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Summary 
 
 

In the context of the coming 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 self-production and selfconsumption reducing the electricity bills 
of consumers and increasing the environmental sustainability of the 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 CO2 
equivalent emissions, for this reason the utility-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 concerns arise in 
terms of PV plants programmability and efforts required by the existing energy system to accept 
the rapidly increasing amount of photovoltaic energy. On one hand, the widespread diffusion of 
PV installations (residential, commercial and utility scale) requires a reinforcement 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 when renewables are not available or not enough. As a 
consequence, they are mainly operating at partial load conditions and the number of full-load 
hours is strongly reduced. In absence of a proper amount of storage capacity and an increase of 
electricity demand, the continuous rise of PV production means a higher risk of energy 
curtailment at a 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 energy system and to identify 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 pathways are defined in this study that the current energy systems might follow in the 
next few years to achieve the established climate goals. The first route maintains the current rigid 
energy system configuration and the evolution of it towards a RES-based energy 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 most well-known and thus favorite 
route nowadays on which most energy and climate 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 consumption side that could properly accommodate the PV overproduction and 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 and climate policies. 
The first pathway is counting on the historical faith on technological evolution and in the 
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inexhaustibility of raw materials, the second instead is asking for a radical change of the system 
as a whole (economic, energy, political and social) and 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 medium- and long-term strategy but its foundations must be laid at this time. 

The methodology developed during this research follows the two pathways described above. 
In the context of the rigid energy system configuration of the first route, the future production 
costs of PV plants are estimated defining a new parameter that considers the impacts of adding 
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.e., the flexibility of the energy system 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 so-called integration costs of PV plants to demonstrate that if all the possible 
integration costs are fairly assigned to VRES, in this specific case to the utility-scale PV plants, 
they will still remain profitable in the future years. Therefore, this study is aimed to find an easy 
way to estimate 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 
techno-economic evaluation of future PV plants. This new parameter is called system LCOE 
accordingly with the literature available on this topic. The integration costs are classified as grid 
costs that consider the investments needed to reinforce and renovate the distribution and 
transmission grid to be able to accept the future VRES production avoiding grid instability and, 
balancing costs that reflect the change in the operating condition of fossil fuel power plants from 
baseload to peak power plants. These costs are reasonably applied to the utility-scale PV plants 
to demonstrate if they still remain economically profitable in the future scenarios even when a 
systemic approach is adopted to calculate their production costs. 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, 
(ii) the investment profitability by calculating some typical economic parameters like the Net 

Present Value (NPV), the Pay-Back Time (PBT), and the Internal Rate of Return (IRR). 

This result is cross-checked analyzing the effects on PV plants dispatchability of adding the 
integration costs with a bottom-up energy system model coupled with a genetic algorithm to 
perform an expansion capacity optimization. 

Considering that one of the main criticisms toward the introduction 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 electricity bills or 
the profitability of future 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 tool, it is possible to 
assess the impacts and benefits of adding this new source of flexibility to the existing energy 
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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 flexibility interval is extended within the day, 
(ii) 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 with which 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 identifies 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 adopted to reduce the uncertainty and intermittency of PV production i.e., the 
production technology that will contribute more to the future energy mix. This introduces 
another innovative contribution of this study that gives not only a generally applicable and 
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 storage strategy 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 of flexible 
demand to the programmability 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 costs, RES penetration and CO2 emissions reduction), since most of 
the studies are focused on residential and industrial applications and small or isolated smart grids 
(according to the author knowledge). Moreover, it suggests a 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 growth. This case study has been selected 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 the role of pumped hydro storage in the energy transition as 
flexibility option thanks to the large installed capacity of pumped hydro in Italy. 

The starting point of this study and the state-of-the-art of the topics covered in this research 
are discussed in the 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 costs and the system 
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 functionalities of the selected energy system 
modeling tools that are of interest to this analysis. The Italian case-study is deeply described in 
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the third chapter explaining how the Italian energy system is built in the energy system modeling 
tool chosen for this 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 competitiveness 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 discussion of the methodology limitations and further development are 
suggested to overcome the identified weaknesses. 

 





vi 
 

Contents 
 

Summary ................................................................................................................................................. i 

Nomenclature .......................................................................................................................................viii 

Introduction ............................................................................................................................................ 1 

Chapter 1. Methodology ......................................................................................................................... 8 

1.1 Rigid energy system approach: general definition of the new metric and its cost components .... 9 

1.1.1 Power plant costs ................................................................................................................. 13 

1.1.2 Reinforcing distribution network costs ................................................................................. 14 

1.1.3 Reinforcing transmission network costs ............................................................................... 15 

1.1.4 Adequacy costs ..................................................................................................................... 16 

1.1.5 Curtailment costs.................................................................................................................. 17 

1.1.6 Balancing costs ..................................................................................................................... 17 

1.2 Rigid energy system approach: system LCOE, market parity and profitability analysis ............... 18 

1.3 Energy system modeling tool ...................................................................................................... 20 

1.3.1 Flexible energy system approach: impacts of adding flexibility to the demand side ............ 23 

Chapter 2. The role of flexible PV in the Italian energy transition to 2030 ............................................ 29 

2.1 General framework of the evolution of the reference energy system ........................................ 29 

2.2 Rigid energy system: input data and assumptions for the estimation of PV integration costs, 
system LCOE and future profitability of utility-scale PV plants ......................................................... 31 

2.3 Rigid energy system structure and evolution towards a more flexible configuration ................. 37 

Chapter 3. Results ................................................................................................................................. 47 

3.1 Rigid energy system: PV integration costs, system LCOE and profitability of future utility-scale 
PV plants ........................................................................................................................................... 47 

3.2 Energy system transition towards a more flexible configuration ................................................ 59 

3.2.1 KPIs performances in the various scenarios for the year 2030 .............................................. 73 

3.2.2 Discussion of the results and comparison with other literature sources ............................... 76 

Chapter 4. Conclusions ......................................................................................................................... 79 

4.1 Methodology limitations and further developments .................................................................. 82 

List of figures ........................................................................................................................................ 88 

List of Tables ......................................................................................................................................... 90 

References ............................................................................................................................................ 92 

 





viii 
 

Nomenclature 
 
 

BESS Battery Electrical Storage System 

BEV Battery Electric Vehicle 

BIPV Building Integrated Photovoltaics 

CAPEX Capital Expenditure 

CBA Cost-Benefit Analysis 

CCGT Combined Cycle Gas Turbine 

COP Conference of Parties 

DLR Dynamic Line Rating 

DR Demand Response 

DSM Demand-side Management 

DSO Distribution System Operator 

GSE Gestore dei Servizi Energetici 

HVAC Heat Ventilation and Air Conditioning 

ICT Information and Communication Technology 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

IRR Internal Rate of Return 

KPIs Key Performance Indicators 

LACE Levelized Avoided Cost of Electricity 

LCOE Levelized Cost of Electricity 

LTES Long-term Thermal Energy Storage 

LV Low-Voltage 

MV Medium-Voltage 

NOCT Nominal Operating Cell Temperature 



ix 
 

NPV Net Present Value 

O&M Operation & Maintenance 

OPEX Operation and maintenance Expenditure 

PBT Pay-Back Time 

PNIEC Piano Nazionale Integrato per l’Energia ed il Clima 

POA Plane-of-array 

POD Point of Delivery 

PV Photovoltaic 

RES Renewable Energy Sources 

SOC State-of-charge 

TSO Transmission System Operator 

UNFCCC United Nations Framework Convention on Climate Change 

US EIA United States Energy Information Administration 

VALCOE Value-Adjusted Levelized Cost of Electricity 

VRES Variable Renewable Energy Sources 

WACC Weighted Cost of Capital 

  

 





1 
 

Introduction 
 
 

The CO2 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, hurricanes and 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 society, and they 
have started to regularly struggle for their right of living in a cleaner and more sustainable world 
(Fridays for Future, 2018). 

The scientific community started to make aware the industrial sector about the climate change 
issue already in the 1960s (James R. Garvey, 1966). However, the international governments 
started to seriously address the problem only in the 1990s when the United Nations Framework 
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 reduce the 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 meaningful step in this direction was the signature of the Kyoto 
Protocol in 1997, but only with the Paris Agreement in 2015, it has become clearer the strong 
effort that countries must make to reduce the environmental impacts and the short time 
available to boost the change. 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 CO2 emissions must be significantly reduced in no more than a decade to maintain the 
average earth temperature under 1.5 – 2°C at the end of this century (IPCC, 2018). In other words, 
a strong and fast energy transition is necessary leaving the fossil fuels and encouraging a 
widespread use of renewable energy sources (RES). Many countries are adopting policies and 
strategies to support the transition towards a more sustainable economic development. The 
Green New Deal (European Commission, 2019) established in 2019, for example, traces the route 
for a carbon-neutral European Union within the year 2050. 

Regarding the electricity sector, the energy system shall be completely revised: from a 
centralized configuration based on fossil fuels with passive end-users that only absorb electricity 
from the grid, the energy system shall assume a distributed configuration based on RES and the 
final user will have an active part producing partially or completely the electricity it needs and 
becoming a so-called prosumer. A 100% RES-based energy system is reachable and desirable 
(Hansen et al., 2019), in 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 
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benefits for both the environment and the society, thanks to the improve of air quality and the 
reduction of non-renewable natural resources consumption as well as the potential creation of 
new business sectors and jobs. However, this push towards a high penetration of VRES 
production may 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 to produce 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 storage systems. 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 production units to one with a relevant amount of small RES power plants. However, the 
massive installation of PV power plants on low- (LV) and medium-voltage (MV) grid levels gives 
rise to grid stability problems, such as overvoltage and reverse power flows, because the grid 
infrastructure was meant for a unidirectional power flow from the production units (connected 
to the high-voltage grid) to the consumption units (most of them connected to the LV and MV 
grids). Moreover, the increase of self-consumption and self-production 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 other technologies. 

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 systems (Terna, 2017a) as well as enabling VRES participation to the 
electricity market (ARERA, 2019) are two possible mitigation strategies that are easily applicable 
right now. The benefits on grid stability provided by solar PV ancillary services are well illustrated 
in some studies (IEA-PVPS, 2017; Pierro et al., 2020). In (Pierro et al., 2020) for example, Pierro 
et al. offer two solutions for reducing the power imbalances and associated costs increasing the 
PV penetration in the Italian 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 
energy 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 cannibalization effects (López Prol et al., 
2020). The electricity markets are currently based on marginal prices and the RES bids are usually 
close to zero €/MWh. However, if this quantity of zero-valued offers boosts in the future, there 
will be a real risk of negative or null electricity prices with the present 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 
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economic attractiveness. 
A more cost-effective exploitation of power-to-X strategies (e.g., power to heat, power to 

transport, power to gas), sector coupling, and demand-side 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 authors in (Ikäheimo et al., 
2022) present an optimization model focused on power-to-gas for a cost-efficient planning and 
operation of future urban energy systems. The model optimizes the capacity investments and 
the day-to-day dispatch for a carbon neutral urban energy system, assessing the benefits of 
power-to-gas for a medium-sized Nordic city. The results show that the exploitation of power-to-
gas reduces the amount of heat storages that need to be installed as well as suspends the 
expansion of transmission grid, allowing cost savings. In (Liu et al., 2020), the authors analyze an 
optimal operation model applicable to a hybrid power-to-gas energy system considering power-
to-hydrogen and power-to-methane showing that the operational costs are minimized while 
reducing the amount of wind that needs to be curtailed. The authors in (Gea-Bermúdez et al., 
2021) assess the role of sector coupling in the green transition of the electricity and heat sectors 
towards 2050 using the energy system model Balmorel applied to Northern-central Europe. They 
demonstrate that sector coupling allows to increase VRES penetration and heat storage capacity 
while reducing the investments in transmission grid expansion and electric batteries. Similar 
conclusions are drawn in other papers like (Brown et al., 2018; Poncelet et al., 2020). In the latter, 
the authors use the open model PyPSA-Eur-Sec-30 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 (daily, 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 
(BEVs) are useful to smooth the daily variation of solar power, while power-to-gas and long-term 
thermal energy storage (LTES) are better in balancing the seasonal variation of demand and RES 
production. Exploiting cost-optimally BEVs, heat pumps, synthetic electrofuels, district heating 
and LTES may reduce the system costs of almost 30% and delete the need of stationary electricity 
storage in scenarios with strong CO2 emissions reduction of more than 90%. 

The demand-side management (DSM) 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 to real-time prices, in this 
case called also demand response (DR) (Aghaei and Alizadeh, 2013; Bradley et al., 2013; Koliou 
et al., 2014), the load shifting, and the load shedding (Aghaei and Alizadeh, 2013; Paulus and 
Borggrefe, 2011; Zerrahn and Schill, 2015). The main aim of DSM is to curtail the load during 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 increasing the amount of VRES share in the 
electricity mix (Gils, 2014; Golmohamadi, 2022). Depending on the shifting time, flexible demand 
can compete with batteries, pumped hydro storages and grid extension (Gils, 2014) to provide 
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power frequency control, power reserves, and peak-shaving as well as increase the system 
reliability and resilience and reduce the system investment costs and CO2 emissions (Aghaei and 
Alizadeh, 2013; Golmohamadi, 2022; Strbac, 2008). The residential, commercial and industrial 
sectors can contribute at different scale to fulfill the flexibility needed by the future electricity 
systems (Golmohamadi, 2022). Residential flexibility resources are identified in the heating, 
cooling, air conditioning, lighting and other household appliances like washing machines, tumble 
dryers and dish washers (Gils, 2014). Similarly, heat ventilation and air conditioning (HVAC), 
lighting systems, and refrigerators in retail stores and large commercial buildings are the most 
suitable flexibility resources at commercial scale (Golmohamadi, 2022; Miara et al., 2014). Water 
supply systems and wastewater treatments might be also exploitable (Gils, 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). The heavy industry, 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 to real-time 
energy delivery (Golmohamadi, 2022). More specifically, peak shaving could be provided by an 
industrial cement factory by turning off raw crushers for few hours (Golmohamadi et al., 2020), 
while fast power regulation and frequency control could be provided by a metal smelting factory 
turning down the variable-voltage smelting pots in few seconds (Golmohamadi 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 and time-of-use 
pricing, applicable at small commercial and residential consumers to appliances like air 
conditioners, water heaters and swimming pool pumps (Aghaei and Alizadeh, 2013; Strbac, 2008; 
Torriti, 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). The generation 
facilities of big industries used for self-production e.g., gas turbines or diesel generators, can be 
exploited as non-spinning reserves when synchronized with the power system (Golmohamadi, 
2022). All these programs 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 real-time data and for the load to promptly react to price 
and control signals (Aghaei and Alizadeh, 2013; Gils, 2014; Golmohamadi, 2022). 

All these remarks support the idea that the energy transition will undoubtedly induce positive 
effects on both the society and the environment without increasing considerably the costs for 
the energy system and the community if specific cost-effective strategies are adopted. However, 
the direction taken nowadays is focused more on reinforcing the grid infrastructures and 
guaranteeing flexibility by gas-fired 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 costs 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 gas-fired power plants with the DSM approach. Moreover, this analysis tries to explain why 
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the additional costs of the energy transition should be integrated in the techno-economic 
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 in new RES 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 flexibility 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 management of 
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 PV integration in the context of the energy 
transition are estimated for inflexible and flexible PV configurations i.e., without and with battery 
storage systems. In the second case, the energy system is made more flexible by enabling the 
flexibility of electric demand and assessing the techno-economic 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 the future 
competitiveness of PV plants made flexible by adding BESS. In the second, the 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 BESS installed capacity. 

The first approach applies a more systemic procedure to the techno-economic 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 better compare 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 in (Ueckerdt et al., 2013), the system LCOE is defined as the 
sum of the production costs estimated with the common LCOE formulation and the integration 
costs, which are qualitatively identified following a bottom-up approach based on the research 
studies presented in (Bogdanov and Breyer, 2016; Pudjianto et al., 2013; Scholz et al., 2017; Skea 
et al., 2008; Ueckerdt et al., 2013). The integration costs are classified into grid costs and 
balancing costs depending on the effect of the added VRES production on the existing energy 
system. The grid costs, as described in (Bogdanov and Breyer, 2016; Pudjianto et al., 2013; Scholz 
et al., 2017; Ueckerdt et al., 2013), represent the investments needed to renovate and expand 
the grid infrastructure 

(i) to sustain the widespread diffusion of VRES capacity, 
(ii) to absorb the added VRES production, 
(iii) to maintain the grid stability, preventing overvoltage and reverse power flows 

phenomena. 

The grid costs can be further subdivided into capacity costs (Scholz et al., 2017; Skea et al., 
2008) or adequacy costs (Ueckerdt et al., 2013) that focus on the system reliability issues and the 
security of supply. The balancing costs, instead, are related to the impacts of the VRES 
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intermittency on the existing fossil fuel power plants (Scholz et al., 2017; Skea et al., 2008; 
Ueckerdt et al., 2013) that are forced to run at partial load conditions with an efficiency loss that 
can even reach 10-20% (Strbac, 2008). The cost of storage can be also included into the 
integration costs (Bogdanov and Breyer, 2016; Pudjianto et al., 2013) as well as the cost of 
curtailment (Bogdanov and Breyer, 2016) and the profile costs [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 greatest cost components (Strbac, 2008), but their contribution depends strongly 
on the energy system configuration. 

A mathematical formula is defined for each identified integration cost that is finally added in 
the techno-economic evaluation of utility-scale PV plants to understand the evolution of their 
future exploitability and cost-effectiveness. 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, 

(ii) the investment profitability by calculating some typical economic parameters like the Net 
Present Value (NPV), the Pay-Back 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 modelling 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 the effects of adding the integration costs to the dispatchability 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 performing an expansion capacity optimization with the 
chosen energy system model applying or not the integration costs to the utility-scale PV plants. 
Secondly, the flexible demand is added to the system to make it more flexible and its impacts on 
system costs and PV flexibility are analyzed optimizing the centralized BESS installations. The 
open-source linear programming energy system modelling tool called oemof (Hilpert et al., 2018) 
is used in this study and the expansion capacity optimization of the generation resources dispatch 
and the energy mix in the rigid system approach is performed with the enlarged model oemof-
moea (Prina et al., 2020a), i.e. oemof model coupled with a genetic algorithm. An investment-
based optimization, instead, is carried 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 connected to 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 2030 as established by the National Energy and Climate Plan (hereafter referred as 
PNIEC, Italian acronym that stands for Piano Nazionale Integrato per l’Energia ed il Clima (MISE 
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ministry, 2019a)). The PNIEC represents the commitment within the year 2030 that the Italian 
government made to reduce CO2 emissions 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 European level.1 

Some key performance indicators (KPIs) are adopted to better understand and compare the 
results. The amount of CO2 emissions and RES penetration are the main KPIs since the energy 
transition is structured to achieve certain targets for them, depending on the 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 the aspects that negatively affects the KPI and 
which type of mitigation strategy can be adopted. They are also useful to estimate the 
environmental performances of the different flexibility options. They are strictly interconnected 
since the RES production is the main aspect that can positively affect the CO2 emissions. It can be 
reasonably expected that in presence of an increase in the CO2 emissions, the RES penetration of 
the energy mix is reduced and the reasons of this reduction can be better investigated and 
justified. While the CO2 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 produced by the system. Two other 
important indicators that are chosen in this analysis are the curtailment costs and avoided 
storage costs. These KPIs are used for the impacts assessment of the different flexibility options 
on the programmability and profitability of future utility-scale PV plants since they represent two 
important integration costs of the PV technology. The curtailment costs are estimated from the 
amount of PV curtailed in each scenario multiplied by an average value of PV production costs, 
while the avoided storage costs derive from the avoided installed BESS capacity thanks to the 
flexibility options available and is evaluated as an optimization result of each flexibility 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 avoided costs of storage divided 
by the total flexible demand available in each flexibility scenarios. 

  

 
1 At time of writing, the targets of CO2 emissions 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 chapter. As mentioned above, two 
different approaches are adopted to understand the costs of the energy transition towards a RES-
based energy system and the contribution of adding new flexibility options in reducing these 
costs (see Figure 1).  

 

 

Figure 1. Graphical representation of the two approaches adopted in this study for the PV 
flexibility in the future energy scenarios. 

 
The first method maintains the current rigid energy system configuration and the flexibility of 

VRES production is supported by BESS installations, that is the preferred way nowadays. In this 
context, a new metric is defined to perform the techno-economic evaluation of future VRES 
power plants that include the integration costs (Veronese et al., 2021a). The second approach 
introduces the flexibility on the consumption side to compare the impacts on PV integration 
costs, CO2 emissions and RES penetration with respect to the case of providing flexibility in the 
production side. The demand flexibility is supposed to be available thanks to the significant 
increase of electric vehicles and heat pumps expected in the next years. 

The methodology developed in the framework of the rigid electricity system configuration is 
explained in the first subchapter. The new metric is briefly presented, and the integration costs 
are qualitatively described applying a 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 utility-scale 
PV plants is shown in the second subchapter (Veronese et al., 2021b, 2019). An 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 the flexibility on the consumption side. 

Even though the developed methodology is generally applicable, the results of the analysis 
are focused on the utility-scale PV sector and on the integration costs of high PV penetration in 
future energy scenarios and how 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 computation. The LCOE is 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 case of fossil 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 calculation 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 in (Fraunhofer ISE, 2016) and in (Mayer et al., 2015) 

 

LCOE=
I�4+ �Ã A�r

(1 + i) �r
�l
�r�@�5

�Ã
M�r,�c�j

(1 + i) �r
�l
�r�@�5

     [€/ kWh]     (1) 

 
where I0 is the investment expenditures, At is the total annual costs, Mt,el is the annual 

electricity produced, I is the real discount rate, n is the operational lifetime and t is the year of 
lifetime (1,2,…,n). This simple LCOE formula can be extended as in (Eero Vartiainen et al., 2015), 
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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LCOE=
CAPEX+ �Ã OPEX(t)

(1 + WACC�l�m�k) �r
�l
�r�@�5

�Ã 
d
Utilisation �4 �Û(1 
FDegradation) �r

(1 + WACC�p�c�_�j) �r 
h�l
�r�@�5

     [€/ kWh]     (2) 

 
where CAPEX is the capital expenditure in the year t = 0; OPEX(t) is the operation and 

maintenance expenditure in year; WACCnom is the nominal weighted average cost of capital per 
year; WACCreal is the real weighted average cost of capital per year; Utilisation0 is the initial 
utilization in the year t = 0 (without considering degradation); Degradation is the annual 
degradation of the nominal power of the system; n is operational lifetime of the system; and t is 
the year of lifetime (1,2,…,n). As suggested in (Hernández-Moro and Martínez-Duart, 2013), it is 
useful to include for ground-mounted 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 one for optimally inclined and 
south-oriented 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 PV plants can be even more complex, as in (Darling et al., 
2011), including more financial parameters such as interest or loan payment, tax rate, 
depreciation, investment tax credit or grant. The authors in (Darling et al., 2011) also introduce 
the parameter called residual value that represents the economic benefit coming from disposing 
or reselling the PV plant at the end of its useful life: 

 
LCOE

=
PCI+ �Ã DEP+ INT

(1 + DR) �l �ÛTR�R
�r�@�5 + �Ã LP

(1 + DR) �l
�R
�r�@�5 + �Ã AO

(1 + DR) �l �Û(1 
FTR)�R
�r�@�5 
F

RV
(1 + DR) �l

�Ã Initial  kWh �Û(1 
FSDR) �l

(1 + DR) �l
�R
�r�@�5

     (3) 

 
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, RV is the residual 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 adding a new PV plant to the existing energy system, 
because it is indirectly assumed as stand-alone. This hypothesis can be misleading in high VRES 
penetration scenarios and in case of utility-scale PV plants. While engineers could easily use it to 
estimate the 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 
policies because it is not capable to reflect the economic and technical 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. Consequently, 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 stand-alone power plant, that is indirectly assumed in the LCOE 
methodology, and to find a way to include the impacts of the new capacity added to the existing 
energy system. Or, eventually, to define a new parameter able to reflect these impacts, especially 
for VRES power plants that strongly affect the usual operating 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 institutions. 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 the case 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 self-consumed 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, the selfconsumption 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 capability to cover the residual load and, especially, the 
evening peak when the PV production drops down almost instantly. All these effects increase the 
cost for the system and are socialized within the electricity bills, reducing the economic benefits 
coming from the increased production of more sustainable electricity at almost zero-cost. 

It is evident that the LCOE parameter shall be overcome, and a new methodology shall be 
found to evaluate the techno-economic feasibility of a new VRES power plant in the context 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 been made in recent 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) (U.S. Energy Information 
Administration, 2013). The LACE parameter assesses the economic competitiveness 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 generation fleet, 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 value 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 profitable. The value added to 
the energy system by a new power plant is considered also in the value adjusted LCOE, also called 
VALCOE, developed by the International Energy Agency (IEA) (International Energy Agency and 
Organization, 2018). The VALCOE is a metric based on the LCOE that introduces estimates of 



12 
 

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 economically attractive the 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 both use an 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 definitions are proposed in (Bogdanov and Breyer, 2016; Pudjianto et al., 2013; 
Scholz et al., 2017; Skea et al., 2008; Ueckerdt et al., 2013) and discussed in the previous section. 
In (Ueckerdt et al., 2013), the authors added the integration costs to the LCOE and the 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 the sum of 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 distribution and transmission 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 efficiency reduction and start-up 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 at all 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 case-study taken as reference. 

The schematical representation of the system LCOE defined in this study is shown in Figure 2 
and the general formulation is the following 

 
S�P�G�S�I= C�n�n+ C�b�g�q�r�p+ C�r�p�_�l�q+ C�_�b�c�o�s�_�a�w+ C�a�s�p�r+ C�b�c�a�_�w+ C�q�r�_�p�r�?�s�n     (4) 

 
where Cpp is the power plant costs, Cdistr the reinforcing distribution network costs, Ctrans the 
reinforcing transmission network costs, Cadequacy the adequacy costs, Ccurt the curtailment costs, 
Cdecay the decay of efficiency costs and Cstart-up the start-up costs. The mathematical definitions of 
all these cost components, that are expressed in €/MWh, are given in the following subchapters. 
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Figure 2. Graphical representation of the system LCOE as defined in this study (Veronese et al., 
2021a). 

 
It must be pointed out that the qualitative and mathematical definitions correspond 

theoretically for the PV with and without storage cases but their application on the case-study 
differ for the reasons that will be discussed in the subchapter dedicated to profitability and 
market parity assessment. 

 

1.1.1 Power plant costs 
 

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 detail of the techno-economic parameters 
included. In this case, the power plant costs for the utility-scale PV plant without storage are 
estimated applying the following equation: 

 

LCOE=
CAPEX+ �Ã OPEX(t)

(1 + WACC�l�m�k) �r
�l
�r�@�5

�Ã 
d
Utilisation �4 �Û(1 
FDegradation) �r

(1 + WACC�p�c�_�j) �r 
h�l
�r�@�5

     [€/ kWh]     (5) 

 
where CAPEX is the capital expenditure in the year t = 0; OPEX(t) is the operation and 
maintenance expenditure in year; WACCnom is the nominal weighted average cost of capital per 
year; WACCreal is the real weighted average cost of capital per year; Utilisation0 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 t is 
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, 2017) is used as follows: 

 

C�n�n=
�Ã

C�q�w�q�r�c�k,�r

(1 + i) �r
�l
�r�@�4

�Ã
E�q�w�q�r�c�k,�r

(1 + i) �r
�l
�r�@�4

=
C�n�t�q�s�p�n�j�s�q+ C�q�r�m�p�_�e�c+ C�n�t�b�g�p�c�a�r

E�q�r�m�p�_�e�c+ E�n�t�b�g�p�c�a�r
     (6) 

 
where Csystem,t is the total costs of the PV plus storage system at time t in €, Esystem,t is the sum of 
the electricity delivered by the storage at time t (Estorage ) and the energy produced by the PV 
plant and directly consumed by the load at time t (Epvdirect) in MWh, Cpvsurplus the cost at time t for 
generating the PV surplus energy in €, Cstorage the storage cost at time t in €, Cpvdirect 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 
it is needed. As a consequence, PV plants are largely installed on roofs and other vertical surfaces 
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 networks i.e., the distribution grid, raising some issues related to grid stability. Besides, the 
electricity system was initially meant to transport the energy following a one-directional path: 
the centralized power production units (mainly fossil fuel power plants and to a lesser extent 
nuclear and hydropower plants) connected to the HV grid supplied the electricity that is then 
distributed to the end-users connected to the MV and LV grids through the transmission and the 
distribution networks. Today, the electricity produced by the PV plants is injected in 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 and the electricity demand. This issue can be solved reinforcing as 
well as expanding the distribution grid infrastructure 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, some network computations are required to assess them correctly e.g., 
power flow analysis, short-circuit 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 Project (Pudjianto et al., 2013) is 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 VRES production is challenging also for the 
transmission grid. The increase of self-consumption at the distribution grid changes the overall 
demand profile (Terna, 2019a) and the remaining VRES production might induce reverse 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 short-circuit. This implies new investments in renovating 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 underground lines when possible (Terna, 2019a). 

For this reason, practical solutions are prefereable like control systems and devices able to 
keep the power system within acceptable levels of security even in presence of high VRES 
penetration. The Dynamic Line Rating (DLR) is a promising operating strategy that is useful to 
increase the transport capacity of the existing powerlines by exploiting the thermal expansion 
capacity of overhead lines as a consequence of the Joule’s first law. Even though DLR has been 
studied since the 1990s, it is not common practice among TSOs worldwide nowadays mainly 
because the transport capacity of powerlines has been oversized based on the greatest projected 
power flow (IRENA, 2020). However, with the future boost of RES production, its application is 
rising interest because DLR allows to avoid investments in new powerlines and at the same time 
facilitates RES integration and reduces the risk of grid congestion. Another practical solution to 
avoid investments in new lines and substations is to exploit flexibility tools like phase-shifters and 
Flexible AC Transmission Systems (FACTS) or, more related to the electricity markets, ancillary 
services and demand 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 them all over the 
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 flow analyses are needed for this purpose 
and steady-state 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 as a function 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 Cost-Benefit Analysis (CBA) can be performed 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 of data needed 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 TSO aimed to RES integration that are spread over the 
expected PV production. This can be expressed in mathematical terms as follows: 
 

C�r�p�_�l�q=  
�Ã Inv�X�W�S,�V�I�W �g�l�r

�k�_�a�p�m�p�c�e�g�m�l�q
�k  (m)

�Ã Prod�Z�V�I�W,�w�c�_�p (m)�k�_�a�p�m�p�c�e�g�m�l�q
�k �ÛPV_lifetime

     (7) 

 
where InvTSO,RES int (m) is the total investment made by the national TSO for RES integration in the 
macro region m expressed in €, ProdVRES,year (m) 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. The adoption of PV lifetime 
instead of that of powerlines is conservative. 
 

1.1.4 Adequacy costs 
 

The adequacy costs are related to the improvement of system reliability 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 the 
previous cases, a power flow 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: 
 

C�_�b�c�o�s�_�a�w=  
�Ã Inv�X�W�S,�U�¬�W

�k�_�a�p�m�p�c�e�g�m�l�q
�k  (m)

�Ã Prod�Z�V�I�W,�6�4�7�4
�k�_�a�p�m�p�c�e�g�m�l�q
�k  (m) �ÛPV_lifetime

     (8) 

 
where InvTSO, Q&S (m) is the total investment made by the TSO for quality and security of the grid 
in the macro region m in €, ProdVRES,year (m) 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 production executing 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 formulation. 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 of VRES 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 enough. Although in countries like Australia, that have particular energy mix, this 
kind of services can be already offered by battery facilities under cost-effective conditions 
(RenewEconomy, 2022), the balancing costs are here introduced to cover this type of VRES 
production impacts. 

In this study, the balancing costs are subdivided into decay of efficiency and start-up costs. 
They are evaluated by expanding the energy system 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 explained in (Memoli, 2018). Time-
dependent start-up 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 conditions and it is implemented in the 
model as additional fuel consumption with respect to the nominal condition, mathematically 
expressed in the following terms 

 

C�b�c�a�_�w=
�Ã �Ã 
c�¿F�_�b�b�g�r�g�m�l�_�j,   �s( �r) �ÛC�d�s�c�j
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�r
�s�l�g�r�q
�s

P�r�m�r
     (9) 

 
�Á�Z���Œ�����4�&additional, u(t) is the additional fuel consumption of unit u at time t due to decay of efficiency 
in MW, Cfuel the specific fuel cost in €/MWh and Ptot the total electricity generated by fossil fuel 
power plants in MWh. 
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The formulation used to calculate the start-up costs is instead the following 
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where Cstart-�µ�‰�U�� �4�š��is the specific start-�µ�‰�� ���}�•�š�� �����‰���v���]�v�P�� �}�v�� ���}�Á�v�š�]�u���� �4�š�� �]�v��€/MWh, Pnom the 
nominal power in MW and X(t) a Boolean variable that returns 1 if the power plant at time t has 
�������v�����}�Á�v���(�}�Œ�����v���]�v�š���Œ�À���o���}�(���š�]�u�������‹�µ���o���}�Œ���Z�]�P�Z���Œ���š�Z���v���š�Z�������}�Á�v�š�]�u�����4�š�U���}�š�Z���Œ�Á�]�•�����]�š���Œ���š�µ�Œ�v�•���ì�X 

Calculating the balancing costs with this method restricts them to the operational limits of 
fossil fuel power plants. Nevertheless, they might be also deduced from the balancing charges of 
fossil fuel power plants as a result of the mitigation measures put in place to overcome VRES 
fluctuations at almost real-time (i.e., frequency regulation). These balancing market prices shall 
be used cautiously since 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 the definition 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 that are 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 
transmission 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 the reference 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 storage system. 

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

 
S�P�G�S�I

=
PV�a�_�n�c�v +  BEES�a�_�n�c�v +  �Ã �F

PV�m�n�c�v�ÛN�q�s�p_�f

(1 + i) �r +
PV�m�n�c�v�ÛN�b�g�p_�f

(1 + i) �r +

kC�r�p�_�l�q+ C�`�_�j+ C�_�b�c�o+ C�b�g�q�r�p
o�ÛPV�n�p�m�b

(1 + i) �r �G�R
�r �@ �5

�Ã 
l�D
PV�q�s�p�Û(1 
Fd�I�I�W) �r

(1 + i) �r +
PV�b�g�p�Û(1 
Fd�T�Z) �r

(1 + i) �r 
p�R
�r�@�5

     (11) 
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where PVcapex is the PV investment costs [€], BEEScapex the BESS investment costs [€], PVopex the 
annual O&M expenditures [€], Nsur_h the hourly fraction of PV surplus [-], Ndir_h the hourly fraction 
of directly consumed PV production [-], Ctrans the reinforcing transmission network costs 
[€/MWh], Cbal the balancing costs [€/MWh], Cadeq the adequacy costs [€/MWh], Cdistr the 
reinforcing distribution network costs [€/MWh], PVprod �š�Z�������v�v�µ���o���W�s���‰�Œ�}���µ���š�]�}�v���€�D�t�Z�•�U���{���]�•���š�Z����
BESS round-trip efficiency, PVsur the annual PV energy surplus [MWh], PVdir the annual PV energy 
directly consumed [MWh], dEES the annual storage system degradation rate [-], dPV the annual PV 
degradation rate [-], i the discount rate [-], N the system lifetime [years], t the year of lifetime (1, 
2, …, N).  

The curtailment is not included in this 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 following chapter. 

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

S�P�G�S�I=
PV�a�_�n�c�v +  �Ã �F

PV�m�n�c�v

(1 + i) �r +
(C�`�_�j+ C�b�g�q�r�p) �ÛPV�n�p�m�b_�l�c�r

(1 + i) �r �G�R
�r �@ �5

�Ã �F
PV�n�p�m�b_�l�c�r �Û(1 
Fd�T�Z) �r

(1 + i) �r �G�R
�r�@�5

     (12) 

 
where PVcapex is the PV investment costs [€], PVopex the annual O&M expenditures [€], Cbal the 
balancing costs [€/MWh], Cdistr the reinforcing distribution network costs [€/MWh], PVprod_net the 
annual PV production [MWh] net of the macro regional PV curtailment in percentage terms, dPV 

the annual PV degradation rate [-], i the discount rate [-], N the system lifetime [years], t 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 and 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 said before, without 
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 common LCOE, is used in this study as the reference parameter 
in the techno-economic evaluation and market parity assessment of future utility-scale PV plants 
with and without BESS. It is assumed that the market parity is reached when the system LCOE 
i.e., the generation 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 interesting to also know the investment profitability. For this reason, 
a profitability analysis is examined in addition to the market parity, estimating some investment-
specific parameters like the pay-back time (PBT), the net present value (NPV) and the internal 
rate of return (IRR) to check if the market parity achievement is accompanied by the investment 
cost-effectiveness. 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 than or at least 
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 plane-of-array (POA) irradiation to size the PV and BESS systems and 
to evaluate the system LCOE, NPV, PBT and IRR as in (Veronese et al., 2019). As a first step, it 
evaluates the annual PV production taking as input data the annual POA hourly profile, technical 
PV modules parameters 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 second step, 
the energy balance among PV, BESS and grid is performed giving as input some technical 
parameters of BESS like the minimum and the maximum state-of-charge (SOC). The final step 
consists of evaluating the system LCOE, PBT, NPV and IRR taking as input data economic 
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 
 
 

An energy system modeling tool supplements the framework of this analysis, as mentioned 
frequently in the previous sections. Oemof (Hilpert et al., 2018), updated to the version 
oemof.solph explained in (Krien et al., 2020), has been taken as reference energy system 
modeling tool since it is developed in Python and uses a multi-node approach to dispatch the 
power generation sources at the minimum variable costs for the system. A simple and graphical 
representation of oemof framework is shown in Figure 3, to highlight its main components and 
how they are linked one another. 

 
 
 
 
 
 



21 
 

 
Figure 3. Oemof general framework. 

 
Oemof main elements are subdivided into three classes: bus, flow and component. Buses 

represent the nodes of the system in which variables, constraints and objective functions are 
balanced: the 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 
 


Í flows (I,n, t)
�M �Ð �M�l�n�s�r�q ( �l )

= 
Í flows (O,n, t)
�S �Ð �S�s�r�n�s�r�q ( �l )

     (13) 

 
The buses, the yellow circles in Figure 3, are connected to the elements “Component”, the 

colored rectangles, 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 subdivided into basic, additional and 
custom components. Following the caption in Figure 3, 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 production technologies 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 plants; a maximum 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 processes. 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 in (“oemof,” 2014). The “Sink” 
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 itself, to characterize 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 by the user, depending on the type of application. The “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 available but those implemented in this analysis are 
displayed in Figure 3.  How they are characterized and included in the energy system model is 
explained in detail in the following chapter dedicated to the case-study. 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 balance the nodes of the model. Additionally, 
the specific technology costs, fuel costs and CO2 emissions are introduced to evaluate the costs 
for the system and the total CO2 emissions of each scenario taken into account in this analysis. 
Other economic input data are the investment costs in terms of €/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 capacity optimization is included to understand the impacts of adding the 
integration costs on the capacity installed and dispatchability of utility-scale PV plants (Veronese 
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et al., 2021b). Oemof-moea model (Prina et al., 2020a) is used for this purpose since it is able to 
match the Multi-Objective Evolutionary Algorithm (MOEA) (Fortin et al., 2012) for the expansion 
capacity optimization with the multi-objective approach of oemof for the hourly dispatch 
optimization. The total annual costs for the energy system and the total annual CO2 emissions 
are the two objective functions that are minimized during the multi-objective optimization. The 
domain of the expansion capacity optimization is identified by some decision variable that are in 
this case 

(i) the utility-scale PV, 
(ii) the residential rooftop PV plants, 
(iii) the BIPV intended as facade PV plants, 
(iv) the wind power 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. 
 

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

The flexible energy system approach is based on oemof.solph package with which it is possible 
to add a new custom component to the energy system called SinkDSM. In simple terms, it is an 
element that introduces the flexibility on the consumption 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 are implemented 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, 
(ii) the upper and lower bounds of the demand capacity within which the load shifting and 

load shedding can be performed, 
(iii) the DSM model to be applied (oemof, DLR, DIW), 
(iv) the costs, when known, that can be associated to upwards or downwards the flexible 

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

Depending on the DSM model selected and the level of detail of the available information on 
flexible demand, other variables may be needed. 

Among the implemented DSM models, the 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 of this model are the low computational time 
and the possibility to use it in absence of detailed information on flexible demand (Kochems, 
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2020). When selected, it is necessary to set the variable linked to it called “shift_interval” that 
represents the hourly time interval 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�r

�s�n= 0     �Êt if shift_eligibility  =  False     (14) 
 
b. DSM�r

�b�m,�q�f�c�b= 0     �Êt if shed_eligibility  =  False     (15) 
 
c. E�6�r = demand�r �Û demand�k�_�v+ DSM�r

�s�n
FDSM�r
�b�m,�q�f�g�d�r 
F DSM�r

�b�m,�q�f�c�b     �Êt �ÐT     (16) 
 
d. DSM�r

�s�n 
QE�r
�s�n �Û  E�s�n,�k�_�v     �Êt �ÐT     (17) 

 
e. DSM�r

�b�m,�q�f�g�d�r +  DSM�r
�b�m,�q�f�c�b 
Q E�r

�b�m �Û E�b�m,�k�_�v     �Êt �ÐT     (18)  
 
f. �Ã DSM�r

�s�n�r�i �>�¤
�r�@�r�i

 �Û �D= �Ã DSM�r
�b�m,�q�f�g�d�r�r�i �>�¤

�r�@�r�i
     �Êt �q �Ð{ k �ÐT| k     mod �R= 0 }     (19) 

 

where DSM�r
�s�n is the load that is shifted upwards in hour t, DSM�r

�b�m,�q�f�g�d�r is the load that is shifted 

downwards in hour t, DSM�r
�b�m,�q�f�c�b is the shedded capacity in hour t,  E�6�r is the energy coming from 

the electrical buses in hour t, demandt is the electrical demand in hour t, demand�k�_�v is the 
maximum demand value, E�r

�s�n is the upper bound of the demand capacity that can be shifted in 
hour t, E�r

�b�m is the demand capacity that can be adjusted downwards in hour t, E�s�n,�k�_�v and E�b�m,�k�_�v 
are the maximum capacity for load adjustments upwards and downwards respectively, �{ is the 
efficiency of the load shifting process, t is the computational time step (hour), T is the total time 
steps, �• is the shift interval. 

The second DSM method is called “DIW” and is based on the study presented in (Zerrahn 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 within 
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 
and therefore it is a computationally demanding model (Kochems, 2020). The balance constraints 
applied in this case are listed below: 

 
a. DSM�r

�s�n= 0     �Êt if shift_eligibility  =  False     (20) 
 
b. DSM�r

�b�m,�q�f�c�b= 0     �Êt if shed_eligibility  =  False     (21) 

 
c. E�6�r = demand�r �Û demand�k�_�v+ DSM�r

�s�n
F�Ã DSM�r�r,�r
�b�m,�q�f�g�d�r�r�>�P

�r�r�@�r�?�P 
F DSM�r
�b�m,�q�f�c�b   �Êt �ÐT     (22) 
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d. DSM�r
�s�n �Û �D=  �Ã DSM�r,�r�r

�b�m,�q�f�g�d�r�r�>�P
�r�r�@�r�?�P      �Êt �ÐT     (23) 

 
e. DSM�r

�s�n 
QE�r
�s�n �Û  E�s�n,�k�_�v     �Êt �ÐT     (24) 

 

f. �Ã DSM�r,�r�r
�b�m,�q�f�g�d�r�r�r�>�P

�r�@�r�r�?�P + DSM�r�r
�b�m,�q�f�c�b
Q E�r�r

�b�m �Û E�b�m,�k�_�v     �Êtt �ÐT     (25) 
 
g. DSM�r�r

�s�n+ �Ã DSM�r,�r�r
�b�m,�q�f�g�d�r�r�r�>�P

�r�@�r�r�?�P + DSM�r�r
�b�m,�q�f�c�b
Qmax
[E�r�r

�s�n�ÛE�s�n,�k�_�v,E�r�r
�b�m�ÛE�b�m,�k�_�v
_ �Êtt �ÐT  (26) 

 
h. �Ã DSM�r�r

�s�n�r�>�V�?�5
�r�r�@�r 
QE�r

�s�n�ÛE�s�n,�k�_�v �ÛL �Û�¿t     �Êt �ÐT     (27) 
 

i. �Ã DSM�r�r
�b�m,�q�f�g�d�r�r�>�V�?�5

�r�r�@�r 
QE�r
�b�m�ÛE�b�m,�k�_�v �Ût �q�f�c�b�Û�¿t     �Êt �ÐT     (28) 

 

where DSM�r
�s�n is the load that is shifted upwards in hour t, DSM�r,�r�r

�b�m,�q�f�g�d�r is the load that is shifted 

downwards in hour tt to compensate the upward shift in hour t, DSM�r
�b�m,�q�f�c�b is the shedded 

capacity in hour t,  E�6�r is the energy coming from the electrical buses in hour t, demandt is the 
electrical demand in hour t, demand�k�_�v is the maximum demand value, E�r

�s�n is the upper bound 
of the demand capacity that can be shifted in hour t, E�r

�b�m is the demand capacity that can be 
adjusted downwards in hour t, E�s�n,�k�_�v and E�b�m,�k�_�v are the maximum capacity for load 
adjustments upwards and downwards respectively, �{ is the efficiency of the load shifting process, 
t is the computational time step (hour), T is the total time steps, L is the delay time for load shift, 
i.e. the time for upshift and compensating downshift, t �q�f�c�b time for one load shedding process, 
�¿t is the model time increment. 

The third model available in the SinkDSM component to perform a DSM analysis is called “DLR” 
and is based on the study explained in (Gils, 2015). Similarly to the DIW approach, a delay time is 
mandatory to perform the flexible load balance 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 time (Kochems, 2020). It introduces 
the largest number of constraints to perform the load balance with respect to the other two 
approaches: 

 
a. DSM�f ,�r

�s�n= 0     �Êh �ÐH�H�V     �Êt �Ð	{      if shift_eligibility  =  False     (29) 
 
b. DSM�r

�b�m,�q�f�c�b= 0     �Êt �Ð	{      if shed_eligibility  =  False     (30) 

 
c. E�6�r = demand�r �Ûdemand�k�_�v+ �Ã (DSM�f ,�r

�s�n+ DSM�f ,�r
�`�_�j�_�l�a�c�H�m�L�@�N

�f �@�5 
FDSM�f ,�r
�b�m,�q�f�g�d�r
F

DSM�f ,�r
�`�_�j�_�l�a�c�Y�n)     (31) 

 

d. DSM�f ,�r
�`�_�j�_�l�a�c�H�m=

�H�W�Q�^,�j�7�^
�Z�e,�i�^�_�\�j

�—
     �Êh �ÐH�H�V     �Êt �Ð[h.. .T]     (32) 
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e. DSM�f ,�r
�`�_�j�_�l�a�c�Y�n= DSM�f ,�r�?�f

�s�n �Û�D     �Êh �ÐH�H�V     �Êt �Ð[h.. .T]     (33) 
 

f. DSM�f ,�r
�b�m,�q�f�g�d�r= 0     �Êh �ÐH�H�V     �Êt �Ð[T 
Fh.. .T]     (34) 

 
g. DSM�f ,�r

�s�n= 0     �Êh �ÐH�H�V     �Êt �Ð[T 
Fh.. .T]     (35) 
 

h. �Ã (DSM�f ,�r
�b�m,�q�f�g�d�r�L�@�N

�f �@�5 + DSM�f ,�r
�`�_�j�_�l�a�c�Y�n) + DSM�r

�b�m,�q�f�c�b
QE�r
�b�m�ÛE�b�m,�k�_�v     �Êt �Ð	{      (36) 

 

i. �Ã (DSM�f ,�r
�s�n�L�@�N

�f �@�5 + DSM�f ,�r
�`�_�j�_�l�a�c�H�m) 
QE�r

�s�n�ÛE�s�n,�k�_�v     �Êt �Ð	{      (37) 
 

j. �� t �Û�Ã (DSM�f ,�r
�b�m,�q�f�g�d�r�L�@�N

�f �@�5 
FDSM�f ,�r
�`�_�j�_�l�a�c�H�m �Û �D) = W�r

�j�c�t�c�j�H�m
FW�r�?�5
�j�c�t�c�j�H�m  �Êt �Ð[1...T] (38) 

 

k. �� t �Û�Ã (DSM�f ,�r
�s�n�L�@�N

�f �@�5 �Û �D
FDSM�f ,�r
�`�_�j�_�l�a�c�Y�n) = W�r

�j�c�t�c�j�Y�n
FW�r�?�5
�j�c�t�c�j�Y�n     �Êt �Ð[1.. .T]     (39) 

 
l. W�r

�j�c�t�c�j�H�m
QE
%�r
�b�m�ÛE�b�m,�k�_�v �Û t �q�f�g�d�r    �Êt �Ð	{      (40) 

 

m. W�r
�j�c�t�c�j�Y�n
QE
%�r

�s�n�ÛE�s�n,�k�_�v �Û t �q�f�g�d�r    �Êt �Ð	{      (41) 
 
n. �Ã DSM�r

�b�m,�q�f�c�b�X
�r�@�4 
QE
%�r

�b�m�ÛE�b�m,�k�_�v �Û t �q�f�c�b �Û n�w�c�_�p�P�g�k�g�r�W�f�c�b     (42) 
 

o. �Ã �Ã DSM�f ,�r
�b�m,�q�f�g�d�r�L�@�N

�f �@�5
�X
�r�@�4 
QE
%�r

�b�m�ÛE�b�m,�k�_�v �Û t �q�f�g�d�r �Û n�w�c�_�p�P�g�k�g�r�W�f�g�d�r     (43) 
 

where DSM�f ,�r
�s�n is the load that is shifted upwards in hour with a delay time h, DSM�f ,�r

�b�m,�q�f�g�d�r is the 

load that is shifted downwards in hour t with a delay time h, DSM�f ,�r
�`�_�j�_�l�a�c�Y�n is the load that is 

shifted downwards in hour t with a delay time h to compensate the previous upshift, 
DSM�f ,�r

�`�_�j�_�l�a�c�H�m is the load that is shifted upwards in hour t with a delay time h to compensate the 

previous downshift, DSM�r
�b�m,�q�f�c�b is the shedded capacity in hour t, E�6�r is the energy coming from 

the electrical buses in hour t, demandt is the electrical demand in hour t, demand�k�_�v is the 
maximum demand value, E�r

�s�n is the upper bound of the demand capacity that can be shifted in 
hour t, E�r

�b�m is the demand capacity that can be adjusted downwards in hour t, E�s�n,�k�_�v and E�b�m,�k�_�v 
are the maximum capacity for load adjustments upwards and downwards respectively, �{ is the 
efficiency of the load shifting process, t is the computational time step (hour), T is the total time 
steps, 	{  is a set of timesteps, h is the delay time for load shifting, H�H�V is a set of delay times that 
can be used for load shifting of a certain DSM portfolio, t �q�f�c�b is the time for one load shedding 
process, t �q�f�g�d�r is the time for upwards and downwards shifting, �¿t is the model time increment, 
n�w�c�_�p�P�g�k�g�r�W�f�c�b is the maximum load sheds allowed in the optimization timeframe, n�w�c�_�p�P�g�k�g�r�W�f�g�d�r 
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 reducing 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 contribute to the reduction 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 competition with BESS and pumped hydro. Considering 
what has just been said, the absence of detailed information on flexible demand, and the 
computational limitations, the model selected to perform the DSM analysis in this study is that 
called “oemof” and only 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 environmental 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 scenario. The first 
strategy consists of extending the time interval in which the flexible demand 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 strategy. In the first strategy, the time intervals 
examined are 3, 6, 12, and 24 hours. In 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 the case-study taken 
as reference. In particular, the flexible demand increasing steps are 25%, 50%, 75% and 100% of 
the maximum quantity. 

The effects of introducing the flexibility on the consumption side are studied in terms of the 
KPIs discussed in the previous chapter. The components of the energy system 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 installed capacity 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 investment-based 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 analysis, is that on 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 partially 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 because of the 
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absence of a proper grid infrastructure model. Other two important parameters that need to be 
monitored are the CO2 emissions and the RES penetration that are strictly related and dependent 
on the resulting energy mix of each scenario considered. In fact, when the upper limit of CO2 

emissions is fixed because of the environmental goals established within the energy and climate 
policies, a greater capability of the energy system to store the RES overproduction allows to boost 
the RES penetration and thus to further decrease the overall CO2 emissions. Finally, the DSM 
remuneration is calculated as a measure of the economic attractiveness of this type of services. 

All the considerations discussed above are verified through four 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 production technology 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 one but the use of 
pumped hydro storages and BESS is maximized to eliminate completely the overproduction. A 
third scenario is considered in which the pumped hydro storages are completely eliminated from 
the system to understand better the interaction between BESS and flexible demand. The last 
scenario will increase the utility-scale PV penetration to increase the amount of RES production 
in the energy mix. In fact, the RES production is kept constant in the other scenarios but the 
overall electricity demand is increasing, so it can be reasonably expected that the overall CO2 
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 that presents the case-study taken as reference. 
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Chapter 2. The role of flexible PV in the Italian 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 its planned evolution towards the 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 this study 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 Member State in terms of CO2 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 FER 1 (MISE ministry, 2019b) in July 
2019 and approved the National Energy and Climate Plan (PNIEC acronym from Italian Piano 
Nazionale Integrato per l’Energia ed il Clima, PNIEC) in the end of the year 2018, the legislative 
commitment that sets the Italian environmental targets to be achieved within the year 2030 
according with those defined at European level. 

The Italian Energy and Climate Plan (MISE ministry, 2019a) establishes that 

(i) the CO2 emissions must be reduced of around 40% by the year 2030 with respect to the 
emissions level of the year 1990, 

(ii) RES production must cover more than 30% of the overall gross energy demand. Different 
shares are considered for the three major sectors: 55.4% in the electricity, 33% in the heat 
and 21.6% in the transport sectors respectively, 

(iii) 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 since the coal power plants will be 
completely phased-out 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 in Table 1. The values are taken from the reports that are 
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regularly published by the Italian institution GSE (Gestore dei Servizi Energetici) and TSO, that are 
publicly available in (GSE, 2018, 2017) and in (Terna, 2019a) respectively. 
 
Table 1. Comparison of the Italian energy mix taken as starting point (Baseline 2017) and that 
planned for the year 2030 (PNIEC 2030).  

 
Baseline 2017 

[TWh] 
PNIEC 2030 

[TWh] 
Import 42.9 28.7 
CCGT 133.6 123 
Coal 32.4 0 

Others (oil, etc.) 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 storages shall be better exploited to enhance the RES penetration even considering the 
additional 3 GW of storage capacity that are expected. For this reason, one 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 GWh of decentralized 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 transport and better manage the 
significant increase of VRES production. For what concerns the transmission grid infrastructure, 
the Italian TSO suggested the required improvements in accordance with the energy system 
evolution proposed in the PNIEC in its Development Plan of the year 2019 (Terna, 2019a), 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) operating at 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 case-study and to create a 
proper model of the distribution 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 the current 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 configuration that is one of the objectives of this research. 
 
 

2.2 Rigid energy system: input data and assumptions for the estimation of PV 
integration costs, system LCOE and future profitability of utility-scale 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 better integrate 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, focusing the attention on the utility-scale 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 end-users (both those with and without PV 
plants); finally, to find mitigation strategies that allows to reduce these costs for both the system 
and the community, one of which is the introduction of flexibility option on the consumption side 
that can compete with other storage technologies to make more programmable and reliable the 
PV production. The integration costs that have been identified in this study are the reinforcing 
distribution and transmission networks costs, the adequacy costs, the curtailment costs and the 
balancing costs that, together with the power plant costs, define the new techno-economic 
parameter called system LCOE that can be used for a more systemic market parity and 
profitability analysis of future utility-scale PV plants. 

The power plant costs represent the cost of producing electricity 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 methodology explained in (Veronese et al., 2021b). To properly estimate the 
power plant costs, it has been decided to subdivide the Italian territory into subregions so that 
the variation of 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 clearly shown in Table 2. 
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Table 2. Average specific yield and ambient temperature for each Italian macro region as 
average values used to calculate the PV power plant costs. 

Macro region 
Specific yield 
[kWh/kWp] 

Ambient temperature 
[°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 temperature shown in Table 2 come from the annual 
hourly profiles of the plane-of-array irradiance (POA) and ambient temperature extracted by the 
Italian weather stations data available in the software Meteonorm v.7 (Meteotest AG, 2017), 
grouping them in accordance with the macro regions identified. 

As explained in the methodological chapter, a self-written Python code has been used to 
estimate the power plant costs, starting from the design phase of the system (assuming perfect 
azimuth and slope of the PV modules) and then performing an energy balance among the PV 
plants, the battery storage and the grid. Other technical parameters are needed, like the PV 
module power and efficiency as well as the minimum state-of-charge (SOC) of battery, that are 
summarized in Table 3. 

 
Table 3. Technical input parameters needed for the design of the PV plant with and without 
BESS. 

Pv module area 1.6 m2 
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 round-trip 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 Project (Pudjianto et al., 2013), since the Italian grid distribution model is 
beyond the scope of this research. The authors of that 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 0.25 €/MWh with a PV penetration that reaches 16%. In this research, it 
has been decided to apply the maximum value of 0.9 €/MWh to be conservative and it is used in 
all macro regions, since no regional variation has been reported in that project. 

The transmission and adequacy costs are estimated starting from the Italian TSO Development 
Plan published in the year 2019 (Terna, 2019a) and its annexes that update the State of Work 
Progress of the interventions planned in the previous Development Plans (Terna, 2019b). A 
detailed description of the investments scheduled in the short- and medium-terms is given 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 (CBA), that is explained in detailed in (Terna, 
2019c). Four different purposes drive the investment planning of the Italian TSO. 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 the RES 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 enlarging the transport capacity of the transmission 
grid and to increase the capability to exchange the energy with 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 upgraded. Last but not least, the 
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 faults and 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 the 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 the objectives 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 are summarized in Table 4 subdividing them for each macro region. The 
values are obtained from an internal processing of the data that are publicly made available by 
the Italian TSO in (Terna, 2019a, 2019b). 
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Table 4. Investments planned by the Italian TSO for RES integration and quality of service used 
to calculate the transmission and adequacy costs, respectively. 

Macro region 
TSO investment for RES integration 

[M€] 
TSO investment for quality of service 

[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 the utility-scale PV plants. The 
resulting transmission and adequacy costs are summarized in Table 5. 

 
Table 5. Transmission and adequacy costs resulting from the Italian TSO investments for each 
subregion. 

Macro region 
Reinforcing transmission network costs 

[€/MWh]  
Adequacy costs 

[€/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 the Italian 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. For this 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 grid infrastructure 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 curtailment 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 included in the 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 capacity with the selected energy system modelling 
tool. The total macro regional overgeneration obtained is then proportionally subdivided 
between the photovoltaic and the wind technology based 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 that come from this output are summarized in Table 6. 

 
Table 6. Percentage of PV curtailed for each macro region that is expected in the year 2030 if no 
additional BESS capacity is installed. 

Macro region % 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 presented in (Memoli, 2018) that refer to a RES 

penetration of around 50% and correspond to 6.4 €/MWh subdivided into decay of efficiency 
costs and start-up costs of around 1.6 €/MWh and 4.8 €/MWh respectively. The RES penetration 
expected in the PNIEC 2030 scenario in the electricity sector is around 55.3%, that is very close 
to the RES penetration level of the study taken as reference. No detailed information of the 
regional variability is given in (Memoli, 2018) thus these balancing 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 capacity. If battery storages are included in the energy system, they can 
reduce the balancing costs by decreasing the exploitation of CCGTs production. 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 techno-economic evaluation of 
utility-scale PV plants. 

As a second step, these balancing costs are compared to those coming from the Italian 
balancing market price, as calculated in (Pierro et al., 2020). 

As explained in the previous chapter, the system LCOE is aimed to substitute the more 
common LCOE in the future techno-economic evaluation of VRES power plants since it applies a 
more systemic approach to the calculation of the production costs by including the 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 impacts of introducing 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 which it is important to understand  

(i) if the PV plant is able to achieve the market parity, 
(ii) if the investment is profitable by checking the values of the Net Present Value (NPV), the 

Pay-Back Time (PBT), and the Internal Rate of Return (IRR). 

 The profitability analysis 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 self-written 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 parameters that are needed like NPV, PBT and IRR. It has been assumed 
that the average installed capacity of an utility-scale PV plant is of around 10 MW and the BESS 
capacity is selected in line with the ratios proposed in (Vartiainen et al., 2020): it 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 expected for that 
timescale. Therefore, the resulting BESS installed capacities are around 10 MWh and 15 MWh for 
the 2020 and the 2030 scenarios, respectively. Other parameters used for the profitability 
analysis are summarized in Table 7. 

 
Table 7. Economic input data used to perform the 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 
BESS opex 4% of BESS capex 
PV annual degradation rate 0.50% 

BESS annual degradation rate 2% 
 



37 
 

Most of the values reported in Table 7 comes from the study (Vartiainen et al., 2020) with the 
only exception of the BESS annual degradation rate that is taken from the data regarding the Li-
ion batteries cited in (Lai and McCulloch, 2017). 

The market parity is achieved when the generation costs are at least equal or lower to the 
electricity price at which the produced electricity can be sold. In this analysis, the utility-scale PV 
generation costs that are equivalent to the system LCOE are compared with the average Italian 
zonal prices that are illustrated in Table 8. In the profitability analysis, instead, it is considered 
the economic sustainability of the project fulfilled when the IRR is at least equal or higher than 
the discount rate that has been applied to the project itself. 

 
Table 8. Average Italian zonal price that are compared to the system LCOE to evaluate the 
achievement of the market parity. 

Macro region 
Average zonal market price 

[€/MWh]  
North 56.52 
Central North 56.04 
Central South 54.62 

South 53.03 
Sardinia 54.38 
Sicily 61.56 

 
The zonal electricity prices given in Table 8 are average values elaborated from the monthly 

reports published by the Italian TSO that has been collected from November 2016 to the end of 
the year 2019 and freely available in the Italian TSO website (Terna, 2017b).  

 
 

2.3 Rigid energy system structure and evolution towards a more flexible configuration 
 
 

In accordance with the targets set within the Italian Energy and Climate Plan, the projections 
of the production levels of the different power production technologies are indicated in Table 9. 
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Table 9. The Italian energy mix that needs to be reached in the year 2030, according to the 
Italian commitment PNIEC (Terna, 2019a). 

 
PNIEC 2030 

[TWh] 
Import 28.7 
CCGT 123 
Coal 0 

Others (oil, 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 reach 15 GWh 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 investment planned by the Italian TSO at this purpose are 
mentioned in Table 4. 

From Table 9 is possible to notice that the Italian Energy and Climate Plan provides only 
aggregated values at national scale of the predicted production levels for each technology 
involved in the energy mix. However, the Italian energy system is not managed as a whole but it 
is subdivided into different macro areas that identify the so-called electricity market zones. 
Therefore, the aggregated values included in the PNIEC shall be transformed into macro regional 
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 used for a preliminary 
validation of the energy system modelled with oemof, as will be explained later on. For that year, 
the installed capacities of each power production technology are taken from (GSE, 2018, 2017) 
in which a regional subdivision is followed. In absence of a precise identification of the areas that 
are suitable for the installation of new power plants from both a technical and a legislative point 
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 installations is in places with good wind production 
potential and, similarly, the PV plants are installed in areas with high irradiation levels or in highly 
urbanized areas (for the residential and commercial applications). 

As explained in the previous chapter, the energy system 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 costs to the dispatchability and programmability of the future utility-scale 
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 dispatchability of 
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 oemof-moea that is well explained in 
(Prina et al., 2020a) and whose code is freely available in (“oemof-moea,” 2019). The decision 
variables identified to perform the optimization with oemof-moea model are the installed 
capacities of PV plants, wind power plants, and stationary Li-ion batteries, as well as the transport 
capacity of the transmission powerlines. For these decision variables, a lower and a maximum 
bound shall be defined. Since the analysis is focused on the PV sector, a greater detail is provided 
for the different type of applications of this technology. Four main technologies are identified: 
rooftop PV, fixed utility-scale PV (i.e., without tracking system), utility-scale PV with monoaxial 
tracking system and BIPV (Building-integrated 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 GSE (GSE, 
2017), which subdivided the PV plants according to their power class. The classification 
established in this study in accordance with the information provided by the GSE is the following: 

(i) below 1 MW of installed capacity are considered as rooftop PV, 
(ii) above 1 MW of installed capacity refer to utility-scale applications, 
(iii) above 5 MW of installed capacity is it supposed a PV plant 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 maximum exploitable 
potential i.e., maximum capacity that could be installed. The maximum potential of utility-scale 
PV has been determined by putting together the information available in the studies (Chiaroni, 
2019; Martín-Chivelet, 2016; Sacchelli et al., 2016) the first of which (Chiaroni, 2019) provides 
also data for the estimation of the maximum wind potential. For the rooftop PV and the BIPV 
maximum installable capacity, the data reported in (Moser et al., 2014; Prina et al., 2018) and 
(Passera et al., 2018) are used, respectively. The minimum and maximum installed capacities for 
each type of PV application as well as those evaluated for the reference scenario 2030 are 
summarized in Table 10. 
 
 



40 
 

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 
[GW] 

Installed capacity 2030 
[GW] 

Maximum potential 
[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 Li-ion batteries is equal to zero since there was no 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 documents (Terna, 
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 losses (Prina et al., 2018). The comparison 
of the transmission powerlines capacities between the baseline scenario and the reference PNIEC 
scenario is shown in Table 11. 
 
Table 11. Comparison between the transmission powerlines transport capacities in the baseline 
scenario (2017) and in the reference PNIEC 2030 scenario. 

 
Scenario baseline 2017  

[MW] 
Scenario PNIEC 2030  

[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 for the 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, instead, 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 explained in (Prina et al., 2018). In fact, the dispatch 
of energy sources is performed on an hourly basis for a reference year. Other technical and 
economic parameters complete the framework like, specific costs and CO2 emissions, that will be 
shown hereafter. 

The baseline scenario, referring to the Italian electricity system of the year 2017, is used to 
validate the model by comparing the simulated energy with that provided by the Italian TSO for 
the year 2017 and the CO2 emissions calculated by the model with those provided in other 
literature sources (BP, 2018; Global Carbon Project, 2019; ISPRA, 2019) for the 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, 

(ii) economically by defining the specific technology costs (EnergyPLAN, 2018; ETIP-PV, 2020; 
European Commission. Joint Research Centre., 2018; European Commission. Joint 
Research Centre. Institute for Energy and Transport. and SERTIS., 2014; E. Vartiainen et 
al., 2015; Vartiainen et al., 2020), fuel costs and CO2 emissions (European 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 in Table 12 and Table 13. 
 
Table 12. Investment cost for each power production technology for the baseline 2017 and the 
reference PNIEC 2030 scenarios. 

Technology Unit 
Baseline 2017 

[€/unit]  
PNIEC 2030 

 [€/unit]  

CCGT MW 1.362 1.362 
Wind MW 1.348 1.233 
PV rooftop 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 
Pumped-hydro storage MWh 7500 7500 
Geothermal kW 4450 4550 
Batteries storage kWh - 117 
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Table 13. Assumptions of the specific fuel costs and CO2 emissions for different fuels for both 
the baseline 2017 scenario and the reference PNIEC 2030 scenario. 

Fuel 
Fuel costs 2017 

[€/MWh]  
Fuel costs 2030 

[€/MWh]  
Emission factor 2017  

[kg/MWh] 
Emission factor 2030  

[kg/MWh] 
Coal 9.4 12.2 354.6 354.6 
Oil 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 shown in Table 14, in which the energy mix obtained 

with the simulation of the baseline 2017 scenario is compared with that provided by the Italian 
TSO for that year, and in Figure 4, comparing the CO2 emissions calculated with the model and 
those from other literature sources.  

 
Table 14. Validation of the energy model based on the energy mix comparison. 

 
Baseline 2017 Oemof  

[TWh] 
TSO 2017  

[TWh] 
Import 37.8 42.9 
CCGT 117.5 a 133.6 
Coal 32.4 32.4 
Others (oil, 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 

a includes both CCGT and cogeneration CCGT and comes from subtracting the coal and other 
power plants provided by the Italian TSO to the total CCGT estimated by Oemof. 
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Figure 4. Validation of Oemof model based on the CO2 emissions. 
 
The model is validated with only a slight deviation of the calculated values with respect to the 

references for both the energy mix and the CO2 emissions. 
The reference scenario for the year 2030 has been created accordingly to the structure 

illustrated so far, updating the technical (e.g., installed capacities) and economic parameters (e.g. 
investment and specific fuel costs) as projected for that year. The hourly normalized profiles of 
demand and production technologies remain the same. Maintaining the rigid energy system 
configuration i.e., no flexibility options on the consumption side are considered, the energy mix 
calculated for the year 2030 is shown in Table 15. 
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Table 15. Italian energy mix resulting from the simulation with oemof model for the reference 
PNIEC 2030 scenario. 

 
PNIEC 2030 Oemof  

[TWh] 
Import 28.7 
CCGT 109.5** 
Coal 0 
Others (oil, etc.) 0 
Hydro (total) 66 
Hydro reservoir 19.3 
River hydro 46.7 
Biomass 17.4 
PV (total) 72.3 
PV utility (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 plants provided 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 storage. In fact, the flexible demand 
can compete with BESS in the absorption of the PV overproduction, the latter of which has high 
investment costs and some environmental and social concerns regarding the raw materials. For 
these reasons, the 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 will reasonably see a strong boost in the next years thanks to the incentive 
policies that are spreading all around the world. The Italian Energy and Climate 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 presented in (Prina et al., 2020a) and 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 heating 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 approach adopted 
before to split the production aggregated values provided by the PNIEC. The resulting regional 
amount of flexible demand is shown in Table 16. 

 
Table 16. Macro regional distribution of the flexible demand according to the reference PNIEC 
2030 scenario. 

Macro region 
Flexible demand PNIEC 2030  

[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 taken from (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 can be shifted, 
(ii) 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 percentagewise with steps of 
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, distributed as in Table 16, 
correspond to around 4.7% of the total electricity demand (354.1 TWh) in the year 2030. To better 
highlight the impacts of increasing the flexible demand (i.e., the second strategy applied in this 
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 level and the consequent actions that are taken 
like the Green Deal (European Commission, 2019) and the “Fit for 55” package (European Council, 
2021). This corresponds to a total electricity demand of 35.7 TWh and 11.3 TWh for the transport 
and the heating sector respectively, which is distributed among the macro regions as shown in 
Table 17. 
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Table 17. Macro regional distribution of the flexible demand for the advanced 30/40 scenario 
for the year 2030. 

Macro region 
Flexible demand 30/40 2030 

[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 around 12% of the total electricity 

demand (384.3 TWh) of this advanced scenario for the year 2030 that is applied to the second 
DSM strategy adopted in this study. 

All the other boundary conditions (installed capacities, hourly profiles, investment costs, etc.) 
remain the same with the only exception of BESS, pumped hydro storages and utility-scale PV 
plants installed capacities. In fact, four different scenarios are used to perform the DSM analysis: 

(i) a base case scenario that corresponds to the upgrade of the Italian energy system from 
the rigid to the flexible configuration (called hereafter baseline scenario), 

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

(iii) a scenario aimed to maximize the use of BESS and flexible demand by avoiding the  
pumped hydro storage exploitation (called noPH scenario), 

(iv) a scenario (named 2utPV scenario) in which the utility-scale PV plants installed capacity 
is doubled to reduce the CO2 emissions that increase as a consequence of maintaining 
the same energy mix to satisfy a greater demand (baseload plus flexible demand). 

The total BESS installed capacity in these scenarios is determined by performing an 
investment-based optimization. In this way, it is possible to evaluate how much it is possible to 
reduce the PV integration costs (storage and curtailment costs) thanks to the introduction of the 
flexible demand and, consequently, the overall costs for the system and the community.  
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Chapter 3. Results 
 
 

This chapter illustrates in detail the results obtained in this research, steering the course of 
the previous chapters. Firstly, the results obtained for the PV integration costs and system LCOE 
are shown to assess the future profitability of utility-scale PV plants if the energy system will 
evolve maintaining the current rigid configuration. In this context, the programmability of 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 open-source GIS-based 
tool called QGIS (QGIS, 2019). Secondly, the 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, 
(ii) RES penetration in the energy mix, 
(iii) CO2 emissions, 
(iv) DSM remuneration. 

 
 

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

To recap, the system LCOE is a new parameter that has been defined in this research to adopt 
a more systemic approach to the techno-economic evaluation of VRES power plants. The 
attention is focused on the utility-scale PV sector in this study. The systemic approach is 
guaranteed by adding to the common power plant costs, other cost components that take into 
account 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 VRES variable production, like 
pumped hydro storages, battery storages and flexible demand. The main impacts identified in 
this study are: 

(i) power plant costs of utility-scale PV plants with or without battery storages, 
(ii) grid costs that include the investments needed to reinforce the distribution and 

transmission infrastructures as well as to increase the reliability of grid reducing the risk 
of curtailment, 

(iii) balancing costs that cover the impacts of adding new VRES generation on the existing 
fossil fuel power plants in terms of decay of efficiency and start-up 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 chapters. 

The integration costs that are included in the system LCOE calculation of utility-scale PV plants 
without storage are the curtailment costs, the balancing costs and the reinforcing distribution 
network costs for the reason that has been already discussed before. The curtailment costs are 
included in the power plant costs as a percentage reduction of the PV production (see Table 6) 
and, consequently, the power plant costs are slightly increased, as shown in Table 18. 
 
Table 18. Comparison between the power plant costs calculated without and with the percentage 
of curtailment. 

Macro region 
PV LCOE 
[€/MWh]  

PV LCOE with curtailment 
[€/MWh]  

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 utility-scale PV plants without BESS resulting for the 

reference PNIEC 2030 scenario is shown in Figure 5, while the total system LCOE calculated for 
each macro region is summarized in Table 19.  
 

 

Figure 5. System LCOE cost composition for the utility-scale PV plants without storage system 
for each macro region in the reference PNIEC 2030 scenario. 
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Table 19. System LCOE of utility-scale PV plants without BESS estimated for each macro region 
under the reference PNIEC 2030 scenario. 

Macro region 
System LCOE  

[€/MWh]  
North 23.55 
Central North 21.96 
Central South 21.20 
South 21.84 
Sardinia 21.09 
Sicily 20.37 

  
The power plant costs represent the main cost component of the system LCOE of the utility-

scale PV plants without BESS that ranges from 64.2% in Sicily to 69% in the North with an average 
value of 66.2%. The balancing costs are around the 30% of the system LCOE, ranging from a 
minimum of 27.2% in the North to a maximum of 31.4% 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 LCOE with a narrow variability range among the 
Italian macro regions. 

In general, the system LCOE of utility-scale PV plants calculated for the year 2030 is on average 
the 35% higher than the PV LCOE calculated with the usual methodology, as highlighted in Table 
20. Moreover, it does not affect the cost ranking of the macro regions, for which Sicily still remain 
the cheapest alternative. 
  
Table 20. Comparison between the PV LCOE calculated with the usual LCOE methodology and the 
system LCOE estimated as proposed in this study, referring to the reference year 2030. 

Macro region 
PV LCOE  
[€/MWh]  

System LCOE  
[€/MWh]  

North 15.93 23.35 
Central North 14.22 21.75 
Central South 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 utility-scale PV plants coupled with BESS is provided in 

Figure 6 and the resulting total macro regional system LCOE is summarized in Table 21. 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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Figure 6. System LCOE cost composition of the utility-scale PV plants coupled with battery 
storage for each macro region in the reference PNIEC 2030 scenario. 

 
Table 21. System LCOE of utility-scale PV plants with BESS for each Italian macro region under 
the reference PNIEC 2030 scenario. 

Macro region 
System LCOE  

[€/MWh]  
North 51.00 
Central North 47.47 
Central South 47.28 
South 44.10 
Sardinia 45.72 
Sicily 46.27 

 
The power plant costs, in this case, correspond to around the 80% of the system LCOE, ranging 

from 71.6% in Sicily to 82.3% in the North. The balancing costs represent on average the 13.7% 
of the system LCOE, with a minimum value of 12.5% in the North to a maximum value of 14.5% 
in the South. The reinforcing transmission network costs correspond in general to around 5% of 
the system LCOE but with a wide geographical variation that ranges from 1.5% in the South to 
8% in Sicily. This cost component highlights the main critical areas in terms 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 are the adequacy and the reinforcing distribution network costs. Similarly to the 
reinforcing transmission network costs, the adequacy costs exhibit a geographical variation that 
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ranges from 1.1% in South to 4.7% in Sicily in the 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 utility-scale PV plants combined with BESS is on average the 26% higher 
than that calculated with the common LCOE methodology in the year 2030, as shown in Table 
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 the estimation of the production costs. In fact, Sicily is 
no more the cheapest region but has been passed over by South and Sardinia macro regions.  
 
Table 22. 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 LCOE 

[€/MWh]  
System LCOE 

[€/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 as a real sensitivity analysis because the 
variation of the system LCOE is studied taking into account only the minimum and maximum 
values reached by each cost component. For example, the 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 values of power plant costs are substituted in the cost composition of the reference 
case to see how the system LCOE varies: for example, the variation of the power plant costs of -
10%/+15% corresponds to a variation of -7.4%/+11.2% of the system LCOE of the reference case. 
This procedure is repeated for all the system LCOE cost components apart from the balancing 
costs and the reinforcing distribution network costs. In this latter case, the minimum value is 0.25 
€/MWh equivalent to the minimum costs calculated by the authors in (Pudjianto et al., 2013) for 
the Italian country. The balancing costs, instead, are changed in the range of ±50% since they 
have the same value for all macro regions. 

Figure 7 shows the results of this type of analysis done for the system LCOE of utility-scale PV 
plants without storage as a function of the minimum and maximum value identified for its cost 
components. 
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Figure 7. System LCOE variation with respect to the variation of cost components in the range 
of their minimum and maximum values taking as reference the South macro region. 

 
The South macro region is taken as reference case since its system LCOE is the nearest to the 

average value. This reference case is characterized by power plant costs equal to 14.54 €/MWh, 
balancing costs to 6.40 €/MWh and reinforcing distribution network costs to 0.9 €/MWh. The 
results confirm that the cost component that mostly 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 balancing costs of ±50%, the power plant costs have a narrower range of 
variation of -10%/+12% causing the system LCOE changing in the range from -6.7% to +7.8%. The 
smallest impact of the reinforcing distribution network costs on the variation of the system LCOE 
is verified with this analysis. 

Figure 8 shows the results obtained performing the same analysis for the utility-scale PV plants 
plus storage. In this case, the reference case is the Central South macro region since its system 
LCOE is the nearest to the average value. It is characterized by power plant costs of 36.64 €/MWh, 
transmission costs of 2.8 €/MWh, balancing costs of 6.4 €/MWh, adequacy costs of 0.54 €/MWh 
and reinforcing distribution network costs of 0.9 €/MWh. 
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Figure 8. 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 confirmed and corresponds to the 
power plant costs. The balancing costs are the second most affecting parameter that makes the 
system LCOE varying around ±7% with a variation of ±50% of the balancing costs themselves. 
Again, the reinforcing distribution network costs only marginally impact the system LCOE: even 
with a wide variation of this cost component (-72%) the system LCOE is reduced of only -1.4%. 
The reinforcing transmission network and adequacy costs show a wide variation from the 
minimum to the maximum values too but the system LCOE changes of only -4.5%/+1.9% and 
0%/+3.4%, respectively.  

Taking into account the average balancing market costs in Italy that are around 19.45 €/MWh 
(Pierro et al., 2020) and applying them to the system LCOE, it can vary of around 20% and 60% in 
the case of utility-scale PV with and without storage system, respectively. 

It is worthwhile to compare the integration costs estimated in this study to those available in 
other literature sources referred to the Italian case-study, because the integration costs are 
strictly country-dependent i.e., they are strongly subject to the energy system configuration 
(type, number and location of the existing power plants as well as the grid infrastructure). The 
total integration costs calculated in this analysis are in the range of 8.4 – 13.2 €/MWh and are 
very close to those calculated by the authors in (Pudjianto et al., 2013) that range from a 
minimum of 5.2 €/MWh to a maximum of 15.9 €/MWh. 

The system LCOE is used, as already said, to substitute the usual LCOE in the techno-economic 
evaluation of the utility-scale 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 production 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 colorful maps 
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 achievement. The zonal electricity prices with 
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which the system LCOE is matched are summarized in Table 8. The profitability analysis is added 
to give further information about the cost-effectiveness 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 IRR, in particular, is taken as reference to measure the cost-effectiveness of the investment: 
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 Italian case-study 
taking as reference the year 2020. In Figure 9 are compared both the cases of utility-scale PV 
plants with (b) and without (a) storage system. 
 

 

Figure 9. Market parity comparison between PV plants without (a) and  
with (b) storage system for the year 2020. 

 
It is possible to notice that the market parity of utility-scale 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 regions. On the contrary, it is harder to be achieved by the utility-scale PV plants 
coupled with BESS mainly due to the high investment costs of the latter. They result to be cost-
effective only in the Italian major islands thanks to their high irradiation level and higher zonal 
price (as in the case of Sicily). 

It is interesting to outline that the market parity at macro regional level does not strictly follow 
the generation costs tendency. In fact, even though they decrease with the increase of irradiation 
from the northern to the southern regions (as shown in Table 20), some northern regions benefit 
of higher zonal prices than other southern regions. 

The profitability parameters taken as reference (PBT, NPV and IRR) calculated for the current 
PV plants without BESS are averagely 9 years, 4.7 million € and 15.9%, respectively. Adding the 
battery storage, the PBT increases to 27 years, while the NPV and the IRR decrease to 0.019 
million € and 3.2%, respectively. The IRR has almost halved averagely with respect to the discount 
rate used (7%) and only Sicily reaches a slightly higher IRR equal to 7.8%. This demonstrate that 
the market parity is not enough to measure the cost-effectiveness of a PV investment, as in the 
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Sardinian case, that reaches the market parity but 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 sector in Figure 
10 and Figure 11 that illustrates the market parity achievement of PV plants with and without 
storages in the year 2030, comparing the case of including (b) or not (a) the integration costs i.e., 
common LCOE vs. system LCOE. 

 

 

Figure 10. Market parity comparison of utility-scale PV plants without BESS when considering 
the common LCOE (a) or the system LCOE (b) for the year 2030. 

 

 

Figure 11. Market parity comparison of utility-scale PV plants with BESS when considering the 
common LCOE (a) or the system LCOE (b) for the year 2030. 

It is possible to notice that the market parity is largely achieved in all cases especially thanks 
to the strong decrease 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 techno-economic parameter for the evaluation 
of the PV production costs both with and without battery storage. What is mainly affected by 



56 
 

adopting the suggested systemic approach is the geographical trend of the PV production costs. 
In fact, comparing the common LCOE and the new system LCOE for the PV plants without storage, 
as in Table 20, the Central South macro region has lower generation costs than the South when 
the integration costs are taken into account. This is due to the PV curtailment estimated at 
macroregional level that has direct impact on the potential PV power output. In fact, no PV 
curtailed is expected in the Central South in the year 2030 with the simulation done, as previously 
shown in Table 18, against a risk of curtailment equal to 7% in the South. This means that the 
decreasing trend of utility-scale PV production costs going from the northern to the southern 
regions is no more valid when the integration costs are considered and the system LCOE 
estimated. 

The profitability parameters PBT, NPV and IRR calculated for the PV plants without BESS and 
integration costs are averagely 5 years, 5.7 million € and the 27.3%, respectively, the latter of 
which is significantly higher than the discount rate applied. Adding the integration costs, they 
slightly worsen but remain at satisfying levels equal to 6 years, 4.9 million € and 22.1%, 
respectively. Looking at the profitability analysis of the utility-scale PV plants with BESS, the PBT 
goes averagely from 12 to 20 years, the NPV from 3.1 million € to 1 million €, and the IRR from 
12% to 6.7%, not including or including the integration costs, respectively. This last value of the 
IRR highlights once again the point that the market parity achievement does not always 
guarantee the cost-effectiveness of the investment, as shown in Figure 12. 

 

 

Figure 12. Comparison between the market parity achievement (a) and the profitability analysis 
(b) of PV plants with storage system for the year 2030, including the integration costs. 

 
This figure underlines that almost all the macro regions reach the market parity but not IRR 

values high enough for the investment profitability, with the exception of Sicily and 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 the current one. But this is not necessarily 
true. The electricity markets are designed based on the marginal costs concept, with which the 
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electricity bids are made. Since a lot of incentives schemes have been adopted in the past to 
enhance the diffusion of RES, they offer zero-cost bids in the electricity market as a consequence 
of not having marginal costs. Therefore, enlarging the share of RES zero-cost bids in the electricity 
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 rise, which 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 of power-to-X solutions based on RES, 
(ii) the introduction of effective carbon pricing schemes, 
(iii) making the 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 utility-scale 
PV systems that has been simulated with the oemof-moea model. Figure 13 shows the results of 
the two multi-objectives optimization problems not including (a) and including (b) the integration 
costs as annual costs for the utility-scale PV plants. The figure illustrates the values of the decision 
variables for the optimal solutions located on the Pareto front. The selected decision variables 
for these two optimizations are 

(i) utility-scale PV plants (with and without tracking system), 
(ii) residential rooftop PV plants, 
(iii) BIPV intended as facade PV plants, 
(iv) wind power plants, 
(v) battery storages, 
(vi) transport capacity of powerlines. 
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Figure 13. Comparison of the results of the multi-objective optimization analysis implemented 
through oemof-moea without (a) and with (b) integration costs applied to the utility-scale PV 

plants as annual costs (Veronese et al., 2021b). 
 

The optimization executed with the oemof-moea model confirms that including the 
integration costs as annual costs do not compromise the overall dispatchability of the PV 
production but only slightly lower the capacity installed. In other words, thanks to the already 
very low production costs, the utility-scale PV plants will be only marginally affected by these 
additional costs. Moreover, 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 the evolution 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 the battery storage systems with the extension of the 
transport capacity of powerlines.  

 
 

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 that the exploitation of the flexibility at the consumption side will 
be enhanced by the rise of electric mobility and energy efficiency in buildings that 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 applying 
two different strategies: 

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

(ii) the amount of flexible demand is increased percentagewise from 0% to 100% of a 
maximum value (referred hereafter as flexibility strategy) 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 costs, CO2 emissions, RES 
penetration, and DSM remuneration). Four different scenarios are identified to which the 
flexibility strategies are applied: 

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

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

(iii) a scenario aimed to maximize the use of BESS and flexible demand by avoiding the  
pumped hydro storage exploitation (noPH scenario), 

(iv) a scenario in which the PV production of the utility-scale sector is doubled (2utPV). 

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 to around 16.8 TWh. 
This value has been subdivided among the macro region as shown in Table 16 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 thanks to the latest policies 



60 
 

and actions that are under discussion at European level to reach higher environmental and 
climate targets. In this context, the flexibility strategy is performed considering 47 TWh of total 
flexible demand that corresponds to a 30% of electric vehicles penetration and 40% energy 
efficiency in buildings for the year 2030 in the Italian country. This value is split among the macro 
regions as outlined in Table 17. 

As a first step, an investment-based 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 system in the year 2030. The comparison is outlined in Figure 14. 
 

 

Figure 14. Comparison between the BESS installed capacity planned in the PNIEC with that 
obtained executing an investment-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 from an energy system 
perspective with respect to other options available e.g., pumped hydro storages and curtailment. 
It is interesting to notice that no BESS are installed in the Italian macro regions with a significant 
installed capacity of pumped hydro storages. In fact, the exploitation of pumped hydro storages 
results to be almost doubled with respect to the reference PNIEC 2030 scenario (see Figure 15). 
However, its level of usage is not enough to absorb completely the curtailment that rises from 0 
TWh to 3.5 TWh, as outlined in Figure 17. 
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Figure 15. Comparison between the total annual input and output of BESS and pumped hydro 
storages resulting for the PNIEC 2030 and that after the investment-based optimization of BESS. 

Comparing the two energy mix in Table 23, there is a slight increase of CCGT power output to 
partially compensate the loss of batteries output in the hourly dispatch. 

 
Table 23. Comparison between the energy mix of the PNIEC 2030 and that after executing the 
investment-based optimization of BESS. 

 
PNIEC 2030 

[TWh] 
PNIEC 2030 batt opt 

[TWh] 
Import 28.7 28.7 
CCGT 109.5 112.7 
Coal 0 0 
Others (oil, 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 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 strategies previously discussed. 

The results obtained when the interval strategy is adopted are summarized in Figure 16 and 
in Figure 17 in 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 values when 
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 heating sector is included but not managed flexibly thus 
maintaining the rigid energy system configuration. 

 

 

Figure 16. Optimized BESS installed capacity as a function of the flexibility time interval for the 
baseline scenario. 

 

Figure 17. Total excess of energy as a function of the flexibility time interval for the baseline 
scenario. 
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The interval strategy allows to decrease the total BESS installed capacity of around -65.7% and 
the curtailed energy of -20%. Less meaningful is the impact on the overall energy mix as 
highlighted in Table 24 in which the energy mix of the base case scenario is compared with that 
obtained with a flexibility time interval of 24h i.e., the best solution obtainable with the interval 
strategy.  

 
Table 24. Comparison of the energy mix estimated for the base case and the best solution 
obtained with the interval strategy applied to the baseline scenario. 

 
Electrification no flex  

[TWh] 
24h flexibility interval 

[TWh] 
Import 28.7 28.7 
CCGT 128.9 128.8 
Coal 0 0 
Others (oil, 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 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 remain very limited, as outlined in Figure 18, in 
Figure 19 and in Table 25. 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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Figure 18. Optimized BESS installed capacity as a function of the amount of flexible demand 
with respect to the maximum value for the baseline scenario. 

 

 

Figure 19. Total excess of energy as a function of the amount of flexible demand with respect to 
the maximum value for the baseline scenario. 
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Table 25. Comparison of the energy mix estimated for the base case and the best solution 
obtained with the flexibility strategy applied to the baseline scenario. 

 
30/40 no flex  

[TWh] 
100% flexible demand 

[TWh] 
Import 28.7 28.7 
CCGT 158.2 157.7 
Coal 0 0 
Others (oil, 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 case, the total installed capacity of BESS and the curtailment can be reduced of -99% 

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 performed 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 overproduction. The investment costs of battery storage are set near to 0 so 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 previously shown, 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 are illustrated in Figure 20 and 
in Figure 21. 
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Figure 20. Optimized BESS installed capacity as a function of the flexibility time interval for the 
maxPH scenario. 

 

 

Figure 21. Optimized BESS installed capacity as a function of the amount of flexible demand 
with respect to the maximum value for the maxPH scenario. 

 
Both strategies are effective in reducing the BESS installed capacity with the flexibility strategy 

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 of about -6.2% 
whereas the interval strategy stops at only -5.2% reduction. No relevant impacts are highlighted 
in the final energy mix as in the previous case (see Table 26 and Table 27) for the same reasons 
discussed above. 
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Table 26. Comparison of the energy mix estimated for the base case and the best solution 
obtained with the interval strategy applied to the maxPH scenario. 

 
Electrification no flex [TWh] 24h flexibility interval [TWh] 

Import 28.7 28.7 
CCGT 126.8 126.3 
Coal 0 0 
Others (oil, 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 357.7 357.3 
Demand 354.7 354.7 

 
Table 27. Comparison of the energy mix estimated for the base case and the best solution 
obtained with the flexibility strategy applied to the maxPH scenario. 

 
30/40 no flex [TWh] 100% flexible demand [TWh] 

Import 28.7 28.7 
CCGT 156.4 156.1 
Coal 0 0 
Others (oil, 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 BESS installed 
capacity and the energy mix in general. The BESS exploitation is maximized as in the scenario 
above to avoid PV production curtailment. The results are shown in Figure 22 as a function of the 
flexibility interval and in Figure 23 as a function of the available flexible demand. 

 

 

Figure 22. Optimized BESS installed capacity as a function of the flexibility time interval for the 
noPH scenario. 

 

 

Figure 23. Optimized BESS installed capacity as a function of the amount of flexible 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 that is more than 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 around -6% with respect to the -2% reduction obtained with 
the flexibility strategy. However, no remarkable impacts are found in the final energy mix as 
shown in Table 28 and in Table 29. 

 
Table 28. Comparison of the energy mix estimated for the base case and the best solution 
obtained with the interval strategy applied to the noPH scenario. 

 
Electrification no flex 

[TWh] 
24h flexibility interval 

[TWh] 
Import 28.7 28.7 
CCGT 126.1 125.8 
Coal 0 0 
Others (oil, 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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Table 29. Comparison of the energy mix estimated for the base case and the best solution 
obtained with the flexibility strategy applied to the noPH scenario. 

 
30/40 no flex  

[TWh] 
100% flexible demand 

[TWh] 
Import 28.7 28.7 
CCGT 155.9 155.7 
Coal 0 0 
Others (oil, 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 power production 
technologies are kept constant. Therefore, a last scenario is introduced to increase the RES 
penetration by doubling the utility-scale PV plants installed capacity. This is a reasonable 
assumption for the year 2030 since some policies have been recently 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 can be seen by comparing Table 30 and Table 31 with Table 15. However, 
the flexibility strategies do not have significant impacts on the final energy mix as in the previous 
cases.  
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Table 30.Comparison of the energy estimated for the base case and the best solution obtained 
with the interval strategy applied to the 2utPV scenario. 

 
Electrification no flex [TWh] 24h flexibility interval TWh] 

Import 28.7 28.7 
CCGT 112.9 112.3 
Coal 0 0 
Others (oil, 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 360.8 360.3 
Demand 354.7 354.7 

 
Table 31. Comparison of the energy mix estimated 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 demand [TWh] 

Import 28.7 28.7 
CCGT 142.2 141.7 
Coal 0 0 
Others (oil, 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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Figure 24 and Figure 25 show the optimization of the BESS installed capacity applying the two 
flexibility strategies with this last scenario. 

 

 

Figure 24. Optimized BESS installed capacity as a function of the flexibility time interval for the 
2utPV scenario. 

 

 

Figure 25. Optimized BESS installed capacity as a function of the amount of flexible demand 
with respect to the maximum value for the 2utPV scenario. 

 
The reduction of BESS installed capacity is verified also in this case but to a further less extent 

with respect to the previous scenarios, as shown in Figure 24 and Figure 25. In fact, BESS decrease 
of -3.6% with the interval strategy and of -4.3% 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 this analysis: 

(i) storage and curtailment costs as a measure of the impacts on the PV integration costs, 
(ii) RES penetration and CO2 emissions as a measure of the ability to respect the 

environmental and climate targets, 
(iii) the DSM remuneration as a measure of the attractiveness to 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 production 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 curtailment cost) and, thus, the 
costs for the overall system. The avoided storage costs are represented in Figure 26. 

 

 

Figure 26. Avoided storage costs estimated for each flexibility scenario. 
 

The flexibility strategy results to be the most effective in reducing this type of PV integration 
cost component, as already outlined from the results examined before, with the only exception 
of the noPH scenario in which the interval strategy allows to a greater amount of avoided storage 
costs with respect to the flexibility strategy. The curtailment costs instead have been completely 
eliminated with respect to the baseline scenario when the available flexibility options are 
exploited at their maximum potential (see Figure 27). 
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Figure 27. Curtailment costs estimated for each flexibility scenario. 
 

In the previous section, it has been highlighted that the first three scenarios 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 overall CO2 emissions since a greater 
amount of load needs to be satisfied with additional CCGT production. Therefore, the installed 
capacity of utility-scale PV plants is doubled in the 2utPV scenario to mitigate these effects, as 
illustrated in Figure 28 and in Figure 29. 

 

 

Figure 28. RES penetration estimated for each flexibility scenario. 
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Figure 29. CO2 emissions estimated for each flexibility scenario. 
 

The flexibility strategy has worst performance with respect to the interval strategy in all the 
scenarios examined because the flexible demand added to the energy system is bigger i.e., less 
RES penetration and higher CO2 emissions. In terms of RES penetration, the PNIEC target for the 
electricity sector is fixed around 55% and it is satisfied in all the flexibility scenarios apart from 
the baseline, the maxPH and the noPH scenarios to which the flexibility strategy is applied. The 
greatest RES penetration is achieved when the interval strategy is applied to the 2utPV scenario 
that corresponds also to the lowest CO2 emissions 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 energy system. 
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Figure 30. DSM maximum remuneration estimated for each flexibility scenario. 
 

The DSM remuneration significantly increases in the scenarios where the flexibility options 
(pumped hydro storage, flexible demand and BESS) are exploited 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 interval strategy is around 56% higher than that obtained with the flexibility 
strategy because in the latter the total flexible demand is almost three times higher. 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 terms among all the cases examined. 

 

3.2.2 Discussion of the results and comparison with other literature sources 
 
Considering the rigid energy system configuration, the system LCOE estimated for the Italian 

utility-scale PV plants in the year 2030 is in the range of 20.37 – 23.55 €/MWh and between 44.1 
€/MWh and 51 €/MWh for the case without and with BESS, respectively. Looking at the system 
LCOE cost composition in percentage, the power plant costs represent the 66% and 78% of the 
system LCOE for PV plants without and with storage system, respectively. They are followed by 
the balancing costs that are on average the 14% and 30% of the system LCOE for the PV with and 
without storage system, respectively. The other cost 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 parity is achieved in all the Italian macro regions in the year 2030 mostly because 
of the investment cost reduction of both the PV and BESS technologies that is foreseen 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 with the system LCOE. However, some critical aspects 
have been highlighted in the profitability analysis the main of which is that reaching the market 
parity does not always guarantee the investment cost-effectiveness. In fact, the only two regions 
that obtained an IRR higher than the discount rate are Sicily and the South. The optimization 
performed with the genetic algorithm verifies that the role of the PV sector in the future energy 
mix is not compromised even when the integration costs are included as annual variable costs to 
operate the hourly dispatch by the energy system manager. Moreover, this optimization outlines 
that there is not a prevailing VRES technology but the complementary production profiles of PV 
and wind allow to easily reach the optimum. 

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 the flexibility 
strategy that prevails on the interval one in almost all the cases. However, these benefits decrease 
when the other flexibility options are exploited at their maximum potential. It is interesting to 
notice that a significant benefit in terms of avoided installed BESS can be reached just by 
increasing the total electrical demand without making it flexible, as shown by comparing the 
baseline scenario and with the noflex scenario in the cases examined. The flexible demand gives 
also its contribution in reducing the risk of curtailment, as shown in the baseline scenario. 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 scenario examined and strategy adopted with an 
average value of around 700 M€. The curtailment costs, instead, has been completely eliminated 
when the flexibility options are exploited at their maximum potential, starting from curtailment 
economic losses that are 55 M€ and 65 M€ in the baseline scenario for the flexibility and the 
interval strategy, respectively. 

No significant effects are recorded for the introduction of the flexibility at the consumption 
side in terms of RES penetration and CO2 emissions savings, the latter of which are less than 1% 
in all the scenario examined. This result is in line with other research studies presented in 
(Brouwer et al., 2016; Dranka et al., 2021; Gleue et al., 2021). In (Gleue et al., 2021)  in particular, 
considering 15% flexibility, the CO2 emissions savings result to be around -1.1% and -1.5% in 
Germany and Great Britain, respectively, and a maximum of 6% of CO2 emissions reduction has 
been achieved with the most optimistic scenario of 50% flexibility. A slightly higher CO2 emissions 
savings potential of around 2-3% is reached by the authors in (Brouwer et al., 2016) where the 
energy system of Western Europe in the year 2050 has been simulated with PLEXOS hourly power 
system tool considering different RES penetration scenarios of 40%, 60% and 80%. The greatest 
positive impact on RES penetration and CO2 emissions reduction KPIs is registered in this analysis 
when adding new RES production in the energy mix i.e., in the scenario in which the energy mix 
has been modified by doubling the installed capacity of utility-scale PV plants. The maxPH and 
noPH scenarios are equivalent for these two KPIs because they are both zero CO2 emissions 
technologies that are dispatched hourly at zero variable costs, they are interchangeable when 
exploited at their maximum potential to completely absorb the PV overproduction. It 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 examined with the only exception of the first three 
scenarios to which the flexibility strategy is applied because the same amount of RES production 
is available in the energy mix but a bigger total electricity demand shall be satisfied. 

An attempt has been made to give a first estimation of the possible remuneration for flexibility 
services defining it as the ratio between the avoided storage costs and the total flexible demand. 
The result is a DSM remuneration that ranges between 5 and 126 €/MWh depending on the 
flexibility scenarios and strategy considered with an average value of around 30 €/MWh. The 
DSM remuneration when the flexibility strategy is adopted is less than that obtainable with the 
interval strategy. This difference is justified by the fact that the benefits in terms of avoided 
storage costs are similar but the total flexible demand on which they are spread is almost three 
times bigger in the scenarios to which the flexibility strategy is applied. Considering that a typical 
Italian household has an average annual consumption of around 3000 kWh and that only 15% of 
it is available for DSM purposes, the maximum annual DSM compensation is 56.7 € that is very 
near to the lower bounds determined in �~���Œ�}�����Œ�P�����v�����W���Œ�•�•�}�v�U���î�ì�í�ò�V���'�}�s�'���]�}�Á�•�l�������š�����o�X�U���î�ì�î�í�•. 
As an example, Polish people are willing-to-accept the load control if an annual remuneration in 
the range of 65 € - 114 € is guaranteed �~�'�}�s�'���]�}�Á�•�l�������š�����o�X�U���î�ì�î�í�•, while the Swedish prefer an 
annual compensation that ranges between 78 € and 132 € (Broberg and Persson, 2016). In both 
cases, the lower bound corresponds to the desired compensation for load shifting during the 
morning off-peak hours, on the contrary the upper bound is the minimum acceptable 
remuneration for load shifting during the evening peak hours.  
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Chapter 4. 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 RES-based energy system. It allows to 
reduce the electricity bills of end-users thanks to its exploitability direct on site of consumption 
and increases the environmental sustainability of the electricity produced in the overall energy 
system. However, some concerns arise since the availability of the solar resource is uncertain and 
difficult to be predicted and thus the programmability of PV production shall be improved and 
additional efforts are required by the existing energy system to accept the rapidly increasing 
amount of photovoltaic energy. 

For these reasons, the main objective of this research is to assess the 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 source will not be 
compromised by an unsustainable increase of the costs for the energy system and the entire 
community. With this aim, this study is focused on the evaluation of different strategies for a 
more flexible management of utility-scale 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 management 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 be extended and renovated to 
better manage the increased penetration of VRES production. In this context, a new parameter 
is defined to go beyond the common LCOE method and to apply a more systemic approach in 
estimating the PV generation costs. This new parameter is called system LCOE and, in addition to 
the power plant costs evaluated with the common LCOE methodology, it includes 

(i) the costs of adapting the existing grid infrastructure to accept a rising share of 
intermittent production without affecting the system reliability and security of supply, 

(ii) the costs that the additional VRES production reflects on the operating 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 and start-up costs. A mathematical definition 
is determined for each cost component during this research. 
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The system LCOE is applied in the techno-economic evaluation of future utility-scale PV plants 
to verify if and how their future market parity and profitability analysis are affected by adding 
these cost components in the PV generation costs estimation. Two different points of view are 
adopted in this regard: 

(i) the PV plant investor point of view, 
(ii) the energy system manager point of view. 

In the first case, the results are discussed in terms of market parity achievement (system LCOE 
vs. zonal electricity price) and profitability indexes, like NPV, PBT and IRR. In the second case, a 
genetic algorithm is implemented in the energy system modelling tool to perform an expansion 
capacity optimization aimed to study the effects on utility-scale PV plants dispatchability when 
the integration costs are included as annual costs. 

The second route that can be followed for the energy transition introduces the 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 system. Thanks to the energy system modelling tool, it is possible to 
evaluate the impacts of adding the flexible demand to the existing energy system and how it can 
affect the PV integration costs. The flexible demand is shifted upwards or downwards by means 
of two different strategies implemented in this study: 

(i) the flexibility interval is extended within the day keeping constant the amount of flexible 
demand available for load shifting, 

(ii) the amount of flexible demand is increased until 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 of adding the flexible demand to the energy system are studied as an initial step 
in terms of utilization rate of other storage technologies with which it competes i.e., battery and 
pumped hydro storages. Some key performance indicators are then adopted to deepen the 
influence of flexible demand on the energy system and PV programmability. The KPIs adopted 
for this analysis are 

(i) the amount of CO2 emissions and RES penetration since the energy transition is structured 
to achieve certain targets for them and as a measure of the environmental sustainability 
of the energy system configuration, 

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

(iii) 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 applied to four different scenarios: 

(i) a baseline scenario that corresponds to the upgrade of the energy system taken as 
reference from the rigid to the flexible configuration by introducing the flexible demand, 

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

(iii) a scenario aimed to maximize the use of BESS and flexible demand by avoiding the  
pumped hydro storage exploitation (noPH scenario), 

(iv) a scenario in which the utility-scale PV plants installed capacity is doubled. 

This last scenario is introduced because the RES production is the same in the first three 
scenarios but the overall electricity demand is higher after adding the flexible load. As a 
consequence, the overall CO2 emissions will increase due to a more intensive use of fossil fuel 
power plants to cover the additional demand. 

The Italian energy system and its planned evolution to the year 2030 is taken as reference to 
validate the methodology. This case study has been chosen for different reasons 

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

(ii) the considerable PV production potential and its exploitability, 
(iii) the opportunity offered by a large installed capacity of pumped hydro storage. 

The electricity sector has been modelled with the open-source energy system modelling tool 
Oemof to apply a multi-node approach to the hourly dispatchability of the power production 
technologies minimizing 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 utility-scale PV plants in the year 2030 is in the range 
of 20.37 – 23.55 €/MWh and between 44.1 €/MWh and 51 €/MWh for the case without and with 
battery storage. The power plant and balancing costs are the two main cost components that 
contribute to the system LCOE around 60%-80% and 15%-30%, respectively. The investment 
costs reduction of both the PV and BESS technologies expected in the future years allows to easily 
reach the market parity in all the Italian macro regions in the year 2030 even when a more 
systemic approach i.e., the system LCOE, is used to evaluate the PV generation costs. However, it 
has been highlighted that reaching the market parity does not always guarantee the profitability 
of the investment. 

Adding the flexible demand to the energy system is economically and environmentally 
beneficial by lowering the needed BESS installed capacity, reducing the amount of VRES 
production that needs to be curtailed, increasing the RES penetration and decreasing the CO2 
emissions. However, 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 composition and availability 
of other flexibility options with which it is in competition. The RES penetration and CO2 emissions, 
in particular, are more affected by the amount of RES production available in the energy mix than 
by the flexible demand itself. The results are in line with other studies found in the scientific 
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literature that highlight on average a very limited potential of load shifting in promoting RES 
penetration and reducing the overall CO2 emissions of the energy system. The average estimated 
DSM remuneration is similar in the order of magnitude to the system LCOE of utility-scale PV 
plants and very near to other research studies based on willingness-to-accept surveys and this 
opens up interesting perspectives for applications in the context of energy communities as well 
as electricity market aggregators in which consumption and production units are managed under 
the same entity.  

 
 

4.1 Methodology limitations and further developments 
 

This research provides a general methodology to evaluate the costs and benefits of the future 
energy transition towards a RES-based energy system focusing the attention on the utility-scale 
PV sector that will be the technology on which the future energy system will rely on. This 
methodology represents on one hand a first step towards a fairer techno-economic evaluation 
of future generation costs by 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, there is still room for improvement. 

A first limitation of this analysis is related to the assumptions made for the estimation of the  
grid costs, reinforcing distribution and transmission network costs and adequacy costs in 
particular. They are difficult to be properly estimated because they need a comprehensive 
knowledge of the grid infrastructure and the connection nodes of current and future power 
plants at both the distribution and the transmission levels. A set of network studies (both at 
steady-state and dynamic conditions) shall be structured to better study the integration costs 
dependency as a function of VRES penetration and to highlight the possible correlations among 
the cost components. This kind of analysis turned out to be challenging for the Italian case study 
since it is difficult to find data on the grid morphology and connection points of power plants at 
national scale. Two main reasons are behind this: 

(i) the Italian distribution grid is managed by various DSOs that are operating at regional 
and subregional levels. 

(ii) the transmission grid, even though it is monopolized and managed by a TSO, it is 
considered a strategic infrastructure for the country and thus no detailed model or 
information are available. 

It is also interesting to assess the real feasibility of the 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 another part that can be added to this analysis. For the 
Italian case study, it implies a good knowledge of the regional legislation to this regard. This point 
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will be hopefully solved in the next future by the legislative decree implementing the European 
directive RED II (MiTE ministry, 2021) for which the Italian regions are called to identify suitable 
areas for the installation of the RES power plants needed to reach the objectives defined in the 
Italian energy and climate plan. 

The profitability analysis of utility-scale PV plus storage systems is simplified since the return 
on the investment is guaranteed only by energy sales. Therefore, it is interesting to extend it by 
including other grid services that these configurations can provide and bid in the electricity 
market. Moreover, a strong assumption is behind of this analysis: it has been supposed that the 
average zonal electricity prices in the year 2030 remain similar to the historical average. However, 
the post-pandemic recovery and the recent Ukrainian war have given further evidence of the 
extreme volatility of electricity prices and the inadequacy of current electricity market design. 
Due to the strong dependency on natural gas for the electricity production, the electricity prices 
have constantly increased in the last year from the historical average of 50 – 60 €/MWh to the 
current 500 €/MWh in Italy (value of August 2022, (Terna, 2022)), as a direct consequence of the 
marginal costs concept on which the actual electricity markets are based. Even though it should 
be an optimal condition for RES power plants cost-effectiveness, this circumstance exposes them 
to additional regulatory actions that squeeze their profit margins (Ministero della Giustizia, 2022) 
and potentially trigger uncertainties for the investors. Therefore, new electricity market design 
shall be studied to go beyond the marginal costs concept e.g, moving to a more LCOE-based 
regulation, and improve the market participation of RES power plants in a more efficient way e.g., 
decoupling the electricity price unbinding the energy produced by RES from the natural gas price, 
as some is recently suggesting. 

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 example, load shifting is 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 changes in the energy mix. These low 
performances are partially justified since the analysis is focused only on the electricity sector thus 
the effects on the transport and heat sectors in terms of fuel costs and emissions savings are not 
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 model nor complex definition. It 
does not take into account other benefits apart from the avoided BESS installation costs and thus 
the value determined in this analysis can be assumed as a lower bound for the Italian case-study. 
The economic value of DSM programs shall be better investigated since a significant uncertainty 
and a lack of knowledge appears from the literature. 

Finally, a few numbers of flexibility scenarios have been examined in this research optimizing 
only the BESS installed capacity for a specific country. The availability of flexible demand may also 
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affect the development of the grid infrastructure to absorb the increasing VRES production. This 
opens up to further analysis that implement an investment-based optimization on the powerlines 
transport capacity to obtain a first estimation of the flexible demand impacts on the reinforcing 
transmission network costs of the PV technology. It is also interesting to apply the methodology 
to other countries and energy system configurations as well as studying further scenarios that 
are closer to 100% RES penetration to better define the role that the flexible demand can have 
when the energy transition will be completed. 
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