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Abstract

In this paper we investigate the role of renewable energy sources (RES) on the Italian power
exchange. The purpose of this analysis is to assess the impact of electricity generation from
RES on the reduction of CO2 emissions and on the value of the power supply. The analysis
is based on hourly zonal micro-data for 2018, from the Italian power market. The analysis
identi�es carbon emissions related both to crowded-out thermal units and to potential �load-
shedding� situations. Finally, the investigation leads to the assessment of both the economic
value of RES penetration and to the economic value of the CO2 emissions avoided by renewable
power generation. The results show that annual savings of carbon emissions nationwide amount
to nearly 22 Mt CO2 whereas the value of CO2 reduction is estimated at ¿348 million. The
economic savings from large and small-scale wind and solar generation in 2018 account for
nearly ¿19 billion and welfare is increased by 44%; this con�rms the monetary bene�ts from
RES promotion. Figures per each zone, RES type and time units are also calculated and
discussed.

Keywords: CO2emissions; electricity markets; load shedding; merit-order; Renewable En-
ergy Sources

JEL Codes: P18; Q41; Q42; Q51

1 Introduction

In electricity markets, at the wholesale level, equilibrium prices and quantities are the result of the
intersection of the supply and demand curve. When the market clears, the system marginal price
and the total power exchanged each hour (and in each zone, if any) emerge. The criterion leading to
the identi�cation of the supply curve is merit order dispatching, which calls for a ranking of supply
according to the marginal cost of power production. The cheapest generators are dispatched �rst,
followed in order by more costly generators, until load is fully served.
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The equilibrium is a�ected by the integration of Renewable Energy Sources (RES) into the
grid. The impact of RES on electricity markets has attracted growing attention from energy policy
makers interested in reducing the global warming consequences of electricity generated from fossil
fuels (Fowlie, 2010; Goulder, 2013; Ardian et al., 2018). In the literature, several scholars agree on
the net positive e�ects of RES on merit order dispatching (Gelabert et al., 2011; Würzburg et al.,
2013; O'Mahoney and Denny, 2011). Jarke and Perino (2017) argue that, in a cap and trade system
with feed-in tari�s, the leakage e�ects between the electricity sector and other industries generate a
net positive e�ect on emissions. The e�ect of the introduction of large-scale storage plants combined
with RES on the reduction of carbon emissions has been explored by Linn and Shih (2019).
In general, the rise in electricity generation from RES reduces the amount of costly fossil-fueled
electricity required to clear the market, lowering the market-clearing equilibrium prices especially
at peak hours. Thus, conventional plants are crowded-out by RES, which can supply electricity
at low (or even zero) marginal costs. A twofold bene�t arises from this e�ect. On the one hand,
consumers see a reduction of �nal retail prices in their energy bills and a corresponding increase
in the available quantities for the system as a whole, thus leading to a consistent rise in the net
economic surplus. On the other hand, the displacement of fossil fuel power plants raises the social
welfare by lowering CO2 emissions (Di Cosmo and Valeri, 2018), since power produced by more
polluting plants is replaced by power produced through carbon-neutral generating technologies.

However, other scholars have pointed out counterbalancing factors that can lead to the opposite
results. Siler-Evans et al. (2013) argue that there are regional variations in the bene�ts conveyed
by increased generation from RES plants. Moreover, in some speci�c regional contexts, the bene�ts
arising from RES dispatching are negative, in light of the (private and social) costs. This in
turn depends on several factors such as the technology of the power plants that RES displace, the
regional potential of RES penetration and zonal di�erences in electricity prices. The role of capacity
constraints in the supply of RES when di�erent levels of market competition are considered is
discussed by Wang and Zhao (2018). The conclusion is that, under conditions of perfect competition
in the electricity market, supports to constrained RES can lead to increased fossil fuel supply and
thus to negative climate e�ects in terms of emissions. Another important element to be considered
is the di�erent random nature of the several RES that contribute to the supply of energy. In
particular, PV and wind can have a distinct contribution to the supply and a speci�c impact on the
equilibrium. Clò et al. (2015) carry out an econometric analysis for the calculation of the merit-order
e�ect in the Italian market due to wind and solar generation over the period 2009-2013, showing
that monetary savings attributable to wind penetration outweighs the costs of supporting schemes,
while the opposite is true for solar production. A study of the pass-through of emission costs to
electricity prices in the Spanish electricity market has been carried out by Fabra and Reguant (2014)
using micro-data on public o�ers and bids. Other scholars (Sensfuss et al., 2008; Haas et al., 2013;
Nicolosi and Fürsch, 2009) have evaluated the impact of speci�c RES types in the power markets
simulating the equilibrium outcomes of the day-ahead markets and assessing how the additional
contribution of the speci�c type of RES generation a�ects electricity equilibrium prices. Gullì and
Lo Balbo (2015) point out that under situations of market power, an increase in RES generation
can reduce wholesale prices when market power is beyond a critical threshold. Moreover, RES
might indirectly (and endogenously) increase the possibility of creating grid congestions, which can
increase system costs and distort the choice of investors in favor of large fossil-fuel rather than
RES power plants, particularly in areas characterized by the likelihood of bottlenecks (GSE, 2015).
Under these circumstances, the increase in congestion may partially o�set the bene�ts due to merit
order dispatching of RES, creating local ine�ciencies.
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We aim to contribute to the relevant literature, by empirically assessing the impact of RES in the
Italian wholesale power market (Mercato del Giorno Prima, MGP, Day-Ahead Market in Italian).
We measure both the economic savings due to the RES induced displacement of costly fossil-fueled
plants, i.e., the merit order e�ect, as well as the environmental bene�t accruing from lowering CO2

emissions, comparing them to the cost of RES incentives. We start with a preliminary codi�cation
of power generation units in Italy, which leads to the construction of a unique database identifying
the nature (power capacity, type of plant, fuel used, technology) of the principal Italian power
plants. We mix the technical encoding with available market data and use plant-level e�ciency
parameters which enable us to translate the quantity scheduled for production into fuel needs;
lastly, using coherent CO2 emission factors derived from the literature, we obtain hourly plant-level
CO2 emissions. Creating di�erent simulation scenarios under varying RES production assumptions
we obtain both the data for the quantity of CO2 emissions avoided and the merit order e�ect due to
RES production in the Italian power market. The economic value of the avoided CO2 emissions is
calculated using carbon prices and compared with the cost of incentives for renewables to evaluate
the cost-bene�t ratio of RES penetration.

This article is organized as follows. Section 2 reviews previous econometric and simulation
studies on the merit-order e�ect. Section 3 introduces the methodology followed by the present
study and Section 4 describes the data used for our investigation. Section 5 presents the main
results of the analysis. Section 6 concludes.

2 Literature Review

There is a vast amount of literature on the impact of RES penetration on electricity markets
adopting mostly three approaches: theoretical modeling, empirical analyses and simulation-based
studies. The �rst group includes articles focused on the de�nition of the Merit order e�ect, i.e. the
reduction of the wholesale electricity price triggered by increased generation from RES sources. This
crowds out less e�cient technologies, since the zero-marginal cost generation from RES replaces
thermal generators.

Empirical studies exploit econometric models to explain the behaviour of electricity prices as a
function of several explanatory regressors (Gianfreda and Grossi, 2012), including generation from
RES (as well as from other primary energy sources; Grossi and Nan, 2019). Simulation models
attempt to represent alternative counterfactual scenarios calculating the impacts on the equilibrium
of di�erent assumptions regarding generation from RES.

This paper follows the latter methodology, applied to the Italian market. Several authors have
carried out simulation analyses focusing on di�erent markets.

Gnansounou et al. (2004) assess the role of Combined Cycle Gas Turbine power plants and
nuclear power plants in reducing CO2 emissions in China, comparing a baseline Coal scenario with
scenarios with CCGT replacing coal and CCGT plus nuclear replacing coal.

Sensfuss et al. (2008) study the impact of increased infeed of electricity generation from RES in
Germany through the shift of the residual demand curve. They show that the size of the merit-order
e�ect mainly depends on the slope of the merit-order supply curve, which in turn is linked to CO2

prices and the fuel replacement e�ect. They also emphasize the role of fuel prices such as natural
gas and coal as important drivers of �nal electricity equilibrium prices.

Nicolosi and Fürsch (2009) clarify that in Germany the increase of electricity generation from
RES leads to a short-run e�ect, the crowding-out of non renewable sources due to priority dispatch-
ing of RES, and to long-run structural adaptations of the conventional power technology mix.
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Haas et al. (2013) shed some light on the two possible e�ects of commissioning additional RES
capacity within the German power grid. The direct impact is given by the shift of the supply merit-
order curve where the RES push the conventional generators out of the market, hence leading to
temporary very low (or even negative) electricity prices. However, the impact of photovoltaic and
wind plants also has an indirect e�ect on the costs at which fossil and natural gas capacities are
provided during hours in which there is a lack of supply from RES. The authors also stress the
increased volatility of German electricity prices in hours with a large excess supply from RES.

O'Mahoney and Denny (2011) analyse the impact of wind generation within the Irish electricity
market in 2009. They compute the total savings attributable to wind generation which amount to
¿141 million. Therefore, bene�ts in Ireland outweigh the costs of the subsidies for wind, which
in turn amount to ¿48 million. They also calculate the value of CO2 emissions avoided by wind
generation. Speci�cally, they estimate an average emission factor of 0.582 kgCO2/MWh from
electricity generation in Ireland. They conclude that, on the basis of the available daily data on
carbon prices in 2009, the value of avoided CO2 was equal to ¿29.3 million.

Fell and Linn (2013) explore the e�ect of incremental market and environmental values of invest-
ment in RES on the market equilibrium under various public schemes supporting the introduction
of RES. The environmental value is de�ned as the reduction of carbon emissions induced by the
generation of electricity using wind or solar plants. The authors �nd that the cost e�ectiveness of
renewable electricity policies depends on the steepness of the demand curve. The simulation model
is applied to the ERCOT (Electricity Reliability Council of Texas) market leading to the conclu-
sion that Renewable Portfolio Standards policies, which mandate that a share of total electricity is
generated by RES, are more cost e�ective than feed-in tari� policies.

Among the econometric works, a comprehensive comparison of the results regarding the empir-
ical estimation of the merit-order e�ect in several countries is set out by Würzburg et al. (2013).

Gelabert et al. (2011) provide an estimation of the merit-order e�ect for Spain. The authors
show that the average price reduction from RES generation lies in the range between -1.1 ¿/MWh
and -3.99 ¿/MWh. Moreover, they calculate that the merit-order e�ect represents only 10% of the
total support costs for RES in Spain.

Siler-Evans et al. (2013) carry out a broad cost-bene�t analysis through the adoption of econo-
metric techniques taking into account health, environmental and climate bene�ts from wind and
solar generation in the U.S. The authors calculate the di�erent impacts of energy produced by RES
across states and per di�erent type of source, by addressing critical policy considerations according
to the location of PV and wind unit plants for the correct assessment of the bene�ts brought by
intermittent RES generation.

Some authors have empirically studied the impact of RES in the Italian market through the
adoption of econometric models.

Clò et al. (2015) show that over the period 2009-2013 an increase of 1 GWh in average hourly pro-
duction from solar and wind sources has reduced wholesale electricity prices in Italy by 2.3¿/MWh
and 4.2¿/MWh, respectively. They highlight the di�erent e�ects of solar and wind generation in
terms of net economic welfare. As regards solar, the cumulated savings from solar infeed in the
period 2009-2013 were not su�cient to o�set the aggregate cost of the incentive scheme1 boosting
the investments in this technology. The opposite occurred for wind, which has delivered higher
bene�ts than the absolute cost of the corresponding support schemes2 thus resulting in an increase
in consumer surplus. For the time span 2009-2013, the overall monetary savings were not su�cient

1A speci�c feed-in premium which was implemented from 2009 to 2013.
2Green Certi�cates and other direct subsidies.
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to o�set the cost of the incentivizing mechanisms.
Gullì and Lo Balbo (2015) investigate the impact of intermittent PV production on Italian

wholesale electricity prices. The authors estimate a merit-order e�ect for the period 2010-2012 of
around 10¿/MWh, almost o�set by a rise in market power. Hence, prices remained unchanged
despite a signi�cant drop in demand. They identify a threshold of 50% of the peak power demand
as the level beyond which an RES increase of 1% induces a reduction of the wholesale electricity
prices of -0.88¿/MWh.

3 Methodology

3.1 Merit-order calculation

This paper follows a production-based carbon accounting method,3 using national carbon intensities
from local generation and identi�es alternative scenarios. The Italian market is zonal. There are
six physical zones: North, Center North, Center South, South, Sicily, Sardinia. Each zone has its
own supply and demand curve. Producers receive the zonal market clearing price, while consumers
pay the weighted average of zonal prices, called PUN (Prezzo Unico Nazionale - Single National
Price). The methodology described here is applied to each zone. Note that we omit the subscript
z denoting a given zone whenever not needed. In the status-quo scenario, RES are part of the
supply curve, together with conventional fossil fueled power plants. The alternative scenario is the
counterfactual situation in which the RES are arti�cially (intentionally) removed from the supply
curve, thus leading to a di�erent equilibrium situation. The comparison of the two equilibrium
outcomes allows the conventional fossil fuel plants that were crowded-out in the equilibrium with
RES to be identi�ed because of the dispatching of less costly RES-generated electricity. Moreover,
the calculation of the quantity of fossil-fueled electricity crowded out by RES plants leads to the
calculation of the amount of saved carbon emissions due to RES penetration in the day-ahead
market mechanisms, as well as the value of replacing more costly conventional thermal plants with
RES plants. A crucial element is the amount of energy not dispatched because of RES supply. It
is possible that in a given hour there is insu�cient supply to replace the energy produced by RES.
Whenever this occurs, we assume that the residual part of the load that cannot be served is shed.
Theoretically, this would mean that the price reaches the opportunity cost of not being served by
the power, i.e. the Value of Lost Load (VOLL, see Cretì and Fontini, 2019), set at 3000 ¿/MWh
in Italy. Note, however, that such a price spike has never been observed in the Italian market,
even when the system was under tight conditions. This is due to the reserve margin maintained
by the Italian SO (System Operator) and to the emergency measures4 activated when the system
falls short of reserves. Therefore, in the simulations, whenever load shedding occurs this is coupled
with a price spike that corresponds to the highest price observed in each zone, i.e., Pmax

z . In year
2018, this amounted to 159.4 ¿/MWh for all zones but Sicily, which experienced a spike of 196
¿/MWh.

The model runs as follows:
3There are two approaches to carbon accounting, one consumption-based, the other production-based, di�ering

due to imports. We focus on the production-based accounting method, since it is based on country-speci�c local
generation carbon intensities and fuel consumption. According to Tranberg et al. (2019), Italian production intensity
is slightly higher than the consumption intensity. Therefore, the analysis involves a slight overestimation of carbon
emissions.

4In Italy there is a voluntary load shedding scheme for eligible large customers, who receive ex-ante a yearly
premium in exchange for their willingness to be shed in case of shortage.
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1. Firstly, the supply curve is replicated each hour and for each zone of the Italian day-ahead
market by means of the supply bids that were e�ectively submitted to the market, at unit
level. The supply is constructed on the basis of the merit order provided by the actual bids
presented to the market in a given zone (pi,h) where i denotes the unit and h the hour. Each
quantity submitted to the market, at unit level, is ranked on the basis of the asking price
from the lowest to the highest. When two bids presented by distinct operators have the same
price, they are assumed to have the same merit order (i.e. the relative ranking on the supply
curve).

2. The load is assumed to be rigid and set at the level given by the e�ective market clearing
quantity realized at each given hour and in each zone.5 The highest willingness to pay
corresponds to the maximum price for that zone in year 2018.

3. The market equilibrium is calculated. The marginal clearing price, i.e. the System Marginal
Price (SMP) and the equilibrium quantity is retrieved. Moreover, the marginal supplier is
also identi�ed (i.e., the o�er corresponding to the last unit called). When the equilibrium
quantity corresponds to several o�ers with the same merit order (i.e. with the same price),
the marginal unit is identi�ed on the basis of a second-order ranking given by the size of the
o�ers.6 The procedure replicates the daily actions of the Market Operator (in Italy the GME)
every midday regarding the o�ers for 24 hours of the following day.

4. For each hour and day, the quantity scheduled by each plant is translated into CO2 emitted,
using the procedure discussed in the section below. CO2 emissions data for each unit are
added up, obtaining total emission for each hour and in each zone.

5. Finally, the alternative scenario is one in which the supply of RES is removed, and the
procedure set out in points 1-4 above is repeated. In this case too, when several o�ers beyond
the marginal one of case 3 above could be accepted at the margin in the new equilibrium,
the most marginal o�er is selected following the procedure speci�ed above. Several speci�c
sub-scenarios are also calculated in which only some types of RES are selectively removed, on
the basis of the classi�cation presented further on.

Henceforth, we use the superscript ∗ to express the result of the methodological procedure
described above using data for the actual quantities dispatched including RES, i.e. the status-quo
approach. In addition, superscript S is used to express the result of the equilibrium calculation for
alternative scenarios, in which all RES or only a subset are selectively removed.

Note that two crucial assumptions are implicitly adopted in this framework. The �rst is that
we take the bids made in the market as given. This means we assume no strategic bidding when
creating the alternative scenarios without RES. We are aware of this limitation shared, however, by

5Note however, that demand bids actually submitted between the system marginal price and the maximum
observed price for that zone and year are considered for the calculation of the market equilibrium.

6Assuming there are n o�ers with the same price, we �rst select, from among all the possible permutations,
the n − 1 o�ers that minimize the di�erence between the residual load and the sum of those n − 1 supplies; then,
the marginal unit is chosen, i.e. the unit with the largest quantity from among the units not yet selected, from the
previous n−1 units, given the convexity cost assumption (see section 3.2 below). Note that in real-world dispatching,
the Market Operator can rely on the information provided by other constrains on top of bid costs, such as ramp-up
constraints or minimum technical requirements, that allows to rank units which present the same bids. Because of
the lack of this information, we cannot apply the same procedure and therefore use the methodology described here.
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all simulation studies that consider alternative counterfactual scenarios. The second refers to the
zonal structure of the Italian Market. We take instances of zonal congestion as given, irrespective of
the market con�guration (see Würzburg et al. (2013) for a comparative assessment of the literature).
Clearly, this is a false assumption; in reality inter-zonal transmission lines constraints (which are
communicated by the TSO to the market before bids are presented) are not independent of the
market con�guration, including supply. However, we cannot replicate the topology of the Italian
grid, and therefore cannot endogenize network constraints and therefore take them as given.

We encode generating units on the basis of the technology available. A generating unit can be
encoded either as an RES or as a thermal power plant. This broad division is further disaggregated,
for RES power plants, into: Wind, Solar (PV), Hydro, Biomass, Geothermal, Non-relevant RES
(NRRES), Waste. The classi�cation is self-explanatory except for the last two groups. For the
former, the de�nition depends on the speci�c Italian encoding of plants and RES subsidy rules.
Small-scale renewables, i.e. renewables size smaller than 10 MW (mostly connected at distribution
level) receive subsidies by means of a purpose-built public company, called GSE (Gestore del Sistema
Energetico, in Italian - Energy System Manager). The individual supply of these sources, which
are called non-relevant RES, is collected by the GSE and placed all together on the market at zero
price. This category includes various small-scale RES plants. Depending on the zone, the majority
of these plants are either small PV or run hydro. However, there are also other types, such as
small-scale wind, or small old co-generation plants (even non renewables).7 Further disaggregation
is not possible and therefore they are classi�ed as a single category within the RES. The Waste
category refers to plants that use Municipal Solid Wastes (MSW) for energy recovery. Even if MSW
cannot be termed as RES according to the European Waste Incineration Directive 200/76/EC, they
received incentives in Italy as sources similar to RES. Hence, this category is intentionally separated
from the others. Note, however, that its relevance is quite limited, totaling only 4.8% of all RES
produced in year 2018.

Thermal power plants are grouped on the basis of the fuel which feeds them as coal, natural
gas and oil plants. This allows us using average emission factors for each fuel (coal, natural gas
or oil). However,in each category, the units can be further disaggregated on the basis of their
thermal e�ciency, and this information can be used to calculate fuel consumption at plant-level, as
described in the following section.

Figure 1 below displays market equilibrium, comparing the status-quo and counterfactual sce-
narios. Note that two outcomes could arise. It is possible that RES displaced several thermal
units, and therefore when the counterfactual scenario is created, there are su�cient units to the
right of the marginal unit that can be called to supply energy. However, it is also possible that the
supply o�ers that were not called in the status-quo scenario are limited, and therefore when RES
are removed, the supply of the thermal power units that were crowded out is insu�cient to serve
the load. In this case, the equilibrium quantity is reduced, resulting in load shedding. Panels (a)
and (b) of Figure 1 illustrate the two cases.

3.2 Calculating CO2 emission savings at unit level

In order to calculate CO2 emissions at unit level, we start by de�ning the (inverse of) the function
of technical e�ciency for a fossil fuel power plant. We assume a convex function for which the

7In particular, plants that received incentives for heat recovery under an old incentive scheme, called CIP6. The
amount of energy produced by these plants used to be considerable but is now negligible.
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(a) No load shedding (b) Load shedding

Figure 1: Simulated impact of the removal of a speci�c basket of RES o�ers from the supply curve in the

Italian day-ahead market: hour 8 (panel a); hour 12 (panel b). Physical zone: North. Day: 5 September

2018. Legend: actual supply curve (red), actual demand curve (blue) and counterfactual supply curve (dotted

red).

hourly fuel consumption (expressed in Gcal/h) is expressed as a function of the electricity power
supplied (MWh), given the plant-level fuel (or fuel mix). The fuel consumption function is given
by the following equation:

gfi (Qi,h) =
∑

αf
i (c

f
2,iQ

2

i,h + cf
1,iQi,h + cf

0,i) (1)

where the uppercase f stands for the fuel type (natural gas, oil, coal) and Qi,h is the hourly accepted
electricity generation; for the sake of simplicity, we have omitted the subscript z indicating a given
zone. We allow for the case of multi-fuel power generators (two at most). In this case, we compute
the amount of savings in carbon emissions separately for each fuel type and then aggregate the
results. The parameters used to calculate the fuel consumption function per relevant thermoelectric
unit are:

� minimum and maximum power capacity available for each thermal group;

� percentage mix - expressed by the parameter α - of the utilized fuels (set in our case to a
maximum number of two fuels available per unit);

� three non-negative coe�cients for the hourly consumption quadratic curves (cf
2
, cf

1
, cf

0
), which

are speci�cally related to the fuel used in the mix of production.

Equation (1) allows the quantities accepted for power supply under each scenario to be trans-
formed into the required fuel consumption. Then, the hourly consumption of fuel (converted into
TJ/h with a standard conversion factor λ) is further transformed into the hourly carbon emission
at plant-level using emission intensity factors which depend on the technology type f . Emission
factors are derived from average national carbon intensities, which depend on the fuel type only.
Summarizing, unit-level total emissions are given by:

Ef
i,h = εf · λ · gfi (Qi,h) (2)
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In Equation (2), the source of variability of hourly CO2 emissions is the hourly accepted elec-
tricity generation Qi,h, the average plant-speci�c technical e�ciency parameter λ · gfi , the average
fuel-dependent carbon emission factor (carbon intensity parameter) εf .

The total CO2 emitted in the status-quo scenario, in each z, is

E∗ =
T∑

h=1

n∗∑

i=1

Ef
i,h (3)

where T is the total number of hourly auctions (T = 8760 in 2018) and n∗ the number of units
dispatched in the equilibrium with RES. The CO2 emitted in each counterfactual scenario is

ES =
T∑

h=1

mS∑

1=1

Ef
i,h (4)

where mS now denotes the number of units dispatched in each alternative scenario S. The CO2

saved is each zone is thus simply the di�erence

∆ES = ES
− E∗ (5)

The calculation of the saved CO2 is not independent of the removal order of the RES sources
replaced by the displaced thermal capacity in each counterfactual scenario. In other words, since
RES sources are disaggregated into di�erent RES types, the individual contribution of each RES
to the saving of CO2 is not independent of each other RES contribution to the energy supply. As a
consequence, the calculation of each RES contribution to CO2 savings di�ers from the calculation
of the whole RES contribution to CO2; moreover, it is not independent of the RES merit order
in the supply curve. This can be shown as follows: let RESi be the i−th renewable source, with
i = 1, 2, . . . , r, where r is the total number of RES types, such as �Solar�, �Wind�, etc. Henceforth, we
set r = 5 for all zones but Center North, grouping Biomasses and Waste and neglecting Geothermal
which is absent except for Center North where r = 6. Plantj , with j = a, b, . . . denotes the RES-
displaced plants, i.e. a power plant on the right of the equilibrium point in the status-quo scenario
(when all RES are producing) with merit order j. ∆ERESi is the carbon emissions avoided due to
the presence of RESi in the supply function.

Two possible approaches can be followed to calculate the contribution of each RES to carbon
saving, ∆ERESi , and the total RES contribution, call it ∆EREStot =

∑r

i=1
∆ERESi : independent

and cumulative.

Independent approach. In this case, the counterfactual equilibrium is obtained by removing
each RES at a time from the supply function, leaving all other RES in the supply curve. Call
RES1 the �rst RES removed (for instance, �Solar�); the supply curve moves to the left creating a
quantity �gap�, called gapRES1

which is covered by the quantity o�ered by the displaced plants, i.e.,
those plants which were on the right of the equilibrium quantity before the RES was removed. For
the sake of simplicity, assume that all displaced plants have the same capacity, but have di�erent
e�ciencies (or possibly burn di�erent fuels) and, consequently, di�erent emissions. Let the emission
of the �rst plant in the merit order j be lower than the second, and so on. The plants covering the
gap are selected according to their merit order, starting from the lowest. Assume Planta, Plantb
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and Plantc are included to a�set the gap created by RES1. The carbon emissions avoided by RES1,
that is, ∆ERES1 are obtained according to the type of fuel and e�ciency of Plantj , j = a, b, c.
Once ∆ERES1 has been estimated, RES1 is re-introduced in the supply function and RES2 is
omitted. The gap created on the supply curve by the omission of RES2 is usually di�erent from
the gap created by RES1. Without loss of generality, assume that gapRES2

< gapRES1
and that

just Planta and Plantb are su�cient to cover gapRES2
.8 As a consequence, Planta and Plantb will

be considered to compute both ∆ERES1 and ∆ERES2 . The same procedure is repeated with all
remaining RESi, with i = 3, . . . , r. In the computation of ∆EREStot the emissions of the displaced
plants with the lowest merit orders are included many times and this leads to an overestimation of
total emissions avoided by RES in the system.

Cumulative approach. The cumulative approach eliminates the drawback of overestimation
of∆EREStot . The �rst step of the cumulative procedure is the same as in the independent approach.
At the second step, RES1 is not re-introduced in the supply function. Thus, the removal of RES2

is added to that of RES1 creating a cumulative gap equal to gapRES1
+ gapRES2

which is o�set by
the introduction in the supply curve of Planta, Plantb, Plantc (to o�set gap(RES1)) and Plantd,
Plante (to o�set gap(RES2)). When the removal of all other RESi is aggregated, additional Plants
are introduced (Plantf , Plantg, . . .) until all removed RES capacity is o�set. Remember that not
all the omitted capacity could be compensated by available non-RES plants, that is, load shedding
may occur. Thus, the cumulative approach provides a calculation of the overall saved CO2 which
is not dependent on the order of removal of each RESi, since it measures the emissions of the
entire available displaced thermal capacity. However, the calculation of the contribution of each
RES depends on the order with which each RES contribution is calculated. To give an idea of
this issue, assume �rst withdrawing RES2 and then RES1, instead of following the order RES1,
RES2 described above. In this case, we obtain an estimation of the contribution of RES2 to avoid
emission, call it ∆̃ERES2 which derives from the emissions of Planta and Plantb, i.e. the �rst plants
on the right of the equilibrium. Of course ∆̃ERES2 di�ers from ∆ERES2 , which was obtained by
considering the emissions of Plantd and Plante when RES2 was the second RES to be removed.

In our study, following the cumulative approach, there are 5! permutations of RES categories
in each zone (6! in Center North). For instance, in the supply curve, the contribution of each RES
calculated by the cumulative approach on the basis of the following order: Solar-Wind-Biomass
and Waste-Geothermal-NRRES-Hydro giving independent RES estimates that di�er from those
obtained following the inverse order: Hydro-NRRES-Geothermal-Biomass and Waste-Wind-Solar
(or any other possible permutation of RESi). Each combination yields a di�erent estimate of
∆ERESi , yet they all provide the same �gure for ∆EREStot .

We follow the independent approach calculating the contribution of each RES to CO2 sav-
ings and the cumulative approach when showing the overall savings, choosing one of the possible
permutations of the RES merit order.

8If gap(RES2) > gap(RES1), P lanta, P lantb and P lantc are not su�cient and other plants (for instance P lantd
and P lante) have to be introduced in the supply curve to ensure equilibrium. If no further plants are available,
load-shedding occurs.)
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3.3 Calculating the economic impact of RES

The presence of renewables increases the supply of energy to the market and, by displacing some
more expensive thermal power plant, lowers the equilibrium price of electricity.9 Let p̂i,h denote
the system marginal price in each scenario. That is to say, p̂n∗,h is the system marginal price under
the status quo scenario given by the bid of the marginal plant n∗, p̂mS ,h is the system marginal
price under the alternative scenario S in which RES are removed i.e. the o�er bid of the marginal
mS-th plant. Q∗

h is the total quantity dispatched in the status quo scenario in a given hour (and
zone): Q∗

h =
∑n∗

i=1
Qi,h; similarly, QS

h is the total quantity dispatched in the counterfactual scenario

S: QS
h =

∑mS

i=1
Qi,h. Note that because of RES supply, p̂n∗,h ≤ p̂mS ,h and Q∗

h ≥ QS
h . The two

prices coincide when the supply of RES, in that hour and zone, is extremely limited and there are
enough plants displaced by RES bidding at the same price as the system marginal price. On the
contrary, whenever the removal of RES involves calling plants that are bidding at higher prices, the
system marginal price rises. In the latter case, it can be that Q∗

h > QS
h , or Q∗

h = QS
h . When the

two quantities coincide, there is no load shedding since there are su�cient units beyond the n∗-th
that were displaced by RES and can be called to serve the load. When Q∗

h > QS
h , the di�erence

Q∗

h − QS
h measures the amount of load that would have been shed had the RES not been present

at that hour; as a consequence, the price goes to Pmax. The change in price is the price e�ect of
RES. The extra load served thanks to RES is a quantity e�ect.

Under the simplifying assumption that the load is rigid, the calculation of the average price in
the status quo scenario and in each alternative scenario allows us to compute the total expenditure
consumers face when buying electricity at the wholesale level, given by:

Exp∗ = p̂∗
T∑

h=1

Q∗

h (6)

where p̂∗ =
∑T

h=1
p̂n∗,hQ

∗

h∑
T
h=1

Q∗

h

is the weighted average system marginal price in the status quo scenario,
and compare it with the total expenditure consumers would have faced had RES not been present:

ExpS = p̂S
T∑

h=1

QS
h (7)

where p̂S =
∑T

h=1
p̂
mS,h

QS
h

∑
T
h=1

QS
h

is the weighted average system marginal price under scenario S. Note that
the use of weighted average system marginal prices in the status quo and counterfactual scenarios
enables the potential di�erences arising from peak and o�-peak hours to be harmonized.

The comparison of the total welfare in the status-quo scenario and and in alternative scenarios
also enables the change in welfare due to RES to be measured. The welfare associated with the
status-quo in any one zone is given by:

W ∗ =

T∑

h=1

[Pmax
z Q∗

h −

n∗∑

i=1

pi,hQi,h] (8)

Similarly, the welfare of the alternative scenario S is:
9It should be remembered that we do not consider here any strategic bidder behavior.
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WS =
T∑

h=1

[Pmax
z QS

h −

mS∑

i=1

pi,hQi,h] (9)

Therefore the economic impact of RES in each counterfactual scenario S is given by:

∆WS = W ∗

−WS =

T∑

h=1

[
Pmax
z (Q∗

h −QS
h) +

(mS∑

i=1

pi,hQi,h −

n∗∑

i=1

pi,hQi,h

)]
(10)

where clearly the term Pmax
z (Q∗

h −QS
h) disappears in the event of no load-shedding.

4 Data

To construct of our database, we gathered information from several sources. In particular, we made
use of data from GME and ENTSO-E.10 Additionally, as regards the e�ciency coe�cients of power
plants, data were provided by the company REF-4E. Data sources are speci�ed below.

1. Gestore del mercato elettrico (GME). We referred to GME public o�ers to obtain
information about all the electricity supply and demand bids on the day-ahead market (MGP).
The year covered is 2018, for which we have data with hourly frequency and zonal disaggregation.
Each bid is linked to a speci�c power unit. The integration of market data for the codi�cation
of power plants included consultation of the GME portal regarding real-time unavailabilities of
production, consumption and transmission by the relevant Italian power plants. As included in
the documentation of Terna (2016), a production unit is called �relevant� (UPR) when it is able to
supply a power of at least 10 MVA.11 This �gure provides information about the size and therefore
the installed capacity of the power plant. All plants not de�ned as �relevant� are classi�ed as
�non-relevant� (UPNR) units of production. Conversely, all the consumption units are classi�ed as
�non-relevant�. These data allowed us to qualify nearly 1500 power units (both thermal and RES).
Table 1 below shows the data for the six Italian zones. They di�er in load, units of production
and electricity generated from RES. Zone North represents nearly 75% of total national load12 and
generates 58% of total national electricity. The largest share of RES production in this zone is from
hydroelectric power plants (located in Trentino, Piedmont, Lombardy and the Aosta Valley) and
non-relevant RES (particularly small PV plants). Center South is the second contributor in terms of
load and electricity generation. The request for power is mostly met by wind turbines, non-relevant
RES and hydro (several pump storage hydro plants). Center North strongly relies on geothermal
power production plants (nearly 32% of total zonal power production). The residual renewable
generation mix comprises non-relevant RES and hydro. South is similar to Center South, except
that it has higher production from large-scale wind turbines, which - together with small-scale solar
and wind units - provide nearly 73% of total zonal power generation. The amount of load and
power generation in Sicily and Sardinia is relatively smaller than the other zones. Nevertheless, the
power generation from large-scale wind farms and small-scale PV is signi�cant and contributes in
each zone to, respectively, 44% and 23% of total zonal power production.

10The European Network of Transmission System Operators.
11This threshold �gure can be approximated to 9.7 MW of installed power capacity and represents the so-called

apparent capacity, or the size of the plant.
12Note that in Table 1 the data for the virtual production zones, the limited production poles and the intercon-

nectors are not shown.
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Table 1: Zonal con�guration of the Italian power market: yearly load, units of production and
accepted generation per type of RES. Values of load and generation are in MWh and refer to 2018.
The identi�cation of units of production represents the status of active units at 31/12/2018. Source:
our processing of GME data.

North Center North Center South South Sicily Sardinia Total

Yearly load 164,518,420 31,081,787 45,943,518 23,633,923 17,680,705 8,974,450 217,014,020

Number of UPs 588 172 238 290 129 77 1494

Of which: (1) Relevant UPs 434 100 167 221 98 53 1073

(2) Non-Relevant UPs 154 72 71 69 31 24 421

Yearly accepted generation 128,956,528 18,560,878 28,740,029 18,808,488 10,817,844 11,130,253 217,014,020

Of which: (1) Solar 417,426 23,105 420,040 246,598 28,647 84,537 1,220,353

(2) Wind 34,502 167,446 2,508,066 8,209,909 2,899,634 1,634,064 15,453,621

(3) Biomass 1,210,190 71,489 93,618 1,667,322 129,618 315,496 3,487,733

(4) Waste 2,832,667 103,038 1,421,965 971,108 - - 5,328,778

(5) Geothermal - 5,718,643 - - - - 5,718,643

(6) Non-Relevant RES 26,987,673 4,044,144 4,594,367 5,712,600 2,079,473 952,958 44,371,215

(7) Hydro 27,081,187 2,318,525 3,147,286 1,423,159 68,198 300,481 34,338,836

2. REF-4E. With the support of the Italian company REF-4E, we identi�ed the unit level
technical e�ciency parameters for the relevant (>10 MVA) thermoelectric power plants to which
we apply the fuel consumption model discussed in the previous section. Table 2 shows the average
values of the e�ciency parameters used for the analysis.

Table 2: Average plant-level e�ciency parameters by fuel type. Source: Our processing of REF-4E
data.

Fuel cf
2

cf
1

cf
0

Coal 0.000602 2.0575 67.325
Natural Gas 0.000488 1.55 61.4
Oil 0.00 3 0.00

3. ENTSO-E. The database was enriched by exploiting the information reported by each
national TSO in Europe. This database provides information on plant and especially technologies.
The information obtained was compared and integrated with data of public o�ers (in Italian: O�erte
Pubbliche).

4. EEX database. The data for CO2 prices13 in 2018 are sourced from the EEX Emissions
market database (Primary Market Auction). In order to cope with missing values, we interpolate
�gures for the weekend, constructing a full series of data of daily prices in 2018.

5. ISPRA. Average national emissions factors (CO2 intensity) for 2018 are derived from
ISPRA. Table 3 provides the values of the emission factors used for the analysis.

13As stated by Siler-Evans et al. (2013), �displaced� emissions can be valued using allowance prices, which re�ect
the avoided abatement costs for generators in the system. Nevertheless, we are aware that this represents an under-
estimation of the aggregate social cost of carbon, which incorporates health, environmental and climate costs due to
pollution.
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Table 3: Average national emission factors from fuel consumption in 2018 (source: ISPRA-Istituto
Superiore per la Protezione e la Ricerca Ambientale, 2018).

Fuel CO2 intensity (t CO2/TJ)

Coal 95.124
Natural Gas 57.693
Oil 76.604
RES technologies 0.0

5 Results

We validate our simulation results, comparing the equilibrium prices derived from the status-quo
model with the actual prices published by the GME. Table 4 shows the goodness of �t statistics in
each zone, measured through the Root Mean Square Error (RMSE) and the percentage of cases,
up to the second digit, in which simulated and observed prices coincide. There is an almost perfect
correspondence between simulated and actual data. The RMSE values are always lower than 0.0138.
Moreover, the percentage of cases of exact correspondence is at least equal to 91.67%. Even when
prices do not coincide, the di�erence is negligible: the RMSE is always lower than 0.048. Overall,
we conclude that our procedure is able to replicate extremely well the observed data.

The application of the methodology described in the section above allows the quantity of avoided
emissions to be calculated, via Equation (5), the di�erence in expenditure by comparing Equations
(6) and (7) and the economic impacts of RES using Equation (10), in the di�erent scenarios under
investigation.

Table 4: Model validation. The �rst column (RMSEg) reports the RMSE for all auctions in 2018;
second column shows the percentage of exact correspondence between simulated and actual prices;
last column (RMSEimp) shows the RMSE for the hours when simulated and actual prices are
di�erent.

Zone RMSEg exact correspondence (%) RMSEimp

North 0.0064 93.96 0.0263
Center North 0.0064 94.44 0.0274
Center South 0.0059 95.53 0.0281
South 0.0036 96.91 0.0208
Sicily 0.0138 91.67 0.0480
Sardinia 0.0059 95.51 0.0281

5.1 Reduced carbon emissions

5.1.1 Cumulative contribution of RES

Table 5 illustrates the aggregated yearly reduced carbon emissions per physical zone of the Italian
market, both in terms of tonnes of CO2 and their economic value. The latter is calculated using the
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daily prices from ETS negotiations. RES were removed in the following order: Solar-Wind-Biomass
and Waste-Geothermal-NRRES-Hydro.

It is noteworthy that North is the largest Italian zone in terms of carbon emissions reduction,
with roughly 68% of total reduction from northern regions. Relevant contributions from other zones
have been as follows: Sicily about 12%, Centre North 8% and Sardinia around 6%. Figures for the
remaining zones are smaller. Overall, the penetration of RES saved nearly 22 Mt CO2 in Italy, with
a corresponding economic bene�t from CO2 abatement equal to nearly 348 million euros. The low
economic value can be explained by the low ETS prices. According to GSE (2018), the total value
of incentive schemes for RES in 2018 for the electricity sector amounted to 11.6 billion euros.14

Thus, a simple back-of-the-envelope calculation shows that the implicit CO2 price that would have
broken even with the cost of incentives of RES is 527 ¿ per t CO2.
It is interesting to compare our �ndings with the results of Alberini et al. (2018), who study the
willingness-to-pay of Italian households for policies aimed at reducing climate change. Although
in a di�erent setting (they run a discrete choice experiments through computer-assisted web inter-
views), the authors �nd that (at 2014 purchasing power parity prices) Italian households are willing
to pay 133 ¿ per ton of avoided CO2. According to our calculations, the unit cost paid by Italian
taxpayers to incentivize RES, as provided by GSE (2018), over the total amount of reduced CO2 is
equal to 477.6 ¿ per ton of avoided CO2 emissions. Note that the Italian electricity end-users are
charged the cost of RES incentives through a speci�c tari� component. Therefore, it seems that
the incentives for RES paid by Italian households are higher than what they would be willing to.

Table 5: Reduced CO2emissions and value of carbon reduction in 2018.

Saved CO2 (tCO2) Value of CO2 reduction (¿)
North 15,005,357.00 241,794,655
CNorth 508,297.48 6,973,213
CSouth 1,856,631.60 28,160,472
South 673,011.58 10,185,398
Sicily 2,651,977.00 40,691,509
Sardinia 1,290,136.00 19,820,540
Total 21,985,409.08 347,625,786

Figures 2, 3 and 4 plot the time series of zonal aggregate saved carbon emissions in 2018. Due
to lack of space, we present here only the results for North, Center South and Sicily. The full zonal
picture can be found in the Supplementary Material �le (data in brief).

In order to better distinguish how the contribution from RES depends on the hour when energy
is produced, we further disaggregate the analysis distinguishing between peak and o�-peak hours.

Figures 5, 6, 7 display the amount of reduced carbon emissions in a cold and a hot month,
January and June (panel a and b, respectively), in the three zones North, Center South and Sicily,
distinguishing between peak and o�-peak hours and interpolating a non-parametric local polynomial

14The value refers to the cost of incentives for sales of electricity and includes ¿1.1 billions of hydro support costs.
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Figure 2: Amount of reduced carbon emissions in 2018, North zone.

Figure 3: Amount of reduced carbon emissions in 2018, Center South zone.

Figure 4: Amount of reduced carbon emissions in 2018, Sicily zone.
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smoothing curve.15 We choose to keep di�erent scales across the panels to emphasize the di�erences
between the two smoothing curves in each time span.

The analysis shows that the impact of RES on peak vs. o�-peak carbon savings depends on
the zone. In North, the curve for the average carbon savings in o�-peak hours is higher than the
curve for peak hours. This suggests that the wider �uctuations of reduced carbon emissions during
peak-hours eventually cause a corresponding shift of the smoothing curve downwards. This is due
to the intermittent nature of RES technologies which mostly contribute during peak-hours. The
results for Center South do not show a relevant di�erence between peak and o�-peak hours. On the
contrary, Sicily has an opposite trend to North. The �gure clearly highlights that reduced carbon
emissions are higher both in absolute and average terms at peak hours. This is true regardless of
the month considered. The outcome is reasonable given the strong dependence of Sicily's power
generation mix on intermittent technologies (wind and PV).

(a) January (b) June

Figure 5: Reduced carbon emissions, peak and o�-peak hours, North zone, January (panel a) and June

(panel b) 2018.

15The interpolating trend has been estimated by the R function loess, using a quadratic local polynomial �tted
by OLS and a smoothing parameter equal to 0.75.
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(a) January (b) June

Figure 6: Reduced carbon emissions, peak and o�-peak hours, Center South zone, January (panel a) and

June (panel b) 2018.

(a) January (b) June

Figure 7: Reduced carbon emissions, peak and o�-peak hours, Sicily zone, January (panel a) and June

(panel b) 2018.

We now calculate how the whole contribution of RES changes over time for each type of RES.
We follow the cumulative approach in order to have a picture coherent with the overall amount
obtained in 5.

Figures 8, 9 and 10 show the results for the progressive removal of RES, according to the chosen
criterion. As previously, we set out here the results for the three zones North, Center South and
Sicily. For a clear view of the patterns, we show both the result for a given week (�rst week of
August) in panel (a), and for the whole year 2018 in panel (b).
For North, the �gure clearly shows that the major contribution to carbon emissions abatement is
due both to NRRES power plants (the red area) and hydroelectric power plants (the blue area).
This is consistent with the structure provided in Table 1. The amount of reduced carbon emissions
strongly depends on seasonal patterns and shows relevant di�erences between weekdays and week-
ends. Moreover, the magnitude of reduced carbon emissions is larger during summer months, due

18



to the high contribution of small-scale PV generation (in the NRRES category) especially at peak
hours.
Conversely, for Southern zones - such as Center South and Sicily - the role of Wind (the grey area)
becomes prominent. In Sicily, the spread of large wind farms contributes to about one half of all
carbon emissions savings from wind in Italy. In both zones, savings from wind are coupled with a
signi�cant contribution of NRRES. Note that in both zones the reduced CO2 emissions have a less
volatile hourly pattern compared to North, due to the stable contribution of wind (in Sicily) and
small scale solar (in both zones). The share of hydro is also considerable in Center South. Looking
at the yearly pattern, the seasonal shape is not as evident as in North, again due to the larger share
of small scale RES, coupled with more sunlight in southern Italian regions compared to North.

(a) First week of August (b) Whole year

Figure 8: Saved carbon emissions by RES technology in North zone in a given week (panel a) and for the

whole year (panel b). Legend: Solar (yellow); Wind (grey); Biomass (green); Waste (black); NRRES (red);

Hydro (blue).

(a) First week of August (b) Whole year

Figure 9: Saved carbon emissions by RES technology in Center South zone in a given week (panel a) and

for the whole year (panel b). Legend: Solar (yellow); Wind (grey); Biomass (green); Waste (black); NRRES

(red); Hydro (blue).
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(a) First week of August (b) Whole year

Figure 10: Saved carbon emissions by RES technology in Sicily zone in a given week (panel a) and for the

whole year (panel b). Legend: Solar (yellow); Wind (grey); Biomass (green); Waste (black); NRRES (red);

Hydro (blue).

5.1.2 Independent contribution of RES

In order to shed further light on the impact of each RES on CO2 savings, we calculate for each hour
the carbon emissions reduced by each RES following the independent contribution approach, then
aggregated over time and per zone. Table 6 shows the results for the contribution of the individual
removal of RES technologies to carbon reduction, disaggregated by zone for 2018. As pointed out
in section 5, the total by zone obtained with the independent approach is greater than the total
obtained in Table 5 where the cumulative approach is applied. The analysis performed here refers
to each single RES, since their sum overestimates the total RES contribution.

Table 6: CO2 emissions reduced by technology and zone in 2018, considering each RES technology
as independent of the others (independent approach)

Solar Wind Biomass+Waste Geothermal NRRES Hydro Total
North 153,995 11,829 1,416,377 - 7,750,818 10,983,288 20,316,307
CNorth 2,937 21,880 21,425 439,824 351,625 297,480 1,135,172
CSouth 67,840 494,033 230,730 - 745,920 1,694,791 3,165,476
South 12,598 533,252 135,265 - 341,764 248,722 1,271,602
Sicily 16,643 1,460,489 64,477 - 1,111,923 31,967 2,685,500
Sardinia 8,918 317,878 59,723 - 213,628 61,742 661,890
Total 262,931 2,839,361 1,928,000 439,825 10,515,680 13,317,991 29,303,789

Hydro is the RES source that contributes most to the overall CO2 reduction, closely followed by
non relevant RES, whose contribution is more than three times that of wind. Biomass (and waste)
closely follows wind, while solar has a very limited impact.

According to the disaggregated data for each zone, hydro is the largest contributor in North
and Center South. Worth noting is the considerable impact of wind in Sicily and the large share
of NNRES in Sicily and Center South con�rms our previous analysis. Finally, note that in zones
South, Sardinia (and Sicily) wind contribution to the reduction of CO2 outweighs the contribution
of small-scale non relevant RES.

20



5.2 Economic value of RES

In this sub-section we estimate the economic value of RES in various scenarios, starting with the
general scenario S1 = RES that measures the economic value of all RES. This is followed by the
case S2 = RES − hydro in which all RES but hydro are removed, and then by a focus on scenario
S3 = PV +NRRES + wind, in which only the contribution from large and small-scale wind and
solar technologies is considered.

Table 7 shows the price e�ect, displaying the weighted average values of the actual equilibrium
price and the simulation-built counterfactual prices in scenarios S1 and S2 in each zone in 2018.

Table 7: Weighted average price in year 2018 with, without all RES and without RES (but hydro)
by zone. Values in ¿/MWh.

Zone p̂∗ p̂S1 p̂S2

North 62.6077 104.6638 70.7061
CNorth 62.9077 148.4691 136.0541
CSouth 62.3616 116.2735 99.4925
South 60.6759 159.4 159.4
Sicily 72.4247 85.9291 79.5305
Sardinia 61.8147 74.825 73.8652

In the scenario in which all RES are excluded, in each zone the average price without RES is
signi�cantly higher, spiking up to roughly 148¿ in the zone Center North. Moreover, volatility also
increases, except for South. In the latter, without RES the price rises to Pmax in all hours.16 Such
a paradoxical result depends on the speci�c market con�guration of zone South. In that zone, the
thermal capacity is mostly in three speci�c geographical locations in regions that belong to zone
South but are not accounted for in the market zone, namely, Rossano in Calabria and Foggia and
Brindisi in Apulia. These places are characterized by transmission constraints and limited load;
they are considered limited production poles and not included in the data for South.17 This explains
why the limited thermal capacity of zone South is never able to replace the large share of RES in
that Zone. In scenario S2 in which hydro supply is not excluded, there is a less marked e�ect of
RES in North, as expected given the large share of hydro in that zone. Prices are still quite high in
Center North, due to the large share of geothermal, and in South, for the reasons explained above.
There is still a positive impact of RES in the other zones, but more moderate, except for Sardinia,
where hydro is almost absent.
Figures 11, 12 and 13 show the hourly price e�ect and the quantity e�ect for scenario S1. They
include the hourly price di�erentials p̂Si,h− p̂∗i,h in the selected zone, on the left y-axis. The scale on
the right y-axis indicates the quantity of load (in MWh) that would have to be shed without all
RES, i.e. the quantity e�ect. As before, we include only the �gures for two selected months, one
cold (January) and one hot (June) and for the three selected zones. The graphs for the remaining
zones can be found in the Supplementary Material �le (data in brief).

16As all prices are equal, the variability is absent, thus, its standard deviation is zero.
17The TSO is undertaking a transmission capacity expansion which eventually allow for the merging of the limited

production poles in South zone. In year 2019, the poles of Brindisi and Foggia were eliminated and the corresponding
thermal capacity included in the zone South.
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(a) January (b) June

Figure 11: Price and quantity di�erential for North zone in January (panel a) and June (panel b) 2018.

(a) January (b) June

Figure 12: Price and quantity di�erential for Center South zone in January (panel a) and June (panel b)

2018.

(a) January (b) June

Figure 13: Price and quantity di�erential for Sicily zone in January (panel a) and June (panel b) 2018.

Crucially, the price e�ect is enhanced when is coupled with a quantity e�ect, as expected. For
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North, the price e�ect is higher in the summer, probably due to the impact of small scale RES.
For Center South, seems to be no seasonal e�ect, since the �gures for January and June are very
similar. For Sicily, the quantity e�ect is more limited, and this explains the lower impact of RES
on the price dynamics, characterized nonetheless by high price jumps.

Table 8 sets out descriptive statistics for the hourly price di�erential by zone for scenario S1,
distinguishing between peak and o�-peak hours.

Table 8: Descriptive statistics of the hourly price di�erential (¿/MWh) by zone in 2018, peak and
o�-peak hours, considering S1 as the alternative scenario.

Zone Mean Std. deviation
North 45.84 44.96
peak 62.41 42.43
o�-peak 29.26 41.15
CNorth 92.18 25.72
peak 94.17 17.63
o�-peak 90.19 31.69
CSouth 61.83 43.86
peak 81.98 33.37
o�-peak 41.69 43.85
South 100.03 14.03
peak 99.08 14.61
o�-peak 100.97 13.37
Sicily 14.36 21.13
peak 18.15 26.16
o�-peak 10.56 13.42
Sardinia 12.87 16.17
peak 13.46 19.04
o�-peak 12.28 12.64

As before, there is no common trend, since the relative impact depends on the speci�c structure
of the zone. In North, the price e�ect of peak and o�-peak hours is equivalent. For the other zones,
there is a higher impact on o�-peak hours in Center North and a similar yet more limited impact
for Center South. The opposite is true for the remaining zones. In Sicily, in particular, the price
impact in peak hours is twice the impact for o�-peak.

Table 9 describes total expenditure18 calculated by means of Equation 6 and compares them to
the expenditure consumers would have faced in scenarios S1 and S2, respectively, computed through
Equation 7.

18Recall that consumers in Italy do not pay the zonal price, but a weighted national average price, the PUN.
Therefore, these �gures do not measure savings, only revenues for producers, and the virtual reduction of the cross
subsidization for the PUN.
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Table 9: Total expenditure with RES, without any RES and with only hydro by zone in 2018. Values
in millions of euros.

Zone Exp∗ ExpS1 ExpS2

North 10,300.418 14,307.073 11,594.111
CNorth 1,955.303 1,925.685 2,497.251
CSouth 2,865.128 3,818.724 4,253.708
South 1,434.027 365.504 1,198.674
Sicily 1,280.531 1,507.412 1,396.120
Sardinia 554.755 670.796 662.838
Total 18,390.162 22,595.194 21,602.702

Note that, as is obvious, the price e�ect increases expenditure without RES, while the quantity
e�ect reduces expenditure. Nevertheless, the rigidity of demand means that total expenditure in-
creases without RES in scenarios S1 and S2. The only exception is South, because of its speci�c
market con�guration, with almost no thermal capacity. Hence, quantity dominates the price e�ect.
The highest reduction in total expenditure occurs in zone North, because of the large share of
Hydro. Savings in the other zones are more evenly distributed, except in zone Center South, where
they are higher, and Sardinia, where the e�ect of RES is almost negligible.

Finally, Table 10 illustrates the outcome of the welfare increase due to RES, calculated through
Equation (10) both for S1 and S2 scenarios. Clearly North, the largest zone, is also the largest
contributor to the economic welfare accruing from RES availability. As before, the comparison of
the two columns sheds light on the role of hydroelectric generation. The dispatch of electricity
from hydro power plants is the main contributor to the economic bene�ts of RES for the whole
Italian market, contributing to half of its overall e�ect. Without hydro, South zone is the largest
contributor to economic savings provided by RES, ahead of the North, the largest zone.

Table 10: Net economic surplus from the removal of all RES (S1) and the removal of all RES except
hydro (S2). Values in millions of euros.

∆WS1 ∆WS2

North 20,943.520 6,531.363
CNorth 7,088.341 5,992.978
CSouth 6,742.093 3,800.115
South 7,596.692 7,291.772
Sicily 1,299.471 1,208.222
Sardinia 131.557 83.140
Total 43,801.674 24,907.59

Table 11 shows the welfare increase due to wind and solar generation in Italy for 2018, amounting
to nearly 19.5 billion euros. The time dimension shows a rather stable contribution of RES to total
welfare, with similar �gures in all months, with limited variation. Of all the zones, South is the
main contributor to the economic bene�t from combined wind and solar penetration, due to the
large amount of wind power capacity installed, in particular in Apulia. The economic bene�t from
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the South zone represents nearly 31% of the total, followed by North (28%) and a similar share by
Center North and Center South (18% and 16%, respectively).

Table 11: Net economic surplus from the removal of PV, Wind and NRRES (∆WS3). Values in
millions of euros.

∆WS3 NORTH CNORTH CSOUTH SOUTH SICI SARD Total

Jan 395.423 218.943 207.566 499.963 101.098 6.504 1,429.497

Feb 418.509 382.235 224.902 697.820 110.271 4.718 1,838.455

Mar 555.224 225.898 284.805 549.910 132.464 5.968 1,754.269

Apr 514.773 185.949 255.338 405.336 58.675 13.101 1,433.172

May 554.365 223.227 247.693 432.040 52.557 4.446 1,514.328

Jun 553.090 296.241 304.333 516.446 77.999 5.041 1,753.150

Jul 542.163 341.001 275.100 589.035 102.173 6.516 1,855.988

Aug 346.685 311.139 263.799 572.046 102.593 11.299 1,607.561

Sept 502.654 365.404 242.482 503.985 78.882 6.287 1,699.694

Oct 543.518 423.727 223.535 480.805 87.776 0.263 2,022.361

Nov 308.530 299.986 251.317 463.520 118.902 0.470 1,912.255

Dec 280.466 233.333 335.093 474.886 136.168 6.021 1,465.967

Total 5,515.406 3,507.088 3,115.969 6,185.797 1,159.563 70.638 19,554.461

Table 12 relates the welfare e�ect due to RES in each scenario to the estimate of total economic
welfare (at the wholesale level) calculated by means of Equation (8). The results show that the
positive welfare e�ect due to RES on average in Italy amounts to roughly 42% of total welfare
accruing from electricity production. The share of welfare due to RES in each scenario re�ects the
di�erent relative availability of each RES technology in each zone. Apart from zone South, due to
its speci�c design, the largest bene�t from RES occurs in the central mainland zones of Italy. In
North, albeit the zone with the largest overall amount of welfare savings due to RES, its overall
dimension (in terms of energy production) from thermal capacity means that the contribution of
RES to total welfare is below the national average and drops to roughly 10% without hydro (and
even less excluding wastes and biomass). In the two islands savings are below average and are
almost negligible in Sardinia.

Table 12: Comparison of the total computed actual economic surplus with selected scenarios. Values
in the second column are expressed in millions of euros.

Zone W ∗ ∆WS1/W ∗ (%) ∆WS2/W ∗ (%) ∆WS3/W ∗ (%)
North 61,622.766 33.98 10.59 8.95
CNorth 10,818.750 65.51 55.39 32.41
CSouth 14,368.770 46.92 26.44 21.68
South 8,522.241 89.13 85.56 72.58
Sicily 6,166.832 21.07 19.59 18.80
Sardinia 3,257.826 4.03 2.55 2.16
Total 104,757.185 41.81 23.77 18.66
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6 Conclusions

This paper estimates the environmental and economic impact of RES generation on the Italian
wholesale power market in 2018.

Starting from available market data, we simulate the e�ect of RES by de�ning counterfactual
scenarios based on the hypothesis of zero electricity generation from RES. This allows us to compare
the real observed equilibrium in the market and the alternative that would have occurred had RES
generation not been present. We calculate both the di�erence of carbon emissions that would have
occurred had electricity supply by RES not been present and the net economic welfare caused by
the increase of power supply provided by the RES and the resulting price reduction.

To do this, we identify the crowded-out units and apply a fuel consumption model based on
technical e�ciency parameters. This identi�es the exact amount of plant-level displaced CO2

emissions through the use of national carbon emission factors. Moreover, the comparative analysis
also allows us to calculate the System Marginal Price (SMP) that would have occurred without RES
generation, together with the amount of energy that would not have been served. This, coupled
with the data of the bids submitted to the market, enables the calculation and comparison of
expenditure and of the welfare of overall energy provision with and without RES supply.

The results from this empirical approach are the following: in terms of CO2 reduction, there is
a strong contribution by both hydroelectric and small-scale RES power plants to CO2 abatement.
This is particularly true in zone North. During both hot and cold months, there are wider variations
of reduced CO2 emissions at peak-hours due to the penetration of solar generation into the market,
although the average amount of reduced carbon emissions at o�-peak hours turns out to be larger.
Hydroelectric generation is the main contributor to the expenditure savings and to net economic
welfare in the Italian power market.
For southern zones, especially Sicily and South, the large contribution to the reduction of carbon
emissions is due to wind and small-scale RES generation. In particular, nearly 50% of reduced
CO2 emissions in 2018 in Sicily are due to large-scale wind farms. The analysis for Sicily also
suggests some stability (regardless of the time of year) in carbon reduction at peak hours both in
absolute and average terms. Very importantly, the South is the zone that mostly bene�ts in terms
of welfare from the combined e�ect of large and small-scale wind and solar power plants, which
amounts to nearly 72% of the total actual economic welfare in the status-quo situation in that zone.
Indeed, zone South would have seen a constant price rise up to the highest observed level, had the
generation from RES not been present.19

The results for Center North, Center South and Sardinia are more heterogeneous. The former is
strongly dependent on production from the geothermal source, which displaces nearly 38% of CO2

emissions itself. Center South provides some mixed evidence, explained by the very diversi�ed mix
in electricity generation. Lastly, for zone Sardinia we found signi�cantly low values for the impact
of RES on the market. This is because the structure of Sardinia's power generation mix still relies
strongly on conventional thermoelectric power generators, with a relatively low penetration of RES.

The contribution of photovoltaic energy to CO2 savings is negligible everywhere. Interestingly,
in absolute terms its contribution in zone North amounts to almost 60% of the overall PV contri-
bution, even though the North has the least solar irradiation in Italy.

The calculation of the economic value of CO2 reduction amounts to nearly 348 million euros,
mostly obtained from the contribution of the North (nearly 69%). Despite the encouraging results

19Note that this result is mainly due to the speci�c con�guration of the South market adopted by the TSO
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in national carbon savings (roughly 22 Mt in 2018), we argue that the resulting economic value of
carbon abatement is not su�ciently backed up by the price of CO2 arising from ETS negotiations,
which signals a slow process of supporting �rms to incorporate environmental costs in their budget
constraints. Indeed, a simple calculation shows that a much higher price for CO2 is needed to align
the cost of incentives to the gain.

We also calculate how much RES generation contributes to the reduction of the SMP and how
much it saves in terms of consumer expenditure to purchase power in the day-ahead market. The
price e�ect of RES is quite large. In each mainland zone of Italy, the weighted average price of
energy would have been more than doubled had RES not been present. In North zone, hydro plays
a very important role in balancing the demand for load from the market, since its presence after
removing all the other RES involves only a 13% increase in the weighted average price. We show
that this price e�ect is much larger in Center North, Center South and South, whereas in Sicily
and Sardinia it is almost negligible. Without RES, consumers would have spent roughly 4.2 billion
euros more to purchase power, or 3.2 billion if Hydro is not included. Clearly, North is the zone
that bene�t most from the reduction in expenditure. When Hydro is not included, the savings in
North and Center South zones are almost equivalent. In southern Italian zones the savings from
RES are quite small, even though these are the zones with the highest potential in terms of the
availability of renewable primary energy sources.

Regarding the contribution to total welfare, RES amount to roughly 40% when including Hydro,
dropping to 23% of total welfare when Hydro is removed and 18% if only PV, Wind and small-scale
RES are considered. Across zones, the highest relative impact of RES in terms of welfare occurs in
central mainland zones and in South, even though these are not the zones with the highest share of
RES (except for South). It is worth pointing out that the impact of of PV, Wind and small-scale
RES on total welfare in zone North (9%) is relatively limited, even though this is the zone with the
highest absolute amount of RES energy supplied from these sources.

We are aware of some limitations in this research.
The �rst regards the chosen methodology. We provide a short-term analysis by assuming no

investments in power plants that may modify their capacity and accordingly meet the residual load.
On top of this, we take network transmission constraints to be exogenous.

Secondly, our simulation approach is based on the assumption that the arti�cial removal of
RES supplies in the market does not lead to market operators withholding capacity, which may in
turn modify the SMP strategically. Hence, we assume that the merit-order ranking is not a�ected
by strategic bidding by market operators. Intuitively, market operators may adapt their bidding
behavior to the available RES power capacity in the market. Therefore, the potential absence
of intermittent generation in the market may be deliberately exploited by market operators to
maximize their pro�ts.

The third regards data construction. We limit our analysis to the use of average national
emission factors. These �gures may in fact vary over time due to technological progress both from
structural adaptations of power plants and from the improved carbon footprint of each speci�c
fuel.

Nevertheless, we provide an initial characterization of the value of the savings of carbon emissions
due to the economic e�ect of RES supply in the Italian wholesale power market. Overall, the
analysis shows that the limited economic e�ect of CO2 emissions savings is counterbalanced by the
considerable economic e�ect of power supply in terms of price reduction and welfare increase for
power users. As such, the amount of money spent to support RES capacity seems to have acted
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more as a capacity remuneration scheme by enhancing power supply rather than as environmental
expenditure aimed at reducing carbon emissions in the atmosphere. Assessing whether this is an
e�cient allocation of resources is outside the scope of this paper, but could be of interest in future
research.
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