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Summary

In the context of thecoming sustainable energy transition, the photovoltaic (PV) technology
is expected to have the major role mainly because PV plants have as main advantage the
possibility to be installed directly on site of consumption (e.g., roofs and vertical surfaces of
buildings), limiting land use competition for other purposes and, when coupled with storage
systems, they allow to increase sphbduction and selfconsumption reducing the electricity bills
of consumers and increasing the environmental sustainabilitie@energy produced. Obviously,
the only exploitation of buildings surfaces for the installation of PV plants is not enough to
achieve the environmental objectives established worldwide to reduce the amount of CO
equivalent emissions, for this reason thelity-scale PV plants will strengthen their penetration
in the energy mix to boost further the photovoltaic energy production. However, since the
availability of the solar resource is uncertain and difficult to be predicted, some concernsarise i
terms d PV plants programmability and efforts required by the existing energy system to accept
the rapidly increasing amount of photovoltaic energy. On one hdrewidespread diffusion of
PV installatios (fesidentia] commercial and utility sca)eequires areinforcement as well as an
expansion of the grid infrastructure at both distribution and transmission levels. On the other
hand, the role played by the existing fossil fuel power plants is evolving from covering the
baseload to satisfy the peak demand wheenewables are not available or not enough. As a
consequence, they are mainly operating at partial load conditions and the number-tdddll
hours is strongly reduced. In absence of a proper amount of storage capacity and an increase of
electricity denand, the continuous rise of PV production means a higher risk of energy
curtailment ata certain time of the year.

The main objective of this research is to assess the future impacts of the PV penetration in
terms of additional costs for the existing engigystem and tadentify some mitigation strategies
to ensure that the benefits of exploiting this renewable source will not have been in vain by an
unsustainable increase of the costs for the system and the entire community. For this purpose,
two main pahways are defined in this study that the current energy systems might follow in the
next few years to achieve the establishdoategoals. The first route maintains the current rigid
energy system configuration and the evolution of it towards a-B&s8denergy system is driven
by the expansion of the existing grid infrastructure and the diffusion of battery energy storage
systems (BESS) to make PV plants programmable. This is the mdstavell and thus favorite
route nowadays on which most energy arohmate policies are based. The second path requires
a stronger change in the energy system configuration to make it more flexible in accepting the
increased amount of renewable energy. In fact, the additional flexibility needed can be found in
the consumpion sidethat could properly accommodate the PV overproductand help in the
programmability of PV plants. In this regard, demand side management (DSM) strategies shall be
supported and their spread shall be encouraged with more ambitious energy aratelmlicies.

The first pathway is counting on the historical faith on technological evolution and in the



inexhaustibility of raw materials, the second instead is asking for a radical change of the system
as a whole (economic, energy, political and soeiad) requires an active role from each member
of the society. While the first is easier and quicker to be followed, the second can be reasonably
seen as a mediupand longterm strategy but its foundations must be laid at this time.

The methodology devel@a during this research follows the two pathways described above.
In the context of the rigigdnergysystem configuration of the first route, the future production
costs of PV plants are estimated defining a new parameter that considers the impactsraf addi
new PV production in the existing energy system. These impacts are qualitatively identified from
which a mathematical definition is derived. The programmability of PV plants is guaranteed by
coupling them with BESS i.the flexibility of the energy stem is on the production side and is
provided by the additional capacity of BESS. In other words, this first part of the methodology
goes beyond the Levelized Cost of Electricity (LCOE) concept and proposes a new metric to
incorporate the secalled integation costs of PV plant® demonstrate that if all the possible
integration costs are fairly assigned to VRES, in this specific case to thesatlgyPV plants,
they will still remain profitable in the future years. Therefore, this study is aimed to find gn eas
way to estinate these additional costs, usually called integration costs, for the PV technology and
define a new parameter that extend the LCOE concept including the integration costs in the
technoeconomic evaluation of future PV plants. This new parameter is callsttm LCOE
accordingly with the literature available on this topic. The integration costs are classified as gri
costs that consider the investments needed to reinforce and renovate the distribution and
transmission grid to be able to accept the futureB&Rproduction avoiding grid instability and,
balancing costs that reflect the change in the operating condition of fossil fuel power plants from
baseload to peak power plant§hese costs are reasonably applied to the utditpale PV plants
to demonstrateif they still remain economically profitable in the future scenarios even when a
systemic approach is adopted to calculate their production cdsts.point of view of an investor
is adopted in this regard, for which it is important to understand

(i) ifthe PV plant is able to achieve the market parity,
(i) the investment profitability by calculating some typical economic parameters like the Net
Present Value (NPV), the PBgick Time (PBT), and the Internal Rate of Return (IRR).

This result is crosshecked anabing the effects on PV plants dispatchability of adding the
integration costs with a bottorup energy system model coupled with a genetic algorithm to
perform an expansion capacity optimization.

Considering that one of the main criticisms toward the introtion of VRES is exactly that
they cause higher integration costs, the second part of the research is aimed to find mitigation
strategies to reduce these integration costs that can be reflected on either the electricityrbills o
the profitability of futue PV plants. The energy system is here made more flexible by introducing
the flexibility of the consumption side that will act as another possible strategy that favors the
programmability of PV production. Thanks to the energy system modelling toopasssble to
assess the impacts and benefits of adding this new source of flexibility to the existing energy



system and which are the integration costs that are more affected and how much. Two different
DSM strategies are considered in this study:

(i) the flexbility interval is extended within the day,
(i) the amount of flexible demand is increased.

The impacts of introducing the flexibility on the consumption side are also studied in terms of
change in the utilization rate of other storage technologies wittich it competes and that are
already operative in the energy system, BESS and pumped hydro storage in particular.

This research tries to give an innovative contribution to the topic in different ways. Firstly, the
approach to the energy transition idefigs two possible pathways that the current energy
systems can follow which differ in social, economic and political efforts to achieve the same
climate goals. Both these two routes are studied in this research in terms of flexibility options
that can be dopted to reduce the uncertainty and intermittency of PV production, itee
production technology that will contribute moré& the future energy mix. This introduces
another innovative contribution of this study that gives not only a generally applicaide
straightforward mathematical definition of the integration costs for a more systemic approach
to the PV production costs but also assess the programmability of PV production and the impacts
on its production costs adopting the flexible demand as gjerstrategy alternative to the more
common coupling of BESS. Finally, the approach to the DSM assessment is somehow innovative
(as far as the author knows) since it tries to give an economic estimation of the impacts oéflexibl
demand to the programmabti and integration of a specific power production technology that
reflects on its future profitability and competitiveness. Moreover, it contributes to expand the
knowledge of DSM impacts and benefits on an energy system at national and transmission scale
(in terms of PV integration costRES penetratioand CQemissions reduction), since most of
the studies are focused on residential and industrial applications and small or isolated smart grids
(according to the author knowledgeMoreover, it suggests definition that can be used to
calculate the earnings coming from the participation of DSM programs.

The proposed methodology is validated on the planned Italian energy transition to the year
2030 and the expected PV sector growdrhis case study has beeselected firstly since the
author has a better accessibility of the data and a better knowledge of the energy system
structure and management. Secondly, thanks to the great PV potential and exploitability. Lastly,
it gives the opportunity to deepen thele of pumped hydrstoragein the energy transitioms
flexibility option thanks to the large installed capacity of pumped hydro in Italy.

The starting point of this study and the stawéthe-art of the topics covered in this research
are discussed inme first introductory chapter. The second chapter is completely dedicated to
explain in detail the methodology developed, i.e. the two approaches to the programmability of
PV plants, the qualitative and mathematical description of the integration costshenslystem
LCOE application for the rigid energy system, the assessment of flexibility at the consumption
side to the programmability of PV plants and the implications for the energy system towards a
more flexible configuration as well as the main funotibties of the selected energy system
modeling tools that are of interest to this analysis. The Italian-casgy is deeply described in



the third chapter explaining how the Italian energy system is built in the energy system modeling
tool chosen for the analysis and the assumptions made for the future evolution of the power
production technologies, costs and emissions. The results of this analysis are shown in the fourth
chapter in terms of impacts of integration costs to the profitability and competitess of PV
plants and flexibility options that allows to reduce these economic impacts. Finally, the last
chapter summarizes the key points of the proposed methodology and the main results obtained.
Room is made for the discussiontbé methodologylimitations and further development are
suggested to overcome thdentified weaknesses.
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Introduction

The C@emissions has been increased constantly in the last century reaching unsustainable
levels nowadays. The climate crisis that we are facing has reached a critical phase. Extreme events
like wildfires, hurricaneand flood are spreading worldwide in the last few years and the mass
media are giving more space to report these events and inform the large audience. Young people
are aware of the great price that they will pay for the lack of action of former societlytheay
have started to regularly struggle for their right of living in a cleaner and more sustainable world
(Fridays for Future, 2018)

The scientific communitstarted to make aware the industrial sector about the climate change
issue already in the 196ddames R. Garvey, 1966)owever, the international governments
started to seriously address the problem only in the 1990s when the United N&transework
Convention on Climate Change (UNFCCC) was subscribed by 154 countries in the Rio de Janeiro
Earth Summit in 1992. The UNFCCC is an environmental agreement which among other things
has the aim of establishing joint action to stabilize and redinee greenhouse gases in the
atmosphere. The signatory countries are asked to promote ongoing scientific research, meet, and
negotiate regularly (as in the Conference of Parties, COP) and agree on common future
environmental policies. The first meaningftés in this direction was the signature of the Kyoto
Protocol in 1997, but only with the Paris Agreement in 20tLBas become clearer the strong
effort that countries must make to reduce the environmental impacts and the short time
available to boost thehange. The Intergovernmental Panel on Climate Change (IPCC) of United
Nations based on the most recent data available from the scientific community alerted recently
that the CQ emissions must be significantly reduced in no more than a detad®intainthe
average earth temperaturender1.5—2°C at the end of this centu(}PCC, 2018)n other words,

a strong and fast energy transition is necessary leaving the fossil fuels and encouraging a
widespread use ofenewable energy sources (RES). Many countries are adopting policies and
strategies to support the transition towards a more sustainable economic development. The
Green New DegdEuropean Commission, 20¥3tablished in 2019, for example, traces the route

for a carbonneutral European Uniowithin the year 2050.

Regarding the electricity sector, the energy system shall be completely revised: from a
centralized configuration based on fossil fuels with passiveuseals that only absorb electricity
from the grid, the energy system shall assuadistributed configuration based on RES and the
final user will have an active part producing partially or completely the electricity it needs and
becoming a saalled prosumer. A 100% RE&sed energy system is reachable and desirable
(Hansen et al., 2019)n which the key role is covered by the variable renewable sources (VRES),
solar and wind.The expected energy transition of the electricity sector will bring undoubted



benefits for both the enviroment and the society, thanks to the improve of air quality and the
reduction of norrenewable natural resources consumption as well as the potential creation of
new business sectors and jobs. Howevens push towards a high penetration of VRES
productionmay increase the risk of instability and failure of the grid since wind and solar are
typically intermittent i.e., they could change significantly in time and space, and not directly
manageable.The PV technology, for example, gives the possibility talyce the electricity
directly on the site of consumption by exploiting the roof and other vertical surfaces of the
building. From the point of view of the energy system, this reduces the overall electricity demand
and smooths its peaks in presence of sggasystems. Rooftop PV plants has been installed
significantly and their constant increase will transform the energy system from the current
centralized to a more decentralized configuration, from a system characterized by few large fossil
fuel productionunits to one with a relevant amount of small RES power plants. However, the
massive installation of PV power plants on i@isv) and mediuavoltage (MV) grid levels gives
rise to grid stability problems, such as overvoltage and reverse power flows, beteuged
infrastructure was meant for a unidirectional power flow from the production units (connected
to the highvoltage grid) to the consumption units (most of them connected to the LV and MV
grids). Moreover, the increase of selbnsumption and sefbroduction changes the role of the
existing fossil fuel power plants that are now exploited to cover mostly the remaining peak load
instead of the baseload, and this increases their operational costs and reduces their
competitiveness compared to the othexchnologies.

Therefore, VRES will be called to provide new services to the grid to improve the production
forecast and reduce the production fluctuations during the day. The installation of distributed
and centralized storage systeniferna, 2017aps well as enabling VRES patrticipation to the
electricity market{ARERA, 2018ye two possible mitigation strategies that are easily applicable
right now. The benefits on grid stability provided by solar PV ancgkvices are well illustrated
in some studiegIEAPVPS, 2017; Pierro et al., 2020)(Pierro et al., 2020fpr example, Pierro
et al. offer two solutions for reducing the power imbalances and associated costs increasing the
PV penetration in thdtalian energy system. Even though these approaches are useful and
promising, they are not yet common nor extensively implemented by TSOs (Transmission System
Operators). It is important to comprehend the impact of high VRES penetration on the present
enemgy system, with a particular focus on the technical hurdles and costs of the energy transition.
Furthermore, a large share of VRES raises questions about how electricity markets should be
redesigned to allow them to participate while avoiding cannibaliweéffects(Loépez Prol et al.,
2020) The electricity markets are currently based on marginal prices and the RES bids are usually
close to zerc€E/MWh. However, if this quantity of zerealued offers boosts in the future, there
will be a real risk of negative or null electricity prices witle tpresent electricity market
configuration, especially in the central part of the day when the maximum PV production occurs.
This would negatively affect the investments in VRES power plants because they would lose



economic attractiveness.

A more costeffective exploitation of poweto-X strategies (e.g., power to heat, power to
transport, power to gas), sector coupling, and demame management (DSM) are other
strategies adoptable in the medium term to reduce the impacts of the increased VRES
penetration in the existing energy system and electricity markets. The authdlisdiheimo et al.,
2022)present an optimization model focused on powergas for a cosefficient planning and
operation of future urban energy systems. The model optimizes the capacity investments and
the dayto-day dispatch for a carbon o&al urban energy system, assessing the benefits of
power-to-gas for a mediunsized Nordic city. The results show that the exploitation of pewwer
gas reduces the amount of heat storages that need to be installed as well as suspends the
expansion of trasmission grid, allowing cost savings(Liu et al., 202Qthe authors analyze an
optimal operation model applicable to a hybrid powergas energy system considering power
to-hydrogen and poweto-methane showing that the operational costs are minimized while
reducing the amount of wind that needs to be aited. The authors ifGeaBermudez et al.,
2021)assess the role of sector coupling in the green transition o&tietricity and heat sectors
towards 2050 using the energy system model Balmorel applied to NorAtentral Europe. They
demonstrate that sector coupling allows to increase VRES penetration and heat storage capacity
while reducing the investments in tramsssion grid expansion and electric batteries. Similar
conclusions are drawn in other papers [{Bxown etal., 2018; Poncelet et al., 2020 the latter,
the authors use the open model PyRE&A-Sec30 to analyze the impacts of sector coupling in
the whole Europe. They found out that increasing the flexibility options that work on different
time scales (dily, synoptic, and seasonal) are important to balance the variability of demand,
solar and wind production with a significant decrease of system costs. Battery electric vehicles
(BEVSs) are useful to smooth the daily variation of solar power, while powgas and longerm
thermal energy storage (LTES) are better in balancing the seasonal variation of demand and RES
production. Exploiting costptimally BEVs, heat pumps, synthetic electrofuels, district heating
and LTES may reduce the system costs of sti3@% and delete the need of stationary electricity
storage in scenarios with strong €€nissions reduction of more than 90%.

Thedemandside managementiSM) strategies allow to further increase the flexibility of the
electricity sector and to protect the system against the impacts of VRES intermittency by
activating the demand side. DSM refers to the demand responsiveness tiimegprices, in this
case cdeéd also demand response (DRpghaei and Alizadeh, 2013; Bradley et al., 2013; Koliou
et al., 2014) the load shifting, and the load sheddi{fgghaei and Alizadeh, 2013; Paulus and
Borggrefe, 2011; Zerrahn and Schill, 20T5)e main aim of DSM is to curtail thadioduring time
of peak demand by shifting it to time where the demand is lower. In energy systems based on
VRES production, DSM can be used also to make the demand follow the fluctuating availability
of VRES, reducing the production curtailment and ingrepthe amount of VRES share in the
electricity mix(Gils, 2014; Golmohamadi, 202Pepending on the shifting time, flexible demand
can compete wih batteries, pumped hydro storages and grid extengi@ils, 2014jo provide
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power frequency control, power reserves, and pedlaving as well as increase the system
reliability and resilience and reduce the system investment costs ap@i@iSsiongAghaei and
Alizadeh, 2013; Golmohamadi, 2022; Strbac, 200Bg residential, commercial and industrial
sectors can contribute alifferent scale to fulfill the flexibility neestl by thefuture electricity
systems(Golmohamadi, 2022)Residential flexibility resoces are identified in the heating,
cooling, air conditioning, lighting and other household appliances like washing machines, tumble
dryers and dish washer&ils, 2014) Similarly, heat ventilation and air conditioning (HVAC),
lighting systems, and refrigerators in retail stores asmdj¢ commercial buildings are the most
suitable flexibility resources at commercial sqg@®Imohamadi, 2022; Miara et al., 201Water
supply systems andastewater treatments might be also exploital{@ils, 2014)Even though
residential customers are higher in number with respect to commercial and industrial, the latter
are more likely to be available for DSM programs thanks to the processes and appliances involved
(Aghaei and Alizadeh, 2013)he heavy idustry, in particular, offers different types of flexibility
options at different timescale. Cement manufacturing plants, aluminum smelting factories, and
oil refinery industries, for example, could allow load flexibility from one day ahead tdineal
energy delivery(Golmohamadi, 2022More specifically, peak shaving could be provided by an
industrial cement factory by turning oféw crushers for few hour§&solmohamadi et al., 2020)
while fast power regulation and frequency control could be provided by a metal smelting factory
turning down the variableoltage smelting pots in few secon@§&olmohamadi et al., 2019)
Different programs can be applied and different market services can be offered depending on
the type of flexibility resource. Common DSM programs are direct load control anebfiose
pricing, applicable at small commercial and residential consumers to applidikeesair
conditioners, water heaters and swimming pool punfaghaei and Alizadeh, 2013; Strbac, 2008;
Tarriti, 2012) Frequency regulation and load interruptible programs, aimed to deliver reserves
services and improve system reliability, are more suitable for industrial and big commercial
consumers(Aghaei and Alizadeh, 2013; Golmohamadi, 2022; Strbac, .2008) generation
facilities of big industries used for s@lfoduction e.g., gas turbines or diesengrators, can be
exploited as norspinning reserves when synchronized with the power syst&omohamadi,
2022) All theseprograms and services are hardly actionable without the implementation of
smart meters and information and communication technologies (ICT) that are two key
requirements for the transmission of reaime data and for the load to promptly react to price
andcontrol signalgAghaei and Alizadeh, 2013; Gils, 2014; Golmohamadi, 2022)

All these remarks support the idea that the energy transition will undoubtiediyce positive
effects on both the society and the environmenithout increasing considerably the costs for
the energy system and the community if specific eefé¢ctive strategies are adopted. However,
the direction taken nowadays is focused more ainforcing the grid infrastructures and
guaranteeing flexibility by geged power plants and battery electrical storage system (BESS),
both centralized and decentralized, rising the costs for the energy transition. This study will try
to evaluate the cas of the energy transition that could be attributable to the growth of VRES
penetration by comparing the current approach of increasing the system flexibility through BESS
and gadired power plants with the DSM approach. Moreover, this analysis triegptain why
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the additional costs of the energy transition should be integrated in the tedwummomic
evaluation of future VRES power plants in order that they will not be entirely paid by the society.

The energy transition needs on one hand to invest @wnRES capacity and in electricity
network reinforcement and on the other hand to better exploit the flexibility options already
available offered from both the production and consumption sides of the energy system. This
latter strategy allows to add fleility for the management and integration of new VRES capacity
and thus to accelerate the substitution of the existing fossil fuel power plants. Therefore, the
main objective of this study is to evaluate different strategies for a more flexible managefment
utility-scale PV plants minimizing the costs for their integration and the energy system. Two
different approaches are applied in this regard. In the first case, the rigid configuration of the
current energy system is maintained and the costs of P\graten in the context of the energy
transition are estimated for inflexible and flexible PV configurations i.e., without and with atter
storage systemdn the second casehe energy systenis mademore flexible by enabling the
flexibility of electricdemand and assessing the techeconomic impacts on the energy system
and PV integration costs. In the first framework, a methodology is developed to calculate the
integration costs of PV production, to assign them to the PV plants, and to evaluate tine fut
competitiveness of PV plants made flexible by ad®@B&&3n the secondthe flexible demand is
introduced in the reference energy system and the impacts on integration and flexibility of PV
plants are analyzed, by optimizing the centralized BES&Iletstapacity.

The first approach applies a more systemiocedureto the techneeconomic evaluation of
future PV plants costs, including the integration costs in the more common LCOE calculation.
Adding the integration costs in the LCOE allows to bettenpare solutions suitable to convert
VRES power plants into programmable units by means of storage system, forecasting and
curtailment (Pierro et al., 2020)In accordance with the qualitative definitions and the
terminology adopted by the authors {Weckerdt et al., 2013}he system LCQ&defined as the
sum of the production costs estimated with the common LCOE formulation anghtégration
costs which are qualitatively identified following a botteap approach based on the research
studies presentedh (Bogdanov and Breyer, 2016; Pudjianto et al., 2013; Scholz et al., 2017; Skea
et al., 2008; Ueckerdt et al., 2013)he integration costs are classified into grid costs and
balancing costs depending on the effetthe added VRES production on thasérg energy
system The grid costs, as describedBogdanov and Breyer, 2016; Pudjianto et al., 2013; Scholz
et al., 2017; Ueckerdt et al., 2013gpresent the investments needed to renovate and expand
the grid infrastructure

(i) to sustain the widespread diffusion of VRES capacity,

(i) to absorb the added VRES production,

(i) to maintain the grid stability,preventing overvoltage and reverse power flows

phenomena.

The grid costs can be further subdivided into capacity o@tholz et al 2017; Skea et al.,
2008)or adequacy costd&Jeckerdt et al., 2013jhat focus on the system reliability issues and the
security of supply. The balancing costs, instead, are related to the impacts of the VRES



intermittency on the existing fossil fuel power planiScholz et al., 2017; Skea et al., 2008;
Ueckerdt et al., 2013at are forced to run at partial load conditionstivan efficiency loss that
can even reach 220% (Strbac, 2008) The cost of storage can be also included into the
integration costs(Bogdanov and Breyer, 2016; Pudjianto et al., 2C43)well as the cost of
curtailment(Bogdanov and Breyer, 201&)d the profile cost§30], the latter of which evaluates
the impacts of VRES production on fossil fuel power plants from the viewpoint of decreased full
load hours and backup costs. The balancing costs, transmission and distribution network costs
are usually the gratest cost componentéStrbac, 2008)but their contribution depends strongly
on the energy system configuration.

A mathematicalformulais definedfor each identified integration coshat is finallyadded in
the techneeconomic evaluation of utiliggcale PV plants to understand the evolution of their
future exploitability and coseffectiveness. The point of view of an investor is adopted in this
regard, for which it is important to understand

(i) if the PV plant is able to achieve the market parity, i.e., the power production costs are
less than or equal to the price at which the electricity produced by the PV plant is sold,

(i) the investment profitability by calculating some typical economic paraméitexshe Net
Present Value (NPV), the PRAgick Time (PBT), and the Internal Rate of Return (IRR). In
fact, an investment is judged as economically profitable when the IRR reaches at least the
value of the discount rate applied to the project.

An energy modlling tool completes the methodology to evaluate the impacts on PV flexibility
when adopting a rigid or a flexible energy system configuration. In the first instance, the energy
model is used to evaluate theffects of adding the integration costs to th@ispatchability of
utility-scale PV plants relative to the other power production technologies available in the energy
mix, applying the rigid system approach under different energy scenarios. This goal is achieved
comparing the results obtained by perfonmg an expansion capacity optimization with the
chosen energy system model applying or not the integration costs to the tgdéle PV plants.
Secondly, the flexible demand is added to the system to make it more flexible and its impacts on
system costs rad PV flexibility are analyzed optimizing the centralized BESS installations. The
opensource linear programming energy system modelling tool called oélgfert et al., 2018)
is used in this study and the expansion capacity optimization of the generation resourcslaisp
and the energy mix in the rigid system approach is performed with the enlarged model -oemof
moea (Prina et al., 2020a).e. oemof model coupled with a genetic algorithm. An investment
based optimization, insteads icarried out on centralized BESS installations as a function of the
available flexible demand in the flexible system approach.

Even though the developed methodology is generally applicable to any energy system, the
numerical results are strictly connectetd the power system configuration and the grid
infrastructures. Thus, it needs to be validated and assessed on different case studies. In this case
the methodology is verified based on the Italian PV market and its energy transition planned to
the year D30 as established by the National Energy and Climate Plan (hereafter referred as
PNIEC, Italian acronym that stands for Piano Nazionale Integrato per I'Energia ed {MI8fa
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ministry, 2019a) The PNIEC represents the commitment within the year 2030 that the Italian
government made to reduce G@missions of 40% with respect to the emissions level in 1990
and to guarantee a 30% RES share (55.4% RES share in the electricity sector, 33% in the heat
sector, 21.6% in the transport sector), according to the national targets fixed at Europeah level.
Some key performance indicators (KPIs) are adopted to better understand and compare the
results. The amount of G@missionsand RES penetration atke main KR since the energy
transition is structured to achieveertain targets for themdepending ontie country taken as
reference, and measures the environmental sustainability of the energy system configuration
under examination. This allows to understand when the results of a certain scenario are in
accordance with this limit or, if not, which are tlaspects that negatively affects the KPI and
which type of mitigation strategy can be adopte@ihey arealso useful to estimate the
environmental performances of the different flexibility optioishey are strictlynterconnected
sincethe RES production iee main aspect that can positively affect theL&@issionslt canbe
reasonably expeetdthat in presence of an increase in the f&nissions, the RES penetration of
the energy mix is reduced and the reasons of this reduction can be better investigated
justified. While the C@emissions are calculated by the energy system modelling tool, the RES
penetration is estimated based on the energy mix resulting from the simulations as the ratio
between the total RES production and the total electricity et by the systemlIwo other
important indicators that are chosen in this analysis are the curtailment costsasoied
storage costs. These KPIs are used for the impacts assessment of the different flexibility options
on the programmability and profitality of future utility-scale PV plantsince they represent two
important integration costs of the PV technologhhe curtailment costs are estimated from the
amount of PV curtailed in each scenamailtiplied by an average value of PV production costs
while the avoidedstorage costs derive from thavoidedinstalled BESS capacttanks to the
flexibility optionsavailable and is evaluatexs an optimization result of eadlexibility scenario.
Last but not least, the DSM possible remuneration is calculated as a measure of the attractiveness
of DSM programs for an interested consumer. It is defined as the avoodesiaf storage divided
by the total flexible demand available in each flexibility scenarios.

L At time of writing, the targets of G@missions reduction and RES penetration has been revised upwards by the
European Union, but the Italian government has not yet transposed them at national scale.
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Chapter 1 Methodology

The developed methodology is explained in detail in this chagtermentioned above, two
different approaches are adopted to undersththe costs of the energy transition towards a RES
based energy system and the contribution of adding new flexibility options in reducing these
costs(seeFigure ).

Energy
transition

Rigid Flexible
energy system energy system
configuration configuration

PV flexibility on the PV flexibility on the
production side consumption side

Utility-scale PV
integration
costs

Figurel. Graphical representation of the twapproaches adopted in this study for the PV
flexibility in the future energy scenarios.

The firstmethod maintains the current rigid energy system configuration and the flexibility of
VRES production is supported by BESS installations, that is the gdefeay nowadays. In this
context, a new metric is definetb perform the techneeconomic evaluation of future VRES
power plants that include the integration cos{¥eronese et al., 2021aJhe second approach
introduces the flexibility on the consumption side to compare the impam PV integration
costs, C@emissions and RES penetration with respect to the case of providing flexibility in the
production side. Thelemandflexibility is supposed to be available thanks to the significant
increase of electric vehicles and heat puneppected in the next years.

The methodology developed in the framework of the rigid electricity system configuration is
explained in the first subchaptefhe new metric is briefly presented, and the integration costs
are qualitatively described applying top-down approach, and split into the different cost
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components, for which a mathematical formulation is given. The procedure and main parameters
used to evaluate the profitability analysis and to assess the market parity of future-sthtg
PV plans is shown in the second subchap{®ieronese et al., 2021b, 201Hn energy system
modelling tool, that is illustrated in the third and last subchapter, is used to simulate the future
energy scenarios and to analyze the impacts of making the energy system more flexible
introducing theflexibility on the consumption side.

Even though the developed methodology is generally applicable, the results of the analysis
are focused on the utilitgcale PV sector and on the integration costs of high PV penetration in
future energy scenarios anatv these costs can be cut by adding flexibility to the energy system.

1.1 Rigid energy system approach: general definition of the new metric and its cost
components

The LCOE is the parameter that is mostly used to calculate the generation costs of a specific
power production technology thanks to its easy computatibhe LCOE generally defined as
the ratio between the total discounted costs and the total discounted energy produced during
the technical lifetime. The cost components cover the initial investment, the annual operation
and maintenance (O&M) cost and, in caséastil fuel power plants, the cost of fuel. The energy
produced, instead, is calculated for each operating year depending on the type of generation
technology and can be adjusted considering the degradation rate of the power plant
components.

Many LCOE aallation methods are available in the literature referring to the PV sector, going
from a simpler to a more detailed approach. The basic LCOE formulation applicable to the PV
sector is used ifFraunhofedSE, 2016nd in(Mayer et al., 2015)

~ A
Al r
I4 r@3(1+ i)r

~ M,
| LC)
Aa(T+ )T

LCOE=

[€/kWh] (1)

where b is the investment expenditures,:As the total annual costs, M is the annual
electricity produced, | is the real discount rate, n is the operational lifetime and t is the year o
lifetime (1,2,...,n). This simple LCOE formula can be extende@Esonvartiainen et al., 201,5)
in which the calculation of the annual electricity produced is described in greater detail and the
discount rate is substituted with the Weighted Average Cost of Capital (WACC):
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where CAPEX is the capital expenditure in the year t = 0; OPEX(t) is the oparation
maintenance expenditure in year; WA{G&Is the nominal weighted average cost of capital per
year; WAC(a is the real weighted average cost of capital per year; Utilisatiorthe initial
utilization in the year t = 0 (without considering degrada); Degradation is the annual
degradation of the nominal power of the system; n is operational lifetime of the system; and tis
the year of lifetime (1,2,...,n). As suggeste(HernandezMoro and MartinezDuart, 2013)it is
useful to intude for groundmounted PV plants the cost of acquiring or renting the land, the
insurance costs, the tracking factor, i.e. the solar resource is adjusted to the real incident solar
energy as a function of the PV plant orientation and it is equal to onegdomally inclined and
southroriented modules, and the performance factor, i.e. the total available solar resource is
converted into the real amount of electricity produced by the PV plant per Watt installed. The
LCOE for commercial and industrial PVhidacan be even more complex, as(barling et al.,
2011) including more financial parameters such ia$erest or loan payment, tax rate,
depreciation, investment tax credit or grant. The authorg¢barling et al., 201) also introduce
the parameter called residual value that represents the economic benefit coming from disposing
or reselling the PV plamt the end of its useful life

LCOE
xr DEP+INT oz  LP AR AQ ¢ N
PCI+ Af*@bmr OrR + ArF<@5(1+ 5RT AE@(1+ pRT Ut FTR FrorpgT
= ir_Initial kWh (1 FSDR' )
r@ (1+ DR

where PCI is the project costs minus any investment tax credit or grant; DEP is the
depreciation; INT is the interest paid; TR is the tax rate; DR is the discount rate; LP is the loan
payment; AO is annual operational costs, RVegd#sidual value, SDR is the system degradation
rate, N is the operational lifetime and t is the year of lifetime (1,2,...,N).

It is possible to observe that all these LCOE calculation methodologies do not include
parameters that consider the effects of addia new PV plant to the existing energy system,
because it is indirectly assumed as statone. This hypothesis can be misleading in high VRES
penetration scenarios and in case of uti#gale PV plant&Vhile engineers could easily use it to
estimate he profitability during the planning phase of a new power plant, it is less efficient in
determining the competitiveness of power production technologies in the perspective of energy
policiesbecausadt is not capable to reflect the economic atethnical problems of adding new
VRES capacity to the existing energy system i.e., the shift of the typical operating conditions of
the fossil fuel power plants and the increase of intermittent production with the subsequent risk
of grid instability Conseuently, it is advisable to overcome the LCOE approach for the evaluation
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of future generation costs within the planned energy transition. In particular, it is important to
go beyond the hypothesis of staradone power plant, that is indirectly assumedtire LCOE
methodology, and to find a way to include the impacts of the new capacity added to the existing
energy systemOr, eventually, to define a new parameter able to reflect these impacts, especially
for VRES power plants that strongly affect the usyarating condition of the existing fossil fuel
power plants and grid infrastructure.

For this reason, care must be taken when using the LCOE to examine the different options to
produce sustainable electricity in future energy strategies by public itistits. In fact, solar and
wind are intermittent and unpredictable by nature, thus it is difficult to know exactly their
production capability at small timescale. Moreover, PV plants can be directly installed on the site
of electricity consumption, as in ¢hcase of residential and commercial buildings typically
connected in the LV and MV electricity grid (i.e., the distribution grid). The electricity produced
with these PV plants is only partially setihsumed and, consequently, overgeneration occurs
that may stress the distribution grid that was not designed to accept electricity coming from the
points of delivery (PODs). Issues that may arise in this situation are overvoltage and reverse
power flows towards the LV/MV transformer. On the other side, thkceasumption changes
the total demand profile that has a direct impact on the operating condition of the existing fossil
fuel power plants. The latter were designed to cover the baseload but, due to selfconsumption,
they need to adapt their production capility to cover the residual load and, especially, the
evening peak when the PV production drops down almost instantly. All #féseisincrease the
cost for the system and amocializedwithin the electricity bills, reducing the economic benefits
coming from the increased production of more sustainable electricity at almost@ast

It is evident that the LCOE parameter shall be overcome, and a new methodology shall be
found to evaluate the techneconomic feasibility of a new VRES power plant incitv@ext of
the coming energy transition i.e., the new method shall be able to reflect the technical and
economic impacts on the existing energy system of increasing VRES production. Many attempts
of going beyond the traditional LCOE approach have beerenmacecent studies. One of these
is represented by the Levelized Avoided Cost of Electricity (LACE), a parameter that has been
introduced by the US Energy Information Administration (EIA)S. Energy Information
Administration, 2013) The LACE parameter assesses the ecan@mmpetitiveness among
generation technologies through the avoided cost, a measure of what it would cost the energy
system to generate the electricity that would be displaced by a new generation project. The
avoided costs depend on the existing generafiert, the daily and seasonal variation of demand
and the impact of adding new capacity in the region where the new planned power plant will be
located. The avoided costs are summed over the generation project service life and converted to
an annualized alue that is further divided by the average annual output of the power plant to
obtain its LACE. When the difference between LACE and LCOE is positive, it means that economic
value of the generation project is higher than its cost and thus it is profitdiie value added to
the energy system by a new power plant is considered aldeinalue adjusted LCOE, also called
VALCOE, developed by the International Energy Agency(lihE&&khational Energy Agency and
Organization, 2018)The VALCOE is a metric based on the LCOE that introduces estimates of
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energy, capacity, and flexibility to compare the competitiveness of power generation
technologies. The ancillary services that a power plant can provide are included in this metric as
an added value to the energy system, in particular energy value, flexibility value and capacity
value. For example, the VALCOE makes more economicallytiadréite investments in PV
plants with storage system even if their LCOE is higher than that of the PV plant alone. These
metrics provides a more robust approach than the traditional LCOE calculation to compare
dispatchable and VRES technologies since bethan energy system model to evaluate the
added value. However, none of them take into account the costs for RES integration in the energy
system.

The costs of adding new VRES capacity in the existing energy system are called integration
costs, whose déafitions are proposed ifBogdanov and Breyer, 2016; Pudjianto et al., 2013;
Scholz et al., 2017; Skea et al., 2008; UeckerdL e2013)and discussed in the previous section.

In (Ueckerdt et al., 2013}he authors added the integration costs to the LCOd&tae resulting

new parameter is called system LCOE, terminology that has been adopted also in this study. In
fact, the system LCOE developed in this work embraces a more systematic approach to the
estimation of PV production costs, considering it as tin@ ®f power plant costs, for both the

case of PV with or without storage, and the integration costs, which can be further subdivided
into grid and balancing costs.

The economic effort needed to improve the transport capacity of the additional VRES
production of the power infrastructure as well as to reinforce and extend the grid infrastructure
to guarantee the grid stability and the security of supply is represented by the grid costs. They
are counted in the system LCOE as reinforcement of distributiont@m$mission network,
adequacy and curtailment costs, which are fully described hereafter. The impacts of additional
VRES production on the operating conditions of existing fossil fuel power plants are included in
the balancing costs in terms of efficien@duction and stadup costs. The grid and balancing
costs are dependent on how the energy system is structured i.e., number and geographical
distribution of the existing power plants, transport capacity and connection points of the grid
infrastructure atall levels, etc. For this reason, the methodology and the definitions provided in
this analysis are generally applicable but the absolute value of the integration costs are specific
of the casestudy taken as reference.

The schematical representation dfa system LCOE defined in this study is showigare2
and the general formulation is the following

SPGSF Cnn+ Cbgqf*’pcrp_ld' C_bcos_é"wcasp'? Cbca_'*v?: qu_p?sn (4)

where Gp is the power plant costs, d&r the reinforcing distribution network costs s the
reinforcingtransmissiometwork costs, Gdequacythe adequacy costs, & the curtailment costs,
Ciecaythe decay of efficiency costs angdcupthe startup costs. The mathematical definitions o
all these cost components, that are expresseél/MWh, are given in the following subchapters.
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Figure2. Graphical representation of the system LCOE as defined in this(Mteynese et al.,
2021a)

It must be pointed out that the qualitative and mathematical fidgions correspond
theoretically for the PV with and without storage cases but their application on thestadyg
differ for the reasons that will be discussed in the subchapter dedicated to profitability and
market parity assessment.

1.1.1 Power plantosts

The power plant costs are the generation costs of a power plant that are commonly calculated
with the LCOE. As explained above, different LCOE formulations can be used, depending on the
technology considered and the desired level of detailtteg techneeconomic parameters
included. In this case, the power plant costs for the utditale PV plant without storage are
estimated applying the following equation:

" OPEXt)
A Al
CAPEX Ara(1+ WACG 0

& WYtilisation , U1 FDegradation) '
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LCOE=

[€/kWh] (5)
h

where CAPEX is the capital expenditure in the year t = 0; OPEX(t) is the operation and
maintenance expenditure in year; WA{G&Is the nominal weighted average cost of capital per
year; WAC(a is the real weighted average cost of capital peatydJtilisation is the initial
utilization in the year t = 0 (without considering degradation); Degradation is the annual
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degradation of the nominal power of the system; n is operational lifetime of the system; and tis
the year of lifetime (1,2,...,n).

If a storage system (in this case BESS) is coupled to the PV plant, the formulation proposed in
(Lai and McCulloch, 201i8)used as follows:

AI CqurCﬂ(
r@l(1+ |)r_ Cntqspnjs'*'chrmp_'t‘ccntbgpcar

Al@%ﬂ: Eqrmp_'EcEntbgpcar
+ 1

Chn=

(6)

where Gystem,iiS the total costs of the PV plus storage system at time€t iystem is the sum of
the electricity delivered by the storage at time twkge) and the energy produced by the PV
plant and directly consumed by the load at time gvfkc) in MWh, Gsurpiusthe cost at time t for
generating the PV surplus energyéinGuragethe storage cost at time t i€, Gudirect the cost at
time t for generating the energy directly consumed by the load.in

The variation of solar irradiation at different latitudes has been considered to better assess
the PV production and the corresponding power plant costs by subdividing the reference territory
into different macro regions.

1.1.2 Reinforcing distribution network costs

The PV technology is easily scalable and thus can be exploited to produce the electricity where
itis needed. As a consequence, PV plants are largely installed on roofs and othat sertaces
of residential and commercial buildings nowadays to reduce the electricity bills and increase self
consumption. This implies that the greatest number of PV plants are connected to the LV and the
MV networlsi.e., the distribution grid, raisingome issues related to grid stability. Besides, the
electricity system was initially meant to transport the energy following a-dinectional path:
the centralized power production units (mainly fossil fuel power plants and to a lesser extent
nuclear andhydropower plants) connected to the HV grid supplied the electricity that is then
distributed to the endusers connected to the MV and LV grids through the transmission and the
distribution networks. Today, the electricity produced by the PV plants istegen a part of the
grid not designed to accept it, producing a power flow in both directions due to the mismatch
between the PV production anithe electricity demand. This issue can be solved reinforcing as
well as expanding the distribution grid inftagcture mainly outside of the urban areas. The
reinforcing distribution network costs reflect the investments needed to reach this purpose.

Since they depend on the ability of the distribution grid to accept the PV overproduction
without grid failure, sore network computations are required to assess them correctly e.g.,
power flow analysis, shodircuit and voltage drop computations, protection settings, and to
understand the best mitigation strategies that might be adopted to reduce the PV generation
impacts. The creation of such a model is beyond the scope of this analysis and thus it is possible
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to determine the reinforcing distribution network costs from other research studies. The PV
Parity Projec(Pudjianto et al., 2013¥ taken as reference for this analysis since it provides for
different countries some numerical examples of reinforcing distribution network costs.

1.1.3 Reinforcing transmission network costs

Similarly to the distribution grid, the spread of VRESdpation is challenging also for the
transmission grid. The increase of sedhsumption at the distribution grid changes the overall
demand profile(Terna, 2019aand the remaining VRES production might induesgerse power
flows at the connection points between the transmission and distribution networks as well as
overvoltage problems and dynamic issues regarding the reduction of the system inertia and the
level of shortcircuit. Thisimplies new investmentsiirenovating and enlarging the transport
capacity of powerlines to fix some of the raising issues. However, the environmental and
landscape impacts of overhead lines make it difficult to get building permission thus the TSO are
forced to construct undergnand lines when possibl@erna, 2019a)

For this reason, practical solutioase prefereabldike control systems and devices able to
keep the power system within acceptable levelssetcurity even in presence of high VRES
penetration. The Dynamic Line Rating (DLR3 [gromisingoperating strategy that is useful to
increase the transport capacity of the existing powerlibgsexploitingthe thermal expansion
capacity of overheatinesas a cosequence of the Joulefgst law. Eventhough DLRhas been
studied since the 1990t is not common practice among TSOs worldwig@vadaysmainly
because theransport capacityf powerlineshas been oversizeohsed on the greategirojected
power flow (IRENA, 2020However,with the future boost ofRES productionts application is
rising interestbecauseDLRallows to avoid investments in new powerling@sd at the same time
facilitatesRES integration and redusthe risk of grid ongestion.Another practical solution to
avoid investments in new lines and substations is to exploit flexibility tools like fstéfsers and
Flexible AC Transmission Systems (FACTS) or, more related to the electricity markets, ancillary
services and deand response. The former are technical solutions that require additional
investments that can be included in the reinforcing transmission network costs; the latter are
more difficult to be economically determined due to a lack of experience about theouealthe
world.

As said above regarding the reinforcing distribution network costs estimation, it is also
necessary in this case to make network computations to verify the levels of power system
security under any operating condition. Detailed power feovalyses are needed for this purpose
and steadystate and dynamic power flow computations shall be conducted for the most likely
and important perturbations to detect any bottleneck to be mitigated or eliminated. All these
calculations shall be done asum€tion of VRES as well as storage systems penetration. For each
congestion or instability issue identified, the yearly number of hours it occurs and the energy not
supplied due to it shall be estimated. Finally, a €Restefit Analysis (CBA) can be paried to
establish the most effective mitigation strategy that reduces the costs for the system. All these
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tasks are made by the TSO which is the only system operator with full knowledge on how the
transmission system is structured and the huge amount ofada¢eded to perform such
assessment.

The development of this type of analysis is beyond the scope of this work, thus a simpler
approach is adopted: the reinforcing transmission network costs are estimated based on the
investments planned by the national @Simed to RES integration that are spread over the
expected PV production. This can be expressed in mathematical terms as follows:

Xk _apmpce |
A~ PmP g"ﬁﬂV>q<vv,5f1|v\g|r(m)
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where Intsores ifM) is the total investment made by the national TSO for RES integration in the
macro region m expressed 8) Prodres,yesm) the added production of VRES (wind and PV)
expected in the future taking as reference a certain year in the magion m in terms of MWh

and PV_lifetime the service lifetime of PV power plants in years. The adoption of PV lifetime
instead d that of powetinesis conservative.

1.1.4 Adequacy costs

The adequacy costs are related to the improvement of systmability while guaranteeing
the security of supply even in presence of high VRES penetration. In other words, they reflect the
investments required to maintain the ability of the network to resist the stress factors. Like in th
previous cases, a pow#iow model and steady state as well as dynamic studies are needed for
a precise evaluation of the adequacy costs and such assessment is conducted by the TSO.
Therefore, they are calculated similarly to the reinforcing transmission network costs starting
from the investments planned by the TSO for the interventions aimed to guarantee the quality
of service when they are associated to RES integration.

The mathematical expression of this cost component is the following:

~
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where Invso, geéM) is the total investment made by the TSO for quality and security of the grid
in the macro region m i, Prodres,ye4din) the added production of VRES (wind and PV) expected
in the future taking as reference a certain year in the macro region m in terms of MWh and
PV_lifetime the service lifetime of PV power plants in years.
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1.1.5 Curtailment costs

The economic losses resulting from the curtailment of the electricity produced to avoid grid
instability are referred as curtailment costs, which are included directly in the power plant costs
as a percentage decrease of the PV production in this study.

The percentage of PV curtailed results by the simulations run with the energy system modeling
tool, from which it is possible to obtain the overgeneration that will appear in the nodes of the
model characterized by a significant presence of RES productecutng an hourly energy
balance of the available power plants. The PV overgeneration of each node is translated into
percentage terms with respect to the overall PV production in that node and it is applied at the
denominator of the power plant costs fmulation. The energy system modeling tool selected for
this study is illustrated later in the text.

1.1.6 Balancing costs

As mentioned above, the operating conditions of the existing fossil fuel power plants are
significantly affected by the increase ¥RES penetration. Their main role of covering the
baseload changes into the satisfaction of the residual peak demand when VRES production is not
available or not enouglAlthoughin countries like Australjghat have particular energy mix, this
kind of sevices can be already offered by battery facilities under -effgctive conditions
(RenewEconomy, 2022)he balancing costs argere introduced to cover this type of VRES
production impacts.

In this study, the balancing costs are subdivided into decay of efficiency andigtadsts.

They are evaluated by expanding the enemsystem modeling tool to consider the time
dependency of transient operations of fossil fuel power plants when the hourly dispatch
optimization of the available energy sources is performed, as explain®teimoli, 2018) Time-
dependent startup costs and ramp constraints are added to the model based on the downtime
hours of the plant and the type of technology. The decay of efficiency instead is considered when
the power plant is not working at its nominal operating coraht and it is implemented in the
model as additional fuel consumption with respect to the nominal condition, mathematically
expressed in the following terms

C _ Aglg“ﬁ‘ﬁgk%d:_bbgrgmlsip LA‘Cdscg (9)
bca_ W Prmr

AZ E addlidhal, uwiS the additional fuel consumption of unit u at time t due to decay of efficiency
in MW, Guel the specific fuel cost i6fMWh and Ry the total electricity generated by fossil fuel
power plants in MWh.

17



The formulation used to calculatbe startup costs is instead the following
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where Grartp% uiSsthe specific stasty %o} S % Vv JvP }v }ASNWMh, PbE tHer
nominal power in MW and X(t) a Boolearriahle that returns 1 if the power plant at time t has
v }Av (JE v ]vd EA o }(8Ju <<uo }E Z]PZ & §Z v 8Z }Avs]u
Calculating the balancing costs with this method restricts them to the operational limits of

fossil fuelpower plants Neverthelessthey might be also deduced frotine balancing chargesf

fossil fuel power plants as a result of the mitigation measymessin placeto overcome VRES
fluctuationsat almost reaktime (.e.,frequency regulation)Thesebalancing market priceshall

be usedcautiouslysince market participants might adopt economic strategies.

1.2 Rigid energy system approach: system LCOE, market parity and profitability
analysis

All the cost components illustrated above fall under tedinition of integration costs that are
necessary to determine the system LCOE used in this analysis as reference parameter for the
calculation of the PV generation costs in place of the usual LCOE. These integration costs are
treated as annual costs thare multiplied by the expected PV production and discounted,
equivalently to the annual O&M costs that are discounted in the LCOE common calculation. To
be noted that in absence of a power flow model for a more precise estimation of reinforcing
transmisson network costs as well as adequacy costs, these cost components are bound to the
reference energy system used by the TSO to determine the investments on which they are based.
For this reason, it is not possible to study their variation modifying thereete energy system.
Although the system LCOE methodology and the definitions of its cost components are generally
applicable, this strong limitation obliges to implement the system LCOE in two different ways for
the cases of PV with and without storagestem.

The system LCOE formulation applied to the case of PV plants with BESS is the following,
starting from the power plant costs estimation derived frébai and McCulloch, 2017)

SPGSl
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where PVapexiS the PV investment cost§][ BEESpexthe BESS investment cos€, [P\{pexthe

annual O&M expenditure<€], Nsur_nthe hourly fraction of PV surplug,[Nuir nthe hourly fraction

of directly consumed PV production],[ Grans the reinforcing transmissionnetwork costs

[€/MWh], Ga the balkncing costs §/MWh], Ggeq the adequacy costs€[MWh], Gist the

reinforcing distribution network cost€[MWh], P\jroa SZ VvVH 0 WS % E} p S]}v €DtZeU
BESS rounttip efficiency, PMthe annual PV energy surplus [MWh],¢P¥ie annual PV engy

directly consumed [MWh],gkdhe annual storage system degradation ratg fl-yvthe annual PV
degradation rate], ithe discount rate{], Nthe system lifetime [years],the year of lifetime (1,

2, ..., N).

The curtailment is not included ithis case because the simulations run with the energy
system modeling tool do not provide excess of PV production thanks to the presence of BESS.
The assumptions made and the input data used to execute the simulations are discussed more
in detail in the fdlowing chapter.

In the case of PV plants without BESS, the system LCOE is calculated as follows

A PV, (C- i+ Chgad pPVapmb
PVanet NesRrepyrt —— (@7
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G

SpesT (12)

where PVapexis the PV investment cost€][ P\pex the annual O&M expenditure<€], Ga the
balancing cost€fMWh], Gistthe reinforcing distribution network cost€fMWh], P\brod_netthe
annual PV production [MWh] net of the macro regional PV curtailment inepéage terms, gy
the annual PV degradation ratg,[ithe discount rate], Nthe system lifetime [years],the year
of lifetime (1, 2, ..., N).

In this case, the PV curtailment is included as a percentage reduction of the annual nominal
PV production ad it results from the simulations run with the energy system modeling tool
without including the BESS installed capacity. It is possible to notice the absence of the
reinforcing transmission network and adequacy costs in this case because, as saidt#ford,

a power flow model of the national transmission grid, it is difficult to estimate these cost
components varying VRES and BESS penetration. Therefore, it has been chosen to not consider
these costs in this case.

The system LCOE, as the more comn@@E, is used in this study as the reference parameter
in the techneeconomic evaluation and market parity assessment of future usliigle PV plants
with and without BESS. It is assumed that the market parity is reached when the system LCOE
i.e., the gewration costs, is equal to or lower than the price at which the electricity produced can
be sold.
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As previously said in the introduction, the point of view of an investor is adopted in this part
of the analysis, for which it is interestingdtso knowthe investment profitability. For this reason,

a profitability analysis is examined in addition to the market parity, estimating some investment
specific parameters like the pdack time (PBT), the net present value (NPV) and the internal
rate of return (IRRto check if the market parity achievement is accompanied by the investment
costeffectiveness. Particular attention is put on the IRR value compared to the discount rate
selected since the investment is considered profitable when the IRR is higher tlzreast
equal to the discount rate.

A Python code has been written for the market parity and profitability assessment that starts
from the hourly profiles of planef-array (POA) irradiation to size the PV and BESS systems and
to evaluate the system LEDNPV, PBT and IRR aé/ironese et al., 2019As a first step, it
evaluates the annual PV production taking as input data the annual POA hourly profile, technical
PV modules paraeters like area, efficiency, specific power, and considering the temperature
effect that requires as input the annual hourly profile of ambient temperature, the Nominal
Operating Cell Temperature (NOCT) and the power temperature coefficient. As a sesond s
the energy balance among PV, BESS and grid is performed giving as input some technical
parameters of BESS likee minimum and the maximum statef-charge (SOC). The final step
consists of evaluating the system LCOE, PBT, NPV and IRR taking astapdodomic
parameters such as investment costs as well as annual O&M costs of the PV and BESS systems,
integration costs, discount rate, degradation rate of both PV and BESS components and the
electricity price.

1.3 Energy system modeling tool

Anenergy system modeling tool supplements the framework of this analysis, as mentioned
frequently in the previous sections. Oem(filpert et al., 2018) updated to the version
oemof.solph explained irfKrien et al., 202Q0)has been taken as reference energy system
modeling tool since it is developed in Pythand usesa multrnode approach to dispatch the
power generation sources at the minimum variable costs for the system. A simple and graphical
representation of oemof framework is shownkingure3, to highlight its main components and
how they are linked one another.
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Figure3. Oemof general framework.
Oemof main elements are subdivided into three classes: bus, dladvcomponent. Buses

represent the nodes of the system in which variables, constraints and objective functions are
balancedthe flows going into the buses are balanced before going out
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The following equation is applied for the bus n at each timestep t

| flows (I,n,t) = | flows (O,n,t) (13)
MOMIns(g) SBSsrns(d)

The buses, the yellow circles kigure3, are connected to the elements “Componénthe
coloredrectangles, by means of the “Flow” class (the black arrows), which type depends on the
component itself. The flows can be defined by upper and lower bounds, that can be steady or
time dependent. The “Component” class can be further subd/ioio basic, additional and
custom components. Following the captionkigure3, source, transformer and sink belong to
the basic components, while storage and link are additional and custom components
respectively. Sources are used to define the renewable power pramutdchnologies as well as
the import of natural gas for the operation of thermoelectric power plants. Depending on that,
the source component will be defined with different parameters: e.g., hourly profiles and
installed capacities for RES power plaatsnaximum value and variable costs for the import of
natural gas. The “Transformer” component is an element with multiple input and output flows
that can be useful to represent a thermoelectric power plant, a heat pump and any other type of
transforming pocesses. Depending on the type of application, the transformer component can
be defined through numerous parameters and variables, that are described in detail in the
documentation made freely available by the developers(ioemof,” 2014) The “SiR”
component is used to represent the demand and the energy excess. The demand is characterized
by a normalized profile that is multiplied by a nominal value equivalent to the maximum demand.
The “Storage” component is used, as suggested by the name itselaracterize storages that
could be used in the energy systems. It is defined by an input and an output flow that depend on
the nominal capacity, the charge and discharge efficiencies and the initial storage level. Other
parameters can be defined byhe user, depending on the type of applicatiohhe “Link”
component is simply used to connect the nodes of the energy system.

Oemof is structured to provide a certain level of customization for different type of
applications. Many more components are aghle but those implemented in this analysis are
displayed inFigure3. How they are characterized and included in the energy system model is
explained in detail in thé&llowingchapter dedicated to the casstudy.The electricity demand,
the installed capacity of each technology and the normalized hourly profiles of electricity demand
and RES production are the main input data used to baldrecrodes of the model. Additionally,
the specific technology costs, fuel costs and €@issions are introduced to evaluate the costs
for the system and the total G@missions of each scenario taken into account in this analysis.
Other economic input dat are the investment costs in terms &kW (or €/kWh in the case of
storage systems), O&M costs provided as a percentage of the investment and the operational
lifetime in years for each technology involved in the energy mix.

An expansion capacitgptimization is included to understand the impacts of adding the
integration costs on the capacity installed and dispatchability of usligie PV plantd/eronese
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et al., 2021b) Oemofmoea nodel (Prina et al., 2020a3 used for this purpose since it is able to
match the MultiObjective Evolutionary Algorithm (MOE#RDrtin et al., 2012for the expansion
capacity optimization with the mulbbjective approach of oemof for the hourly dispatch
optimization. The total annual costs for the energy system and the total annuys¢iGiSsions

are the two objective functions that are minimized thg the multiobjective optimization. The
domain of the expansion capacity optimization is identified by some decision variable that are in
this case

(i) the utility-scale PV,

(i) the residential rooftop PV plants,

(iif) the BIPV intended as facade PV plants,
(iv) the wind ppwer plants,

(v) the stationary BESS

(vi) the capacity of transmission powerlines.

Finally, the minimum and maximum constraints are defined for each decision variable and
model node.

1.3.1Flexible energy system approach: impacts of adding flexibility to the dechaide

The flexible energy system approach is based on oemof.solph package with which it is possible
to adda new custom component to the energy system called SinkDSM. In simple terms, it is an
element that introduces the flexibility on theonsumption side by making flexible the input
demand profile i.e., the time series that characterized the “Sink” component of each node. Load
shifting and load shedding are the two DSM strategies that can be applied, individually or in
combination, and aréamplemented in oemof following three different mathematical models that
will be discussed hereafter. The “SinkDSM” component has a large set of variables that can be
defined by the user the main of which are

(i) the input demand profile,

(i) the upper and lowebounds of the demand capacity within which the load shifting and
load shedding can be performed,

(iif) the DSMmodelto be applied (oemof, DLR, DIW),

(iv) the costs when knownthat can beassociated to upwards or downwards the flexible
demand for both the load shihg and the load shedding,

(v) two Boolean parameters to activate the load shifting and/or the load shedding.

Depending on the DSkhodelselected and the level of detail of tlevailableinformationon
flexible demandother variables may be needed.

Among theimplementedDSM modelsthe simplest is that called “oemof” that performs a
straightforward balance of flexible demand within a specified time interval. Both load shifting and
load shedding are allowed. The main advantages ofrttudel are the bw computational time
and the possibility to use it in absence of detailed informationflerible demandKochems,
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2020) When selected, it is necessary to set the variable linked to it called “shift_interval” that
represents the hourly timénterval within which the flexible demand is balanced in accordance
with the defined upper and lower bounds of demand capacity that can be shifted. This method is
based on the following constraints:

a. DSM’"= 0 B if shift_eligibility = False (14)
b. DSMP "8 Teb= & if shed eligibility = False (15)
c. Ef= demand, Udemand, ,+ DSM;" FDSM,™'99F DSM?™® & BT (16)

d. DSM;" QE;" UEsnx v B BT (17)

e. DSMY ™99 DSMP ™ QEPMOE, 1, B BT (18)
f. Alg.DSM" OD= AlZ"DSMP™ 99" & B{k BT|k mod R= 0} (19)

where DSM; "is the load that is shifted upwards in houxSMP ™9 9S the load that is shifted
downwards in hour tpSMP ™ ¢8is the shedded capacity in hourEfis the energy coming from
the electrical buses in hour t, demand the electrical demand in hour iemand,  is the
maximum demand vaIueEf"is the upper bound of the demand capacity that can be shifted in
hourt, E° "s the demand capacity that can be adjusted downwards in hdty t¢ vandEp g v

are the maximum capacity for load adjustments upwards and downwards respecfvsithe
efficiency of the load shifting process, t is the computational tetep (hour), Tis the total time
steps, ¢is the shift interval.

The second DSM method is called “DIW” and is based on the study prese(fedrachn and
Schill, 2015)Both load shifting and load shedding can be performed with this method. In this
case, it is necessary to set the variable “delay_time” for which the flexible load is balanced withi
the upper and lower bounds of demand capacity that has been defined by the user. This is a more
sophisticated model that introduces some more time dependent constraints for the load balance
andthereforeit is a computationally demanding mod&ochems, @20) The balance constraints
applied in this case are listed below:

a. DSM’"= 0 G if shift_eligibility = False (20)

b. DSMP ™8 Teb= & if shed eligibility = False (21)

c. Ef= demand, Odemand, ,+ DSM;" F Al7b, .DSMP 799 DSMP™TeP & BT (22)
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d. DSM?" UD= AE,.DSM 99" & BT (23)

Lrr

e. DSM" QE;" UEgx v B BT (24)

f. AEP DSMT 9% DSMP™ TP QEPM™ UEy Bt BT (25)

Lrr
g. DSM; '+ ALBR, .DSMP 194 DSMP,™ P Qmax [E;," (Eg iy EPM(Ep py_y_fBit BT (26)

h. AY?SDSM;" QE;" (Eqp v L Ug B BT (27)

A~

i, AnY?SDSMPTITOYQEPMCE, oy U grcnUd B BT (28)

where DSM; "is the load that is shifted upwards in houxSM; 791§ the load that is shifted

downwards in hour tt to compensate the upward shift in houDSM° ™ '¢Pis the shedded
capacity in hour t,ESis the energy coming from the electrical busesaur t, demandis the
electrical demand in hour §emandy,_,is the maximum demand valug, "is the upper bound
of the demand capacity that can be shifted in houEP,™is the demand capacity that can be
adjusted downwards in hour tEg,« , and Ep  are the maximum capacity for load
adjustments upwards and downwards respectiy€li the efficiency of the load shifting process,
t is the computational time step (hour), T is ttetal time stepsLis the delay time for load shift,
i.e. the timefor upshift and compensating downshitt ; . time for one load shedding process,
& is the model time increment

The thirdmodelavailable in the SinkDSM component to perform a DSM analysis is called “DLR”
and is based on the study explained@ils, 2015)Similarly to the DIW approach, a delay time is
mandatory to perform the flexible loaldalance within the specified upper and lower bounds of
demand capacity. Even though it is still a sophisticated DSM modelling, it is able to perfectly
balance the level of detail with the computational effort and ti(k@chems, 2020}t introduces
the largest number of constraints to perform the load balance with respect to the other two
approaches:

a. DSM{[=0 & BHy, B D{ Iifshift_eligibiity = False (29)

b. DSMP ™8 Teb= B D{ ifshedeligibility = False (30)
c. Ef= demand, (demand, ,+ A;GDSM; |+ DSM;/-'2cHPDSMY T 99E
DSM, 7/-'*°¥" (31)

| lacHm HWRIV-Y o =
d. DSM 7!- N ——1—  H bHyy H B[h...T] (32)
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e. DSM,;'-'2°"2 DSV}, OD fh BHyy & Blh...T] (33)

f. DSM 9% 0 fh BHyy B B[T Fh...T] (34)

g. DSM{[=0 & BHy,y, E B[T Fh...T] (35)

h. ArgYDSM M 9% DSM, /-'° Y% DSMP ™ P QEP™(Ey, B D{ (36)

i. ArSYDSM; [+ DSM /12N QEP" (B, , B B{ (37)

j. t OArGIDSMY T 9YEDSM, ;I-12cH T g = wcteiNEwgicinmg p1...T] (38)

A

k. t OAGYDSM} ODFDSM,;'-'#°Y%= wle Y Ew/ oY & p[1..T] (39)
l. WCteIHEBM(E, Otqrqar & D{ (40)

m.W Y QEE" (g, Otgrga B D{ (41)

n. AXuDSMP ™ P QBAME, 1y \ Ut grcp OnWe-PPokarWig)

0. Kigy ALSDSMY ™ S9QEEMCE, ., Ot gygql0n"c-PPIkerWag)

where DSM 'is the load that is shifted upwasdn hour with a delay time SM; ™ ¢S the

load that is shifted downwards in hour t with a delay timeD§M, ;'~'*°Y# the load that is
shifted downwards in hour t with a delay time h to compensate the previous upshift,

DSM; 7/-'2¢H&the load that is shifted upwards in hour t with a delay time h to compensate the

previous downshiftpSMP ™' ¢%s the shedded cagmity in hour t,Eis the energy coming from

the electrical buses in hour t, demand the electrical demand in hour iemand,  is the
maximum demand vaIueEf"is the upper bound of the demand capacity that can be shifted in
hour t,EP "s the demandapacity that can be adjusted downwards in holt s, andEy i

are the maximum capacity for load adjustments upwards and downwards respectfvsithe
efficiency of the load shifting process, t is the computational time step (hour), € tetdd time
steps, { is a set of timesteps, h is the delay time for load shiftkhg,is a set of delay times that

can be used for load shifting of a certain DSM portfdlig,. gs the time for one load shedding
processt 4 d$ the time for upwardsind downwards shifting 4 is the model time increment
nWec_PPakarygigfe maximum load shedllowed in the optimization timeframey W c-PPokgrwigdr
is the maximum load shifts allowed in the optimization timeframe.
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The DSM analysis is implemented in this study with the aim of adding more flexibility to the
energy system and to evaluate a different strategy to make the PV production more
programmable educing its integration costs and, thus, the costs for the entire system. In fact, the
flexible demand will mainly compete with other storage technologies like pumped hydro and
BESS, the latter of which still have currently high CAPEX, and can conwiltleréduction of
investments in reinforcing and extending the grid infrastructure. Given that this last point is
difficult to be evaluated without a detailed model of the electricity network, the DSM impacts
assessment is limited in this study to the qmetition with BESS and pumped hydro. Considering
what has just been said, the absence of detailed information on flexible demand, and the
computational limitations, thenodel selected to perform the DSM analysis in this study is that
called “oemof” and onl the load shifting is applied.

It has been assumed that the total flexible demand available for the reference energy system
is mainly composed of electric vehicles and heat pumps that are expected to spread significantly
in future years pushed by the ensnmental objectives fixed with the energy and climate policies
worldwide. As a consequence, an hourly profile has been created that characterizes the typical
hourly trend of those two technologies on an annual basis. In this way, the flexible demand is
separated from the baseload (that has its own hourly profile) and its impacts on the energy
system are easier to be identified. Two DSM strategies are applied to each scdimeribrst
strategy consists of extending the time interval in which the flexdelmand is balanced keeping
the same amount of flexible demand. On the contrary, the amount of flexible demand is increased
with a constant time interval in the second stratedpy. the first strategy, the time intervals
examined are 3, 6, 12, and 24 houms.the second strategy, the flexible demand is increased
percentage wise until a maximum amount is reached that corresponds to the maximum
penetration of electric vehicles and heat pumps that could be expected for thestadg taken
as reference. In paitular, the flexible demand increasing steps are 25%, 50%, 75% and 100% of
the maximum quantity.

Theeffectsof introducing the flexibility on the consumption side are studied in terms of the
KPIs discussed in the previous chapter. The components of #rgyesystem that are primarily
affected by the flexible demand are the other storage technologies with which it is in competition,
like pumped hydro storages and BESS. In particular, the attention of this analysis is focused on the
impacts on the installedapacity of BESS, since they are the type of storage that is commonly
coupled with the PV plants to enhance their programmability. This assessment is performed
implementing an investmerbased optimization for the installed BESS capacity as a function of
the presence and operating modes of the flexible demand as well as of the RES penetration and
the PV overproduction. The second effect of flexibility at the consumption side that is important
to measure, since it is the main objective of this analysiBaison the PV integration costs. It can
be expected that the introduction of the flexible demand would allow to absorb a greater amount
of PV overproduction, reducing the cost of curtailment. At the same time, the additional flexibility
option would partally avoid the investments in new BESS capacity, thus reducing the storage costs
for the PV plants. The benefits of flexible demand on the other PV integration costs, like
reinforcing distribution and transmission network costs, are not measurable beaafutiee
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absence of a proper grid infrastructure model. Other two important parameters that need to be
monitored are the Cgemissions and the RES penetration that are strictly related and dependent
on the resulting energy mix of each scenario consideredadty when the upper limit of GO
emissions is fixed because of the environmental goals establishethwhthenergy and climate
policies, a greater capability of the energy system to store the RES overproduction allows to boost
the RES penetration andhds to further decrease the overall €@missionsFinally, the DSM
remuneration § calculatechs a measure of the economic attractiveness of this type of services.

All the considerations discussed above are verified thrdiegih main scenarios. The first is
equivalent to the reference scenario, that will be explained in detail in the following chapter, in
which the flexibility of the consumption side is introduced. In other words, the installed capacity
of each power productionetchnology is maintained and the total electricity demand is increased
of a quantity that is equivalent to the amount of flexible demand that is introduced for the case
study taken as reference. The second scenario is similarly built as the previous ¢ine bse of
pumped hydro storages and BESS is maximized to eliminate completely the overprod@ction.
third scenario is considered in which the pumped hydro storages are completely eliminated from
the system to understand better the interaction between BESd flexible demandhe last
scenario will increase the utilitycale PV penetration to increase the amount of RES production
in the energy mix. In fact, the RES production is kept constant imtther scenarios but the
overall electricity demand is @gneasing, so it can be reasonably expected that the overall CO
emissions will increase due to a rising usage of fossil fuel power plants to cover the additional
demand, exceeding the upper limit fixed by the energy and climate policies taken as reference.

Further details on the input data and assumptions made in this analysis are given in the
following chapter thapresentsthe casestudytaken as reference
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Chapter2. Therole of flexible PV in thdtalian energy transition

The methodology illustrated in the chapter before must be validated on a real case study that
is shown in this section. The case study is represented by the Italian energy system and its future
development taking as reference ifdanned evolution towardghe year 2030. This choice
depends on the fact that the author has access to more data for this country and has a better
knowledge of how the energy system is structured and managed. However, it is important to
remark that the methodology developed in thsgudy is general and can be implemented to any
other country or subregion.

2.1 General framework of the evolution of the reference energy system

The European Union, in response to the Paris Agreement, established environmental targets
for each Membeftate in terms of C{emissions reduction and RES penetration that need to be
reached within the years 2030 and 2050. In accordance with this regulations, Italy introduced
further incentives to boost RES installations with the Decree KEIRSE ministry, 2019im July
2019 and approved the National Energy and Climate Plan (PNIEC acronym from Italian Piano
Nazionale Integrato per I'Energia ed il Clima, PNIEC) in the end of the year 2018, the legislative
commitment that sets the Italian environmental targets te hchieved within the year 2030
according with those defined at European level.

The Italian Energy and Climate P(8HSE ministry, 2019&stablishes that

(i) the CQ emissions must be reduced of around 40% by the year 2030 with respect to the
emissions level of the year 1990,

(i) RES production must cover more th2b%o of the overall gross enerdggmand. Different
shares are considered for the three major sectors: 55.4% ipldwricity, 33% in the heat
and 21.6% in the transport secgrespectively,

(i) the RES penetration expected in the electricity sector must be achieved considering an
increase of around 5% of the total electricity demand in the year 2030.

In this context, the most significant contribution in the electricity sector is provided by the PV
technology that shall produce around 200% more than what is currently producing. Wind
technology shall also significantly increase its share and its production shall boost from the
current 17.7 TWh to 40.1 TWh in the year 2030. The combined cycle gas turbine (CCGT) power
plants will still have a significant role in the energy mix sincectbed powerplants will be
completely phaseaut within the year 2025. The comparison of the Italian energy mix in the year
2017, that is referred as the baseline scenario for this study, and in the year 2030, taken as
reference scenario, are compared Table1. The valuesare taken fromthe reports that are
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regularly published by the Italian institution GSE (Gestore dei Servizi Energetici) and TS, that ar
publicly available ifGSE, 2018, 201&hdin (Terna, 2019ajespectively.

Tablel. Comparison of the Italian energy mix taken as starting point (Baseline 2017) and that
planned for the year 2030 (PNIEC 2030).

Baseline 2017| PNIEC 2030
[TWH [TWH
Import 42.9 28.7
CCGT 133.6 123
Coal 32.4 0
Others (oiletc.) 24.1 0
Hydro (total) 38 49
Biomass 19.1 16
PV (total) 24.4 75
Wind 17.7 40
Geothermal 6.2 7
Total production 338.4 338.7
Total demand 320.6 337.3

In accordance with the provisions of the Italian Energy and Climate Plan, the existing pumped
hydro storagesshall be better exploited to enhance the RES penetration even considering the
additional 3 GW of storage capacity that are expected. For this neamte of the scenarios
considered in the DSM analysis is built to maximize the usage of this storage technology. On the
other side, the batteries storage systems will be spread to reach a total installed capacity of 24
GWh of centralized BESS and 15 GWdteaentralized residential and commercial systems to
further boost the RES penetration in the energy mix.

The reinforcement and expansion of the current transmission and distribution grid
infrastructure remains a necessary condition to ease the energy transpotiettel manage the
significant increase of VRES production. For what cost¢bentransmission grid infrastructure,
the Italian TSO suggested the required improvemantsccordanceavith the energy system
evolution proposed in the PNIECIits Development Plan of the year 20[erna, 20%a), that
will be discussed in the following section. Less clear is the evolution that is expected for the
distribution grid, since this infrastructure is managed in Italy by a plenty number of small and
medium DSOs (Distribution System Operators) ojegaat regional and subregional scale,
making it difficult to have an overall systemic view. This is also one of reason why it is hard to
estimate properly the reinforcing distribution network costs for this cagglyand to create a
proper model of thedistribution network

What has been presented so far, is a general view of how the Italian energy system is expected
to change to meet the environmental and climate goals decided at European level. It is clear that
its evolution is expected to maintain theurrent rigid configuration, thus it is interesting to
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evaluate the impacts of developing the energy system following a different pathway towards a
more flexible configuratiothat is one of theobjectivesof this research.

2.2 Rigid energy system: inpudata and assumptions for the estimation of PV
integration costs, system LCOE and future profitability of utilégale PV plants

As explained in the previous chapters, one of the main criticalities against the rise of the
penetration of intermittent production, like photovoltaic and wind energies, is that the costs for
the system and the community will increase. In fact, to bettgegrate this type of variable
production, the grid infrastructure as well as the existing power plants shall be adapted and
managed differently from the past. Starting from this point, the aim of this study is firstly to
estimate the integration costs, fmising the attention on the utiliggcale PV plants; then to assign
them directly to the investment in this technology through the new system LCOE parameter, to
avoid their payment in the electricity bills of all enders (both those with and without PV
plants); finally, to find mitigation strategies that allows to reduce these costs for both the system
and the communitypne of which is the introduction dlexibility option on the consumption side
that can compete with other storage technologies to makare programmable and reliable the
PV production. The integration costs that have been identified in this study are the reinforcing
distribution and transmission netwaslcosts, the adequacy costs, the curtailment costs and the
balancing costs that, toge#ln with the power plant costs, define the new techaoonomic
parameter called system LCOE that can be usedafonore systemianarket parity and
profitability analysis of future utilingcale PV plants.

The power plant costs represent the cost of prodgcelectricity with the PV plant either in
presence or in absence of a storage system, usually battery storage. A different formulation is
applied to calculate the power plant costs when the PV plant is coupled with a battery storage,
according to the methdology explained ifVeronese et al., 2021bJo properly estimate the
power plant costs, it has been decided to subdivide the Italian territory into subregions so that
the variation @ the solar irradiation at different latitudes can be taken into account instead of
using an average national value. In fact, the PV production potential in the northern part of Italy
is significantly different from that of the southern part, as clearlgveh inTable2.
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Table2. Average specific yield and ambientrtperature for each Italian macro region as
average values used to calculate the PV power plant costs.

Macro region Specific yield. Ambient temperature
[KWh/kWp] [°C]

North 1271.02 11.8

Central North|  1397.79 15.1

Central South  1424.99 16.2

South 1459.29 16.7

Sardinia 1503.69 16.9

Sicily 1563.04 18.8

The identified subregions are North, Central North, Central South, South, Sardinia and Sicily.
The specific yield and the average ambient temperagirewn inTable2 come fromthe annual
hourly profiles of the plan®f-array irradiance (POA) and ambient temperature extradigdhe
Italian weather stations data available tine software Meteonorm v.{Meteotest AG, 2017)
grouping them in accordance with the macro regions identified.

As explained in the methodological chapter, a -saitten Python code has been used to
estimate the power plant costs, starting from the design phase of teeeay(assuming perfect
azimuth and slope of the PV modules)d then performing an energy balance among the PV
plants, the battery storage and the gridther technical parameters are needed, likee PV
module power and efficiencgs well aghe minimum stateof-charge (SOC) of battery, that are
summarized irmrable3.

Table3. Technical input parameters needed for the design of the PV pldhtand without
BESS.

Pv module area 1.6 n?

PV module power 0.3 kWp
PV module efficiency 18.33%
PV NOCT 44°C

PV module temperature coefficient-0.0038%/°C
PV plant performance ratio 85%
BESS minimum SOC 30%
BESS rounttip efficiency 90%

The PV modules technical parameters comes from the average characteristics of the PV
models currently available on the market, while the BESS characterization refer to the data
provided in(Lai and McCulloch, 2017)
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The reinforcing distribution network costs for the Italian case study, as said before, are taken
from the PV Parity ProjedPudjanto et al., 2013)since the Italian grid distribution model is
beyond the scope of this research. The authofsthat study estimated a maximum value
equivalent to 0.9€/MWh with a 7% of PV penetration in the Italian electricity system that can
significantly decrease to 0.ZMWh with aPV penetratiorthat reaches 16%. In this research, it
has been decided to apply the maximum value offIlMWh to be conservative and it is used in
all macro regions, since no regional variation has been repantéahat project.

The transmission and adequacy costs are estimated starting from the Italian TSO Development
Plan published in the year 201%erna, 2019aand its annexes that update th&tate of Work
Progress of the interventions planned in the previous Development Plahsrna, 2019b)A
detailed description of the investments scheduled in the shartd mediumterms is gven in
these documents highlighting those that are meant to reach the environmental targets of the
Italian Energy and Climate Plan. The financial commitment of each intervention is calculated by
the Italian TSO through a costs and benefits analysis (€RBA explained in detailed (Terna,
2019c) Four different purposes drive the investment planning of the Itali80. Firstly, the main
aim shall be the decarbonization of the system that can be achieved developing the grid
infrastructure in support of the energy transition and the fight against climate change. This means
that the network shall be able to enhance tR&S penetration and to accept the increase amount
of electric mobility. Secondly, the electricity market efficiency shall be improved to reduce the
overall system costs and this is supported by enlargingréresportcapacity of the transmission
grid andto increasethe capability to exchange the energyith other foreign countries. Thirdly,
the quality and resilience of the network shall be guaranteed even in presence of high VRES
penetration, thus the grid infrastructure shall be continuously upgradedt but not leastthe
environmental, economic and social sustainability shall be considered and can be achieved by
increasing RES penetration and easing their integration in the energy system, reducing the
amount of energy not supplied due to grid faulsd reducing the grid losses. These four
purposes are reflected into eight different objectives (RES integration, quality of the service,
interconnections, congestions resolution, resilience, connection to the national transmission
grid, integration of tle national railway and energy transition) that are used to classify the
interventions in the Development Plan. The transmission costs derive from the investments
aimed at enhancing the RES integration, while the adequacy costs are based on those aimed to
increase the quality of service when also the RES integration objective is included. It happens that
an intervention involves more than one objective and/or more than one macro region. In that
case, the total amount of money is equally divided among theaihjes and the macro regions
affected by the intervention so that double counting is avoided. In fact, no detailed information
is available on how the total investment has been subdivided among the regions and objectives
involved.

These investments araismarized inTable4 subdividing them for each macro regiohhe
valuesare obtainedfrom an internal processing of the datlaat are publicly made available by
the Italian TS@ (Terna, 2019a, 2019b)
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Table4. Investments planned by the Italian TSO for RES integration and quality of service used
to calculate the transmission and adequacy cosspectively.

. TSQnvestment for RES integration TSO investment for quality of service
Macro region
[M€] [M€]
North 523.4 532.2
Central North 307.9 127.9
Central South 976.3 189.1
South 407.2 293.0
Sardinia 389.3 100.4
Sicily 891.7 521.8

These total macro regional expenditures are proportionally allocated to the additional PV and
wind production that are expected in each subregion for the year 2030 and then spread over the
power plants lifetime that is assumed equal to 30 years for théty#scale PV plants. The
resulting transmission and adequacy costs are summarizédbtes.

Table5. Transmission and adequacy costs resulting from the Italian TSO investments for each
subregion.

Macro region Reinforcing transmission network costs Adequacy costs
[€/MWh] [€/MWh]
North 0.87 0.88
Central North 1.91 0.79
Central South 2.80 0.54
South 0.66 0.48
Sardinia 3.10 0.80
Sicily 3.69 2.16

The investments planned by th&lian TSO are based on the evolution of the Italian energy
system described in the Energy and Climate Plan that includes both an increase of VRES
penetration and an increase of the storage installed capacity of both the pumped hydro storages
and BESS. Faehis reason, it is difficult to assess the development of the transmission and
adequacy costs under different scenarios of VRES and storage penetration. As mentioned in the
previous sections, this type of analysis requires a deep knowledge of the fgaistincture and
proper network studies, like power flow computations and dynamic simulations, that are beyond
the scope of this research. For this reason, these two cost components can be included in the
system LCOE of only the PV plus BESS case.

The curailment costs are included in the system LCOE as a reduction of PV production
potential due to the risk of curtailment that can occur in a certain region to prevent grid
instability. This cost component is not financially estimated but it is easily irtindde power
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plant costs as a percentage reduction of the total nominal PV production. This percentage derives
from the total overproduction that results from simulating the Italian energy system in the year
2030 without the expected BESS installed cépawith the selected energy system modelling
tool. The total macro regional overgeneration obtained is then proportionally subdivided
betweenthe photovoltaicand the wind technologybased on their power output value. The
simulations executed with the energy system model results in 4.2 TWh of PV electricity that
needs to be curtailed at national level for the year 2030 when no additional BESS capacity is
installed. The percentages thabme from this output are summarized Tiable6.

Table6. Percentage of PV curtailed for each macro region that is expected in the year 2030 if no
additional BESS capacity is installed.

Macro regon | % of PV production curtailed
North 2%
Central North 3%
Central South 0%
South 7%
Sardinia 5%
Sicily 4%

The balancing costs are taken from the study presemdtemoli, 2018)hat refer to a RES
penetration of around 50% and correspond to €MWh subdivided into decay of efficiency
costs and starup costs of around 1.6/MWh and 4.8 €/ MWh respectively. The RES penetration
expected in the PNEC 2030 scenarin the electricity sector iaround55.3%, that is very close
to the RES penetration level of the study taken as reference. No detailed information of the
regional variability is given ifMemoli, 2018)thus these balacing costs are applied to all the
macro region identified, as done for the reinforcing distribution network costs. The balancing
costs are obtained in the reference study considering the Italian energy system without
additional BESS installed capacitypadttery storages are included in the energy system, they can
reduce the balancing costs by decreasing #xgloitation of CCGTgroduction This positive
impact of BESS is not implemented in this analysis following the choice of applying a conservative
approach in this research, which is relevant since the scope of the work is to compare the two
extreme cases of including or not the integration costs in the teewmomic evaluation of
utility-scale PV plants.

As a second step, these balancing costs amapared to those coming from the Italian
balancing market price, as calculatedferro et al., 2020)

As explained in the previous chapter, the system LCOE is aimed to substitute the more
common LCOE in the future techeoonomic evaluation of VRES power plants since it applies a
more systemic approach to the calculation of the production costs by inguilie costs of
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integration in the existing energy system. For this reason, a profitability analysis needs to be
performed to assess the impacts of adding these costs on the future competitiveness of utility
scale PV plants as well as to evaluate the ingatintroducing other flexibility resources in the
energy system (other than the battery storages) that allow to reach the same level of
programmability and reliability of the PV plants. The point of view of an investor is adopted in
this regard, for whik it is important to understand

(i) ifthe PV plant is able to achieve the market parity,
(i) if the investment igrofitable by checking the values thfe Net Present Value (NPV), the
PayBack Time (PBT), and the Internal Rate of Return (IRR).

The profitabilityanalysis starts from the assessment of the competitiveness of PV plants in
the year 2020 that is then compared with that in the year 2030, updating accordingly the
economic parameters involved. The setfitten Python code helps in performing the market
parity and profitability analysis: starting from the PV production estimation and the energy
balance among PV plant, battery storage and grid, it is possible to evaluate the system LCOE and
the other investment parameterghat are neededike NPV, PBT anBR.It has been assumed
that the average installed capacity of an utiggale PV plant is of around 10 MW and the BESS
capacity is selected in line with the ratios proposedM\artiainen et al., 2020)t has been
assumed a ratio of 1:1 between PV and BESS installed capacities for the 2020 scenario and a ratio
of 1:1.5 in the 2030 scenarios driven by the decrease of BESS prices that is expetiat
timescale Therefore, the resulting BESS installedazagpes are around 10 MWh and 15 MWh for
the 2020 and the 2030 scenarios, respectively. Other parameters used for the profitability
analysis are summarized Trable7.

Table7. Economic input data used to perfotitme market parity and profitability analysis of
future utility-scale PV plants.

Lifetime 30 years
Discount rate 7%

PV capex 2020 431€/kWp

PV capex 2030 275€/kWp
BESS capex 2020 251€/kWh
BESS capex 2030 117€/kWh

PV opex 2% of PV capex
BES®pex 4% of BESS capex
PV annual degradation rate 0.50%

BESS annual degradation rate 2%
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Most of the values reported iable7 comesfrom the study(Vartiainen et al., 2020¥ith the
only exception of the BESS annual degradation rate that is taken from the data regarding the Li
ion batteries cited ir{fLai and McCulloch, 2017)

The market parity is achved when the generation costxe at least equal or lower to the
electricity price at which the produced electricity can be sold. In this analysis, the-sitdity PV
generation costs that are equivalent to the system LCOE are compared with the avatage |
zonal prices that are illustrated ifable8. In the profitability analysis, instead, it is considered
the economic sustainability of the projefulfilled when the IRR is at least equal or higher than
the discount rate that has been applied to the project itself.

Table8. Average lItalian zonal price thate compared to the system LCOE to evaluate the
achievement of the market parity.

Macro region Average zonal market price
[€/MWNh]

North 56.52

Central North 56.04

Central South 54.62

South 53.03

Sardinia 54.38

Sicily 61.56

The zonal electricity prices givenTiable8 are average values elaborated from the monthly
reports published by the Italian TSO that has been cateftom November 2016 to the end of
the year 2019 and freely available in the Italian TSO webBéma, 2017b)

2.3 Rigid energy system structure and evolution towards a more flexidafiguration

In accordance witlhhe targets set within the Italian Energy and Climate Pila@ projections
of the production levels of the different power production technologies are indicatd@bie9.
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Table9. The Italian energy mix that needs to be reached in the year 2030, according to the
ItaliancommitmentPNIEGTerna, 2019a)

PNIEC 2030

[TWh]
Import 28.7
CCGT 123
Coal 0
Others (oll, etc.) 0
Hydro (total) 49
Biomass 16
PV (total) 75
Wind 40
Geothermal 7
Total production|  338.7
Demand 337.3

The PNIEC stated that the RES penetration shall be supported by a better exploitation of the
existing pumped hydro storages to which additional 3 GW of installed capacity are added. At the
same time, the battery storages coupled with PV plants must re&gBWh of installed capacity
and other 24 GWh are expected as centralized BESS. Moreover, the transmission and distribution
grid infrastructures must be renovated and reinforced to not hinder the increase of RES
production. As shown before, the investmenapned by the Italian TSO at this purpose are
mentioned inTable4.

From Table9 is possible to notice that the Italian Energy and Climate Plan provides only
aggregated values at national scale of the predicted produckemels for each technology
involved in the energyix. However, the Italian energy system is not manage@ whole but it
is subdividednto different macro areas that identify the smalled electricity market zones.
Therefore, the aggregated values included in the PNIEC shall be transformed into egaonalr
values, that represent the nodes of the energy system model. It has been assumed as starting
point the structure of the Italian energy system in the year 2017 that is @med preliminary
validation of the energy system modelled with oemof, al$lvé explained later on. For that year,
the installed capacities of each power production technology are taken (@®8E, 2018, 2017)
in which a regional subdivision is followed. In absence of a precise identification of the areas tha
are suitable for the installation of newogver plants from both a technical andeygislativepoint
of view, it has been decided to project the PNIEC aggregated values proportionally to the current
regional distribution of the technologies supposing that their present distribution reflects their
exploitability thanks to the geography, the windiness, the irradiation and rainfall levels as well as
the regulatory framework. In fact, considering for example VRES technologies, it is reasonable to
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assume that the greatest amount of wind installatiassn places with good wind production
potential and, similarly, the PV plants are installed in areas with high irradiation levels ghin hi
urbanized areas (for the residential and commercial applications).

As explained in the previous chapter, the enesggtem has been modelled by using oemof
to understand the impacts of developing the energy system from a rigid to a more flexible
structure. The main aim of the analysis of the rigid configuration is to understand the impacts of
adding the integration cds to the dispatchability and programmability of the future utiggale
PV plants. As explained in the methodological chapter, this is done on one hand with the
profitability and market parity analysis, and on the other hand comparing the dispatchalbility
the PV plants before and after adding these additional costs. This last point is made through an
optimization with the enlarged version of oemof, called oemudea that is well explained in
(Prina et al., 2020agnd whose code is freely available(foemof-moea,” 2019) The decision
variables identified to perform the optimization with oemofoea model are the installed
capacites of PV plantsvind power plantsandstationary Liion batteries,as well ashe transport
capacity of thetransmission powerlines. For these decision variables, a lower and a maximum
bound shall be defined. Since the analysis is focused on the RY,segteater detail is provided
for the different type of applications of this technology. Four main technologies are identified:
rooftop PV, fixed utiliyscale PVif., without tracking system), utilitgcale PV with monoaxial
tracking system and BIRBuildingintegrated Photovoltaics) corresponding to PV installed on
facades. The installed capacities of these PV configurations for the baseline 2017 scenario come
from the national statistics of RES installations published by the Italian institution( &g
2017) which subdivided the PV plants according toithgower class. The classification
established in this study in eardance with the information provided by the GSE is the following:

(i) below 1 MW of installed capacity are considered as rooftop PV,

(i) above 1 MW of installed capacity refer to utiktgale applications,

(i) above 5 MW of installed capacity is it supposed pR¥t equipped with a tracking
system.

For PV and wind technologies, the minimum bound refer to the installed capacities in the year
2017 that has been chosen as the baseline scenario for the validation of the energy system
modelled with oemof. The upper bound, instead, is defined by their mami exploitable
potentiali.e., maximum capacity that could be installed. The maximum potential of usitigle
PV has been determined by putting together the information available in the st¢Giasroni,

2019; MartinChivelet, 2016; Sacchelli et al., 201 first of which (Chiaroni, 2019provides

also data for the estimation of the maximum wipdtential. For the rooftop PV and the BIPV
maximum installable capacity, the data reported(Moser et al., 2014; Prina et.a2018)and
(Passera et al., 2018)e used, respectively. The minimum and maximum installed capacities for
each type of PV applicanoas well as those evaluated for the reference scenario 2030 are
summarized imable 10.
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Table 10. Summary of the PV and wind installed capacities used for the baseline (2017) and

reference scenarios (2030) as well as their maximum potential used for the optimization.

Technology Installed capacity 2017 Installed capaity 2030 | Maximum potential
[GW] [GW] [GW]
Utility-scale PV 3.6 11.2 43.1
fixed 3 8.9 35.3
with trackers 0.6 2.3 7.8
Rooftop PV 13.5 39.7 161
BIPV 0 0 13.4
Wind 9.8 23 29

The minimum bound of the {ion batteries is equal to zero since there was significant
installed capacity in the year 2017 in Italy, whereas the maximum potential as been estimated
equal to 600 GWh, equally subdivided among the macro regions i.e., 100 GWh for each.

The minimum transport capacities of the transmission powerlines, that are used as connection
among the nodes of the energy system model, are taken from the Italian TSO doc\§fresmnis,
2018)and their maximum bound results to be around 10 GW after a number of simulations. It
has been assigned a value of 3% for the transmission I¢Bs@s et al., 2018)The comparison
of the transmission powerlines capacities between the baseline scenario and the reference PNIEC
scenario is shown ifable 11.

Table 11. Comparison between the transmission powerlines transport capacities in the baseline
scenario (2017) and in the reference PNIEC 2030 scenario.

Scenario baseline 201f7Scenario PNIEC 2030

[MW] [MW]
North --> Cnorth 3600 4100
Cnorth--> North 1100 2100
Cnorth--> Csouth 1300 1900
Csouth--> Cnorth 2500 3100
Csouth--> South No limits No limits
South--> Csouth 3800 5700
Csouth--> Sardinia 870 1100
Sardinia-> Csouth 720 720
South--> Sicily 1100 1100
Sicily--> South 1000 1150

All the data listed above are necessary to create the nodes and the connection of the energy

system model, to simulate the hourly dispatch for both the rigid and flexible configuration, and
to perform the required optimizations fdhe scenarios identified. The six Italian macro regions
are the nodes of the model and are characterized by the electricity demand and the installed
capacity for each technology (including storages). The transport capacities of powerlines
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represent, instad, the connections and transmission constraints from one node to the others.
The average normalized hourly profiles of electricity demand and RES production are other input
data needed by the model and are built as in explaing@rma et al., 2018)n fact, the dispatch

of energy sources is performed on an hourly basis for a refereaae Yther technical and
economic parameters complete the framework like, specific costs an@@idsions, that will be
shown hereafter.

The baseline scenario, referring to the Italian electricity system of the year 2017, is used to
validate themodel by comparing the simulated energy with that provided by the Italian TSO for
the year 2017 and the G@missions calculated by the model with those provided in other
literature sourcegBP, 2018; Global Carbon Project, 2019; ISPRA, R)1ihe same year. The
baseline 2017 scenario is defined

(i) technically by the demand and production hourly profiles as well as the installed
capacities of each technology and the transmission constraints,

(i) economically by defining the specific technology céstsergyPLAN, 2018; E-AW, 2020;
European Commission. Joint Research Centre., 2018; European Commission. Joint
Research Centre. Institute for Energy and Trans@md SERTIS., 2014; E. Vartiainen et
al., 2015; Vartiainen et al., 202Gpel costs and G&missiongEuropean Commission.

Joint Research Centre. and Covenant of Mayors & Mayors Adapt Offices., 2017; Prina et
al., 2017; Skea et al., 2008)

Some of these input data are summarized alle 12andTablel3.

Tale 12. Investment costor each power production technology for the basel@l7and the
reference PNIEC 2030 scenario

Technology Unit Baseling 2017 PNIEC_203)
[€/unit] [€/unit]
CCGT MW 1.362 1.362
Wind MW 1.348 1.233
PVrooftop kw 1367 945
PV utility (fixed) kw 730 275
PV utility (tracker) kw 813 400
BIPV kw 2102 1494
River hydro kw 3300 3300
Reservoir hydro kw 3300 3300
Biomass kw 2102 2102
Hydro pump kw 600 600
Hydro turbine kw 600 600
Pumpedhydrostorage| MWh 7500 7500
Geothermal kw 4450 4550
Batteries storage kWh - 117
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Tablel3. Assumptions of the specific fugdsts and C&emissions for different fuels for both
the baseline 2017 scenario and the reference PNIEC 2030 scenatrio.

Fuel Fuel costs 2017 | Fuel costs 2030 | Emission factor 2017 Emission factor 203(
[€/MWh] [€/MWh] [kg/MWh] [kg/MWh]
Coal 9.4 12.2 354.6 354.6
o]] 24.3 55.1 262.4 262.4
Natural gas 24.9 33.2 204.8 204.8

The results of the model validation are showrlablel4, in whichthe energy mix obtained
with the simulation of the baseline 20 scenariois comparedwith that provided by the Italian
TSOfor that year and inFigure4, comparing the C@emissions calculatewith the model and
those from other literature sources.

Tablel4. Validation of the energy model baken the energy mix comparison.

Baseline 2017 Oemagf TSO 2017

[TWh] [TWh]
Import 37.8 42.9
CCGT 117.5a 133.6
Coal 32.4 32.4
Others (oll, etc.) 24.1 24.1
Hydro (total) 42.4 38
Hydro reservoir 19.3 20.3
River hydro 23.1 17.7
Biomass 19.2 19.1
PV (total) 23.8 24.4
PV utility (fixed) 4.4 -
PV utility (tracker 1.1 -
PV rooftop 18.3 -
BIPV 0 -
Wind 17.8 17.7
Geothermal 5.9 6.2
Total production 320.8 338.4
Demand 320.6 320.6

aincludes both CCGT and cogeneration CCGT and comesubdracting the coal and other
power plants provided by the Italian TSO to the total CCGT estimated by Oemof.
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Total CO2 emissions for the year 2017 in Italy

[MtCO2]
369 346 344 349
Oemof Baseline ISPRA BP Global Carbon
2017 Atlas

Figured. Validation of Oemof model based on the@@issions.

The model is validated with only a sliglgviation of the calculated values with respect to the
references for both the energy mix and the £&missions.

The reference scenaritor the year 2030has been created accordingly to the structure
illustrated so far, updating the technical (e.g., in&dlcapacities) and economic parameters (e.g.
investment and specific fuel costa$ projected for that yearThe hourly normalized profiles of
demand and production technologies remain the same. Maintaining the rigid energy system
configuration i.e., noléxibility options on the consumption side are considered, the energy mix
calculated for the year 2030 is shownTiablel5.
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Tablel5. Italian energy mix resulting frorhé simulation with oemof model for the reference
PNIEC 2030 scenatrio.

PNIEC 2030 Oemof

[TWh]
Import 28.7
CCGT 109.5**
Coal 0
Others (all, etc.) 0
Hydro (total) 66
Hydro reservoir 19.3
River hydro 46.7
Biomass 17.4
PV (total) 72.3
PVutility (fixed) 13
PV utility (tracker 4.4
PV rooftop 54.9
BIPV 0
Wind 39.6
Geothermal 6.9
Total production 340.4
Demand 337.3

**Includes both CCGT and cogeneration CCGT and comes from subtracting the coal and other
power plantsprovided by the Italian TSO to the total CCGT estimated by Oemof.

The flexibility on the consumption side is enabled to upgrade the energy system to a more
flexible structure. As previously said, this new type of flexibility option has been introduced to
make the PV production more programmable and to analyze its impacts on the PV integration
costs, in particular the cost of curtailment and the cost of storagdact, the flexible demand
can compete with BESS in thbsorptionof the PV overproductionhe latter of which has high
investment costs and some environmental and social concerns regarding the raw makarals.
these reasonsthe possible future flexible demand exploitable in the Italian country shall be
characterized.

It has been assumed that the flexible demand will be composed mainly by electric vehicles
and heat pumps, that witlkasonablysee a strong boost in the next years thanks to the incentive
policies that are spreading all around the world. The Italian EreandyClimate Plan foresees an
electric vehicle penetration of 10% and an increase of energy efficiency in buildings of around
15% by the year 2030. According to the studies presenté@rina et al., 2020and in(Prina et
al., 2020b) these targets correspond to a total electricity demand of 12.5 TWh and of 4.3 TWh
for the transport and the heang sector respectively, which correspond to a total 16.8 TWh of
available flexible demand. This value has been subdivided among the macro regions in
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accordance with the regional distribution of the baseload, following the approachtedop
before to split the production aggregated values provided by the PNIEC. The resulting regional
amount of flexible demand is shownTablel6.

Tablel6. Macro regional distribution of the flexible demand according to the reference PNIEC
2030 scenario.

Flexible demand PNIEC 2030
Macro region [TWh]
North 9.6
Central North 1.8
Central South 2.5
South 1.5
Sardinia 0.5
Sicily 1.0
Total 16.8

A new hourly profile has been added to the model for the flexible demand to let it separate
from the baseload profile and on which the load shifting will be applied. This hourly profile on
annual basis is takenom (Prina et al., 2020a)

As explained in the methodological chapter, two different strategies are applied to the DSM
analysis:

(i) an extension of the time interval in which a fixed amount of flexible load cahified,
(i) an increase of the flexible demand maintaining the same time interval.

The flexibility time intervals examined with the first strategy are 3, 6, 12, and 24 hours.
Whereas, in the second strategy the flexible demand is increased percentagewissepshof
25% starting from 0% to 100%. The maximum level of flexible demand that can be reached
corresponds to the maximum penetration of electric vehicles and heat pumps that can be
expected in the year 2030. The 16.8 TWh of flexible demand, distribageth Table 16,
correspond to around 4.7% of the total electricity demaB84.1TWH) in the year 2030. To better
highlight the impacts of increasing the flexible demand (i.e., the second strategy apptiad i
DSM analysis), it has been assumed to increase the penetration of electric vehicles and the energy
efficiency in buildings to 30% and 40% respectively, considering the latest environmental and
climate policies that are discussed at European levdltae consequent actions that are taken
like the Green DedEuropean Commission, 201)d the “Fit for 55" packag(European Council,
2021) This corresponds to a total electricity demand of 35.7 TWh and 11.3 TWh for the transport
and the heaing sector respectigly, whichis distributed among the macro regions as shown in
Tablel?.
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Tablel7. Macro regional distribution of the flexible demand for thevanced30/40 scenario
for the year 2030.

Flexible demand 30/40 2030
Macro region [TWH]
North 27.0
Central North 4.9
Central South 7.0
South 4.1
Sardinia 1.3
Sicily 2.7
Total 47.0

This total flexible demand of 47 TWh is now equivalent to arou2?d bf the total electricity
demand (384.3 TWh) of this advanced scenario for the 2880 that is applied to the second
DSM strategydopted in this study

All the other boundary conditions (installed capacities, hourly profiles, investment costs, etc.)
remain the same with the only exception of BES@&nped hydro storageand utility-scaé PV
plants installed capacities. In faéur different scenarios are used to perform the DSM analysis:

® a basecasescenario that corresponds to the upgrade of the Italian energy system from
the rigid to the flexible configuratioftalled hereaftebaselinescenario,

(i) a scenario aimed to maximize the exploitation of the flexibility options (pumped hydro
storages, BES&d flexible demand) to completely absorb the PV overproduction
(referred asmaxPH scenar)p

(i)  a scenario aimed to maximize the use of BESS and flexible demand by avoiding the
pumped hydro storage exploitation (calledPH scenarjo

(iv)  ascenarignamed2utPV scenaridin which theutility-scale PV plants installed capacity
is doubled to reduce the G@missions thatncreaseas a consequence of maintaining
the sameenergy mixo satisfy a greater demanaseloadplusflexible demand).

The total BESS installed capacity in these scenarios is determined by performing an
investmentbased optimization. In this way, it is possible to evaluate how much it is possible to
reduce the PV integration costs (storage and curtailment costs) thartke tatroduction of the
flexible demand and, consequently, the overall costs for the system and the community.
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Chapter3. Results

This chapter illustrates in detail the results obtained in this research, steering the course of
the previous chapterg=irstly, the results obtained for the PV integration costs and system LCOE
are shown to assess the future profitability of utilggale PV plants if the energy system will
evolve maintaining the current rigid configuration. In this context, the programiialof PV
plants will be ensured by the spread of battery storages. For sake of clarity, the profitability and
market parity results are shown with the help of maps created with the egmmce Gldased
tool called QGISGIS, 20195econdlythe impacts of adding the flexibility to the consumption
side are described accordingly to the KPIs that has been discussed in the previous chapters:

(i) PV integration costs, mainly curtailment and storage costs,
(i) RES penetration in the energy mix,

(i) CQ emissims,

(iv) DSM remuneration.

3.1 Rigid energy system: PV integration costs, system LCOE and profitability of future
utility -scale PV plants

To recapthe system LCQO&a new parameter that has been defined in this research to adopt
a more systemiapproach to the techn@conomic evaluation of VRES power plants. The
attention is focused on the utilitgcale PV sector in this study. The systemic approach is
guaranteed by adding to the common power plant costs, other cost components that take into
accaunt the impacts that the added VRES production will have on the existing energy system.
These impacts depend on the configuration of the energy system itself and on the availability of
flexibility options that can partially or completely absorb the VRE&hbla production, like
pumped hydro storages, battery storages and flexible demand. The main impacts identified in
this study are:

(i) power plant costs ofitility-scalePV plantawith or without battery storages

(i) grid costs that include the investments needdo reinforce the distribution and
transmission infrastructures as well as to increase the reliability ofrgddcing the risk
of curtailment,

(i) balancing costs that cover the impacts of adding new VRES generation on the existing
fossil fuelpower plantsin terms of decay of efficiency and stanp costs.

The grid costs can be further subdivided into reinforcing transmission and distribution grid as
well as the adequacy costs; the balancing costs are split into decay of efficiency costs and start
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up costs.Some assumptions have been made to find a numerical expression for each of these
cost components, that has been discussed in detail in the previous clsapter

The integration costs that are included in the system LCOE calculation ofsddleyPV plants
without storage are the curtailment costs, the balancing costs and the reinforcing distribution
network costs for the reason that has been already discubséore. Thecurtailment costs are
included in the power plant costs as a percentage reduction of the PV prodisteiiable6)
and, consequently, the power piaicosts are slightly increased, as showitablel8.

Tablel8. Comparison between the power plant costs calculated without and with the percentage
of curtailment.

Macro region PV LCOE| PV LCOE with curtailment
[€/MWNh] [€/MWNh]
North 15.93 16.25
Central North 14.22 14.66
Central South  13.90 13.90
South 13.52 14.54
Sardinia 13.10 13.72
Sicily 12.55 13.07

The system LCOE cost composition for utsitale PV plants witholBESS resulting for the
reference PNIEC 2030 scenario is shawrigureb, while the total system LCOE calculated for
each macro region is summarizedTiablel9.

System LCOE for utility-scale PV plants without storage systemin the year 2030
Costs composition
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Figureb. System LCOE cost composition for the utditgle PV plants without storage system
for each macro region in the reference PNIEC 2030 scenatrio.
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Tablel9. System LCOE of utilisgale PV plas without BESS estimated for each macro region
under the reference PNIEC 2030 scenatrio.

System LCOE
[€/MWNh]
North 23.55
Central North 21.96
Central South 21.20

Macro region

South 21.84
Sardinia 21.09
Sicily 20.37

The power plant costs represetite main cost component of the system LCOE of the utility
scale PV plants without BESS that ranges 84r8% in Siciltp 69% in the Northwith an average
value 0f66.2% The balancing costs asround the 30%of the systemLCOE, ranging froia
minimum 0f27.2% in the North t@ maximum 0f31.4% in Sicily. The reinforcing distribution
network costs are the costs component that contributes less to the system LCOE in this case
representing on average the 4% of the system L@{@Ea narrow variability range among the
Italian macro regions

In general, the system LCOE of utiitale PV plants calculated for the year 2030 is on average
the 35% higher than the PV LCOE calculated with the usual methodology, as highligtatelein
20. Moreover, it does not affect the cost ranking of the macro regions, for which Sicily still remain
the cheapest alternative.

Table20. Comparison between the PV LCOE calculated withgbhal LCOE methodology and the
system LCOE estimated as proposed in this study, referring to the reference year 2030.

Macro region PVLCOE| System LCOE
[€/MWNh] [€/MWNh]
North 15.93 23.35
Central North| 14.22 21.75
Central Southh 13.90 20.99
South 13.52 21.64
Sardinia 13.10 20.89
Sicily 12.55 20.17

The system LCOE cost composition of utditgle PV plants coupled with BESS is provided in
Figure6 and the resulting total macro regional system LCOE is summariZeabie2l. In this
case, all integration costs are included with the only exception of the curtailment costs, for the
reasons already discussed in the previous chapters.
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System LCOE for utility-scale PV plus storage installationsin the year 2030
Costs composition
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Figure6. System LCOE cost composition of the utditgle PV plantsoupled with battery
storage for each macro region in the reference PNIEC 2030 scenatrio.

Table21. System LCOE of utik$gale PV plas with BESS for each Italian macro region under
the reference PNIEC 2030 scenario.

System LCOE
[€/MWNh]
North 51.00
Central North 47.47
Central South 47.28

Macro region

South 44.10
Sardinia 45.72
Sicily 46.27

The power plant costsn thiscasecorrespond to around the 80% the system LCOEnging
from 71.6% in Sicilo 82.3% in the North. The balancing cogipresenton average the 13.7%
of the system LCORjth a minimum value 012.5% in the North t@ maximum value af4.5%
in the South. The reinforcing transmissiartwork costs corresponth generalto around 5%of
the system LCOlUt with awide geographical variatiothat rangesfrom 1.5% in the South to
8% in SicilyThis cost component highlights the main critical areaelims of transport capacity
of powerlines i.e., the risk of grid congestions that will appear in the future years due to the
increase of VRES production in a certain region. The two less contributing cost components of
the system LCOE ategt adequacy anthe reinforcing distribution network costSimilarly to the
reinforcing transmission network costs, the adequacy costs exhibit a geographical variation that
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ranges from1.1% in South to 4.7% in Sidilythe system LCOE contribution, with an average
value of 2%. Same contribution is given to the system LCOE by the reinforcing distribution
network costs.

The system LCOE of utiliggale P\plants combined with BESS is on average the 26% higher
than that calculated with the common LCOE methodolwgthe yea 203Q as shown inrable
22. With respect to the previous case, the cost ranking of the macro region is affected by the
adoption of a more systemic approach to th&tienation of the production costs. In fact, Sicily is
no more the cheapest region but has been passed over by Smatisardinianacro regios.

Table22. Comparison between the usual LCOE and the system LCOE calculated for the utility
scale PV plants plus storage system in the year 2030.

Macro region PV plus storage LCOEystem LCOE
[€/MWh] [€/MWh]
North 41.95 53.04
Central North 37.47 49.74
Central South 36.64 49.70
South 35.66 46.02
Sardinia 34.52 48.28
Sicily 33.12 49.27

To better assess the impacts of each cost component on the system LCOE variation, a sort of
sensitivity analysis is performed. It cannot be mentioned esabsensitivity analysisecausehe
variation of the system LCOEsisidied taking into accoundnly the minimum and maximum
valuesreached byeach cost component. For examplee power plant costs are 10% lower and
15% higher than those of a case taken as reference, without including the variation of the WACC.
These two valuesf power plant costare substitutedin the cost composition of theeference
case to see how the system LO@Ees for example, the variation of the power plant costs of
10%/+15% corresponds to a variation6f%/+11.2% of the system LC@Ehe reference case
This procedte is repeated for althe system LCO&bst componentapart fromthe balancing
costs andhe reinforcing distribution network costs. In this latter case, the minimum value is 0.25
€/MWh equivalent to the minimum costs calculated by the autharPudjianto et al., 2013pr
the Italian country The balancing costs, instead, are changed in the range of &ib@% they
have the same valu®r all macraregions

Figure7 showsthe results of this type of analysis done the system LCOd utility-scale PV
plants withoutstorage as a function of the@inimum and maximum valuieentified forits cost
components
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System LCOE variation for PV without storage systems as a function of the minimum and maximum values
of its costs components

Balacing costs -50%/+50% -14.7% 14.7%

Power plant costs (including curtailment) -10%/+12% -6.7% 7.8%

Reinforcing distribution network costs -72%/+0% 3.0% 0.0%

-16% -14% -12% -10% -8% -6% -4% -2% 0% 2% 4% 6% 8% 10% 12% 14% 16%

Figure7. System LCOE variation with respect to the variation of cost components in the range
of their minimum and maximum values taking as reference the Smattro region.

The South macro region is taken as reference case since its system LCOE is the nearest to the
average value. This reference caseharacterized bypower plant costs equal th4.54€/MWh,
balancing cost$o 6.40€/MWh and reinforcing disthution network costgo 0.9 €/ MWh. The
results confirm that the cost component thatostly affects the variation of the system LCOE is
the power plant costs. In fact, even though the highest system LCOE variation of £14.7% is
obtained by varying the balamg costs of +50%, the power plant costs have a narrower range of
variation of-10%/+12% causing the system LCOE changing in the rangéfidmto+7.8%.The
smallest impact ofhe reinforcing distribution network cost: the variation of the system LEO
is verified with this analysis

Figure8 showsthe results obtained performing the same analysis for the utdtgle PV plants
plus storageln this casethe reference case e Central South macro region since its system
LCOEHs the nearest to the average valueis characterized by power plant cost86{64€/MWh,
transmission costs of 28MWh, balancing costs of 6.4 €/ MWh, adequacy costs of 0.54 €/ MWh
and reinforcing distribution network costs of EBMWh.
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System LCOE variation for PV plus storage plants as a function of the minimum and maximum values of its costs
components

Power plant costs -10%/+15% -7.4% 11.1%
Balacing costs -50%/+50% 6.7% 6.7%
Adequacy costs 0%/235% 0.0% 3.3%
Transmission costs -69%/+34% -4.6% 2.3%

Reinforcing distribution network costs -72%/+0% -1.3%0.0%

-12% -10% -8% -6% -4% -2% 0% 2% 4% 6% 8% 10% 12%

Figure8. System LCOE variation with respect to the variation of cost components in their
minimum and maximum values taking as reference the Central South macro region.

Also in this case, the most affecting cost component is aoefir and corresponds tthe
power plant costsThe balancing costs are tlsecond most affecting parameténat makes the
system LCOE varying around ###th a variation of+50%o0f the balancing costs themselves
Again, the reinforcinglistribution network costs only marginally impattet system LCOEven
with a wide variation of this cost componen?72%) the system LCOE is reduced of ehi%%.

The reinforcing transmission network and adequacy costs show a wide variation from the
minimum to the maximum valueso but the system LCOE changes of odly%/+1.9% and
0%/+3.4%respectively.

Taking into account thaveragebalancing market costs in Italy that are arour@l45€/MWh
(Pierro et al., 2020and applying them to the system LCOE, it can vary of ar@dd¥dand 60% in
the case olitility-scalePV with and without storagsystem respectively.

It is worthwhile to compare the integration costs estimated in this study to those available in
other literature sourcegeferred to the lItalian casstudy, becausehe integration costs are
strictly countrydependenti.e., they are strongly subject to the energy system configuration
(type, number and location of the existing power plants as well as the grid infrastruciine).
total integration costs calculated inithanalysis are in the range of 8&4.3.2€/MWh andare
very closeto those calculatedby the authorsin (Pudjianto et al., 2013)hat range froma
minimum of5.2€/MWh to a maximum ofL5.9€/MWh.

The system LCOE is used, as already said, to substitute thd.@dialin the techreconomic
evaluation of the utilityscale PV plants so that a more systemic approach can be adopted in the
evaluation of the future market parity and profitability analysis. The market parity is defined as
the point in which the produatin costs are equal to the price at which the electricity produced
can be sold. In other words, the system LCOE shall be at best equal or lower to the reference
electricity price. The market parity achievement is graphically illustrated through colorfid map
of the Italian macro regions which allow an immediate and intuitive understanding. Green and
red distinguish the cases of reaching or not the market parity, whereas the greener or the redder
is the region, the nearer to or the farer from its achieveméeltie zonal electricity prices with
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which the system LCOE is matched are summariz&dbte8. The profitability analysis is added
to give further infemation about the coseffectiveness of the investment. In this case, the
attention is focused on the NPV, PBT and IRR that are common parameters used for this purpose.
The IRRIn particular, is taken as reference to measure t¢hsteffectiveness of thenvestment
if the IRR is higher than the discount rate, the investment is profitable.
As a starting point, the current market parity analysis is assessed for the Italiaistadye
taking as reference the year 2020. Figure9 are compaed both the cases of utilitgcale PV
plants with(b) and without(a)storage system.

Market parity of utility-scale PV plants without BESS Market parity of utility-scale PV plants with BESS
in the year 2020 in the year 2020
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Figure9. Market parity comparison betweeRVplants without (a) and
with (b) storage system for the year 2020.

It ispossible to notice that the market parity of utiligcale PV plants without BESS is already
reached in 2020, with a difference between PV LCOE and electricity price that is strongly positive
in all the macro region€n the contrary,tiis harder to be duevedby the utility-scale PV plants
coupled with BESS mainly due to the high investment costs of the |&@tiey. result to beost
effective only in the Italian major islands thanks to their high irradiation level and higher zonal
price(as inthe caseof Sicily)

It is interesting to outline thathe market parity at macro regional level does not strictly follow
the generation costgendency In fact, even thougthey decrease with the increase of irradiation
from the northern to the southern regionsgahown irifable20), some northern regionisenefit
of higher zonal pricethan other southern regions.

The profitability parameters taken as reference (PBT, NPV and IRR) calculated for the current
PV plants witout BESS are averagéyears, 4.7 millio€ and 15.9%, respectivelfdding the
battery storage, the PBT increases to 27 years, while the NPV and the IRR decrease to 0.019
million€ and 3.2%, respectivelyhd IRRasalmost hated averagely with respéto the discount
rate used(7%)and only Sicily reachesslightlyhigher IRR equal to 7.8%his demonstrate that
the market parity is not enough to measure the ceffectiveness of a PV investment,iaghe
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Sardinian casdhat reaches the market payibut is not profitable since the IRR still remain lower
than the discount rate. This concept will be clearer later on.

A completely different and absolutely positive situation is depicted for the PV sedtgyune
10 and Figurell that illustrates the market parity achievement of PV plants with and without
storages in the year 2030, comparing the case of inclugijgy not (a)the integration costs i.e.,
common LCOfzs. system LCOE.

Market parity of utility-scale PV plants without BESS Market parity of utility-scale PV plants without BESS

in the year 2030 in the year 2030 including the integration costs
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FigurelO. Market parity comparisoof utility-scale PV plantwithout BESS when considering
the common LCOE (a) or the system LCOfér(h)e year 2030.

Market parity of utility-scale PV plants with BESS Market parity of utility-scale PV plants with BESS
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Figurell Market parity comparisowof utility-scale PV plants with BESS when considering the
common LCOE (a) or the system LCOfo((lthe year 2030

It is possible to notice that the market parity is largely achieved in all cases especially thanks
to the strong derease of the investment costs for both the PV and BESS technologies that is
expected in that timescale. The figures also highlight that the market parity achievement is still
guaranteed when the system LCOE is adopted as teebanomic parameter for thevaluation
of the PV production costs both with and without battery storage. What is mainly affected by
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adopting the suggested systemic approastthe geographical trend of the PV production costs.
In fact, comparing the common LCOE and the new systerafo€the PV plants without storage

as inTable20, the Central South macro region has lower generation costs than the South when
the integration costs are taken into accourithis is due tdhe PV curtailmentestimated at
macroregional levethat has direct impact on the potenti&V power output In fact, no PV
curtailedis expected in the Central Souththe year 203@vith the simulation doneaspreviously
shownin Tablel8, against aisk of curtailment equal td% in the South. This means that the
decreasingtrend of utility-scalePV production costs going frothe northern to the southern
regionsis no more valid when the integratiocosts areconsideredand the system LCOE
estimated.

The profitability parameters PBT, NPV and IRR calculated for the PV plants without BESS and
integration costs are averagebyyears, 5.7 millio€ and the 27.3%respectively, the latter of
which issignificantly higher than the discount rate appliefidding the integration costs, they
slightly worsen but remain at satisfying levels equal6to/ears, 4.9 millior€ and 22.1%,
respectivelyLooking at the profitability analysis of the utikisgale PV plants with BEE% PBT
goesaveragelyfrom 12 to 20 years, the NPV from 3.1 mill&no 1 million €, and the IRR from
12% to 6.7%, not including or including the integration costs, resmdgtithis last value of the
IRR highlights once again the poittat the market parity achievement does not always
guarantee the coseffectiveness of the investmerasshownin Figurel2.

Market parity of utility-scale PV plants with BESS Profitability analysis of utility-scale PV plants with BESS
in the year 2030 including the integration costs in the year 2030 including the integration costs
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Figurel2. Comparison between the market parity achievement (a) and the profitabiigyysis
(b) of PVplants with storage system for the year 2030, including the integration costs.

This figure underlinethat almost allthe macro regionseach the market parityput not IRR
valueshigh enoughfor the investment profitaldity, with the exception of Siciland South
However, it is important to pointed out that a strong assumption has been made to allow the
comparison between the PV production costs and the possible future earnings: it is assumed that
the future electricity zonal price remains similar to tberrent one. But this is not necessarily
true. The electricity marketare designed based on the marginal costs concept, with which the
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electricity bids are madeSince a lot of incentives schemes have been adopted in the past to
enhance the diffusion of RES, they offer zeost bids in the electricity market as a consequence

of not having marginal costs. Therefore, enlarging the share of RESastraids in theelectricity

market will reduce the national electricity price. Therefore, the current market design will not be
sustainable in the medium and long term in the perspective of almost 100% RES based energy
systems because cannibalization phenomena may, mwdech reduce at the same time the
attractiveness of RES power plants for the investors. As mentioned above, some possible
mitigation strategy might be

(i) the exploitation ofpower-to-X solutions based on RES,
(i) the introduction ofeffective carbon pricing schess,
(iif) makingthe energy system more flexible.

The last point that needs to be verified to conclude the rigid energy system part of the analysis
is the impact assessment of adding the integration costs to the dispatchability of the-sigity
PV systerathat has been simulated with the oemofoea modelFigurel3 shows the results of
the two multi-objectivesoptimization problemsot including(a)andincluding(b)the integration
costs as annual costs for the utikégale PV plant3he figureillustratesthe values of the decision
variables for the optimal solutionscatedon the Pareto frontTheselecteddecision variables
for these twooptimizatiors are

(i) utility-scale P\plants(with and without tracking system)
(i) residential rooftop PV plants,

(i) BIPV intended as facade PV plants,

(iv) wind power plants,

(v) battery storages,

(vi) transport capacity of powerlines.
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Figurel3. Comparison of the results of the muttbjective optimization analysis implemented
throughoemof-moea without (a) and with (b) integration costs applied to the utiditale PV
plantsas annual costé/eronese et al., 2021b)

The optimizationexecuted with the oemoemoea model confirms that including the
integration costsas annual costslo not compromise theoverall dispatchability of the PV
production but only slightly lower theapacityinstalled.In other words thanks to the already
very low production costs, the utiliigcale PV plants will be only marginally affected by these
additional costsMoreover, this analysis outlines that it is not always necessary to exploit the
maximum PV potential.

Another interesting result is that there is not a prevailing VRES technology but the integration
of different PV and wind applications allow to reach the optimum thanks to the complementary
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production profiles. Moreover, there is a parallelism between tlielation of batteries storages

and the enlargement of transmission grid bottlenecks: the Pareto front highlights that there is a
point from which it is crucial to combine thmattery storage systems with the extension of the
transport capacity of powerlire

3.2 Energy system transition towards a more flexible configuration

The impacts of introducing additional flexibility to the system are discussed in detail in this
section. It has been assumed ththe exploitation of the flexibility at the consumption side will
be enhanced byhe rise of electric mobility and energy eféacy in buildingshat is foreseen in
future years i.e., an increased number of electric vehicles and heat pumps that can be managed
more flexibly. In particular, the load shifting is considered in this analysis and performed gpplyin
two different strategies:

(i) the flexibility interval is extended within the ddyom 3h to 24h (that will be called
hereafter as interval strategy)

(i) the amount of flexible demand is increas@ercentagewise from 0% to 100% of a
maximum value (referred hereafter as flexibilityadegy) maintaining the same flexibility
time interval

The results are initially measured in terms of BESS installed capacity because it represents the
preferred flexibility option used to improve the PV production programmability under the current
rigid energy system configuration. Then, the analysis is deepened focusing the attention on the
performances of the KPIs selected for this study (PV integration costser@8sions, RES
penetration, and DSM remuneration}our different scenarios aradentified to which the
flexibility strategies are applied:

® a base scenario that corresponds to the upgrade of the Italian energy system from the
rigid toa more flexible structure (baseline scenayio)

(i) a scenario aimed to maximize the exploitation of the flexijpiptions (pumped hydro
storages, BESS and flexible demand) to completely absorb the PV overproduction
(maxPH scenarip)

(i)  a scenario aimed to maximize the use of BESS and flexible demand by avoiding the
pumped hydro storage exploitatiom@gPH scenarip

(iv)  ascenario in which the PV production of the utiggale sector is doublg@utPV).

The Italian Energy and Climate Plan established a 10% of electric mobility penetration and a
15% of energy efficiency in buildings for the year 2030 that corresponds tmarbd6.8 TWh.
This value has been subdivided among the macro region as showablal6 and is used to
assess the impacts of the interval strategy. It might be advisable higher penetration of electric
vehicles and a greater percentage of energy efficiency in buildings thartke tatest policies
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and actions that are under discussion at European level to reach higher environmental and
climate targes. In this context, the flexibility strategy is performed considering 47 TWh of total
flexible demand that corresponds to a 30% déatric vehicles penetration and 40% energy
efficiency in buildings for the year 2030 in the Italian country. This value is split among the macr
regions as outlined imablel7.

As a first step, an investmebiased optimization of the installed BESS capacity is applied to
the PNIEC 2030 scenario to understand if there are other solutions in terms of battery storage
for the projected Italian energy systein the year 2030. The comparison is outline&igurel4.

Comparison between the planned installed BESS capacity and
that optimized
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Figureld. Comparison between the BESS instatigolacity planned in the PNIEC with that
obtained executing an invesient-based optimization.

The optimization drastically reduces the installed BESS capacity from 39 GWh to 3.5 GWh
mainly because their investment cost is still too high in the year 2030 &b energy system
perspective with respect to other options available e.g., pumped hydro storages and curtailment.
It is interesting to notice that nBES&re installed in the Italian macro regiewith a significant
installed capacity of pumped hydroosages. In fact, the exploitation of pumped hydro storages
results to bealmost doubled with respect to the reference PNIEC 2030 sce(sm@d-igurelb).
However, its level of usage is not enough to absorb completely the curtailment that rises from O
TWh to 3.5 TWhas outlined irFigurel?.
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Figurel5. Comparison between the total annual input and outpuB&S&nd pumped hydro
storages resulting for the PNIEC 2030 drat after theinvestmentbased optimization of BESS

Comparing the two energy mix frable23, there is a slight increase of CCGT power output to
partially compensa the loss of batteries output in the hourly dispatch.

Table23. Comparison between thenergy mix of thd®PNIEC 2038nd that after executing the
investmentbased optimization of BESS

PNIEC 2030 PNIEC 2030 batt opt

[TWh] [TWh]
Import 28.7 28.7
CCGT 109.5 112.7
Coal 0 0
Others (all, etc.) 0 0
Hydro (total) 66 66
Hydro reservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 72.3 72.3
PV utility (fixed) 13 13
PV utility (tracker 4.4 4.4
PVrooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 340.4 343.7
Demand 337.3 337.3
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The flexibility on the consumption side is now added to the Italian energy system applying the
two flexibility strategiepreviously discussed.

The results obtained when the interval strategy is adopted are summarizieimel6 and
in Figurel7in terms of optimized BESS installed capacity and excess of energy, respectively. The
“electrification no flex” scenario has been introduced as base case to compare the wdlees
the interval is extended. This base case considers adding a certain amount of inflexible load
equivalent to the flexible load used for the analysis of the interval strategy. In other words, the
electrification of the transport and heetg sector is included but not managed flexibly thus
maintaining the rigid energy system configuration.
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Figurel6. Optimized BESS installed capacity as a function of the flexibility time irfiariad
baseline scenario
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Figurel?. Total excess of energy as a function of the flexibility time intdovahe baseline
scenario
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The interval strategy allows to decrease the total BESS installed capacity of a&86uftland
the curtailed energy 0f20%. Less meaningful is the impact on the overall energy mix as
highlighted inTable24in which the energy mix of the ba case scenario is compared with that
obtained with a flexibility time interval of 24h i.e., the best solution obtainable with the interva
strategy.

Table 24. Comparison of the energy mestimated for the base caseand the bestsolution
obtained with the interval strateggpplied to the baseline scenario

Electrification no flex| 24h flexibility interval

[TWh] [TWh]
Import 28.7 28.7
CCGT 128.9 128.8
Coal 0 0
Others (all, etc.) 0 0
Hydro (total) 66 66
Hydroreservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 72.3 72.3
PV utility (fixed) 13 13
PV utility (tracker 4.4 4.4
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 359.9 359.8
Demand 354.7 354.7

The flexibility strategy is slightly better in reducing the BESS installed capacity and curtailment
but the impacts on the overall energy system remegny limited as outlined inFigurel8, in
Figure1l9 andin Table25. Also in this case, a baseline scenario “30/40 no flex” is created by
adding to the baseload the total maximum flexible demand as inflexible.
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Battery capacity as a function of the flexible demand
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Figurel8. Optimized BESS installed capacity as a function of the amount of flexible demand
with respect to the maximum value for the baseline scenario
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Figurel9. Total excess of energy as a function of ah@unt of flexible demanadvith respect to
the maximum value for the baseline scenario
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Table 25. Comparison of the energy mestimatedfor the basecaseand the best solution
obtained with the flexibility strateggpplied to the baseline scenario

30/40 no flex| 100% flexible demang

[TWh] [TWh]
Import 28.7 28.7
CCGT 158.2 157.7
Coal 0 0
Others (all, etc.) 0 0
Hydro (total) 66 66
Hydro reservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV(total) 72.3 72.3
PV utility (fixed) 13 13
PV utility (tracker 4.4 4.4
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 389.1 388.6
Demand 384.3 384.3

In this casethe total installed capacity of BESS and ¢heailment can be reduced 699%
and -34.2%, respectively from the base case to the best solution of 100% flexible demand
available.

Since all the scenarios examined so far are characterized by a certain amount of
overproduction, a second analysis is fjoemed aimed to completely avoid it. Thus, the energy
system has been forced to maximize the pumped hydro storages exploitation, to perform the
load shifting of the flexible demand and then to optimize the BESS installed capacity to absorb
the remaining oerproduction. The investment costs of battery storage arersstr to 0so that
BESS are maximized according to the real technical need of the energy system. In fact, too low
BESS are installed if the investment cost of the year 2030 is used, as prestnawghy making it
difficult to understand the BESS capacity trend during the optimization steps.

The results obtained with this scenario when the flexibility at the consumption side is
introduced and managed according to the two adopted strategies astriiied inFigure20and
in Figure21.

65



Battery capacity as a function of the flexibility interval
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Figure20. Optimized BESBstalledcapacity as a function of the flexibility time intervat the
maxPH scenario
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Figure21. Optimized BESBstalledcapacity as a function of the amount of flebalslemand
with respect to the maximum value for the maxPH scenario

Both strategies are effective in reducing the BESS installed capacity with theifjesitzategy
that prevails on the interval strategy also in this case but to a lesser extent with respect to the
previous case. The flexibility strategy decreases the BESS installed capacity of6a®fidut
whereas the interval strategy stops at orb/2%reduction. No relevant impacts are highlighted
in the final energy mix as in the previous case (Balele26 and Table27) for the same reasons
discussed above.
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Table26. Comparison of the energy mestimated for the base case and thedbesolution
obtained with the interval strategy applied to the maxPH scenatrio.

Electrification no fleYTWh] | 24h flexibility interval[TWh]

Import 28.7 28.7
CCGT 126.8 126.3
Coal 0 0
Others (oll, etc.) 0 0
Hydro (total) 66 66
Hydroreservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 72.3 72.3
PV utility (fixed) 13 13
PV utility (tracker 4.4 4.4
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 357.7 357.3
Demand 354.7 354.7

Table27. Comparison of the energy mestimated for the base case and the best solution
obtained with the flexibility strategy applied to the maxPH scenatrio.

30/40 no flex[TWh] | 100% flexible deman{iTWh]

Import 28.7 28.7
CCGT 156.4 156.1
Coal 0 0
Others (all, etc.) 0 0
Hydro (total) 66 66
Hydro reservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 72.3 72.3
PV utility (fixed) 13 13
PV utility (tracker 4.4 4.4
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 387.4 387.1
Demand 384.3 384.3
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Since the amount of pumped hydro storage in Italy is quite high, a third scenario has been
considered in which this flexibility option is not available to evaluate the effects on BES8dnstall
capacity and the energy mix in general. The BESS exploitatnaximized as in the scenario
above to avoid PV production curtailment. The results are showigure22 as a function of the
flexibility interval and irFigure23as a function of the avaitde flexible demand.
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Figure22. Optimized BESS8stalledcapacity as a function of the flexibility time intervaf the
noPH scenario
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Figure23. Optimized BESS8stalledcapacity as &nction of the amount of flexile demand
with respect to the maximum value for the noPH scenario

With respect to the previous scenario, avoiding the exploitation of pumped hydro storages
causes a significant increase of BESS installed capacity thateighran doubled with respect to
the previous case. Moreover, the interval strategy results to be more effective in the reduction
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of BESS capacity by decreasing it of aro@f with respect to the2% reduction obtained with
the flexibility strategy. Howeer, no remarkable impacts are found in the final energy mix as
shown inTable28 and inTable29.

Table 28. Comparison of the energy mestimated for the base case and the best solution
obtained with the intervaktrategy applied to the noPH scenario.

Electrification no flex| 24h flexibility interval

[TWh] [TWh]
Import 28.7 28.7
CCGT 126.1 125.8
Coal 0 0
Others (oll, etc.) 0 0
Hydro (total) 66 66
Hydro reservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 72.3 72.3
PV utility (fixed) 13 13
PV utility (tracker 4.4 4.4
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 357.1 356.8
Demand 354.7 354.7
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Table29. Comparison of the energy mestimated for the base case and the best solution
obtained with the flexibility strategy applied to the noPH scenario.

30/40 no flex| 100% flexible demang

[TWh] [TWh]
Import 28.7 28.7
CCGT 155.9 155.7
Coal 0 0
Others (all, etc.) 0 0
Hydro (total) 66 66
Hydro reservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 72.3 72.3
PV utility (fixed) 13 13
PV utility (tracker 4.4 4.4
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 386.9 386.6
Demand 384.3 384.3

Until now, the flexible demand has been added to the reference energy system without
modifying the overall RES penetration since the installed capacities of all goaguction
technologies are kept constant. Thereforeast scenario is introduced to increase the RES
penetration by doubling the utilityscale PV plants installed capacity. This is a reasonable
assumption for the year 2030 since some policies have lreeently established in Italy to
promote agrivoltaics applications. In this case, the main effect of increasing the PV production is
to reduce the energy produced by the CCGTs power plants to a level near to that of the reference
PNIEC 2030 scenario, as t@ seen by comparinfable30andTable31with Tablel5. However,
the flexibility strategies do not have significant impactgloafinal energy mix as in the previous
cases.
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Table30.Comparison of the energgstimated for the base case and the best solution obtained
with the interval strategy applied to the 2utPV scenario.

Electrification no fle{TWh] | 24h flexibility interval TWh]

Import 28.7 28.7
CCGT 112.9 112.3
Coal 0 0
Others (oll, etc.) 0 0
Hydro (total) 66 66
Hydro reservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 89.4 89.4
PVutility (fixed) 25.6 25.6
PV utility (tracker 8.9 8.9
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 360.8 360.3
Demand 354.7 354.7

Table31. Comparison of the energy mestimated for the base case and the best solution
obtained with the flexibility strategy applied to the 2utPV scenario.

30/40 no flex[TWh] | 100% flexible deman{iTWh]

Import 28.7 28.7
CCGT 142.2 141.7
Coal 0 0
Others (all, etc.) 0 0
Hydro (total) 66 66
Hydro reservoir 19.3 19.3
River hydro 46.7 46.7
Biomass 17.4 17.4
PV (total) 89.4 89.4
PV utility (fixed) 25.6 25.6
PV utility (tracker 8.9 8.9
PV rooftop 54.9 54.9
BIPV 0 0
Wind 39.6 39.6
Geothermal 6.9 6.9
Total production 390.2 389.6
Demand 384.3 384.3
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Figure24 and Figure25 show the optimization of the BESS installed capacity applying the two
flexibility strategies with this last scenario.

Battery capacity as a function of the flexibility interval
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Figure24. Optimized BESS installed capaagya function of the flexibility time interval for the
2utPV scenario
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Figure25. Optimized BESS installed capaagya function of the amount of flexible demand
with respect to the maximum value for the 2utPV scenario

The reluctionof BESS installed capadgyerified also in this case buat a further less extent
with respect to the previous scenariass shown ifrigure24andFigure25. In fact, BESS decrease
of -3.6% with the interval strategy and e4.3% with the flexibility strategy
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3.2.1 KPIs performances in the various scenarios for the year 2030

The impacts of adding the flexibility at the consumption side of the energy system are
measured according to the KPIs that are identified for dimalysis:

(i) storage and curtailment costs as a measure of the impacts on the PV integration costs,

(i) RES penetration and @@missions as a measure of the ability to respect the
environmental and climate targets

(iii) the DSM remuneratiomas ameasureof the attradivenesgo participate at DSM programs
for an interested consumer

The results discussed in the previous section demonstrate that the flexible demand is
beneficial to reduce the total BESS installed capacity needed to guarantee the programmability
of PV poduction in all the scenarios examined. The same positive impact has in reducing the
overproduction that needs to be curtailed by the system. These two positive effects allow to
partially reduce the PV integration costs (cost of storage and curtailmest) ead, thus, the
costs for the overall system. The avoided storage costs are represerfeglie26.

PV integration costs: avoided storage cost
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Figure26. Avoidedstorage cost estimated for each flexibility scenario.

The flexibility strategyesults to be the mosgffective in reducing thisype of PV integration
cost component, as already outlined from the results examined befeith the only exceptinm
of thenoPH scenario in which the interval strategy allows to a greater amount of avoided storage
costs with respect to the flexibility strateg¥he curtailment costsmisteadhave been completely
eliminated with respect to the baseline scenario when teailable flexibility options are
exploited at their maximum potentigseeFigure27).
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Figure27. Curtailment cogtestimated for each flexibility scenario

In the previous section, it has been highlighted tthe first threescenarios consider the same
amount of RES production but the total electricity demand is bigger because of adding the flexible
demand. The main consequence is an increase of the overale@@sions since a greater
amount of load needs to be satisfiedtiwviadditional CCGT production. Therefore, the installed
capacity of utilityscale PV plants is doubled in the 2utPV scenario to mitigate these effects, as
illustrated inFigure28 and inFigure29.

Figure28. RES penetratioastimated foreach flexibility scenario
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Figure29. CQ emissionsestimatedfor each flexibility scenario.

The flexibility strategy has worst performaneath respect to the interval strategy in all the
scenarios examinebecause the flexible demand added to the energy systeligiger i.e.Jess
RES penetration and higher £nissionsin terms of RES penetratipthe PNIEC targéor the
electricity sectoris fixed around 55% and it is satisfied in all the flexibility scenarios apart from
the baseling the maxPHand the noPHscenarios to which the flexibility strategy is applied. The
greatest RES penetration is achieved when the intetvalegyy is applied to the 2utPV scenario
that corresponds also to the lowest €€missions level thanks to the increase of PV production
in the energy mix.

Last but not least, it is important to estimate the possible remuneration that a participant to
the DSM programs will receive according to the scenarios studied in this analysis. The DSM
remuneration, as discussed in the previous sections, is defined as the ratio between the avoided
costs of storage and the total flexible demand available in the eneygyesn.
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Figure30. DSM maximum remuneratiastimated for each flexibility scenario

The DSM remuneration significantly increases in the scenarios where the flexibility options
(pumped hydro storage, flexible demand and BESSg@gploited at their maximum potential to
avoid completely the curtailment. However, since the overall benefits in terms of avoided BESS
installations are similar between the interval and the flexibility strategies, the remuneration
obtained with the inteval strategy is aroun86% higher than that obtained with the flexibility
strategy because in the latter the total flexible demandlisiost three timeshigher. The only
exception is represented by the noPH scenario in which the DSM remuneration with the interval
strategy is significantly higher than that obtainable with the flexibility strategy because the BESS
capacity reduction is the greatest in absolute teramong all the cases examined.

3.2.2Discussion of the results and comparison with other literature sources

Considering theigid energy system configuratiorhe system LCOE estimated for the Italian
utility-scale PV plants in the year 2030 ith@ range of 20.37% 23.55€/MWh and between 44.1
€/MWh and 51 €/MWHhfor the case without andvith BESSrespectively Looking at the system
LCOE cost composition in percentage, the power plant ceptesentthe 66% and 78% of the
system LCOE for PV plants without and with storage system, respectiliely are followed by
the balancing costhat areon average the 14% and 30% of the system LCOE for the PV with and
without storage system, respectiveljhe othercost components contribute less than 5% to the
overall system LCOE even though the reinforcing transmission network costs and the adequacy
costs show a wide geographical variation.

The market parityis achievedn all the Italian macro regions in the ye2030mostly because
of the investment cost reduction of both the PV and BES8Bnologieshat isforeseen in that
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timescale Moreover,its achievement is not compromised by applying a more systemic approach
to the PV generation costs calculation as whie system LCOHowever somecritical aspects
have been highlighted in the profitability analysis the main of whi¢hasreaching the market
parity does not alwayguaranteethe investment coseffectiveness In fact,the only two regions

that obtainedan IRR higher than the discount rate &wily and the SouthThe optimization
performed with the genetic algorithmerifiesthat the role of the PV sector in the future energy
mix is not compromised even when the integration costs are included as avamegble costs to
operate the hourly dispatch by the energy system managereover, ths optimization outlines

that there is nota prevailing VRES technology bue complementary production profiles of PV
and wind allowto easilyreach theoptimum.

When the flexible demand is added to the energy system, the benefits in terms of avoided
BESS installed capacity are highlighted in all the flexibility scenarios examined, with théylexibil
strategy that prevails on the interval omealmost 8l the casesHowever, these benefits decrease
when the other flexibility options are exploited at their maximum potentitis interesting to
notice that a significant benefit in terms of avoided installed BESS can be reached just by
increasing the tothelectrical demandvithout making it flexible, as shown by comparing the
baseline scenario angith the noflex scenario in theases examined: he flexible demand gives
also its contribution in reducing the risk of curtailment, as shown in the baseler@sgo. This
means that it is a good flexibility option to make the PV production more programmable and to
reduce the PV integration costs. In particular, the avoided storage costs are estimated in the range
of 95 - 2120 M€ depending on the flexibility soario examined and strategy adoptedth an
average value of around00 M€ The curtailment costs, instead, has been completely eliminated
when the flexibility options are exploited at their maximum potential, starting from curtailment
economic losses thatre 55 M€ and 65 M£n the baseline scenaritor the flexibility and the
interval strategyrespectively

No significant effects are recorded for the introduction of the flexibility at the consumption
side in terms of RES penetration and.@Missionssavngs the latter of whichare less than 1%
in all the scenario examined.his result is in line with otheresearchstudies presented in
(Brouwer et al., 2016; Dranka et al., 2021; Gleue et al., 202@Gleue et al., 2021n particular,
consideringl5%flexibility, the CQ emissions savings result to be arourid1% and1.5% in
Germany and Great Britairespectivelyand a naximumof 6%of CQ emissions reduction has
been achieved witthe most optimisticscenaricof 50%flexibility. A slightlyhigher C@Qemissions
savings potential of around-2% isreached by the authors (Brouwer et al., 2016)here the
energy system of Western Europe in the year 2050 has been simwéteBLEXOS hourly power
system toolconsidering different RES penetration scenarios of 40%, 60% andiB@¢yeatest
positive impacbn RES penetration and &€nissions reductioKPIs is registered this analysis
when adding new RES production in the energy mixinéhe scenarioin which the energy mix
has been modified by doubling the installed capaof utility-scale PV plantdfhe maxPH and
noPH scenarios are equivalefar these two KPIs becausbey are bothzero CQ@ emissions
technologiesthat are dispatched hourly at zero variable coshey areinterchangeable when
exploited at their maximumpotential to completely absorb the PV overproductiott is
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interesting to notice that the Italian target of RES penetration in the electricity sector has been
fulfilled in almost all the flexibility scenarios examineith the only exception of thérst three
scenarios to which the flexibility strategy is applmEstause the same amount of RES production
is available in the energy miput a bigger total electricity demarghallbe satisfied

An attempt has been made to give a first estimation of the possible remuneration for flexibility
services defining it as thatio between the avoided storage costs and the total flexible demand.
The result is a DSM remuneration that ranges betw&eand 126 €/ MWh depending on the
flexibility scenarios and strategy consider&tth an average value around 30€/MWh. The
DSM renuneration when the flexibility strategy is adoptedless than that obtainable with the
interval strategy.This differencas jusified by the fact that the benefits in terms of avoided
storage costs are similar but the total flexible demand on whicly e spread ialmost three
timesbiggerin the scenarios to which the flexibility strategy is appli@dnsidering that a typical
Italian household has an averagenaial consumption of around 3000 kvéhd that only 15%f
it is available foDSM purposes, the maximum annual DSM compensadi®&®. 7€ that is very
near to thelower bounds determined i~ E} EP v W @Eee}vU 7ii0V '}s'. ]}A-l
As an exampleRolish peoplare willingto-accept the load contraif an annual remuneratiom
the range of65€ - 114€is guaranteed~'}s' ]} A« S o, Mhlleithei swedish prefean
annual compensatiothat ranges betwee78€ and132€ (Broberg and Persson, 201&) both
casesthe lower bound corresponds to théesired compensation for load shifting duritige
morning off-peak hours on the contrary the upper bound is the minimuacceptable
remunerationfor load shifting during the eveningeakhours.
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Chapter4. Conclusions

The PV technology will be the main power production technology according to the energy
transition that is foreseen in the next few years towards a-B&s®d energy system. It allows to
reduce the electricity bills of endsers thanks to its exploitabiliyirect on site of consumption
and increases the environmental sustainability of the electricity produced in the overall energy
systemHowever,some concerns arisgnce the availability of the solar resource is uncertain and
difficult to be predictedand thus the programmability of PV production shall be improaed
additional efforts are required by the existing energy system to accept the rapidly increasing
amount of photovoltaic energy.

For these reasonshe main objective of this research is to asst® future impacts of the PV
penetration in terms of additional costs for the existing energy system and to evaluate some
mitigation strategies to ensure that the benefits of exploiting this renewable sourceotibe
compromisedby an unsustainable anease of the costs for thenergysystem and the entire
community. With this aim, thisstudy isfocused on the evaluation dfifferent strategies for a
more flexible management of utilitgcale PV plants minimizing the costs for their integration and
the energy system.

Two pathways are identified that the energy system could follow to increase the RES
penetration. The first route is that included in most of the current energy and climate policies
and assigns to battery storages the main role to the managy@ of the variability of PV
production. The second is more ambitious and introduces other flexibility options mainly at the
consumption side. Both these paths are analyzed in this study to assess their economic and
environmental impacts.

The first pathway is characterized by an increase of the overall system costs since more
investments are needed to install the required BESS capacity, the production level of the existing
power plant shall be adapted and the grid infrastructure shall lereded and renovated to
better manage the increased penetration VRE$®roduction. In this context, aew parameter
is defined to go beyond the common LC@&thod and to apply a more systemic approach in
estimating the P\generationcosts. This new parameter is called system LCOfreaddition to
the power plant costgvaluatedwith the common LCOE methodologtyincludes

(i) the costs of adapting the existing gridfrastructure to accepta rising share of

intermittent productionwithout affectingthe system reliability and security of supply,

(i) the costs that the additional VRES production reflectshenoperating conditions of the

existing fossil fuel power plants

The first are called grid costs and comprehend the reinforcing distribution and transmission
network costs, the adequacy costs and the curtailment costs. The second are called balancing
costs and are classified into decay of efficiency costs andgtarosts. A mathematical definition
is determined for each cost component during this research.
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The system LCOE is applied in the teeboonomic evaluation of future utilitgcale PV plants
to verify if and how the future market parity and profitabilityanalysis are affected by adding
these cost components in the PV generation costs estimaiiwn. different points of vieware
adopted in this regard:

(i) the PV plant investor point of view
(i) the energy system managpoint of view

In the first case, the results adiscussedn terms of market parity achievement (system LCOE
vs. zonal electricity price) and profitability indexes, like NPV, PBT anbh ifRR.second case, a
genetic algorithm is implemented in the energy system mimigltool to perform an expansion
capacityoptimizationaimed to study theeffectson utility-scale PV plants dispatchability when
the integration costs arencludedas annual costs.

The second route that can be followed for the energy transition introdube flexibility at the
consumption side as an alternative to battery storages in enhancing the programmability of PV
production and as mitigation strategy to reduce the PV integration costs and, consequently, the
costs for the overall energy systeitharks to the energy system modelling tool, it is possible to
evaluatethe impacts ofidding the flexible demanib the existing energy system ahdw it can
affect the PV integration cost$he flexible demand is shifted upwards or downwards by means
of two different strategies implementech this study:

(i) the flexibility interval is extended within the d&geping constant the amount of flexible
demand available for load shifting

(i) the amount of flexible demand is increaseudtil a maximum value maintaining the same
flexibility interval

In the first strategy, the flexibility interval is extended from 3 to 24 h, while in the second
strategy the flexibility demand is increased percentagewise from 0% to 100% with respect to a
maximum value that represents the maximum exploitation of flexibility at the consumption side
that can be expected for the reference timescale.

The impacts o&dding the flexible demand to the energy systare studiedas an initial step
in terms of utiliation rate of other storage technologies with which it competes battery and
pumped hydro storags. Some key performance indicators atfeen adopted todeepen the
influence of flexible demand on the energy system and PV programmalitiey KPIs adopt
for this analysis are

(i) the amount of C&emissions and RES penetration since the energy transition is structured
to achieve certain targets for theandas ameasureof the environmental sustainability
of the energy system configuration

(i) the curtailment costs and avoided storage coats a measure of the flexible demand
ability to reduce the PV integration costs and thus system costs,

(i) the DSM possible remuneration as a measure of the attractiveness of DSM programs for
an interested consumer.
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In this analysis, the load shifting is used and appligdtio different scenarios

() a basdine scenario that corresponds to the upgraadé the energy system taken as
reference from therigid to the flexible configuratioby introducing the flexible demand

(i) a scenario aimed to maximize the exploitation of the flexibility options (pumped hydro
storages, BESS and flexible demand) to completely absorb the PV overproduction

(iif) a scenario aimed to maximize the use of BESS and flexible demand by avoiding the
pumpedhydro storage exploitatiompPH scenarip

(iv) a scenario in which thetility-scale PV plants installed capacgydoubled

This last scenario is introduced because the RES production is the same in thadest
scenarios but the overall electricity demand is higher after adding the Rexifad As a
consequencethe overall C@emissions will increase due tonaore intensive usef fossil fuel
power plants to cover the additional demand.

The Italiarenergy system and its planned evolution to the y2@B0 istaken as reference to
validatethe methodology.This case study has beehosenfor different reasons

(i) an easier access to the data needed for this stadgt a better knowledge rohow the
Italian energy system is structured and managed,

(i) the considerablePVproductionpotential andits exploitability

(i) the opportunityoffered by alarge installed capacityf pumped hydro storage

Theelectricity sector has been modelled with the opgsource energy system modelling tool
Oemof to apply a muknode approach to the hourly dispatchability of the power production
technologies miniming the costs for the system, starting from total national installed capacity
as expected for the year 2030 by the Italian Energy and Climate Plan.

The system LCOE estimated for the Italian utditgle PV plants in the year 2030 is in the range
of 20.37—23.55€/MWh and between 44.1 €/MWh and 51 €/MWar the case without anevith
battery storage The power plantand balancing costs are the twoain cost components that
contribute to the system LCOE arou68%80% and 15980% respectively. The investment
costs reductiorof both the PV and BESS technadsgxpected in the future years allows to easily
reach themarket parity in all the Italian macreegions in the year 2036ven when a more
systemic approache.,the system LCOI5, used to evaluate thBVgeneration costsHoweverit
has been highlighted thataching the market parity does not alwaysaranteethe profitability
of the investment.

Adding the flexible demand to the energy systemewonomically and environmentally
beneficial by lowering theneeded BESS installed capacitgducing the amount of VRES
production that needs to be curtailedhcreasing the RES penetration atecreasinghe CQ
emissionsHowever, the magnitude of these benefits strongly depends on the amount of flexible
demand available and how it is managed as well as the energy mix compasiti@availability
of other flexibility options with which it is in competinoTheRES penetration and €@missions
in particular, aranore affected by the mount of RES productioavailable in the energy mtkan
by the flexilbe demanditself. The results are in line with other studies found in #mentific
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literature that highlighton average a very limited potential of load shifting in promoting RES
penetration and reducing the overall €émissions of the energy system. Tdeerageestimated
DSM remuneration isimilar in the order of magnitude the system LCOE of utyliscale PV
plantsand very near to other research studies based on willingtesscept surveyand this
opens upinterestingperspectivedor applications in the context of energy communities as well
aselectricity marketaggregators in which consumpti@and production units are managed under
the sameentity.

4.1 Methodology limitations and further developments

Thisresearchprovidesa general methodology to evaluatikee costs and benefits of the future
energy transition towards a REB&sed energy system focusing the attention on the utsitale
PV sector that will be the technology on which the future energy system will relyTlois
methodologyrepresentson one tand a first step towardsa fairer techno-economic evaluation
of future generation costdy adding the integration costs and defining the system LCOE
parameter; on the other hand, a first assessment of the benefits coming from fostering the
flexibility at the consumption side for the PV sector, in terms of integration costs reduction and
programmability improvement, and consequently for the energy system as a whole. For these
reasons, theres still room for improvement.

A first limitation of this analysis related to the assumptions made for the estimation of the
grid costs reinforcing distribution and transmission network costs and adequacy costs in
particular. Theyare difficult to be properly estimatedbecause theyneed a comprehensive
knowledgeof the grid infrastructureand the connection nodes of current and future power
plants at both the distribution and the transmission levéisset of network studies (both at
steadystate anddynamic conditionsshall be structured to better study the integrami costs
dependencyas a function of VRES penetration and to highlight the possdrtelationsamong
the cost componentsThis kind of analysis turned out to be challenging for the Italian case study
sinceit is difficult to finddata on thegrid morphology and connection points of power plants at
national scaleTwo main reasons are behind this:

0] the Italian distribution grid is managed by various DSOs that are operating at regional
and subregional levels.

(i) the transmissiomgrid, even though it is monopaed and managed by a TSOis
considered a strategimfrastructure for the countryand thusno detailed modelbr
information areavailable.

It is alsanterestingto assess the real feasibility thfe foreseen future scenarios by evaluating
the real location and connection points of future power plants. For this reason, a detailed GIS
study of the VRES potential could be anotpart that can be addedo this analysis. For the
Italian case studyt impliesa good knowledge of theegionallegislation to this regardrhis point
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will be hopefully solvedh the next future by thdegislative decree implementing the European
directive RED [MITE ministry, 2021fpr which the Italian regins arecalledto identify suitable
areas for thanstallation of the RES power plants needed to reachabjectivesdefined in the
Italian energy and climatelgn.

Theprofitability analysis of utiliyscale PV plus storage systermsimplified since the return
on the investment is guaranteed only by energy sales. Therefore, it is interesting to exbsnd it
including other grid services that these configurations cammypde and bid in the electricity
market. Moreover, a strong assumptiors behindof this analysisit has been supposed that the
average zonal electricity prices in the year 263@ain similar to the historical averaggowever,
the postpandemicrecover and the recenUkrainian warhave given further evidence ole
extreme volatility ofelectricity prices andhe inadequacy of current electricity markesign
Due to the strong dependency oraturalgasfor the electricityproduction the electricity prices
have constantly increased the last yeafrom the historical averagef 50— 60 €/ MWhto the
current 500 €/ MWhin Italy (valueof August 2022(Terna, 2022) asa direct consequence of the
marginalcosts concept on which the actual electricity madate basedEven though ishould
be an optimal conditiorfor RES power plantosteffectivenessthis circumstance exposes them
to additionalregulatory actions thasqueeze the profit margins(Ministero della Giustizia, 2022)
and potentially triggeruncertainties for the investorsTherefore, ®w electricity market design
shall be studied to go beyond the marginal costéicepte.g, moving to a moreLOEbased
regulation and improve the market participation of RES power plants in a more efficier¢. \way
decoupling the electricity pricenbinding theenergy pralucedby RE&om the natural gas pce,
as some isecentlysuggesting.

The DSM analysis performed in this research shall be considered as an exploratory
investigation of the effects of introducing the flexibility at the consumption side in the Italian
energy context, thus a basic approach has been maintained. For examplehl@ad) s only
implemented and thus, it is interesting to enlarge the analysis to the load shedding, especially
taking into account the low performances obtained in some KPIs mostly because the total
electricity demand increases with no simultaneous clemngn the energy mixThese low
performancesare partially justified since the analysis is focusely onthe electricity sectothus
the effects on the transport and heat sectors in terms of fuel costs and emissions sarenmyst
measured Moreover, the simplest DSM model available in oemof has been used due to
computational limitations. Therefore, another important improvement on this regard will be to
perform a DSM analysis applying more complex models to the case study.

The DSM remuneration has been estimated as a first approximation of the earnings of an
interested consumer without applying any particular business madelcomplex definitionlt
doesnot take into account other benefipart from the avoided BESS iaéation costsand thus
the value determined in this analysis can be assumed as a lower bound for the Italisstuzhse
The economic vakiof DSM programs shall be better investigas@tce a significant uncertainty
and a lack of knowledgappearsfrom the literature.

Finally, a few numbers of flexibility scenarios have been examined in this research optimizing
only the BESS installed capadtyaspecificcountry. The availability of flexible demand majso
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affectthe development of the grid infrastructurt® absorb the increasing VRES productioims
opens up to further analysthat implementan investmertbased optimization on the powerlines
transport capacityto obtain a first estimation athe flexible demandmpacts on theeinforcing
transmission network costs of the PV technoldgys alsointeresting toapply the methodology
to other countriesand energy system configuratioress well as studyinturther scenarios that
are closer to 100% REfnetrationto better define the role that the flexible demand can have
when the energy transitiowill be completed
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