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Abstract: A short overview of the most significant theoretical concepts of transition is presented. The concept 
of the energy system as a cluster of structures surrounded by external structures is also presented and discussed. 
The indicators of the individual structures, as well as of the surrounding (environment) structure, are proposed 
and discussed. A short overview of the most significant theoretical concepts of energy transition is also 
presented. The indicators of energy transition are presented and discussed too. The problem of energy just 
transition based on the literature survey is particularly considered. Further, a concept of the power system’s 
competitiveness on the energy transition trajectory is introduced with appropriate indicators. Two types of 
indicators are considered. First one comprises costs, carbon dioxide emissions, and energy produced, while the 
other indicate power system’s dispatchability. The concept, as well as the appropriate results of competitiveness 
analysis of real power systems in nine European countries in a hypothetical energy transition, are presented and 
discussed. The results point out that in each considered country, the power system is more competitive, 
regarding both indicators, on transition trajectory from solid fossil fuels to nuclear power plants than on the 
trajectory from solid fossil fuels to wind turbines. Problems of secondary and final energy storage in the energy 
transition are considered too. The concept of energy post-transition is explained. The concept of energy 
technology competitiveness in energy post-transition is presented and discussed. The results of the 
competitiveness analysis of five energy technologies in post-transition are presented and discussed. The results 
point out that in post transition the best competitiveness is obtained after the energy transition from solid fossil 
fuels to nuclear power plants.  

Keywords: Energy system, Transition, Post-transition, Competitiveness in transition, Competitiveness in post-
transition, Cluster of structures.  

1. Introduction  

Design and formulation the concept of transition was significantly influenced by the social, economic and political 

changes that occurred in the last two decades of the twentieth century and culminated in the first decade of the 

twenty-first century. The changes represented great challenges for science and scientists, creating a strong need to 

formulate adequate responses. At that, one of the most significant factors was certainly the awareness that the 

existing economic-political system is entering a deep crisis and that it is necessary to devise a broader, theoretical 

concept of exiting it. This standpoint is clearly expressed by Schlaile and Urmetzer [1] saying that multiple crises 

facing humanity are rooted in the basic structures of currently unsustainable social systems. Markard and others 

define transition as fundamental and long-term transformations of large socio-technical systems driven by goals, 

political programs and sustainability strategies [2]. Loorbach and Rotmans [3] believe that structural 

transformations or transitions are necessary to solve persistent social problems.  

Obviously, energy transition belongs to the group of social-technical transitions.   

A system is the subject of a transition. Socio-technical transition, according to Markard at all [2], is a 

multidimensional process that comprises technological, organizational, institutional and socio-cultural changes. 

That is exactly why an energy system as the subject of the energy transition must be adequately conceptualized 

with the possibility for numerical determination of the system’s structure in order to enable, on one hand proper 

design of the transition, and on the other hand, to enable following development of the transition process.   

2. Energy system  

The energy system compresses all available energy resources, primary energies obtained from these resources 

together with corresponding technologies, transportation technologies of primary energies to the place of their 

transformation into secondary energies, obtained secondary energies together with corresponding technologies for 

transformation of primary into secondary energy, systems for transport or transmission and distribution of 
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secondary energy and consumers of final energy. In addition, the energy system includes all companies that operate 

in the field, as well as the human capital engaged in the companies. Therefore, the energy system is a socio-

technical system.  

According to the teleological approach, an energy system can be decomposed into its energy structure, 

technological structure, business, and employee structure. The energy system is a large employer, a large customer, 

as a rule of the top technologies and a large user of various services. In addition, the energy system is connected 

to certain surrounding structures, such as environment, education, science, infrastructure, economy and 

institutions. These external structures are very important for the power system’s transition process. Appropriate 

and timely changes in the structures can support the transition. On the other hand, missing the appropriate and 

forehand changes in these external structures can aggravate, slow down and even stop the energy system’s 

transition process. A schematic representation of the energy system defined in this way, as a cluster of different 

structures, is shown in Fig. 1, according to Grković [4].   
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Figure 1. Cluster structure of an energy system  

2.1. Energy’s system energy structure 

The energy structure of the energy system can be represented by an energy matrix, with energy types distributed 

along columns (vertical) and energy kinds distributed along rows (horizontal). The energy matrix of an energy 

system is graphically presented in Fig. 2, according to Grković [5].  
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Figure 2. Energy structure of an energy system  



One entirety, which includes one or more energy resources, primary energy obtained from them, technology for 

transforming primary into secondary energy, systems for transmission and distribution of secondary energy, final 

energy and its consumers, in this approach, represents one energy subsystem. Thus, one energy subsystem 

represents an electric power system in which electric energy is the secondary and final energy. The second 

subsystem represents the thermal energy system in which thermal energy is the secondary and final energy. The 

third subsystem represents a gas system in which gas is the secondary and final energy. The fourth energy 

subsystem represents the system of liquid fuel and their derivatives, in which the secondary and final energy are 

oil derivatives. The fifth subsystem represents the coal system, where secondary and final energy consist of coal 

prepared for industry and for mass consumption; and, finally, the sixth subsystem represents the biomass system 

in which biomass is the secondary and final energy. We see that, in this concept, the type of the subsystem is 

related to the kind of secondary and final energy. Each of the subsystems can be described with a corresponding 

energy matrix. An energy matrix for a power system, as an example, is presented in Fig. 3.  
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Figure 3. Energy structure of a power subsystem 
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Figure 4. Technology structure of electric power subsystem 



The technology structure of a power system can be represented by energy-technology matrix with technologies 

for transformation one type of energy into the other next type distributed along columns (vertical) and technologies 

for different energy kinds distributed along rows (horizontal). Such concept of energy-technology matrix is 

applicable for the entire energy system, as well as for certain energy subsystem. An example of the energy-

technology matrix for a power subsystem is graphically presented in Fig. 4, according to Grković [5]. With capital 

letters bold in Fig. 4 are designated characteristics of each power plant regarding CO2 emission and dispatchability. 

The characteristics are closer explained in Table 1.   

In the operation of each power system, certain technological conditions of the higher order must permanently be 

fulfilled. For that a power system must has certain technological features. The most important such feature of a 

power system is its ability to timely respond on the consumers request for the power change. In other words, a 

power system must have adequate dispatchability. For adequate dispatchability level, the power system must have 

an adequate technology structure, i.e., a technology portfolio with adequate technological characteristics of the 

power plants. This is very important for the power systems with high participation of intermittent renewable 

primary energy sources (i-RES) – wind and solar. Thus, a power system’s technology structure must be defined 

and regarding dispatchability of the applied technologies. For that, the extended technology matrix can be utilized. 

The matrix is presented in Tab. 1 according to Grković [6].  

Table 1. Extended technology matrix of power system’s portfolio (technologies with electricity generators!)   

Social conditions of 

higher order  →  

Technology features ↓ 

CO2 Free  

 

CO2 Partly dependent CO2 Dependent  

Dispatchable AA 

• Hydro power    

• Nuclear power  

• Biomass fired  

AB 

• Hard coal and lignite fired 

steam cycle with CCS  

• Natural gas fired CCS open 

cycle gas turbines with CCS 

• NGF combined cycle gas 

turbines (CCGT) with CCS  

AC 

• Hard coal and lignite fired steam 

cycle  

• Natural gas fired open cycle gas 

turbines  

• NGF combined cycle gas turbines 

(CCGT)  

Partly dispatchable  BA 

• Pump hydro energy 

storage (PHES)  

• Compressed air 

energy storage 

(CAES)  

BB 

• Simple backpressure steam 

turbine for industrial 
application with auxiliary 

condenser and with CCS 

BC 

• Simple backpressure steam turbine 

for industrial application with 
auxiliary condenser 

Non-dispatchable  CA 

• Wind generators  

• Photovoltaic  

CB 

• Simple backpressure steam 

turbine for industrial 

application with CCS 

CC 

• Simple backpressure steam turbine 

for industrial application  

CAES – Compressed Air Energy Storage; CCGT – Combined Cycle Gas Turbines; CCS – Carbon Capture and Storage; 

PHES – Pump Hydro Energy Storage; NGF – Natural Gas Fired  

In general, there is a rule that each power system must have balanced technology structure regarding 

dispatchability capabilities. In power systems with high participation of i-RES, adequate capacities of energy 

storage technologies must be applied. These issues will be discussed in more detailed later in the paper.  

2.2. Indicators of energy structure and energy performance     

For quantitative determination of the energy structure, as well as of the technology structure of a power system, 

corresponding energy structure and technology structure indicators are used. For energy structure it is necessary 

to express participation of each kind of energy within one energy type of the system. The participation is 

analytically defined with following type of equation:  
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With Eekietj is denoted energy of i-kind and j-type, from the energy matrix presented in Fig. 2, while λekij is 

participation of i-kind of energy in j-type of energy in the considered energy system. It is important to mention 

that λekij has no dimension, since it represents the ratio of energies.  

The most important indicator of energy performance is energy efficiency. Energy efficiency can be defined for 

one kind of energy (i), as well as for the hall energy system. Efficiency calculated for one kind of energy is 

expressed with following equation.  
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With ηus=Eus/Efn and ηpr=Epr/Ers are denoted efficiencies of transformation of finally energy into energy used by 

the consumers and of transformation of energy contended in the resources into primary energy, respectively. With 

ηfn=Efn/Esc and ηsc=Esc/Eprt are denoted efficiencies of obtaining final and secondary energy, respectively. With 

ηprt=Eprt/Epr is denoted efficiency of primary energy transportation. Efficiency of obtaining final energy includes 

and efficiency of energy storage (if any). Index i refers to kind of energy.  

Efficiency calculated for the hall energy system is defined with next equation.  
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Differences among technologies for obtaining different secondary energies like power plants for generating 

electricity and oil refineries that produce oil derivate are big and considerable. That is why it is very difficult to 

define the indicators of technology structure for the whole energy system. Even within one energy subsystem, like 

a power system there are significant differences among technologies for the transformation of primary into 

secondary energy. For example, the transformation of primary natural gas energy into electricity can be performed 

with a power plant based on the steam cycle, power plant based on the gas cycle or on the combined gas and steam 

cycle. There are significant differences among these power plants, for example, regarding efficiency, technological 

performance characteristics, regarding installation cost, the space required for erection etc. Therefore, for defining 

the technology structure of the power system, several types of indicators are necessary. In order to define the 

indicators, we refer to the power system’s energy characteristic known as the annual load diagram, which is 

presented in Fig. 5. The most important power system’s specific indicators are as follows.     

Participation of i-RES electricity generating 

technologies is defined as the ratio the annual 

electricity generated by i-RES and the total 

amount of electricity generated for the year, 

denoted with λi-RES and in analytical form 

expressed by Eq. (4).  
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This indicator was also used by Holtz and 

others in their energy transition project for the 

Middle East and North Africa region [7]. They 

considered the energy transition scenario with 

the use of intermittent renewable energy sources using two forms of this indicator: as participation of i-RES 

generated electricity in the energy system and as participation of i-RES in the power system.  
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Figure 5. Energy characteristic of a power system 



Participation of CO2 free, dispatchable technologies in residual load, domain denoted as α, is expressed in 

analytical form by Eq. (5).  
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A variant of this indicator is when instead of all dispatchable technologies in the residual load domain ECO2fd, are 

considered. This indicator is usually denoted as β.   

Ratio of the power available from energy storage facilities and total power installed in i-RES technologies in 

considered power system is expressed in analytical form by Eq. (6).  
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2.3. Companies’ structure  

Company’s structure of an energy system at first is related to the question: what is the concentration of companies 

that operate in the fields of the energy production and sails, energy transportation and energy distribution and sails 

in an energy system or subsystem. Answer on this question can be given with use of Hirfendahl-Hirshman indicator 

(HHI). This indicator is developed to enable measuring the concentration of business entities on the market. The 

Hirfendahl-Hirschman Index measures the company's share in the market in which it operates and thus defines the 

level of competitiveness in the observed sector. The HHI indicator is determined by the following equation:  

  
2 2 2 2

1 2 3 ... nHHI s s s s= + + + +      (7) 

where sn is the percentage of market share of the n-th company, rounded to a whole number (without decimals). 

Numerical HHI values less than 1,500 indicate a less concentrated market, values in the range 1,500 < HHI < 

2,500 indicate that the market is moderately concentrated, while values greater than 2,500 indicate a highly 

concentrated market [8].  

2.4. Employees’ structure 

Employee’s structure is very important from the sustainable development point of view. In general, for the country 

is better on one hand to have more employed people, of course in an efficient way, and on the other hand to have 

greater participation of highly educated people in the working population.  

Following this contemplation, one of the ways for 

defining the employee’s structure of the energy system or 

of the energy subsystem can be to define the structure of 

the employed people education level. Such a structure 

depends to the power system’s technology structure. As 

an example of this approach, in Fig. 6 is presented the 

employee’s structure regarding education level in the 

power company EPS AD Belgrade, according to data 

obtained from [9].  

Another indicator of the employee structure is 

productivity, which can be defined as energy produced 

per annum per employe, denoted as πn, or per unit of its 

money equivalent denoted as πm. In the analytical form 

these indicators can be expressed as follows: πn=Ea /N, 

and πm=Ea
.Ce/N, where N denotes total number of 

employees, Ea denotes energy produced per annum and 

Ce is cost of energy. For the case of EPS AD Belgrade and 

electricity generated in 2019 [10] is πn=1,84 GWh/emp.   
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Figure 6. Employee’s structure of a middle-sized power 

company with 70%-30% electricity generated by coal 

and hydro power plants   



2.5. Environment structure  

Environmental structure is very important for the quality and quantity of the interaction between the energy system 

and the environment, as well as for the effects of that interaction. Forests are significant sink of carbon dioxide. 

According to data published in the literature [11], in the period between 2001 and 2019, all the world's forests 

absorbed approximately twice as much carbon dioxide as they emitted, so we can consider them as a large and 

powerful "carbon sink". However, not every forest absorbs the same amount of carbon dioxide. The differences 

between individual forests in terms of the amount of absorbed carbon dioxide per unit area of the land on which 

the forest is spread can be very large, which according to [11] essentially depends on how they are managed.  

The environment structure of a country can be characterized with the participation of the forests’ area in the total 

countries area, as well as with the carbon sink capacity of the country’s forests. In addition, it is of certain 

importance the participation of continental surface water area in the total countries area, as well as the carbon sink 

capacity of the existing water plants.  

The ratio of the area under forest to the total area of the country, also known as afforestation grade σSf, is defined 

with the equation: 
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The ratio of the area under continental surface water to the total area of the country, also known as hydro grade 

σSw, is defined with the equation:  
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It can be mentioned that afforestation grade 

and hydro grade represent too rough an 

indication of the environmental structure. 

Therefore, additional more precise 

indicators for the environmental structure 

are needed.   

The average value of absorption capacity 

of all forests q̅fCO2 (in t/km2a) in a country, 

according to [12], is determined by the 

expression:  
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With qfCO2i (in t/km2a) and sfi (in km2) are 

denoted absorption capacity and the area of 

the i-th part of the total forest area.  

Forests in the country contribute to the reduction of CO2 emission level by absorbing a certain part of CO2 (see 

Fig. 7). The increase of the country’s afforestation for ΔσSf can produce the same effect as artificial reduction of 

carbon dioxide emission for Δ1CO2 that is obtained by substituting a part of fossil fuels power plants with carbon-

free generation (see Fig. 7). Further upgrading of that effect can be obtained by improving average value of the 

forests’ absorption capacity in the country to the q̅fCO2 (2) value. It seems that, based on these relations, can be 

developed the combined process of energy transition management and forests management, that enables 

sustainable development in the sense of keeping the employment rate in both the economically important coal 

production and forests maintenance.     

Determining the numerical value of the average forest absorption capacity for each individual country is a special 

and very complex task. To solve it, it is necessary to combine field measurements and satellite observations. On 
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Figure 7.  Graphical interpretation of the afforestation effect on a 

countries’ CO2 emission content, according to [12]   



the other hand, it can significantly contribute to the quantitative assessment of the country’s environmental 

structure.  

The average value of absorption capacity of all hydro flora q̅wCO2 in (in t/km2a) in a country, according to [12], is 

determined by the expression:  
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Where with qwCO2j (in t/km2a) is denoted the absorption capacity of the j-th part of the water surface, while swj (in 

km2) denotes the area of the j-th part of the total water surface area. The average amount of absorption capacity of 

the hydro flora in addition to the type of the hydro flora, also depends on the purity of the water and its temperature.  

For all other already mentioned surrounding structures like education, science, infrastructure, institutions and 

economic environment, specific indicators also have to be defined in the future research work having in mind that 

it is a very specific and distinct task.  

3. Transition and energy transition   

The transition, as defined by Lurbach and Rothmans [3], represents the change of a system from an initial dynamic 

equilibrium to a new dynamic equilibrium, while the transition is characterized by fast and slow developments as 

a result of interaction processes that include innovations in an important part of the social subsystem. Different 

transition paths or trajectories to the same goal are possible. Of course, one cannot expect the same effects along 

different transition paths, but each transition path conditions, or enables, different effects. Here we mean, on the 

one hand, the transition process itself, its duration, effects and consumption of resources along the trajectory and, 

on the other hand, the feedback effects that the system in transition has on the transition process itself.   

According to Markard and others [2] transitions are characterized by fundamental uncertainties, which means that 

even the formulation of a political problem is ambiguous and contested, let alone political goals, strategies and 

expected outcomes. In the general case a social transition can be defined as the planned and managed development 

of the productive forces of society within the existing production relations and without changing those relations, 

Grković [5].   

Sustainable development was a very important factor in the creation and development of transition concepts. It is 

understood as the necessity of harmonizing development in the sense of legitimate social needs based on natural 

and overall social opportunities for its realization. In this sense, we can talk about the dichotomy of sustainable 

development and transition. The United Nations Department for Sustainable Development has formulated 

seventeen sustainable development goals that serve as landmarks, both in planning and in the implementation of 

various socio-economic-technical activities [13].  

Energy transition was conceptualized for the first time in the final document of the UN Conference on New and 

Renewable Energy Sources, held in Nairobi in 1981. The basis of that document was the advocacy of an orderly 

and peaceful energy transition from the then international economy based primarily on hydrocarbons, i.e. on liquid 

fuels, to a new economy based on new and renewable energy sources. That energy transition was intended to be 

in accordance with the needs and possibilities of individual countries, socially fair, economically, technically and 

ecologically sustainable. For such a transition, it was necessary to build appropriate technological, commercial, 

financial and monetary instruments for the establishment of a new international economic order, in order to 

accelerate the development of developing countries, as well as to promote balanced global development. In 

addition, the energy transition had to be effective, in accordance with the full and permanent sovereignty of each 

country over its natural resources, and to be implemented in accordance with its national plans and priorities [14]. 

Many of these provisions are still valid today, and some are even more valid.  

The World Energy Council (WEC) defines the energy transition as fundamental structural changes in the energy 

sector that occur worldwide and are not an isolated phenomenon [15]. The World Economic Forum (WEF) defines 

an effective energy transition as a timely transition to a more inclusive, sustainable, affordable and secure energy 

system that provides solutions to global challenges related to energy, while creating value for business and society, 



without jeopardizing the balance of the energy triangle [16]. In the previous definition, there is an additional 

condition – it is about creating value for business and society – which we can understand as the obligation to fulfill 

the respective interests of economic actors. The previous two definitions depart significantly from the provisions 

of the final document of the UN Conference on New and Renewable Energy Sources, held in Nairobi in 1981.  

According to Smil [17] energy transition is a change in the structure of primary energy supply, a gradual transition 

from a specific pattern of energy supply to a new state of the energy system. York and Bell distinguish between 

the terms: energy transition and energy addition. Thus, they believe that the term "energy transition" should be 

used only when there is a real transition from one source to another, while the term "energy addition" should be 

used when describing the addition (to the energy system) of new energy sources [18]. Pastukhova and Westphal 

indicate that the energy transition is "a policy-driven process that includes systematic shifts towards a sustainable 

and climate-friendly, economically efficient and secure energy system". They emphasize an important 

characteristic of the energy transition – that it is a policy-driven process. They introduce a new condition – climate 

acceptability [19]. Henderson believes that "the current energy transition is driven by government policy and 

regulations" [20]. Blazquez and others argue that the energy transition is driven by policies rather than technology 

improvements [21]. This implicitly suggests that political criteria and political actors are crucial in any energy 

transition process, regardless of the progress and improvement of technology in the broadest sense. Edenhofer and 

others consider that technologies play a key role in the energy transition, but that the energy transition is rather a 

policy-driven process [22]. Gribkova and Milšina define the energy transition as a qualitative transition from an 

economic system that depends on specific energy resources and technologies to a different economic system and 

the scope of the energy transition is not only determined by the transformation of the energy system, but also the 

economy as a whole [23].  

The overall development of economic relations, on the one hand, between the old EU countries and Russia and, 

on the other hand, the BRICS countries and Russia, since the beginning and during the war in Ukraine, will lead 

to very large and long-term changes in the energy transition, both locally (in some countries), as well as on a global 

level. The politically motivated closing of the European energy market to Russian gas and the turning of Russian 

energy companies to cooperation with Asian countries, mainly growing economies with a total market of over 

three billion people, will have numerous, serious and long-term effects. For example, when per capita energy 

consumption of China, India and Brazil reach Germany (which has highly energy efficient economy), world energy 

consumption would increase for 65% compared to the year 2010 [24]. Russia can reliably and economically satisfy 

such energy demand. On the other hand, the goals and trajectories of the previously defined energy transition in 

some economically strong countries will have to undergo serious revision and redefinition, with inevitable 

consequences for their economic development.  

A situation in which the transition does not achieve the intended result is called a transition failure. The causes 

and content of transition failure can be different. They can be induced by resistance to policies, that is, from the 

possibility that political interventions fail, either because of delay and dilution, or because of defeat in the reaction 

of the system or because of the actual worsening of the problem instead of moving towards its solution [1]. 

Transition failure can be caused end by external of the country actions. An example of such external action 

represents international sanctions that are put to Serbia in 1992. Due to these sanctions, the energy transition of 

the Belgrade district heating system from import oil and gas to domestic coal based on combined heat and power 

production in CHP Kolubara B was stopped, although a significant part of the equipment for it was on the cite. 

Erection of CHP Kolubara B was postponed and later canceled. Since the failure of the transition, the district 

heating system in Belgrade emitted into the atmosphere about 15 million tons of CO2, and about 1,7 thousand tons 

of SO2.        

3.1. Goals of energy transition   

There are two main goals of energy transition. First is prevention of further warming of planet earth. To reach this 

goal the emission of anthropogeny originated CO2 have to be reduced to the lowest possible level. Reduction of 

CO2 emissions is internationally recognized target. The most important document with no doubt is United Nations 

Framework Convention on Climate Change [25]. Another such milestone document signed by countries is Pars 

agreement. In addition, several international conferences were held, so called COP conferences. However, these 



conferences are not conferences of independent states only, but “Conferences of Parties” that, besides states 

include and big multinational companies and international organizations. Important annual international summits 

like BRIKS and G7 had the topics of climate change and reduction of CO2 emissions highly ranked in their agenda, 

and in the final document, as well.    

The second important goal is to enable sustainable development. In that respect and the affordability of final energy 

to the population and economic entities is considered, both in the immediate physical and economic sense, because 

in order to be affordable, energy must have an economically acceptable price. In direct connection with this, let us 

state that in the conclusions of the conference of the BRICS group of countries, held in Bali in 2022, the 

fundamental role of energy security for achieving the goals of sustainable development was highlighted [26].  

The other, for energy transition very important goals comprise learning goals. According to Loorbach and Rotmans 

[3] learning goals include all that has been learned from the transition formed experiments, then all what blocks 

transition progress, as well as the identification of things we want to know.  

3.2. Energy just transition  

In today’s world where an average Canadian citizen spends annually energy as 226 average citizens of Niger, or 

as 445 average citizens of Somalia, the unevenness of energy consumption is worryingly high. Affordability of 

electrical energy to African population is about 51%, while only to West African population the affordability 

amounts to less than 40% [27].  

For underdeveloped and developing countries, the increase in energy consumption per capita is a condition for 

their industrial, economic and generally social development. Some of these countries have fossil fuel price subsidy 

mechanisms, especially for coal. The placement of goods from these countries and countries with a similar energy 

and production structure would be further significantly hampered by the introduction into cross-border traffic of a 

tax collection system for carbon dioxide emitted during the production of goods. Such taxes if they were applied 

in underdeveloped and developing countries, would lead to an additional increase in the price of electricity, which 

would significantly make it difficult and slow down their economic development. In the name of ecology 

transition, this creates injustice and slows down the sustainable development of many countries.  

In the Declaration from the Summit of the G7 group in Germany 2022, there is an attitude that fossil fuel subsidies 

are inconsistent with the goals of the Paris Agreement, and further, that the States are committed to eliminating 

inefficient fossil fuel subsidies by 2025 [28]. On the other hand, the BRICS countries in their Declaration from the 

Summit in Bali [26], express their opposition to "green trade barriers" and confirm their commitment to creating 

opportunities for coordination on these issues.  

The different patterns of energy use and different understanding of the green transition, according to Newell and 

Mulvaney [29], raise questions of energy justice in the form of rights (whose needs are most urgent and who 

decides how much who can emit carbon dioxide) and responsibilities (current vs. historical). In addition, it is 

necessary to clearly highlight the requirements for both procedural justice (the right to participate in discussions 

of issues that affect countries and citizens) and for distributive justice (the defense of country's energy resources) 

[29]. In other words, the practice of a just transition will have to solve the key political and economic questions of 

"who wins, who loses, how and why" [29].   

The energy transition is, de facto, a policy-driven process, and therefore political actors are the most responsible 

for the implementation processes and the achievement of the transition goals. It mostly depends on the 

governments of the countries whether the energy transition will be convergent with sustainable development, or 

not.  

3.3. Indicators of energy transition  

Hirfendahl–Hirschman Index – HHI can be used and to quantify structural changes that are subject of the energy 

transition in each type of energy in the energy system. For example, the introduction of a new kind of primary 

energy into the system, at the expense of reducing the share of existing primary energy kinds, has the effect of 

reducing the HHI indicator, which would correspond to a less concentrated market. However, if in the same system 

would be only redistributed the participation of the primary energy kinds, for example by increasing i-RES at the 



expense of reducing some energy kinds, the HHI indicator would increase, which means that the market becomes 

more concentrated. In Fig. 8 are presented calculated values of HHI, as a function of λpe, for the project of energy 

transition of Germany, according to data published by Kai van de Loo in the literature [30].  

The Indicator Energy trilemma is specifically developed for 

indicating energy transition at the countries’ level. The indicator 

is three-dimensional coordinate system with the coordinates: 

Energy security, Energy equity, and Environmental 

sustainability. The “Energy security” coordinate represents the 

estimated capacity of a country in terms of its ability to reliably 

supply current and future energy demand, to withstand systemic 

shocks and to recover quickly from them with minimal supply 

disruptions. Energy infrastructure should be reliable and 

resilient. The overall system should demonstrate the 

effectiveness of managing domestic and imported primary 

energy sources [31]. The coordinate “Energy equity” represents 

the capacity of a specific country with regard to the possibilities 

of reliable access to energy for domestic and commercial use, 

with the fact that energy capital also includes access to clean 

fuels and technologies for overall prosperity and affordability of electricity, gas and fuel [31]. The coordinate 

“Environmental sustainability” represents the result of a specific country with regard to the transition of its energy 

system towards mitigating and avoiding potential damage to the environment and the impact of climate change, 

taking into account the productivity and efficiency of production, transmission, distribution and decarbonization, 

electricity and quality of air [31]. World Energy Council publishes annual reports on the ranking of countries 

according to the World Energy Trilemma Index [31].  

Sovacool and Geels [32] propose the other three dimensions to assess the energy transition using the energy 

triangle. 1) “Tangible elements of the energy system”, which include technology, infrastructure, market, 

production equipment, consumption patterns and distribution chains. 2) “Actors and their behavior”, which 

includes new strategies and investment patterns, as well as changing actors' capabilities and 3) “Socio-technical 

regimes”, which include formal regulations and policies, institutions as well as thought and belief systems, 

discourse and views of normality and social practice.   

For the analysis of the socio-economic achievements in the 

energy system’s transition course, it is necessary to 

introduce indicators that will be able to express transitional 

changes in that respect. Some of these indicators can be 

conditionally classified as indicators of specific energy 

consumption.  

The indicator named Specific consumption of primary 

energy per capita per year is equal to the ratio of the total 

primary energy consumed in one year in a country and the 

number of inhabitants of that country. This indicator is 

important for the analysis of the energy transition process, 

especially regarding the improvement of energy efficiency 

in a country. Specific gross domestic product represents the 

ratio of the gross domestic product and the number of inhabitants in the observed country, that is, in the observed 

economic system. Energy intensity is the ratio between the primary energy consumed per year in the observed 

economic-energy system per capita and the gross domestic product per capita realized in the same economic-

energy system. In analytical form, the energy intensity defined in this way is determined by the equation:  
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Professor Ristić [33] proposed a very specific definition of energy intensity as the ratio of the value of the energy 

consumed and the sum of unit market value of the produced goods and the value of the energy consumed. In 

analytical form, this definition of energy intensity is given by the following equation:  
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With VЕ=е·α is denoted the value of energy consumed in USD per year, with W=w·β is denoted the value of labor 

invested in the specific process of producing goods, also in USD per year, while e denotes specific final energy 

consumption per product mass unit, and w denotes the reciprocal value of labor productivity. Greek letters α and 

β, denote the cost of energy and the specific value of work, respectively. Formally speaking the energy used for 

production represents the final energy, but its value includes the price and all the transformation costs incurred in 

the chain from primary to final energy (see equation (2)), including the import of energy, if there is any. The fact 

that it includes imported energy, which may have a different price than domestic energy, makes this definition 

very significant. Energy intensity, defined by the previous equation, refers to one specific product from the 

technological chain. For the entire technological chain, Prof. Ristić [33] proposes the mean energy intensity, 

defined by the following equation:  
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With S is denoted the value that takes into account the entire production chain from raw materials, through semi-

finished products, subassemblies, assemblies, until the finished product that is brought to the market, n is the 

number of processing levels in the production chain, and i is the ordinal number of processing levels in the 

production chain. The average energy intensity defined in this way is a more adequate indicator for the analysis of 

the economic effects of the energy transition, in a specific economic system, than the energy intensity determined 

by equation (12). Since the value of energy consumed also includes the value of imported energy, the energy 

intensity defined by equations (13) and (14) is very useful for energy transition analyses. It is particularly important 

for the transition trajectory from fossil energy to i-RES.  

3.4. Competitiveness of the power system on transition trajectory   

The energy transition trajectory represents an analytical, i.e. graphic interpretation of the projected energy 

transition scenario. Each projected scenario of the energy transition has its corresponding analytical interpretation, 

which analytically defines the trajectory of the energy transition. In the literature, energy transition trajectories are 

the most often presented with logistic curves. On a transition trajectory, in principle, three segments can be 

distinguished. The first one defines the beginning of the transition process with characteristic small and slow 

changes in the structure of the system. In the second, dominant segment, the transition process is in full swing, so 

large and rapid changes in the structure of the energy system occur here, while in the third segment, there is a 

slowdown again due to the exhaustion of the potential of the transition process.  

The question can be set: how can we select the best, i.e. the most suitable transition trajectory among several 

options? The general answer to this question is rather complex. In order to simplify the problem, we will consider 

the power system as an energy subsystem. In this case, the power system’s energy transition can be considered as 

a technology transition. Each transition trajectory represents one transition scenario in which carbon dependent 

technology is gradually substituted with one carbon free technology.  

Individual technological transition scenarios differ among themselves in terms of the total costs of their 

implementation, but also in the effects that each scenario has on the power system operation and its safety. This 

practically means that one scenario i.e. transition trajectory, may be more favorable than the other considered 

scenarios. To select the most favorable transition trajectory, we will determine the power system’s competitiveness 



along each trajectory. For that it is necessary to define indicators of the power system’s competitiveness along a 

transition trajectory. Graphical interpretation of this approach is presented in Fig. 10.   

In principle, there are two groups of criteria for 

goodness, that is, competitiveness of scenarios of 

technological transition of power systems. The first 

includes costs, carbon dioxide emissions and 

electricity produced during the transition. The second 

group of criteria refers to the ability of the electrical 

energy system in the technological transition to 

respond to the request for a power change and to the 

size of the costs occurred when this ability is not 

sufficient.   

Investments already made and not repaid in existing 

technologies that produce electricity cannot be 

ignored. Their repayment burdens the financial 

balance sheet, and therefore they must be treated as a cost burdening the technological transition. In the following 

wording, the annual amount of this value is denoted with Fc0. All investments in new technologies for the 

production of electricity without carbon dioxide emissions represent a direct cost that burdens the technological 

transition. In the following wording, the annual amount of this cost is denoted with Fcetr.  

Certain additional investments that are not directly related to electricity generation are also necessary. This 

category, denoted with Fcatr as an annual amount, includes necessary system costs such as additional investments 

in increasing transmission capacity and spatial expansion of the electricity transmission and distribution network. 

In addition, this category of costs also includes all costs formed at the social level, such as, for example, 

compensation for the loss of jobs in coal mines, costs of creating new jobs, costs of closing coal mines, necessary 

investments in infrastructure in the area where coal mines and the like. The level of this cost can be exemplified 

by the energy transition program of Germany, which predicts 60 bn€ for the lignite German regions, for structurally 

weak municipalities at the locations of coal fired power plants, and for improvement of the regional economic 

structure. In addition, 53bn€ for the creation 27,000 new jobs in the region to compensate 14,400 jobs lost through 

the exit from lignite-based power generation [30].   

If individual sources are not able to produce the entire amount of electricity that consumers demand in a timely 

manner, additional costs for the power system arise. This is a very important source of costs in the power system 

in the technological transition. Meteorological conditions, when there is no sun, or when there is no wind, prevent 

the production of electricity by photovoltaic generators i.e. wind turbines so that other power plants must overtake 

their load. If the increase in power is not enough to cover the system's energy needs, the missing quantities must 

be provided by emergency procurement from other power systems (imports), which also represents an additional 

cost, because emergency power purchase is more expensive, often much more expensive than power for regular 

supply. In the following wording, the annual amount of this cost is denoted with Fcdis. We can here again mention 

German’s experience, where electricity price in the end August 2022 reached 988€/MWh, more than ten times the 

daily value in the previous year (85€/MWh) [30].    

Finally, the amount of equipment depreciation during the technological transition process must be subtracted from 

the sum of previous costs. The annual amount of this value is denoted with Fcwt. 

Based on the above contemplation, can be defined the competitiveness indicator of the power system in the 

technological transition with regard to transition costs, carbon dioxide emissions and produced electricity, 

according to Grković and others [34], by the following equation:  
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Figure 10. Graphical interpretation of a power system’s 

competitiveness on two different transition trajectories   



With MCO20 is denoted annual carbon-dioxide emission at the beginning of the transition, ΔMCO2tr is the change of 

the annual emission during the transition, while E0 and ΔEtr denote annual energy generation at the transition 

beginning and the change in the annual energy generation, respectively. Nota bene, the power system’s 

competitiveness is as greater as the numerical value of 3ETT indicator is smaller.    

The dispatchability of the power system depends on the ability of the system to change power on demand, that is, 

in accordance with the current needs of the consumers. This capability can be viewed and analyzed in two 

dimensions, as a possible range of power change on demand and as a possible energy generation on demand. The 

problem of the power system’s dispatchability appears in a very strong form in the transition trajectory from fossil 

fueled power plants to wind and solar plants.  

Competitiveness of the electric power system’s technological transition with regard to dispatchability can be 

defined with the Dispatchability Indicator (DI), which is according to [35], is analytically determined by the 

following equation:   
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Here, Ptnom denotes the nominal power of the energy technology in the considered power system; Ptmin denotes the 

minimum power of that technology, while the index i denotes the i-th power plant (or technology) in the considered 

power system. For i-RES, Ptmin is equal to Ptnom, because these technologies cannot change their output on demand, 

while all other CO2-free electricity generation technologies always can, to a greater or lesser extent.  

The dispatchability indicator quantifies the technical ability of the power system to respond to a power change 

request. The power system’s competitiveness is as greater as the numerical value of DI indicator is greater.  

However, to what extent this possibility will be used in practice, depends on the realistically achievable speed of 

change of the power source in the system.   

An explained mathematical model is applied to analyze two transition trajectories i.e. scenarios. One from fossil-

fueled power plants to i-RES, and the other from fossil-fueled power plants to nuclear power plants. The 

hypothetical energy transition in nine European countries is analyzed. Eight are EU member states, while one – 

Serbia is not. Six countries in the time covered by the analysis had nuclear power plants in operation (France, 

Germany, Hungary, Bulgaria, Belgium and the Netherlands), while the other three countries (Austria, Serbia and 

Greece) had not. The results of the analysis are shown in the Figs. 11 and 12. From Fig. 11 we see that in each of 

the analyzed existing power systems, greater competitiveness is obtained in the scenario of hypothetical 

technological transition from power plants using lignite and hard coal to nuclear power plants than in the 

hypothetical scenario of technological transition to wind turbines. In that respect, the best effects of the 

hypothetical technological transition from solid fossil fuels to nuclear power plants can be achieved in Serbia and 

Bulgaria. In the case of Serbia, the scenario of technological transition from solid fossil fuels to nuclear power 

plants enables about 55% better competitiveness of the electric power system in terms of total costs, carbon dioxide 

emissions and produced electricity, than the scenario of technological transition to wind turbines. On the other 

hand, power systems of Germany, Austria and Netherland have the smallest competitiveness in this regard. We 

emphasize that the costs of solving grid congestion are not included here.  

The calculated values of the DI indicator for the selected nine electro-energy systems in the hypothetical 

technological transition are shown in Figure 12, according to [35]. Three cases are presented: the first (a) refers to 

the state after the hypothetical replacement of solid fossil fuel power plants with only nuclear power plants, the 

second (b) refers to the state after the hypothetical substitution of solid fossil fuels only with i-RES without the 

additional application of pumped storage hydropower plants, while the third case (c) refers to the state before the 

beginning of the transition.   



In Fig.12, we can recognize two groups of 

countries, in terms of final dispatchability after the 

hypothetical technological transition. The first 

group includes countries such as Austria, Belgium 

and France, with no significant difference in the 

obtained DI indicator values in both scenarios of 

the hypothetical technological transition. The 

second group includes countries with significantly 

lower values of the DI indicator in the case of a 

hypothetical transition to i-RES technologies than 

to nuclear power plants. Within this group, Serbia 

would have the largest drop in the value of the DI 

indicator in the scenario of the hypothetical 

replacement of solid fossil fuels (lignite) with wind 

turbines. This practically means that the electric 

power system of Serbia needs significant capacities 

in HPES to increase the system’ dispatchability. 

Otherwise, Serbian power system would have an 

unacceptably low ability to respond to the request 

for a power change. The end result would be an 

enormous increase in costs for providing the 

missing power from imports and, as a result, a 

drastic reduction in the competitiveness of Serbia's 

electric power system. In addition, without PHES 

this extremely low dispatchability would continue 

throughout the post-transition period. It should also 

be noted that here for all countries, including 

Germany, the replacement of all power plants with 

hard coal and lignite was observed, while 

maintaining at that time the existing capacities of 

nuclear power plants.  

3.5. Energy storage in energy transition 

In the energy transition of power systems from 

primary energy based on fossil resources to i-RES, 

storage of the secondary electrical energy appears 

as an unavoidable technology in solving the 

problem of the power system’s dispatchability. For the technical implementation of the storage of secondary 

electrical energy, there are already proven technologies of pump hydro energy storage (PHES) and compressed air 

energy storage (CAES) technologies. Also, various types of electric batteries and technologies of storing electricity 

as chemical energy – the so-called e-fuels, which include e-hydrogen, e-methane, e-methanol and e-ammonia are 

also brought to the semi-industrial applications [36]. There are significant differences among these technologies 

regarding stored energy, duration of the energy delivery, energy efficiency (per a cycle) and others. The most 

efficient technologies are PHES and batteries [37, 38]. In the case of an adiabatic process of energy storage/energy 

release, CAES can come relatively close to the batteries. On the other hand, batteries have very small energy stored 

capacity and duration of energy delivery, compared to other technologies. Compared to CAES and PHES batteries 

have respectively about 50 times, and about 500 times shorter duration of energy delivery, which represents 

batteries’ significant disadvantage. In addition, the maximal capacity of a single battery is about 3 times smaller 

than CAES maximal capacity and about 30 times smaller than the maximal PHES capacity [37, 38]. One new and 

promising type is so called organic flow battery. Company RWE build one experimental facility of that type [39]. 
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Figure 11. 3ETT Indicator for competitiveness of existing power 

systems in hypothetical technology transition [35] 
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Figure 12. DI Indicator for competitiveness of existing power 

systems in hypothetical technology transition [35]  



It is expected that this type of battery to have a symmetrical charge and discharge cycle, fast response to the request 

for power change, as well as to be optimized for either active power or reactive power [40].  

The key requirements for the application of each of the energy storage technologies are: durability, energy density, 

installed capacity, degree of maturity, as well as the perspective of certain solutions, primarily considering the 

price and effects on the environment when disposing of used components [40].  

The concept of using e-fuels is based on the very high density of chemical energy contained in them. For example, 

liquefied hydrogen has about 8.5 times higher density than lithium batteries, and liquid ammonia has even about 

9.5 times higher energy density than lithium batteries [41].  

Intensive development of batteries for storing final energy is underway, primarily in the transport sector. This 

development indicates the possibility of significantly cheaper storage of final electricity. Published data show that 

electrical energy stored in sodium-sulfide batteries is about three times cheaper than electrical energy stored in 

lithium batteries, while electrical energy from iron-chromium batteries could be as much as six times cheaper than 

that from lithium batteries [42]. These data indicate that the competition among batteries and their development 

continues.  

4. Energy post-transition  

Post-transition represents a certain period of time after the end of the transition process. At that time, the system 

is in a new, transition-formed configuration, which actually represents a specific transitional quality. During the 

post-transition, the state of the system and the relations that rule in it should be the same as at the end of the 

transition. Having in mind that Loorbach and Rothmans [3] deem the transition as the transition of the system from 

the initial dynamic equilibrium to a new dynamic equilibrium, we can consider the post-transition as a state of new 

dynamic equilibrium reached during the transition. The dynamic equilibrium achieved by the transition is 

considered to last as long as possible in the post-transition, without additional or with minimal additional use of 

resources.  

To maintain the dynamic balance of the system in the post-transition, that is, to maintain the target parameters 

achieved in the previous transition, in the post-transition it is necessary to engage a certain volume of resources – 

material, human, natural and ecological. The total volume of those resources depends on the structure of the energy 

system that was achieved during the transition, i.e., on the transition path by which the transition goal was reached. 

Therefore, for two different transition paths, the extent of the resources that must be engaged in their post-

transitions is also different, as is graphically presented in Fig. 13.  

The total commitment of resources in the 

post-transition, in order to maintain the 

structure of the energy system that was 

previously achieved along a transition path 

(a, in Figure 13) can be even significantly 

lower than those necessary for maintaining 

the structure of the energy system that 

could be realized along the other transition 

path (b, in Figure 13). For example, if 

along one transition path is installed 

equipment that has an inherently shorter 

operation life (wind turbines operation life 

is 20 to 25 years) than equipment installed 

along another transition path (nuclear 

power plant’s operation life is 50-60 

years), then in the post-transition, under 

the condition of the same assumed duration of the post-transition (50-60 years), in the first case, a greater 

engagement of capital resources will be necessary than in the second case. In addition, it is possible to extend the 

life of a nuclear power plant, which is not the case with wind turbines. Furthermore, in the post-transition, it is 
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Figure 13. Graphic representation of the entire transition and post-

transition, according to [17] 



necessary to engage appropriate environmental resources for the disposal of equipment and energy products that 

cannot be recycled.  

We can compare the post-transitions of different transition paths of a power system by comparing the 

competitiveness of the power system in the assumed post-transition of each of the considered transition paths. The 

duration of the post-transition should be equal to the longest operation life of all the technologies under 

consideration. In order to compare the competitiveness of the power system in the post-transition, we can use the 

concept of the energy-time frame, which assumes that the observed power system, in each of the considered post-

transitions, must produce the same amount of green energy [43]. For the purpose of this analysis, the concept is 

slightly modified in order to enable easier application. The required power of each technology is determined from 

the known conditions: the duration of the post-transition and the requested production of carbon-free electricity, 

taking into account the size of the power factor for each of the considered technologies.  

To indicate the competitiveness of individual energy technology in the post-transition, based on the analysis made 

and shown in the literature [5], the 3Ee-SR indicator can be defined as:  
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With MCO2 is denoted the total amount of carbon dioxide that will be emitted by the considered energy technology 

in the post-transition period, while CCO2 denotes the total price of carbon dioxide emission certificates that must 

be paid in the post-transition period. With ΣRi is denoted the sum of all capital resources engaged during the post-

transition period. This sum includes the following components: the total amount of investment in the technology 

necessary for the production of a given amount of carbon-free electricity in the post-transition Rin, the total costs 

of primary energy necessary for the production of a given amount of carbon-free electricity in the post-transition 

Rpe, all costs associated with the dispatchability of the power system Rdc, the costs of leasing land for wind turbines 

during the post-transition Rlu and the total amount of labor costs necessary for the production of the given amount 

of carbon-free electricity in the post-transition Rlc, that is:   

i in pe dc lu lcR R R R R R= + + + +  [€]    (18) 

Capital resources for total investments in the technology Rin have three components: 1) the basic value of the 

technology RTi, 2) the cost of refurbishment to extend the life of the technology (if necessary) RRf and 3) the cost 

of replacing the technology after the end of its nominal operation life (also if necessary) RSt, that is:  

in Ti Rf StR R R R= + +   [€]    (19) 

The total costs of primary energy are defined by the equation:  
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where Cpe is the price of primary energy necessary for the production of a determined amount of electricity during 

the post-transition period. We determine the costs of land leases for wind turbines and the total amount of labor 

costs in the post-transition period in a similar way.  

The dimension of the 3Ee-SR indicator defined in this way is €/MWh. Nota bene, a lower numerical value of the 

3Ee-SR indicator means a greater ability of the considered energy technology, i.e. the power system, to compete 

with other energy technologies, i.e. power systems, in the post-transition.   

We will apply the analytical model defined by equations (17) to (20) for the analysis of the competitiveness of the 

power system for the production of carbon-free electricity. We will assume that in the previous technological, i.e. 

energy transition, the portfolio of the power system was reduced to one highly dominant, or even only one, energy 

technology. The analysis will cover five different energy technologies. Two of them produce carbon-free 

electricity (wind turbines and nuclear power plants), two produce electricity with drastically reduced carbon 

dioxide emissions (advanced technologies of thermal power plants on hard coal and lignite combined with carbon 



capture and storage (CCS) technologies) and one technology is of high energy efficiency – combined cycle gas 

turbines (CCGP) with natural gas as fuel. For the sake of comparison, the analysis includes two existing 

technologies of thermal power plants on hard coal and lignite without CCS technologies.   

The prices for all considered energy technologies correspond to the year 2016 according to [44] and [45]. The cost 

of the replacement technology (wind turbines and CCGTs) is ten percent lower to account for the learning curve 

effect. An overview of the input data for the analyzed technologies is presented in Table 2.  

       Table 2. Characteristics of energy technologies in post transition 

Technology 

Operation 

life 

Power 

factor 
πES η 

Number of 

employees  
Fuel price*  

Cost of 

technology* 

(Year) (-) (-) (-) (N/MWh) (€/MWh) (€/MW) 

Nuclear Power Plants 60 0,90 0,60 0,33 35 3,3 5206000 

Hard coal fired Power Plants  40 0,85 0,50 0,43 57 13,4 3056000 

Advanced hard coal fired PP + 

CCS  40 0,83 0,50 0,41 65 13,4 
5806400 

Lignite fired Power Plants  40 0,83 0,50 0,42 65 1,4 3515000 

Advanced lignite fired PPs + 

CCS 40 0,81 0,50 0,35 74 1,4 5603623 

Natural gas fired CCGT  30 0,79 0,55 0,6 49 28,1 963000 

Wind turbines on shore   20 - 30 0,29 0,60  27  2083000 

PHES 60   0,8   1800000 

  * Prices correspond to the year 2016 to enable comparison with previous works   

The carbon dioxide certificate price used was €60/tCO2, which is the same as in the literature [5]. The amount of 

emitted carbon dioxide was calculated based on data on unit emissions according to Kather [46].  

The category of costs associated with the dispatchability of the power system Rdc includes the costs of 

redispatching with counter trade, then the costs of grid backup power plants and feed-in power management, all 

of which together can be treated as grid congestion costs. Redispatching operations imply that in the specific power 

system there are power plants whose load will be changed, according to the needs of redispatching, which 

represents an additional cost for them. These power plants are usually not enough, so it is necessary to foresee grid 

backup power plants. Congestion costs arise during an imbalance in the production and consumption of electricity. 

In electric power systems with higher participation of i-RES in the overall electricity generation, the total annual 

amount of grid congestion costs increases. In the literature [47] a detailed systematization and overview of the 

realized amounts of these costs for the electric power system of Germany is given.  

In the case when wind turbines are the only or dominant technology in the post-transition, only feed-in power 

management can be used to solve grid congestion problems. For that, in principle, there are two technical solutions. 

The first is combining wind turbines with electricity storage technologies, for example with PHES, and the second 

is the construction of significantly more, most likely extremely more, wind turbine capacity in the system, than is 

on balance necessary to generate the predicted amount of electricity in the post-transition.  

In order to compare different technologies for generating carbon-free electricity in the post-transition with regard 

to dispatchability costs, it is most convenient to introduce a special quantitative criterion and to reduce all 

considered technologies for the generation of carbon-free electricity according to it. In that case, for each 

technology, we define the cost of dispatchability as the investment required to achieve a pre-determined, same for 

all technologies, level of dispatchability. In equation (16), the power ratio Ptimin/Ptinom. It represents the 

quantification of the technical capability of each technology in terms of the power change on system’s demand. 

Here we are talking about the physical possibility of power change, while the speed of power change, as a specific 

technological characteristic of each individual power plant, must be considered separately. Given that for wind 

power plants is Ptimin/Ptinom=1, we can adapt their dispatchability to the required needs of the power system by 

combining them with the PHES and viewing that combination as a technological unit. In that case, it will be 



Ptimin/Ptinom=1-πES, where πES is determined with Eq. (6). In order to compare the selected technologies in the post-

transition with regard to dispatchability costs, we will assume that each technology has a power ratio 

Ptimin/Ptinom=0,6. For that power ratio, we get πES=0,4, so the cost of dispatchability for wind turbines will be equal 

to investments in electricity storage technologies to ensure πES=0,4 during the post-transition period. This 

assumption is justified because the power ratio Ptimin/Ptinom generally moves within relatively narrow limits - from 

0,6 for nuclear power plants to 0,5 for hard coal and lignite power plants.  

Land rent for wind turbines is estimated on 3 

€/MWh, based on the data given in references [48] 

and [49. Labor costs for nuclear power plants, 

wind farms, combined cycles gas turbine power 

plants, and lignite-fired plants were calculated 

based on data for real plants from references [50], 

[51], [52] and [53]. For other energy technologies, 

operating costs are estimated in accordance with 

the costs for the previous four technologies. In all 

analyses, for all considered energy technologies, 

an average annual salary per employee of 

€24000/a was used.   

With the presented input data, appropriate 

analyses of the competitiveness of energy 

technologies in the post-transition were carried 

out. The obtained results are shown in Figure 14. 

We see that the technology of nuclear power 

plants has the best competitiveness in the post-

transition since it has the lowest numerical value 

of the competitiveness indicator 3Ee-SR. It is 

interesting that lignite-fired thermal power plants with CCS technology are in second place, while wind power 

plants are in third place, and in fourth and fifth place are natural gas fired CCGT and coal-fired thermal power 

plants with CCS technology. The existing technologies of lignite and hard coal power plants, without CCS 

technology, as the least competitive, are in sixth and seventh place, respectively. The moderate price of the carbon 

dioxide certificate of €60/t contributed to this arrangement. That price was chosen as probably realistic, although 

the IEA predicts significantly higher prices for certain scenarios, in the amount of 55 to over 250 €/t, depending 

on the scenario and the level of development of individual countries [55], but there are also opinions that IEA 

prices are too high [56]. The score of wind power plants is decisively influenced by the volume of resources 

provided for the replacement of capacities with an expired operation life, as well as for bringing the dispatchability 

of these power plants to the level of other technologies by installing PHES with πES=0,4.  

5. Conclusions  

The energy system is a very complex socio-technical system composed of several different structures. Adequate 

indicators of the structures are needed in order to ensure adequate design of the system’s transition, as well as to 

enable following the transition development and proper transition management.  

The concept of the energy system’s composition as a cluster of different structures is presented, analyzed and 

discussed. The most important energy system’s surrounding structures are also analyzed and discussed. A set of 

indicators are considered pointing out their adequacy for designing of the power system’s transition, as well as the 

tool for the system’s transition management and supervision. It seems that the combined process of energy 

transition management and forests management can contribute to the sustainable development in the sense of 

keeping employment rate in both the economically important coal production and forests maintenance.  

The review of the main transition concepts and contents is presented, considering them as extremely useful for 

underpinning the analysis of the complex structures in energy transition.   
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Figure 14. Graphic representation of the 3Ee-SR Indicator for 

considered energy technologies in post-transition [54]  



The concept of comparing different energy transition trajectories based on the power system’s competitiveness in 

the energy transition is explained and discussed. The concept is exemplified with a comparison real power systems 

of the nine European countries in hypothetical energy transitions. The comparison is performed, on one hand 

regarding costs, CO2 emission and energy produced, and on the other hand regarding power system’s 

dispatchability. Two transition trajectories are considered for each country, i.e. from solid fossil fuels to wind 

turbines and from solid fossil fuels to nuclear power plants. The analysis pointed out that for each considered 

country, better power system’s competitiveness is obtained on the transition trajectory from fossil fuels to nuclear 

energy, than on the transition trajectory from fossil fuels to wind turbines.  

The importance, as well as the different aspects of secondary energy storage in the power systems in transition 

from fossil fuels to wind turbines is also analyzed and discussed. Different technical solutions for the energy 

storage have different effects on the energy transition.   

The importance of considering energy post-transition as natural extension of the energy transition process is 

underlined and discussed. Different amounts of resources, i.e. assets, human, environmental and energy resources 

must be spent in the post-transition of different power system’s energy transition trajectories. The procedure for 

selecting the most competitive post-transition of different power system’s energy transition trajectories is 

explained. The procedure is exemplified with the analysis comprising five different energy technologies. The 

analysis pointed out that it is the most competitive post-transition of the transition route from solid fossil fueled 

power plants to nuclear power plants.          

Finally, we can mention that the simulation of the system’s behavior in the post-transition can be used to verify 

the goodness of the chosen transition path.   
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