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Abstract 

During the last decade a number of long-held tenets of the energy sector have been 

rewritten. With the rise of new technologies and the help of policies favouring renewable 

energy sources (RES) a transformation of our understanding of the energy system and its 

possibilities has encouraged dramatic changes in the World’s energy landscape. As some 

importers became exporters, countries long-defined as significant energy exporters became 

centres of demand growth. In these turbulent times, it is the awareness of the dynamics 

underpinning energy markets that is crucial for both decision-makers and investors to form 

informed opinions on how to reconcile a string of technical, environmental, economic and 

social factors in order to provide for best solutions regarding country specifics and demands. 

The right combination of policies and technologies could fuel economic growth, whilst still 

providing secure and affordable energy in line with low-carbon goals. Those that might 

successfully anticipate energy developments can derive a significant advantage on the market, 

while those that fail to recognise the importance of new movements risk making poor policy 

and investment decisions. In this light and following the accession of Croatia in the European 

Union, a number of questions are raised regarding the country’s energy sector legal 

framework and development policy and their ability to cope with the demands faced. Taking 

Croatia as a practical example, the impact of different development strategies is considered 

through the application of a novel approach suggested by the paper. This study presents an 

overview aimed to help clarify some of the aspects behind forming a successful framework 

capable of making the right decisions for the future, today. 
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1. Introduction 

Influenced by a string of factors, the electricity sector has gone through some extensive 

changes during the last few decades that led to new understandings of optimal generation mix 

selection and inevitably caused the generating portfolios to dramatically change their 

landscape. In addition, raised concerns over the environmental issues started to present a 

determining factor when forming energy policies and environmental pollution emerged as a 

global issue, directly related to the quality of life [1]. There has been an estimated temperature 

increase between 0.6 and 1 °C in the last 150 years and an estimated potential increase by 1.4-

5.8 °C for the period 1990-2100 [2] sparked mostly by CO2 emissions [3]. The European 

Union (EU) is striving to be the leader in implementing renewable energy solutions as main 

sources of electricity in an effort to overcome the greenhouse gas (GHG) problem achieving a 

low carbon electricity sector in line with global concerns regarding the environmental issues 

caused by the greenhouse effect [4]. At present, the electricity sector is the single largest 

contributor to GHG emissions. It is, therefore, also expected that this sector will have to be 

called upon to carry the biggest load when the required reductions in emissions are concerned 

requiring the adoption of low-carbon generation technologies [5]. In other words, it is now 

necessary to evaluate not only the economic efficiency per type of generation technology, but 

also to take into account the associated effects it has on the environment [6]. As energy 

sources and consumption are directly related to environmental quality and crucial resources 

[7], energy development has, over recent years, been increasingly accompanied by major 

global concerns of over-population, pollution, water depletion, deforestation, biodiversity 

loss, and global climate deterioration [8]. Due to the raised awareness of the negative 

environmental impact of the energy sector, there has been a strong shift towards focusing on 

renewable energy and sustainable development. While some studies focused on designing 

strategies for achieving sustainable development in practice [9][10], others based their 

approach on determining the positive influence of encouraging sustainable development on 

jobs and public expenditures [11], as well as on economic growth [12]. This raised awareness 

resulted in renewable energy sources (RES) gaining momentum, as environmental concerns 

about pollution raised public awareness and encouraged governments to start adopting 

policies aimed at preserving and protecting the environment. This resulted in numerous 

studies being published over the past couple of years regarding this very topic. While some 

addressed their efforts in creating scenarios for successful incorporation of RES into a robust 

sustainable generation mix [13][14][15], others studied the subject through various scopes 

such as energy efficiency [16], renewable islands [17], locally integrated energy systems [18], 

energy restructuring [19], carbon capture & storage (CCS) [20] and the effect on the 

employment rates [21]. In addition, despite significant potential increases in costs [22], a 

number of studies discusses the possibilities of reaching 100 percent renewable energy 

systems in the future both on a local [23][24] and even national level [25][26].  

It should be noted that although the implementation of RES has primarily been driven on 

achieving environmental goals, its contribution to energy security has also been explored [27]. 

It should be noted that, while connections between low carbon goals and the competitiveness 

of RES have been researched [28], the relationship between RES and energy security has not 

received the attention it deserves [29]. The necessary changes that are occurring, coupled with 

the fact that energy is a commodity essential for the well-being of the society, raise the 

importance of awareness about all the possibilities and inner-connections between factors 

influencing the quality of an energy sector – this is needed in order to successfully form a 

coherent strategy able to fulfil the goals set before it. Although, historically speaking, the 

availability of low cost energy has been one of the main driving factors of economic 

development [30], the new energy paradigm faces the energy sector with demands not only 



linked to achieving low costs. The quality of a country’s energy sector is difficult to quantify 

as it depends on a number of factors and can be viewed from different perspectives. Looking 

at the present situation, however, it might be noticed that this quality is threefold. As 

mentioned, it does not simply depend on economic viability, but also security of supply and 

environmental impact. None of these terms are new to energy policies and investments, but 

the new insights and technologies caused forming different views on the energy sector and 

forced the emphasis on the latter two instead of simply choosing to go with the portfolio 

which guarantees minimal costs.  

Although traditional electricity planning models pursue defining costs, their construction 

often results in an underestimation of the true benefits of renewable energy [31]. It is, 

therefore, important to be able to get a more comprehensive grasp on the possibilities and 

potentials of renewables through more thorough analyses. A good start might be to consider 

the success of the energy sector through the scope of the energy security paradigm. Energy 

security has traditionally been a major concern when forming national energy policies, but the 

concept of energy security has mostly been observed only as a measure defining how the 

demand is met in an effort by the policy makers to ensure an undisrupted energy supply [32] 

while its true value should lie in defining the true benefits and costs of the observed energy 

sector. There have been a whole string of studies and papers analysing the concepts of energy 

security, however, due to a lack of a universal definition and a methodology for its 

calculation, energy security has quite often been used as an umbrella term in both science and 

political arenas defining a much broadened area than it should cover. As the process of energy 

security planning is not only extremely complex and dynamic, but is also woven from a high 

number of varying factors, difficulties arise when trying to unify perspectives, conflate 

ideologies and manage the diversity of challenges associated with this activity [33]. These 

complexities require appreciation and management to ensure energy security planning is 

implemented in proper fashion [34]. 

2. Energy security 

2.1.Energy security paradigm 

Stirred by high oil prices during 2008 and aided with the global credit crunch, there has 

been a recent revival of interest in energy security [35][36]. When coupled with geopolitical 

supply tensions that the 2014’s Ukraine-crisis brought, the concept is receiving a growing 

amount of attention across the globe. In the wake of the crisis, Europe may face yet another 

cut-off of gas supplies from Russia, as Gazprom meets more than half of Ukraine’s gas 

demand and, in addition, supplies nearly a third of Europe’s imports, of which roughly half go 

through Ukraine [37]. Energy security is one of the main goals of countries’ energy policies 

around the world. As laid out by [38][39], the three pillars of EU’s energy policy are energy 

efficiency, sustainability and security of energy supply. It should be noted that the concept of 

energy security was existent as far as early twentieth century when politicians and researchers 

focused their concerns on the perceived threats to national security due to dependence on a 

handful of oil producing regions and supply routes [40]. As time passed by, the meaning and 

focus of the energy security concept have varied, but a number of issues remained firmly on 

the agenda [41]. Although the tendency to symbolise multiple dimensions at the same time 

led to the concept being described as “polysemic” and “slippery” energy security is today 

ubiquitous to contemporary discussion about both energy issues and climate change [42]. 

Observing the available literature, a number of papers emerged in the past couple of years 

which offer either definitions or methodologies for calculating energy security. Observing the 

available literature, a number of papers emerged in the past couple of years which offer either 



definitions or methodologies for calculating energy security. Whether it’s observed through 

the scope of security of supply [43][44][45][46], economic theory [47], generation mix 

portfolio diversity [48], energy services [49], security cost [50], long-term aspects of energy 

sector development policies [51], fossil fuel resource concentration [52], system reliability 

[53], diversity of an energy system’s energy flows [54], consumer efficiency [55], energy 

policy [56][57] or other, there have been quite a few attempts to better describe and quantify 

energy security. Additionally, The Routledge Handbook of Energy Security [58] presents an 

overview of a string of analyses used to index and measure energy security. Apart from 

investigating various aspects behind energy security such as energy poverty, equity and 

access, development, policy, the book focuses on the demand side as well, observing energy 

services and politics along with technologies and infrastructure. A number of institutions 

have, similarly, offered their view on the concept such as UNDP [59], EC [60] and IEA [61]. 

Based on a careful literature review of the sources aforementioned, it might be noticed that 

most of the provided definitions base the concept of energy security on three main pillars: 

price (affordability), security of supply (whether home-based sources, whether through 

imports) and sustainability (which could be viewed through the scope of environmental 

impact).  

However, despite of its high importance, there is currently no consensus on the precise 

interpretation on the concept of energy security nor is there a universal methodology to be 

used for its calculation [62]. This is due to the fact that the interdependence between 

industrialised countries and energy exporters has deepened, there are close links between 

financial and energy markets and technology has created interdependencies between 

electricity and oil refining as well as natural gas processing [42]. The complexity behind such 

issues influences on increasing risks of supply disruptions due to a number of factors such as 

political turbulence, war, financial market turmoil, technical failures, unfavourable weather 

conditions etc. [63][64][65]. If about anything, there seems to be a consensus about the 

association of energy security with risks [66][67][68], but the problem is in the vast number 

of threats that need to be considered [69]. This is the main reason why energy security 

concepts sometimes very distinctively differ, as researchers, quite too often, select a subset of 

these risks to take into account for their analyses. By categorizing and embodying the results 

into various levels, according to pre-selected criteria, the development of an index capable of 

measuring defined levels of energy security is possible [70]. Some studies have been focused 

on conceptualising energy security in various dimensions [42][56], whilst some focused on 

measuring the levels of energy security [49][52]. Having different risk sources and/or 

choosing different impact measures results in a considerable variation between studies.  

In an effort to summarise some of the proposed definitions, Winzer reviewed 36 studies 

and argued that the concept of energy security should be separated from other policy goals 

(such as economic efficiency and sustainability) [32]. He defined the term as “the continuity 

of energy supplies relative to demand” therefore narrowing the concept of energy security to 

simply security of supply. In a way this study does not follow these footsteps and incorporates 

other layers into the paradigm, as security of supply depends on different factors. Whether the 

models used in the presented analyses fall under the umbrella of energy security or does the 

methodology deserve a different term to define it, is not discussed in the study. The figures 

gained were meant to simply better the understanding of the quality of the energy sector 

analysed. In this paper, we have adopted the definition that seems to be the most frequent 

among researchers, saying that energy security is a measure which defines three basic 

dimensions: price, reliability and sustainability. 

  



 

 

2.2.Indicators of energy security 

Over the recent years there have been quite some attempts to devise indicators for 

quantifying energy security. Whereas some deal with one aspect, others attempt to capture 

several relevant factors in a single aggregated indicator [62]. In this paragraph, an overview of 

the indicators used in this paper is presented, as well as the methodology used for 

calculations. In principle, the method used aggregated a number of factors influencing the 

three dimensions of energy security into a single figure. The three dimensions of energy 

security are defined as cost, import dependence and sustainability. The following (Figure 1) 

figure depicts the building blocks of the presented energy security index (ESI). 

 

Figure 1 Main components of the energy security index 

2.2.1. Cost of energy 

The first dimension considered was the cost of energy. It consists of the two main 

components being encountered whilst covering the demand. The first component is the 

reported price on the power exchange, the price on the electricity market. It consists of both 

domestic production and foreign acquisitions. The second main component of the cost 

dimension is the cost of subsidizing renewables. By analysing the installed capacities being 

subsidized and comparing their productions with the tariffs in place, the total and specific 

costs can be calculated. To enable calculating this dimension, a detailed model of the 

electricity generating portfolio is necessary. The model used contains not only the detailed 

technical parameters and constrains, but also the specific costs of production per each unit of 

the sector. Technical aspects of the generating portfolio of SEE are given considerable focus 

and describe each unit in detail. However, the economic parameters were analysed in detail 

only for the Croatian generating set and presumed (approximated) for the rest of the units in 

the region. This enhanced the accuracy of optimisation between production and demand and 

aided in obtaining the actual costs of production of the electricity sector. The costs structure 

for each unit comprises of four categories [71]: investment, operation and maintenance 

(O&M), fuel and CO2 costs. Naturally, only thermal power plants have fuel and CO2 costs 

above the zero mark. 

2.2.2. Reliability 

Reliability is, in this case, interpreted as the ability of the system to rely on its domestic 

production. Therefore, it was observed through the scope of import dependence. Import 

shares are often used when assessing security of supply (SOS). Under optimal energy market 

operation, it might be argued that import dependence is less relevant to SOS. However, 

having a more regionalised world where trade barriers and a paradigm of competition prevail 

Energy security index 

Cost Reliability Sustainability 

Electricity market price Imported electricity Carbon emissions 

Renewable incentives Imported fuel Fossil fuel consumption 



over cooperation, import shares prove to be both a straightforward and insightful indicator in 

assessing SOS. Net import of primary fuel and electricity are both taken into account. The 

import of electricity is pretty straightforward to calculate, but the import of fossil fuels is 

somewhat more complicated to take into account. The model used calculates the amount of 

electricity produced by imported fuels. This is achieved by taking into account the volumes of 

oil, gas and coal that the generation units imported during the course of the year. By 

comparing the amount of production to the share of imported fuel, the production achieved by 

foreign primary sources can be calculated. Using a weight factor, this production is then 

added to the existing amount of electricity acquired on the foreign market. The weight factor 

takes into account the percentage of the overall costs attributed to the imported fuel cost. For 

example, for a coal fired unit that has no more investment costs to cover and imports 100% of 

its fuel needs (like the Plomin 1 unit), its cost of electricity comprises of O&M and fuel costs. 

The percentage of the amount spent on imported fuel (compared to O&M costs) is considered 

to be the percentage of production imported. In this way, the construction of units importing 

primary energy does not improve the overall energy security as much as a unit relying on 

domestic sources. The two aforementioned components, electricity and fuel imports, together, 

form the reliability dimension.  

2.2.3. Sustainability 

Electricity sector’s efforts to switch from carbon intensive fuel portfolios are considered 

an indicator for acceptability. This is done by taking into account the share of renewables in 

total primary energy supply and the negative effect the electricity sector has. It should be 

noted that acceptability concerns also exist regarding other energy options, e.g., nuclear 

energy. In this paper, in order to simplify the paradigm, social acceptability is equalled with 

environmental impact. With regards to climate change and the use of non-renewable energy 

sources, the most adequate way to consider the long-term sustainability of electricity 

generation is to take two basic things into consideration. First, the CO2 emissions per MWh 

and second, the amount of mega joules of fossil fuels burned per MWh. Combining the two 

factors, the sustainability dimension is calculated.  

2.3.Calculation methodology 

In order to be able to express the level of energy security and still account for the various 

dimensions of it, a vector mathematical structure is used. The vector is placed in a Cartesian 

coordinate system where each reference line represents one of the aforementioned 

dimensions. The energy security index is quantified by a single number by calculating the 

distance of the situation point from the origin. In this model, the theoretically optimal 

situation would be found in the origin. The formula used to calculate ESI consists of three 

main elements: 

𝐸𝑆𝐼2 = 𝐼𝑐
2 + 𝐼𝑅

2 + 𝐼𝑆
2 

where 𝐸𝑆𝐼 – energy security index; 𝐼𝑐 – cost dimension of the index; 𝐼𝑅 – reliability 

dimension of the index; 𝐼𝑆 – sustainability dimension of the index. The following text shows 

how these fragments are calculated. Firstly, the costs index is calculated by using: 

𝐼𝑐 = 𝜎𝐶1𝐶𝑀 + 𝜎𝐶2𝐶𝑆 

where 𝜎𝐶1, 𝜎𝐶2 – vectors of weights; 𝐶𝑀 – specific market costs of electricity in €/MWh; 

𝐶𝑆 – specific costs of subsidising energy production calculated by adding total costs of the 

subsidised electricity production and dividing it by the overall demand in €/MWh. 

𝐶𝑀 =
𝑐𝑃 + 𝑐𝐼

𝐷
 



where 𝐶𝑃 – specific production costs component (calculated by adding total production 

costs of the sector and dividing it by the overall demand covered) in €; 𝐶𝐼 – specific market 

costs component refers to the costs of electricity obtained on the market (imports) in €; 𝐷 – 

demand covered (MWh). In this case, 𝜎𝐶1 and 𝜎𝐶2 are of the same weight in order to equally 

value both the components of the cost dimension. Second component of the ESI is the 

reliability index calculated as follows: 

𝐼𝑅 = 𝜎𝑅1𝑅𝐸 + 𝜎𝑅2𝑅𝑃 

where 𝜎𝑅1, 𝜎𝑅2 – vectors of weights; 𝑅𝐸 – amount of electricity being imported compared 

to the overall demand ratio; 𝑅𝑃 – amount of imported fuel used for production compared to 

the overall demand ratio. Dependency on imported fuel is explained in more detail in previous 

paragraphs.  

𝑅𝑃 = ∑
𝑟𝐹𝐼𝑖 ∗ 𝑟𝐹𝐶𝑖 ∗ 𝑃𝑖

𝐷

𝑁

𝑖=1

 

where N – the overall number of units observed; 𝑟𝐹𝐼𝑖 – ratio of fuel import dependency;  

𝑟𝐹𝐶𝑖 – ratio of fuel costs in overall cost of the i unit; 𝑃𝑖 – production of the i unit in MWh. The 

third component regards the sustainability of the sector and is calculated as follows: 

𝐼𝑆 = 𝜎𝑆1𝑆𝐶 + 𝜎𝑆2𝑆𝐹 

where 𝜎𝑆1, 𝜎𝑆2 – vectors of weights; 𝑆𝐶 – specific CO2 emissions of the sector (overall 

CO2 emissions divided by overall production) in tCO2/MWh; 𝑆𝐹 – specific fossil fuel 

consumption in MJ/MWh. Combining all the aforementioned components the ESI can be 

derived: 

𝐸𝑆𝐼2 = (𝜎𝐶1𝐶𝑀 + 𝜎𝐶2𝐶𝑆)2 + (𝜎𝑅1𝑅𝐸 + 𝜎𝑅2𝑅𝑃)2 + (𝜎𝑆1𝑆𝐶 + 𝜎𝑆2𝑆𝐹)2 

∴ 

𝐸𝑆𝐼 = √(𝜎𝐶1𝐶𝑀 + 𝜎𝐶2𝐶𝑆)2 + (𝜎𝑅1𝑅𝐸 + 𝜎𝑅2𝑅𝑃)2 + (𝜎𝑆1𝑆𝐶 + 𝜎𝑆2𝑆𝐹)2 

The index presented in the paper is conceptually envisaged as an indicator of the energy 

sector’s quality and a measure of probability. The index implicitly states the robustness of the 

observed energy sector, its ability to face shocks. In other words, if a component of the index 

(cost/reliability/sustainability) is higher than average it indicates an exposure, a vulnerability 

of the sector, therefore, it can be observed as a risk factor as well. For example, if an energy 

sector imports a greater volume of fuel, the reliability dimension will be notably higher. In 

such conditions, the index would be high, indicating higher dependence, higher exposure and, 

naturally lower security. The mathematical algorithm presented uses only twelve main 

parameters that considerably simplify the calculation of the ESI and provide a useful insight 

into the quality of the energy sector. The lower the index, the lower the exposure and risks, 

the better the quality and higher the security. 

2.4.Some of the aspects of the proposed index 

The goal is to create an aggregated index that is able to take into account a number of 

different indicators and present them in a simple manner. In addition, the weight factors used 

by the model might allow a unique ability to form the index in the way best suited for the 

participants needs. The weights presented in the paper are in equilibrium, where all the three 

dimensions have equal contributions. However, if generating companies/policy makers prefer 

certain policies, the index can be altered to better match their needs. For example, if there is a 

need to reduce imports even at higher costs, the alteration to the weight factors would 

ultimately change the breakeven point at which it is no longer viable to lower imports in order 



to favour domestic production. This could be done by changing the weights from 1/3 each to 

result in 1/2 weight on reliability, 1/4 affordability and 1/4 sustainability. The model 

presented in the paper should prove to be a flexible tool in determining not only the current 

status, but, even more importantly, the future prospects of the observed sector. The referent 

case can serve as a benchmark upon which a portfolio’s trajectory can be calculated. The 

index can be calculated real-time and as such determine the quality of an electricity sector for 

a given hour/day/week/month. The figures presented in the paper are all based on a yearly 

performance average. Croatia was taken as a practical example, however, the methodology of 

obtaining the aggregated index is universal and with a sufficient data base, different portfolios 

could be evaluated. The index considers RES’s impact on the sector not only through the 

scope of environmental protection benefits, but also the reliability and cost dimensions. 

Looking at the impact of renewables on costs, the model takes into account not only their 

influence on the market price, but, additionally, the money being spent on incentivising their 

production. Although social acceptability plays a growingly more important role in 

determining energy sector’s development, it is not directly considered, but is absorbed by the 

sustainability dimension of the index. It is assumed that a more sustainable system is likely to 

be more accepted both socially, as it is more acceptable for the environment. 

3. Computational method 

Evaluating the characteristics of energy sector quality and analysing the different 

implementation approaches to the optimal portfolio selection is closely related to a number of 

influencing factors and several problem areas. This is why without specialised optimization 

algorithms it would not be possible to fully account for the amount of data that needs to be 

taken into consideration whilst constituting a suitable solution for solving the complex 

problems in hand. In mathematics, optimization is considered to be a discipline dedicated to 

calculating inputs of a function that minimize or maximize its value, which may be subjected 

to constraints [72]. Combinatorial optimization is a branch of optimization dedicated to 

optimizing functions with discrete variables [73]. When it comes to computational 

optimization, it might be defined as the process of designing and implementing algorithms 

suitable for solving a large variety of optimization problems. It should be noted that the 

optimisation in this paper merely offers a foundation on which further analyses are built, not 

necessarily the optimum solution to a problem. When it comes to evaluating the performance 

of a country’s portfolio, one should take into account quite a considerable amount of data – 

various external influences require the evaluation utilization factors to consider the context of 

a network where generating plants must meet a specified (time-dependent) electricity demand 

[74]. As the energy sector consists of a number of integrated systems, the entire composition 

surrounding the country in study is also considered. This is one of the main reasons why a 

software tool was used to gain results needed for further analyses. As presented in [75], there 

are a considerable amount of computer tools available to help with the optimisation processes 

calculation.  Optimisation-based synthesis approaches allow considering a virtually unlimited 

number of factors and alternative scenarios thus enabling to search for the optimal solution 

among all possible alternatives [76][77] in order to define tailor-made solutions for the level 

required, whether for distributed energy systems [78][79] or for a specific unit [80].The 

software in this study used was the market simulator designed by the Milan based institute 

Centro Elettrotecnico Sperimentale Italiano (CESI), an independent centre of expertise and a 

global provider of technical and engineering services to customers throughout the energy 

value chain, including business and technical consultancy, engineering and operational 

support [81], called Programmazione a mediotermine (PROMED) GRID. After collecting the 

necessary data of the electricity sectors across the SEE region, we built the simulator’s 



database to match the needs of our study and designed an additional extension to the existing 

software in order to provide for the analyses and results presented in this paper. PROMED 

GRID is designed to carry out an optimal coordinated scheduling of the modelled electric 

system generation sets during the course of the simulated year, with an hourly time 

discretisation. The liberalized electricity market is simulated as a competition of generation 

companies which sign physical bilateral contracts and by bid on the power exchange. The 

day-ahead hourly energy market is characterized by a system marginal price and by a 

congestion management based on market-splitting per zones. The model consists of three 

modules: input data base, market simulation and output data. As far as the input data is 

concerned, it is divided into eight groups already described in our previous works [1][82][83], 

so they are only listed here: network model, hourly load and reserve margin of each 

considered market zone, energy exchanges with neighbouring systems, thermal generation 

set, fuel and EUA prices, hydro generation set, RES generation and bidding strategies. In 

addition to the previous version of the software, the new one has a stronger focus on 

renewable generation taking into account the increasing penetration of RES in the generation 

mix. The connections between the SEE regional electricity market (SEE REM) and its 

surroundings were considered through the scope of imports based on historical data. In 

addition, in line with recent trends [84] three modes of handling transmission network 

constraints were implemented in PROMED GRID: a pure flow-based (FB) approach, a pure 

Available Transfer Capacity (ATC) based approach and a hybrid one. By explicitly modeling 

the transmission constraints, hourly power flows and network congestions among 

interconnected market zones are calculated. Different sale prices determined in each market 

zone are directly correlated with the attainment of the inter-area transmission constraints 

following the market splitting principle [85].  

As electricity price forecasts have become a fundamental input to both energy companies’ 

decision-making mechanisms [86][87][88] and regulatory bodies, the main findings of the 

simulations presented in this study are not only the aforementioned utilisation factors 

(dispatch results) of the units considered, but also the electricity prices for simulated 

situations on the market. During the years, a variety of methods and ideas have been used to 

find the solution to the complex problem of electricity price forecasting (EPF) [89]. Although 

taking into account the bidding strategies during market simulation is often considered to be a 

distortive element due the biased decisions that it necessary entails in the market scenarios, 

PROMED GRID incorporates strategies per each generating unit based on units’ presumed 

production costs thus determining the price of bids submitted by the company to the power 

exchange. Understanding all the possibilities and constraints that the market is bound to, thus 

becomes imperative in order to be able to form a coherent framework for simulation. To 

determine the market outcomes, the solution of a very large quadratic programming (QP) 

optimization problem is required. The optimization problem is solved implementing Kuhn-

Tucker optimality conditions by means of a particular technique called Geometric ENgine 

(GEN). The market analysis presented in this study is based on a forecast of wholesale energy 

prices and power units' productions in 2015 and characterized by the most likely assumptions 

about the evolution of the SEE electric system. As far as the rest of the rest of the data is 

concerned, it was obtained through further analyses and, for the most part, conducted via an 

extension to the software made by the authors of the study. 

4. Surrounding peculiarity 

SEE is a specific region and determining an optimal generation portfolio in these 

surroundings requires considering all the specifics it brings. The SEE electricity sector has 

gone through a number of fundamental changes in the past few decades. It has witnessed the 



collapse of the socialist system as well as several wars, which deeply affected the social and 

economic life of people in the region. With regard to the electricity sector, extensive reforms 

being implemented were primarily aimed at changing the centralized organization of 

monopolistic utilities and introducing market-oriented structures and public regulation [90]. It 

is presumed that privately owned companies are able to move faster toward the efficiency 

frontier [91] as competition and a stronger desire for higher profits are expected to drive 

changes resulting in a more efficient system [92]. An important factor facilitating these 

changes was the EU initiative to establish the regional electricity market compatible with the 

internal electricity market of the EU [93]. Diversifying energy sources and developing 

alternative supply routes are considered to be some of the potential advantages that the 

establishment of the electricity market should enable [94]. A key factor driving a successful 

reform process will be the institutional and administrative capacity of the established national 

energy and regulatory authorities [95]. It should be noted, that the quality of the governance 

across the region substantially varies and in most cases falls behind that of other members of 

the EU [94]. However, as far as countries in SEE are concerned, the driving factors in the 

process of adoption of the EU acquis communautaire are related to both the aspirations to a 

membership in the EU and a realization that without major investments in generation and 

transmission capacities, consumers might suffer from future supply shortages [96]. The 

countries in the region inclined to the EU are required to follow the recommendations of the 

EU Energy Policy pursuing its three main objectives: competitiveness, security of supply and 

sustainability. In this context, integrating smaller systems into larger should prove to be 

beneficial to power trade and market competitiveness especially when resource endowments 

vary across countries. Creating a wholesale market is, in the long term, statistically positive 

for prices within the market [97]. Although when observing past experiences one might draw 

a conclusion that reforms have encountered significant difficulties during their projected paths 

in a number of countries [98], the reforms in SEE represent an important experiment for the 

entire World. It represents a test of the transferability of the EU reform model to a set of 

developing countries in general. The two main difficulties are the need for real time balancing 

of supply and demand which requires better design and regulation than most other 

deregulated sectors and rebalancing tariffs to cost-recovering levels as it is an important 

precondition to an effective market. The rebalancing of tariffs raises the issues of political 

sensitivity through social aspect of reform as reform which raises tariffs will have significant 

effects and may cause political difficulty in a region where incomes are generally low and 

have a wide dispersion [99].  

Structural changes in the SEE electricity sector were primarily imposed by the EU and 

driven by two electricity directives in 1996 and 2003 [100]. There are currently a number of 

issues still to be addressed if the experiment of a regional energy market is to lead to further 

regional integration. It’s worth noting that the Balkans conflict also had a significant 

detrimental effect on the energy infrastructure in parts of the region from which some of the 

countries are only recently emerging [101]. Analysing the main concerns of an independent 

power producer (IPP) in the SEE REM we have identified the issue of different views on 

regulation and further development in terms of legislation as a driving force of insecurity of 

the investors in the region. Having unstable, someway unpredictable, regulatory framework 

results in   competitors on the market facing disloyal competition. Two of the main difficulties 

regarding successful integration into a regional electricity market are the EU emission trading 

scheme (EU ETS) and the low competitiveness throughout the countries of the region. As 

shown by Figure 2, countries in the region are divided when it comes to the EU ETS 

affiliation. This causes a significant imbalance between competitors on the market and results 

in considerable additional risk for investors as thoroughly discussed in [82]. 



 

Figure 2 South East Europe countries ETS affiliation 

In addition to the EU ETS affiliation, the following figure (Figure 3) offers an insight into 

the competitiveness of the electricity markets within the SEE region through the scope of the 

results obtained by Datamonitor’s MCI index competition intensity analysis [102]. MCI is the 

index which measures the development of the electricity markets competitiveness, comparing 

between each other 34 European markets.  As it might be noticed, the countries in SEE mostly 

face significant difficulties and have low market competitiveness. The best placed SEE 

country in this analysis is Romania, while the worst is Macedonia. 

 

Figure 3 MCI score 2013 (source: Datamonitor [102]) 

 

4.1.Overview on the Croatian electricity sector 

For the purposes of this study, a model of the electricity sector has been built, representing 

the assumed state of the SEE REM in the year of 2015. This paragraph describes the 
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electricity sector of the case study country – Croatia. The overall installed capacity is set at 

4551 MW. It consists of the groups of generating sources as listed in Table 1. 

 

Table 1 Installed generation capacity in Croatia (2015) 

Power plant 

types by source 
 Installed capacity (MW) 

RES  438  

 Wastewater gas 2.99  

 Municipal waste 2.43  

 Wind 355.19  

 Solar 36.25  

 Small hydro 1.73  

 Biomass 9.19  

 Biogas 14.49  

 Cogeneration 15.89  

Industrial  212    

Thermal  1789 Gas Oil Coal 

 TE Sisak 420  420  

 TE Rijeka 320  320  

 TE Plomin 1 120   120 

 TE Plomin 2 210   210 

 KTE  Jertovec 76 55 21  

 TE-TO Zagreb 440 320 120  

 TE-TO Osijek 95 50 45  

 EL-TO Zagreb 89 89   

 Other small units 19    

Hydro  2112  

It should be noted that a 50% share of the nuclear power plant (NPP) Krško is also a part 

of the generation set belonging to the Croatian leading utility HEP. With a nameplate 

generating capacity of 696 MW, it generates over five TWh of electrical energy per year. 

However, as the power plant is not based in Croatia, we did not include it in our 

considerations of the energy mix. Each of the units listed is described with the constraints and 

technical characteristics in our model used in the optimisation software. The energy mix used 

for calculations corresponds to the situation in the Croatian electricity sector and is a result of 

observing available literature [103][104] and team analysis. Figure 4 shows the shares of 

installed generating capacities of the four main sources of electricity. As it can be seen, 

hydroelectric generation accounts for the largest share at 47%, but closely followed by the 

thermal sector’s 40% stake. Currently, there are two large projects foreseen that might alter 

the shares in the thermal sector’s favour. It should be noted, however, that most of the thermal 

units have been present for quite a number of years and now due to low efficiencies have high 

fuel consumptions making them considerably less competitive on the electricity market. In 

addition, there are a number of oil fired units too expensive to be used electricity generation. 

Despite ambitious plans, looking at the past few years, the biggest increase is recorded by the 

renewable sector which now holds 10% of the total generating capacity.  



 

Figure 4 Croatian energy mix 

Building on the basis of an elaboration of the historical data of the national electricity 

consumption published by ENTSO-E [105], the forecast of the national energy demand is 

defined on an hourly basis. For a predetermined year of 2015, we presumed the annual 

demand to total 17.83 TWh. This procedure of identifying the generation mix, constraints, 

demand and other relevant data resulted in the collection of a considerable database used to 

update the data compiled by CESI. The modifications implemented into the SEE REM 

database were further used for the purpose of simulating the SEE REM with the optimisation 

software. Figure 5 presents the presumed annual demand on an hourly basis for Croatia and 

the same data was used for each country of the SEE region. The optimum solution of energy 

trades between countries of the region and between the region and its neighbours, respecting 

technical constraints of power flows is expressed by Net Transfer Capacity (NTC) on all 

interconnection corridors. 

 

Figure 5 Croatian annual electricity demand (2015) 

 

  

10% 

5% 

39% 

46% 

RES

IND

Thermal

Hydro

0

200

400

600

800

1000

1200

1400

1600

1800

2000

1 2 3 4 5 6 7 8 9 10 11 12

[G
W

h
] 

[months] 



5. Results & further analysis 

After constructing a model of the SEE electricity sector and taking the assumptions 

regarding fuel costs, hydrological conditions, RES production and electricity demand, a 

number of simulations of the SEE REM were made. Aided with an extension of the software 

made by the authors of the paper, the quality of the Croatian energy sector is assessed and the 

most relevant data presented in the text below. The main sources of information used is the 

data provided by ENTSO-E (demand, interconnections, exchanges)[105], HEP (generation 

portfolio, units’ production, Croatian demand) [106], CESI (electricity sector settings, 

generating portfolios) [81], , HROTE (RES capacities, RES incentives, future development 

possibilities of the RES sector), HERA (tariff prices for RES)[107][108], EEX (fuel prices, 

electricity prices)[109], HUPX (fuel prices, electricity prices)[110] and team research. 

5.1.Referent case 

The two basic results of the simulation are the hourly productions of the units and the 

electricity prices. Figure 6 shows the productions of domestic units’ during the course of the 

simulated year. It can be seen that hydrological conditions (which are based on the 

elaboration of historical data regarding inflow capacities) significantly vary even during 

shorter periods of time thus having a significant influence on the Croatian sector. 

 

Figure 6 Domestic units’ productions 

When these productions are considered along with the production of NPP Krško (NPPK) 

and the Croatian demand, the following figure can be built (Figure 7). Having a stable 

production, the NPPK improves the overall status of the sector lowering the gap between 

production and demand. However, as it can be seen from Figure 7, the Croatian electricity 

sector faces significant difficulties when covering its demand and has to strongly rely on 

foreign imports. Paired with high dependence on hydrological conditions and fuel imports, 

these electricity imports represent the main downfalls of the sector. 
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Figure 7 Demand and production comparison 

Setting up the electricity market allows for the prediction of electricity prices under 

presumed market conditions. This allowed the formation of the following analysis regarding 

the dependence of electricity prices on demand. One of the general rules of supply and 

demand dictates lower prices at lower demand and higher prices at higher demand. Price of 

electricity in the simulation derives from the bid-up strategy modelling: an hourly bid-up 

proportional to the demand level has been superimposed on the marginal cost curve of each 

thermal unit. This results in price having a trend of following the demand being higher in 

peak load hours and lower off peak hours. It is important to note a distinction between two 

electricity prices reported in the paper. First, there is the electricity market price and second, 

the cost of electricity as reported in the earlier text. The cost of electricity represents the 

specific cost needed to cover the costs of producing or importing the necessary amount of 

electricity. 

 

Figure 8 Electricity price demand dependence 

The total production of domestic units of the Croatian electricity sector equals 11.69 TWh. 

Without the production of NPPK, 34.4% of the 17.83 TWh demand needs to be imported. If 

the 50% share of NPKK is added, import lowers to 18.2%. These figures correspond to 261 
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M€ and 138 M€ respectively. When this is added to the imported fuel costs, the expenses rise 

to 379 M€ and 261 M€ respectively, representing a significant burden on the energy sector. 

CO2 emissions amount to 2.96 Mt or 0.166 tCO2/MWh. The average marginal price of 

electricity on the SEE market equals 42.57 €/MWh, whilst the specific cost of electricity for 

Croatia equals 44.55 €/MWh (this figure includes both market costs and costs of subsidising 

RES). The overall cost of covering the 17.83 TWh demand equals 794.54 M€, 79.4 of which 

is regulated by the tariff system. Figure 9 can be used to compare these prices with the 

average marginal costs of production of the domestic units belonging to the Croatian thermal 

sector. 

 

Figure 9 Croatia thermal sector’s specific production costs 

5.2.Energy security index 

The successful collection of data provided the possibility of calculating the energy 

security index (ESI) for Croatia. The cost of energy is determined by summing the overall 

costs of covering the annual demand. Costs consist of three categories: production, imports 

and tariffs. Production costs, in this case, present the overall costs needed to produce 

electricity by domestic sources. They are a value expressed in euros per megawatt hour and 

refer to the average marginal price of electricity that the Croatian power exchange would 

achieve for the selected period. These costs are obtained with the help of the optimisation 

software and further team analysis. Adding to the production costs are the imports with their 

specific costs and volume. Last, but not least, are costs of tariffs. They refer to the money 

spent on subsidizing the renewable energy sector. As the optimisation software only deals 

with simulating the electricity market, the costs of subsidies are calculated strictly through 

team analysis. First, the data provided by the Croatian energy market operator – HROTE was 

taken into account describing the progress made when installed renewable capacities are in 

question. For the year 2015, as mentioned earlier, the presumed installed capacity is presumed 

at 438 MW. Considering the mix in hand, this correlates to an annual production of 859 GWh 

as shown in Table 2. 

Table 2 Renewable sector’s production in 2015 

Power plant types by 

source 
Installed capacity (MW) 

Annual production 

(GWh) 

Wastewater gas 2.99 10.04 

Municipal waste 2.43 13.97 
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Wind 355.19 651.51 

Solar 36.25 21.00 

Small hydro 1.73 10.25 

Biomass 9.19 65.56 

Biogas 14.49 82.57 

Cogeneration 15.89 4.23 

Total 438 859 

In addition, according to the tariff system in place [108] defined by the Croatian energy 

regulatory agency – HERA, we calculated the annual costs of the renewable sector to reach 

79.4 M€ (609 M Kuna) compared to the 72.1 M€ (553 M Kuna) in year 2013 [104] report. 

This corresponds to a 7.3 M€ increase or, in other terms, a 19% production increase. The 79.4 

M€ are added to the existing 715.14 M€ spent on the aforementioned production and import 

costs resulting in a total of 794.54 M€ needed for covering the overall demand of 17.83 TWh. 

Taking subsidies into consideration increases the overall marginal price by 4.45 €/MWh 

adding to the overall 44.55 €/MWh price tag for producing electricity in Croatia. This price 

reflects the situation on the electricity market in which all the production costs of the 

dispatched units are covered. The simulated bidding strategies of the production units’ aim at 

covering investment, O&M, fuel and CO2 costs. However, as the current situation in Croatia 

is somewhat different (almost all of the trade within the sector is done via bilateral 

agreements), an additional scenario has been developed. This involves setting a system of 

bilateral agreements between the electricity market and the power producers. These contracts 

allow the compensation of the dispatched units to equal only the variable production costs 

disregarding the producers’ need to achieve profits at the end of the year. Furthermore, a few 

units (cogeneration) were on a must-run basis during the winter hours (to best depict the 

situation present in Croatia). 

The reliability/security depends on the volume of imports. To calculate this index 

component, we took into consideration the percentage of electricity imported for covering the 

total demand – 18.21% and, in addition, the volume of imported primary resources. By 

analysing the data given by the Croatian Ministry of Economy [111], we were able to gather 

the average imports of the Croatian energy sector which are listed as follows: 100% of coal is 

imported, 79.48% of crude oil and 35.1% of natural gas. When compared to the annual 

productions by each of the thermal units, this results in a total cost of 133.29 M€ for 

electricity production by using imported fuels. 

The third component of energy security is sustainability. It corresponds to both the 

environmental impact and the usage of fossil fuels in the electricity generation process. The 

environmental impact is considered through the scope of CO2 emissions per MWh of 

produced electricity. By analysing the emission coefficients of the thermal units in the 

Croatian energy sector and observing the productions of these units (via optimisation 

software), their total emissions were calculated. In total, the Croatian energy sector, when 

considering referent conditions, emits 2.95 MtCO2. When compared to the annual demand, 

this results in emissions equal to 0.166 tCO2/MWh. As fossils fuels are considered to be 

expendable, the second main factor of the sustainability component is the mentioned fossil 

fuel consumption. This was calculated in a way similar to calculating emissions. The result 

was a total of 36.846 TJ of fossil fuels burnt to satisfy the need of the thermal sector in 

Croatia. This corresponds to 8.9 MJ/MWh when considering only the thermal sector and 2.06 

MJ/MWh when compared to the overall energy sector (the number in mostly reduced because 

of the use of hydro generation). 



Taking all these into account and using the mathematical model presented in the paper, the 

ESI of Croatia is calculated to equal 0.723, with the cost, reliability and sustainability 

components contributing with 0.445, 0.331 and 0.455 respectively. Figure 10 depicts how far 

Croatia currently is on the path of having an energy sector that is more reliable, sustainable 

and cost effective. 

 

Figure 10 Referent case ESI for Croatia 

5.3.Sensitivity market analysis 

Quite a while ago Markowitz demonstrated that in order to optimise an investment it must 

be diversified in more financial assets, maximising the expected return while, at the same 

time, minimising associated risks [112][113]. In other words, every asset taken into 

consideration during portfolio analyses must be characterised not solemnly by its expected 

return, but additionally by the variability it holds. A number of sensitivity cases have been 

analysed in order to take into account the uncertainty regarding some of the parameters in the 

market analysis conducted. This offers a more detailed perspective on the possible changes 

that directly reflect the performance of the electricity sector in study. We have focused on 

four major factors: demand, hydrological conditions, fuel and carbon prices and observed the 

strength of their impact on the performance of the sector. It should be pointed out that the 

analysis of the variations of factors focused on the boundaries of optimal and pessimal 

possible scenarios. It is, therefore, unlikely that the parameters considered in the sensitivity 

analysis would remain such for a prolonged period of time, but the results obtained represent 

a valuable insight on the robustness of the electricity sector. Demand is presumed at -5% 

(pessimal) and +5% (optimal). Pessimal and optimal hydrological conditions are based on 

historical conditions. Fuel prices range from +20% to -20%. Carbon prices are set at 0 €/tCO2 

and 20 €/tCO2. The changes are applied to Croatia and the rest of the SEE region (EU ETS 

affiliation is taken into consideration). 

Table 3 Main sensitivity cases differences compared to referent scenario 

No. Abbreviation Scenario 

1. REF Referent 

2. DP Demand lowered by 5%  

3. DO Demand raised by 5%  

4. HP 

 

Hydrological conditions presumed pessimal for 

electricity generation (based on historical data) 



5. HO 

 

Hydrological conditions presumed pessimal for 

electricity generation (based on historical data) 

6. FP Fuel costs raised by 20% (coal, gas and oil) 

7. FO Fuel costs lowered by 20% (coal, gas and oil) 

8. CP Carbon costs set at 0 €/tCO2 

9. CO Carbon costs set at 20 €/tCO2 

 

 

Figure 11 Sensitivity cases ESI 

As it can be seen, although staying within certain boundaries, the index varies as the 

conditions regarding the sector change. The variations of the index represent the maximum 

volatility that the Croatian sector can face within the year. The referent index, along with its 

three dimensions, represents the exposure of the sector to certain types of external influences 

and can be regarded as a risk factor. High values of index components (with values towards 1) 

therefore mean higher risks. What the sensitivity analysis reveals is the great significance of 

hydrological conditions to the Croatian electricity sector. There is a difference of 300 M€ in 

obtaining (producing and acquiring) electricity between optimal and pessimal conditions. 

Because of the high share of hydro-power plants, the Croatian electricity sector is more 

affected by hydro conditions than variations of ±5% demand and ±20% fuel costs. 

5.4.Possible development scenarios 

In this section, the variation of the energy mix is analysed. This section applies the 

portfolio choice model depicted above to analyse the impact of renewables in energy security. 

Three main paths are analysed and involve incorporating RES, TPP Sisak (cogeneration, 230 

MWe + 50 MWt) and TPP Plomin (coal, 500 MW) in the generating portfolio. TPP Sisak is 

currently in the final stages of construction whilst Plomin is on tender. The main additions to 

the scenarios are shown in Table 3. 

Table 4 Main differences compared to referent scenario 

No. Abbreviation Scenario 

1. REF Referent 

2. 

R2 

Installed RES capacity set to match 2 TWh annual 

production 

3. R4 Installed RES capacity set to match 4 TWh annual 
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production 

4. TS TPP Sisak (cogeneration, 230 MW) 

5. TP TPP Sisak and TPP Plomin (coal, 500 MW) 

6. TR2 TPP Sisak, TPP Plomin and RES production of 2 TWh 

7. TR4 TPP Sisak, TPP Plomin and RES production of 4 TWh 

Each scenario has benefits and drawbacks. Out of the six development scenarios analysed, 

four are able to improve the ESI defined in this paper. ESI indices are shown in Figure 12. 

 

Figure 12 Development scenarios ESI 

Comparing present costs of RES in Croatia (79.4 M€) and their production along with 

assumptions regarding the development of the RES sector in Croatia, the costs for producing 

2 TWh and 4 TWh of electricity on a yearly basis were calculated at 183.9 M€ and 370 M€ 

respectively. The analysis revealed that incorporating RES into the portfolio would increase 

cost, but improve reliability and sustainability dimensions of the index resulting in the overall 

improvement of the ESI. Apart from the two scenarios with presumed increase in RES 

penetration, other scenarios do not offer significant improvement. Comparing scenarios R4 

and TP, the biggest difference can be observed. Despite adding significant generating 

capacities, it seems that TPP Sisak might be rendered uncompetitive on the market. Acting as 

an IPP on the SEE REM, without having a power purchase agreement (PPA), it will find 

current market conditions rather difficult. The coal fired unit, on the other hand, will find its 

place in the dispatch. It will, however, have an overall detrimental effect on the ESI raising 

the negative environmental impact without properly compensating it through cost and 

reliability (the unit would have to import fuel). As far as the RES scenarios is concerned, we 

have, additionally, identified the breakeven point at which the instalment of further RES 

would cause a degradation of the ESI. For Croatia, this would be the mentioned 4 TWh per 

annum. Beyond that point, under current circumstances, the cost of renewables would have 

too strong of an impact on the cost to be fully compensated through increased reliability and 

sustainability. Additionally, although not fully considered under the scope of this paper, 

technical feasibility of fostering such increased renewables portfolio should be analysed. Due 

to the great variability of RES production, it is fundamental to know the territory in which the 

portfolio choice must be done, so to address the analysis coherently to the territorial contest 

during energy planning [114]. 
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6. Discussion 

In order to provide for an affordable and reliable source of electricity, support the increase 

of domestic industry development, reduce greenhouse gas (GHG) emissions and achieve a 

secure and diversified supply of energy – renewable energy sources such as biomass, solar, 

hydro and wind play an important role in reaching these goals in the industrial countries as 

shown by numerous studies [7][18], some facing their attention to biomass [115][116], 

cogeneration [117], hydro [118] or distributed sources [119]. Other GHG reduction measures 

might, also, prove to be efficient and economical, such as the potential of municipal solid 

waste (MSW) [120][121][122]. Diversification among RES is necessary in order to reduce the 

short-term variability of the main renewable energy sources (solar and wind) and 

technological exposure in the long run [27]. Interestingly enough, as pointed out by [123], 

systematic risk might be considered as a group of climbers roped together. Each prefers to be 

roped as it reduces his chances of falling, yet if one climber does slip, he threatens the 

stability of his neighbours and the whole group. In similar terms, portfolio diversification 

does make investors safer regarding individual investments, but on the other hand, creates 

connections between them through common asset holdings causing endogenous covariances 

between both assets and investors enhancing systematic risk and thus propagating shocks 

through the entire system [123]. This was a common model up until the 2008 credit crunch, 

when the swiftness with which risk spread through the market led to re-examining existing 

methodologies for assessing risk. 

Although the conventional mind-set might dictate that RES increase costs and risks of the 

energy system, as proved by this paper, from a portfolio choice perspective, domestically 

produced renewables improve the energy security reducing the risk-cost trade-off. Modern 

RES such as wind and solar are the so-called zero marginal-cost technologies. In other words, 

they have no fuel costs and thus lessen the exposure of the energy sector to fuel price 

volatility. In addition, considering their favourable environmental impact, it is easy to deduct 

why the use of RES is confirmed to improve the ESI presented in the paper. Croatia’s energy 

sector reforms have objectives that are similar to other national policies 

[124][125][126][127][128]. Hopefully, new development strategies will continue to follow 

the successful examples set fourth [25][26] and precipitate a move towards environmentally 

acceptable and sustainable electricity sector of the future. 

7. Conclusion 

In recent years, due to increased geopolitical instability and a realisation that energy 

sources are crucial for economic growth, the topic of energy security raises global concerns. 

In this study, we suggest an approach to quantitatively measure and compare the quality of an 

energy sector observing three different dimensions of energy security: cost, reliability and 

sustainability. The paper proposes a new calculation model able to provide a mathematical 

tool for energy planning decisions that incorporates environmental concerns and is able to 

recognise the possible benefits of the renewable sources in the optimal energy mix. The 

conceptual framing is described and it is ensured that the right metrics are used. A set of 

conceptual boundaries that improve the distinction between the policy goals of security, 

sustainability and economic efficiency is proposed. The resulting concept, should prove to be 

the core of energy security concerns. 

As mentioned, there have been quite a few of energy security indices published in 

literature during past years. However, these aggregated indicators do not record performance 

during time bands and are, therefore, unable to show trends in energy security performance. 



In addition, and perhaps even more importantly, these indices do not help in assessing future 

performance with regard to energy policy and/or development strategy. In order to be able to 

consider current, but also future movements across the sector, we developed an alternative 

methodology for calculating an aggregated energy security indicator sensitive to dynamic 

market circumstances. The methodology consists of three phases: data collection and 

modelling, simulation through the optimisation software and results analyses. There are a few 

advantages of the ESI being proposed. It can be used as a useful tool in determining past and 

current energy security status, but also help in assessing the future status considering energy 

policies and development strategies. Therefore, paired with the optimisation tool and as 

shown in the paper, it can enable monitoring of the impacts of different policies and strategies 

on the three pillars of energy security. Second, the aggregated indicator presented in this 

paper represents holistic performance at the selected level, whether it’s local, country or 

region. Third, it can provide a benchmark or baseline scenario of energy security, while at the 

same time simplifying the representation of the performance/trend among observed energy 

sectors. Finally, it could be applied as a tool for monitoring the progress and analysis of the 

barriers in the energy sector. 

The results obtained in the analysis confirm that, following the new framework for energy 

planning, the suggestion would be to invest in technologies based on renewable sources. 

Although this solution might prove more costly investment wise, in this way, an improvement 

in the overall quality of an energy sector is possible. A detailed evaluation of the criticalities 

deriving from the surroundings should allow the reduction of negative impacts both on the 

environment and the community due to the better, more informed choices of plant 

engineering. Pursuing new solutions that take into account the reality and a wider set of 

interests of the community is a necessary step towards achieving an objective of choosing a 

generation portfolio best suited for the potentialities and the constraints of the surrounding 

environment. 

Looking at the changes in the energy sector towards a more sustainable system, 

economically, technically and environmentally, the analysis conducted in this paper revealed 

that further research might be directed into observing the status of other SEE countries 

compared to Croatia to record their efforts in reaching EU goals of energy security. In 

addition, when talking about different generating portfolios, it might prove to be useful to take 

into account the existing literature from financial markets. Although, not easily applicable to 

solving the issues of selecting the optimal solution for the energy sector, in their heart, these 

methodologies might hold one of the keys able to help better the understanding of problems 

being encountered during policy and/or strategic planning. 

 

  



Appendix 

Table A1. Sensitivity cases main results 

 
REF DP DO HP HO FP FO CP CO 

TPP [GWh] 4138 3801 4532 4874 3793 4276 4146 4105 4163 

HPP [GWh] 6482 6317 6428 4636 8022 6474 6476 6286 6436 

RES [GWh] 859 859 859 859 859 859 859 859 859 

IND [GWh] 212 212 212 212 212 212 212 212 212 

Production (P) [GWh] 11692 11189 12031 10581 12886 11821 11693 11462 11670 

P+NPPK [GWh] 14585 14083 14924 13474 15779 14715 14586 14356 14563 

Import w/o NPKK [GWh] 6141 5752 6694 7252 4947 6012 6140 6371 6163 

% 34.4% 34.0% 35.7% 40.7% 27.7% 33.7% 34.4% 35.7% 34.6% 

Import w NEK [GWh] 3248 2859 3800 4359 2054 3118 3247 3477 3270 

% 18.2% 16.9% 20.3% 24.4% 11.5% 17.5% 18.2% 19.5% 18.3% 

          

Overall cost [M€] 794.5 599.2 845.5 937.5 636.9 925.4 660.6 876.5 777.3 

€/MWh [€/MWh] 42.6 32.7 43.3 51.2 33.2 50.3 34.6 47.5 41.4 

Consumption [GJ/MWh] 36.8 34.8 39.2 41.3 34.7 38.6 36.9 36.5 37.1 

Fuel costs [M€] 204.4 190.4 222.8 240.1 190.2 252.4 172.1 203.6 204.4 

CO2 costs [M€] 20.7 19.7 21.8 22.6 19.6 21.5 21.6 59.4 0.0 

Imported electricity [M€] 138.3 93.4 164.7 223.1 68.2 156.7 112.3 165.1 135.4 

Imported fuel [M€] 133.3 127.0 140.5 146.6 126.7 166.1 113.1 132.0 133.9 

          

CO2 emissions [Mt] 2.96 2.81 3.11 3.22 2.80 3.07 3.09 2.97 3.10 

tCO2/MWh 0.166 0.166 0.166 0.181 0.157 0.172 0.173 0.166 0.174 

          

Cost 0.446 0.354 0.452 0.526 0.357 0.519 0.370 0.491 0.436 

Reliability 0.342 0.368 0.361 0.394 0.306 0.349 0.341 0.339 0.346 

Sustainability 0.455 0.447 0.471 0.546 0.397 0.471 0.464 0.461 0.468 

ESI 0.723 0.678 0.746 0.854 0.616 0.783 0.685 0.754 0.727 

Table A1. Development scenarios main results 

 
REF R2 R4 TS TP TR2 TR4 

TPP [GWh] 4138 4106 4012 4124 7771 7622 7424 

HPP [GWh] 6482 6487 6493 6480 6490 6472 6369 

RES [GWh] 859 1990 4004 859 859 1990 4004 

IND [GWh] 212 212 212 212 212 212 212 

Production (P) [GWh] 11692 12795 14721 11675 15332 16296 18009 

P+NPPK [GWh] 14585 15688 17615 14569 18225 19189 20903 

Import w/o NPKK [GWh] 6141 5038 3112 6158 2501 1537 -176 

% 34.4% 28.3% 17.5% 34.5% 14.0% 8.6% -1.0% 

Import w NEK [GWh] 3248 2145 218 3264 -392 -1356 -3070 

% 18.2% 12.0% 1.2% 18.3% -2.2% -7.6% -17.2% 

        

Overall cost [M€] 794.5 834.5 933.7 785.9 772.2 807.6 854.2 



€/MWh [€/MWh] 42.6 46.8 52.4 44.1 43.3 45.3 47.9 

Consumption [TJ] 36.8 36.7 36.1 36.0 64.9 64.0 62.5 

Fuel costs [M€] 204.4 202.9 198.7 210.7 302.4 295.9 289.1 

CO2 costs [M€] 20.7 20.6 20.4 20.0 30.0 29.7 29.0 

Imported electricity [M€] 138.3 88.9 8.9 137.0 -16.1 -53.9 -108.4 

Imported fuel [M€] 133.3 132.7 131.1 130.4 227.5 225.1 220.4 

        

CO2 emissions [Mt] 2.96 2.95 2.91 2.86 4.29 4.24 4.14 

tCO2/MWh 0.166 0.165 0.163 0.160 0.240 0.238 0.232 

        

Cost 0.446 0.468 0.524 0.441 0.433 0.453 0.479 

Reliability 0.342 0.266 0.150 0.340 0.274 0.212 0.131 

Sustainability 0.455 0.422 0.371 0.443 0.591 0.555 0.497 

ESI 0.723 0.684 0.659 0.712 0.782 0.747 0.703 

 

 

Figure A1. Main findings of the ESI analysis for Croatia 
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