate equal to 153% with relevance to the installed capacity in 2020 (i.e.,
5.8 GW). The 2022 Russian invasion to Ukraine and the consequent energy crisis might shortly delay
the lignite phase out plan of Greece, but sooner or later Greece will be in a position where all
dispatchable power plants operated with domestically produced fuels will be shut down, and Greece
will rely only on gradually declining amounts of imported gas and gradually increasing amounts of
intermittent RES to cover its electricity needs. Considering the above, the need for electricity storage
has been identified in the Greek NECP, as the means for optimal integration of uncontrollable RES,
avoiding the risk for significant curtailment which would make new RES projects unsustainable for
investors (Aposporis, 2022). Specifically, storage capacity equal to 2.8 GW is foreseen until 2030,
comprising mainly of pumped hydro and battery storage.

However, as stated in the official NECP, the amounts of installed capacity of the various generating
and storage technologies, have been calculated based on simulations made under specific assumptions
regarding the generation cost evolution for each technology. In this respect, the configuration of the
electricity system presented in the NECP should be considered as possible but not binding (Greek
Ministry of Environment and Energy, 2019a). This statement becomes even more relevant considering
the 2022 energy crisis that followed the Russian invasion to Ukraine, which increases the uncertainty
for natural gas availability, and implicitly mandates for maximization of utilization of RES-generated
electricity.

In this respect, in this study, various configurations of PV, WT and storage configurations are
analyzed, as potential buildouts of the Greek electricity system in 2030, providing implications for their
renewable integration potential, the needs for storage capacity to maintain curtailment below 0.1%, the
pathways towards their materialization, as well as, their overnight investment costs. The small
curtailment window is left open to account for exceptional events, with concurrent high solar irradiation
and wind speed, during which the storage systems may reach their capacity, or the hourly electricity to
be stored may exceed the storage systems’ rated charging power.

Important research questions tackled include:

i.  How much storage is needed to reach the 2030 renewable integration targets in Greece without

excessive curtailment, maximizing that way the utilisation of domestically produced electricity?
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ii.  How do the PV and WT capacity shares relate to RES integration and storage needs timing?

iii.  Is there an optimal wind/ PV ratio to achieve efficient RES penetration with low curtailment,
and how much storage does this configuration require?

iv.  What is the cost of each additional percent of RES generation injected to the system?

These research questions have been either directly expressed by, or validated with, Greek
stakeholders, during the stakeholder consultation workshops that were held in mid-2020 as part of the
EC-funded SENTINEL project. Their answering aim to contribute to the work of policymakers, by
providing implications for a wide range of electricity system configurations which are not a product of
optimization based on specific criteria. Moreover, it contributes to the endeavors of the scientific
community, by bridging the gap between scientific analyses and targeted policy inquiries. The

following subsections present the assumptions of the study.

3.3.1. Demand, hydro, and RES generation

Historical demand, hydro generation and RES generation (i.e., PV and WT) timeseries in an hourly
resolution for the period 2015-2020 were obtained from the ENTSO-e transparency platform (ENTSO-
e Transparency Platform, 2021), and were scaled to their respective annual projections, as mentioned
in the NECP for the period 2021-2030. Randomization in each projected timeseries was performed by
drawing from a normal distribution with mean the average amounts (e.g., demand, hydro, wind and
solar generation) for each hour of the historical calendar years (2016 — 2020), and standard deviation
the standard deviation of each timeseries for each hour of the same period. Fig. 3.3 shows the annual

demand projections as well as a typical demand profile throughout a year.
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Fig. 3.3. Electricity demand in Greece

Hydro power plants’ capacity (i.e., hydro run-of-river and hydro water reservoir) in Greece is not

expected to change significantly by 2030. Therefore, the hourly hydro timeseries were only randomized
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according to the historical data obtained by ENTSO-e. Fig. 3.4 shows a typical hydro generation profile
throughout a year.

Hydro Generation (MWh)
=
o
o

Fig. 3.4. Hydro generation in Greece

Finally, for the case of RES generation, as mentioned earlier in section 3.3, various PV-to-WT
capacity configurations towards the aggregated RES capacity targets (i.e., 14.7 GW in 2030) are
simulated. In fact, configurations featuring from 75% WT to 75% PV with 2.5% steps are included in
the scenarios. Therefore, the generation profiles differ according to the shares of PV and WT in the RES
capacity mix. Fig. 3.5 shows the range of scenarios examined for RES (i.e., PV and WT) capacity and
generation until 2030. The coloured capacities are the ones projected by the Greek NECP, while the
grey ones are the maximum and minimum capacities that each technology can hold along the years in
the assessed scenarios. The thick RES generation lines are the ones projected by the Greek NECP, while
the shaded areas correspond to the generation range of each technology, depending on the capacity it

holds within the maximum and minimum range of the assessed scenarios.
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Fig. 3.5. Range of scenarios examined for RES capacity (left) and generation (right) in Greece

107



CHAPTER 3 - MINIMUM WASTE OF RENEWABLE ENERGY

3.3.2. Storage Characteristics

Storage can provide a multitude of functions to the power grid and each storage technology is better
suited for different applications as analytically presented by Palizban and Kauhaniemi (2016). This
study does not intent to analyse the optimal storage technology mix for the services required by the
power sector in Greece. Instead, the aim is to analyse the storage capacity needs under different RES
generation configurations, considering current trends in Greek power storage, and an established and
widely used storage technology as reference for future capacity expansion. As mentioned in the Greek
NECP, storage capacity until 2030 will comprise mainly of pumped hydro and battery storage. Pumped
hydro storage (PHS) is historically the most established method for storing and dispatching electricity,
with main benefits being its almost infinite lifetime and high efficiency. PHS storage is suitable for bulk
energy (i.e., energy arbitrage, peak shaving) and renewable energy integration applications (i.e.,
capacity firming, time shift), with potential for some ancillary services provision (e.g., secondary and
tertiary frequency regulation or black start) (Palizban and Kauhaniemi, 2016). An important limitation
of PHS, is the limited availability of sites for their geographical sitting in river-based applications (Lu
et al., 2021). Nevertheless, the availability of sites for off-river, closed loop pumped hydro has been
recently studied and the results were promising (Stocks et al., 2021). On the other hand, BESS, are
increasingly attracting the attention of the scientific community (Gaspar et al., 2021; Kalkbrenner, 2019;
Retna Kumar and Shrimali, 2021). The advantages of BESS, as identified by Hannan et. al (2021),
include their fast and steady response, their adaptability and controllability, as well as their geographical
sitting flexibility, which is a significant differentiation from PHS. BESS have the potential to contribute
to a variety of ancillary services (e.g., voltage support, black start, primary/secondary/tertiary frequency
regulation, etc.), customer energy management (i.e., power quality, power reliability) and renewable
energy integration (IRENA, 2019; Palizban and Kauhaniemi, 2016), and is identified as the storage
technology which is expected to provide much flexibility to the grid with increasing renewable
generation (Seward et al., 2022).

Currently in Greece, there are two hydro power stations with installed pumping capacity (namely in
the Sfikia and Thisavros power plants). According to consultations with stakeholders from the Public
Power Corporation (owner of the power plants), there are plans to build two new PHS projects in
Amfilohia and in Amari, however, due to high uncertainty regarding their delivery, they are not
considered in this study. Therefore, the PHS capacity in the present study is kept constant. Table 3.2

presents the technical specifications of PHS.

Table 3.2. PHS specifications
Power Plant Name Sfikia Thisavros
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Nominal Capacity (MWh) 1320 3820
Nominal Power (MW) 315 372
Pumping rate (MWh/h) 220 250
Depth-of-Discharge (%) 95 95
Round-trip efficiency (%) 78 78
Duration (h) 6 10

Sources: (Kaldellis, 2015; Schmidt et al., 2019) and consultations with stakeholders from the Greek Public Power
Corporation (owner of the plants)

BESS capacity is currently not installed in Greece, but it is mentioned in the political agenda (Greek
Ministry of Environment and Energy, 2019a). While an estimation for the power capacity of BESS
systems (in GW) until 2030 is provided in the NECP other technological specifications of BESS (e.g.,
technology, duration, round-trip efficiency, or depth of discharge) are not included. In this study utility-
scale lithium ion (Li-lon) electricity storage systems are assumed as the BESS option, and their required
energy capacity (in GWh) to minimize curtailment is investigated. Li-lon has lately been reported as
the technology which is starting to be the dominant option for energy storage at grid-scale (Martins and
Miles, 2021). It is a reliable storage technology with indicative strengths being its long lifecycle, its
high round-trip efficiency and its low self-discharge rate (Killer et al., 2020). According to Schmidt
et.al. (2019) the technology is expected to be the most cost-efficient in terms of levelized cost of storage
in most electricity storage applications by 2030. Furthermore, stakeholders (i.e., utilities, regulators,
system integrators, etc.) have been gaining working experience with the technology at grid-scale
applications, as such it is expected to be the dominant technology for energy storage applications at
grid-scale (Pellow et al., 2020). In fact, it has been reported that over 90% of large-scale BESS
installations in 2017 were of the Li-lon technology (IRENA, 2019). Table 3.3 presents the technical
specification of utility-scale Li-lon BESS assumed in this study, for which capacity requirements are
investigated.

Table 3.3. Li-lon BESS specifications

Specification Metric Justification

Depth-of-Discharge (%) 88 Average optimal DoD of Li-lon batteries for multiple applications until
2030 in terms of LCOS, as presented in Schmidt et.al. (2019)

Round-trip efficiency (%) 85 In agreement with values published in several studies reviewed by Cole
et.al (2021)

Duration (h) 4 Wide application in the U.S. and cost-competitiveness with combustion

turbines (Denholm et al., 2020)
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3.3.3. Cost components

Projections for the overnight investment and O&M costs for PV and WT until 2030 were obtained
from the Greek NECP and the Greek Long-term strategy (Greek Ministry of Environment and Energy,
2019b) respectively, performing linear interpolations for missing intermediate years. For the case of
solar PV in Greece, it is assumed that for about every 7 MW of large-scale PV installations, 1 MW of
small-scale PV (rooftop) installations occur, which is an assumption based on historical data (Michas
et al., 2020). As such the average investment and O&M cost of PV was calculated using the same
weights. For the case of 4-hour Li-lon BESS, projections for the overnight investment costs for a
complete 4-hour battery storage system, accounting for both energy (kWh) and power (kW) costs, were
obtained from Cole et. al. (2021), after converting the prices from US Dollars ($2020) to Euros (€2020)
with the average exchange rate for 2020. O&M costs for batteries were obtained from the Greek Long-
term strategy after performing linear interpolation for the missing years. Table 3.4 presents the resulting

cost values.

Table 3.4. Overnight investment and O&M costs of RES and storage

Overnight

vear Solarpy  OEMSoar Ourmight | OBMWT Qoo SO S
(E/MW) (€/MWh) (€/MWh) (€/MW)
2021 591720 21550 1126040 21900 316000 333000 30300
2022 574080 20850 1092160 21800 290000 323000 28600
2023 557455 20150 1059360 21700 264000 315000 26900
2024 541845 19450 1027640 21600 238000 305000 25200
2025 527250 18750 997000 21500 212000 295000 23500
2026 513670 18050 967440 21400 199000 286000 21800
2027 501105 17350 938960 21300 184000 276000 20100
2028 489555 16650 911560 21200 170000 267000 18400
2029 479020 15950 885240 21100 157000 258000 16700
2030 469500 15250 860000 21000 143000 248000 15000

Sources: (Cole et al., 2021; Greek Ministry of Environment and Energy, 2019a, 2019b)

The effective lifetime of WT, PV and Li-lon BESS is assumed to be equal to 20, 32.5 and 20 years
respectively as obtained by NREL (2022) and Timmons et.al. (2020). Finally, the interest rate of new

investments is assumed equal to 8.5% as obtained by the Greek Long-term strategy.
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3.4. Results

The results of the study showed that towards the Greek RES capacity targets mentioned in the NECP
until 2030, several configurations can be implemented, and various pathways can be followed for their
achievement. The results do not imply optimal PV, WT and storage configurations or dominance of one
option over another. Rather, the aim is to highlight the outcomes of each end-system configuration,
providing insights to potential end-readers, such as policymakers, research practitioners, etc.

In all PV-to-WT configurations examined (see section 3.3.1), the annual curtailment levels until
2030 remain below the 5% threshold mandated by the EU, without any storage capacity (Fig. 3.6). This
is due to the fact that the installed RES capacity until 2030 is still low, and the generated electricity can,
by the largest part, be matched with demand.
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Fig. 3.6. Annual curtailment (%) without storage in 2030

Yet, even if curtailment remains low, it still highlights that instances of potential electricity loss will
start to appear with increasing RES shares. The simulation results indicate that with BESS operating in
parallel with the installed PHS capacity, curtailment could be minimized by 2030, paving the way for
higher RES integration post the NECP horizon (i.e., post 2030), contributing that way to a decoupling
of the energy transition of Greece from imported gas. At first glance, Fig. 3.6, suggests that with a WT
share around 60-70% in the electricity system, the lowest curtailment levels can be achieved, thus low
BESS capacity would be required. While this is true, the problem of RES integration is multifaced, and
each PV, WT and BESS configuration in 2030 requires a more in-depth analysis. The following

subsections present details for three end-system configuration scenarios and the pathways towards their
achievement.
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3.4.1. PV+ scenario

In the “PV+” scenario, the RES plus storage configuration features PV as the preponderant
technology, holding 60-75% share with respect to the total RES capacity foreseen for 2030. This
corresponds to 8820-11025 MW of PV capacity and 3675-5880 MW of WT capacity.

BESS requirements

In this scenario, curtailment levels without BESS capacity range between 0.98-2.44%, and the RES
share in the electricity mix ranges between 48.5-54.5%. The required BESS capacity to reduce
curtailment below 0.1% annually, ranges between 7.6-11.7 GWh, with respective power capacity
ranging between 1.9-2.9 GW. The resulting RES share in the electricity mix with the use of BESS
increases to 49.3-54.9%, which is mainly attributed to the contribution of BESS in matching generation
and demand during the morning peak hours as shown in Fig. 3.7. Considering the PV shares examined,
the correlation of PV share and RES integration implies a declining rate of -0.37% RES share per 1%
additional PV share in the RES mix. The main drawback of such a configuration is that the mismatch
between generation and demand remains high during the evening and night hours, resulting in a
significant amount of peak residual demand (demand minus RES generation) that needs to be covered

by thermal units, equal to 7.6-8.1GW. This also explains the low RES penetration levels observed.
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Fig. 3.7. BESS operation throughout a typical day with high generation in the “PV+” scenario

How to get there
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In order to reach the end-system configuration described in the “PV+” scenario, multiple pathways
exist as shown in Fig. 3.8. The thick lines in each subfigure represent the marginal pathways (percentage
evolution of PV and WT) towards the 2030 configuration, restricted by the currently installed capacities
per technology. This means that a percentage configuration above a thick line in a specific year cannot
be materialized, because this would mean reduction in an already installed capacity (in this case WT),

which is not desired. The shaded area within each subfigure indicates the feasible PV/WT percentages
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that can be followed, to generate intermediate pathways towards the final configuration target.
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Fig. 3.8. Pathways towards the PVV+ scenario. (PV+ min): Configuration in 2030 consisting of 60% PV and

intermediate 2): Configuration in 2030 consisting of 70% PV and 30% WT. (PV+ max): Configuration in

Observing Fig. 3.8, it is easily deductible that with increasing PV shares in the end-system
configuration, the pathway options towards their achievement decrease significantly, eventually,
leading to the availability of only one pathway to follow (i.e., bottom subfigures of Fig. 3.8).
Nevertheless, in order to reach an electricity system in 2030 with PV holding 60-75% of the RES

capacity share, new PV installations should prevail as soon as possible in all cases of Fig. 3.8, in order

40% WT. (PV+ intermediate 1): Configuration in 2030 consisting of 65% PV and 35% WT. (PV+

2030 consisting of 75% PV and 25% WT.
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to avoid capacity lock-ins. The choice of end-system configuration, as well as the pathway towards its
materialization, can be informed by technological, as well as cost parameters.

The average BESS needs per additional RES share range between 1.1-1.3 GWh/%RES. Yet, due to
the lower technological cost of PV with relevance to WT (section 3.3.3), the increased needs for BESS
capacity with higher PV shares, increase only slightly the total annualised end-system configuration
cost in 2030, and only if slow cost reductions are observed for BESS. This is graphically presented in
Fig. 3.9, which illustrates the total annualised cost breakdown (i.e., capital cost plus O&M) in 2030,
under various end-system configuration within the “PV+” scenario. WT and BESS reach cost parity by
2030, if WT hold a RES share ranging between about 32% and 36%, depending on the evolution of the
BESS cost. Overall, the pathway’s average annualised cost increase for every additional 1% RES share
in the “PV+” scenario is equal to 27-33 million €, and the total budget spent until 2030 is equal to 4.7-
5 billion €.
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Fig. 3.9. “PV+” scenario investment cost breakdown until 2030

Finally, it is important to note that when multiple pathways towards the desired end-system
configuration exist, the choice of pathway might affect the pace of RES integration in the electricity
mix, or the timing and quantity of BESS capacity needs. This is graphically, illustrated in Fig. 3.10 and
Fig. 3.11 which show the evolution of RES shares and BESS capacities, for the marginal pathways of
the “PV+ min” and “PV+ intermediate 1” cases (see Fig. 3.8). The choice of pathway affects both the

RES integration percentage and the timing of BESS requirements. Specifically, in the “PV+ min” case
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(Fig. 3.10), pathways appear to result in up to 3.4% RES integration difference until the 2030 end-
system congifuration, while the timing of BESS capacity requirements initiate up to two years earlier
with higher PV shares.
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Fig. 3.10. RES integration and BESS capacity evolution for the marginal pathways of “PV+ min” case

Also, the effect on both metrics changes as the pathway option space becomes smaller (i.e. “PV+
intermediate” compared to “PV+ min”). Characteristically, as shown in Fig. 3.11, the maximum
difference of RES integration among pathways is lower than 1%, while the timing of BESS capacity
requirements remains practically the same among pathways, with small differences in the capacity slope
of installed BESS.
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Fig. 3.11. RES integration and BESS capacity evolution for the marginal pathways of PV+ intermediate 1 case
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3.4.2. Wind+ Scenario

The “Wind+” scenario, is the opposite of the “PV+” scenario, with WT being the preponderant
technology, and holding 60-75% share with respect to the total RES capacity foreseen for 2030. This
corresponds to 8820-11025 MW of WT capacity and 3675-5880 MW of PV capacity.

BESS requirements

In this scenario, curtailment levels without BESS capacity range between 0.24-0.40%, and the RES
share in the electricity mix ranges between 61.6-66.3%. The required BESS capacity to reduce
curtailment below 0.1% annually ranges between 2.4-6.5 GWh, with respective power capacity equal
t0 0.59-1.62 GW. The resulting RES share in the electricity mix with the use of BESS increases slightly,
reaching to 61.7-66.5%. The correlation of WT share and RES integration in this case implies an
increasing rate of +0.32% RES share per 1% additional WT share in the RES mix. Fig. 3.12 shows a
typical day where the BESS operates through the day. Residual demand that needs to be met by thermal
units is also observed in this scenario, however, with smoother peaks (i.e., 6.4-7.1GW) and distributed
during the morning and afternoon hours, compared to the case with high PV shares.
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Fig. 3.12. BESS operation throughout a typical day with high generation in the “Wind+” scenario

How to get there

In the “Wind+” scenario too, there are multiple pathways in order to reach the desired end-system

configuration. As shown in Fig. 3.13, when WT shares in the end-system configuration increase, the
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pathway options towards their achievement decrease significantly, leaving only one pathway to follow
when high WT shares are aimed in 2030 (i.e., “Wind+ intermediate 2” and “Wind+ max” cases). PV
can be the preponderant technology in the early years (e.g., upper marginal pathway of the “Wind+
min” case), but new WT installations will need to prevail early enough to avoid capacity lock-ins.
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Fig. 3.13. Pathways towards the Wind+ scenario. (Wind+ min): Configuration in 2030 consisting of 40% PV

and 60% WT. (Wind+ intermediate 1): Configuration in 2030 consisting of 35% PV and 65% WT. (Wind+

intermediate 2): Configuration in 2030 consisting of 30% PV and 70% WT. (Wind+ max): Configuration in
2030 consisting of 75% PV and 25% WT.

In terms of BESS requirements to minimize curtailment, the average BESS needs per additional RES
share range between 0.6-1.8 GWh/%RES. The smaller capacity from the range mentioned in the
previous section (2.4-6.5 GWh) would be required in a configuration with about 62.5% WT. In fact, the
results indicate that this configuration requires the minimum BESS capacity of all the scenarios
examined. For every additional 1% of WT capacity, on average an additional 330MWh of BESS
capacity would be required to ensure low curtailment, while for every additional 1% of PV capacity an
additional 260MWh of BESS capacity would be required.

The average annualised cost increase, for every additional 1% RES integration in a “Wind+" system,

ranges between 26-28 million €, and the total budget spent until 2030 is equal to 5.8-7.2 billion €. Fig.
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3.14 illustrates the total annualised cost breakdown in 2030, under various end-system configurations
within the “Wind+” scenario. The storage costs remain almost stable until the configuration consisting
of 65% WT, with the minimum being observed at 62.5% WT. Then, the BESS cost gradually increases,
with steeper slopes with higher WT shares. In terms of cost parity, PV and BESS require equal
investment plus O&M costs by 2030, if WT hold about 70% and 72.5% of the RES share, depending
on the evolution of the BESS cost.
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Fig. 3.14. “Wind+” scenario investment cost breakdown until 2030

Finally, for the “Wind+ min” and “Wind+ intermediate 1” cases, for which multiple pathways
towards the end-system configuration exist, the choice of pathway affects the pace of RES integration,
and the timing and quantity of BESS capacity needs (Fig. 3.15 and Fig. 3.16). The effect on RES
integration is more evident in the “Wind+ min” case, compared to the “Wind+ intermediate 1” case,

due to the wider pathway space available towards the end-system configuration (see Fig. 3.13). In fact,

118



CHAPTER 3 - MINIMUM WASTE OF RENEWABLE ENERGY

as shown in Fig. 3.15 pathways appear to result in up to 4.3% RES integration difference, until 2028
where all pathways lead to the same configuration.
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Fig. 3.15. RES integration and BESS capacity evolution for the marginal pathways of “Wind+ min” case

Contrary, the effect on the timing and quantity of BESS capacity needs is evident only in the “Wind+
intermediate 1” case (Fig. 3.16) where, BESS capacity requirements start to appear one year earlier,
depending on the choice of pathway. This is because the lower pathways of the “Wind+ intermediate
1” case feature a relatively high WT share in 2029 (up to 67.5%), which leads to the need for BESS

capacity to minimize curtailment.
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Fig. 3.16. RES integration and BESS capacity evolution for the marginal pathways of Wind+ intermediate 1
case
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3.4.3. Balanced scenario

The “Balanced” scenario is an intermediate situation between the “PV+” and “Wind+” scenarios. PV
and WT hold 42.5-57.5% share with respect to the total RES capacity foreseen for 2030. This
corresponds to 6247.5-8452.5 MW of installed capacity for each technology, with each configuration
summing up to a total of 14700MW of RES capacity.

BESS requirements

In this scenario, curtailment levels without BESS capacity range between 0.36-0.85%, and the RES
share in the electricity mix ranges between 55.4-60.8%. In order to reduce curtailment levels below
0.1%, the required BESS capacity ranges between 3.0-6.4 GWh, with respective power capacity ranging
in the interval 0.75-1.60 GW. The resulting RES share in the electricity mix increases to 55.8-60.9%,
justified by the contribution of BESS to the combined generation profile of PV and WT, which is
graphically illustrated in Fig. 3.17. The correlation of WT/PV share and RES integration in this case
indicates a rate of +0.34% (-0.34%) RES share per 1% additional WT (PV) share respectively. In terms
of residual demand, in such a configuration, there is uncertainty regarding the frequency and magnitude
of generation and demand matching during the off-peak hours, which could make the operation planning
of thermal units a challenging and costly task, considering also limitations imposed by their technical
specifications (e.g., minimum uptimes, downtimes, start-up times and costs etc.). The peak residual

demand events observed in this scenario range between 7.2-7.7GW.
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Fig. 3.17. BESS operation throughout a typical day with high generation in the balanced scenario
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How to get there

This scenario features the highest flexibility in terms of pathways towards the end-system
configuration, as shown in Fig. 3.18. This is due to the fact that the installed RES capacity in 2020
features 54.7% WT (3153 MW) and 45.3% PV (2606 MW), and a not very dissimilar percentage is
aimed until 2030. Therefore, all pathways towards the 2030 configuration can feature either PV or WT
as the preponderant technology for several years, until the end-system PV-to-WT configuration is
achieved. Among the cases presented in Fig. 3.18, the “Balanced+Wind” and the “Balanced Equal”
have the greatest flexibility, due to the initial conditions in 2020 which feature WT as the preponderant

technology.
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Fig. 3.18. Pathways towards the Balanced scenario. (Balanced+PV): Configuration in 2030 consisting of 57.5%
PV and 42.5% WT. (Balanced+Wind): Configuration in 2030 consisting of 42.5% PV and 57.5% WT.
(Balanced Equal): Configuration in 2030 consisting of 50% PV and 50% WT.

Regarding BESS requirements, the average BESS needs per additional RES share range between
0.9-1 GWh/%RES. However, randomness can be observed in the required BESS capacity with changing
PV/WT shares, indicating the effect of combined intermittency of the two technologies. The average

annualised cost increase for every additional 1% of RES integration in a “Balanced” system in 2030
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ranges between 26-31 million €, and the total budget spent until 2030 is equal to 4.8-5.7 billion €. The
total annualised cost breakdown in 2030, under various end-system configurations in 2030 within the
“Balanced” scenario is shown in Fig. 3.19. In general, the cost of WT is the higher above an about
42.5% WT share. The BESS cost is lower than that of both generating technologies, regardless of the
end-system configuration.
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Fig. 3.19. “Balanced” scenario investment cost breakdown until 2030

Finally, like in the “PV+” and “Wind+" scenarios, the choice of pathway affects the pace of RES
integration in the electricity mix, and the timing and quantity of BESS capacity needs. In the
“Balanced+PV” case, the choice of pathway significantly affects the RES integration levels, and slightly
the timing and quantity of BESS capacity needs (Fig. 3.20). Specifically, pathways appear to result in
up to 4.1% RES integration difference until 2030. As for the BESS capacity requirements, their timing
can differ up to one year, starting from 2026 or 2027, and the capacity deviation among pathways can
be up to 800 MWh.
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Fig. 3.20. RES integration and BESS capacity evolution for the marginal pathways of “Balanced+PV” case

In the “Balanced+Wind” case, the choice of pathway affects significantly mainly the RES integration

levels, with barely noticeable effect on the timing and quantity of BESS capacity needs. As shown in

Fig. 3.21, the RES integration difference among pathways can be up to 6% until the 2030 end-system

configuration. The timing of BESS capacity requirements can differ up to one year, starting in 2028 or

2029, but the BESS capacity difference among pathways is minimal.

65
60

RES Integration (%)
w w ey S w 9]
o wv o un o wv

25

33.86
30.77

2021

=
o

2]

BESS Capacity (GWh)

=
0.91

0 0 0 0 0

2023 2025 2027 2029 2021 2023 2025 2027 2029

Simulation Year Simulation Year

RES (%) Balanced+Wind Upper marginal pathway BESS (GWh) Balanced+Wind Upper marginal pathway

RES (%) Balanced+Wind Lower marginal pathway = = BESS (GWh) Balanced+Wind Lower marginal pathway

Fig. 3.21. RES integration and BESS capacity evolution for the marginal pathways of “Balanced+Wind” case

Finally, for the “Balanced Equal” case, the effect of pathway choice is evident mainly in the RES

integration levels. Specifically, as shown in Fig. 3.22, the RES integration difference among pathways

can be up to 6.6% until the 2030 end-system configuration, while the timing (starting in 2028) and

quantity of BESS requirements is almost the same among the pathways.
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Fig. 3.22. RES integration and BESS capacity evolution for the marginal pathways of “Balanced Equal” case

3.5. Discussion

From the results presented in the previous section, it becomes apparent that the various end system
configurations for 2030 can have significant impact on key performance metrics, such as RES
integration level, optimal technology mix minimizing storage, or costs, as well as on the pathway
flexibility towards their achievement. Minimum BESS configurations do not necessarily result in
minimum costs, while minimum cost pathways seem to fail to meet the required RES integration levels

in Greece. Table 3.5 presents a comparative summary of the key findings.

Table 3.5. Key performance metrics and requirements for the materialization of the examined scenarios

Scenario PV+ Balanced Wind+

Pathways Availability towards 2030 (Flexibility) + +++ ++

BESS Capacity in 2030 (GWh) 7.6-11.7 3.0-6.4 2.4-6.5

BESS capacity per additional % RES (GWh) 1.1-1.3 0.9-1.0 0.6-1.8

Timing of BESS capacity requirements (year) 2026-2028 2026-2029 2029-2030

RES Share in 2030 (%) 49.3-54.9 55.8-60.9 61.7-66.5
Residual Peak Demand (GW) — Probable occurrence 7.6-8.1 —night  7.2-7.7 —entire day 6.4-7.1 — morning
Annualised cost increase per additional 1% RES (M€) 27-33 26-31 26-28
Annualised costs in 2030 (B€) 0.85-0.98 0.89-1.02 0.98-1.27

Total budget spent until 2030 (B€) 4.7-5.0 4.8-5.7 5.8-7.2

A key takeaway is that the end system configurations featuring high PV shares, are less flexible in
terms of pathways for their realization. This is because the installed capacity in 2020 is equal to
3153MW of WT and 2606 MW of PV, which correspond to a RES portfolio consisting of 54.7% WT
and 45.3% PV. The preponderance of WT in 2020 gives a flexibility to configurations featuring
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medium-to-high WT shares in 2030 to be achieved with a wide range of pathways. This in turn indicates
that the selection of a 2030 end-system configuration needs to be made with long term planning in mind
(e.g., 2050), as it will affect the pathways’ availability towards long-term targets.

In terms of curtailment and required BESS to minimize it, in principle, both increase with greater
preponderance of PV in the electricity mix, which is indicated by the almost double storage volume
required in 2030 with relevance to the balanced and Wind-dominated scenarios. This can be attributed
to the seasonal complementarity of WT and PV generation, which approaches better the seasonal

demand profile in Greece with greater WT preponderance as shown in Fig. 3.23 for 2030.
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Fig. 3.23. Seasonal demand and RES generation profiles for 2030

This is in line with the results of other studies, who mention that the total storage size is significantly
higher in solar dominated systems than in wind dominated systems (Cebulla et al., 2018; Nayak-Luke
etal., 2021), with storage capacity and power requirements increasing with high solar penetration levels
(Fattori et al., 2017). Consequently, also the timing of BESS capacity requirements occurs sooner in
PV-dominated than in Wind-dominated systems.

An optimal combination of WT and PV is observed at capacities 62.5% and 37.5% respectively,
requiring minimum BESS capacity to manage curtailment. This configuration is in line with the results
of KomuS$anac et. al. (2016) who reported that minimum critical excess electricity production is
achieved with higher WT capacity than PV capacity, and is within the range mentioned by Weitemeyer
et. al. (2015) who found that optimal integration of RES share above 30% is achieved with a wind share
ranging between 50-65%. Yet, beyond that minimum-BESS point and towards higher WT shares, BESS
requirements start to increase rapidly. This is demonstrated by the high upper limit of BESS capacity
requirements per additional percentage of RES integration (Table 3.5), compared to the other two

scenarios.
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The RES integration potential of each end-system configuration is also worth examining. Higher WT
shares achieve higher RES shares in the electricity mix, which is expected taking into account the higher
capacity factors of WT. What is interesting to highlight is the magnitude of residual demand as well as
its timing. PV-dominated systems appear to contribute to covering demand during morning hours, with
significant peak events of residual demand occurring at night. On the contrary, WT-dominated systems
cover the largest part of the demand during night hours, with the peak residual demand events occurring
at morning hours, but with lower magnitude. In any case, both systems appear to have a predictable
pattern for residual demand instances that would need to be covered by thermal units. This is something
that balanced systems lack of, since residual demand events may happen anytime, making the unit
commitment problem of thermal units a challenging and potentially expensive task, if peaking units
need to be dispatched frequently.

Finally, regarding the cost of the pathways, the results indicate that BESS is not the key cost
component until 2030 due to the relatively low storage capacity required, in comparison to the planned
generation capacity. In general, WT-dominated systems are expected to be more expensive than PV-
dominated systems, driven by the higher investment cost of WT compared to the cost of PV.
Nevertheless, the total cost alone is not a decisive parameter. When compared to what is achieved with
the money spent, it is evident that WT-dominated systems, which also require less storage compared to
PV-dominated systems, perform better in terms of RES integration due to their higher capacity factor,
with balanced systems achieving intermediate results. This is easily deductible by comparing the

annualised cost increase per additional 1% RES of Table 3.5.

3.6. Conclusions and policy implications

In this chapter, RES plus storage capacity configuration pathways towards utilization maximization
of domestically produced RES-generated electricity with low curtailment in the Greek electricity system
until 2030 have been investigated. The RES technologies considered are PV and WT, which are core
technologies mentioned in the Greek NECP. The storage technology accounted for in this study to
support the integration of RES is utility-scale Li-lon BESS, operating in parallel with the installed
capacity of PHS in Greece. The main endeavors of this chapter are to highlight what are the plausible
PV, WT and BESS capacity configurations in 2030 with respect to the RES capacity targets mentioned
in the Greek NECP, and what capacity configuration pathways can be followed towards their
achievement, presenting the outcomes of each option.

To enable this, a modelling framework which treats policies as experiments and enables adaptive

policy design based on dynamic information and experience acquired through simulated policy
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implementation, has been used. Such an experimental policy analysis method has been proposed almost
a century ago by Dewey (1927), and is most relevant today considering the uncertainties and
complexities encountered during the transformation of the electricity system from its dispatchable
fossil-fueled regime to a RES-based intermittent one. The modeling framework consists of the
STREEM and the AIM models. STREEM using its functionality to simulate in high temporal resolution
the operation of storage technologies, enables the exploration of storage capacity requirements of a
region, towards user defined curtailment levels. The main features of STREEM lie in its ability to model
various storage technologies with simple parameterization of its input variables, as well as its capability
of approximating the actual curve of storage/curtailment correlation, regardless of the storage
technology modelled, achieving that way efficient computational performance. AIM on the other hand
is a plug-in model, which using the inputs and outputs of simulation models visualizes adaptive policy
maps, indicating alternative pathways which lead to desired policy outcomes. Main features of AIM lie
in its intuitive simulated policy implementation functionality, and its ability to enable the assessment of
a large number of policy development scenarios with only few simulations performed by a simulation
model. Overall, the linking of the two models enable detailed exploration of RES plus storage transitions
of electricity systems, considering specified technologies and actual timelines. Although in this chapter
the modelling framework is applied to the case of Greece, it is capable of modelling any other country
or region, given that the required data is available.

For the Greek case under study, the various PV, WT and BESS configurations are considered as
policy options, and their stepwise implementation (changing configurations) are the pathways towards
the achievement of targeted end-system configurations. From the overall analysis, it was found that the
achievement of the Greek RES integration targets until 2030 (61% in gross electricity consumption)
depends highly on the end-system configuration. Specifically, marginal achievement is feasible with a
configuration with about 42.5% PV and 57.5% WT with respect to the total RES capacity (14700 MW)
and 3.9 GWh of accompanying BESS capacity. Such shares are close to the current Greek RES mix
(mid 2021), which consists of 55.1% WT (3755 MW) and 44.9% PV (3055 MW). Considering that on
average with every additional 1% of WT in the electricity mix 0.34% additional RES integration share
is achieved, and vice versa, the PV and WT shares mentioned in the Greek NECP (i.e., 52.4% PV and
47.6% WT) are expected to achieve about 92% of the Greek RES integration target. The remaining
contribution would need to be provided either (i) by other RES technologies (e.g., biofuels, solar
thermal, geothermal, etc.) or (ii) with configurations featuring higher WT shares, or (iii) with higher
total RES capacity in order to reach the pledged RES integration levels.

BESS capacity is an important parameter to consider when deciding on specific PV and WT shares.

Efficient RES integration with minimum BESS requirements could be achieved in a configuration with

127



CHAPTER 3 - MINIMUM WASTE OF RENEWABLE ENERGY

about 62.5% WT, 37.5% PV and 2.4 GWh of accompanying BESS capacity. Beyond that minimum,
the sensitivity of BESS requirements is equal to 330 MWh for each additional 1% WT share, and 260
MWh for each additional 1% PV share. Such sensitivity is crucial when planning future capacity
configurations, especially when presented with reference to RES integration levels, equal to 1.1-1.3
GWh/%RES in PV dominated systems, 0.6-1.8 GWh/%RES in wind dominated systems and 0.9-1
GWh/%RES in systems with balanced PV and WT shares. Considering this, the tendering procedure
should be designed in a way that accounts for accompanying BESS capacity that would enable the
optimal integration of the chosen RES configuration.

Investment plus O&M costs are also a crucial parameter for policymakers when deciding on PV, WT
and BESS configurations. Until 2030, the cost intensity in Greece is mostly accounted to WT, followed
by PV and then by BESS. However, given the weighted contribution of each technology in the plausible
RES plus storage configurations, with similar amounts of investments, alternative configurations with
PV or WT as the preponderant technology, or balanced configurations can be achieved. Specifically,
considering that the average annualised cost increase for every additional 1% of RES is about 27-33
million € for PV dominated systems, 26-28 million € for wind dominated systems and 26-31 million €
for balanced systems, the higher unit-costs of specific technologies, can be counterbalanced with
appropriate combinations of technological investments. Opportunities for funding should also be
considered, in order to leverage available funding for applicable technologies. Indicatively, the Greek
recovery and sustainability plan (IEA, 2022) provides 450 million € for the installation of electricity
storage systems. This implies that slightly wind-oriented systems, which require the lowest levels of
BESS, can at a high degree be materialized by exploiting the available funding for storage technologies,
while for systems with high preponderance of PV or WT, the available funding for storage can be
exceeded.

Lastly, the timing of investments is a major factor affecting the success of planned configurations.
When targeting for electricity system buildouts with high preponderance of one technology,
investments in this technology should be prioritized early enough to avoid capacity lock-ins. The
pathway of RES investments in turn affects the timing of BESS capacity requirements, which could
also affect the pathways’ cost based on projected technological cost reductions. Reportedly, with high
PV shares, BESS in Greece would be needed when RES integration exceeds 41-48%, with high WT
shares when RES integration exceeds 59-64%, and with balanced WT and PV shares, when RES
integration exceeds 51-58%, depending on the installed PV and WT shares. Timewise, such integration
levels could be expected in Greece in the period 2026-2029, implying that plans for BESS investment
should be made for the second half of the NECP horizon.

Overall, this study’s general conclusions are summarised as follows:
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o WT-dominated systems are suitable for applications where ambitious renewable targets need to be
reached with PV and WT as the main technologies, daytime demand peaks are moderate, or the solar
potential is limited. The high (yet efficient) investment cost and the long licensing procedures of WT
are the main challenges of such systems.

o PV-dominated systems could be an option when the wind potential is limited. Yet, such systems are
less efficient in terms of output (i.e., %RES integration) per money spent and would require early
and high investments in storage.

e Balanced systems are suitable option if long-term policy planning is not available and options
towards future system buildout options need to remain open. These systems combine merits and

drawbacks from both PV- and WT- dominated systems.
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Least-cost or sustainable? Exploring power sector transition pathways

The 2022 energy crisis augmented the European ambition for RES capacity expansion. However,
beyond the issue of “how many” renewables, the research question that remains, is which capacity
mixes achieve the emissions reduction, renewable integration, and energy autarky targets in a cost-
effective way. This chapter tries to answer this inquiry supported by two energy models and one
decision support model. The analysis focuses on Greece, as an example country which opted for lignite
phase out, turning to temporary heavy reliance on natural gas for power generation. The results indicate
that even though from the energy and environmental targets’ perspective, more wind turbines in the
RES capacity mix yield better results, when incorporating the economic point of view, balanced wind
and solar mixes enable the achievement of targets in a cost-effective way. The most cost-efficient mixes
consist of 50-55% wind and 45-50% solar capacity, with cost per additional percentage of RES share
in the generation mix, equal to 40 million €. Nevertheless, in order to materialize them in a timely
manner, and limit the short-term dependency on imported gas, permitting simplification, tenders for
large-scale projects and incentives for small-scale projects are needed to facilitate accelerated RES
deployment.

Keywords: Power system transformation, RES capacity mix, Energy crisis, Decarbonization cost, RES

deployment pathways, Tipping point

4.1. Introduction

The “Fit for 55” package published by the European Commission (EC) in 2021 acknowledges that
the current generation might be the last which can act in time, before irreversible climate tipping points
occur (European Commission, 2021). This means that planning for transformations, instead of adapting
to irreversible events is still possible. The energy sector has been acknowledged as the biggest
greenhouse gas emitter in the European Union (EU), which reached an all-time peak in 2021 (Su et al.,
2023), accounting for more than 75% of the total emissions (European Commission, 2019), with the
power sector holding one third of the global CO, emissions (Michas et al., 2019).

The EU Green Deal emphasizes a transformation, towards renewable energy sources (RES), phasing
out fossil fuels, and decarbonizing gas, while ensuring that the energy supply to consumers and
businesses is affordable and secure (European Commission, 2019). Towards this direction, natural gas
was selected as a temporary transition fuel, being a lower-carbon alternative to emission-intensive fossil
fuels (Gilrsan and de Gooyert, 2021). However, with the 2022 energy crisis natural gas has been

transformed into an expensive and unreliable energy source (Osi¢ka and Cernoch, 2022), diverging
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from the aspects of security, affordability and sustainability, as sought by the energy trilemma (Glasgow
Science Centre, 2021). At the beginning of the introduction, the term tipping points was mentioned,
which has received several understandings in literature, both negative and positive. Here the definition
given by Tabara is found to be more relevant, describing tipping points, as those additional actions that
trigger and accelerate substantial changes in a system of reference (Tabara, 2023). Therefore, the 2022
energy crisis might be a tipping point, which triggers an acceleration of the already underway efforts
towards RES-based electricity systems (Steffen and Patt, 2022).

4.1.1. Literature review

In scientific literature, many studies assess decarbonization strategies by focusing on the deployment
of clean technologies. Bamisile et.al. (2022) analyse the techno-economic requirements to achieve net-
zero emission in China, by considering the electricity, industry and transport sectors. They compare the
transition scenario proposed by the Chinese government, with 3 alternative scenarios which focus on
the additional use of biomass, pumped hydro storage (PHS), or clean electricity imports. Pastore et.al.
(2022a) explore strategies for achieving 55% emissions reduction by 2030 in the Italian energy system.
They form a sectors’ implementation matrix, describing 3 levels of ambition in the energy transition
strategies for each of the 8 sectors considered. They model all possible ambition combinations to
evaluate their performance in terms of annual CO, emissions and annual cost for the Italian energy
system. Aghahosseini et.al. (2018) study cost-optimal energy systems in Iran comprising of 100% RES
by 2030. They examine two cases, one focusing only on the power sector, and one where the power
sector is integrated with the water desalination and industrial gas sectors, to find optimal combinations
of RES technologies, least-cost energy supply, and assess the role of storage.

Furthermore, many studies put their emphasis solely to the power sector, due to its high contribution
to the global CO; emissions. A key theme of focus is on the proper capacity mixes of RES and storage
(i.e., what share does each technology hold with respect to the total renewable energy or storage
capacity), applied at various scales. For instance, Arévalo et.al. (2022) perform a feasibility study to
assess the potential of supplying the Galapagos islands with 100% renewable energy, by examining
many variations of wind turbine (WT), photovoltaic (PV) and battery storage capacity mixes.
Katsaprakakis et.al. (2018) study the technical and economic feasibility of supplying the autonomous
power system of the Greek island Sifnos, with 100% renewable energy, by combining WT, PV and a
PHS facility. Li et.al. (2022) examine concurrent optimal mixes for WT and PV, and for long-term and
short-term storage, accounting for the two-way interaction between renewables and energy storage.
They focus on the UK to identify optimal strategies that maximize the usage of renewable generation

and storage technologies. Similarly, several other studies focus on the proper combination of generation
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and storage technologies towards objectives, such as, minimization of levelized cost of energy (Yu et
al., 2022), low storage requirements (Johlas et al., 2020), or curtailment minimization (Michas and
Flamos, 2023). The list of available studies in carbon abatement, with energy systems featuring up to
100% RES is vast, and extends to over 20 years of research as evidenced by the 180 articles reviewed
by Hansen et.al. (2019).

After the 2022 energy crisis, the objectives of relevant studies have been augmented with the target
of minimizing natural gas use in all end-use sectors, through the accelerated expansion of RES.
Indicatively, Belaid et.al. (2023) focus on the reasons that resulted in natural gas price increase and
highlight the role of green investments towards energy security and sustainability. Steffen and Patt
(2022) assess the impact of the 2022 Russian invasion to Ukraine on the public support for clean energy
policies in Switzerland, highlighting that the support has grown stronger, but this should be translated
into policy action in order to take effect. Frilingou et.al (2023), use fuzzy cognitive maps to elicit
knowledge and perceptions from experts in Italy, noting a strong preference for renewable energy
uptake compared to contingency natural gas reserves planning. Pastore et.al. (2022b) investigate
measures to reduce natural gas consumption in Italy, by combining variable renewable energy sources
(VRES) capacity expansion, heat pump deployment, and renewable fuel production. Karamaneas et.al.
(2023) perform a stakeholder informed modelling exercise to compare the energy transition scenarios
of two policy documents in Greece (i.e., the 2019 National Energy and Climate Plan (NECP) (Greek
Ministry of Environment and Energy, 2019a) and the 2022 Climate Law (Hellenic Parliament, 2022))
with an ambitious power generation portfolio, requiring 80% RES-generated electricity by 2030 and
carbon neutrality by 2035.

4.1.2. Gap and scope of this study

In most of the analyses performed in the reviewed articles, energy models have been employed. Even
though simulations take into consideration several combinations of policies and strategies towards
decarbonization (e.g., sectoral clean energy ambitions, combinations of RES and storage portfolio), in
order to identify those that perform best with respect to one or more objectives, they have been found
to lack the incorporation of the uncertainty governing the context within which the policies and
strategies are applied. This can be attributed to the fact that energy models need significant time to be
calibrated and produce meaningful results in a constantly changing context (Frilingou et al., 2023).
Nevertheless, the incorporation of uncertainty and unforeseen events in energy modelling has been
acknowledged by stakeholders from the fields of academia, policymaking, industry and non-

governmental organizations (Slsser et al., 2022), in order to support adaptive policymaking, which
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focuses on planning under normative circumstances, with concurrent identification of actions and
strategies that are resilient even in the event of extreme context evolutions.

The price of natural gas is currently one of the main uncertain parameters in the energy markets,
which is characterized by very high fluctuations (Trading Economics, 2023), especially in the event of
geopolitical turbulence, such as the Russian invasion to Ukraine in 2022 and the middle east conflict in
late 2023. Despite the efforts of the EU members states to reduce its use for power generation, natural
gas will remain a significant contributor in the energy mix, as the deployment of clean energy generation
and storage technologies takes time. In this respect, there is a need to identify RES capacity mixes and
their deployment strategies which (i) ensure the achievement of member states’ decarbonization targets,
(i) shorten the use of natural gas as an intermediate fuel, and (iii) achieve cost-effective transformation
of the power system, even under the uncertainty of natural gas prices.

This study aims to address this need, by applying a modelling framework which supports fast
simulations in an hourly resolution for (i) the identification of storage requirements of a region towards
maximization of renewable energy exploitation under many scenarios of RES capacity mixes, (ii) the
solution of the unit commitment and economic dispatch (UCED) problems in an electricity market with
highly-volatile fuel prices and technical constraints on dispatchable generating resources, and (iii) the
exploratory analysis of diverse capacity mixes and the pathways leading to them, correlating in parallel

their performance to natural gas prices.

4.1.3. Context and research questions

The country chosen for the application of the modelling ensemble, is Greece. In 2019, with the
publication of its first NECP (Greek Ministry of Environment and Energy, 2019a), Greece opted for a
gradual phase out of lignite power plants by 2028 (Kleanthis et al., 2022), and an ambitious plan for
200% VRES capacity expansion compared to 2019, meaning a total VRES capacity equal to 14.7 GW
in 2030, when in 2019 the total installed capacity was 4.8 GW. With this decision, all baseload power
plants which operate with domestically extracted fossil fuels would be shut down. This would result in
the country relying solely on natural gas power plants as the primary dispatchable thermal technology.
Therefore, Greece would be locked in to imported natural gas until the transformation of the power
system based on RES is completed.

However, with the 2022 energy crisis stemming from the Russian invasion to Ukraine, the use of
natural gas as a transition fuel revealed challenges related to security of supply and turbulent energy
prices. Therefore, in January 2023 the proposal for the 2024 update of the Greek NECP (from here on
mentioned as “under revision NECP”’) was presented, mentioning a 400% increase in VRES capacity

compared to 2019, reaching a total of 23.9 GW by 2030 (Greek Ministry of Environment and Energy,
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2023). The current implementation stage of the NECP is at 65% with respect to the 2019 targets and at
40% with respect to the under-revision targets, with 9.6 GW of installed VRES capacity in 2023.
Furthermore, the lignite phase-out is at 32% completion, with 2.7 GW still operating (ENTSO-e
Transparency Platform, 2021).

Given that the update of the Greek NECP is still underway and the NECP capacity shares per
generating technology, should be treated as indicative and possible but not binding (Greek Ministry of
Environment and Energy, 2019a), this chapter addresses the following interrelated research questions:
¢ Which VRES and storage capacity mixes can reduce the dependency of Greece on imported gas for

power generation, while achieving the emissions reduction and renewable integration targets by

20307
e Are there capacity mixes which achieve the targets in a cost-effective® way, considering the

uncertainty of natural gas prices?

4.1.4. Novel contributions and outline

To the best of our knowledge, the novel contributions of this work are twofold:

e Methodological contribution: The presentation of a modelling framework which performs
exploratory analysis of policy and strategy options under uncertainty, facilitating the formulation of
robust strategies, which can perform well across a wide range of conditions, and adapt to potential
context evolution scenarios, thus stepping away from optimized solutions based on a limited set of
projections.

e Content/knowledge contribution: The stress-test assessment of RES and storage capacity mixes,
under a market framework with highly uncertain natural gas prices, which affects the composition of
the electricity mix, and in turn affect the targets that aim to be achieved by the chosen RES and
storage capacity mixes. Greece is a good example for such an analysis, as it is a country with high
potential for RES, but also with no alternatives for baseload generation, apart from imported natural
gas and highly emitting lignite, and with limited interconnection capacity with its neighboring

countries (i.e. about 20% of its peak demand (Michas and Flamos, 2023)).

The remainder of the chapter is organized as follows: Section 4.2 presents the modelling framework

used. Section 4.3 presents the scenario design, as well as key input assumptions for the Greek case

8 Cost-effectiveness is measured with the cost incurred to increase the renewable energy percentage in the electricity
mix by 1%, as discussed in section 4.4.4. Cost-effective capacity mixes are those which reduce this cost compared to
their alternatives.
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under study. Section 4.4 reports detailed simulation results. Section 4.5 discusses key takeaways of the
study and summarizes key lessons learnt, providing implications for policy and practice.

4.2. Methodological framework

The methodological framework used in this study employs two simulation models and one decision
support model, which are soft-linked in a sequential manner. The simulation models comprise of (i) the
STorage RequirEmEnts and dispatch Model (STREEM), which simulates the hourly operation of
energy storage systems and calculates the required storage capacity towards maximization of the
exploitable renewable electricity (Michas and Flamos, 2023), and (ii) the Business Strategy Assessment
Model (BSAM) which is an agent-based model solving, in an hourly resolution, the merit-order UCED
problems (Kontochristopoulos et al., 2021). The decision support model is the Adaptive pollcymaking
Model (AIM) which enables the exploratory analysis of policy/strategy pathways towards the
achievement of one or multiple targets, identifying in parallel their conditions of success (Michas et al.,
2020). The model integration is presented in the following subsections and is visually illustrated in Fig.
4.1. It should be noted that this section focuses on the soft-linking of the models, and reports only any
model updates relevant to this study. For more details on the models’ mathematical formulation, the
reader is referred to Michas and Flamos (2023) for STREEM, Kontochristopoulos et al. (2021) for
BSAM and Michas et al. (2020) for AIM.
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Fig. 4.1. STREEM, BSAM and AIM loose integration methodology.

4.2.1. Step 1: STREEM

Initially, STREEM takes as input the electricity demand time series and generation profile of various

VRES capacity mixes and calculates the required storage capacity to reduce instances of curtailment.

Consequently, for each VRES capacity mix, STREEM calculates a new demand timeseries which
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accounts for the shifting of excess VRES electricity generation to low generation periods, altering the
residual demand profile that needs to be met by thermal generating resources.

4.2.2. Step 2: BSAM

The new demand timeseries are provided to BSAM to solve the UCED problems in an hourly
resolution, respecting the technical constraints of dispatchable resources (e.g., minimum
uptimes/downtimes, startup times, etc.), and considering a range of scenarios for the evolution of
volatile natural gas prices, which affect the competition among the generation technologies. For each
examined VRES capacity mix, BSAM outputs the contribution of each technology to the generation
mix, the CO, emissions from electricity generation, and the unit cost of electricity generation per
thermal technology.

4.2.3. Step 3: AIM

Finally, the outputs of STREEM and BSAM are provided to AIM for the exploratory assessment of
the examined VRES capacity mixes, and the design of pathways leading to them. The exploratory
assessment part entails the evaluation of the various VRES capacity mixes in terms of (i) renewable
integration potential, (ii) emissions reduction, (iii) dependency on natural gas for electricity generation,
and (iv) cost efficiency, under the effect of fluctuating natural gas prices.

Specifically, for the outputs (i)-(iii), the Patient Rule Induction Method (PRIM) is implemented
within AIM, which identifies segments from the uncertainty space of the input assumptions, which
correspond to outputs within acceptable limits (Michas et al., 2020). In the implementation of PRIM
for this study, AIM takes as input all UCED solutions and power generation emissions, generated by
BSAM for each examined VRES capacity mix, and outputs the clustered subset of those which contain
PV, WT and hydro generation shares that enable the achievement of user-defined renewable generation,
emissions reduction, and natural gas dependency targets.

For output (iv), two main indicators are calculated in AIM, the equivalent annual cost (EAC) of the
various VRES capacity mixes, and the carbon abatement cost (CAC). The EAC is the sum of annualized
capital costs and operation and maintenance (O&M) costs for PV, WT and storage, as adopted from
Michas et.al. (2023) and presented in Eq. (4.1).

n

EACy = D | D (CCrecny - CRFren) + OMCeocnp (4.1)
tech |y=1

where:

o tech: the referenced technology,
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y: the simulation year,

n: the targeted simulation year,

CC: the capital cost of each technology for the newly installed capacity at year y,

OMC: the O&M cost of each technology for the total installed capacity at year n, and

CRF: the capital recovery factor for each technology as defined in Eq. (4.2)

ltech

CRF, =
tech 1- (1 + itech)_kt“h

(4.2)

with:
e k: the effective lifetime of each technology, and
e i: the interest rate for each technology

The CAC is a function of the EAC for VRES plus storage deployment, the avoided cost of displaced
fossil fuel-generated electricity, and the respective avoided emissions. The original formula has been
adopted from Pastore et.al. (2022b), and has been adjusted to the scope of this study, as presented in
Eq. (4.3).

EACn - Zt.tech(gen- COStt.tech,ref —gen. COStt.tech,n)

CAC, =
" COZ,ref - COZ,n

(4.3)

where:
e CAC,,: the carbon abatement cost at the targeted year n,
e t.tech: the thermal generation technology,
® gen.costyechrer: the power generation cost of t. tech without any new investments in RES,
® gen.costecnn: the power generation cost of t. tech at the targeted year n,
e (0, ,.f: the carbon emissions from electricity generation without any new investments in RES,
e (0, the carbon emissions for electricity generation at the targeted year n.

Finally, for the design of pathways towards the various examined VRES plus storage capacity mixes,
AIM takes as input the case study’s actual installed capacity for each assessed technology (i.e., PV, WT
and storage), and sets it as the default capacity at the first simulation timestep. In each next simulation
timestep, AIM checks which of the examined VRES plus storage capacity mixes result in at least equal
or more capacity than the previous timestep for all technologies, and marks them as feasible for
implementation. Then the user, can choose to implement one feasible VRES plus storage capacity mix
for one or more timesteps, based on the exploratory assessment outputs (i)-(iv). Consequently, the
installed capacities are updated with those of the last implemented VRES plus storage capacity mix.
This iterative process continues until the end of the simulation timeframes, and the result is a user

generated VRES plus storage deployment pathway.
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4.3. Scenario design

4.3.1. Demand and generation portfolio

The scenario design builds upon the assumptions of the under revision NECP. Table 4.1 shows the
annual assumptions for the electricity demand, the VRES and the dispatchable portfolio. Specifically,
for VRES, the capacity share of each technology across the years is assumed to range between 30-70%
with respect to the total VRES capacity. In total 9 capacity share scenarios are formulated, with 5%
share steps per technology in each scenario. With 60-70% PV/WT share, the system is characterized as
“PV-/WT-preponderant” respectively, while intermediate shares are referred to as “balanced” systems.

To project hourly demand, PV, and WT generation quantities, average hourly historical data for the
period 2016-2022 from the ENTSO-e transparency platform (2021) is used. First, the mean and standard
deviations for each hour of the year is calculated, using the historical data years 2016-2022. Then, the
mean values of the hourly normal distributions are scaled to the annual demand and VRES capacities
shown in Table 4.1. Finally, values for each hour of the future modelled years are projected by drawing
samples from the scaled normal distributions of each parameter (i.e., demand, PV generation, WT
generation).

Regarding, the dispatchable generation portfolio of Greece, it comprises of lignite, natural gas and
hydro generating power plants, with the lignite power plants planned for phase-out until 2028. The
evolution of installed capacities is shown in Table 4.1, following the assumptions of the under revision
NECP. The data shown in Table 4.1 are for the years 2023, 2025 and 2027, as member states are
required to report progress towards their NECP objectives, starting from 2023 and every two years
thereafter, towards 2030 (European Commission, 2022c). 2029 is omitted as it is one year earlier than

the NECP horizon, so the focus is on the target year.
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Table 4.1
Scenario parameters
scenario 2023 2025 2027 2030
Electricity demand (TWh) - 61.1 62.5 60.1 71.5°
PV Capacity (GW) 30% 3.1 3.9 4.6 7.2
35% 3.6 4.5 54 8.4
40% 4.1 5.2 6.1 9.6
45% 4.6 5.8 6.9 10.8
50% 5.2 6.5 1.7 12.0
55% 5.7 7.1 8.4 13.1
60% 6.2 7.7 9.2 14.3
65% 6.7 8.4 9.9 155
70% 7.2 9.0 10.7 16.7
WT Capacity (GW) 70% 7.2 9.0 10.7 167
65% 6.7 8.4 9.9 155
60% 6.2 1.7 9.2 14.3
55% 5.7 7.1 8.4 131
50% 5.2 6.5 1.7 12.0
45% 4.6 5.8 6.9 10.8
40% 4.1 5.2 6.1 9.6
35% 3.6 4.5 5.4 8.4
30% 3.1 3.9 4.6 7.2
Lignite Capacity (GW) - 2.6 15 0.6 0.0
Natural Gas Capacity (GW) - 6.0 6.9 6.9 6.9
Hydro Capacity (GW) - 3.2 3.4 3.4 4.0

4.3.2. Natural gas prices

Since natural gas prices significantly affect the thermal generation fleet, special attention is given to
their assumptions. Initially, the average natural gas prices in Greece for 2021 (i.e., before the energy
crisis) and for 2022 (i.e., within the energy crisis) is obtained from the Regulatory Authority for Energy
(2023), to define the initial uncertainty range. Then, for each year until 2030, an increasing trend is
applied to the initial uncertainty range, following relevant assumptions of the Greek independent power
transmission operator (IPTO) (Greek IPTO, 2021). This means that both the upper and lower bounds of

the uncertainty range are increased by the percentage increase in average natural gas prices implied by

® The significant surge in electricity demand projected for 2030 can be attributed to the assumptions of the under
revision NECP, which anticipates a gradual shift towards electrification in residential heating, coupled with a substantial
increase in the adoption of electric vehicles beyond 2027, that is expected to account for 32% of new vehicle purchases
in 2030, compared to an assumed 5% in 2025.
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the IPTO. Finally, for each year until 2030, twenty scenarios are generated, resulting in the uncertainty
space shown in Fig. 4.2. Twenty scenarios are adequate in order to allow the PRIM algorithm (as
described in section 4.2.3), to identify solid clusters of UCED solutions containing PV, WT and hydro
generation shares towards the achievement of the Greek NECP’s targets for RES generation, emissions

reduction, and natural gas dependency.
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Fig. 4.2. Uncertainty space for the average annual natural gas price evolution in Greece until 2030.
4.3.3. Electricity import prices

Finally, Greece is also interconnected with Albania, Bulgaria, Italy, North Macedonia and Turkey.
Historical data for import prices are collected from the ENTSO-e transparency platform (2021), and are
scaled according to the assumed scenario for natural gas prices, presented in Fig. 4.2. For the countries

that historical data are not available, average prices are assumed.

4.3.4. Technoeconomic assumptions

In addition to the scenario assumptions presented in the previous section, several technoeconomic
assumptions are used, applicable to all the simulated scenarios. The storage technologies mentioned in
the under revision NECP consist of PHS and battery energy storage systems (BESS). According to
consultations with heads and experts of relevant departments from the Public Power Corporation, which
were performed as part of the stakeholder engagement activities of the H2020 research and innovation

projects SENTINEL and TIPPING+*, while there are plans for an extension of the PHS capacity, the

10 https://sentinel.energy
11 https://tipping-plus.eu
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delivery of new projects is highly uncertain. Therefore, the PHS portfolio used in STREEM, is kept
constant until 2030, as shown in Table 4.2.

Table 4.2

Technical specifications of pumped hydro storage plants in Greece
Power Plant Name PHS plant 1 PHS plant 2
Nominal Capacity (MWh) 1320 3820
Nominal Power (MW) 315 372
Pumping rate (MWh/h) 220 250
Depth-of-Discharge (%) 95 95
Round-trip efficiency (%) 78 78
Duration (h) 6 10

Sources: (Kaldellis, 2015; Schmidt et al., 2019) and consultations with stakeholders from the Greek Public Power
Corporation (owner of the PHS plants)

For the case of BESS, the current capacity in Greece is zero. STREEM calculates the required
capacity to minimize curtailment, as shown in Fig. 4.1. The assumed technical specifications of BESS
are presented in Table 4.3.

Table 4.3 Assumed technical specifications of battery energy storage systems

Specification Value Justification
Technology Lithium-lon - Popular at grid-scale applications (Martins and Miles, 2021)
- Long lifecycle, high round-trip efficiency, low self-discharge rate (Killer et al.,
2020)
- Competitive levelized cost of storage in most applications by 2030 (Schmidt et al.,
2019)
- High energy density, mature technology (Yuan et al., 2022)
Depth-of-Discharge (%) 88 - Average optimal value in terms of levelized cost of storage (Schmidt et al., 2019)
Round-trip efficiency (%) 85 - Average value of published works reviewed by Ref. (Cole et al., 2021)
Duration (h) 4 - Wide application in the U.S. and cost-competitiveness to longer duration systems

(Denholm et al., 2020)

In terms of costs (Fig. 4.3), overnight as well as O&M costs for PV and WT are based on projections
from the 2019 Greek NECP and Long-term strategy to 2050 (Greek Ministry of Environment and
Energy, 2019b), which are the latest publicly available official assumptions. For PV, the rooftop-to-
ground mounted ratio, equal to 7:1 as implied by the 2019 NECP are used, since the draft under revision
NECP does not differentiate between rooftop and ground-mounted systems. For WT, the assumptions
included in the under revision NECP are used, implying onshore-to-offshore WT ratio after 2028, equal

to 2.5:1. For the assumed BESS technology, the overnight costs (accounting both energy and power
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related costs) are derived from Cole et.al. (2021), after proper conversion to Euros (€2020). BESS O&M
costs are derived from the Greek Long-term strategy to 2050 (Greek Ministry of Environment and
Energy, 2019b).
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Fig. 4.3. Overnight (left) and O&M (right) costs for photovoltaics, wind turbines and battery energy storage
systems.

Finally, the effective lifetime of each technology, as well as the interest rate assumed for new

investments is presented in Table 4.4.

Table 4.4
Effective lifetime and interest rate of technologies
Technology Lifetime (years) Interest Rate (%0)
Solar PV 325 8.5
Wind Turbines 20 8.5
BESS 20 8.5

Sources: (Greek Ministry of Environment and Energy, 2019b; NREL, 2022; Timmons et al., 2020)

4.4. Results and discussion

The analysis suggests that decoupling from natural gas, while ensuring achievement of the Greek
power sector targets, in a cost-effective way, is feasible, if the VRES plus storage capacity mix is
combined appropriately. Yet, in order to exploit the tipping point that emerged with the 2022 energy
crisis and enable a positive development trajectory away from natural gas as soon as possible, proper
planning is needed. All the figures presented in the following sections are produced by the modelling

ensemble presented in section 4.2.

4.4.1. Renewable energy integration potential

The renewable integration potential depends on the generation output of PV, WT and hydro power

plants. The blue shaded area of Fig. 4.4 shows the clustered subset of simulated UCED solutions which
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contain at least the required hydro shares for RES target achievement, without surpassing the level of
10%. Moving on, the green shaded area shows the RES share achieved by PV and WT, under each
examined VRES capacity mix, with the complementary generation of hydro contained in the blue
shaded area. The 10% limit is set because water resources in Greek rivers and dams are limited, and
hydro shares above 10% have not been observed in the available historical data (Kontochristopoulos et
al., 2021). The hydro power plants’ capacity is expected to increase by only 0.8 GW until 2030 (as
shown in Table 4.1), and the PHS capacity is kept unchanged, following the consultations with
stakeholders described in section 4.3.4. Therefore, considering the increase in electricity demand that
is also expected until 2030 (Table 4.1), the share of hydro in the electricity mix is not expected to
exceed 10% in the analysis horizon of this study.

The under revision NECP of Greece aims for 80% RES-generated electricity by 2030, mainly by PV,
WT and hydro. 2.8% of this target is intended to be achieved by non-specified RES sources'?, which
are not considered in this study. Therefore, the target for PV, WT and hydro is set at 77.2%. As shown
in Fig. 4.4, the RES share increases with more WT in the VRES capacity mix, due to their higher
capacity factor compared to PV. In this respect, WT-preponderant systems can overachieve the 2030
target, even with the minimum simulated hydro contribution. But, as the PV share increases, larger
contribution from hydro is required in order to achieve the RES target, due to the smaller combined
electricity output from PV and WT. Eventually, with more than about 57% PV in the VRES capacity
mix, there is vulnerability to missing the target, since more than 10% contribution from hydro is
required. Taking into account that the average hydro contribution for the 10-year period 2013-2022 in
Greece was 7.4%, only systems with up to 47% PV can be considered robust for RES target achievement
with the planned 23.9 GW of VRES capacity foreseen by 2030 in the under revision NECP.

121 the presentation for the under update NECP, biomass is mentioned, but not explicitly for power generation, and
these non-specified “other RES” are not further elaborated. Therefore, considering also the small percentage of “other
RES”, separate consideration of biomass or other RES is excluded from this study.
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Fig. 4.4 RES electricity shares and required hydro contribution for the achievement of the Greek RES targets in
2030.

4.4.2. Emissions reduction

Emission-wise, the Greek 2030 target aligns with the European one and requires 55% reduction in
emissions compared to 1990 levels. The 1990 emissions from electricity and heat production in Greece
were equal to 40.77 Mt (Greek Ministry of Environment and Energy, 2021), implying a target for 2030
equal to 18.4Mt. Fig. 4.5 illustrates the emissions range (grey shaded area) simulated for the examined
VRES capacity mixes. The upper limit indicates the case of minimum simulated hydro generation, while
the lower limit indicates the case of 10% hydro share. Although all cases can achieve the 2030 emissions
target, an increasing trend in emissions is observed with increasing PV shares, due to the higher residual
demand that needs to be covered by thermal units. Therefore, for the achievement of the ambitious
result of 6.5 Mt emissions from power generation by 2030, as pursued by the under revision NECP
scenario, the results suggest that the VRES capacity mix should consist of at least 53% WT when

accounting for minimum hydro generation, and at least 40% when assuming 10% share of hydro
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generation. Notably, the 53% WT case coincides with the resilient configuration for RES target
achievement presented in Section 4.4.1, while the 40% WT case approaches the under revision NECP,
which projects 41% WT in the VRES capacity mix and about 10% hydro generation.

WT share (%)

70 65 60 55 50 45 40 35 30
10 -
9 9

®

= 7 7

()

c 6 6

=

v 5 5

_g 4 4

= 3 3
2 2
1 1
0 0
30 35 40 45 50 55 60 65 70

PV share (%)

- *NECP scenario emissions ==Simulated emissions range = Hydro share

Fig. 4.5. Emissions range and hydro shares enabling the achievement of 6.5Mt emissions from power generation
by 2030 under the examined VRES capacity mixes.

4.4.3. Dependency on natural gas

With respect to the subject of dependency on imported gas for power generation, Fig. 4.6 suggests
that for each additional percentage point of WT in the VRES capacity mix, the dependency of Greece
is reduced on average by 0.3%. With relevance to the 2022 natural gas dependency levels (i.e., 37.2%),
PV-preponderant systems achieve 7.2-16.2% reduction, and WT-preponderant systems 17.2-24.7%
reduction until 2030, (with the lower bounds corresponding to 10% hydro share) showing the strength
of WT-preponderance in this aspect.
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Fig. 4.6. Dependency range of Greece on imported natural gas for electricity generation under the examined
VRES capacity mixes.

4.4.4. What about costs?
Despite the results advocating towards WT-preponderant systems from an energy and environmental
point of view, when adding the economic perspective, the picture narrows down. As shown in Fig. 4.7,

the EAC of the 2030 VRES capacity expansion mentioned in the under revision NECP decreases with
increasing shares of PV in the VRES capacity mix.
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Fig. 4.7. Equivalent annual costs in 2030 of the examined VRES capacity mixes.

Despite the increasing needs for storage with higher PV shares in order to minimize curtailment, as

shown in Fig. 4.8, the non-materialized investments in costly WT counterbalance and exceed the cost
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of storage, driving the total EAC towards a descending trend. On the opposite direction, with decreasing
PV shares, even though the needs for storage become smaller due the generation complementarity of
the two technologies approaching better the demand profile, the high investment and O&M cost of WT
compared to PV, leads the EAC towards an increasing trend. Then, beyond the minimum storage
requirements point (i.e., when the WT share exceeds 55% in this case), the generation complementarity
of the two technologies starts to deviate significantly from the demand profile, and therefore requires
much storage capacity to match generation and demand, as also argued by Michas and Flamos (2023).
Consequently, the high cost of wind, along with the cost of storage (which is an additional cost to
integrate the electricity that would otherwise be produced), drives the total EAC curve in an exponential

increase.
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Fig. 4.8. Required BESS capacity to maximize RES integration.

However, when accounting also for the expected outcome in terms of renewable energy integration,
the above observations change (Fig. 4.9). Both PV-preponderant and WT-preponderant systems
indicate poorer cost-effectiveness (i.e., cost increase per additional 1% renewable energy in the
electricity mix) compared to balanced systems, due to the additional cost of required storage to integrate
their electricity production to the grid. Instead, the various balanced systems can achieve an additional
1% RES integration to the electricity mix with cost difference up to 3%, underpinning that balanced
systems provide some investment flexibility. The most cost-effective VRES capacity mixes consist of
50-55% WT and 45-50% PV, with cost per additional percentage of RES share in the generation mix,

equal to 40 million €.
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Fig. 4.9. Equivalent annual cost increase per additional 1% renewable energy share in the electricity mix.

Finally, while the above observations provide a comparative assessment of the examined VRES
capacity mixes, they do not capture the effect of natural gas prices. The CAC, as defined in Eqg. (4.3)
and presented in Fig. 4.10 shows this relation'®. As the natural gas prices increase, the CAC becomes
zero and even negative, showing that it is economically more sustainable to invest in new VRES plus
storage infrastructure than maintaining the current thermal portfolio for electricity generation. The
break-even point by balanced and moderately WT-preponderant mixes (i.e., 45-65% WT and 35-55%
PV) is observed in the range 65-69 €/ MWh. Higher PV shares (i.e., 35-40% WT and 60-65% PV)
require natural gas prices in the range 72-77€/MWh to achieve zero CAC, while highly WT- or PV-
preponderant systems (i.e., 70% PV or WT) achieve zero CAC at natural gas prices in the range 80-82
€/MWh. Even if the break-even price ranges seem to narrow, recent developments have shown that the
price of natural gas ranged on average from about 33 €/ MWh in 2021 (i.e., before the energy crisis), to
107 €/ MWh in 2022 (i.e., within the energy crisis), and back to 50 €/MWh in 2023 (Regulatory
Authority for Energy, 2023). Therefore, the proper combination of the VRES capacity expansion is
necessary in order to optimize emissions abatement, as suggested by Belaid et al. (2023), leading in this
case towards negative decarbonization costs even at lower natural gas price scenarios (i.e., bold

scenarios in Fig. 4.10).

13 Natural gas prices above 1006/MWh are not visualized, as this is the price limit up to which the simulated hydro
generation share in the electricity mix did not exceed 10% for all the examined VRES capacity mixes, making the results
comparable.
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Fig. 4.10. Carbon abatement cost until 2030 for the examined VRES capacity mixes.

Table 4.5 presents a comparative summary of the results presented in sections 4.4.1-4.4.4,

highlighting how the appropriateness of each RES capacity mix differs according to the perspective of

analysis.
Table 4.5
Comparative summary of the results for the various PV capacity mixes
Perspective System PV- WT-
Balanced
preponderant preponderant
Energy and Renewable energy from PV and WT in 2030 (%) 61.9-65.9 65.9-73.0 73.0-76.2
Environmental  ppinimum hydro contribution for target achievement (%) 11.3-15.3 4.2-11.3 1.0-4.2
Emissions in 2030 (Mt) 6.5-8.5 4.7-1.7 3.8-5.8
Dependency on natural gas (%) 21.3-29.9 16.3-26.9 12.5-20.2
Economic EAC in 2030 (billion €) 1.80-1.73 1.80-2.07 2.07-2.80
Combined EAC increase per additional 1% RES (million € / %RES) 41.2-43.7 40.0-41.2 40.8-51.9
Zero CAC natural gas price (€/MWh) 72-81 65-72 65-80

4.4.5. Pathways to 2030

Driven by the analysis of the previous sections, three transition pathways of the Greek electricity
system are presented in Fig. 4.11 and discussed subsequently. These pathways do not imply optimality.
Instead, they represent indicative routes that can be followed towards 2030, showcasing the main

differences among perspectives.
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(c) “Crossroads to equilibrium” pathway

Fig. 4.11. VRES and storage capacity mix deployment pathways (left) and their progress towards the Greek
NECP targets for RES penetration, emissions reduction and dependency on natural gas (right).

The “Least-cost box ticking” pathway aims for the VRES capacity mix which costs less in 2030
and at the same time barely achieves the Greek targets. This capacity mix consists of 60% PV and 40%
WT and accompanying 16 GWh of BESS. Such a 2030 VVRES capacity mix, is within the cost-effective
range presented in Fig. 4.9, and results in EAC by 2030 equal to 1.8 billion €, as presented in Fig. 4.7.
Yet, it also entails uncertainty regarding the achievement of the RES target and the consequent
dependency levels on natural gas, due to the requirements for ambitious hydro contribution, as presented
in sections 4.4.1 and 4.4.3. For the intermediate years, as shown in the left panel of Fig. 4.11a, more
time is given for the deployment of WT, which, according to the REPowerEU plan (European

Commission, 2022a), can take up to 9 years to obtain a permit, when PV need half the time. In terms of
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progress towards the 2030 targets (right panel of Fig. 4.11a), the gradual phase-out of lignite power
plants and the increase in VRES capacity, leads to a steady emissions reduction trajectory. However,
due to PV-oriented investments until 2027, the renewable electricity share increase, barely compensates
for the lignite phase-out, resulting in a temporary increase in the dependency of Greece on natural gas.

The “Cost-effective resilience” pathway goes beyond box ticking and aims for resilience in terms
of achieving the Greek NECP targets. To achieve this the 2030 VRES capacity mix consists of 40% PV
and 60% WT and accompanying 12.1 GWh of BESS, which, in line with the ambition of the under
revision Greek NECP, achieves at most 20% dependency on natural gas-generated electricity, with
reasonable hydro contribution. This pathway features slightly better cost-efficiency as presented in Fig.
4.9, yet, due to the higher shares of WT, the EAC by 2030 is 270 million € higher than that of the
previous pathway, equal to 2.07 billion €. For the intermediate years (left panel of Fig. 4.11b), this
pathway gives priority to WT deployment even from the milestone year 2025, to accelerate renewable
energy integration in the generation mix. Consequently, the gradual phase-out of lignite power plants
is better counterbalanced by renewable generation (right panel of Fig. 4.11b). Nevertheless, until 2027
the dependency levels do not decline with high speed, indicating that the lignite phase-out will challenge
the power sector’s autarky, even with ambitious WT deployment.

Finally, the “Crossroads to equilibrium” pathway is a combination of the previous pathways and
aims for resilient achievement of the Greek 2030 targets in the most cost-effective way. The 2030 VRES
capacity mix which achieves these objectives consists of 55% WT, 45% PV and 11.3GWh of BESS,
with cost-to-benefit ratio equal to 40 million €/%RES, and EAC by 2030 equal to 1.96 billion €. For
the early years of the transition, as shown in the left panel of Fig. 4.11c, PV investments are prioritized
to allow some time for the permitting of WT. After 2025, WT investments are being accelerated,
eventually holding the highest share in the 2030 VRES capacity mix. The gradual lignite phase-out is
adequately compensated by the timely accelerated investments in WT (right panel of Fig. 4.11c),
leading to 2030 RES integration and dependency levels, which on average align with the Greek NECP
pledges.

Overall, acknowledging that many EU member states are in the process of transforming their power
systems, the results presented in section 4.4 are not restricted to the scope of Greece. Instead, they could
provide an initial assessment supporting other member states’ NECP updates. For example, Borasio &
Moret (2022) mention that Italy aims to decarbonize its energy system, with high penetration of PV and
WT being one of the pillars. They assess a deep decarbonization scenario, nevertheless its scope is on
the target year and not on the transition pathway. In this respect, the pathway analysis performed with

AIM, and the respective results, could promote research for Italy’s energy transition pathway as well.
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Bonilla et.al. (2022) explore electricity mixes leading to the decarbonization of Spain’s power system,
in line with the 2030 NECP and beyond. Their results advocate for slightly WT-dominated systems,
which coincide with the energy and environmental perspective presented in Table 4.5. Yet, the author
marks further research in sustainability analysis. In this respect, the cost-effectiveness and carbon
abatement cost analysis presented in section 4.4.4, could provide ideas for further expansion of relevant
methodological frameworks and analyses. Also, beyond Mediterranean countries, Poland is aiming for
coal phase-out by 2049 (Sokotowski et al., 2022) therefore, this study on VRES capacity mixes could

provide some initial hints and ideas for further assessment of its clean energy transition

4.5. Conclusions and policy implications

In this chapter, VRES and storage capacity mixes in Greece, and their effect on emissions reduction,
renewable energy increase in the generation mix, and decoupling from natural gas for power generation
is explored. The economic performance of the various VRES capacity mixes is evaluated, discussing in
parallel pathways towards their realization. The methodology used to perform this analysis combines
two energy models and one decision support model, soft-linked in a stepwise manner.

The main extract of the analysis is summarized as follows:

o The transformation of the electricity system based on renewables, is not just a matter of “how many”
RES, but also a matter of “how to combine” the available technologies. 6.5Mt of emissions from
power generation in Greece could be materialized with a VRES capacity mix featuring at least 53%
WT with respect to the total 23.9 GW VRES capacity, exploiting their high capacity factor, and
decoupling ambitious emissions reductions from extensive hydro generation, which has resource
limitations in Greece.

o Since Greece aims for 80% RES in the generation mix by 2030, the dependence of Greece on natural
gas should be at most 20%, making WT-preponderant systems resilient towards this target.
Nevertheless, accounting also for the average historical hydro shares in Greece (i.e., 7.5% in the
generation mix), balanced VRES capacity mixes of at least 53% WT and at most 47% PV could
achieve the same result in a resilient manner.

o Even though from the energy and environmental targets perspective, the analysis advocates for at
least 53% WT in the VRES capacity mix, when incorporating the economic point of view, balanced
VRES capacity mixes can yield more attractive results. The most cost-efficient VRES capacity mixes
in Greece consist of 50-55% WT and 45-50% PV, with cost per additional percentage of RES share
in the generation mix, equal to 40 million €. Higher preponderance of PV or WT could lead to costs

up to 51.9 million € / %RES.
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o The fast forwarding of the “Go-to-areas” measure (European Commission, 2022b) is of paramount
importance to enable accelerated deployment of RES and storage, and therefore shorten the
dependency period on natural gas. Furthermore, stakeholders engaged within the POLIZERO
project, funded by the Swiss Federal Office for Energy, highlighted the needs for organizing
technology neutral tenders for the attraction of large-scale investments, as well as providing one-time
subsidies for small-scale investments. Especially the latter, could re-initiate rooftop investments that
have been stagnant in Greece for about a decade.

As a note for further research, it should be said that potential climate change impacts are not
considered in this study. Therefore, solar irradiation, wind speeds as well as precipitation and water
availability are considered to remain constant over time. In longer-horizon analyses, incorporating
climate change impacts could provide a better overview on the efficiency of RES investments over their
lifetime. Further research, augmenting the current analysis with a climate change model is underlined
by the author.
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5.1. Introduction

In this dissertation, the need for adaptive policymaking and planning has been elaborated. In classic
decision making, a static plan was devised, based on the “most likely” future evolution of the context
in which the plan would be implemented. However, this tactic has proven to be susceptible to
unanticipated contextual evolutions, which might lead the once thought-optimal plan to failure. The
decision of the European Union (EU) to rely heavily on imported gas as a transitional fossil fuel, in an
effort to phase out coal and transition to renewable energy sources (RES), is a recent example of static
policymaking, since it was decided on the premise that geopolitical relations would be turbulence-free,
and the supply of gas would be uninterrupted. With the 2022 energy crisis stemming from the Russian
war against Ukraine, this reliance on imported gas proved unsustainable, revealing a series of
challenges, ranging from gas supply uncertainty and volatile energy prices (Council of the EU and the
European Council, 2023), to decreased disposable income for households, and supply chain links

between high gas prices and the production of goods and provision of services (Gunnella et al., 2023).

This dissertation builds on the premise that policy-and decision-making should be flexible to adapt
to potential external disruptions of the context, being robust to negative impacts, while exploiting

opportunities that emerge from positive contextual developments.

Continuing with the same example, the EU’s ad-hoc response to the 2022 energy crisis and the failure
of the previous static plan, is the publication of the REPowerEU plan (European Commission, 2022a),
which aims to “rapidly reduce EU’s dependence on Russian fossil fuels by fast forwarding the clean
transition and joining forces to achieve a more resilient energy system and a true Energy Union”, by
providing a set of recommendations for accelerated RES deployment, energy efficiency interventions
and energy saving measures application, as well as diversification of energy imports. For the aspect of
RES uptake, the REPowerEU plan increases the ambition with respect to capacity deployment by 2030
to 1236 GW. Among the available technologies it identifies solar photovoltaics (PV) as the technology
that can be rolled out most rapidly, and introduces the EU solar energy strategy (European Commission,
2022b) which lists outstanding hurdles and challenges in the solar energy sector, and outlines actions
to address them and accelerate solar technology deployment. Furthermore, acknowledging the value of
wind energy in providing abundant and more stable power supply, the REPowerEU plan stresses the
need for accelerated permitting processes, which can take up to 9 years. The plan presents the
commission recommendation on speeding up permit-granting procedures for renewable energy projects

and facilitating Power Purchase Agreements (European Commission, 2022¢), aiming to provide aid to
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Member States in exploiting all RES deployment acceleration opportunities within the legislative
framework.

Nonetheless, the manner in which these recommendations will be transposed into national legislation
and the technological deployment pathways that will be followed by each member state until 2030
depends on the context of each country, including, but not limited to, spatial land-use restrictions,
resource potential (e.g., wind speed and solar irradiation), funding opportunities, or the capacity to
incentivize citizens to contribute to the energy transition by attracting their investment interest. To this
end, energy models have historically improved the comprehension of the energy system’s dynamics,
have supported energy planning, and have facilitated the formulation of energy policy. Yet, the greatest
obstacle is that energy models typically require significant time to be calibrated and produce meaningful
results in a context that is constantly changing (Frilingou et al., 2023). In this respect, analyses are
restricted to a limited set of energy system configuration scenarios and contextual variable assumptions,

approaching the policymaking concept based on best estimates.

The key objective of this dissertation is to develop a methodological framework which moves away

from short-sighted policymaking, towards outrightly informed, adaptive policymaking that

explicitly accounts for context-specific uncertainties, and prescribes corrective actions to deal with

unlikely contextual events from the design phase, rather than in an ad-hoc manner.

To enable this, a set of modeling tools has been developed which can be easily linked with existing
simulation models, allowing for rapid simulations and the exploratory assessment of numerous
policy/strategy pathways towards one or more overarching targets, allowing a tight loop between
stakeholders and modeling teams to be established. The modelling tools consist of the decision support,
plug-in model named Adaptive pollcymaking Model (AIM) and the energy simulation model named
STorage RequirEmEnts and dispatch Model (STREEM). A key feature of the developed modeling
framework is its capability to provide answers to multiple “What-if” scenarios, by identifying values of
the uncontrollable context which enable or hinder the success of the evaluated policy/strategy pathways.
In this respect, short-term planning is facilitated, with simultaneous description of potential future
adaptive actions (from the design phase) that can be implemented in case that the future evolves
unexpectedly, ensuring final target(s) achievement.

The entire work of this dissertation has been presented as a series of research chapters with the
following structure:
e Chapter 1: Emphasis on the need for adaptive and participatory policymaking under uncertainty and

the needs for model improvements towards this direction.
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e Chapter 2: Development of the AIM model which (i) investigates the conditions under-, and the
timeframe beyond- which a policy/strategy starts to deviate from the set targets, (ii) visualizes a map
of dynamic adaptive policy pathways (DAPP), and (iii) sets up a monitoring system for real world
policy adaptation. In this chapter AIM has been linked with the technology adoption model ATOM
(Stavrakas et al., 2019) to investigate policy pathways incentivizing the uptake of rooftop PV in
Greece.

e Chapter 3: Upgrade of AIM’s applicability to account for multiple RES technologies, in order to
facilitate national-wide analyses. Development of the STREEM model which simulates the hourly
operation of energy storage systems and calculates the required storage capacity towards exploitation
maximization of the renewable electricity potential. In this chapter, the upgraded AIM was linked
with STREEM to investigate variable renewable energy sources (VRES) plus storage deployment
pathways to 2030, limiting the enforcement of curtailment.

o Chapter 4: Upgrade of AIM’s clustering functionality to account for multiple policy/strategy targets
(i.e., emissions reduction, renewable energy penetration, dependency on natural gas), while
decomposing the impact of each assessed contextual factor on the success or failure of a
policy/strategy towards a specific target. In this chapter, AIM has been linked with STREEM and the
wholesale electricity market simulation model BSAM (Kontochristopoulos et al., 2021), to
investigate RES plus storage deployment pathways limiting the effects of the 2022 energy crisis,
accounting for the operation of both VRES and dispatchable thermal units.

Considered jointly, the aforementioned research chapters represent independent but sequential stages
of an integrated methodological framework, as presented in Chapter 1.3, which demonstrates how
adaptive policymaking can be applied at different governance scales, technological assessments and
policy evaluation ranges, supporting robust energy system transformation planning. This integrated
methodological framework has been applied for the case of Greece, which is an example country which
opted for lignite phase-out towards a RES-based electricity system, turning to large dependency on
imported gas for the transition period, and therefore being prone to the uncertainties of the 2022 energy
crisis. The aim was to showcase the support that the methodological framework can provide, in
designing more resilient energy transition pathways which: (i) attract consumer engagement in the
energy transition, (ii) ensure cost-efficient RES integration, minimizing instances of electricity waste
due to mismatches with demand, and (iii) identifying VRES plus storage deployment pathways that can
limit the adverse effects of the 2022 energy crisis, shielding the electricity system from external

disruptions.
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This rest of this chapter summarizes the dissertation’s findings and examines its major conclusions.
Specifically, it provides implications for end users in the disciplines of policy and practice, and
summarizes the dissertation’s contributions to the scientific and energy modelling communities.

Limitations of the dissertation and specific recommendations for additional research are also provided.

5.2. Summary of results and key findings

The primary focus of this doctoral dissertation is on model-informed, exploratory and participatory
policy/strategy assessment, applied to the energy transition topic. Its main goal is to support decision-
making in a way that differs from traditional design approaches that are based on best estimates of the
contextual future in which policies and plans are implemented, by focusing instead on short-term
planning while pre-designing potential coping actions that can be implemented if deviations from the

best contextual future estimates occur. The overarching research question (RQ) is:

How could energy models support the exploratory assessment of adaptive policies towards the

design of electricity systems based on renewables, which are resilient to contextual uncertainties?

To answer the overarching RQ, three thematic pillars were formulated, which aim for outrightly
informed, robust and adaptive decision-making towards decentralized RES-based power systems,
namely (i) consumer engagement in the energy transition, (ii) minimum waste of renewable energy, and
(iii) shielding the electricity system from external disruptions. The respective thematic RQs that were
formulated are the following:

RQ1. Which policy pathways could re-initiate small-scale PV investments (i.e., < 10kWp) in Greece
without leading to the RES market failure that was observed in the past?

RQ2. Assuming an increase in overall RES capacity, which RES plus storage deployment pathways to
2030 enable least electricity curtailment and what criteria can be used for their selection?

RQ3. Which RES plus storage deployment pathways enable decoupling from imported gas, while
achieving the emissions reduction and renewable integration targets in an economically efficient
way, despite contextual uncertainties?

These RQs have been analytically answered in Chapters 2-4. The following sub-chapters summarize
the results and key findings in relation to the three thematic RQs and the overarching RQ that governs

them.
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5.2.1. Summary per thematic research question

As mentioned in section 5.1, Greece was chosen as the testbed for the application of the
methodological framework of this dissertation. It is a country that has set ambitious energy and climate
targets for 2030, in order to transition away from its current regime, which is characterized by high
reliance on fossil fuels and poor interconnection capacity with neighboring countries. The 2019
National Energy and Climate Plan (NECP) (Greek Ministry of Environment and Energy, 2019) laid the
groundwork for a more sustainable energy system, by setting ambitious renewable capacity expansion
targets by 2030 (i.e., 200% increase compared to 2019), phasing out highly polluting lignite power
plants, and positioning imported natural gas as the transition fuel. However, the Russian invasion to
Ukraine revealed that using natural gas as a transition fuel, would lock in Greece to the uncertainty and
adverse effects of the energy crisis for many years. The governmental response in early 2023 was the
proposal for an updated NECP, which doubles the ambition for RES deployment until 2030.
Furthermore, considering that effort that is needed to reach this target, Greece immediately announced
the “Rooftop PV” programme (govgr, 2023), which subsidizes the installation of PV and battery energy
storage systems (BESS) in households, in order to re-initiate investments in rooftop PV systems, which
have been stagnant since 2013. Nevertheless, in the proposal for the NECP update, only a couple of
scenarios for the power production portfolio were provided, which are a product of optimization based
on specific criteria, resembling an approach of decision-making based on best estimates. Considering
also that Greece has already experienced a RES market failure in the period 2008-2013 due to over-
subsidization, the answering of the thematic RQs of this dissertation aim to provide concrete
recommendations for sustainable planning, achieving the ambition of Greece for a transformation of its
energy systems, without risking financial deficits and by managing external uncertainties during the

transition phase.

RQ1. Which policy pathways could re-initiate small-scale PV investments (i.e., < 10kWp) in Greece
without leading to the RES market failure that was observed in the past?

The results indicate that net-metering, which is the current market framework for small-scale PV
integration in Greece, cannot drive adequate investments in line with the Greek small-scale PV capacity
targets and milestones by 2030 (i.e., 1 GW of installed capacity by 2030 when the installed capacity in
2020 was 0.35 GW), because the typology implemented in Greece is not favorable for prosumers. Grid
charges placed on net-metered electricity end up burdening prosumers instead of increasing the value
of locally generated electricity for their benefit. Consequently, prosumers’ profits (i.e., bill savings),
solely depend on the retail electricity price, which are further reduced by the grid charges, leading to

decreased consumer motivation to install photovoltaic systems. On the other hand, implementing a self-
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consumption scheme featuring PV coupled with a partly subsidized BESS of equal scale (i.e., 1LkWh of
BESS per 1kWp of PV) has significant potential to motivate investments. Unlike net-metering, a self-
consumption scheme, allows prosumers to consume more of their self-generated electricity by storing
it for future use. That way, grid charges are only applied to the electricity drawn from the grid, price-
related uncertainties for bill savings are reduced and prosumers’ profits are increased.

Regarding the subsidy pathway to be followed for the BESS, the simulation results indicate that a
high subsidy is required at the beginning, to attract adequate investor interest, considering the currently
high cost of BESS and the ambitious trajectory that needs to be followed towards the 2030 Greek PV
capacity target. However, offering prolonged high subsidies can lead to public deficits, similar to those
experienced during the Feed-in Tariff period between 2008 to 2013. On the other hand, applying smaller
subsidies too early may not align with the steep trajectory of the PV capacity target. Therefore, a
stepwise approach to subsidization is advised. The level of subsidization should be determined
considering the effect of contextual factors. Indicatively, the results of the analysis highlighted that the
level of investments in small-scale PV is counter-proportional to the cost of PV, since the self-
consumption scheme does not subsidize the installation of PV panels. On the other hand, despite BESS
still being relatively expensive, there is no such observed correlation between the investment level in
small-scale PV plus storage and the cost of BESS. This is because the storage system in the evaluated
self-consumption scheme is subsidized, meaning that the investment cost is not solely borne by the
prosumer. However, a strong correlation between the cost of BESS and the public policy cost is evident.
In this respect, a combination of subsidies for both PV and BESS could lead to an improved balance
between prosumer expectations and public expenses. Overall, the analysis highlights that the design of
relevant policies should envision adaptation to market signals, in order to avoid prosumer’s excess

profits at the cost of public expenses, while still providing adequate incentive towards the set targets.

RQ2. Assuming an increase in overall RES capacity, which RES plus storage deployment pathways
to 2030 enable least electricity curtailment and what criteria can be used for their selection?

The requirements for BESS capacity in order to minimize curtailment, depend on the generation
profile complementarity of PV and wind turbines (WT), which are the renewable energy technologies
with the highest potential in Greece. Optimal complementarity was found to be achieved with 62.5%
WT and 37.5% PV, resulting in the minimum required BESS capacity, equal to 2.4 GWh, and achieving
62.5% share of renewable electricity to the generation mix. Beyond this optimum, BESS requirements
increase on average by 330 MWh per 1% additional WT share and 260 MWh per 1% additional PV
share. Taking also into account that increasing the PV share by 1% leads to about 0.34% less renewable

energy integration in the electricity mix, and vice versa, marginal achievement of the 2019 NECP target

173



CHAPTER 5 — DISCUSSION AND CONCLUSIONS

for 61% RES in gross electricity consumption by 2030, is possible with approximately 42.5% PV and
57.5% WT in relation to the total RES capacity foreseen in the 2019 Greek NECP for 2030 (i.e., 14.7
GW) and 3.9 GWh of accompanying BESS capacity. This indicates that the tendering procedure should
be designed in a way that accounts for both the capacity needs per technology which satisfy the set
targets, and the accompanying storage capacity that maximizes the renewable energy yield. For
example, the PV and WT capacity mix that was calculated for the 2019 NECP, featuring 52.4% PV and
47.6% WT, is expected to contribute in achieving up to 92% of the Greek RES integration target with
the aid of 5.5 GWh of BESS. To meet the remaining 8%, other RES technologies, higher WT shares or
increased total RES capacity would be required.

Beyond technological planning, it is important to also take into account the available funding
opportunities to make the most efficient use of financial resources for eligible technologies. In the case
of Greece, there is a budget of 450 million € in the country’s recovery and sustainability plan (IEA,
2022) specifically allocated for the installation of electricity storage. This implies that systems with a
high concentration of PV or wind projects may exceed the available funding for storage technologies.
On the other hand, systems with a slight emphasis on wind projects, which require smaller volumes of
BESS capacity, can be effectively realized by mostly utilizing the allocated funds for storage
technologies.

Additionally, the timing of investments is crucial when determining the deployment pathways for
RES combined with storage. As expected, each additional 1% of RES electricity in the generation mix
leads to increased annual costs for deploying, operating, and maintaining RES and storage projects. The
cost increase ranges from 27-33 million € for PV-rich systems, 26-28 million € for wind-rich systems,
and 26-31 million € for balanced systems. BESS is expected to start contributing to these costs between
2026-2029, when the RES integration levels exceed certain thresholds (i.e., 41-48% for PV-rich
systems, 51-58% for balanced systems, and 59-64% for wind-dominated systems). Therefore, funding
and tendering mechanisms should proactively consider the timing of calls for eligible technologies,
leveraging their combined financial efficiency and potential cost reductions driven by technological

advancements.

RQ3. Which RES plus storage deployment pathways enable decoupling from imported gas, while
achieving the emissions reduction and renewable integration targets in an economically efficient
way, despite contextual uncertainties?

The analysis indicates that VRES (i.e., PV and WT) mixes with a high prevalence of WT are more
effective in achieving or surpassing energy and environmental targets. However, when incorporating

the economic aspect, balanced VRES capacity mixes offer more beneficial outcomes. Specifically, to
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achieve the power generation emissions level of 6.5Mt by 2030, as outlined in the under revision 2024
NECP of Greece, WT should hold a minimum of 53% with respect to the total projected VRES capacity
of 23.9 GW. This would capitalize on their high capacity factor, enabling ambitious emissions
reductions to be achieved, without heavily relying on hydro generation, which may be constrained by
water resource availability in Greek rivers and dams. Moreover, this minimum WT share, when
combined with historical hydro generation, could achieve an 80% renewable energy share in the
generation mix. This aligns with the desired objective of limiting natural gas dependency in power
generation to a maximum of 20% as stated in the under revision NECP.

Nevertheless, not every WT share above 53% is economically efficient. Indicatively, in order to
increase the renewable energy share in the generation mix by 1% with WT-preponderant systems (i.e.,
60-70% WT share in the VRES capacity mix), would cause an increase in equivalent annual costs for
investment and operation and maintenance (O&M) equal to 40.8-51.9 million €, with the minimum
range corresponding to 60% WT and the maximum to 70% WT share. This is because, the storage needs
in order to ensure maximum RES integration increase significantly with high WT preponderance,
increasing the respective annual cost. Similarly, PV-preponderant systems (i.e., 60-70% PV share in the
VRES capacity mix), would cost an additional 41.2-43.7 million € per year, on the one hand due to their
lower capacity factor compared to WT, and on the other hand, due the significant storage capacity
needed in order to smoothen the daily generation peaks of solar PV. Balanced systems manage to tackle
these challenges, by providing an aggregated generation profile that better matches the electricity
demand profile in Greece, minimising the needs for storage capacity. Therefore, the relevant annual
cost increase ranges between 40-41.2 million €, with the lowest cost corresponding to 50-55% WT and
the highest cost to 60% PV share. The above observations highlight that in order to achieve the Greek
targets for renewable integration, emissions reduction, and dependency levels in an economically
efficient manner, VRES capacity mixes should feature a minimum of 53% and a maximum of 60% WT,
and 40% to 47% PV. It is important to mention that the cost increases presented in this thematic RQ are
higher and differently allocated to the examined VRES capacity mixes, compared to the ones described
in the previous RQ. This is because the 2019 NECP (i.e., the focus of RQ2) considers only onshore WT
installations, while the under revision NECP (i.e., the focus of RQ3) foresees both onshore and offshore
installations. This differentiation of the under revision NECP leads to:

o higher combined capacity factor of the wind technology, enabling the achievement of minimum

BESS capacity with slightly more balanced WT/PV systems compared to the 2019 NECP, and
e increased annual costs, due to the higher investment and O&M costs associated with off-shore

projects.
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Finally, the pathway analysis highlighted that depending on the perspective, different routes can be
considered when deploying VRES in Greece, including least-cost marginal target achievement, cost-
effectiveness for resilient target achievement, or combinations. The least-cost perspective features more
PV investments, while the cost-effectiveness perspective aims for slightly WT-prevalent investments
along the years until 2030. A potential combination of the above promotes PV investments for some
years, and then WT investments are accelerated, leading to a balanced system by 2030. However,
regardless of the perspective, despite the increased ambition for VRES capacity expansion by 2030, the
loss of lignite-fuelled power production can only partially be offset until 2027, resulting in a continued
dependency on natural gas. This emphasizes the urgent need for the transformation of the power system
without further delay. Towards this direction, the “Go-to-areas” measure becomes crucial for

accelerated permitting processes, which will shorten the dependency period on natural gas.

5.2.2. Summary with respect to the overarching research question

After consolidating the key findings from the thematic RQs, the overall contribution of the
methodological framework applied in this dissertation, to answer the overarching RQ is summarised.

How could energy models support the exploratory assessment of adaptive policies towards the

design of electricity systems based on renewables, which are resilient to contextual uncertainties?

Looking at the overarching RQ, the methodological framework applied, answers to several
challenges that policymakers face when designing policies:

e Which national energy system transformation strategies aligned with EU policy are available and
how do they perform?

¢ When to deploy the available clean energy technologies?

¢ What should be monitored to trigger policy/strategy change, ensuring target achievement despite
contextual uncertainties?

EU regulation/strategy is usually the main motivator for policymaking decisions, which member
states need to transpose into national legislation/strategies at various governance levels. However, EU
plans and regulations are speedy and complex, creating difficulties to member states in keeping up (as
elaborated in section 1.1). Taking this into account, the developed modelling framework supports the
design of effective policies and strategies, supporting the transition to a low-carbon, sustainable energy
system, by providing quick answers to multiple “What-if” scenarios, regarding which policy/strategy
pathways perform well given the context of the country in which they are applied. Towards this
direction, AIM’s model agnostic nature, and STREEM’s parametric configuration, as presented in

Chapters 2 and 3 respectively, enable the modelling framework to be applied at various governance
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levels and scales, supporting both horizontal and vertical coordination. This becomes evident when
comparing the work presented in Chapter 2, where the focus is on the assessment of support measure
pathways for the installation of rooftop PV and residential storage systems, when in Chapters 3 and 4,
the focus is on national VRES plus storage deployment pathways. This means that the modelling
framework can inform about the effectiveness of sectoral policies, which can be taken into account
when designing nation-wide plans, such as technology-neutral tenders, in order to avoid unnecessary
incentivisation towards target over-achievement, which can be expensive.

The time component is also a crucial parameter that often challenges energy policymakers, as the
investment decisions taken at the short-term, have long-term impacts (Morris et al., 2017). This boils
down to answering when to deploy the necessary technologies in order to achieve long-term goals
sustainably, without risking over-deployment or suboptimal technological combinations. The modelling
framework presented in this dissertation answers this inquiry. First of all, STREEM quantifies the
required volume of storage technologies in order to maximize the grid integration of energy vyield,
without investing in underutilized BESS systems, given various RES generation portfolios, as presented
in Chapter 3. Then, in combination with AIM, it can investigate which investment pathways for RES
combined with storage can be followed towards a renewable-powered electricity system, ensuring
financial effectiveness, and specifying the yearly timing of investments for each technology. On top, as
presented in Chapter 4, both models can be linked with an electricity market simulation model, which
can provide further insight regarding the timewise potential for emissions reduction, fossil fuel use, or
response to coal phase-out decisions, assessing that way the a multitude of impact factors that can drive
the choice of a specific investment pathway.

Finally, the performance and impact of energy policies and strategies depend on the context within
which they are applied. Identifying which contextual parameters are the most impactful on the outcome
of a policy or strategy, and which threshold should be considered as a trigger for policy/strategy change,
is necessary in order to enable robust policymaking under uncertainty. As presented in Chapter 2, AIM
is capable of supporting such a kind of policymaking by quickly simulating many contextual scenarios,
and clustering segments of the uncertainty space, highlighting what should be monitored during the
implementation of a selected policy/strategy pathway, in order to identify imminent deviation from the
set targets. In parallel, alternative policy strategy pathways that perform well under the new contextual
realities can be identified. That way, based on its participatory functionality, AIM can facilitate the
establishment of a tight loop between stakeholders and modeling teams for the timely identification of
opportunities and dead-ends, even from the policy design phase. Finally, since policies usually aim to
achieve multiple inter-related targets, as presented in Chapter 4, AIM identifies clusters of contextual

evolutions under the effect of which a policy/strategy performs well with respect to all targets. This also
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gives the opportunity, on the one hand, to identify the contextual space under the effect of which a
policy/strategy performs well with respect to each target individually, and on the other hand, identify
potential contradicting performance indicators, making a trade-off analysis possible.

These merits of the applied methodological framework and the modelling ensemble that comprise it,
have been validated during consultations with various stakeholders and policymakers during the last
five years, in events such as the “TRANSrisk Policy Lunch: Paris in Practice-Understanding the Risks
and Uncertainties”, in Brussels and the “TRANSrisk & SET-Nav Regional Workshop: Decarbonizing
our energy system-Transformation pathways, policies and markets, with spotlight on Greece”, in
Athens, as well as during discussions with experts from the Greek Public Power Corporation as part of
the SENTINEL project. Finally, the usefulness of the AIM model has been acknowledged by the Swiss
Federal Office for Energy (SFOE), and is being linked with the JRC EU TIMES model, as part of the
POLIZERO project, in order to explore Swiss policies towards zero CO, emissions compatible with

European decarbonisation pathways.

5.3. Contribution of the dissertation

The overall contribution of this dissertation is summarised in the following categories: 1. energy

modelling, 2. policymaking, and 3. research community.

5.3.1. Contribution to the field of energy modelling

While energy models have been acknowledged as supporting elements in decision-making and
energy planning processes (Doukas, 2013), there are still needs expressed by model users that need to
be addressed by model developers, as elaborated in Chapter 1.1.3. The focus of this dissertation was
on three structural elements of energy modelling (Fig. 5.1), which can facilitate model-informed,
adaptive and participatory decision-making, namely: (i) simulations resolution, (ii) computational

efficiency, and (iii) consideration of uncertainty and unforeseen events.

178



CHAPTER 5 — DISCUSSION AND CONCLUSIONS

Few uncertainty

Resolution scenarios Computational

efficiency

Contribution

of this thesis
Slow Reduced
simulations resolution

Uncertainty
scenarios

Fig. 5.1. Trade-offs in energy modelling and contribution of this dissertation

Acknowledging the impeccable value of each of these elements in supporting robust policymaking,
the modelling framework applied in this dissertation, aims to find a balance among them, as described
subsequently. Both AIM and STREEM, as presented in chapters 2-4 have been developed with the
Python language, in the context of the H2020 projects TRANSrisk®, SENTINEL® and Tipping+*’
funded by the European Commission (EC), and the POLIZERO?® project funded by the SFOE.

Simulations resolution

Both AIM and STREEM support high temporal and spatial resolution, as well as detailed
representation of the modelled technologies. Specifically, STREEM runs in an hourly resolution in
order to capture the contribution of storage technologies in shifting intermittent renewable generation
to high demand and low generation hours. Furthermore, its ability to simulate different storage
technologies by simply parameterizing technical details, such as nominal capacity, duration, depth-of-
discharge and round-trip efficiency, allow the model to simulate the simultaneous operation of short-
term (e.g., batteries) and long-term storage (e.g., pumped hydro storage), applying priority rules, and

explore the suitability of each technology in different application contexts and scales. In this respect,

15 https://cordis.europa.eu/project/id/642260
16 https://sentinel.energy

17 https://tipping-plus.eu

18 https://www.polizero.ch
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given the availability of datasets for the demand and renewable generation profiles, STREEM can
identify the storage volume requirements from a household level to a national level, exploring the
optimal technology, or technological mix, for the application under study. STREEM has already been
applied at the national level to explore how much storage is needed in order to minimize electricity
curtailment, under different combinations of WT and PV capacity. Apart from storage requirements,
the analysis with STREEM enabled the identification of renewables plus storage combinations which
perform best in terms of cost of renewable energy integration.

On the other hand, AIM is a plug-in model, which can be linked to different energy system models,
enabling the assessment of policy/strategy pathway through transdisciplinary modelling approaches.
Plug-in means that it requires as input, both the input parameters as well as the respective outputs, which
are produced by a simulation model. In this respect it performs meta-analysis of simulation results,
supporting the same temporal and spatial resolution as the simulation model which feeds it. This makes
it a valuable tool for analyses ranging from sector-specific challenges (e.g., incentivisation of rooftop
PV) to cross-sectoral system wide transformations (e.g., deep decarbonization of energy systems). So
far, AIM has been linked with the STREEM (Michas and Flamos, 2023), ATOM (Stavrakas et al., 2019)
and BSAM (Kontochristopoulos et al., 2021) models targeting analyses at the rooftop PV sector and
the national electricity sector of Greece. The application of STREEM at the municipal level and the
application of AIM for cross-sectoral analysis, linked with the JRC-EU-TIMES model, are also planned
as described in section 5.4.

Computational efficiency

Even though both STREEM and AIM support high temporal resolution, their computational
efficiency has proven to be remarkable. Specifically, STREEM’s storage dispatch algorithm requires
only 14 seconds to simulate the hourly operation of any combination of storage technologies for one
year (i.e., 8760 hourly simulation points). Furthermore, the algorithm calculating the required storage
capacity, identifies the correlation between storage volume and curtailment decrease, converging to the
capacity that maximises the exploitable renewable electricity yield in 6-7 iterations. This means that in
about 1.5 minutes, STREEM can provide storage sizing results for the case under study, despite the
scale in which it is applied.

The simulation time of AIM on the other hand, depends on the number of policies/strategies that
need to be assessed, the number of simulations years and the number of contextual scenarios considered
to affect the performance of each policy/strategy. To stress test AIM, it was used to assess 4 policies,
in a 10-year time horizon, under the effect of 1000 contextual scenarios in each simulation year. The
assessment of the effectiveness of all policies with respect to the set yearly targets, under the effect of

all 1000 scenarios per simulation year was performed in 7 seconds. Furthermore, the simulated policy
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implementation and the consequent update of all alternative policies’ performance was achieved in 13
seconds. This highlights that AIM is a valuable participatory tool for providing quick answers to
relevant experts and end-users, relevant to “what will happen if we do one thing rather than another
thing”, as expressed by stakeholders during the consultation process of the H2020 SENTINEL project
(Stsser et al., 2022).

Consideration of uncertainty and unforeseen events

Building on the above merits, both models are capable of simulating many scenarios, capturing a
wide range of uncertain variables’ values, without sacrificing accuracy due to reduced resolution, thus
being able to facilitate robust policymaking which moves away from policymaking based on best
estimates. Especially for the case of AIM, it enables fast assessment of a large number of energy
transition pathways along an analysis horizon, without mandating the same number of simulations to
be performed by computational- and time-intensive simulation models. Specifically, it enables the
assessment of p™ policy/strategy pathways with only p - m simulations performed by a simulation
model, where p is the number of policies under investigation and m the number of years in the analysis
horizon. Therefore, even if a simulation model requires a significant amount of time to simulate a year
of analysis, AIM can be used to augment the analysis space. Indicatively, the BSAM model which was
linked with AIM in Chapter 4, requires 70-85 minutes to simulate in an hourly resolution an entire year
of unit commitment solutions. For a 10-year horizon and 4 policies/strategies to assess (e.g., RES and
thermal capacity mixes), a complete pathway analysis (i.e., all possible yearly policy/strategy changes)
would require 41° pathway simulations in BSAM, which correspond to an infeasible computational
effort. By linking BSAM with AIM, the same number of pathway analyses are feasible, with only 40
simulations required from BSAM, which correspond to about 50 hours of simulations. In this respect,
emphasis from simulations models can be given to the simulation of many parametric scenarios
corresponding to different contextual evolution scenarios, including extreme or unlikely scenarios.
Then, the meta-analysis with AIM can cluster the contextual evolutions which correspond to successful
policy outcomes and augment the pathway analysis range. Therefore, with AIM, answering of how the
planning objectives can be revisited when operating conditions change, is possible, enabling decision-

making with consideration of uncertainty and unforeseen events.

5.3.2. Contribution to the field of policymaking

In addition to its technical contributions in energy modelling, this dissertation also offers valuable
insights for policymakers and practitioners. These insights are summarised for the national level of

Greece, and upscaled with general implications at the EU level:
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Implications for Greece

Net-metering schemes, which only compensate prosumers for the energy they consume at their
homes and without exemption from grid fees, are insufficient in motivating rooftop PV
investments. A transition to self-consumption schemes with PV and BESS is necessary to
empower prosumers with more control over their generation, relieve them from grid use fees
for the self-consumed electricity, and therefore better incentivize PV investments.

Considering the high investment cost of BESS, even with a more attractive self-consumption
scheme, subsidies should be designed in order to kick start investments in the long stagnant
rooftop PV sector. High BESS subsidies should be in place at the beginning, but stepwise
reduction in subsidization should be envisaged, in order to avoid public deficits, such as those
experienced with the PV feed-in tariffs during the period 2008 to 2013. Combined subsidies
partially financing PV and BESS, such as the recently introduced “Rooftop PV” programme
(govgr, 2023), could be an option as well, in order to achieve a better balance between
prosumers’ investment propensity and public expenses. Yet, gradual reduction of subsidies
should be envisaged in the long-term, to avoid excessive public costs and unsustainable profiting
of prosumers.

At the national power sector level, a balance among resource potential, economic efficiency
and energy-related targets should be sought. PV-dominated systems offer less costly
solutions, but require much hydro generation to achieve energy-related targets, which is not
guaranteed in Greece due to water resource uncertainty. WT-dominated systems, on the other
hand, achieve energy-related targets sustainably, with minimum contribution from hydro, but
are costly and require much storage capacity.

Considering the above, explicit attention should be paid to the capacity shares of the
available RES technologies. Taking into account the updated ambition for PV and WT (both
on- and off-shore) deployment by 2030, VRES capacity mixes with 53-60% WT and 40-47%
PV, should be sought. With such capacity mixes, optimal generation complementarity is
achieved with PV and WT, requiring minimum storage capacity, and leading to the renewable
integration, emissions reduction, and natural gas dependency targets of Greece in a cost-efficient
manner and without relying extensively on hydro resources.

The funding and tendering mechanisms should proactively envision the time-wise call for
eligible technologies, and their volume, aiming for efficient RES integration, leveraging
technological cost reductions, and optimally exploiting the available funding. For balanced PV
and WT mixes with the capacity shares mentioned in the previous bullet point, BESS needs in

Greece would be minimum, and needed only after 2029, when RES integration exceeds 58-64%.
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Higher preponderance of WT or PV should be followed by higher tendered volume of BESS,
which might be needed as early as 2028, and might increase exponentially depending on the
chosen PV-WT capacity mix.

The simplification of licensing procedures is of paramount importance to enable an, as
much as possible, shortening of the dependency period on natural gas. This would enable
the necessary frontloaded RES investments in order to counterbalance the lignite phase-out plan
by 2028 and limit the use of natural gas as a transition fuel. Towards this direction, the Go-to-

areas measure should be transposed into national planning as much as possible.

Implications at the EU level

Alongside net-metering, self-consumption schemes featuring PV coupled with BESS, should
be transposed into member states’ national regulations, enabling prosumers to (i) shift
energy generation to times when it is most needed, aligning with the objectives outlined in the
REPowerEU plan, (ii) relieve the grid from stressing bilateral energy flows, and (iii) empower
them in becoming active energy agents. Financial support would be needed to incentivize
consumers to make a shift to self-consumption, nevertheless, the public expenses would be for
the benefit of both the prosumer, and the EU efforts for electricity storage systems’ deployment.
Despite PV being cheaper and faster to roll-out, WT investments at the EU level should be
equally promoted towards a balanced representation of the two technologies. The
complementarity of technical constraints in each country should be taken into account,
towards a unified EU electricity system with a balanced RES mix. WT-dominated systems,
despite being expensive, should be sought by countries with limited solar potential, and large
availability of appropriate land for WT deployment. PVV-dominated systems, despite being less
cost-efficient, should be pursued by countries with low wind potential, spatial limitation due to
protected area regulations, and large availability of appropriate built environment (i.e., roofs,
facades, etc.) for the installation of PV. In any other case, balanced systems should be pursued,
which achieve optimal economic efficiency in terms of energy yield per euro spent.

Former coal- and carbon-intensive areas should be put at the center of the energy
transition efforts, as they feature (i) a ready to use electricity network, (ii) available land for
the deployment of RES, and (iii) technical workforce which can be reskilled for occupation in
the renewable energy sector. In this respect, member states’ tendering procedures should
mandate prioritization of calls for projects in such areas, towards accelerated deployment of

RES, as well as the just transition of these areas. Furthermore, financial support with increased
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rates should be given to households of coal- and carbon-intensive areas from the just transition
fund, incentivizing citizens to invest in self-consumption schemes, actively contributing to the

just transition of their region, as well as their country’s national targets.

5.3.3. Contribution to the research community

Contributing to the research community, this dissertation concludes with the publication of:

o Five (5) scientific articles in peer-reviewed journals with impact factor (IF), as presented in Table
5.1,

e Seven (7) announcements in international peer-reviewed conferences,

e One (1) chapter in a scientific book,

o Seventeen (17) 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.

Journal Publisher IF* Number of published
articles
Energy Policy Elsevier 9.0 2
Energy Elsevier 9.0 1
Energy Reports Elsevier 5.2 1
International Journal of Sustainable Energy Taylor & Francis 3.1 1

*As accessed on the 28™ of March 2024
In addition, the author has served as guest editor in the scientific book named “Positive Tipping

Points Towards Sustainability” which was published under the Springer Climate series. Finally, the
methodological and modelling frameworks presented in this dissertation have laid the groundwork for
new researchers that pursue their PhD thesis.

Until the time of the defense of this dissertation, the PhD candidate has an overall of 75 citations and
an h-index of 4 according to the “Scopus™® database, and an overall of 116 citations and an h-index of
5, based on the “Google Scholar® database. A detailed overview of the scientific publications and

technical reports that the PhD candidate has published and contributed to is presented in Appendix 2.

19 hitps://www.scopus.com/authid/detail.uri?authorld=57202856568
20 hitps://scholar.google.gr/citations?user=PUkgoUOAAAAJ&hl=en
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5.4. Limitations and potential for further research

With the completion of this doctoral dissertation, a series of thoughts and suggestions for further
research and improvement of the modelling framework, as well as its application context towards
outrightly informed, adaptive and participatory energy modelling, have been formed:

Technical further research
o AIM

1. The presented version of AIM has been developed in order to simulate the implementation
of one policy or strategy at a time for a specific period of time. Specifically, AIM allows
users to implement a next policy or strategy, only after the expiration of the implementation
period of the previous one. However, in real-world situations, it is common for more than
one policy or strategies to be implemented simultaneously. In this respect, AIM is planned
to be updated to support concurrent policy and strategy implementations, in order to enable
the assessment of policy and strategy packages, and identify the most effective components
within the packages with respect to each targeted outcome (i.e., emissions reduction,
consumer engagement in the energy transition, etc.).

2. With the planned policy and strategy package implementation expansion of AIM described
in the previous point, there is a challenge in estimating the combined output of the various
implemented policies and strategies, when the original simulation model has provided only
individual policy and strategy simulations. Ideally, the cumulative outcomes should be
provided by the original simulation or optimization model. However, considering the big
number of combinations that would be needed with increasing policy and strategy
components within the package, this would lead to an infeasible number of simulations and
a consequent non-tractable computational burden. To tackle this challenge, AIM is planned
to be upgraded in order to provide an initial estimation of the combined output of the various
policy and strategy combinations by applying one of the following rules: (i) the maximum,
(i) the minimum, or (iii) the average of each outcome as achieved by each policy or strategy
individually. While these aggregation methods might not be as accurate as simulating
combined policy and strategies in the original model, they are considered to be able to
indicate a possible trend of the combined result of the policy and strategy packages under
consideration, therefore guiding a reduced and meaningful set of simulations to be performed
by the original simulation or optimization model.

3. When linked with optimization models, there is a discrepancy between the logic of

simulation. AIM applies a forward simulation logic, assuming that the outcome of each next
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implemented policy or strategy is added to the outcome achieved by the previously
implemented one, at the time of policy change. In this respect it performs parallel shifting of
each next policy or strategy’s outcome as shown in Fig. 5.2. Yet, if the optimization model
implements a backward simulation logic, decisions made in an earlier timeframe are highly
dependent on the choices made in later timeframes. In this case, the forward, stepwise
exploratory policy and strategy assessment nature of AIM may provide less accurate results.
To improve the accuracy of AIM, a model emulator, which provides estimates of
optimization outputs, but much more quickly, is envisaged to be developed and integrated
into AIM, in order to allow AIM to make better approximations when linked with models
implementing a backward simulation logic. The STEEM emulator described in section 2.2.2,

will be the basis for the development of the backward simulation emulator.
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Fig. 5.2. Simulated stepwise policy and strategy implementation in the current version of AIM. The
faded lines represent the individual packages simulation outputs. The bold line represents the
outcome of the chosen pathway.

Finally, AIM currently runs in a web-based manner but only in the local hosting computer
(i.e., locally and not online), and the simulation assumption are predetermined (e.g., cost
assumptions and subsidy levels of technologies, targeted outputs, etc.). The interface of AIM
is planned to be updated, in order to run on a server and be accessible to end users through
their web browser. Furthermore, input fields for the assumptions will be made available, in

order to enable users to modify their simulations according to their case study specifications.
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e STREEM

1. Currently STREEM needs the technical characteristics of the BESS (i.e., depth-of-discharge,
duration, etc,.) as input in order to calculate the required BESS capacity for the assumed
storage technology. As a further step in its development, STREEM is envisaged to be
equipped with an optimization algorithm, which identifies the required storage capacity and
the BESS technical specification for the application under study (e.g., use of storage
equipment for arbitrage, RES maximization, etc.) or the scale under study (e.g., household,
energy community, or national level). In this respect, STREEM would be able to provide
recommendations on the most appropriate commercially available technology for the case
under study.

2. Since the horizon of analysis performed in Chapters 2-4 is until 2030, which is the horizon
of the Greek NECP, the performance of the BESS system was assumed to remain constant
over the years. An upgrade in STREEM is planned in order to calculate the degradation of
the storage capacity with increasing charge and discharge cycles and provide more accurate
results in long-term simulations.

3. Finally, STREEM will be enhanced to account for multiple scenarios of renewable
generation profiles, providing pareto fronts of BESS capacity and BESS technical

characteristics, which tackle the intermittency uncertainty of VRES.

Application further research
e AIM

1. AIM so far has been linked with models targeting the electricity sector, either at the building
level (Chapter 2), the national level considering only RES technologies (Chapter 3), or the
national level considering the electricity market operation with the participation of all
available technologies (Chapter 4). To showcase the potential of sector coupling, AIM is
being linked with the JRC EU TIMES models, in order to explore deep decarbonization
pathways for the national energy sector of Switzerland, considering a multitude of sectors,
including electricity, transport, industry and buildings.

2. Furthermore, AIM has been used in this dissertation to explore energy transition pathways
from the supply side. Nevertheless, considering the efforts of the EU to improve energy
efficiency, AIM is planned to be linked with a demand-side simulation model, in order to
explore pathways for combined investments in RES and energy efficiency measures, which
maximize the benefits of citizens, while reducing the cost for the transformation of the

energy system.
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e STREEM

1. Considering the lignite phase-out plan of Greece and the significance of ensuring a just
transition in former lignite-dependent regions of Greece, such as Megalopolis and Western
Macedonia, STREEM will be applied at the municipal level, in order to explore the storage
requirements to supply these regions with up to 100% locally generated RES electricity. The
analysis will be made both in island mode and interconnected with the grid, highlighting the
importance of battery-grid cooperation in the proper sizing of BESS.

2. For its application at community level, STREEM will be enhanced to account for fairness
and community benefits criteria. Specifically, optimization algorithms will be developed,
which will produce strategies for fair energy distribution of locally produced electricity
among the community members (i.e., based on community RES project shares, energy
poverty risk, etc.). Furthermore, the algorithms will provide recommendations for the
charging and discharging plan of the BESS, based on pricing signals from the electricity
market, aiming to maximize the savings and potential profits of the energy community.

3. Finally, STREEM is planned to be linked with a demand side management model, in order
to highlight the effect of citizens’ engagement in demand response mechanisms, on the BESS

volume required in order to balance demand and renewable supply.
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Appendix 1. Brief presentation of models used in the dissertation
Models developed as part of this PhD dissertation

Adaptive pollcymaking Model (AIM): AIM provides real time visualizations of adaptive
policy/strategy maps, showing alternative pathways leading to desired policy or strategy outcomes. The
interactive policy maps facilitate interactive stakeholder consultation for the design of policies and
strategies, which commit to short term objectives and define future contingency actions to prevent
failure in case of unexpected contextual parameter changes. AIM evaluates the performance of selected
policies/strategies over many combinations of a large number of contextual uncontrollable variables
(scenarios), visualizes successful pathways towards a predefined target, and sets up a monitoring system
for real world adaptations in case of unexpected contextual future evolutions. The novelty of AIM lies
in: (i) using a simple clustering logic, thus it can be easily adapted for soft-linking with a wide variety
of models, (ii) generating adaptive policies/strategies for different contexts, by changing the limits of
the uncontrollable variables (scenarios), making it a useful tool for application at various scales and
contexts, and (iii) facilitating interactive stakeholder consultation for the design of policy/strategy
pathways, through real-time and easily interpretable visualizations. Especially with respect to the latter,
AIM supports stepwise implementation of policies and strategies, which is a feature not found in
scientific literature. This means that a policy or strategy may be chosen for implementation for a specific
period of time by a stakeholder, and the results, as well as the plausible policy/strategy pathways
forward, are updated almost instantly, making explicit the effect of a specific route followed on future
policy and planning actions. With this feature, a tight participatory modelling process is feasible.
Scientific Publication: Michas, S., Stavrakas, V., Papadelis, S., & Flamos, A. (2020). A
transdisciplinary modeling framework for the participatory design of dynamic adaptive policy
pathways. Energy Policy, 139, 111350.

STorage RequirEmEnts and Dispatch Model (STREEM): STREEM simulates at a high temporal
resolution the operation of electricity storage systems, aiming at improving the matching of renewable
energy generation and electricity demand. It also identifies the storage capacity requirements of a
region, towards maximization of renewable energy integration. It can support multiple storage
technologies with simple parameterization of its input variables, and it can also simulate the
simultaneous operation of short-term (e.g., batteries) and long-term storage (e.g., pumped hydro
storage), applying priority rules. The novelty of STREEM is in identifying the correlation between
storage volume increase and curtailment decrease. It does so by approximating the actual curve of
storage/curtailment correlation, regardless of the storage technology or specifications simulated, while
ensuring fast convergence. In fact, the algorithm converges in 6-7 iterations, avoiding storage capacity

overshooting, by gradually decreasing the storage increase slope towards the targeted curtailment levels,
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following the storage/curtailment curve forced by the technical specifications of the modelled storage
technology. The applicability of STREEM ranges from local energy communities to national or
international scale.

Scientific Publication: Michas, S., & Flamos, A. (2023). Are there preferable capacity combinations
of renewables and storage? Exploratory quantifications along various technology deployment
pathways. Energy Policy, 174, 113455.

Other models used in the PhD dissertation

Business Strategy Assessment Model (BSAM): BSAM is an agent-based electricity wholesale market
model which simulates the operations within a power pool central dispatch day-ahead electricity market.
The model simulates electricity generators as entities who progressively learn to bid their capacities in
a day-ahead competitive wholesale market, with ultimate goal the maximization of their profits. In
parallel, a unit commitment and economic dispatch algorithm calculates the cost-optimal power mix to
satisfy demand, the quantities injected by each generation unit, the market clearing price, as well as,
derived outputs such as carbon emissions and profits of each generator. The model can support cost-
benefit analysis of future policy and/or technology deployment scenarios.

Scientific Publication: Kontochristopoulos, Y., Michas, S., Kleanthis, N., & Flamos, A. (2021).
Investigating the market effects of increased RES penetration with BSAM: A wholesale electricity
market simulator. Energy Reports, 7, 4905-4929.

Agent-based Technology adOption Model (ATOM): ATOM simulates the dynamics of technology
adoption among consumers. The model is supported by a complete framework for parameter estimation
based on historical data, and for the quantification of the uncertainty that governs its ability to replicate
reality. ATOM can be used to explore adoption and diffusion scenarios of sociotechnical innovations,
based on historical data available and observations, in different EU member states. The three main ways
that sociotechnical innovations, as e.g., energy communities, ecovillages, etc., tend to influence larger
society are through (1) replication, (2) growth in scale, and (3) translation. ATOM explores all three
ways, by addressing replication as the growth of the number of the innovations under study in the
context of interest, growth in scale as the growth of their influence through partnerships, programmes
and incentives they provide to citizens, and translation as the adoption of respective policies and
practices by mainstream society and institutions.

Scientific Publication: Stavrakas, V., Papadelis, S., & Flamos, A. (2019). An agent-based model to
simulate technology adoption quantifying behavioural uncertainty of consumers. Applied Energy, 255,
113795.
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Appendix 2. Contribution of the PhD candidate to academic material

Scientific articles published in peer-reviewed journals

1.

Michas, S., & Flamos, A. (2024), Least-cost or sustainable? Exploring power sector transition
pathways. Energy, Special Issue on “Energy system modelling in support of the European energy
transition: Pathways towards 2030 and the vision of climate neutrality by 2050, 131086. doi:
10.1016/j.energy.2024.131086

Michas, S., & Flamos, A. (2023). Are there preferable capacity combinations of renewables and

storage? Exploratory quantifications along various technology deployment pathways. Energy
Policy, 174, 113455. doi: 10.1016/j.enpol.2023.113455
Kontochristopoulos, Y., Michas, S., Kleanthis, N., & Flamos, A. (2021). Investigating the market

effects of increased RES penetration with BSAM: A wholesale electricity market simulator. Energy
Reports, 7, 4905-4929. doi: 10.1016/j.eqyr.2021.07.052
Michas, S., Stavrakas, V., Papadelis, S., & Flamos, A. (2020). A transdisciplinary modeling

framework for the participatory design of dynamic adaptive policy pathways. Energy Policy, 139,
111350. doi: 10.1016/j.enpol.2020.111350

Michas, S., Stavrakas, V., Spyridaki, N. A., & Flamos, A. (2019). Identifying Research Priorities
for the further development and deployment of Solar Photovoltaics. International Journal of
Sustainable Energy, 38(3), 276-296. doi: 10.1080/14786451.2018.1495207

Chapters published in scientific books

1.

Frankowski, J., Sokotowski, J., Michas, S., Mazurkiewicz, J., Kleanthis, N. & Antosiewicz, M.
(2024). Assessing macroeconomic effects of a carbon tax as a tipping intervention in economies
undergoing coal phase-out: the cases of Poland and Greece. Chapter in the book “Positive Tipping
Points Towards Sustainability: Understanding the Conditions and Strategies for Fast
Decarbonization in Regions”. Springer Climate. doi: 10.1007/978-3-031-50762-5

Announcements in conferences

1.

Michas, S. & Flamos, A. (2023). Dodging the energy crisis? Renewable deployment pathways to
2030. ECEMP 2023: Net Zero, intermediate targets, and sectoral decarbonization facing
geopolitical and macroeconomic challenges, 5-6 October, Online

Michas, S. & Flamos, A. (2023). Locked-in or open-sighted? Exploring energy transition pathways
resilient to external disruptions. 18" Conference on Sustainable Development of Energy, Water and
Environment Systems (SDEWES), 24-29 September, Dubrovnik, Croatia
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3. Michas, S. & Flamos, A. (2023). Exploratory assessments of renewable energy sources and storage
mixes. 5" International Exhibition “Verde.tec” on Environmental Technologies, 17-19 March 2023,
Athens, Greece

4. Kleanthis, N., Michas, S., Flamos, A. (2020). Investigating electricity generation by analysing
influential factors in the Greek electricity system in 2030, 15" Conference on Sustainable
Development of Energy, Water and Environment Systems (SDEWES), 1-5 September, Online
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and Climate Change, 10 October, Athens, Greece

Technical reports & other studies

1. Cots, F., Fosse, J., Tabara, J.D. & Michas, S. (2023). Policy Brief on Tipping investments towards
clean technologies. Enabling Positive Tipping Points towards clean-energy transitions in Coal and
Carbon Intensive Regions (TIPPING+) project.

2. Cots, F., Fosse, J., Tabara, J.D. & Michas, S. (2023). Policy Brief on Deliberate governance
innovations to accelerate just decarbonisation development pathways. Enabling Positive Tipping
Points towards clean-energy transitions in Coal and Carbon Intensive Regions (TIPPING+) project.

3. Cots, F., Fosse, J., Tabara, J.D. & Michas, S. (2023). Policy Brief on Cultural, identity, behavioural
and demographic issues in public engagement and energy community transformations. Enabling
Positive Tipping Points towards clean-energy transitions in Coal and Carbon Intensive Regions
(TIPPING+) project.
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