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Abstract

The existence of various sources of electricity is essential for the reduction of external power supply
and instability in the markets responsible for the trading of pre-coal and fossil fuels. In this dissertation
a study of the Portuguese electricity system was carried out, in order to predict the best economic
benefit of an investment in intermittent renewable technologies.

In this dissertation, is used a method similar to that used by Alan D. Lamont in 2006, when
studying the impact of intermittent energies in California, therefore an adaptation of the methodology
of the ”screening curve” or the monotonous curve. The fixed costs, and variables costs, were used in
order to allow a calculation of the total System Cost minimization, as well as the Marginal Value of
each technology. It was used to this analysis, consumed and produced energy in every hour throughout
2015.

In economic terms, by the values calculated in order to have a greater cost minimization, as well
as through the Marginal Value of each source, it has been demonstrated that Coal remains a certain
investment, as well as Thermal and finally, the Wind Turbines. It was then demonstrated that, for the
2015 data of the Portuguese Electricity System, according to this study, that Photovoltaic still not very
interesting for investment at this point.
Keywords: Minimization of System Cost, Marginal Value, Intermittent Renewable Sources, Coal,
Wind, Photovoltaic

1. Introduction

In the last ten years, Portugal has witnessed a ma-
jor development in the field of renewable energy
sources. The traditional source of energy, namely
fossil fuels, has gradually been replaced by clean
energy sources. This transition was possible due to
the great technological evolution we are witnessing,
together with the greater awareness of the impor-
tance of environmental and ecological preservation
[11] [6] [5].

In addition to the fact that if we are a country
without fossil fuel reserves, the introduction of these
technologies is a great asset, but their intermittent
nature can be a disadvantage (especially in the case
of solar and wind energy). To cover this risk, the na-
tional electricity system must be able to overcome it
by developing new solutions capable of maximizing
the potential of these energy sources.

Currently, energy production from renewable
sources plays an important role in Nacional Elec-
tric System (NES) and was responsible for almost
50% of energy production in 2015. Of this percent-
age, 24% were obtained from intermittent Renew-

able Energy Sources (RES) solar and wind , which
will be the target of this study.

Due to the strong commitment by the Portuguese
governement to the development of these new en-
ergy sources, this sector has grown considerably in
recent years, however, there is still a large margin
for its expansion, namely through the installation
of more photovoltaic plants. As already pointed
out, the main reserve in relation to RES is due to
its intermittent nature due to the meteorological
variability, which may cause some instability in the
national electricity system.

1.1. State of the Art

Portugal is a country rich in endogenous energy re-
sources (sun, wind, water and biomass) and without
reserves of fossil fuels, thus having a huge potential
for exploration of RES. This brings us great advan-
tages by investing in RES and puts us in less depen-
dence on traditional energy sources, while promot-
ing the economic and environmental sector. The
target for 2020 is to achieve 60% of electricity pro-
duced from RES, which should be accompanied by
a 20 % increase in energy efficiency.
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Figure 1: Electricity generation by source.

From the figure 1, above, one can make an analy-
sis of the electricity production by power source in
the last 16 years. As can be seen, the dependence
of NES on fossil fuels is still quite high, although its
consumption has tended to decrease over time. On
the contrary, as of 2005, there is a marked growth
of energies in renewable. Although Portugal has
the capacity to produce all the energy consumed,
the balance of trade with other European countries
was motivated essentially by the market price. As
from 2002, the share of the import balance in the
total electric energy became visible, decreasing in
parallel with the bet in the national RES. In this
way, the need and the advantage of betting on these
energies is reinforced again.

Figure 2: Renewable Electricity Generation [1].

The figure 2 allows us to analyze the Renewable
Electricity Generation in the last 16 years, where
we can see a trend growth in the consumption of all
energy sources represented, hydroelectric power sta-
tions, whose consumption has remained constant.
Particularly worthy of note is the strong focus on
the wind power sector and, secondly, biomass. Also
to appreciate the bet on solar energy, whose use was
negligible until 2009 and with a somewhat signifi-
cant growth, although below the other technologies
due to its high cost.

2. Background

In this section we present the mathematical fun-
damentals used. An adaptation of the method
used by Alan D. Lamont in 2006 will be used

to determine the long-term value of intermittent
electricity generation technologies in California. [7].

2.1. Multi-Sample Shift Invariant Probabilistic La-
tent Component Analysis

The equations for optimum conditions taking into
account the intermittent generators of the system
will now be derived. To expose the problem it is
assumed that there is a set of generators that meet
the demand during a year of operation. For conve-
nience, the year will be divided into periods of 1h
(8760 hours per year), although the analysis could
be conducted during any other period of time. Ev-
ery hour there is a demand to be matched to the
dispatch of generators to match demand with the
least cost. Generators can be a mixture of dis-
patchable and intermittent generators. Given the
set of hourly demands, costs and efficiencies of the
generators, and the hourly output of the intermit-
tent generators, will it be interesting in the case of
Portugal investing in more intermittent technolo-
gies (solar and wind)? In this Chapter all formulas
and explanations are based on the article by Alan
D. Lamont [7].

There is a set of generating technologies in which
each is called by the letter g. These are dispatchable
to match demand / demand every hour, Dmndh.
Some of these technologies are intermittent so that
in a few hours their available capacity is only a frac-
tion, PFg,h, of their type or peak power. For a
dispatchable generator, PFg,h is 1.0 for every hour
(we ignore forced interruptions in this analysis). For
the formulation below, it is essential to observe the
hours at which a technology is fully ”dispatched.”
We indicate the set of hours that the generator g
used its available capacity as H∗

g. The entire set of
variables and parameters is as follows:

CSTtot - Total annual cost of system (e/ano)
Decision Variables:
CAPg - The capacity of generator g, which is the

peak output available from generator g (kW).
Outg,h - Output of the generator g in the hour h

(kW).
Derived Variables:
H∗

g - The set of hours where generator g is dis-
patched to its full available capacity.

CFg - Capacity factor of generator g.
MargValg - The Marginal value of a unit of ca-

pacity for generator g.
Model Parameters:
CSTcapg - Annual capital cost of one unit of ca-

pacity for generator g (e/kW − year).
CSTvarg - Variable operating cost of generator g

(e/kWh).
Dmndh - Demand in hour h h (kW).
PFg,h - Production factor for generator g in pe-

riod h. This is the fraction of the peak output that
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generator g can provide in period h.
H - Number of hours in a year, 8760.

2.2. Analysis
The annual cost of the system, which is the sum
of annual capital costs for all generators plus their
operating costs throughout the year, will be min-
imized. Even so, minimization is subject to the
following limitation: the hourly total output must
equal demand at the same time, and each generator
must provide its available capacity or less.

Minimize:

CSTtot =
∑
g

[
CAPg · CSTcapg

]
+

∑
h

∑
g

[CSTvarg ·Outg,h] (1)

Subject to:

Outg,h ≤ PFg,h · CAPg para todo g e h (2)

∑
g

[Outg,h = Dmndh] para todo g e h (3)

So:

Outg,h = PFg,h · CAPg para h ∈ H∗g , para cada g (4)

Based on these we form the Lagrangian as:

L =
∑
g

[
CAPg · CSTcapg

]
+

∑
h

∑
g

[CSTvarg ·Outg,h] +

∑
h

λh(Dmndh −
∑
g

Outg,h)

+
∑
g

∑
h∈H∗

g

γg,h(Outg,h − PFg,h · CAPg) (5)

To determine the conditions to be met at the op-
timum, we differentiate with respect to the output
of each generator for each hour, and with respect to
the capacity of each generator.

∂L

∂Outg,h
= 0 =

{
CSTvarg − λh if h /∈ H∗g
CSTvarg − λh + γg,h otherwise

(6)

∂L

∂CAPg
= 0 = CSTcapg −

∑
H∗

g

(γg,h · PFg,h) for each g

(7)

We note that γg,h = λh − CSTvarg is found in
systems for an available output (ie, h ∈ H∗

g). Then
ref 6:

CSTcapg =
∑

h∈H∗
g

[(λh − CSTvarg)PFg,h] para cada g

(8)

The first condition in 6 applies when the genera-
tor g is not at its maximum capacity in hour h. The
generator must be operating so that its marginal
operating cost is λh, the marginal cost of the sys-
tem at that time, which is the variable cost of the
most expensive generator in the system during that
hour. If the second condition applies, the generator
is running to its capacity. In this case your marginal
operating cost is less than or equal to λh. γg,h can
be interpreted as the amount that the cost of the
system would be reduced if there were one more
available power unit of the generator at that time.

By concentrating on the 7, we note that PFg,h

is the additional amount of output that a unit
of capacity can produce at that time. That is, if
PFg,h = 1.0, an additional unit of capacity can gen-
erate an additional unit of energy. If PFg,h = 0.5,
a unit of capacity only generates 0.5 units of
energy at that time. Since γg,h is the difference
between the system price and the marginal cost
of the generator at that time, γg,h ∗ PFg,h is the
additional net income that the generator would
receive at that time from an additional capacity
unit. Taken as a whole, 7 implies that the system
should be configured so that the sum of the net
incomes added to a generator received from an
additional capacity increase equals the cost of an
increment of capacity. Viewed from the system
perspective, this condition implies that the cost
of an additional capacity unit should be equal to
the total benefit it provides to the system. If we
multiply 7 by the total installed capacity for the
generator g, the sum of payments over all hours,∑

h [λh · PFg,h · CAPg], is equal to the total annual
capital cost of the installed capacity.

2.3. Marginal Value

When 8 is applied to an intermittent generator we
note that the variable cost of a generator (at least
those we consider here) is essentially 0. Since the
marginal cost is 0, the intermittent generator is the
first in the load order and its total available capac-
ity is always used every hour. Thus, H∗

g includes
all hours of the year for an intermittent generator.
Given these facts, the expression for the marginal
value of an intermittent generator is simplified to:

MargValg =

H∑
h=1

[λh · PFg,h] = H · E (λ · PFg) . (9)

Where E(.) Is an expected or average value. The
values of PF and λ can be considered random vari-
ables every hour. From this point of view, 9 is a
component of the covariance between PF and λ.
The definition of covariance is:
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Cov(λ,PFg) = E (λ · PFg)− E(λ) · E(PFg) (10)

Note that E(PFg) is only the capacity factor
of the intermittent generator throughout the year,
CFg. Substituting the expression for E(λ ∗ PFg)
into 9 we get:

MargValg = H · E(λ) · CFg +H · Cov(λ,PFg) (11)

3. Implementation and Results
In this section the descriptive presentation and
analysis of the data used is carried out, as well as
the explanation of some approximation criteria for
the formulas presented in chapter 2 and an analysis
of the main results obtained, describing the main
tools used to carry out the analysis.

3.1. Data Processing
First of all, I had to get the data of the Power con-
sumed throughout the year 2015, in hourly inter-
vals, so I made a script with the help of the Matlab
tool, where I would get the daily data (at 15 minute
intervals) to the REN [10] database. Then I merged
all the data into a single file, in order to make pro-
cessing easier. Finally, made the average of each
15 minute intervals corresponding to each hour in
order to obtain the energy consumed in each hour
(dataW ), with units [kWh]. Then i get a table of 14
columns and 8760 lines (total number of hours per
year). These 14 columns correspond respectively to
the following sources: Coal; Oil; Natural Gas; Wa-
ter Reservoirs; Water Wires; Import; Export; Hy-
dric; Thermal; Wind; Photovoltaics; Waves; Pump-
ing; Total Consumed.

Then named the variables dataW (energy con-
sumed every hour). Therefore, I will despise Waves
technology because it is not relevant to the study
in question.

Also got the Installed Power through REN data
[9], then naming the variable Pinst [MW].

Potncia Instalada [MW]:
Coal 1756
Oil 125
Natural Gas 3830
Water Reservoirs 2869
Water Wires 2400
Import 0
Export 0
Hydric 415
Thermal 1356
Wind 4541
Photovoltaics 396
Pumping 375

Based on the formula of the total cost (1) pre-
sented in 2, we can make the following deduction:

CSTtot =
∑
g

[
CAPg · CSTcapg

]
+

∑
h

∑
g

[CSTvarg ·Outg,h] (12)

Cg = Cf + Cv (13)

Cg - Total cost per technology [e]
Cf - Fixed cost [e]

Cv - Variable cost [e]

So to get the total cost of the system (C) you just
have to add up all the total costs of each technology.

CT =
∑
g

Cf +
∑
g

Cv (14)

I will then use the following equation based on
(1) and (14):

CT = Pinst · (cn + dataCSTman)+

creal ·
∑
g

dataW + e ·
∑
h

dataW (15)

3.2. Fixed Costs
The fixed costs are all costs that involve the con-
struction of each plant (leveled for the years of life
of each plant) together with the maintenance costs
of each plant. These costs are very difficult to ob-
tain in Portugal so I will use National Renewable
Energy Laboratory (NREL) data in United States
of America (USA).

Figure 3: Fixed costs of various technologies [8]

These costs are in United States Dollars (USD),
so to convert to [e] just need to multiply them by a
factor of 0.87 (current conversion rate) [3] naming
them dataCSTCap. At this moment it is necessary
to level these values for the years of operation of
each plant, then the following method is applied
[2]:

Va =
cn

(1 + t)n
(16)
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Va - Updated value ie construction costs
(dataCSTcap);

cn - Leveled value, that is to say when it will be
signified per year the value of construction;

t - refresh rate (0,07)
n - number of years of operation of the plant.

The updated value at the end of n years is given
by:

Va =
cn

(1 + t)1
+

cn
(1 + t)2

+ ...+
cn

(1 + t)n
(17)

When summed:

Va = cn
(1 + t)n − 1

t(1 + t)n
(18)

Solving 18 in order to cn:

cn = Va
t(1 + t)n

(1 + t)n − 1
(19)

I then considered the following operating times
for each plant [2]:

Operating Times [years]:
Coal 40
Oil 40
Natural Gas 50
Water Reservoirs 50
Water Wires 50
Import 0
Export 0
Hydric 50
Thermal 20
Wind 20
Photovoltaics 20
Pumping 50

Thus obtaining the following Leveled costs:
Leveled Costs [e/kW-year]:

Coal 182,7223
Oil 61,9951
Natural Gas 62,4097
Water Reservoirs 138,6882
Water Wires 138,6882
Import 0
Export 0
Hydric 132,3841
Thermal 353,1239
Wind 147,8193
Photovoltaics 468,0945
Pumping 132,3841

It can now be observed that the life time / oper-
ation of Coal, Oil and Natural Gas plants is much
larger than most renewable energy plants (except
Hydric). We can also observe that the most expen-
sive technology per year is Photovoltaic, with Eolic
being able to have a value a little below Coal, but
its power plant has a little less than half the life
of a power plant of Coal. We have already noticed

that the technologies with lower costs and with the
longest running time are Petroleum and Natural
Gas. The most interesting Renewable Technology is
thus the Hydro, taking into account only the factors
of the Leveled Costs and the Years of Operation.

Other fixed costs, in addition to the leveled cost
(corresponding mostly to construction) are also
the maintenance costs which I called dataCSTman.
These costs can also be obtained through 3, obtain-
ing:

Maintenance Costs [e/kW-year]:
Coal 20,88
Oil 10,44
Natural Gas 7,83
Water Reservoirs 15,66
Water Wires 15,66
Import 0
Export 0
Hydric 15,66
Thermal 43,50
Wind 26,97
Photovoltaics 17,40
Pumping 15,66

It can then be observed, as maintenance costs
of the intermittent technologies to be considered
element of study in this work ( Wind and Pho-
tovoltaic) have a much higher cost than sources
like coal, oil and natural gas. It is also observed
that hydro technologies, which remain within the
so-called ”clean” technologies, the ones that have
lower costs, a little above the average between coal,
oil and natural gas but still below coal. We can
also observe that the technology with the lowest
maintenance cost is Natural Gas.

3.3. Variable Costs

The variable costs are the energy production costs
of each plant plus the costs of, for example, carbon
dioxide emissions fines.

In relation to energy production costs, the follow-
ing actual values (creal were considered in [e/MWh]
(to be set to [e/kWh] must be divided by a factor
of 1000) [4]:

Production Costs [e/MWh]:
Coal 30
Oil 30
Natural Gas 30
Water Reservoirs 30
Water Wires 30
Import 50
Export 50
Hydric 50
Thermal 90
Wind 98
Photovoltaics 117
Pumping 50

But the values that would theoretically be the
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correct values, would be other (ctheo), because re-
newable technologies would supposedly cost noth-
ing to produce energy, which is not true. The theo-
retical values of these production costs would look
something like this:

Production Costs [e/MWh]:
Coal 30
Oil 30
Natural Gas 30
Water Reservoirs 0
Water Wires 0
Import 50
Export 50
Hydric 0
Thermal 0
Wind 0
Photovoltaics 0
Pumping 0

This discrepancy is due to the existence of con-
tracts with incentives in place with producers of
these energies. These incentives were created for
Portugal to have a higher percentage of ”clean” en-
ergy production, which led to a great sudden in-
crease in investment in this area. An observation
in relation to Import and Export values was con-
sidered 50 e/MWh, since its the cost, in average,
of 1MWh in Portugal [4]. Another variable cost is
the emissions fines(e) that result from the produc-
tion of energy through fossil fuels. These fines are
established by the European Union (EU), but to
facilitate the calculations will be neglected. Then
being based on 15:

e = 0

CT = Pinst · (cn + dataCSTman) + creal ·
∑
h

dataW

(20)

Now is possible to calculate the Total Cost of
the national electricity system:

CT = 6.2520*109 e
or

CT = 6252 M e
It is also possible to determine the total energy

consumption in Portugal in the year 2015 by
adding the energy consumption per hour of each
technology (dataW) and then we obtain:

ConsumptionTotal = 48.9635 TWh

You can now calculate the average cost of
1MWh in Portugal just by dividing Total Cost of
Consumption by Total:

CostAv =
CT

ConsumptionTotal
(21)

CostAv = 127.6875 e/MWh

If the theoretical values of variable costs were
used the values would be as follows:

CT′ = 3.9945*109 e
ou seja

CT′ = 39945 M e
CostAv′ = 81.5813 e/MWh

As expected, the values are significantly lower
with the theoretical costs, since these values of the
cost of production represent a large part of the
total costs of the Portuguese electricity system.

3.4. Production Factor
To determine the PFGh or production factor, which
is only between the percentage of the generated en-
ergy and the maximum of the peak energy. For
these calculations it was assumed that the energy
consumed was the energy produced, and there were
no losses. I made the following approximation
through 5:

PFg,h =
Outg,h
CAPg

(22)

That is, PFg,h is the ratio of the output power
to the capacity of the generator in question. It is
known then that PF is the percentage of the en-
ergy generated at that time and the maximum en-
ergy generated during the year. Therefore, it was
calculated the maximum energy generated for each
technology and divided each energy value by this
maximum:

PFGh =
dataW

dataWmax
(23)

Then we get a PF for each hour, it is interesting
to do average of these several values for each
technology, and then get:

Average Value of Power Factor by Technology:
Coal 0,8862
Oil 0
Natural Gas 0,2389
Water Reservoirs 0,1649
Water Wires 0,2963
Import 0,1680
Export 0,0839
Hydric 0,2845
Thermal 0,7785
Wind 0,3087
Photovoltaics 0,2350
Pumping 0,1256

3.5. Capacity Factor
To determine the CFg or capacity factor, which by
definition is the ratio of what is produced over a
period of time to the maximum total production
capacity. For these calculations it was assumed that
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the energy consumed was the energy produced, and
there were no losses. Then the capacity factor is
the ratio between the consumption and the installed
power, ie:

CFg =
dataWmean

Pinst
(24)

or

CFg =

∑
dataW

Pinst ·H
(25)

dataWmean - Average Consumption Time of each
technology;

H - Total number of hours per year, ie 8760.

A capacity factor is then obtained for each
technology:

Capacity Factor for each Technology:
Coal 0,8899
Oil 0
Natural Gas 0,1581
Water Reservoirs 0,1378
Water Wires 0,2557
Import 0
Export 0
Hydric 0,2245
Thermal 0,6348
Wind 0,2849
Photovoltaics 0,2188
Pumping 0,4466

It can be seen that, except for Coal and Ther-
mal, the capacity factor is relatively low, ie we have
the capacity to produce much more than what we
produce.

3.6. System Cost Minimization
At this point conditions are assembled to min-
imize the total cost of the system through the
equation 9. It is possible to determine through
a recursive function, which will go through each
hour of each technology, the best cost of the system:

dataCSTcapg = dataCSTcapg+

(λh − dataCSTman) ∗ PFGh (26)

λh - Marginal operating cost

λh = cn ∗ dataW (27)

Thus:

System Cost Minimization:
Coal 3.6533
Oil 0
Natural Gas 0.2516
Water Reservoirs 0.1430

Water Wires 0.4121
Import 0
Export 0
Hydric 0.0913
Thermal 4.3054
Wind 3.2642
Photovoltaics 0.1939
Pumping 0.3272

It can be seen that the technologies to be invested
in order to reduce the cost of the system are ,in
order: Thermal, Coal and, finally, Wind.

One can now also determine the marginal value
of each technology (MargValg) through 28:

MargValg = H · E(λ) · CFg +H · Cov(λ,PFg) (28)

Which get:

System Cost Minimization:
Coal 3.7839
Oil 0
Natural Gas 0.7635
Water Reservoirs 0.3948
Water Wires 0.7278
Import 0.8367
Export 0.4250
Hydric 0.1875
Thermal 5.3930
Wind 5.4181
Photovoltaics 0.5787
Pumping 0.3310

As explained, λh is the marginal operating cost
for time rather than energy. Thus, by this factor
the best technologies to invest in the Portuguese
case are: Wind, Thermal and Coal.

4. Conclusions

Based on the consumed power and the production
capacity in Portugal, and with the objectives of
clarifying the interest of the investment in an inter-
mittent renewable technology, as well as reducing to
the maximum the cost of operation of the electrical
system, it was concluded that, it is not interest-
ing to invest in intermittent renewable technologies
such as Photovoltaic.

It has been proven that in economic terms, we are
paying for energy a little above its value, due to ex-
cessive investments in times when the technologies
were not as evolved as they are today, harming their
income. Coal continues to be the great and main
source of energy in Portugal, even for its low cost.
In economic terms also, by the calculated in the
problem of cost minimization, it has been demon-
strated that Coal remains a certain investment, as
well as Thermal and finally Wind. In comparison
to the USA we can see that betting on Natural Gas
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will not be a bad solution as it is a very important
energy source in this country [7].

It was also proved that, in relation to the
Marginal Value, ie the technologies that would
bring the greatest benefit for Portugal by choosing
their investment, are, in order: Wind, Thermal and
Coal. Note that through these indices and through
these data, at the moment it is not interesting to
invest in Photovoltaic.

In a medium term, we may consider the reliability
of an intermittent generator as a benefit. Increasing
the production level of an intermittent generator
will tend to increase the reliability of the system
as a whole, increasing the reserve margin by a few
hours a year. [7]

In a long run it will always be interesting, and
it will always make sense to bet on RES, because
in addition to being less dependent on the outside,
the technologies will be more evolved and thus we
will reduce production costs. Also very important is
that in this study, public health costs are not being
considered, which come from a great bet on fossil
fuels and what this entails for the population.

I suggest for future work a complementary study,
not just looking at the economic issue, but also
at political and commercial issues (such as certain
public incentives to producers, as well as transac-
tions in the energy market).
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