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Abstract

In this work we extend the model of Roques et al. (2008) for the construction

of the optimal electricity generation portfolio. In our analysis we consider

an electricity producer, who can choose to invest both in renewable and

conventional sources. We build portfolios based on the Net Present Value

generated by the investment in a particular technology. We use Monte Carlo

simulations in order to compute the NPV distributions. As an extension to

Roques et al. (2008), we consider the presence of incentives for renewable

technologies. We apply our model to Italian data.
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Highlights

• We illustrate a general model, based on Monte Carlo simulations, for

the computation of the Net Present Value generated by an investment

in a plant for electricity generation

• We apply this model to compute the optimal generation mix for an

electricity producer in Italy. The model is calibrated with Italian data

from 2008-2012

• We consider electricity generation from conventional and renewable

plants. We introduce incentives for renewable in the analysis

• The results obtained show that, without incentives, conventional tech-

nologies dominate the optimal production mix. These results can be

useful for the assessment of the actual Italian incentive policy.
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Introduction

The aim of our work is to find a solution to the problem of an electricity pro-

ducer, who can produce energy through different conventional and renewable

sources, and has to choose the optimal portfolio of electricity production.

We consider in particular electricity produced from coal and natural gas as

conventional sources and electricity from wind, water and sun as renewable

sources.

Investment in electricity generation represents one of the most critical

and challenging decisions undertaken within the electricity industry. The

portfolio of electricity generating plants is a determinant factor of longer-term

industry costs. Indeed, generation investments are generally irreversible,

capital intensive and long lived. The decision of the electricity producer

depends on a multitude of factors that involve a large variety of risks.

We can compare the problem of the selection of the optimal energy portfo-

lio faced by an electricity producer, to the problem faced by a fund manager

who has to choose the composition of an equity portfolio. About classi-

cal portfolio selection, there is a vast literature, starting from the work of

Markowitz [48]. The basis of this theory states that by diversifying a portfolio
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of assets, the overall risk can be lowered as compared to risks of individual

assets.

The application of Markowitz theory in the field of energy selection, be-

longs to a more recent strand of literature. An early application of this theory

to the electricity sector was presented by Bar-Lev and Katz [8]. They analyze

the portfolio of fossil fuels of U.S. electric utility industry. Their aim was to

determine if utilities had been using resources efficiently. Their findings sug-

gest that utilities held portfolios characterized by high returns, but also high

risks.

More recently Awerbuch and Berger ([6] and [5]) followed this approach.

They evaluate the potential application of portfolio theory to the develop-

ment of efficient European Union generating portfolios. In their work, they

define return as the inverse of cost (MWh/e) and risk as the standard devia-

tion of returns. Their results show that the existing EU generating portfolio

is sub-optimal from a risk-return perspective. Moreover they show that more

efficient portfolios could be obtained by adding renewable technologies, which

are considered as "risk free" assets, to the portfolio. They consider in par-

ticular wind as renewable technology.

Jansen et al. in 2006 [38] apply the same theory to the future portfolio

of electricity generating technologies in the Netherlands in year 2030. Their

model brings some theoretical refinements to the model developed by Awer-

buch and Berger: they introduce the notion of an efficient frontier based on

cost instead of return; they use energy based instead of capacity based port-

folios; they express risk in terms of costs instead of a percentage rate. Their

results are similar to those obtained by Awerbuch and Berger, in fact they
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show that diversification could lead to a 20% risk reduction with no extra

costs and the promotion of renewable energy could greatly decrease portfolio

risk.

Other studies that follow the cost based approach are presented in De-

Laquil et al. [25], Delarue et al. [26] and Gotham et al. [33]. In particular,

the work of Delarue extends the previous model by taking properly into ac-

count actual dispatch constraints and energy sources with variable output.

The results show that the introduction of wind power can lower the risk on

generation cost, although to a smaller level than reported in other studies.

Also Bhattacharya and Kojima [13] consider a cost based approach in the

evaluation of the optimal electricity generation portfolio in Japan. They

show that, based on the portfolio evaluation, Japan could obtain up to 9%

of its electricity supply from renewable sources as compared to the current

1,37%. Zhu and Fan [69] apply a cost based approach in order to evaluate

China’s optimal generation portfolio. They found that the future adjust-

ments of China’s planned 2020 generating portfolio can reduce the portfolio

cost’s risk through diversification, but a price will be paid in term of increased

cost. For renewable power generation, they found that it will be necessary a

stronger policy support, because of their high generating costs.

Roques et al. [60] and Munoz et al. [53] overcome the cost based ap-

proach, by introducing a return based approach, in which the optimal gen-

eration portfolio is constructed considering the return instead of cost. This

methodology seems, in our opinion, more consistent with the actual setting of

a liberalized market, in which it is important to consider also the electricity

price risk. Moreover, an approach based on return, instead of costs, is more
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suitable for our model, in which we consider the point of view of a private

investor in the electricity sector, rather than considering the choice of the

optimal electricity portfolio from a national perspective.

In particular, Munoz et al. [53] apply portfolio theory to construct the

optimal investment portfolio considering only energy produced from renew-

able sources. They study in particular the Spanish case. The originality of

their approach is in the way they define risk and return. They use as return

measure the expected Internal Rate of Return (IRR) calculated on the cash

flows generated by an investment in a renewable plant, while risk is com-

puted as IRR’s standard deviation. In this way they consider not only the

risk related to costs, but also the risk related to varying electricity prices.

Roques et al. [60] follow an approach based on the Net Present Value

(NPV) of an investment in the electricity sector. They apply their model

on the optimal generating portfolio of the UK, by considering three types

of conventional energy (gas, coal and nuclear). Their results show that the

high degree of correlation between gas and electricity prices reduce gas plant

risks, therefore making portfolios dominated by gas more attractive.

Our model extends the previous literature, by considering renewable

sources in the analysis. We take into account the risk of production related to

renewables (due to variable weather conditions). Moreover we consider the

support schemes adopted to promote the electricity production form renew-

ables, and we see how this affects the optimal production mix. We consider

also the presence of environmental markets (CO2 allowances).

The optimal generation mix in our model is constructed by considering

the NPV generated by the investment in a particular technology. We gener-
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ated, through Monte Carlo simulations, different scenarios for each risk factor

considered in our analysis, in order to estimate the distributions of the NPVs.

Based on these distributions we then computed the optimal generation mix.

The model is calibrated using Italian data from 2008-2012.

We find that, without incentives, optimal portfolios are dominated by

conventional technologies (in particular gas plants). The only renewable

technology, which enters the optimal portfolio composition is hydro, which

enters in the most risky portfolios. If we consider incentives, also wind and

PV enter the portfolios composition. In this case the risk of renewable sources

decreases, although they are still riskier than conventional sources.
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Chapter 1

Methodologies for portfolio

selection

In the literature of optimal generation portfolio there are two major method-

ologies used for portfolio selection. Each methodology is based on a dif-

ferent definition of risk. The most used is the classical Markowitz mean-

variance portfolio theory. Furthermore we see the semi-mean absolute de-

viation model, which brings some advantages over the MV model. In the

following section we briefly describe these two methodologies.

1.1 Mean-variance portfolio

The mean-variance approach is the most famous approach in portfolio selec-

tion. It is based on the work of Markowitz [48] and it shows the importance
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of diversification in portfolio selection, that lies in the risk-reduction effect

of combining two assets that are not perfectly correlated.

This model is based on strong assumptions about investors preference:

investor is assumed to be risk-averse, return loving and acting in a perfect

rational way. It is also assumed that each class of asset is sufficiently di-

versified to eliminate non market risk. Moreover, in mean-variance portfolio

theory, standard deviation of returns is used as a proxy for risk, which is

valid only if asset returns are jointly normally distributed, and this is the

main source of criticisms.

Let us consider n assets. The return of a portfolio constructed with this

assets is given by:

Rp =
n∑

i=1

xiRi (1.1)

where x1 is the weight of asset i in the portfolio, and Ri is the return on asset

i.

The mean-variance selection model can by defined as:



minσ(Rp)

s.t. E(Rp) =
∑n

i=1E(Ri)xi∑n
i=1 xi = 1

xi ≥ 0 i = 1, · · · , n

where E(Rp) and E(Ri) denote respectively the expected return of portfolio

and the expected return of asset i, and σ(Rp) denotes the portfolio’s return

standard deviation (i.e. portfolio’s risk). The risk of the portfolio can be
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written as:

σ(Rp) =

√√√√ n∑
i=1

x2iσ
2
i + 2

n−1∑
i=1

n∑
j=i+1

xixjσiσjρij

where σi is the standard deviation of asset i’s return, and ρij is the correla-

tion coefficient between the returns on assets i and j.

1.2 Semi-Mean absolute deviation model

The mean absolute deviation (MAD) model was proposed by Konno and

Yamazaki [42] as an alternative to classic mean-variance model. This model

presents two main advantages with respect to the mean-variance model: first,

it is a linear problem which can be solved more easily than a quadratic one;

second, the MAD can be used to solve large-scale problem where a dense

covariance matrix occurs, and no particular distribution is needed.

The portfolio rate of return in the MAD model is defined in the same way

of the mean-variance model (see equation (1.1)) . The difference between the

two models is in the definition of risk. Indeed, in the MAD model, portfolio

risk is given as the expected value of the mean absolute deviation between

the realization of the portfolio’s rate of return and its expected value. This

can be formulated as:

wp = E [|Rp − E(Rp)|]
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Given this definition, the portfolio optimization problem can be specified as:



minwp

s.t. E(Rp) =
∑n

i=1E(Ri)xi∑n
i=1 xi = 1

xi ≥ 0 i = 1, · · · , n

From this problem, a semi-mean absolute deviation (SMAD) model can be

derived (see Liu and Qin [46]), where we define risk as the mean absolute

deviation of the portfolio’s rate of return below the average (we suppose that

for an investor only the downside risk is relevant):



minE [|min {0, Rp − E(Rp)}|]

s.t. E(Rp) =
∑n

i=1E(Ri)xi∑n
i=1 xi = 1

xi ≥ 0 i = 1, · · · , n
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1.3 Current electricity generation mix in Italy

Actual electricity generation in Italy is still dominated by conventional tech-

nology, although the quota of renewable energy has increased rapidly in the

last years, thanks mainly to the incentive policy implemented by the Italian

government.

Figure 1.1: Electricity consumption in Italy from 2005 to 2011 (TWh).
Source: GSE.

Figure 1.1 shows the composition of the electricity mix in Italy from 2005

to 2011. As we can see, electricity production has been pretty constant

form 2005 till 2008, then it slightly decreased in 2009, probably due to the

effects of the economic crisis. However the quantity of electricity produced

from renewable sources has continually increased. From 2005 to 2012 the
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quota of electricity produced from RES increased from 16,3% to 27%. Total

electricity consumption in 2011 was equal to 346 TWh which is equal to the

level reached in 2005.

Figure 1.2: Electricity generation from conventional sources in Italy (2000 to
2012). Source: Terna.

If we look in detail at the electricity production from conventional tech-

nologies (Figure 1.2), we see that currently almost all conventional electricity

is produced from natural gas, which accounts for 59,5% of total thermoelec-

tric production (2012). Other fossil fuels used for electricity production are

coal (21,5%), oil (4,3%), which has been gradually substituted by gas, other

gas derivatives (about 2,3%) and other solid fuels (about 12,3%). We will

consider in our analysis only natural gas and coal plants.

Figure 1.3 shows the detail of the electricity production from RES in Italy.
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Figure 1.3: Electricity generation from RES in Italy (2008 to 2012). Source:
GSE

As we can see the biggest quota of electricity production from RES comes

from hydro, but this quota is gradually decreasing. This can be explained

by the fact that the potential development of hydro is limited. In fact it has

been estimated that the installed capacity of hydro plants could be expanded

by 1 to about 5 GW1 (current installed capacity is equal to 18,2 MW - see

table 1.1), so the potential production of electricity from hydro is limited.

From Figure 1.3 we can also notice the great expansion of PV and wind.

In particular, about PV the installed capacity increased from 0,4 MW in

2008 to 16,4 MW in 2012. The installed capacity of wind has more than

doubled, from 3,5 GW in 2008 to 8,1 GW in 2012. This great increase has

been possible thanks to the incentive given by the Italian government which
1See "Rapporto sulle energie rinnovabili", Energy Lab (2011)
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favored the electricity sector rather than heating sector. Also bioenergy

electricity production increased a lot with an installed capacity more than

doubled. In our analysis we will consider in particular electricity produced

from wind, sun and hydro.

Year 2008 2008 2008 2008 2008
Hydro 17623 17721 17876 18092 18232
Wind 3538 4898 5814 6936 8119
PV 432 1144 3470 12773 16420

Geothermal 711 737 772 772 772
Bioenergy 1555 2019 2352 2825 3802

Table 1.1: Installed capacity of renewable plants in Italy (MW). Source: GSE
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Chapter 2

The model

Starting from the work of Awerbuch and Berger [6] several approaches have

been developed for the construction of the optimal generating portfolio. How-

ever, most part of the previous literature applying Mean Variance Portfolio

(MVP) theory in order to identify optimal generating portfolio, has focused

on regulated utilities or considered a national perspective. Therefore the fo-

cus of these studies has been on the production costs of different technologies.

In these studies return was defined as the reciprocal of unit generating costs,

so it was expressed in terms of kWh/e, and risk was expressed in term of

the volatility per holding period (one year).

Here we consider the perspective of an electricity producer in a liberalized

market. Private investors cannot be expected to select between different

generating technologies only by comparing their production costs. Their

evaluation should be based instead on the return and the risk related to the

investment (see [34]). In particular, the investor in electricity sector faces a
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large set of risks which include (IEA, 2005):

• Economic factors that affect the demand for electricity and the avail-

ability of labour and capital

• Risks related to the decisions of policy makers, such as regulatory or

political risks

• Risks related to operating and construction costs

• Risks related to varying electricity output (for renewable technologies)

• Price and volume risks in the electricity market

• Fuel price risk

• Financial risks that could arise from the financing of investment.

We consider here in particular risks related to fuel costs and electricity

price and risks related to electricity output (for renewable technologies). In

order to evaluate return on an investment, several approaches can be followed.

Munoz et al. [53] consider Internal Rate of Return as a measure of return,

while Roques at al. [60] consider the Net Present Value of the investment.

We follow here an approach based on NPV.

In our study we consider both energy produced from conventional sources

and energy produced from renewable sources. In particular we suppose that

the energy producer can produce energy from five different type of sources:

gas and coal as conventional sources and sun, wind and hydro as renewable

sources.
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In order to construct the optimal generating portfolio, we have first of

all to estimate the distribution of the NPV of each plant considered in our

analysis. The NPV depends on the cash flow generated by each plant, which

depends on the streams of costs and revenues. Revenues for all considered

technologies vary with electricity prices, while costs depend mainly on fuel

costs. Furthermore, we suppose that investment costs and operation and

maintenance costs (O&M) are fixed for each plant. So the stream of costs for

a renewable plant is fixed for the entire life of the plant, while the stream of

costs related to a conventional plant varies as fuel costs vary. Electricity and

fuel cost are obtained through Monte Carlo simulations, in which we suppose

that each variable is normally distributed with a given mean and a given

standard deviation, which are obtained from historical series of electricity and

fuel prices. We simulate 100.000 different trajectories for each risk source.

By supposing a normal distribution for fuel and electricity cost we get NPVs

that are also normally distributed, which is fundamental when we apply

mean-variance portfolio.

So our portfolio is obtained with these different steps:

• We collect for each plant data about technical parameters including all

capital costs

• We estimate mean, variance and cross correlation for the variables in

our model (electricity price, fuel costs and CO2 costs)

• We run Monte Carlo simulations to simulate the level of the variables

considered
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• On the basis of the results obtained in the previous step we compute

the NPV distribution for each plant. We compute in particular the

mean, the standard deviation and the cross correlation between the

NPVs of each plant

• Finally, we compute the optimal generating portfolio based on NPVs

2.1 Model inputs

2.1.1 Technical parameters and plant costs

For our analysis we needed to retrieve data for five different generation tech-

nologies. We consider the case of Italy. Concerning conventional technolo-

gies, we assumed that costs and technical parameters for these plants are

broadly similar anywhere in the world (see Keay [40]) . What changes in this

case is the price of fuel. For renewable technologies instead, costs and other

technical parameters vary a lot across nations. In fact for a renewable plant,

geographical localization is an important factor that affects the quantity of

energy that can be produced, so affecting the NPV (see [59] and [63]).

The data for coal and gas plant were obtained from a report of the Electric

Power Research Institute (EPRI) which contains projected costs for new

plants in 2015. We considered in particular the costs for a pulverized coal

(PC) plant, which provides nearly all of coal-fired capacity in the US. For gas-

fired plants, we considered a Natural Gas Combined Cycle (NGCC) plant,
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which accounts for almost all electricity generated in Italy.

For renewable technologies we used data from a report of 2011 on re-

newable energy in Italy [2]. The data are obtained from Politecnico of Milan.

The data for the capacity factors for renewable plants are obtained from GSE

(see [1]).

Table 2.1 reports a summary of the technical and cost parameters used

in our analysis.
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The net capacity represents the maximum quantity of energy produced,

when the plant works with full efficiency. The carbon intensity is the quan-

tity of CO2 produced for each unit of fuel. For the costs of conventional

plants (gas and coal), costs are converted from dollars to euros (exchange

rate 1, 3257). Since we didn’t have data about the construction periods of

the renewable plants, we suppose a construction period of one year for each

plant. Overnight costs1 for the renewable plant are computed as the av-

erage between maximum and minimum overnight cost. Finally, concerning

renewable technologies, we suppose that the data on variable O&M2 costs

reported in the table, includes both fixed and variable costs, since in the data

we collected we don’t have a split between variable and fixed O&M costs.

1Overnight costs represent the initial installation cost of the plant.
2Operation and Maintenance
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2.1.2 Fuel, electricity and CO2 costs in Italy

In addition to the plant specific investment costs shown in the previous sec-

tion, we needed to estimate fuel, electricity and CO2 costs, in order to com-

pute the net present value of the investment in each specific plant. We needed

in particular gas prices, coal prices, electricity prices and emission certificate

prices. We considered data for Italy in the period from 2008 to 2012. We

used different sources for each different data. In particular, data for electric-

ity prices were obtained from the Bloomberg database. The source for gas

prices was the Ministero dello Sviluppo Economico (MSE). Coal prices and

CO2 prices were retrieved from European Energy Exchange (EEX) website.

(a) Electricity prices (e/MWh) (b) Gas prices (e/mmBTU)

(c) Coal prices (e/mmBTU) (d) CO2 prices (e/tCO2

Figure 2.1: Evolution of electricity, gas, coal and CO2 spot prices in Italy.
Daily prices. (2008-2012)
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Figure 2.1 shows times series of daily base-load and on peak electricity

prices, daily gas prices, coal prices and EUA3 prices from January 2008 to

December 2012. Figure 2.2 shows the correlation between average electricity

prices and gas prices. As we can see there is a strong correlation between the

two variables.

Figure 2.2: Correlation between average electricity pricies and gas prices in
Italy

Based on these time series we estimated for each variable the mean, the

standard deviation and the cross correlations among all variables. We com-

puted the correlation along the whole period considered (2008-2012). Table

2.2 reports the results for the mean and the standard deviation. Table 2.3

reports the correlation coefficients among the variables.

From this table, we can get a confirmation of the strong correlation be-

tween electricity and natural gas, and we see also a quite strong correlation
3EUA stands for European Union Allowances, which represent the permit to produce

one tonne of CO2
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Unit Mean St. Deviation
Electricity (average) e/MWh 72,56 9,27
Electricity (peak load) e/MWh 82,81 12,09

Natural gas e/mmBTU 5,75 0,81
Coal e/mmBTU 3,51 0,47
EUA e/tCO2 14,17 5,25

Table 2.2: Mean and standard deviation

between electricity and coal. Coal and natural gas seem instead to be almost

uncorrelated. We can also notice that the correlation between the electricity

and fuel prices is stronger when we consider average electricity price. Consid-

ering CO2 allowances, we see that they are negatively correlated with natural

gas prices, while they have positive correlation with all other variables.

Electricity
(average)

Electricity
(peak)

Natural
gas

Coal EUA

Electricity
(average)

1 0,936 0,638 0,517 0,381

Electricity
(peak)

0,936 1 0,513 0,352 0,608

Natural
gas

0,638 0,513 1 -0,008 -0,261

Coal 0,517 0,352 -0,008 1 0,218
EUA 0,381 0,608 -0,261 0,218 1

Table 2.3: Correlation matrix
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2.1.3 Capacity factors for renewable plants

Capacity factors are one of the most important parameter affecting the rev-

enues (and so the NPV) generated by a renewable plant. The capacity factor

is an indicator of the actual energy produced by a generation plant. It is

defined as the number of working hours in a year divided by the total num-

ber of hours (which is 8760). In a conventional plant, the capacity factor is

generally more stable, in fact the plant can produce electricity almost always

and the only cases in which the plant is off is when the cost of producing

electricity is higher than the price of electricity (this is the so called spark-

spread option). For a renewable plant instead, the availability of the plant

depends on weather conditions and so its capacity factor is more variable

during time. For this reasons we suppose in our model that the capacity fac-

tor for a conventional plant is fixed, while the capacity factor for renewable

plants is a random variable. Capacity factors depend also on the geographical

localization of the plant. However, here we consider the national average.

We estimated mean and standard deviations for the capacity factors of

renewable plants, using the data from 2008 to 2012 of the actual quantity of

electricity produced from renewable sources in Italy. Data come from GSE

website. Table 2.4 shows the results of these estimations.
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Wind (on
shore)

Wind (off
shore)

Hydro PV

Mean 0,171 0,342 0,293 0,111
St. Deviation 0,014 0,028 0,025 0,022

Table 2.4: Mean and standard deviation of capacity factors. Source: GSE

2.2 Estimation of the Net Present Values

We now compute, for each generation plant considered, the distribution of the

NPV, based on the data from the previous section. In order to compute the

NPV, we need to estimate the cash flow generated from the investment in the

generation plant. This cash flow depends of course on the streams of costs

and revenues generated by the plant, which are estimated considering the

fixed and the variable parameters. We suppose in particular that electricity

prices, fuel prices and CO2 prices are jointly normally distributed with mean,

standard deviation and covariances given by the estimation presented in the

previous section. Finally, to compute the distribution of the NPVs we run a

Monte Carlo simulation, in which we constructed 100.000 different scenarios

for the NPV of each plant.

2.2.1 The economic model for the cash flows

This section shows the calculations used to establish the future cash flows

that are the essential input to compute the NPV for each technology. We

refer to the model in Munoz et al. (2009). For each technology we need to
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compute yearly revenue, yearly costs and then we can compute yearly cash

flows.

Revenues

To compute revenue we need to know the quantity of energy produced,

which depends on the capacity factor of the plant, and the price of electric-

ity, which is a variable parameter and is obtained through the Monte Carlo

simulations. Yearly revenue for plant j in year t is given by this simple

formula:

revenuejt = prodjt × electricityjt

where

prodjt = Net Capacityj × Capacity Factorjt × 8760

and

electricityjt = electricity pricejt × (1 + inflation)t

We suppose that capacity factors for conventional technologies are fixed,

while capacity factors for renewable plants are independent normally dis-

tributed random variables, with mean and standard deviations given by data

computed in the previous section. We suppose that each plant starts gener-

ating revenues after the construction period specified in the technical param-

eters. For example, a NGCC plant will start generating revenues from the

fourth year after the beginning of construction. Electricity price is supposed

to be the same for all technologies with the exception of PV. We suppose
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indeed that a PV plant works only in the day hours, so the owner of a PV

plant will sell electricity at the peak load price, a price different from the

average electricity price.

Costs

To compute costs we have to take into account different cost components.

We have to consider annual installation costs, which are given by interests

paid on loan and the depreciation of the installation, the annual operation

and maintenance costs and, for conventional plants, the cost of fuel and CO2.

As we said in the previous section, operation and maintenance costs can

be split in fixed and variable costs. The fixed component depends only on

the installed capacity of the plant, while the variable component depends

on the electricity actually produced. Operation and maintenance costs are

computed according to the following formulas:

O&M Costsjt = Fixed O&Mjt + Variable O&Mjt

where

Fixed O&Mjt = Net Capacityj × Fixed O&Mj × (1 + inflation)t

and

Variable O&Mjt = prodjt × Variable O&Mj × (1 + inflation)t
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The second component of total costs is given by annual installation costs.

We suppose that the electricity producer can receive a loan on the entire

installation cost and for a period equal to the full plant life. The producer

has to pay a fixed interest rate on this loan. So we have:

installmentjt = Installation Costj
i

(1− (1 + i)−nj)

outstandingjt = outstandingj(t−1) − amortisedjt

interestjt = i× outstandingj(t−1)

amortisedjt = installmentjt) − interestjt

where i is the fixed interest rate, nj is the plant life of plant j and the

initial outstanding is equal to the installation costs, which are computed as:

Installation Costj = Net Capacityj ×Overnight Costsj

In order to have total annual installation costs, we have to add the com-

ponent given by the depreciation of installation which is computed as:

amortizationjt =
Installation Costj

nj

The last component of costs is given, only in the case of a conventional

plant, by fuel and CO2 costs.

Fuel costs is given by:

fueljt =
prodjt × Heat Ratej

1000
fuel costjt × (1 + inflation)t
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Carbon cost is given by:

carbonjt = Carbon producedjt × carbon costt × (1 + inflation)t

where

Carbon producedjt =
Carbon Intensityj × Heat Ratej

1000000
× prodjt

Putting togheter we have:

Total costsjt = O&M Costsjt + interestjt + amortizationjt + fueljt + carbonjt

We suppose that annual installation costs are paid from the beginning of

the construction of the plant, while all other type of costs are paid only when

the plant comes into operation, so only at the end of the construction period.

Cash flows

Before calculating yearly cash flows,we need to calculate corporate tax,

which is due on earnings before tax (EBT):

EBTjt = revenuejt − Total costsjt

corporate taxjt = EBTjt ×Marginal corporate tax
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Finally, we can compute yearly cash flow:

CFjt = EBTjt − corporate taxjt + amortizationjt − amortisedjt

From yearly cash flow we can compute the Net Present Value as the sum

of all present values of the cash flows generated by the plant:

NPVj =

nj∑
t=0

CFjt

(1 + r)t

where r is the interest rate used for the evaluation. We suppose that yearly

cash flow is received at the end of each period (we consider it as a ordinary

annuity). However, the above formula does not take into account the different

net capacities and the different capacity factors of the plants and so does

not consider properly the actual dispatch of electricity, so we have to do a

normalization of the NPV, by dividing it by the electricity production. We

have (in e/MWh):

Normalized NPVj =
NPVj∑nj

t=0 prodjt(1 + r)−t

2.2.2 Results of Monte Carlo simulations

We simulated the Net Present Value of an investment for four different values

of the interest rate used for the evaluation. For the simulations we supposed

that electricity prices, fuel prices and CO2 prices are jointly normally dis-

tributed, with mean, standard deviation and cross correlation given by the

estimations made in the previous section. Capacity factors for renewable
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plants are supposed to be independent normal random variables. We report

below the results of the simulations.

Figure 2.3 shows the distribution of the NPVs of each generation plant

(excluding PV), for different interest rates. We show PV in another figure

(Figure 2.4) because of the different scale of the NPV distribution.

As we can see from these figures, the shape of the NVP distributions

doesn’t change much as the interest rate changes. Moreover we can notice

that the NGCC seems the less risky technology, in fact the other technology

have a much more spread distribution.

In general as the evaluation rate increases, the NPVs of the plants obvi-

ously decrease. This effect seems more relevant for renewable technologies.

If we look in detail at the statistics of the distributions (Table 2.5), we see

that the NGCC is the only generation technology that has a positive return

even with an interest rate of 10%. If we consider only renewable plant, we see

that, with the exception of hydro and onshore wind (only when interest rate

is equal to 4%), they all have negative returns. It is clear that, in order to be

competitive with conventional technologies, they need some kind of support.

Table 2.6 shows the correlations between the NPVs. The main aspect

we can notice is that the interest rate used for the evaluation doesn’t affect

much the correlations, which is almost the same in the four cases.
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(a) Mean of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% 10,949 10,605 3,625 -6,312 11,352 -195,113
r=6% 9,221 5,989 -10,668 -21,405 -3,111 -245,315
r=8% 7,14 0,273 -27,866 -38,995 -20,8 -300,811
r=10% 4,642 -6,717 -47,334 -58,577 -40,853 -361,557

(b) Standard deviation of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% 5,164 7,569 9,322 10,092 9,365 17,91
r=6% 5,129 7,602 10,277 10,802 10,348 19,945
r=8% 5,137 7,78 10,897 11,19 11,075 22,664
r=10% 5,177 8,085 11,202 11,387 11,386 25,889

(c) Minimum of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% -18,462 -40,636 -41,743 -56,544 -37,938 -291,623
r=6% -20,149 -46,408 -60,38 -72,314 -54,758 -339,561
r=8% -21,546 -47,153 -79,748 -89,842 -72,66 -429,258
r=10% -23,193 -57,455 -98,2 -111,687 -95,177 -490,082

(d) Maximum of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% 31,539 40,424 40,804 32,698 49,824 -120,582
r=6% 30,849 35,181 28,622 20,278 36,458 -165,049
r=8% 27,293 30,059 17,069 8,299 22,245 -210,803
r=10% 24,563 23,399 2,319 -9,993 6,026 -264,015

Table 2.5: NPV distributions statistics with different interest rates
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(a) r=4%

NGCC PC Wind on Wind off Hydro PV
NGCC 1 0,1796 0,7559 0,7548 0,7572 0,4896
PC 0,1796 1 0,6583 0,6569 0,662 0,3654

Wind on 0,7559 0,6583 1 0,9843 0,9872 0,6364
Wind off 0,7548 0,6569 0,9843 1 0,985 0,6357
Hydro 0,7572 0,662 0,9872 0,985 1 0,637
PV 0,4896 0,3654 0,6364 0,6357 0,637 1

(b) r=6%

NGCC PC Wind on Wind off Hydro PV
NGCC 1 0,1911 0,7576 0,7559 0,759 0,4389
PC 0,1911 1 0,66 0,6592 0,6632 0,3295

Wind on 0,7576 0,66 1 0,976 0,9803 0,5677
Wind off 0,7559 0,6592 0,976 1 0,9781 0,5668
Hydro 0,759 0,6632 0,9803 0,9781 1 0,5685
PV 0,4389 0,3295 0,5677 0,5668 0,5685 1

(c) r=8%

NGCC PC Wind on Wind off Hydro PV
NGCC 1 0,2025 0,7576 0,7542 0,7602 0,3935
PC 0,2025 1 0,658 0,6575 0,6601 0,2955

Wind on 0,7576 0,658 1 0,9646 0,9698 0,5013
Wind off 0,7542 0,6575 0,9646 1 0,9671 0,5021
Hydro 0,7602 0,6601 0,9698 0,9671 1 0,5032
PV 0,3935 0,2955 0,5013 0,5021 0,5032 1

(d) r=10%

NGCC PC Wind on Wind off Hydro PV
NGCC 1 0,2087 0,7525 0,7485 0,7543 0,3387
PC 0,2087 1 0,6538 0,6515 0,6559 0,2624

Wind on 0,7525 0,6538 1 0,9482 0,954 0,4314
Wind off 0,7485 0,6515 0,9482 1 0,9504 0,431
Hydro 0,7543 0,6559 0,954 0,9504 1 0,4333
PV 0,3387 0,2624 0,4314 0,431 0,4333 1

Table 2.6: Correlations between NPVs for different interest rates
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Figure 2.4: NPV distributions for PV for different interest rates

2.3 Optimal generation mean-variance portfo-

lio

In this section we use return (mean of NPV), risk (standard deviation of

NPV) and correlation obtained from the Monte Carlo simulations, to com-

pute the optimal generating portfolio, based on the mean-variance approach.

We have to solve the following problem:



minσ(NPVp)

s.t. E(NPVp) =
∑n

i=1E(NPVi)xi∑n
i=1 xi = 1

xi ≥ 0 i = 1, · · · , n

where E(NPVp) and σ(NPVp) represent respectively the mean and stan-

dard deviation of NPV of the portfolio, and xi represents the weight of tech-
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nology i expressed in term of installed capacity of technology i over total

installed capacity. The standard deviation of the portfolio is computed as:

σ(NPVp) =

√√√√ n∑
i=1

x2iσ
2
i + 2

n−1∑
i=1

n∑
j=i+1

xixjσiσjρij

where ρij is the correlation coefficients between the NPVs of technologies

i and j.

We first consider the case of an electricity producer without any con-

straint on the production sources. We consider portfolio made of all possible

technologies, when there aren’t incentives on the production of renewable en-

ergy. We then consider the case of an electricity producer with a constraint

on the choice of generation sources. He is indeed forced to produce a certain

quota of his total energy production, from renewable sources.

2.3.1 Optimal portfolio without constraints

Figure 2.5 shows the efficient MV frontiers obtained4 considering all six tech-

nologies, in the case when there isn’t any constraint on the electricity pro-

duction. First thing we notice is that, as the interest rate increases, the

efficient frontier obviously lowers, because the NPVs decrease. We can also

see that the efficient frontier covers a smaller range of risk. Indeed the risk

of the portfolios on the frontier goes from about 4,5 to about 9,5 when the

interest rate is equal to 4%, while it goes from about 4,5 to about 4,8 when

the interest rates are equal to 6%, 8% and 10%. So basically, as the interest
4We considered 1000 different portfolios
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rates increases, the efficient frontier reduces. In this way the choices of the

portfolio composition for the electricity producer become gradually smaller.

(a) r=4% (b) r=6%

(c) r=8% (d) r=10%

Figure 2.5: Efficient MV frontiers without constraints

If we look at the compositions of the portfolios5 lying on the efficient fron-

tiers (Figure 2.6), we see first of all that they are dominated by conventional

technologies. Except when the interest rate is equal to 4%, the portfolios

on the efficient frontier are composed only by conventional technologies. In

the first case (Figure 2.6(a)), we have some portfolios that contain renew-

able technologies (hydro), whose quota increases as portfolio’s risk increases.

The last three cases (Figure6 2.6(b), 2.6(c) and 2.6(d)) are similar. We have

portfolios dominated by NGCC, with a small quota of PC, that decreases as

portfolio’s risk increases. This confirms the results obtained by Roques et
5Portfolios are ordered from less to more risky
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al.[60]. It confirms also the current trend of electricity production in Italy,

where natural gas is the most used electricity generation source and its quota

is increasing.

(a) r=4% (b) r=6%

(c) r=8% (d) r=10%

Figure 2.6: Portfolio compositions for different interest rates.

2.3.2 Optimal portfolio with constraints on renewables

In this section we see the efficient frontier obtained by placing a constraint

on electricity production. We impose that the electricity producer must

produce a certain quota of electricity from renewable sources. We suppose

in particular a minimum of 17% of total electricity to be produced from

renewable sources. This represents the target set for Italy by the EU for
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the energy production from renewable sources. We see what happens as this

quota increases.

(a) r=4% (b) r=6%

(c) r=8% (d) r=10%

Figure 2.7: Efficient MV frontiers with constraints on renewable production

Figure 2.7 shows a comparison between the efficient frontier in the case

of constraints and in the case without constraints. As we can see, the con-

straints reduce the feasible portfolios for the investor. In general there is an

increase of risk with the same return, so the solutions obtained in the case

of constraints are, as we could expect, sub-optimal. Moreover, as the con-

strained quota of renewables increases, the efficient frontier reduces and so

the possibilities for the electricity producer decrease. This is clear especially

in the case when the interest rates are equal to 4%. In this situation the ef-

ficient frontiers computed with constraints on renewables, partly overlap the

efficient frontier without constraints, and as the renewable quota increases,
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the efficient frontier gradually reduces. Moreover, as the constrained renew-

able quota increases, portfolios’ return decreases and becomes even negative.

This is particularly evident in the case of r = 10% (Figure 2.7(d)) where re-

turns of the portfolios lying on the constrained frontiers are always negative.

(a) r=4% (b) r=6%

(c) r=8% (d) r=10%

Figure 2.8: Portfolio compositions with constraints on renewables (17%)

If we look at the compositions of the portfolios lying on the efficient

frontier, when the renewable quota is equal to 17% (Figure 2.8), the situation

is slightly different than the previous case, when there aren’t any constraints.

We have portfolio dominated by conventional technologies, with renewable

technologies that enter in the efficient frontier only for a quota equal to

the constraint (except when r = 4%). However, in this case we have two

renewable technologies in the optimal portfolios: hydro and offshore wind.
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In particular, offshore wind enters the composition of less risky portfolio and

is gradually substituted by hydro as portfolio’s risk increases.

Figure 2.9: Efficient frontiers with 100% renewable technologies

If we consider the limit case of a portfolio composed only by renewable

technologies, we would have an efficient frontier with portfolios composed

only by offshore wind and hydro. Efficient frontiers in this situation are

reported in figure 2.9. As we can see, portfolios lying on the frontiers exhibits

always negative returns except in the case of r = 4%. This is the only case

where it would be economically efficient (from a risk-return perspective) to

hold a portfolio made only of renewable sources (i.e. hydro).
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2.4 Optimal SMAD portfolio

In this section we consider the optimal portfolio obtained when we use the

SMAD model. The only difference between this model and the MV model is

in the way we measure risk. In this case we consider only negative deviations

from portfolio’s mean, so we suppose that for an investor, only downside risk

is relevant.

(a) Efficient frontier without constraints (b) Renewable quota at 17%

Figure 2.10: SMAD efficient frontiers

In figure 2.10 we report the results obtained by using the SMAD model.

As we can see, the results in terms of expected return are similar to the one

obtained with the MV model. If we look at portfolio composition ( Figure

2.11) we see that also in this case, the portfolios lying on the efficient frontier

are dominated by conventional technologies. The results are similar to the

case of MV model. This is due to the fact that NPV distributions are very

close to normal. We con notice a little difference if we look at the case of

constraints on renewable energy production, when r = 10%. In this case we

see that also wind offshore enters in the portfolio composition, although in a

very small part.
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(a) No constraints (r=4%) (b) Renewable quota 17% (r=4%)

(c) No constraints (r=6%) (d) Renewable quota 17% (r=6%)

(e) No constraints (r=8%) (f) Renewable quota 17% (r=8%)

(g) No constraints (r=10%) (h) Renewable quota 17% (r=10%)

Figure 2.11: Portfolio compositions using SMAD model
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Chapter 3

Incentives for renewable energy

3.1 Introduction

In this section we analyze the incentive schemes that are being currently

adopted, with a particular focus on Italy and European Union. We then

apply the model seen before to construct the optimal portfolio in the presence

of incentives for renewable energy.

Before analyzing the support schemes we have to answer one question:

why should renewable technologies be incentivated? First of all we have to

say that, in order to ensure their development, the government involvement

is essential in the initial phase, so as to protect them from direct competition

with existing (conventional) technologies. Of course, without this support,

market forces alone would end up in a limited diffusion of these technologies,

and so there wouldn’t be the possibility to benefit from learning effects in

order to become competitive. However this doesn’t answer the initial ques-
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tion.

The justification for a support by the government can be given by con-

sidering renewable energy sources as a way to correct negative externalities

resulting from the use of fossil fuels and to achieve dynamic efficiency by

stimulating technical change.

About the first point, the main characteristic of renewables is that they

contribute to the preservation of public goods, such as clean air and climate

stability. Public goods are non-excludable and non-rival. For these reasons,

private sector is not encouraged to invest in something that everyone can

acquire free of charge. With the liberalization of the electricity market there

is a partial response to this problem. In this way we enable consumers who

want to pay for these goods to purchase electricity produced from RES to a

higher price. There could be however a problem of free-riding.

About the second point, we can say that a new technology will become

efficient gradually as a result of the process of learning by using. So incentive

system are required in order to allow the diffusion of renewable technology

beyond their narrow market niche. This would result in a competition be-

tween traditional and new generating technologies, which would stimulate

technical progress. This constitutes a sufficient justification for providing

public support for renewable energies.

Finally there is the need of a support policy, coming from the European

Directive 28/2009, which set for each country of the EU different targets

about the quota of energy to be produced from renewable sources. For Italy

in particular, the target has been set at 17%.
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3.2 Different incentive types

If we consider the different incentive policies used in the European countries

in the last years for the promotion of RES, we can divide them into four main

categories: feed-in tariffs, capital subsidies, competitive bidding processes

and tradable green certificates. These four categories are either price-based

or quantity-based.

In a price-based approach, the public authority set a fixed price at which

the electricity produced from renewable sources can be sold. In a quantity

based approach, the authority set a quantity of energy that must be pro-

duced through renewable sources. We now see in detail the different incentive

schemes.

3.2.1 Feed in tariffs

The feed-in tariff scheme falls in the price-based approaches. The main char-

acteristic of a feed-in tariff policy is that it offers guaranteed prices for fixed

periods of time for electricity from renewable energy sources. This involves

an obligation by electricity utilities to purchase all the electricity produced

by renewable energy producers, which operates in their service area.

There are different type of feed-in tariff schemes. The main distinction

between different feed-in tariff policies lies on whether the remuneration

they offer is dependent or independent from the actual electricity market

price. Couture and Gagnon [24] identify seven different ways to structure a

FIT, four falling in the market-independent category and three falling in the
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market-dependent category.

Market independent FIT

All market-independent FIT policies are characterized by a fixed price at

which the energy generated from RES will be bought for a contracted period

of time. This price will remain fixed for all the duration of the contract,

independently of the retail price of electricity.

We can have a fixed price model in which the price remains independent of

all other variables, such as inflation or the price of fossil fuels. The fixed price

is set by considering the cost of the renewable technology, so it is different

for each type of renewable source considered.

Another option for market-independent FIT is a fixed price model with

full or partial inflation adjustment. This protects the investor from a decline

in real value of the project revenues, which is a possible disadvantage of the

fixed price model.

A third market-independent FIT policy option is the front-end loaded

model. With this policy, higher payments are offered during the first years

of project’s life, while lower payments are offered in the last years.

A last variant of market-independent FIT is the spot market gap model.

In this model, the payment consists of the difference between the spot elec-

tricity market price and a fixed price. So the total remuneration in this

model is a fixed price consisting in the electricity market price plus a vari-

able compensation in order to reach the fixed payment. In this model, as

electricity prices increases, the variable premium decreases and vice versa.

If the electricity price is higher than the fixed price, then the premium is
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negative.

Market dependent FIT

Market-dependent FIT policies are characterized by variable payments, which

depend on the actual market electricity price.

The first market-dependent FIT policy option we examine is the premium

price model. In this model a fixed constant payment is offered above the

market electricity price. In this way, total payment fluctuates according to

the market price of electricity and renewable energy producers receive more

when electricity price goes up and less when electricity price goes down.

A second possible market-dependent policy option is represented by the

variable premium price model. In this policy option, the premium amount

declines gradually as retail price increases, until the retail price reaches a

certain level, after which the premium is equal to zero. When this happens

the renewable electricity producer receives the spot market price. Figure 3.1

shows a representation of how this policy works. A policy design of this type

was recently introduced in Spain.

The last FIT policy option we consider, is the percentage of the retail price

model. In this model the payment made to the renewable energy producer

consists of a fixed percentage of the retail electricity price. This makes the

remuneration received by renewable energy producers totally dependent on

changes in the market electricity price. This model was used in Germany

and in Denmark in the 1990s and in Spain between 2004 and 2006.
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Figure 3.1: Variable premium FIT policy design. Source: Couture and
Gagnon (2010)

3.2.2 Capital subsidies

Capital subsidies are, like feed in tariffs, a price-based policy instrument.

This is the easiest incentive scheme to implement. With this incentive pol-

icy, the renewable energy producer simply receives from the government a

quota of the capital cost in which he incurred for the construction of a new re-

newable energy plant. This gives the opportunity to the electricity producer

to cover part of the initial expenses, but then his remuneration is equal to

the one received by a conventional energy producer.

3.2.3 Competitive bidding processes

Competitive bidding processes fall in the quantity-based incentive category.

With these type of incentive policy, the authority defines a reserved market

for a given amount of renewable energy and organizes a competition between
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renewable energy producers in order to allocate this amount. As in the case

of feed in tariffs, electric utilities are obliged to purchase electricity from

these producers. In this case however, the price is not fixed.

All renewable electricity producers compete with each other on the price

per kWh. In the bidding process all the proposals are classified in increasing

order of cost until the amount of energy set by the regulator is reached. Each

producer then will supply electricity with a long term contract, at the bid

price. In this case the marginal cost is represented by the cost of the last

selected project.

(a) Feed-in tariff (b) Competitive Bidding Process

Figure 3.2: Feed-in tariff vs competitive bidding process. Source: Menanteau
et al. (2003)

Figure 3.2 summarizes the difference between feed-in tariffs and competi-

tive bidding processes. In the first case (3.2(a)) we start from the price (Pin)

to determine the quantity produced (Qout) and the total cost of reaching the

target is given by the area Pin × Qout. In the case of competitive bidding

(3.2(b)) processes, we start from the quantity to be produced (Qin) to deter-

mine the marginal price (Pout). In this case the overall cost of reaching the

target is given by the area under the marginal cost curve.
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3.2.4 Green certificates

Like competitive bidding processes, also green certificates are a quantity-

based policy instrument. In a system based on green certificates, renewable

electricity producers sell their energy in the usual electricity market at market

prices. So there isn’t any obligation by electric utilities to purchase electricity

from renewable producers. At the same time the producers receive a certain

quantity of certificates for every MWh of electricity produced and they can

sell this certificates in a separate market. So the remuneration for renewable

producer is made of two components: the price of electricity and the price of

the certificates.

The certificates are demanded by obligated buyers (conventional electric-

ity suppliers or consumers) who must buy a quantity of certificates corre-

sponding to a certain quota of their total energy production or consumption.

This obligated buyers can choose whether to buy the green certificates or to

purchase the green energy directly from a renewable energy producer or even

decide to produce renewable energy by themselves.

Green certificates are a market instrument in the sense that their value is

not fixed, but depends on the demand and supply. In this case electricity pro-

ducers don’t know with certainty their remunerations. The overall amount

of green electricity to be generated is decided for the whole country and then

is divided among each operator. Since operators have different marginal pro-

duction cost curves, green certificates enable quotas to be distributed in an

efficient way.

Incentive schemes based on green certificates are also known with the
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name of Renewable Portfolio Standard (RPS) (see for example [57]).
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3.3 The current situation of incentives

3.3.1 Incentives in Italy

After the approval of the Climate-Energy package by the European Council

on 12 December 2008 and the following European Directive (28/2009), which

set as a target for Italy that by 2020, energy produced from renewable sources

should be equal to 17% of total energy production, the Italian government set

a series of incentive schemes to reinforce the support to renewable energies.

The incentive schemes adopted by Italy (but also by other countries)

has focused mainly on the electricity sector, neglecting almost entirely the

heating sector, although the European directive doesn’t put any distinction

between these two types of energy.

The support schemes adopted for renewable energy adopted in Italy, be-

long to both price-based and quantity-based categories. In particular, they

are classified in: Conto Energia, Certificati Verdi, Tariffa Omincomprensiva

and CIP6 system.

Conto Energia is a price-based incentive. It is in particular a fixed price

FIT, which guarantees to the electricity producer a fixed payment for a period

of twenty years. This type of incentive has been given in particular for the

PV sector. There has been five different incentive programs starting from

2005. The last program (Quinto Conto Energia) started in 2010 end ended

in July 2013, without the emanation of a new program.

Certificati Verdi (Green Certificates) are a quantity based incentive, as
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explained above. They were introduced by the Legislative Decree 79/99 and

are awarded to renewable plants for electricity production from wind and

water, which came into operation before 31 December 2012.

Tariffa Omnicomprensiva is a fixed price FIT, which represents an alter-

native to the Green Certificates for the electricity produced from hydro and

wind. The electricity producer is rewarded with this fixed tariff for a period

of fifteen years.

CIP6 system started on 29 April 1992 with a decision of Comitato In-

terministeriale Prezzi (CIP). It is a price-based incentive and in particular

belongs to the premium price FIT category. in fact it consists in a fixed price

paid for the electricity produced from renewable sources in addition to the

market price of electricity. The CIP6 tariff has been suspended for the new

plants.

3.3.2 Incentives in Europe

Figure 3.3 shows a summary of support schemes currently adopted in Eu-

rope. As we can see, most of the countries considered adopt feed-in tariffs

as support for renewable energies. Only few countries (including Italy) use

green certificates. This has brought to a huge increase of the policy costs

for supporting renewables, which has been reflected on an increase of the

electricity bill paid by final customers.

This increase in costs has been acknowledged both theoretically and prac-

tically, as we can see for example in Falbo et al. (2008), where an analysis
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performed on wind incentives (in Italy and in Germany) showed that feed-in

tariffs were excessively high, and a support scheme based on market type

incentive could have achieved better results in term of costs for the whole

country.

Figure 3.3: RES Support schemes for electricity production. Source: CEER
2011

Currently most countries are progressively reducing support to renewable

energy, as in the case of Italy. However, there is still a huge burden for the

countries due to the incentives, which still have to be paid for the existing

plants.

58



3.4 Assessment of the different policies

There is currently a strong debate about which policy is the most efficient

for the development of renewable technologies. In particular the debate is

focused mainly in the comparison between two different support schemes:

feed-in tariffs and green certificates. We see here a brief review of the litera-

ture about the assessment of these different incentive policy, highlighting the

advantages and disadvantages of each support scheme.

Menanteau et al. [49] examine the efficiency of the different support

schemes, both from a theoretical and a practical point of view, by looking at

examples of how these instruments have been implemented. They conclude

that feed-in tariffs are more efficient than a bidding system, but they highlight

the theoretical advantages of a green certificate system.

Falbo et al. [31] use data from the Italian green certificate market, to show

that an incentive system based on certificates rather than feed-in tariffs is

more consistent with the target of the equality between expected profit from

electricity production from a renewable and a conventional plant (the so

called "grid parity").

Bergek and Jacobsson [12] use data from Swedish tradable green certifi-

cate (TGC) market to show that a TGC system should be selected if the

main concern is to minimize short term social costs of reaching the EU tar-

get. This is confirmed also by Aune et al. [4] who show that a TGC market

may help to cut the EU’s total cost of fulfilling the target by as much as

70%. However the development of a TGC market cannot be expected to

drive technical change, keep consumer costs down and be equitable.
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Jenner et al. [39] focus their attention on the FIT system. They analyze

in particular the FIT policies implemented in EU in the 1992-2008 time

period. Their analysis confirm the shared opinion that feed in tariffs helped

the development of the RES capacity in Europe, especially for solar PV.

However, this could have been done in a way that has been too expensive.

Other studies about the assessment of the different support schemes can

be found in [66], [54], [58], [61], [45], [52], [51], [50], [41], [29], [24], [16] and

[7].
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Chapter 4

Optimal electricity portfolio with

incentives for renewables

In this section we apply the same model, we have seen in the previous chapter,

to compute the optimal portfolio of electricity production, when renewable

technologies receive incentives from the government. We consider different

incentive schemes for each technology. In particular we suppose that electric-

ity production from wind and hydro plants is rewarded with green certificates

1, while photovoltaic plants are supported with a feed-in tariff 2, which is the

actual support policy applied in Italy in the last years. In this way we could

also evaluate the effectiveness of this policy.
1We suppose that the electricity producer receives for a period of time of 15 years 1

green certificate for every MWh of electricity produced from an hydro or an onshore wind
plant, while it receives 1,5 certificates for every MWh of electricity produced from an
offshore wind plant.

2We suppose that the electricity producer receives a fixed tariff for 20 years equal to
343 e/MWh, which is the average tariff paid from 2008 to 2012 under the Conto Energia
incentive scheme.
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Green certificates represent a further risk factor for the renewable elec-

tricity producer. Price of green certificates is not fixed and varies according

to the market. We supposed that green certificates prices are normally dis-

tributed and we included them in the Monte Carlo simulations in order to

compute the new NPVs of the plants under the assumption of incentives for

renewables. We used prices of green certificates from 2008 to 2012 to com-

pute the mean, the standard deviation and the correlations between GC and

the other variables previously considered. Data are taken from Bloomberg

database.

Table 4.1 reports a summary of the data. As we can see, correlations

between green certificates and the other variables are always negative.

(a)

Unit Mean St. Deviation
Green certificates e/MWh 83,14 4,44

(b)

Electricity
(average)

Electricity
(peak)

Natural
gas

Coal EUA

Correlations -0,776 -0,638 -0,516 -0,406 -0,234

Table 4.1: Mean, standard deviation and correlations of GCs
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4.1 Net Present Values

We report here the distributions of the NPVs of each plant under the as-

sumption of incentives for renewables. Figure 4.1 shows the distributions

obtained with the Monte Carlo simulations.

As we can see, with incentives, renewable technologies become compet-

itive with conventional ones. Even PV, which in the previous case had an

NPV far below the NPVs of the other technologies, is competitive at least

when interest rate used for evaluation is low.

If we look at the statistics of the NPV distributions (table 4.2 and 4.3),

we see that the introduction of incentives, not only increases the mean of

renewable NPVs, but also decreases their standard deviation, thus decreas-

ing risk. This partly confirms the results obtained by Falbo et al. [31]. In

particular the risk related to a PV plant heavily reduces especially in the

case of low interest rates. However, renewable plants are still more risky

than NGCC plants. Conventional plants NPVs instead slightly decreases,

because with a green certificates market, the conventional producer is forced

to buy a quantity of certificates equal to a certain quota of total electricity

production3.

Looking at the correlations, the major change compared to the previous

case concerns the PV. In fact, we have that the NPVs of a PV plant are

almost uncorrelated with all other plants. This is due to the fact that with

a feed-in tariff, the revenues for a PV plant are almost fixed for the whole

plant life. The only factor, which affects revenues is the capacity factor of
3We supposed here a quota of 2%
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the plant, which we assumed to be independent from the other risk factors.

(a) Mean of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% 9,663 9,143 44,855 56,283 46,605 35,650
r=6% 7,950 4,487 37,542 50,672 39,852 -2,166
r=8% 5,851 -1,302 28,419 43,022 30,901 -49,273
r=10% 3,344 -8,374 17,395 33,438 19,848 -105,438

(b) Standard deviation of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% 5,116 7,658 6,444 6,103 7,032 9,794
r=6% 5,099 7,729 6,352 6,039 6,841 13,494
r=8% 5,114 7,952 6,352 5,978 6,787 18,016
r=10% 5,188 8,275 6,471 5,915 6,741 22,648

(c) Minimum of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% -9,443 -19,059 16,276 27,703 15,080 -21,351
r=6% -11,525 -24,467 8,473 23,406 8,620 -95,424
r=8% -14,624 -31,018 0,287 16,068 1,107 -153,193
r=10% -17,588 -38,740 -15,789 8,736 -11,306 -232,715

(d) Maximum of NPVs

NGCC PC Wind on Wind off Hydro PV
r=4% 31,981 40,921 73,950 82,833 75,775 72,821
r=6% 28,290 36,981 63,845 77,514 68,802 41,278
r=8% 28,491 28,505 54,357 66,839 58,886 11,299
r=10% 23,759 22,603 43,215 57,175 46,566 -24,665

Table 4.2: NPV distributions statistics with incentives for renewables
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(a) r=4%

NGCC PC Wind on Wind off Hydro PV
NGCC 1,000 0,187 0,746 0,708 0,754 0,002
PC 0,187 1,000 0,622 0,582 0,635 0,001

Wind on 0,746 0,622 1,000 0,957 0,975 0,004
Wind off 0,708 0,582 0,957 1,000 0,951 0,004
Hydro 0,754 0,635 0,975 0,951 1,000 0,003
PV 0,002 0,001 0,004 0,004 0,003 1,000

(b) r=6%

NGCC PC Wind on Wind off Hydro PV
NGCC 1,000 0,196 0,740 0,695 0,749 0,000
PC 0,196 1,000 0,614 0,568 0,627 0,003

Wind on 0,740 0,614 1,000 0,941 0,966 0,002
Wind off 0,695 0,568 0,941 1,000 0,938 0,001
Hydro 0,749 0,627 0,966 0,938 1,000 0,002
PV 0,000 0,003 0,002 0,001 0,002 1,000

(c) r=8%

NGCC PC Wind on Wind off Hydro PV
NGCC 1,000 0,201 0,730 0,674 0,740 0,000
PC 0,201 1,000 0,607 0,551 0,616 -0,003

Wind on 0,730 0,607 1,000 0,918 0,950 -0,003
Wind off 0,674 0,551 0,918 1,000 0,917 -0,004
Hydro 0,740 0,616 0,950 0,917 1,000 -0,004
PV 0,000 -0,003 -0,003 -0,004 -0,004 1,000

(d) r=10%

NGCC PC Wind on Wind off Hydro PV
NGCC 1,000 0,207 0,717 0,651 0,726 -0,001
PC 0,207 1,000 0,589 0,527 0,603 0,000

Wind on 0,717 0,589 1,000 0,884 0,922 -0,003
Wind off 0,651 0,527 0,884 1,000 0,885 -0,003
Hydro 0,726 0,603 0,922 0,885 1,000 -0,001
PV -0,001 0,000 -0,003 -0,003 -0,001 1,000

Table 4.3: Correlations between NPVs with incentives for renewables
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4.2 Efficient frontiers with incentives on

renewables

Figure 4.2 shows the efficient frontiers obtained in the case of incentives for

renewable technologies, while figure 4.3 shows a comparison between the two

cases. As we can see, the efficient frontiers obtained with incentives dominate

the efficient frontiers obtained in the previous case. So there is a huge increase

of the possible production mixes available to the electricity producer.

Figure 4.2: Efficient MV frontiers with incentive for renewables

If we look at the composition of the portfolios lying on the efficient fron-

tier, the situation is much different from the previous case. We now have

more renewable technologies in the portfolio. In particular in this case wind

offshore and PV enter in the portfolio composition, with a quota that in-

creases as portfolio’s risk increases.
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Figure 4.3: Efficient frontiers without incentives vs efficient frontiers with
incentives

(a) r=4% (b) r=6%

(c) r=8% (d) r=10%

Figure 4.4: Portfolio compositions with incentives on renewables.
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In the case of incentives for renewables it is also possible (and economi-

cally convenient from a risk-return perspective) for the electricity producer,

to have an electricity production entirely made from renewable sources.

Figure 4.5 shows a comparison between efficient frontiers containing all

technologies (blue lines) with efficient frontiers containing only renewables

(green lines). Obviously in the second case there is a reduction of the possi-

bilities for the electricity producer, but there is at least one portfolio which

is feasible in both cases, so there is at least one portfolio containing only

renewables, which is efficient. This didn’t happen in the previous case where

we supposed the absence of government support for renewables.

Figure 4.5: Efficient frontiers containing all technologies vs efficient frontiers
containing only renewables
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Conclusions

The analysis performed shows some interesting results, which allow us to give

an assessment of the actual incentive policy and to suggest some refinements

for future policies.

The first important result is that, without incentives, no electricity pro-

ducer would invest in renewable technologies. The only exception is rep-

resented by hydro, which however has limited development opportunities,

given that the hydro sources in Italy have been almost completely exploited.

If we analyze the italian policy of incentives, based on this result, we can say

that the target of improving the efficiency of renewable technology, in order

to reduce their costs has been missed. Renewable technologies are still too

much expensive and cannot compete with conventional sources, unless some

kind of support is given.

Another important results concerns the evaluation of the actual support

policy set by the Italian government. If we look at the portfolios obtained

considering incentives for renewables, we see that these incentives favored in

particular two technologies: offshore wind and PV. In particular, for PV, we

have a situation of a technology, with a NPV far below the NPV of the other
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technologies, that, with incentive, becomes competitive. With incentives,

not only renewable technologies become competitive with conventional ones,

but they become in some situations even more profitable. Therefore, the

same results could have been obtained with a less expensive support scheme,

or with a different distribution of incentives among the various technologies.

Thus, a possible improvement to the actual incentive policy could be to use

a support scheme more based on green certificates rather than fixed feed in

tariffs. In this way, only more competitive technologies could be favored,

with a less expensive policy.

Finally, it should be observed that all the results of this work are ob-

tained for the Italian market, with plant costs and fuel and electricity prices

corresponding to the period 2008-2012. Further research should be focused

on confirming these results by taking also into account possible variations

of plant costs, especially for renewable plants, which could decrease in the

future.
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