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Spain must reduce its energy consumption by 23% and achieve 100% renewable energy in electricity
generation by 2030. This paper presents the current energy scenario en Spain, and the outlooks for
different renewable options, with special focus on photovoltaic (PV) solar energy. In 2012, Spain was the
number two European country in terms of installed rewnewable energy power. Solar PV technology has
the potential to meet Spain's future energy demand and its associated environmental challenges. This
paper gives a review of solar energy economy at global scale for both PV and thermal power technologies.
The Spanish energy scenario shows actual trends and progress made by solar power. Economic concepts
of levelised cost of electricity and grid parity are presented. The ﬁnancial analysis shows that PV electricity achieves grid parity at a plant proﬁtability rate up to 7.26%.
© 2015 Elsevier Ltd. All rights reserved.
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1. The Spanish energy scenario
1.1. Background information
Energy demand in Spain has followed a parallel growth of the
economy. Fig. 1 shows the growth of primary energy demand in
Spain. It highlights the impact of hydrocarbons in the Spanish energy supply, and also the fact that periods of high inﬂation affect
investment in energy, especially nuclear [1]. The oil crisis in the
seventies not only meant a return to coal and the problematic
development of nuclear energy, but also resulted in high inﬂation
and low economic growth. A strong growth in energy demand
following the 2008 crisis was based on lower oil prices, although
they rebounded in 2012. In the last two decades, the Spanish
economy has experienced an important upward trend. Gross Domestic Product (GDP) has increased 61.7% in the period of
1990e2010 [2], 21 points higher than the 30 founded Organization
for Economic Co-operation and Development (OECD) countries, in
which Spain is included. In the same time period, the population of
Spain increased 18.1% [2], leading to an increase of CO2 emissions
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during that period of 30.7% [2]. The Spanish energy model shows
signs of unsustainability very similar to the global energy model:
runaway growth in demand and CO2 emissions, as well as very high
dependence on fossil fuels [3]. Energy intensity has remained a
growing trend, contrary to the EU-15. A similar trend is apparent
with the intensity of CO2. Both energy consumption (140 GJ/capita)
and CO2 emissions (6.17 t CO2/capita) are fast approaching the
European average [3,4].
The Spanish economy has concentrated its activities in steel,
cement and brick products associated with construction. All this
leads to the assumption that the Spanish economy has been based
on sectors that lead to an unsustainable energy model. Construction and low-cost tourism have provided spectacular economic
growth, but with high energy demands. Meanwhile, the most
advanced economies in the EU-15 have specialised in higher valueadded activities, thus reducing its energy intensity and emissions.
Fossil fuels represented 77% of the primary energy sources used
in Spain in 2011 (oil 44.9%, natural gas 22.1% and coal 9.9%) [5]
(Fig. 2). Nuclear power represented 11.5%, while renewables
accounted for 12% of the energy sector. In terms of electricity
production, the share of renewables in Spain was 31.8% in 2012
(Fig. 3), mostly from wind and hydraulic energy [6]. Spain is the
second country in Europe with the most installed capacity of wind
energy behind Germany, with 22,796 MW installed at the beginning of 2013 [7].
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 n Ejecutiva Confederal de UGT.
Fig. 1. Historical data of the primary energy demand in Spain. Source: Comisio

1.2. Energy and environmental challenges
The analysis of the current energy production model and its
comparison with the evolution of energy consumption clearly reﬂects the limited nature of conventional energy resources as well as
the progressive deterioration of the environment [8,9]. The dramatic increase in energy consumption in the European Union (EU)
since the Industrial Revolution has brought with it a dependence on
external energy sources that could reach 70% in 2020 [10]. Fortunately, there is a growing social awareness of the negative environmental impacts of fossil fuel energy as well as the
environmental problems related to the use of nuclear energy. This
new social conscience of environmental problems and possible
solutions will have a direct effect on how energy challenges are met
in the future. This will doubtlessly signify a reduction in fossil fuel
energy consumption as well as an increase in the production of
renewable energies or energies generated from natural resources
[11].
Spain must reduce its energy consumption by 23% and achieve
100% renewable energy in electricity generation by 2030 [3]. The
ultimate aim is halving greenhouse emissions by 2030 and by 80%
in 2050 (compared to 1990) [3]. Increased use of renewable energies offers a workable solution for environmental problems

caused by other energy sources [9]. For this reason, current European policies are focused on the development and use of renewable
energy [12].
1.3. Renewables trends
The potential of renewable energy in Spain is vast and well
above the national energy demand and existing fossil energy resources. Renewables are the main energy asset of Spain. The potential of solar energy is the highest, and expressed in terms of
installable electrical power, it is of several terawatts (TW). Second is
wind power, with the potential assessed in about 340 GW [13]. The
hydropower potential, estimated at about 33 GW is also very high,
although most of this potential has been developed. Other potential
technologies accredit close to 50 GW, highlighting the potential of
wave energy and geothermal energy; about 20 GW in both cases. In
the ﬁeld of thermal uses, the potential is also very high, highlighting the opportunity of over 20 million tonnes of oil equivalent
(Mtoe) of biomass, the potential over 15 Mtoe of solar thermal or 12
Mtoe of geothermal energy. Unlike electricity, thermal potential in
an area is closely related to the thermal energy demand; but unlike
electricity, thermal energy cannot be carried over long distances
[13].
Counting the development of renewables, the contribution of
these sources to the national primary energy balance in 2011 was
found to be 12% [5]. The sum of all renewable contributions in 2011
was 15,727 thousand tonnes of oil equivalent (ktoe) over a total
primary demand of 131,225 ktoe [5]. The contribution of renewable
energy in 2011 in terms of primary energy was covered in about
two thirds by electricity generation, about 26% through thermal
uses, and about 10% in biofuels for transport. Table 1 shows the
evolution of energy production from different renewable sources
from 2005 to 2011, measured in terms of primary energy [5].
1.4. Solar PV progress in Spain

Fig. 2. Primary energy sources in Spain (2011).
Source: MITyC, 2012.

The potential for solar energy in Spain is massive, determined by
the level of solar irradiation. Spain receives annually an average
global irradiation of 1640 kWh/m2 on its horizontal surface, which
puts the country at the head of Europe [14]. Izquierdo et al. [15],
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Fig. 3. Electricity generation in Spain (2012).
Source: REE, 2013.

using a probability-density function, indicated that 71% of the
feasible territory in Spain receives an annual Direct Normal Irradiance (DNI)1 between 1730 and 2310 kWh/m2. Fig. 42 shows how
the Mediterranean coast is the area with the most potential for
solar technologies [16, 17]. Likewise in Spain, abundant solar resources are available. Spain is in the main world solar markets due
to the solar resource and the following factors [13]:
 Planning objectives, especially since the Renewable Energy
Furtherance Plan, PFER, 1999e2010, which identiﬁes barriers
and proposes actions to overcome them.
 Development of economic and regulatory frameworks to
implement the measures proposed in the plan.
 Promotion of industrial development: technological maturity,
research and development centres.
 Greater social interest in the grid-connected systems with
considerable economic capital inﬂows.
 Diversiﬁcation of activities in traditional sectors involved the
inﬂux of economic and human capital.
Other factors such as simplicity of procedures, the availability of
land, availability of ancillary services and lower administrative
barriers have been of great value in the development of global
incident radiation exploitation in Spain. Fig. 5 shows the distribution of annual global solar radiation in Spain [16, 17].
Spain was the most dynamic of the European PV markets until
2008 [18]. A massive increase in installed power capacity was
observed in the year 2007 and 2008. More than 70% of all European
centralised grid-connected PV plants were located in Spain at this
time [19]. Spectacular growth occurred under the Royal Decree
(RD) 661/2007, which set attractive Feed-In-Tariffs (FIT) [20e23].
One installation hosted in RD 661/2007 received 0.44 V/kWh,

The Direct Normal Irradiance (DNI) [kWh/m2/year] is the amount of solar radiation received per unit area by a surface that is always held perpendicular (or
normal) to the rays that come in a straight line from the direction of the sun at its
current position in the sky.
2
The Global Irradiation [kWh/m2/year] is represented as the yearly sum of direct
and diffuse irradiations incident per unit area on optimally-inclined south-oriented
surface.The Solar Electricity [kWh/kWp] is represented as the yearly sum of solar
electricity generated by 1 kWp system with optimally-inclined modules and performance ratio 0.75.

when the electricity price was around 0.075 V/kWh at the time
[24]. The increase of installations was also helped by the fact that
during this period, many of the bureaucratic obstacles inherent in
the different Spanish public administrative bodies were relaxed in
order to promote investment in the sector [25]. At the end of 2007,
the accumulated electric PV power was surpassing the government
objective set by the Renewable Energy Plan (PER 2005e2010) to
reach 371 MW of PV operating capacity in 2010 [26]. As De la Hoz
et al. [25] analysed, one of the reasons for the outsized installed
cumulative PV power was the control action implemented, which
in fact did not take into account the degree of accomplishment of
the objectives of the economic policy in order to modulate the
value of the FIT being applied. Spain's photovoltaic capacity rose to
3397 MW, amounting to a newly installed capacity of 2707 MW in
2008 [13]. This impressive growth (392% in 2007) is also explained
by the reduction in the photovoltaic energy FIT from the end of
September 2008 (RD 1578/2008), which prompted a rush for installations. Installations under the RD 1578/2008 received only
0.32V/kWh [27]. Moreover, RD 1578/2008 has limited the construction of new PV facilities. This new legislation effectively curbed the growth of Spain's capacity in 2009. However, the additional
PV capacity continued to increase over the following years. This was
because with the subsidies of the RD 1578/2008, PV energy was still
a proﬁtable sector in Spain; although less proﬁtable than with the
subsidies of the RD 661/2007. These additional PV capacities are
presented in the Fig. 6. Cumulative installed capacity reached
5166 MW in 2012 [28]. Spain is the sixth country in the world
ranking of cumulative PV capacity, behind Germany, Italy, China,
USA and Japan [29].

Table 1
Evolution of energy production in Spain from renewable sources in term of primary
energy (ktoe).
2005

2006

2007

2008

2009

2010

2011

1537
1821
4663
256
7
65
8349

2232
2004
4665
170
8
83
9162

2349
2371
4757
379
9
137
10,002

2009
2833
4741
600
11
353
10,547

2271
3278
5005
1056
14
711
12,335

3636
3798
5268
1413
16
1020
15,151

3625
3617
5235
1579
21
1650
15,727

1

Hydraulic
Wind
Biomass and waste
Biofuels
Geothermal
Solar
Total
Source: MITyC, 2012.
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Fig. 4. Photovoltaic Solar Electricity Potential in European Countries in terms of global irradiation [kWh/m2/year] and solar electricity [kWh/kWp].
Source: PVGIS © European Union, 2012.

1.5. The electric grid in Spain
Electricity demand in Spain increased until 2008, with regular
pace from 130,000 GWh in 1990 to 265,000 GWh in 2008 [32].
Since 2008, mostly because of the effect of economic slow down in
the country, electricity demand slightly decreased to 252,000 GWh
in 2012 [6]. In consequence, investments in electrical network
infrastructure, which were continuously increasing from 2006 to
2010, decreased by 5.32% in 2011 regarding 2010, to 819 million V
[5]. These investments planned in the budget of the department of
energy of the Spanish Government, were mainly to develop the
national grid and to maintain actual network infrastructure in order
to support the increase in electricity demand. In the Spanish
Peninsula, at the end of 2012, there were just over 100,000 MW of
installed power capacity for electricity generation, of which 22%
was from wind energy and 6% from solar energy sources [6]. In spite
of improvements made to international electricity connections, the
capacity of electricity exportation to foreign countries only reaches
3% of the total installed power capacity [33,34] because of the lack
of efﬁcient international electricity transmission and distribution
network [1,10,35]. In 2009, a new international electricity connection project was adopted to build a connection through the Pyrenees between Spain and France. It is expected to enter in service in
2014, and will add a capacity of electricity exchange of 3%e6% of the

total installed power capacity of the Spanish Peninsula [5]. This
situation is limiting the exportation of electricity excess that can be
produced in the case of a high renewable energy resource and low
electricity demand. In such conditions, wind turbines, for instance
are forced to be turned off and paralysed restraining them from
producing electricity that will not be consumed. According to
Cayetano Espejo, the coefﬁcient of use for the 25,000 MW wind
energy installed capacity in the Spanish Peninsula was only of 32%
in 2010, which means that wind turbines were producing electricity for less than a third of their production capacity [36]. The
impossibility to harvest a clean, free and available renewable energy from a built and ready-to-use power plant clearly identiﬁes
the need to develop an international, high capacity grid; along with
a more robust, ﬂexible and meshed national grid, which has the
capacity to manage and compensate electricity ﬂuctuations in its
origin-destination in function of climate conditions.
1.6. Solar electricity transmission to Europe
The solar resource in Spain is excellent, with high irradiations
over large areas of land. This is even truer in the Middle East and
North Africa (MENA) countries, where annual DNI values can reach
2712 kWh/m2 in Jordan [37], and over 2850 kWh/m2 in Morocco,
Algeria, Libya and Egypt [38]. Dr. Gerhard Knies calculated that
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Fig. 5. Global solar irradiation (kWh/m2/year) and solar electricity from PV (kWh/kWp/year) potential on optimally-inclined south-oriented surface in Spain.
Source: PVGIS © European Union, 2012.

“within 6 h deserts receive more energy from the sun than humankind consumes within a year” [39]. The enormous solar potential in Spain and MENA locations and the urgent need to reduce
the CO2 emissions from the EU energy system lead to an increased
interest in supplying Europe with solar electricity produced from
large scale CSP technology and decentralised sources [40e42]. CSP
technology is of the highest interest, believed to be the most
appropriate solar technology as it can achieve higher capacity

factor than PV technology when combined with thermal energy
storage system and gas back up system. The establishment of an
EU-MENA electricity grid interconnection can have also positive
impacts on the European energy markets enhancing security of
energy supply and providing affordable energy to consumers.
In 2010, the estimated transmission cost to export electricity to
Europe was V15 to V30 per MWh from Northern Africa, and V23 to
V38 per MWh from the Middle East [43]. According to Peter

Fig. 6. Cumulative and annual installed capacity in Spain. Own elaboration based on data from IDAE [13], EPIA [28] and REN21 [29e31].
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Viebahn, in the NEEDS report, the transmission cost to supply
electricity produced in Spain to Germany would cost V11 per MWh
in 2025 taking in account the time to build transport lines, which
could be overhead or underground [44]. Franz Trieb et al. [38] in
Characterisation of Solar Electricity Import Corridors, estimate
transmission costs of V14/MWh in 2020, reducing to V10/MWh in
2030. The operation consists of implementing a high voltage direct
current line (HVDC) from Southern Spain to the German Border
with a length of 1822 km with converter stations at each end that
allow DC to AC conversion for distribution through the conventional AC grid. An HVDC line for long distance transmission presents the advantage of allowing lower losses than the
corresponding high voltage alternating current (HVAC) system. The
costs of operating such a system would include the costs of building
and maintaining the system of service lines and transformers, and
of measuring and billing electricity. To estimate these costs, Filippini and Wild [45] have identiﬁed the factors that need to be taken
into consideration. They include the maximum demand on the
system, total number of customers served, dispersion of consumers, size of the distribution area, total kWh sold, system security, and transformer capacity.
As shown previously, the Spanish grid is not able to support the
additional electrical capacity that would represent the supply of
solar electricity generated in Spain to foreign countries. This means
that besides investments required for solar power plants, developers need to take in consideration investments on a whole new
HVDC network that can transmit and distribute the power to the
desired market area. Franz Trieb et al. [46] proposed costs of
120,000 V/MW per converter station, and 140 V/MW/km for a
600 kV overhead HVDC line. As for a typical HVDC link of 4000 MW
capacity and a length of 2,000 km, an investment of 2.1 billion V
would be required. This is a similar cost range as the 2.6 billion V
800 kV HVDC overhead lines of 6400 MW capacity and 1970 km
length that connects the hydropower station at Xiangjiaba, China
with the city of Shanghai [47,48].
In the article “Solar electricity import from MENA countries to
Europe”, Franz Trieb calculated costs of imported solar electricity in
different countries in Europe from different CSP power stations in
MENA. The calculations assume plant's economic lifetime of 40
years and a 5% real discount rate. For instance, electricity generated
from CSP in Morocco and supplied in Germany, with a start date in
2020, would cost 11 cV/kWh. For a project started in 2050 for a
route from Algeria to United Kingdom, electricity cost is decreasing
to 6.8 cV/kWh [46]. These costs are decreasing with time because
they take into account progress ratios in technology costs that are
meant to occur by the year the project starts. Although DNI is lower
in Spain than in MENA, costs for electricity generated in Spain
would be lower as they would include shorter HVDC lines and
exclude expensive sea cables. While costs of electricity generated
from fossil fuel ﬁred power plants is increasing due to fuel price
inﬂation, results show that solar electricity generated and transmitted to north Europe from locations with high DNI values will
eventually achieve grid parity and be competitive in the European
energy market, at the same time as decarbonising its energy
systems.
To supply solar power from MENA to Europe, barriers are still to
overcome. Jenny Muirhead [49,50] has examined the current obstacles, from which the lack of a policy framework appear to be the
greater difﬁculty. There is a clear market opportunity for MENA
countries and Spain to develop solar power plants that generate in
the mid term cheaper electricity than conventional. A simulation
example of the economic impact of renewable energy development
in Morocco was studied by Rafael de Arce [51], showing positive
impacts on GDP and employment growth. Policy makers should
take a serious consideration for the potential of solar energy for the

electricity sector. More investigations remain to be done, but many
sources in the literature [37,38,46,52e56] have shown that on a
short-term basis, solar electricity import from countries with high
solar resource will become economically proﬁtable, while in the
same time allow removal of carbon emissions from current energy
systems.
2. Case studies analysis: economic viability of solar PV
electricity production in Spain
2.1. Location and solar irradiation
The location considered in the case study is El Baico, Baza,
Granada, Spain (37 3102200 North, 2 450 4200 West, Elevation: 783 m
above sea level). An accurate estimation of solar radiation is
required to conﬁdently predict photovoltaic system performance
[57,58]. The solar radiation database used to provide solar radiation
data at the plant site is the Photovoltaic Geographical Information
System e Satellite Application Facility on Climate Monitoring
(PVGIS-CMSAF) [16,17]. Data are presented in Table 2. The yearly
DNI at that site is 2216 kWh/m2. We assume that the annual irradiation deﬁcit due to shadowing (horizontal) is 0%.
In Table 2, Hh represents irradiation on a horizontal plane (Wh/
m2/day), Hopt irradiation on optimally inclined plane (Wh/m2/day),
H(90) stands for irradiation on plane at angle: 90 (Wh/m2/day), DNI
is the Direct Normal Irradiation (Wh/m2/day), Iopt is the optimal
inclination ( ), TL represents the linke turbidity, D/G is the ratio of
diffuse to global irradiation, TD stands for average daytime temperature ( C), and T24h is the 24 h average of temperature ( C).
Table 2
PVGIS-CMSAF data for El Baico (Location: 37.3122 North, 2.4542 West, Elevation:
783 m a.s.l.), Spain [17].
Month

Hh

Hopt

H(90)

DNI

Iopt

T

L

D/G

TD

T24h

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Year

2570
3520
4800
5950
6810
7920
8030
7060
5410
4020
2840
2570
5130

4320
5190
5960
6350
6480
7120
7410
7220
6380
5580
4620
4400
5920

4330
4580
4250
3370
2610
2290
2530
3320
4080
4570
4470
4530
3740

4110
4960
5620
6310
6710
8420
8830
7780
6290
5340
4460
3900
6070

62
54
41
27
12
3
8
20
36
50
60
64
34

2.4
2.7
2.6
3.3
3.5
3.8
3.9
4.3
4.0
3.0
2.7
2.5
3.2

0.38
0.34
0.35
0.32
0.33
0.25
0.24
0.26
0.29
0.33
0.36
0.45
0.31

9.1
10.8
14.0
16.1
19.8
25.2
27.7
27.5
23.4
19.1
13.1
9.8
18.0

8.3
9.6
12.5
14.3
18.1
23.3
26.0
25.7
21.4
17.4
11.7
8.9
16.4

Table 3
Electricity production and global irradiation received by inclined modules, Fixedangle PV system: inclination ¼ 34 , orientation ¼ 0 , PVGIS-CMSAF data for El
Baico, Spain [17] .
Month

Ed

Em

Hd

Hm

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Yearly average
Total for year

3.42
4.04
4.49
4.74
4.74
5.09
5.24
5.13
4.64
4.15
3.59
3.48
4.40
Ey ¼ 1605

106
113
139
142
147
153
162
159
139
129
108
108
134

4.32
5.19
5.96
6.35
6.48
7.12
7.41
7.22
6.38
5.58
4.62
4.40
5.92
Hy ¼ 2165

134
145
185
191
201
214
230
224
192
173
139
137
180
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Table 4
Monthly electricity generation from the 100 kWp photovoltaic plant.
Electricity generation (kWh)

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Total

10,600
11,300
13,900
14,200
14,700
15,300
16,200
15,900
13,900
12,900
10,800
10,800
160,500

Tariff €/kWh to obtain IRR 12%

Month

0.2500
0.2000

0.2107
0.1757

0.1500

0.1507
0.1319

0.1000

0.1173

0.0500
0.0000
0.08

0.10

0.12

0.14

0.16

0.18

0.20

CFU
Fig. 7. CFU for an actual working plant.

2.2. Performance of grid-connected PV
To accurately determine the performance of photovoltaic systems, it is required to correctly estimate solar radiation on inclined
surfaces. Tilted surface radiation is usually calculated from global
horizontal radiation. The literature proposes a wide range of
models and correlations in order to estimate solar radiation on
inclined surfaces [59e66]. The determination of the optimal
module inclination for ﬁxed angle PV generators is crucial to obtain
maximised performances from the system. The Spanish Technical
digo Te
cnico de la Ediﬁcacio
n e CTE) [67] recBuilding Code (Co
ommends for grid-connected PV systems a tilt 10 below local
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latitude, while other authors propose an optimal surface angle
equal to the local latitude [68,69].
The PV system performance calculated here is based on solar
radiation and temperature geospatial data that are modelled in the
PVGIS-CMSAF system, and a relation for the conversion efﬁciency of
monocrystalline silicon PV modules at varying irradiance and
temperature to obtain values for the loss of efﬁciency at the site
location [16,17]. The PVGIS-CMSAF model coupled with plant
characteristics provides the tool necessary to calculate expected
system performance.
Authors assumed a 100 kWp ﬁxed-angle PV power plant
constituted with southern orientated monocrystalline silicon PV
modules. PVGIS model calculated an optimal inclination at the
site's latitude of 34 . The model obtained values of losses due to
temperature and low irradiance of 10.9% using local ambient
temperature, losses due to angular reﬂectance effects of 2.6%, other
losses (cables, inverter etc.) of 14.0%, and combined PV system
losses of 25.3%. The resulting electricity production and solar radiation (direct þ diffuse) received by the inclined modules are
presented in Table 3, where Ed is the average daily electricity production from the given system (kWh/kWp), Em the average
monthly electricity production (kWh/kWp), Hd represents the
average daily sum of global irradiation per square meter received by
the modules of the given system (kWh/m2), and Hm stands for the
average monthly sum of global irradiation per square meter (kWh/
m2).
2.3. Electricity production
The reason for choosing a solar plant of 100 kWp capacity is that
most of solar plants in southern Spain are designed for this range of
capacity, after analysing a sample of 35 solar plants in Andalucía.
This tendency is principally related to the guarantee paid to the
government to ensure plant installation. This money is then given
back to the plant owner, and it is not included in ﬁnancial analysis.
For an electric plant up to 100 kW, the guarantee is 20 V/kW of
installed capacity. For plants that are constructed with superior
capacity, the guarantee reaches 500 V/kW [70].
Table 4 shows the resulting electricity production potential of
the studied system. Fig. 8 shows a graphic representation of expected production during the year. The prediction of electricity
generation reaches 160.5 MWh/year with a maximum for the
month of July at 16.2 MWh and a minimum of 10.6 MWh in January.
On the other hand, this theoretical value should be corrected
taking into account the capacity utilization factor (CUF). The net

Fig. 8. Expected electricity production from the 100 kWp photovoltaic plant.
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capacity factor of a power plant is the ratio of its actual output over
a period of time, to its potential output if it were possible for it to
operate at full nameplate capacity continuously over the same
period of time. This difference is because during the usable life of
the installation, a series of stops are produced, due to maintenance,
equipment failure or an absence of demand that obliges the stopping of the installation, among other unforeseen factors. If the value
of production is taken from Table 4, the CFU value obtained 0.181.
From the analysis of real plants that were studied, a mean value of
0.16 was obtained. This CFU value of 0.16 would mean an annual
electricity production of 140,160 kWh/year, and these values are
shown in Fig. 7.
Electricity production is estimated on the basis of a plant life
cycle period of 25 years. For the most recent monocrystalline silicon
PV module types, manufacturers guarantee working performance
of 95% after 10 years and 90% after 20 years, which represent a
degradation rate of 0.5% per year [71].
According to the Royal Decree Law (RDL) 2/2013 [72], the price
of electricity is subject to follow the evolution of the IPC-IC. In the
study, the value of IPC-IC taken is an average of the IPC-IC values
published between January 2011 and May 2013, which gives a value
of 1.25%.
2.4. Financial study
This section investigates the elements which are taken into
account for the estimation of the cost of electricity (V/kWh)
generated by the 100 kWp PV system. According to solar plant
promoters, the project needs to obtain an internal rate of return
(IRR) of 12% in order to be economically viable. The IRR of an investment project is the value of the interest rate that leads to net
present value (NPV, in V) equal to 0, where the NPV of an investment project is the sum of present values of all cash inﬂows and
outﬂows related to the investment [73e75].
The present ﬁnancial study proposes ﬁrstly to evaluate the
levelised cost of electricity generated (V/kWh) by the PV plant in
Baza (Spain), with respect to actual policy. The value obtained will
be compared to the levelised cost of electricity generated in Spain
by combined cycle gas power plants, as such type of conventional
plants are the only kind that is being built in Spain in the last 15
years apart from renewable and cogeneration. Combined cycle
power plants represent 25% of the total installed capacity for
electricity generation in Spain in 2013 (25.353 GW), when it was nil
in 2001 [76].
2.4.1. Total PV plant investment
Fig. 4 shows that prices of PV modules are considerably reduced
since 2008 [77,78]. The authors will considered an investment cost
of 1.0 V/Wp for this case study. This cost corresponds to several
plant costs in 2013 of similar characteristics (ground mounted,
ﬁxed-angle 100 kWp) obtained from PV developers in Spain. It is a
realistic value considering monocrystalline silicon PV module price
of 0.67 V/Wp, inverter price of 0.15 V/Wp [79], and assuming that

PV modules account for about 50% of total system cost in 2013
[80,81].
2.4.2. Spanish PV incentives
Since 1998, under RD 2818/1998, governmental laws have promoted solar PV in Spain mainly with a Feed-In-Tariffs (FIT). Adjustments made in 2004 (under RD 436/2004) and 2007 (RD 661/
2007) signiﬁcantly rise solar PV deployment offering advantageous
incentives to PV plant developers creating a “PV power boom”
[82e85]. Since 2008, the establishment of the successive framework (RD 1578/2008 [27], RD 1614/2010 [86], RD 1565/2010 [87],
and RDL 14/2010 [88]) have considerably reduced incentives for PV
system installations because of the need to limit the accumulation
of tariff deﬁcit of the Spanish electricity system [21,89,90]. Without
sufﬁcient positive impact on the deﬁcit [91e93], the government
decided to completely suppress ﬁnancing frameworks for all new
facilities that produce electricity from cogeneration, renewable
energies, and waste, with RDL 1/2012 [21,89,94,95]. In addition,
Law 15/2012 set a tax on electricity production on all sources of
electricity generation, including renewable energy plants (at 7%
rate) [96,97]. Recently, RDL 2/2013 has stated that new renewable
energy plants can only opt for the regulated tariff option (i.e. not
the premium one) [72]. RDL 2/2013 also indicates that the inﬂation
rate of electricity sale price for income previsions will be set to the
new value of Consumer Price Index at Constant Taxes (IPC-IP),
which was of 0.5% in March 2013, while the previous rate taken in
account (IPC) was of 2.4% [98].
2.4.3. Annual costs
The analysis of 35 running PV solar plants located in the area
(south of Andalucía) have given the authors realistic values for the
following assumptions of annual costs:
 Land rental cost: 10e15 (V/Wp) annually. The value of 1500
V/year will be taken in the study. It is subject to follow the
evolution of the IPC along the years.
 Insurance costs: For a 100 kWp solar plant, insurance costs of 450
V can be assumed in 2013. These costs decrease annually (8%)
due to the lower sale price over time of the same technology.
 Civil construction maintenance: This cost can be estimated at
0.2% of the investment cost, following IPC evolution along years.
 Installation Operations & Maintenance costs: 1% of investment
cost, following IPC evolution.
 Grid access tariffs: 0.5 V/MWh according to the RD 1544/2011
[99].
 Societies tax: a tax on beneﬁts of 15% can be assumed, according
to the RD 4/2013 [100].
 Plant life cycle: 25 years.
Table 5 presents the summary of annual costs.
2.4.4. Results and discussion
The objective is to determine the levelised cost of electricity

Table 5
Annual costs parameters.

Civil construction maintenance
Operation costs
Insurance
Grid access tariff
Societies tax
Income tax for energy producers

Cost

Inﬂation per year

References

0.2%
1.0%
450 V
0.5 V/MWh
15%
7%

IPC 2.4%
IPC 2.4%
8%
e
e
e

Based on actual market
Based on actual market
Based on actual market
RD 1544/2011 [99]
RDL 4/2013 [101]
Law 15/2012 [96]

Table 6
Financial analysis.
Year Inﬂation
Electricity selling PV module efﬁciency Electricity
Incomes Expenses
rate (IPC-IC) price (V/kWh)
degradation rate
production (kWh) (V)
(V)

Net
Net Cash
Beneﬁt Flow

Land Insurance O & M Grid
7% tax on
Earnings Before Interest, Amortisation Beneﬁt
Taxes
rental
Access production incomes Taxes, and Amortization
before taxes
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%
1.25%

0.132
0.134
0.135
0.137
0.139
0.140
0.142
0.144
0.146
0.148
0.149
0.151
0.153
0.155
0.157
0.159
0.161
0.163
0.165
0.167
0.169
0.171
0.173
0.176
0.178

0.00%
1.11%
2.22%
3.33%
4.44%
5.56%
6.67%
7.78%
8.89%
10.00%
11.00%
12.00%
13.00%
14.00%
15.00%
16.00%
17.00%
18.00%
19.00%
20.00%
21.00%
22.00%
23.00%
24.00%
25.00%

140,160
138,603
137,045
135,488
133,931
132,373
130,816
129,259
127,701
126,144
124,742
123,341
121,939
120,538
119,136
117,734
116,333
114,931
113,530
112,128
110,726
109,325
107,923
106,522
105,120

18,487
18,510
18,531
18,549
18,565
18,579
18,590
18,598
18,604
18,607
18,630
18,651
18,669
18,685
18,699
18,710
18,718
18,724
18,727
18,727
18,724
18,718
18,709
18,697
18,681

1500
1536
1573
1611
1649
1689
1729
1771
1813
1857
1901
1947
1994
2042
2091
2141
2192
2245
2299
2354
2410
2468
2527
2588
2650

450
414
381
350
322
297
273
251
231
212
195
180
165
152
140
129
119
109
100
92
85
78
72
66
61

1200
1229
1258
1288
1319
1351
1384
1417
1451
1486
1521
1558
1595
1633
1673
1713
1754
1796
1839
1883
1928
1975
2022
2071
2120

70
71
70
69
69
68
67
66
65
65
64
63
62
62
61
60
60
59
58
57
57
56
55
55
54

1294
1296
1297
1298
1300
1301
1301
1302
1302
1302
1304
1306
1307
1308
1309
1310
1310
1311
1311
1311
1311
1310
1310
1309
1308

13,973
13,965
13,952
13,932
13,906
13,874
13,836
13,791
13,741
13,685
13,644
13,597
13,546
13,488
13,426
13,358
13,284
13,205
13,120
13,029
12,933
12,831
12,723
12,609
12,489

10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000
10,000

3973
3965
3952
3932
3906
3874
3836
3791
3741
3685
13,644
13,597
13,546
13,488
13,426
13,358
13,284
13,205
13,120
13,029
12,933
12,831
12,723
12,609
12,489

596
595
593
590
586
581
575
569
561
553
2047
2040
2032
2023
2014
2004
1993
1981
1968
1954
1940
1925
1908
1891
1873

3377
3370
3359
3342
3320
3293
3260
3223
3180
3132
11,597
11,558
11,514
11,465
11,412
11,354
11,291
11,224
11,152
11,075
10,993
10,906
10,814
10,717
10,615

13,377
13,370
13,359
13,342
13,320
13,293
13,260
13,223
13,180
13,132
11,597
11,558
11,514
11,465
11,412
11,354
11,291
11,224
11,152
11,075
10,993
10,906
10,814
10,717
10,615
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
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generated by the solar PV plant at the rate of proﬁtability (IRR) of
12%, which is usually the value required by investors in the actual
market situation in order to carry out construction. Incomes are
obtained from electricity sales at the levelised cost of electricity.
Table 6 presents the yearly cash ﬂow results of the studied solar
plant. The electricity cost obtained is 13.2 Euro cents per kilowatthour (cV/kWh) in order to maintain an IRR of 12%. Nonetheless, PV
technology do not beneﬁt from any incentive scheme since RDL 2/
2013 as shown in section 2.4.2.
Conventional electricity generating technologies, are not treated
equally. Unlike solar PV energy, conventional technologies that
include combined cycle, coal, fuel/oil and hydraulic power plants
beneﬁt from capacity payment incentives on their investment cost
and their service availability, which were made available in the
regulation ITC/2794/2007 [102], ITC/3860/2007 [103], ITC/3127/
2011 [104] and updated in the legislation RDL 13/2012 [105]. Capacity payments awarded to conventional technologies represent
4697 V/MW/year for service availability [104] and 23,400 V/MW/
year on the ﬁrst 10 years as an investment incentive [105].
The main objective for the introduction of the capacity payment
framework was to ensure security of supply. The method consists in
awarding to each generating plant a daily payment (only when it is
available) which is computed by multiplying the ﬁrm capacity of
each generating plant times a per unit capacity payment (h/MW)
that is regulatory determined [106].
In order to compare the cost of electricity of the PV plant found
here to the one of combined cycle plants, we need to estimate the
real cost of electricity produced by these conventional plants. Such
estimation was made possible by the Spanish National Energy
Commission (CNE) [107], which published data on capacity payments awarded to electricity producers of combined cycle plants in
Spain. According to CNE [107], the cost of electricity from these gas
power stations were 150,000 V/MW/year in 2012. We can estimate
the real cost of electricity (cV/kWh) from that type of plant using
2012 data on the installed capacity (25,430 MW) and the amount of
electricity generated (38,593 GWh) provided by the Electricity Grid
of Spain (REE) [108]. It was found that the real cost of electricity
generated by combined cycle power plant is 9.85 cV/kWh. This cost
includes the capacity payments awarded to these power units,
which calculated using the same method were 1.28 cV/kWh in
2012 [107].
The value of 9.85 cV/kWh includes also the system adjustment
service costs which represent the services required to ensure the
electricity supply under the necessary conditions of quality, reliability and security. Adjustment services include the resolution of
restrictions due to guarantee of supply, resolution of technical restrictions of the system, ancillary services and deviation management [52]. Adjustment services form along with the capacity
payments, the ﬁxed governmentally regulated part of the electricity cost, generally called “complementary costs”. The other
share of the electricity cost of the system is the electricity spot
market price (5.841 cV/kWh in 2012 [109]), which is variable and
submitted to quarterly bids between system operators.
According to CNE [107], the capacity payments awarded by
combined cycle systems in 2012 were 19,500 V/MW. Considering
for example that PV systems would beneﬁt from equal capacity
payments as combined cycle plants, the incentive would be 1950 V
for the 100 kWp case study, which, taking the electricity production
of 160.5 MWh the ﬁrst year, would represent 1.21 cV/kWh. We
would then obtain a cost of electricity of 13.21.21 ¼ 11,99 cV/kWh,
which is slightly superior to the one of combined cycle systems.
Considering actual policy frameworks, the PV solar electricity
produced by the studied plant can achieve grid parity with conventional combined cycle electricity at a proﬁtability rate up to
7.26%. The levelised cost of electricity of the case study PV plant as a

0.14

0.12

LCOE (€/kWh)

712

0.10
0.08
0.06
0.04
0.02
0.00

-5.00%

0.00%

5.00%

10.00%

15.00%

IRR (%)
Combined cycle plants 2012

Case Study PV plant

Fig. 9. Levelised cost of electricity comparison.

function of IRR compared to the one of combined cycle systems
(Fig. 9) shows that results.
3. Conclusions
Spain has made efforts in supporting and developing solar energy for generation of electricity in a sustainable way to meet the
energy future and its related environmental challenges. However it
is actually facing destabilising and without precedent economic
crisis, which have pushed government to block PV incentives and
curb the growth of solar energy sector. Currently, PV solar energy is
not a proﬁtable sector by itself.
Spain can play a key role in the electricity market with one of the
best solar resource in Europe. Transmitting solar electricity from
Spain to the rest of Europe was discussed in the paper. It would
clearly represent a sustainable solution to overcome European
environmental challenges. A cost analysis of a solar PV power plant
located in the south of Spain was performed. It was found that
present solar PV electricity generation is in the same range of
economical competitiveness with the conventional combined cycle
technology, as resulting levelised electricity cost is just above that
of conventional energy. Indeed, the analysis had taken into account
a return on investment IRR of 12% and unfavourable policy
frameworks for the PV electricity sector in Spain, which have
withdrawn all kind of subsidies and set severe taxes. But, an IRR
under 7.26% would be sufﬁcient for the PV electricity to achieve grid
parity compared to conventional fossil fuel electricity.
Moreover, descriptions of levelised cost of electricity (LCOE)
concepts show the tendency of solar electricity costs to become
more affordable with technology market growth and high learning
rates [110,111]. While fossil fuels and grid electricity prices continue
to rise due to the increase of fossil fuel prices and the growth of
environmental concerns, solar technology costs continue to decline
[112,113]. Currently, solar electricity in Spain needs to be considered by the government as an economically viable technology able
to cover a large share of the energy demand. It is sometimes argued
that solar PV is “expensive”, yet there are other factors that are not
considered such as environmental and social beneﬁts. What's more,
the research contained in this article shows that in Spain, PV energy
is also attractive as a long-term sustainable economic option.
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