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ABSTRACT

European Union (EU) due to several challenges that exist nowadays has changed its Energy Policy. In order to
fulfill international commitments concerning greenhouse gas emission and to assure safety in supply and stable
prices, EU has been a leader in renewable energy. In many EU countries solar energy is a possible and very
viable option. Together with wind energy, photovoltaic energy is the new support core of a low carbon EU
economy in what concerns electricity production. In this work clusters of countries were generated based on the
energy produced by PV systems and the share of energy from PV systems in the total electricity produced by
renewable sources. This work also analyzed the production of energy from the photovoltaic sector in EU and
compared it with the existing potential for this type of energy. Roughly half of the EU countries are producing
energy within the limits of what is expected, considering the irradiation on optimally inclined plane. However
some of them could improve the ratio between energy production and installed power. Considering the leader
countries in energy production from photovoltaic, Czech Republic and Spain are the countries that exceed what

it is expected.

1. Introduction

Energy is very important to all human activities and for that reason
it is a major concern for countries worldwide. In addition, energy
demand is foreseen to increase [1] and conventional sources are
unevenly distributed [2] and are fast depleting. Coal although more
widely distributed and more abundant has many environmental
problems when used in energy production. In recent years renewable
energy has becoming increasingly a key factor to access clean, secure
and affordable energy in the future [3]. EU has a high external energy
dependency [4] what increases its vulnerability to instable markets and
prices. Furthermore climate change and other environmental problems
related to the use of fossil fuels led to a shift in EU Energy Police. The
Energy/Climate package is a signal that EU intends to promote more
sustainable ways for producing energy taking advantage of the poten-
tial of local/country characteristics. Fukushima accident made nuclear
energy not so attractive [5] which in turn may favor renewable energy.
Hydropower has already a consolidated position [6] but in electricity
production wind and photovoltaic energy have been the major emer-
ging technologies. The energy policies and the support mechanisms
have contributed to its implementation [7] and research has reduced its
costs and accelerated deployment. Renewable energy policy instru-
ments play a very important role in the development and implementa-
tion of renewable energy sources not only in EU but also in countries
located in other regions [8—10]. According to the results of studies,
feed-in tariffs are one the most effective instruments [11,12]. However
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the decreasing prices of the photovoltaic cells induced large changes in
many countries which showed that those instruments should be
carefully thought, taking in consideration several factors. Moreover
new methodologies to assess sustainability of energy systems are being
developed which provide a better understanding of different aspects
involved in energy sustainability [13,14].

PV systems are usually classified in first, second and third genera-
tion depending on the basic material use and the level of commercial
maturity [15]. The first generation systems are the wafer-based crystal-
line silicon (mono and multi), second generation uses the thin film
technology (e.g. cadmium-telluride, copper-indium-selenide, etc,) and
the third generation uses other technologies (e.g. dye-sensitized,
organic/polymer, etc.). The advantages of thin film technology include
the reduction of materials and the fact that can be easily used in
building components (Building integrated PV, BIPV) [15]. Crystalline
silicon is the most used material in PV industry and crystalline silicon
wafers presents the highest share of market in 2013 with 91% [16]. In
EU around 85% of all new PV systems are still based on crystalline
silicon technology, which is a mature technology [17]. Photovoltaic is a
sector in expansion and in 2014 was another year of strong growth,
despite the reduction in new installations in the European Union
because national targets are in the way of being reached [18]. In order
to continue this growth it is important to have qualified technicians
with skills related to installation and maintenance of PV systems, what
will support and strength this sector. Europe has already projects on
this matter [19]. From an economic perspective the locations where the
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LCOE (Levelized Cost of Energy) is lower than the retail price of
electricity unsubsidized PV can be a complementary source of elec-
tricity. In EU LCOE values range from 9 EURcts/kWh in the southern
Mediterranean to 22-23EURcts/kWh in the most northern regions.
This variation is due to geographical differences in annual insolation
and also to national sales tax rates [20]. In addition some authors
create other frameworks that consider the full cost of electricity, by
incorporating economic and environmental externalities, what can
increase the information provided for the decision-makers [21]. To
be able to predict the future cost of PV technology is very important for
energy policies design, however the several existing studies [22—24]
raise issues about the comparability of the results [25]. Although being
considered a mature technology, different aspects of photovoltaic
techniques and technologies are still being explored (e.g. Maximum
power Point tracking (MPPT) algorithms and bifacial solar photovol-
taic) [26,27] and different uses are being tough and implement, such as
their use in buildings [28—-32]. In fact PV technology can contribute to
a low carbon energy system. Considering the two scenarios from IEA
(International Energy Agency) for the period 2013—-2050, namely 2DS
and Roadmap, 15.4 Gt CO, and 22.5 Gt CO, respectively can be saved
for European Union-27 [33].

At this point it is important to analyze the similarities of countries,
concerning energy production from PV systems. Moreover it is a key
aspect to analyze the efficiency of the photovoltaic existing systems in a
macro perspective, taking in consideration the energy produced, the
installed capacity and the potential for producing energy. The aim of
this work was to analyze the similarities by applying k-means cluster-
ing, to identify the main groups of EU countries according to their
energy production from PV systems and the contribution of that energy
to the total renewable energy produced. Another goal was to compare
the energy produced from PV systems in each country with what would
be expected taking in consideration the average irradiation and the
existing technology.

2. Energy production from photovoltaic systems and
installed capacity

In 2014 the EU — 28 countries produced 91 TWh of energy from
photovoltaic systems [34]. Table 1 presents the contribution of each
country. It is possible to conclude that the 10 top countries are
Germany, Italy, Spain, France, United Kingdom, Greece, Belgium,
Czech Republic, Romania and Bulgaria, all of them with an energy
production above 1 TWh. Although the production in two countries
alone, namely Germany and Italy amount for more than 50% of the
energy produced. The potential for energy production varies with the
location of the countries, namely with latitude and longitude since the
irradiation is different. Fig. 1 presents the average irradiation on
optimally inclined plane (Wh/m?/day) for the different countries of
the EU. Several locations in each country were selected covering all

Table 1
Energy production and installed power in the top ten PV countries.

Energy Energy production Installed power

TWh [10] (%) MW [10]
Germany 34.930 38.25 38,301.0
Ttaly 23.299 25.51 18,450.0
Spain 8.211 8.99 4787.3
France 5.500 6.02 5600.0
United Kingdom 3.931 4.30 5230.3
Greece 3.856 4.22 2602.8
Belgium 2.768 3.03 3105.3
Czeh Republic 2.122 2.32 2061.0
Romania 1.355 1.48 1292.6
Bulgaria 1.245 1.36 1020.4
All other countries 4.102 4.49 4223.40
Total 91.32 100.0 86,674.10

territory and the irradiation for each location gathered from [35]. Then
was calculated the average value for each country and the standard
deviation. The countries located in the south, near the Mediterranean
present the highest values, namely Cyprus, France, Greece, Italy,
Portugal, Spain and Malta as expected and mentioned by
Hadjipanayi et al., 2016 [36]. There are countries with potential for
producing energy from photovoltaic systems that are not taking
advantage of their potential for this kind of renewable energy.
Cyprus, Malta, Portugal are examples of this situation. Most countries
present a standard deviation very small with the exception of the
Mediterranean countries that present higher irradiation in the areas
closed to the Mediterranean. Austria, Croatia and Romania are also
countries that present high standard deviation.

For these countries that present high standard deviation the energy
produced from power PV systems will be greatly affected by the
location. Support mechanisms such as feed-in tariff (FIT) schemes
have been used in many EU countries to promote renewable energy,
such as solar based electricity generation. However they are being
reduced and new regulations are being launch to continue to promote
the development of renewable energy and support self-consumption.
Measures such as net-metering and self-consumption are becoming
increasingly popular [8,37]. In addition geographical parameters are
rarely introduced in PV FIT value to account for the different solar
radiation in the several regions [8].

3. Methodology
3.1. Clusters PV energy

One of the goals of this work was to generate clusters of countries
based on the energy produced by PV systems and the share of energy
from PV systems in the total electricity produced by renewable sources
(data from [38]). It was used the k-means clustering method which has
already been used in the domain of renewable energy and other
domains [39,40]. The k-means clustering divides the data space into
a number of clusters, each one defined by a centroid and formed by the
data for which the centroid is the nearest [41]. It is a classical widely
used clustering analysis method because of its high efficiency and
concise algorithm and can accommodate a large sample size. [40,42].
The application of this method had as purpose to identify the main
groups of EU countries taking in consideration their energy production
from PV systems and the contribution of that energy to the total
renewable energy produced in each country.

3.2. Expected energy production and efficiency indicator

Another goal of this work was to compare the energy produced from
PV systems in each country with what would be expected taking in
consideration the average irradiation and the existing technology. The
expected energy production can be estimated considering the irradia-
tion on optimally inclined plane according to Eq. (1).

E = ArHPR (€8]

Where E is energy (kWh), A is total solar panel area (m?), r is solar
panel yield (%), H is annual average solar radiation on panels (kWh/
m?/day) and PR is the performance ratio, coefficient for losses (range
between 0.5 and 0.9, default value=0.75). In 2013 Mono-Crystalline
Silicon (c-Si) and Multi-Crystalline Silicon (mec-Si) still dominated the
market with 91% [16]. Production of crystalline silicon cells and
modules rose in 2014. Thin film production also increased around
25%, with its share of total global PV production remaining at about
10% [18]. The confirmed solar cell efficiency is 20—24% for c-Si and
14—-18% for the mc-Si [15]. In this work a value of 15% was considered
to solar panel yield to be conservative and the default value for the
coefficient for losses was used.

In addition it is also important to calculate an efficiency indicator
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Fig. 1. Average and standard deviation of irradiation on optimally inclined plane for each country.
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relating the energy output with the installed capacity for each country,
comparing the real value of the indicator with the theoretical where the

energy is calculated by Eq. (1).
The efficiency indicator can be calculated according to Eq. (2) [43]:
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Kingdom. In the second group there are two countries that can be
distinguished by their extremely low production, Cyprus and
Luxembourg. Germany and Italy are the leader countries in energy
production from PV systems by far.

After defining the clusters the theoretical energy production for
each country was calculated using Eq. (1) and the deviation calculated.
Only 8 countries produced more than the theoretical amount namely
Austria, Czech Republic, Greece, Lithuania, Luxembourg, Portugal,
Spain and Sweden. Austria and Portugal however present a residual
positive difference and Lithuania, Luxembourg and Sweden present a
very low energy production, less than 0.15 TWh. Following this

Fig. 3. Energy production deviation.



Table 2
Maximum and minimum theoretical energy production and classification.

Maximum theoretical Minimum theoretical Classification
production (TWh) production (TWh)
Austria 0.8560 0.6711 Inside
Belgium 2.9228 2.7727 Outside - Inferior
Bulgaria 1.3311 1.1852 Inside
Croatia 0.0453 0.0376 Outside - Inferior
Cyprus 0.1122 0.1023 Inside
Czeh Republic 1.9998 1.8841 Outside - Superior
Denmark 0.6217 0.5474 Inside
Estonia 0.0002 0.0002 Outside - Inferior
Finland 0.0085 0.0077 Outside - Inferior
France 7.7569 5.6170 Outside - Inferior
Germany 37.4893 34.6049 Inside
Greece 3.9425 3.3024 Inside
Hungary 0.0433 0.0422 Outside - Inferior
Ireland 0.0010 0.0010 Outside - Inferior
Ttaly 25.7935 20.9759 Inside
Latvia 0.0014 0.0013 Outside - Inferior
Lithuania 0.0627 0.0585 Outside - Superior
Luxembourg 0.1047 0.0994 Outside - Superior
Malta 0.0892 0.0888 Outside - Inferior
Netherlands 1.0571 1.0134 Outside - Inferior
Poland 0.0235 0.0226 Outside - Inferior
Portugal 0.6756 0.5829 Inside
Romania 1.5910 1.2922 Inside
Slovakia 0.6462 0.5808 Inside
Slovenia 0.2872 0.2721 Outside - Inferior
Spain 7.7928 6.9585 Outside - Superior
Sweden 0.0682 0.0639 Outside - Superior
United Kingdom 4.9209 4.3629 Outside - Inferior
2.000 2.000
1.800 1.800
1.600 I A X 1.600
1.400 1.400
1.200 —] 1.200
1.000 1q - = ] 1.000
0.800 A n ninin - 0.800 o
Efficiency indicator (real) TWh/GW
0.600 H A HHHHHHH - 0.600
O Efficiency indicator (theoretical) TWh/GW
0.400 ] Sinls H S H - 0.400
0200 ] HHH HHH S H - 0.200
0.000 e Bt R amt et L e S e 0.000
2B SZEZCCFELED 8528385 £Ez339¢®
<gsuug8umu—$o§: £t TC8828 ¢
© 5

Fig. 4. Theoretical and real efficiency indicator.

analysis only three countries present a clear positive trend, namely
Czech Republic, Greece and Spain. The three larger negative deviations
are from countries where PV implementation is residual (installed
power < 1.5 MW). Germany and Italy present small negative devia-
tions (Fig. 3).

In the next step it was verified if the real energy production was
within the limits defined by the standard deviation of the average
irradiation on optimally inclined plane. Table 2 presents the results
obtained. Analyzing the top ten countries it is possible to conclude that
France, United Kingdom and Belgium are producing below the
minimum theoretical production and that Czech Republic and Spain
are producing above the maximum theoretical production. Germany is
an important investor in solar energy technology with more than 60%
of the total European Research expenditure [44], however it revealed a
performance within the limits of what was expected.

In the next step the efficiency indicator was calculated and it was
possible to conclude as expected that the countries have different
values for this indicator. The theoretical range for the indicator is
0.79 TWh/GW for Finland and 1.66 TWh/GW for Cyprus (Fig. 4). The

Mediterranean countries present higher values for this indicator due

the higher solar radiation. The highest values are for Cyprus, Greece,
Italy, Malta, Portugal and Spain. Fig. 4 also presents the comparison
between the theoretical and real efficiency indicator for each country.
Czech Republic, Greece and Spain present a good performance and
they are major contributors to energy production from PV systems.
However energy produced in Greece is within the range expected as
shown in Table 2.

The Spanish boom of PV installation happened in 2008 and for
Czech Republic it was in 2010 [45]. Czech solar market owned its
position due to favorable FIT (Feed-in-Tariff) with small yearly
digression and the fall of modules prices [46]. Industrial ground-
mounted systems are by far the most common and the major
contributors to total installed capacity in Czech Republic. The positive
results obtained for Greece and Spain can be explained by the good
characteristics of some locations of these countries concerning solar
energy [47,48]. In Spain PV industry is characterized by medium to big
ground-mounted installations. In the residential and commercial
sectors there was not much activity because regulatory support has



been insufficient [49]. However in Spain, BAPV (Building Applied
Photovoltaic) and BIPV (Building-integrated photovoltaics) were about
34% of installed power in 2013 [50].

5. Conclusions

The analysis showed that the EU countries can be grouped in four
clusters being the most important one constituted by Germany and
Ttaly. These countries are the main producers of photovoltaic energy,
being energy production from PV systems higher than 20 TWh and
share of electricity from PV systems in the range 20—-30%. Considering
the top ten EU countries it is possible to conclude that France, United
Kingdom and Belgium are producing below the minimum theoretical
production and that Czech Republic and Spain are producing above the
maximum theoretical production. The performance of PV systems in
Czech Republic and Spain outstand what was expected by theoretical
calculations and their efficiency indicator is higher than the theoretical.
The EU countries due to their specific characteristics present different
indicator efficiencies for PV systems and there are some countries with
high indicators that could increase the implementation of PV systems
in order to profit from their natural resources and decrease their energy
dependency. However the promotion of PV technology is not solely
determined by technical parameters, it also depends of strategic,
politic, economic and social factors.
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