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ABSTRACT
Even though the Republic of Croatia is on track of achieving goals set in the Europe 2020
strategy, to achieve the goals set in the 2030 European framework for climate and energy
policies will require more effort. The new 2030 framework calls for a reduction in greenhouse
gas emissions by at least 40% compared to the 1990 level, yet the Republic of Croatia does
not have such an ambitious plan. In times when wind plants and photovoltaic systems have
reached grid parity in the majority of European countries, this paper analysed the influence of
construction of wind and photovoltaic power plants in order to present the optimal
constructing ratio of such systems on the Croatian power system load. Simulations have been
conducted in the EnergyPLAN model for the year 2012. After the simulation presented
promising scenarios, applying the Pareto analysis showed the optimal scenario for generating
electricity from renewables, scenario with the lowest import of electricity, scenario with the
lowest CO2 emissions and with the lowest critical excess electricity production. In addition,
all of the scenarios were subjected to a multiple criteria decision analysis in order to find the
best overall scenario. After showing that the best overall scenario was 1.65 GW of wind
power plants and 1.6 GW of installed PV capacity, a multi-criteria analysis was performed in
order to observe the behaviour of grading the scenarios. Indeed, all of the simulations proved
that PV will have a bigger role in the Republic of Croatia than expected.
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INTRODUCTION
In 2012, the primary energy import dependency of the EU-27 reached a level of 53.4% and an
increase of 20% since 1995, with predictions of reaching 70% in the next 20–30 years [1]. In
order of achieving an independent energy system, as well as reducing CO2 emissions, the
European Union has set new goals for the year 2030 and 2050. The goals include a 27% of
gross energy consumption from renewable energy sources (RES) until 2030 [2] and 95%
reduction of CO2 emissions from the energy sector until 2050 [3]. In order to reduce carbon
footprint, several different ways of approach have been studied by various authors. In over
40% of all EnergyPLAN related articles, authors used the EnergyPLAN tool for analysis of
the CO2 emissions reduction [4]. While several papers focus on a specific country approach
for CO2 reduction [5], a significant share of them was focused on small regions such as
islands [6] and cities [7] which are considered as the worst cases for achievement of a 100%
RES system, or even on specific sectors such as energy [8], transport [9], residential [10],
households [11] which are the highest consumers of energy and at the same time sectors with
the highest potential for CO2 emission reduction and high share RES integration. In addition,
several authors analysed the integration of wind power with electric vehicles [12], while
others used electric vehicles as a storage option for all energy sources [13]. Furthermore,
some authors wrote papers where they were going a step further by exploring scenarios in
which would be possible to achieve a 100% RES system. Such papers have been already
made for Croatia [14], and other European countries. From all the mentioned papers, the
conclusion was that for a successful planning of an energy system, scenario approach and
long-term energy demand assessment that has to be met by the system [15] are the most
important. Because of this the implementation of RES has become a very important factor
after the RE-thinking 2050 [3].
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In addition, RE-thinking 2050 calls for phasing out fossil fuels, but only some of the EU
countries, like Denmark, have already redefined their energy strategies aiming on a high share
of RES and reaching a 100% RES system in a near future [16], most of the member countries
did not yet update their energy strategies to follow the goals set by the 2050 European
framework. However, energy strategies for some countries such as Germany [17] and Ireland
[18] have already put emphases on a high penetration of RES energy in existing strategies.
Significant implementation of RES has already begun – 2012 was a significant year for
renewable power plants, from a capacity-wise standpoint. An amount of 11.9 GW of new
wind power plant has been installed in the EU, accounting for 26.5% of total power capacity
installation and in the last two years, wind power recorded an annual growth rate of over
11.6% [19]. Such promising numbers are the reason that there was already a paper on
Croatia’s energy system planning with a large penetration of wind energy [20]. On the other
hand, solar energy had a boom with 38.7 GW installed globally in 2014, PV capacity has
reached 177 GW worldwide [21]. In addition, the Croatian Energy Strategy predicts phase-out
of all present thermal power plants that use fuel oil and coal, until 2030 [22] which provides
additional space for a high share of RES integration.

A high share integration of RES, such as wind and PV, is often considered limited due to the
intermittent nature of these sources and at the same time due to the limitations set by
electricity demand of the region, island or country which are not so flexible and cannot be
easily changed. Because of this many papers were focused on analysis of the optimal portfolio
of these sources such as in the case of Brazilian energy system [23], the future energy system
of China [24] or in the case of fully renewable US electricity energy system [25]. Also, the
influence of a high penetration of wind and PV installation on power system frequency
response was analysed in [26], while in [27] the authors analysed influence of the mitigation
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strategies on change in the marginal economic value of combined wind and PV technologies
at various penetration levels in California. The main conclusion from these studies was that
with the optimal mix of wind and PV technologies, significant savings could be achieved in
terms of storage size, backup energy and CO2 emissions compared to a high share installation
of individual RES technology.

The purpose of this paper is to present a scenario for the Croatia’s energy strategy which
would have the highest impact on the reduction of both the CO2 emissions and import of the
electricity and at the same time the lowest critical excess electricity production (CEEP).
Furthermore, analysis conducted in this paper showed that the energy system of Croatia could
take up more renewable energy and be almost independent at the same time compared to the
current situations and numbers stated in the National action plan for renewables. First, a
reference model for the year 2012 which corresponds to the data from IEA was created. After
creating the reference model, an analysis which showed how the capacity of wind power
plants and PV systems impact on critical excess electricity production (CEEP), electricity
import, CO2 emissions and the amount of electricity generated from renewable energy was
conducted. That analysis was followed by a Pareto analysis of those systems which allowed
reducing hundreds of scenarios to a few dozen. All of those scenarios were optimal scenarios
in their respective fields, according to the Pareto analysis. However, the resulting scenarios
after the Pareto analysis were subjected to a multi-criteria analysis and the best overall
scenario will be presented.
METHODOLOGY
For analyses and comparison of various proposed scenarios, the EnergyPLAN freeware model
[28], developed at the Aalborg University in Denmark, was used (Fig. 1). The EnergyPLAN
model is input output model which optimises on hourly basis and consists of several sectors such
5

as electricity production, heating and cooling, industry, transport, storage and water [29]. The
EnergyPLAN tool is used to model islands, cities, regions, and countries energy systems as well
as for the analysis of a high share penetration of intermittent renewable energy sources in
national and regional energy systems [30]. The EnergyPLAN model is used for the analysis of
100% renewable energy systems of Denmark [31], Ireland [32], Macedonia [33] and Mexico
[34] and for the analysis of the influence of a high share of intermittent renewable energy sources
on the energy systems of China [35] and the UK [36]. The EnergyPLAN model works on an
hourly basis.

Figure 1. Schematic model of the EnergyPLAN tool

The inputs consist of a power plant's capacity, production and distribution, electricity and heat
demand, fuel consumption, biofuels production and storage capacities. The outputs include
energy balance in the primary energy supply, share of renewable energy sources, electricity
production from conventional and RES technologies, emissions, import and export of electricity
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and CEEP. EnergyPLAN offers the user a choice between a technical and a market optimisation
regulation. The technical regulation strategies try to minimise the import and export of electricity
and fuel consumption, while the market regulation seeks to optimise plant operation based on
marginal production costs. After choosing the technical optimisation, the user can choose
between: balancing heat demand or balancing both electricity and heat demand. In this paper, the
technical optimisation with balancing both heat and electricity demand was chosen in order to
minimise the critical excess electricity production (CEEP). CEEP is the amount of excess
electricity produced that could not be used in the energy system or exported and it can lead to
frequency changes and grid collapse. The usage of the EnergyPLAN model is increasing with
every year. Therefore, it was applied in 95 different peer reviewed journal articles, while the
results have been referred in 45 other articles. In addition, the model was characterised in 40
articles as of May 26th 2015 [4]. Detailed information about behaviour and technology
preferences for both regulation options are explained in the model’s manual [37].

ENERGY SCENARIOS
Due to its specific mode, EnergyPLAN itself cannot optimise the values of both the PV and wind
power while showing the results, therefore, one of the variable energy sources has to have the
input as a constant value. For instance, if the amount of installed wind power capacity is
changing from 100 MW to 3 GW it can only be carried out in the EnergyPLAN tool if the other
energy sources (in this case solar PV) are constant. Because of that, two major scenarios were
developed in this paper, one with a constant number of installed wind power plants and a second
one, with a constant amount of installed PV capacity. In the case when the wind is acting as the
base technology, installed wind capacity was increased from 136 MW to 2050 MW and then
from 2200 MW to 3000 MW with a step of 100 MW, in total creating 29 wind base scenarios. In
the case when the solar PV is acting as the base technology, installed PV capacity was increased
7

from 3.95 MW to 30 MW with a step of 5 MW, from 30 MW to 50 MW with a step of 10 MW,
from 50 MW to 300 MW with a step of 50 MW and from 300 MW to 3000 MW with a step of
100 MW, in total creating 40 scenarios with the PV as the base technology. Furthermore, each of
these base scenarios had additional 22 scenarios developed for different installed capacities of
wind in the case when the PV is acting as the base technology and PV when the wind is acting as
the base technology. In the case when the PV is acting as the base technology, the wind capacity
was changing from 136 MW to 1150 MW and from 1300 MW to 1500 MW with a step of 100
MW and from 1500 MW to 2900 MW with a step of 200 MW and in the last case is 3000 MW.
In the case when the wind is acting as the base technology, the PV capacity was changing from
3.95 MW to 100 MW with a step of 50 MW, from 100 MW to 300 MW with a step of 100 MW,
from 300 MW to 1300 MW with a step of 150 MW, from 1300 MW to 1600 MW and from
1800 MW to 2000 MW with a step of 100 MW and from 2000 MW to 3000 MW with a step of
200 MW. At the end 1518 cases were created and for each case CEEP, production of RES
electricity, import of electricity and CO2 emissions were calculated. Also, for each of those two
major scenarios sensitivity analysis were conducted in order to find the optimal scenario for the
analysed energy system.

As the scenarios would explore the increase in capacity from wind and PV power plants,
electricity excess would occur after a certain point. Studying the impact of increased wind and
PV capacity on CEEP should describe how much of the mentioned capacity could be installed
in the power load system without risking a failure, which could result in a blackout. With the
EU member states (such as Denmark and Germany) looking for a way to combine a large
penetration of renewable energy, while on the other side having a low CEEP, this paper
focuses a lot on the behaviour of CEEP with different combinations of installed wind and PV
power. The second aspect of the energy scenarios was the amount of electricity produced
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from renewable energy, RES. Due to the different load factors of wind and PV power, it
would be very interesting to see which scenario would offer the most “green electricity”. In
addition, the import of electricity is also a key topic in the EU energy sector, especially for
Germany, where more and more electricity is being imported due to the fluctuations of wind
and PV power plants. Therefore, the scenarios in this paper also show the behaviour of the
import of electricity through various combinations of wind and PV power. Finally, with
almost every country looking to reduce CO2 emissions, the installation of new wind and PV
power plants would definitely help towards that, the only question is how much. Therefore,
throughout this whole paper the CO2 emissions were analysed.

Many problems in engineering require optimisation. For instance, this paper requires an
optimisation of the installed capacity, therefore, a selection of the optimal solutions among a set
of possible alternatives is necessary. A natural scenario in the optimisation field is to have more
than one objective to optimise simultaneously, which results in a conflict of these objectives with
one another. In the case of multiple objective optimisation problems with several objectives to be
optimised simultaneously, such as CEEP, import of electricity, CO2 emissions and share of RES,
an optimal solution to this problem is the one that achieves the lowest CEEP, import of
electricity and CO2 emissions and the highest share of RES. In this case, several possible
solutions exist and main question here is to find which of the solutions are better. The same
scenario can be seen in Fig. 2, where the red line represents all optimal solutions. This set of
optimal solutions is also known as the Pareto front.
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Figure 2. Schematic model of the Pareto front [38]

In the case of wind installation main focus in this paper is on on-shore wind power plants
because of restrictive legislation in the case of off-shore wind installation, which at the moment
prohibits construction of off-shore wind plants in the Adriatic Sea. In the case of PV installation
main focus is on small roof PV systems which are at the moment very popular for installation
with private customers because of high feed-in tariffs combined with long term contracts and
relatively low investment costs for the PV systems. The geographical distribution and planned
capacities of wind and PV projects in Croatia are given in the Registry of projects and plants for
use of RES and CHP at the Ministry of Economy, Labour and Entrepreneurship and at the
moment total capacity of wind projects in the Registry is 1.7 GW and in the case of PV
installation is 81.5 MW [39]. The current installed capacity of wind power plants in Croatia is
743.95 MW and 55 MW of PV installations [40]. The main reason for the small number of PV
installations is because of the limitation for the feed-in contracts set by the government. In
addition, the load factor of current wind power plants in Croatia for the reference year was 26%,
while the levelized cost of electricity production (LCOE) is 50-85 € /MWh and the main
influence on LCOE have discount rate, load factor and investment costs [41]. In the case of PV
systems average load factor for the reference year in the Croatia is 13%, while LCOE is
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75-220 € /MWh in the case of projects up to 2 MW and 50-140 € /MWh in the case of projects
with installed capacity over 10 MW [41].

On the other side, the Croatian import and export capacity is around 3200 MW [20] with very
good 400 kV, 220 kV and 110 kV connections with neighbouring countries [42]. Furthermore,
transmission networks of the neighbouring countries are very well developed [43] which
presents a promising potential for a high integration of intermittent renewable energy sources
[44].

RESULTS
Analysis for different penetration of wind and PV and their impact on the CEEP, CO2 emissions,
electricity import and RES production in the case of Croatia were conducted in 69 scenarios
where PV and wind were the base technologies. In order to analyse energy system of Croatia
with a high share of intermittent renewable energy sources, the technical regulation strategy has
been used. The technical regulation strategy focuses on satisfying both heat and electricity
demand by balancing production from available power plants in the system, while at the same
time seeking to avoid or minimise CEEP. Also, all analysis was carried out for the year 2012
therefore a calculation of a new demand was not required. Data needed to create a reference
scenario were collected from available database explained in detail in [20]. Furthermore, the
wind distribution curve was created using measured wind speed on different locations and
detailed explanation how it was calculated was given in [45].

The main criterion, CEEP, has been calculated using serial calculations due to the fact that
EnergyPLAN allows obtaining values of a certain output parameter for the given scenario, such
as CEEP, depending on an input, which is in this case the installed capacity of wind and PV
11

power plants. In order to provide a simpler explanation of the behaviour of CEEP, Fig. 3 shows
how with the increase in the input, which in this case is the wind capacity, CEEP rises almost
exponentially.

Figure 3. Growth of CEEP with increase in installed wind capacity

The results obtained for different penetration of the wind and PV showed that both technologies
have similar patterns in the case of CEEP, which can be seen in Figs. 3 and 4. The idea of
achieving the optimal scenario would depend heavily on CEEP and its increase.
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Figure 4. Growth of CEEP with increase in installed PV capacity

Although Fig. 4 seems identical to Fig. 3, there is an important difference. In Fig. 4 for a
higher amount of installed wind capacity than PV capacity results in a lower CEEP. This
already indicates that the optimal scenario would have more installed wind capacity than PV.

In order to perform the Pareto analysis, the results from two major scenarios were put separately
in a chart as shown in Figs. 5 and 6. With the results are in a chart, the Pareto analysis is used
and the results are all the cases that can be found on the black curve. Only cases with a CEEP
kept below 10% of the demand (upper red line) and when CEEP is kept below 5% of the demand
(lower red line) were considered. Fig. 5 shows how the scenarios were selected for the constant
PV capacity.
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Figure 5. Pareto analysis of scenarios in case when PV is base technology

With the increase of PV capacities the CO2 decreases, while CEEP increases. The optimal
scenarios according to the Pareto analysis would be found in the lower left part of Fig. 5. A more
detailed view can be seen in Table 1.

Table 1. Optimal scenarios for the CEEP-CO2 chart when the PV capacity is constant
Wind capacity

PV capacity

CEEP

Import

RES

CO2 emission

[MW]

[MW]

[TWh/year]

[TWh/year]

[TWh/year]

[Mt]

2350

1800

1.36

1.36

12.96

16.49

2100

1800

1

2.21

12.36

16.5

1900

1800

0.74

2.4

11.89

16.51

1700

1900

0.59

2.55

11.55

16.52

1700

1800

0.53

2.62

11.41

16.53

1700

1700

0.46

2.68

11.27

16.54

14

1500

1900

0.41

2.79

11.08

16.55

1500

1800

0.35

2.85

10.93

16.56

Following the same principle that was used in Fig 5, Fig 6 shows the results for constant wind
capacity. However, the results are a bit wider than in the previous chart. Fig. 6 identified several
scenarios between 1650 and 2300 MW of installed wind capacity to be optimal.

Figure 6. Pareto analysis of scenarios in case when the wind is base technology

The optimal scenarios according to Fig. 6 can be found in Table 2 in a more expanded view.
Table 2 shows how the scenario with the largest amount of installed capacity (both PV and
wind), and therefore the largest RES, results in a lower import and lower CO2 emissions. On the
other side, in the mentioned scenario CEEP raises more drastically, compared to the other
scenarios.

15

Table 2. Optimal scenarios for the CEEP-CO2 chart when the wind capacity is constant
Wind capacity

PV capacity

CEEP

Import

RES

CO2 emission

[MW]

[MW]

[TWh/year]

[TWh/year]

[TWh/year]

[Mt]

2300

1900

1.37

1.99

12.98

16.49

2050

1050

0.53

2.8

11.8

16.58

1850

1800

0.68

2.46

11.77

16.51

1750

1900

0.58

2.56

11.53

16.52

1650

1900

0.55

2.61

11.43

16.53

1750

1600

0.46

2.69

11.24

16.54

1650

1600

0.36

2.81

11.01

16.55

Taking into account that the Pareto analysis was explained in detail, the curve used to show the
optimal solutions will not be used in Figs. 7-12 in order to maintain a level of transparency.

To present a more detailed version of Fig. 3, Fig. 7 was introduced. It can be seen that CEEP
increases with wind capacity, therefore, it doesn’t come as a surprise that the Pareto analysis
chose the case with the minimum installed PV capacity.
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Figure 7. CEEP-Wind capacity chart

The results from Fig. 7, which can be found in Table 3, suggest that all those scenarios are
optimal. However, due to the fact that Fig. 7 shows the behaviour of CEEP compared to the
installed wind capacity, the optimal scenarios would obviously be the points of lowest PV
capacity. In addition, due to the work regime of EnergyPLAN, which is usually used for larger
capacities, the CEEP curve looks the same for the cases when PV capacity is 3.95 MW and when
it is 40 MW. Due to a low impact on CEEP and RES, this paper will focus on the scenarios with
40 MW of PV.
Table 3. Optimal scenarios for the CEEP-Wind capacity chart
Wind capacity

PV capacity

CEEP

Import

RES

[MW]

[MW]

[TWh/year]

3000

40

1.5

2.93

12.01

16.61

2900

40

1.35

3.01

11.77

16.62

2700

40

1.06

3.18

11.29

16.63

2500

40

0.8

3.37

10.82

16.64

2350

40

0.13

3.53

10.46

16.65

2100

40

0.06

3.82

9.86

16.67

[TWh/year] [TWh/year]

CO2 emission
[Mt]

Repeating the same explanation as for Fig. 7, Fig. 8 had the same results. Due to an increase of
CEEP the Pareto analysis identified the case with 136 MW of installed wind capacity to be the
optimal one.
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Figure 8. CEEP-Solar PV capacity chart

In Table 4 the same principle of results, as in Table 3, will be shown, where this time the
capacity of PV will be constant. Pattern behaviour can be observed once again, this time in
Table 4, where CEEP increases together with RES, while the electricity import and CO2
emissions decrease with a reduced value in PV capacity. However, after comparing the results in
Tables 3 and 4 with the scenarios which had an almost equal share of wind and PV, it can be
observed that the scenarios which had the equal share have a lower CEEP and the import of
electricity, while RES would be higher, for the same total amount of installed capacity.
Table 4. Optimal scenarios for the CEEP-Solar PV capacity chart
Wind capacity

PV capacity

CEEP

Import

[MW]

[MW]

[TWh/year]

136

3000

0.65

4.42

9.39

16.59

136

2800

0.49

4.53

9.1

16.68

136

2600

0.34

4.66

8.82

16.68

136

2400

0.22

4.79

8.53

16.69

136

2200

0.13

4.95

8.25

16.7
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RES

[TWh/year] [TWh/year]

CO2 emission
[Mt]

136

2000

0.06

5.12

7.97

16.73

In order to find out how does the share of renewable energy (RES) influence the decision of
choosing an optimal scenario, it was put together with CEEP in a chart, as it is shown in Fig. 9.

Figure 9. CEEP-RES chart with constant PV capacity

Larger amount of installed capacity had of course the effect of increased CEEP and the increase
of RES. Therefore, the results showed that the optimal scenarios include a set value of installed
PV capacity between 1900 and 2100 MW. The optimal scenarios according to Fig. 9 can be
found in Table 5 in a more expanded view.
Table 5. Optimal scenarios for the CEEP-RES chart when the PV capacity is constant
Wind capacity

PV capacity

CEEP

Import

[MW]

[MW]

[TWh/year]

2350

2100

1.63

1.86

13.39

16.49

1700

2100

0.75

2.44

11.84

16.52

1900

2000

0.89

2.29

12.17

16.51
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RES

[TWh/year] [TWh/year]

CO2 emission
[Mt]

1500

1900

0.59

2.55

11.55

16.52

1500

2100

0.56

2.67

11.36

16.55

2350

1900

1.45

1.96

13.1

16.49

Corresponding to Fig 9, Fig 10 shows the same solution only with constant installed wind
capacity. The results again presented a wider variety of scenarios, from 1450 MW to 2500 MW
of installed wind capacity to be optimal.

Figure 10. CEEP-RES chart with constant wind capacity

Fig. 10 shows how the increase in installed capacity would result with a higher RES, however,
RES should not be the highest possible. Due to the fact that CEEP also increases with the
increase in installed capacity, the Pareto analysis of this scenario would be extremely useful. The
optimal scenarios according to Fig .10 would be on the lower right part of the chart and they can
be found in Table 6 in a more expanded view.
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Table 6. Optimal scenarios for the CEEP-RES chart when the wind capacity is constant
Wind capacity

PV capacity

CEEP

Import

RES

[MW]

[MW]

[TWh/year]

1450

1400

0.17

3.23

10.25

16.63

1550

1400

0.22

3.09

10.48

16.6

1650

1400

0.29

2.96

10.72

16.59

1650

1600

0.36

2.81

11.01

16.55

1750

1600

0.46

2.69

11.24

16.54

2050

1600

0.8

2.38

11.96

16.52

2300

1800

1.28

2.04

12.84

16.5

2400

1900

1.53

1.92

13.22

16.49

[TWh/year] [TWh/year]

CO2 emission
[Mt]

With the import of electricity being a big reason for writing this paper, it was also included in a
chart to find the optimal scenarios. For a constant value of installed PV capacity the results
showed that the requirements fulfil scenarios from 1400 to 2200 MW of installed PV capacity.

Figure 11. CEEP-Import chart with constant PV capacity
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It was previously shown how the increase of installed capacity increases CEEP, however, this
time it is more important to see how the import decreases with the increase in installed capacity.
Optimal scenarios from Fig. 11 would be in the lower left part of the chart, which can be seen in
Table 7.
Table 7. Optimal scenarios for the CEEP-Import chart when the PV capacity is constant
Wind capacity

PV capacity

CEEP

Import

RES

[MW]

[MW]

[TWh/year]

1400

1400

0.15

3.3

10.13

16.64

1500

1500

0.22

3.08

10.51

16.6

1700

1800

0.53

2.62

11.41

16.53

1700

2000

0.67

2.5

11.69

16.52

2350

2200

1.72

1.82

13.53

16.5

[TWh/year] [TWh/year]

CO2 emission
[Mt]

Afterwards, following the same principle from Fig. 11, in Fig. 12 CEEP would increase and the
import would decrease, as the installed capacity rises. In this Pareto analysis, where installed
wind capacity is constant, the optimal scenarios would have a size of the installed wind capacity
between 1550 and 2400 MW.
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Figure 12. CEEP-Import chart with constant wind capacity

The Pareto analysis in Fig. 12 presents the optimal scenarios with installed PV capacity between
1400 and 1800 MW, which is very similar to the optimal scenarios from the previous case. A
more detailed view of the optimal scenarios can be seen in Table 8.

Table 8. Optimal scenarios for the CEEP-Import chart when the wind capacity is constant
Wind capacity

PV capacity

CEEP

[MW]

[MW]

[TWh/year]

1550

1400

0.22

3.09

10.48

16.6

1650

1400

0.29

2.96

10.72

16.59

2050

1600

0.8

2.38

11.96

16.52

2300

1800

1.28

2.04

12.84

16.5

2400

1800

1.44

1.98

13.08

16.49

23

Import

RES

[TWh/year] [TWh/year]

CO2 emission
[Mt]

Scenario rating
Due to the fact that now the scenarios are limited to 39 of them, in order to reduce them even
further, multiple criteria decisions were used. Multiple criteria decision analysis (MCDA) is a
method used to make a decision on several scenarios based on their value and weight [46].
Although today there are several MCDA methods available, in this paper the multi-attribute
value theory (MAVT) was used. In this approach, after a series of decision criteria have been
selected, the scenarios were graded on an appropriate scale. Each criterion was given their
weight and partial value that represents the criteria in the overall score. Due to the fact that the
most important factor for a country is grid stability, CEEP was accredited with the highest
assigned weight. On the other side, due to a high share of imported electricity, it was expected
that the CO2 emissions would not change significantly, therefore, it was assigned with the lowest
weight. In addition, RES and import of electricity were assigned the same weight because their
effect was more important than CO2 emission but not as much as CEEP. Regarding the criteria
values, the values in the category worst were the data from the reference year, while the values
from the category best were gained from the results of 39 scenarios, indicating the best possible
values overall. Finally, the overall score was calculated and final scenario was given. All of the
above can be seen more detailed in Table 9. Due to the fact that the Pareto analysis shows
optimal scenarios, they did not diverge a lot in the MAVT.

Table 9. Decision criteria value ranges and assigned weight
Optimisation criteria

Criteria values
Best

Assigned weight

Worst

%

CEEP (TWh/annual)

0

1.82

30

RES (TWh/annual)

17

5

25

Import (TWh/annual)

0

8

25

CO2 emission [Mt]

16.47

17

20

24

The mathematical formulation is the following:

n

V (a)  w j v j  a 

(1)

j 1

where:

vj (bestj) = 100, vj (worstj) = 0, V(best overall) = 100, V (worst overall) = 0,
vj = (valuej – worst)/(best – worst), is the normalisation,
wj, is the scaling constant,
vj (a), is the partial value (score) of option a in terms of criterion j,
V(a), is the overall value (score) of option a.

All of those scenarios were computed with the MAVT and in Table 10 two detailed
computations can be seen. Those scenarios were the worst ones offered by the Pareto analysis.

Table 10. The overall score for the worst selected scenarios
1.9 GW PV

2.4 GW Wind

1.8 GW PV

2.3 GW Wind

Value

Norm

Weight

Value

Norm

Weight

CEEP

1.53

15.93

4.78

1.28

29.67

8.9

RES

13.22

68.5

17.13

12.84

65.33

16.33

Import

1.92

76

19

2.04

74.5

18.63

CO2

16.49

96.23

19.25

16.5

94.34

18.87

Overall

60.15

62.73

As it can be seen in Table 10, the selected scenarios did show a possible solution, but due to their
relatively high CEEP they were found to be the worst scenarios. However, Table 11 shows
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scenarios which were chosen as optimal and after the MAVT confirmed their role as suitable
scenarios for the power load system of Croatia. Although the scenario with less wind had better
overall weight, the second one, with 100 MW more wind power had its own pros and cons. The
advantage would be generating more jobs, which is considered one of the priorities for Croatia’s
economy, while the disadvantage would be a higher capital cost together with a larger CEEP.

Table 11. The overall score for the best selected scenarios
1.6 GW PV

1.65 GW Wind

Value

Norm

Weight Value

Norm

Weight

CEEP

0.36

80.22

24.07

0.46

74.73

22.42

RES

11.01

50.08

12.52

11.24

52

13

Import

2.81

64.88

16.22

2.69

66.38

16.59

CO2

16.55

84.91

16.98

16.54

86.79

17.36

Overall

1.6 GW PV

1.75 GW Wind

69.79

69.37

Sensitivity analysis
After the previous chapter showed which scenario was optimal according to the MAVT, this
chapter focuses on the analysis of the assigned weight of each criterion. This sensitivity analysis
was carried out in a way where two of the criterions would remain constant, while the other two
would change their values. One of the two variable criterions would have its value increased by
10%, 20%, 30%, 40% and 50%, while the second criterion would have its value reduced
proportionally. Following that, the two variable criterions would just switch their roles.

The first example included the sensitivity analysis where the weight of import and CO2 emissions
remained constant, while CEEP and RES changed their values, which can be observed in
Fig. 13. When the weight of CEEP was reduced, the weight of RES would increase. In that case,
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the overall score for all scenarios would be reduced. However, the biggest impact of that change
could be seen on scenarios which had the lowest amount of installed capacity of renewables,
which of course means the lowest RES.

Fig 13.

CEEP-RES chart for a change in the weight factor

In addition, Fig. 13 shows how with the increase of CEEP weight the overall score of all
scenarios improved, which benefited the best overall scenario due to the fact that it had the
lowest CEEP and the lowest RES.

Following the same principle from the previous example, Fig. 14 differs because this time RES
and import of electricity were constant criterions, where the weight of CEEP and CO2 emissions
was changing. With the increase of CO2 weight factor, the CEEP weight factor was reduced,
which had a result of the increase of the overall score for all scenarios. That benefited the
scenarios with the largest amount of installed amount of renewables, because it would contribute
to a larger CO2 reduction than the other scenarios.
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Fig 14.

CEEP-CO2 chart for a change in the weight factor

Fig. 14 also shows how the increase of the CEEP weight would benefit the scenarios with the
lowest CEEP.

As the last example of the sensitivity analysis, Fig. 15 shows the case when CO2 and RES
weights were constant while CEEP and import of electricity were changing their weight factors.
As it was previously shown, the increase of CEEP weight would benefit the best overall
scenarios due to the fact that it was the scenario with the lowest CEEP. On the other hand,
reducing the weight of CEEP would help the scenarios with the largest amount of installed
renewable capacity because those scenarios would reduce the import the most.
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Fig 15.

CEEP-Import chart for a change in the weight factor

The previous three charts showed that a 10% decrease of the CEEP weight factor would not
change the fact that the scenario with 1.65 GW of wind and 1.6 GW of PV was the best overall
scenario. However, a 20% decrease of CEEP would not make it the best overall scenario. On the
other side, when the weight factor of CEEP increased, the overall score increased for most of the
scenarios in the CEEP-RES and CEEP-Import chart, but the difference in the score between the
best overall scenario and other scenarios increased linearly. Finally, the CEEP-CO2 chart had a
similar behaviour, the increase of the CEEP weight factor would make a bigger difference
between the scores, while the overall scores were decreasing. In addition, a decrease in the CEEP
weight factor would increase the overall score of all scenarios and as the weight factor was
reduced so was the ranking of the best overall scenario.
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CONCLUSION
A general direction for the new Croatian energy strategy has been presented. Taking into account
that the Republic of Croatia imports a significant amount of electricity, 36% of its demand in
2012 to be precise, it was expected that the Croatian power load system would be able to receive
a large capacity of both wind and PV power plants. The additional capacity of 1.6 GW of wind
power and 1.6 GW of PV has a relatively low impact on CO2 reduction, only 300 tons annually
on the national level. In addition, the impact of the above mentioned scenario could be seen in
the RES category, which showed that the electricity production from renewable energy could
reach 70% with this scenario.

Although usually wind power plants prevail over PV in the energy mix, that is the case for the
countries of central and north Europe. Due to Croatia’s geographic position, the southern parts
don’t have significant problems with harvesting solar energy. Therefore, PV would have a more
significant role than expected. That of course should not mean that the Republic of Croatia
should now only focus on PV. This paper has shown how the combination of both wind and PV
power could have the impact of larger RES, rather than focusing only on one technology. In
addition, the combination of wind and PV power had the effect of a lower CEEP due to the fact
that the wind is more frequent during the night, which balances the PV power which is only
available during the day, when the highest electricity consumption occurs.

Overall, this paper identified the scenario of 1.65 GW of wind power and 1.6 GW of PV as the
optimal scenario for the current infrastructure, which was not designed for the fast and large
storage of electricity. Therefore, even though the scenario which was rated as the worst scenario
that entered the multi-criteria analysis, the scenario which had installed 2.4 GW of wind power
and 1.9 GW of PV, that scenario could be a direction for the year 2050. By the year 2050 CO2
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emissions should be cut down between 80% and 95% compared to the 1990 level, which would
require a higher share of renewable energy in the power load system.

Regarding the assigned weight for the four criterions, the sensitivity analysis showed that a small
change in the weights would not change the best overall scenario. Only a significant reduction in
the CEEP weight would result that the scenarios with a larger amount of installed capacity would
be optimal. On the other hand, the increase in the CEEP weight would only benefit more the
already best overall scenario.

In conclusion, this technologically possible direction, which differs from the current Croatian
renewable energy directions, has shown that the Republic of Croatia should not just focus on
wind energy. On one side, Croatia is limiting the amount of installed PV, while on the other side
this paper has shown that the increased PV capacity would result in a lower CEEP. That is
mainly due to the fact that PV harvests energy during the day, when there is the largest peak of
the power load system.
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