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1. Introduction
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Research question: How can the Italian electricity system be decarbonized through a holistic approach that considers

renewables, innovative transition technologies and market integration while minimizing costs?

The FEEM project "Towards a Zero-Emission Electricity Market" presents a long-term optimization strategy to achieve

full decarbonization of the electricity system by 2050, emphasizing cost minimization and acknowledging the 2030

targets as an intermediate step. The distinguishing feature of this model* is its emphasis on dynamic integration with

other European countries. It considers how variations in a Country's generation portfolio can impact interregional

electricity flow dynamics, recognizing the interconnected nature of electricity markets across Europe.

The achievement of ambitious objectives for decarbonization necessitates a transformative overhaul of the power system

(Pastore et al., 2022). Careful planning is imperative, considering essential aspects such as reliability, security and stability

(Bellocchi et al., 2020; Guandalini et al., 2017). Maintaining a delicate balance between supply and demand is vital to prevent

blackouts and meet peak demand (Brouwer et al., 2014). Addressing the intermittent nature of Variable Renewable Energy

Sources (VRES), energy storage solutions or backup systems are indispensable (Bertsch et al., 2012). Additionally,

integrating energy-consuming sectors with power-producing sectors through sector coupling is vital (IRENA, 2022).

* This is an optimization model rather than a planning model, illustrating how the sector could evolve in the absence of financial and bureaucratic constraints.
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2.1. Methodology | Energy model
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• Model with very high technological, geographical, temporal

granularity and which simulates the different types of consumers. 

• The model optimizes the system in the long-term, considering aspects

such as reliability, security and stability, which are essential in long-

term generation capacity and transmission expansion (Bellocchi et al., 

2020; Guandalini et al., 2017).

• The model is integrated at the European level, enabling Italy to

optimize its decarbonization path while considering the efforts of

other European countries (Energy Exemplar, 2023b).
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2.2. Methodology | Optimization model
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The electric power system database (Energy 

Exemplar, 2023b) contains hourly load data,

generator details, prices, technologies, and

interconnections for detailed simulation.

PLEXOS handles long to short-term data

combinations.

• Long Term (LT) plan uses Mixed Integer

Programming to optimize 28-year costs and

determines generation capacity,

transmission capacity and storage capacity.

It also provides a preliminary dispatch.

• Projected Assessment of System

Adequacy (PASA) prepares maintenance

events and computes reliability indexes at

annual level.

• Medium Term Schedule (MT) defines

optimal strategies for hydropower

commitment at annual level.

• Short Term Schedule (ST) optimizes unit

commitment, dispatch decisions and

demand flexibility at hourly level, based on

LT, PASA and MT decisions.
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2.3. Methodology | Granularity
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The optimization phases provide varying

levels of insight into the electricity

system's performance.

Finer granularity offers more accurate

load forecasts, aiding in system adequacy

assessment and identifying supply-

demand balance issues (Nweke et al., 

2012).

Load duration curve (LDC) approximation

options are explored and compared. A

partial chronology approach simplifies

LDC (Energy Exemplar, 2023a) potentially

leading to inaccuracies in VRES

generation.

Two scenarios (HG and LG) with differing

chronology are developed in this study.
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2.3. Methodology | Granularity
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Partial Chronology can group day and

night into same simulation block.

This issue can be fixed with Slicing Blocks

that should be kept together when

performing time slicing for partial

chronology.

The "Slicing Blocks" technique is

introduced to preserve meaningful

temporal relationships and prevent data

distortion, enhancing analysis accuracy.

Source: Energy Exemplar

Source: Energy Exemplar
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3.1. Results | Load composition
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Since the current availability and efficiency of Italian storage solutions remain limited (IEA, 2022), a contribution to potential unbalances may arise

both if the expansion of RES capacity occurs rapidly without the corresponding establishment of adequate storage infrastructure, and also if

unbalances between their demand (i.e. withdrawal for network services) and supply verifies.

The demand for electricity is higher in the HG scenario, (+2,8% in 2030 and

+3,1% in 2050): LG simulations can lead to an underestimation, in Short Term

run, of peak electricity demand, resulting in potentially reduced requirements

for storage solutions.

In HG scenario the total demand for electricity in 2030 will be equal to 400 TWh:

• Electrolyzers consumption 19 TWh

• Storage 45 TWh (+30% vs LG scenario)

• Native Load 337 TWh

In HG scenario the total demand for electricity in 2050 will be equal to 537 TWh:

• Electrolyzers consumption 67 TWh

• Storage 55 TWh (+36% vs LG scenario)

• Native Load 415 TWh
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3.2. Results | Installed capacity
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In order to achieve the targets established for the year 2030, HG

simulation signals that it is necessary to increase the generation

capacity by 125 GW.

HG Main drivers of growth in 2030 vs 2022:

• Solar +67 GW (59% utility);

• Wind +48 GW;

• Batteries +22 GW (the intermittent nature of VRES necessitates

the implementation of energy storage solutions or backup

systems to ensure the continuous supply of energy (Bertsch et al.,

2012).

In 2050 the installed capacity reaches 366 GW in HG:

• The model, for reasons of backup capacity and base load needs,

installs 5 GW of fourth generation nuclear and 4 GW of

biomethane;

• All CCS is retired by 2040.

Comparing the LG scenario with the HG scenario (-5% and -2%

in the 2030 and 2050 on total installed capacity):

• Limited reliance on electrochemical storage (in 2050 -56% LG vs

HG),

• Gas (including decarbonized one) emerges as a viable solution to

meet the load (in 2050 +137% LG vs HG),

• Higher generation capacity to meet the overestimated load curve

of LT,

• Excessive rooftop installation which leads to 113 TWh of energy

curtailment in 2050.
* Possibility of blending gas /biomethane
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3.3. Results | Generation
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* Possibility of blending gas /biomethane

The renewable generation capacity achieves a remarkable

milestone, surpassing the original target of 65% and reaching

90% by the year 2030. High price of gas and CO2 lead the

simulation to rapidly install renewables:

• Natural gas represents a minimal share, 6% of the total (vs

47% in 2022). The overall production of fossil sources is equal

to less than 20 TWh, of which almost 4 from CCS

• Solar and wind grow by 433% and 950% respectively

In 2050 the entire generation is decarbonized:

• Solar accounts for almost 205 TWh (utility scale and 

prosumer)

• Wind onshore 90 TWh and offshore 42 TWh

• Nuclear 21 TWh

• Biomethane and other renewable gases will be useful for

managing flexibility (Synchronous generation for adequacy

purposes)

From 2030 to 2050, HG results, compared to LG scenario ones,

show:

• Higher Solar Utility Penetration (+89%);

• Reduced Reliance on Imports (-7%);

• Higher batteries contribution (+46%)
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3.4. Results | VRES role
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A higher contribution of VRES to total generation is expected by the HG optimization (72% in 2030 and 79% in 2050) than the LG exercise

(70% in 2030 and 75% in 2050). The integration of additional renewable capacity poses challenges to the reliability and security of the electricity

system (Li et al., 2018; Alizadeh et al., 2016).

• Intermittent renewables have a specific geographical

distribution, with the southern regions and islands dominating in

utility-scale solar and wind energy.

• PLEXOS detects more intraregional flows in the HG

optimization than in the LG. The development of RES capacity

necessitates the upgrading of T&D networks to facilitate the

efficient distribution of the generated power (Terna, 2023b). 

• Performed optimization highlights the risks of oversizing the

installed generation capacity and underutilize planned investments

(i.e. stranded assets) too.

• For LG simulation, by 2050, there is a significant proliferation

of solar rooftop panels, which results in a substantial amount

of energy curtailed (113 TWh, +23% vs HG) in comparison with

HG case.
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3.5. Results | PUN & emissions
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The optimization efforts lead to almost zero emissions

from the electric system as early as 2030. This is done

to prevent the Prezzo Unico Nazionale (PUN) from being

influenced by the expected price of the Emission Trading

System (ETS), which is anticipated to reach nearly

€110/ton by 2030.

HG and LG optimizations differ, with LG showing

higher prices and emissions. However, as zero

marginal cost generation increases, hourly price

differences between HG and LG decrease.

Zonal prices are misaligned: the increase in generation

capacity from renewable sources leads to a substantial

reduction in zonal electricity prices which leads to greater

competition in the Italian electricity market and a higher

penetration of storage technologies.

Zonal prices differences between the simulations

performed at different granularity levels persist with

almost always higher prices in the LG case.

On average HG prices are 16% lower in 2030 and 4%

lower in 2050.

ST 2030 HGST 2030 LGST 2050 HGST 2050 LG Unit

Calabria 48.50 56.55 48.38 50.12 €/MWh 

Centre North 76.12 87.27 59.20 55.04 €/MWh 

Centre South 77.09 88.81 52.67 54.01 €/MWh 

North 132.72 138.67 89.84 92.13 €/MWh 

South 51.94 60.69 47.80 50.43 €/MWh 

Sardinia 41.88 54.37 40.77 46.20 €/MWh 

Sicily 57.73 66.84 47.95 52.05 €/MWh 
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3.6. Results | Import & export EU
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The simulation, taking into account operational foreign markets, also optimizes with respect to import and export opportunities. In both scenarios, Italy remains a net 

importer, but only in the HG simulation, its balance with Europe improves considerably. Specifically:

• In the HG scenario, Italy's net import decreases by 16% compared to 2022, indicating a substantial improvement in its trade balance with Europe.

• In the LG scenario, Italy's net import decreases by 2% compared to 2022, indicating a more modest improvement in its trade balance with Europe.
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3.7. Results | Investments
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Overall investments exhibit higher magnitudes in the LG scenario (+17% vs HG). 

Factors contributing to the cost increase in LG:

• Load profile approximation results in an overestimation of the load to be met in Long Term run;

• Higher installed generation capacity occurs in LG due to its failure to account for demand peaks;

• When LG completely phases out fossil thermal capacity, it excessively installs solar rooftop to balance the demand.

HG reaches an optimum more cost competitive than LG.
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4.1. Discussion & conclusions
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Comparison between High Granularity (HG) and Low Granularity (LG) Scenarios for Effective Planning:

1.Enhanced Precision for Accurate Decisions

• High granularity allows for a comprehensive analysis of data and information, leading to more accurate decisions on generation

capacity, energy sources, and necessary investments to maintain supply-demand balance.

• In contrast, the LG scenario lacks detailed information, resulting in underutilization of various forms of flexibility and increasing

dependence on foreign imports (2050 net-import +17% vs HG scenario).

2. System Security through Energy Diversity

• The HG scenario emphasizes diverse energy sources, including Variable Renewable Energy Sources (VRES), to ensure electricity

system security. A prosumer approach to a diversified generation portfolio is critical for effective utilization of renewable sources

and avoiding capacity oversizing.

• In the LG scenario, excessive rooftop solar causes significant energy curtailment (114 TWh), prioritizing thermal capacity over

flexibility, hampering optimization.

3. Flexibility: A Key to System Security

• HG scenario incorporates flexibility options like hydrogen production and electrochemical storage, crucial for ensuring efficient

VRES penetration and system stability.

• LG scenario's underestimation of demand peaks impacts energy storage investments, potentially leading to inadequate capacity

during peak demand periods.
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4.2. Discussion & conclusions
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Policy implications:

• Demand-balancing with Appropriate

Technologies;

• Right balance between VREs and

Batteries;

• Avoided overinstallation.

Strenghts and future research

• Generator-by-generator modeling;

• Hourly data details;

• Integration of European countries;

• Various consumer types;

• Sensitivity analyses on different climat

years.

Limitations

• No financial or bureaucratic factors

considered;

• Capacity Market not taken into account;

• Extensive computational resources for

detailed simulations.

The advantages of an HG simulation for effective and efficient investment planning are demonstrated by the results and have multiple 

impacts.
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Interregional interconnections
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Intraregional interconnections
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New intraregional interconnections by market-zone

Interconnection HG from 2040 (GW) LG from 2040 (GW)
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> 3.2 1.4

< 3.2 1.4

ITSa-ITCS
>

<

ITSa-ITSi
>

<

ITSi-ITCS
>

<

ITCS-ITCa
> 0.8 1.4

< 0.8 1.4

ITCN-ITSa
>

<
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Flexibility options

Flexibility:

The first flexibility solution is batteries (electrochemical storage) and pumped

storage (hydraulic storage) the latter having no candidates in the long-term

generation expansion but only existing fleets. Electrochemical storage includes utility

scale batteries, connected to the network node, prosumer batteries, connected to the

prosumer node, and electric vehicles (Evs). The latter are modelled as batteries capable

of releasing energy to the grid when needed. The installed capacity of EVs is 11

percent of the fleet currently available (National Grid ESO, 2021).

Given the necessity of providing flexibility solutions to support VRES penetration,

electrochemical storage – whose new installed capacity does not depend on hindering

conditions such as territorial specificities, as instead is the case for hydraulic storage – is

allowed to be a candidate technology for the expansion plan.

The second solution is defined by the hydrogen sector and its storage capacity in

salt caverns. Once H2 demand is met, the model may decide to produce surplus

hydrogen and store it to meet hydrogen demand during periods of high system stress

in a way that significantly reduces the electrical load on the electrolysers.

The last flexibility option is Demand Side Response (DSR), which are dummy

generators with a stepped supply curve and high electricity price levels that simulate

the planned disconnection of large electricity consumers during high system stress

(where, due to combined issues of adverse weather conditions, severe peak demand,

and forced capacity outages, generation and imports are unable to cover the load)

with a role of peak shaving.

H2

DSR

Constraints:

a) in 2030 Italy is expected to reach

65% of generation from

renewable sources (Italian

constraint);

b) in 2050 the electricity system

needs to reach carbon neutrality;

c) reserve margin is set at 20%

capacity above peak demand;

d) 10% of generation must be

provided by rotating

synchronous plants
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