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Ḃ – exergy flow, kW P – exergy of “product” h - specific enthalpy, kJ/kg 

B* - exergy cost, kW I – irreversibility i – specific enthalpy, kJ/kg 
b – specific exergy, kJ/kg δB – exergy loss, kJ s – specific entropy, kJ/(kg*K) 
p – pressure, bar E – energy, kJ ηB – exergy efficiency 
T – temperature, K k – exergy cost ηE – energy efficiency 
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Abstract 

Natural gas is a fossil fuel with the highest growth dynamics in the global energy mix. The transport of 

gas in liquefied form (LNG) is an alternative to traditional pipelines. The gas liquefaction process is very 

energy intensive. Part of the energy used in this process is stored in LNG as cryogenic exergy. In a 

conventional regasification process, this exergy is lost by release into seawater or another factor serving 

as an external heat source. There are many concepts for the use of LNG cryogenic exergy. Among 

possible applications to use LNG for the production of electricity are: using it as the lower heat source 

in thermodynamic cycles or directly as a working fluid. 

As part of this work, two technological systems have been modeled: simple CCGT power plant and 

CCGT plant integrated with LNG regasification.  Both cycles were subjected to a deep analysis by the 

means of exergy and thermoeconomic analysis. Special algorithm (so-called matrix method) for exergy 

cost calculations and diagnosis has been tested. The method proved to be a perfect tool for analyzing 

even complex cycles. However it was found that the algorithm cannot cope with exergy diagnosis for 

systems where fluid temperature is crossing the ambient temperature as it requires unambiguous and 

binary exergy sinks and sources (fuel and product) definition. Suggestions were included in the work to 

improve the method to work for any system.  

 

Key words: LNG, exergy, CCGT, regasification, energy recovery, thermoeconomic analysis 

 



Resumo 

O gás natural é o combustível fóssil com maior crescimento dinâmico no conjunto global de energia. O 

transporte do gás na sua forma líquida (GNL) é uma alternativa às tradicionais condutas. O processo de 

liquefação do gás é muito intensivo do ponto de vista energético. Parte da energia utilizada neste processo 

é armazenada no GNL como exergia criogénica. Num processo de regaseificação convencional, esta 

exergia é desperdiçada pela libertação na água do mar ou por outro fator que serve como fonte de calor 

externa. Existem muitos conceitos para a utilização da exergia criogénica do GNL. Entre as aplicações 

possíveis para a utilização do GNL para a produção de eletricidade podemos: usá-lo como fonte fria nos 

ciclos termodinâmicos ou diretamente como fluido de trabalho. 

Como parte deste trabalho, dois sistemas tecnológicos foram modelados: uma simples central de CCGT 

ou uma central CCGT integrada com a regaseificação de GNL. Ambos os ciclos foram sujeitos a uma 

análise profunda no âmbito da exergia e análise termoeconómica. Para o cálculo e diagnóstico do custo de 

exergia foi testado um algoritmo especial chamado o método da matriz. Este método provou ser a 

ferramenta de análise perfeita até para ciclos complexos. No entanto, foi descoberto que o algoritmo não 

se consegue aliar com o diagnóstico de exergia para sistemas onde a temperatura do fluido transita a 

temperatura ambiente, pois requere definições de fontes frias e fontes quentes (combustível e produto) de 

exergia binários e não ambíguos.  Algumas sugestões foram incluídas no trabalho para melhorar o método 

de trabalho de qualquer sistema. 

 

Palavras-chave: GNL, exergia, CCGT, regaseificação, recuperação de energia, análise termoeconómica 



1 

1. Introduction 

1.1. Motivation 

Modern trends show a dynamic growth of natural gas share in world energy mix. Natural gas used to be 

transported in gaseous state by pipelines or gas tankers but within last two decades rapid growth of an 

alternative way of transportation has emerged – LNG (Liquified Natural Gas). LNG demand is expected to 

continue growing. 

Natural gas and LNG consequently are being chosen as an energy source thanks to their easy and cost-

effective technologies for transforming it into heat or work as well as balanced environmental impact. 

However, there is no technology which is free of imperfections and energy losses, even though many 

engineers and scientists have spent their lives improving it. It implies a need for constant development. 

Main focus in the dissertation is put on thermoeconomic analysis and employing so-called matrix method 

for this. The matrix method is a not widely known tool, however it offers opportunities for analysing very 

complex (multi-component) systems in time shorter than standard analysis. The motivation for the thesis 

was to promote the method and to test how it copes with atypical cycle – Combined Cycle Gas Turbine 

integrated with LNG regasification. 

Additionally, the idea for the diploma was to compare two cycles: one classic CCGT (Combined Cycle Gas 

Turbine) and second CCGT integrated with LNG regasification by the means of their thermodynamic 

performance. 

 

1.2. Objectives and scope of work 

The aim of the work is to verify potential of proposed solution for electricity production and minimization of 

exergy and energy losses. Another goal of the work is to conduct analyses of proposed solutions by the 

means of exergy and thermoeconomic analysis. The diploma aimed at conducting a thermoeconomic 

analysis of an exemplary CCGT plant and subsequently analysis of a selected CCGT plant integrated with 

LNG regasification.  The calculation algorithm for this diagnosis was based on a matrix method that allows 

an easy and transparent way to analyse even very complex systems. This method will be presented and 

explained what will allow to clearly understand the issues discussed. As part of the calculations, the following 

software was used: Thermoflex 26 [1], CoolProp [2], REFPROP [3], Microsoft Excel. 

The scope of the analysis includes: 

• Generating a mathematical model of a selected combined cycle gas turbine plant using the 

Thermoflow’s package, Thermoflex 26 [1] program, the aim of which is to obtain thermodynamic 

parameters such as temperature, pressure, mass streams, as well as exhaust gas composition and 

degrees of dryness at selected points of a cycle, for selected operational states.  

• Creating an algorithm for calculating the value of exergy for each stream of the analysed circulation, 

in separate operational states. This was done with the help of the Excel, CoolProp [2] and 

REFPROP [3] databases. First, the thermodynamic values obtained from the Thermoflex 26 [1] 

program were imported, and then the values of enthalpy, entropy and, finally, exergy were 

determined. 

• Conducting a thermoeconomic analysis based on a matrix method, using a Microsoft Excel 

spreadsheet.  
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1.3. Organization of the thesis 

The thesis is divided into two main parts: Theoretical and Computational. The first part, which consists of 

chapters 2 to 4,  presents a basic piece of information about Liquified Natural Gas, Exergy and Exergy cost 

analysis. The chapter on LNG explains the nature of LNG as well as technologies related which serve to its 

processing (liquification and regasification). Moreover, concept of exergy recovery is mentioned, followed 

by LNG market outlook by the means of its import and export. Chapter on exergy explains basic theoretical 

background essential for understanding the concept of exergy. Finally, chapter 4 focuses on exergy cost 

analysis which is a tool for gaining additional knowledge on thermodynamic imperfections and their real 

sources in the process in comparison to standard energy analysis. 

In the second part, which consists of chapters 5 to 7,  a complex thermoeconomic analysis is conducted for 

a Combined Cycle Gas Turbine power plant and the same plant expanded by integrating it with LNG 

regasification. Chapter  7 presents comparison of two plants by the means of general performance. 

Finally, chapter 8 summarizes whole dissertation, aggregates single results and puts some final 

conclusions. 
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2.  Liquified Natural Gas 

2.1. LNG as a way of natural gas transportation 

The traditional method of natural gas transport used for over a century is a pipeline transport. Gas pipelines 

constitute a stable and safe source of natural gas supplies from large, conveniently located deposits of this 

fuel. As the old deposits were depleted and new being found far away from customers, it became necessary 

to develop alternative methods for natural gas transportation. 

Under normal conditions, 1 m3 of methane has a mass of 0.66 kg and a calorific value of 32.8 MJ. For 

comparison, 1 m3 of crude oil has a mass of about 835 kg and a calorific value of about 41 GJ, which is 

more than a thousand times higher than gas methane. Due to the low energy density, it would be 

unreasonable to transport methane in tankers or cisterns. The only natural gas alternative to pipelines that 

has developed on a commercial scale is liquefied natural gas (LNG) [4]. 

Methane with a temperature of -162 °C under normal pressure is colourless, odourless, non-toxic and non-

corrosive with a density of approximately 650 times higher than in normal conditions. The condensation of 

methane allows, therefore, to increase the energy density to about 21 GJ per cubic meter. After delivery of 

LNG to the destination, it is regasified to the gas form. The advantage of transporting natural gas in the form 

of LNG is its flexibility. The natural gas supplier is not rigidly connected to the customer through the pipeline. 

Liquefied gas can be delivered by sea to any regasification terminal in the world. In this way, LNG contributes 

to increasing competitiveness on the natural gas market. The gas recipient who has the regasification 

terminal can freely choose from whom he will buy the fuel. 

Figure 1 presents cost comparison of natural gas transportation by pipelines and LNG. Liquified natural gas 

becomes more profitable as a way of transportation for long-distance transport. As is appears from Figure 

1, for short distances, gas pipelines are usually more economical. LNG is competitive for long-distances, 

especially when the need to cross the ocean appears, as undersea pipelines are cost consuming. For 

offshore pipeline, LNG can be competitive when the distance is less than 700 miles while for onshore 

pipelines, the breakeven point is about 2,200 miles [4]. 
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Figure 1 Comparison of the cost of transporting gas via pipeline and LNG; for 1 trillion cubic feet/year and 

including regasification costs [4] 

 

The LNG production and supply chain are shown schematically in Figure 2. It consists of four main stages: 
natural gas extraction, purification and liquefaction, transportation and regasification. 

 

Figure 2 Diagram of the LNG production and supply chain [4] 
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2.2. Natural gas liquification 

Before natural gas liquefaction, it must be cleaned of undesirable components. The raw material supplied 

from the gas field is first separated into a gaseous and liquid fraction. Then the gas passes several stages 

of purification. The first stage is the removal of carbon dioxide and sulfur compounds by amine methods. 

The CO2 content is reduced to 50 ppm, H2S content to 4 ppm. In the next stage, molecular sieves absorb 

moisture and other sulfur compounds. The moisture content of the dried gas is less than 0.1 ppm and the 

total sulfur content (hydrogen sulphide, mercaptans and sulphur monoxide) should not exceed 30 ppm. If 

natural gas contains mercury, it must also be removed. The concentration of mercury should be lower than 

10 ng/m3. Requirements regarding the maximum concentrations of the substances listed above result both 

from the trade specifications of natural gas and from the harmful effects of these substances on the structural 

elements of natural gas pipelines and tanks. The last stage before gas condensation is the separation of 

hydrocarbons heavier than methane. These compounds would cause operational problems in the 

condensation process. Ethane may or may not be separated. In addition, propane, butane and higher 

hydrocarbons can be sold separately at a higher profit than if they remained in the LNG. During the 

liquefaction of natural gas, nitrogen is additionally removed from it [5]. 

The most energy-consuming process in the LNG production chain is gas liquefaction. Condensing 

technology is based on the principle of refrigeration cycles. The natural gas must be cooled to the saturation 

temperature, which is approximately -160 °C at normal pressure. Existing liquefaction technologies are 

based on three basic methods [4, 5, 6]: 

• Classic cascade cycle. Natural gas is cooled in several subsequent refrigeration cycles in which the 

refrigerants are propane, ethane and methane. Parameters of the cooling cycles are selected to get 

the best possible approximation of temperature profiles of condensed gas and refrigerant. The 

advantages of this method include relative energy efficiency and technological simplicity. The 

disadvantages are the substantial number of equipment machines resulting in high investment costs 

and the demand for pure ethane and propane. 

• A cycle with a mixed refrigerant. The refrigerant is a mixture of hydrocarbons selected so that its 

temperature profile is as close as possible to the temperature profile of condensed natural gas. This 

method is slightly more energy-intensive than the classic cascade cycle, but its advantage is the 

smaller number of compressors and heat exchangers. It is characterized by a longer start-up time 

than the cascade method. 

• Expansion cycle using a turboexpander. It uses the Joule Thomson effect. In this process, part of 

the gas undergoes expansion, which results in cooling to a very low temperature. The cooled gas 

is then used to condense another portion of gas flowing through the installation. This method is 

relatively simple and does not require large capital expenditures but is more energy-intensive than 

cascade and mixed refrigerant methods. For this reason, it is used in small condensing installations 

and for covering peak demand for the capacity of a condensing unit. 
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The most popular method of liquefying natural gas is the AP-C3MR (Air Products propane precooled mixed 

refrigerant) process, based on a mixed refrigerant method. Natural gas is pre-cooled with propane in this 

method. In 2015, this process and its modifications accounted for 79% of the global LNG production 

capacity. 14% covered the ConocoPhillips Optimized Cascade method, i.e. a process with cascade cooling 

cycles [7]. 

Condensing 1 kg of natural gas requires an average consumption of 1.2 MJ of energy for liquification. This 

demand for energy is covered by burning about 8% of the natural gas supplied to the LNG factory [4]. Part 

of the energy used in the liquefaction of natural gas is stored in LNG as cryogenic exergy. This exergy can 

be partially recovered in the regasification process. The definition of exergy is contained in chapter 3. 

 

2.3. LNG regasification 

The task of the regasification terminal is to bring the LNG into the gas state and inject it under the required 

pressure to the network of transmission pipelines. LNG discharged from ships is first sent to insulated tanks, 

where it is stored under a slight overpressure at a temperature several degrees below the evaporation 

temperature. LNG evaporates in them in an amount of about 0.05% volume per day. For this reason, the 

regasification terminal should be equipped with a BOG condensation installation or maintain minimum send-

out. The LNG taken from the tank is first compressed to the pressure required in the receiving gas pipeline. 

This is dictated by the fact that the work of compressing the liquid is much lower than the work of 

compressing the gas at the same pressure ratio. The compressed LNG goes to a heat exchanger in which 

it is vaporized and heated to a temperature close to ambient temperature. Because of the heat source the 

regasification method selected by LNG can be divided into the following groups [4]: 

• ORV (Open Rack Vaporizers), STV (Shell and Tube Vaporizers) - heat needed for LNG evaporation 

is taken from seawater. The ORV and STV methods differ by a design solution for a heat exchanger. 

These are the most popular regasification methods, used in over 70% of regasification terminals. 

Because the terminals are most often located on the coasts, seawater is cheap source of heat 

available in massive quantities. Regasification systems of this type are simple to construct, safe, 

easy to maintain and have low operating costs. However, they require frequent maintenance due 

to the pollution of the heat exchange surface by sediments present in seawater. The applicability of 

this regasification method is determined by the climatic and environmental conditions near the 

terminal. The composition of sea water should be examined. Too high content of heavy metals 

affects the accelerated corrosion of heat exchangers, while the excessive content of solid sediments 

implies the need to thoroughly filter the water. If the seawater temperature is too low, it cannot be 

used as a source of heat. It is assumed that the water temperature should not be lower than 5 °C, 

and the temperature drop of the water consumed should not exceed 5 K. In the cold climatic zone, 
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using the ORV method may not be possible for a whole year. Also, environmental contraindications 

related to marine flora and fauna sensitivity may occur for reduced water temperature. 

• AAV (Ambient Air Vaporizers) - the heat needed for LNG evaporation is taken from atmospheric air. 

The AAV method is more environmentally friendly than the ORV method and its use is not limited 

by the ambient temperature. However, due to the small coefficient in comparison to the ORV method 

heat transfer requires a much larger surface of exchangers, which results in large area occupancy. 

For this reason, the AAV method is not optimal for terminals with a large designed regasification 

capacity. The main exploitation problem of this method is icing the surface of exchangers, therefore 

every 4 to 8 hours ice accumulated should be removed. An additional problem, especially in a humid 

climate, may be the formation of a fog restricting visibility near the terminal. 

• SCV (Submerged Combustion Vaporizers) - the heat needed to evaporate LNG comes from the 

combustion of part of the vaporized gas. It is the second most popular regasification method, used 

in about 20% of terminals. Due to high operating costs (fuel consumption is about 1.5% of regasified 

LNG), this process is used only where no other, free heat sources are available. The regasification 

exchanger is placed in a tank with water on the bottom of which there are burners. The fumes in the 

form of bubbles migrate upwards, sweeping the heat exchange surface and ensuring good heat 

transfer conditions. The exhaust gases are cooled to low temperatures and the moisture contained 

in them is condensed, increasing the energy efficiency of the process, which reaches over 98 %. 

Thanks to the large heat capacity of the water, this system copes well with LNG flux changes and 

is able to provide heat for some time after switching off the burners. The operational problem is the 

acidic reaction of the water bath caused by the exhaust components dissolved in it. Excess acids 

should be neutralized to prevent corrosion. Another problem may be the formation of nitrogen oxides 

during the combustion of natural gas. 

• IFV (Intermediate Fluid Vaporizers) - an intermediary agent circulates in a closed circuit, and the 

heat needed for regasification can come from the environment or from another industrial process 

(e.g. waste heat from a power plant). The most commonly used circulating agents are aqueous 

glycol solutions and liquid hydrocarbons. The intermediary agent may additionally work in the 

clockwise thermodynamic cycle (e.g. Rankine cycle) and drive the turbine, thus producing electrical 

energy. 
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2.4. LNG exergy recovery 

In conventional regasification processes, all cryogenic exergy stored in LNG is transferred into seawater or 

other factor serving as an external heat source and lost. However, it can be partially recovered. The 

profitability of the "cold" recovery of exergy must in any case be subject to thermodynamic and economic 

analyzes, but the use of these technologies always leads to a reduction in energy intensity of cumulative 

LNG import as well as related CO2 emissions. 

There are many concepts for the use of LNG cryogenic exergy. They can be divided into two groups. The 

methods of the first group are based on the direct use of low LNG temperature. Among the possible 

applications are: condensation and air separation, food industry (food cooling or freezing), air conditioning, 

cryogenic desalination of seawater or utilization in various industrial processes, e.g. in petrochemistry [8]. 

Low temperature LNG can also be used for cooling condensers in Rankine cycle-based plants or for cooling 

compressed air in gas turbine cycles. The second group of methods is based on the use of LNG cryogenic 

exergy for the production of electricity. Liquefied natural gas can be used as the lower heat source in 

thermodynamic cycles or directly as a circulating medium. Most common methods are [9]: 

• Direct expansion cycle (DEC), 

• Rankine cycle (RC), 

• Brayton cycle (BC), 

• Kalina cycle, 

• Stirling engines. 

In the thesis a hybrid model of direct expansion cycle has been analyzed. The cycle is further explained in 

the subchapter 6.1. 
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2.5. LNG import and export 

Figure 3 shows the LNG export volumes by all 18 countries that in 2017 participated in the global LNG 

market on the suppliers' side. The biggest exporter of LNG has been Qatar for several years, which satisfies 

almost one third of the global demand for this fuel. 

 

Figure 3 Global LNG Export in 2017 [7] 

 

In 2017, 35 countries participated in the global LNG market on the recipients' side. Figure 4 presents the 

volumes of LNG imports by individual countries. The largest importer is Japan, which provides up to one 

third of global demand for this fuel. In Europe, the largest LNG importers are United Kingdom and Spain. 

The figure does not include imports less than 2.5 MT which are (by order of size): Singapore, US, Portugal, 

Puerto Rico Belgium, Malaysia, Brazil, Lithuania, Poland, Dominican Republic, Greece, Netherlands, Israel, 

Canada, Jamaica and Colombia. 

 

Figure 4 Global LNG Import in 2017  [7] 
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3. Exergy 

3.1. Definition of exergy 

The concept of energy is not a sufficient criterion to describe the practical utility of its various carriers, as 

evidenced by the fact that streams of compressed and not compressed air, having the same temperature, 

transport the same amount of energy due to the fact that the enthalpy of air depends a little from a pressure. 

Therefore, the concept of exergy has its origin in the second law of thermodynamics, according to which 

each thermodynamic change proceeds towards increasing entropy, and thus it is accompanied by losses 

associated with the irreversibility of the process. As a result, it became possible to characterize different 

energy carriers in terms of quality, not only quantitative, because exergy determines the ability to transform 

different forms of energy into other ones. It is important that the practical energy usefulness of matter is 

equal to zero when it is reduced to a state of thermodynamic equilibrium with the surrounding nature. Thus, 

the surrounding nature is a kind of zero point - a reference in the exergy analysis [10]. 

Finally, the following definitions of exergy were adopted: 

• Exergy is the amount of work obtainable when some matter is brought to a state of 

thermodynamic equilibrium with the common components of the natural surroundings by means of 

reversible processes [11]. 

• The minimum work needed to raise system from the reference state to the system state [11]. 

The total exergy of the substance stream consists of: Bk kinetic exergy, Bp potential exergy, Bf physical 

exergy, Bch chemical exergy, Bj nuclear exergy, other exergy components. 

 

Figure 5  Exergy components of the substance stream [11] 

 

The physical exergy is zero if the substance has an ambient temperature as well as ambient pressure. 

However, when a substance with these parameters has a chemical composition that is not compatible with 

the composition of bodies commonly found in the environment, the substance is characterized by a non-

zero and usually a positive value of chemical exergy. The inclusion of chemical exergy is necessary in the 

case of analysis of processes during which the substance is exchanged with the environment [11]. 
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3.2. The balance of exergy losses 

In the surrounding nature, the well-known energy conservation law is universally applicable. 

With regard to the concept of exergy, however, the law of conservation is no longer applicable due to the 

fact that all thermodynamic changes are accompanied by irreversible changes, represented by the so-called 

exergy losses. The total amount of energy does not change, but it is devalued, which means that it loses its 

practical utility. The loss of exergy caused by the irreversibility of a given phenomenon is determined by the 

Gouy - Stodola law, which is given by the equation (1): 

�̇� = T0 ∑ �̇� (1) 

where: 

�̇� – internal losses of exergy, 

T0 – ambient temperature, 

�̇� – increase in entropy of the system 

This law, also called exergy destruction, is in a way contrary to the law of conservation of energy. The loss 

of exergy determined for a given device is the sum of exergy losses that accompany a given thermodynamic 

process. In addition, these losses cannot be partially recovered. They reduce the useful product or increase 

the consumption of a fuel. Goya - Stodola's law is a good diagnosis tool, because it allows to detect the 

reasons for the decreasing perfection of the thermal process, and also allows the separation of exergy 

losses according to the reasons for their occurrence. These losses are divided into internal ones, resulting 

from the irreversibility of thermodynamic changes occurring within the considered device and external ones, 

caused by bringing into the environment a thermodynamic medium with positive exergy, i.e. one that has 

components that have different parameters than the commonly occurring components of the environment. 

It is important to achieve the optimum between exergy losses occurring in the system and the economic 

factor related to the reduction of these losses as any reduction of process imperfections results in an 

increase in the investment expenditure for a given installation [11]. 

Despite the fact that the exergy balance, unlike the energy one, does not fulfil the law of energy preservation, 

it became possible to form an equation, which is closed by introducing a quantity representing the internal 

losses of exergy. This value is the difference between the exergy derived and introduced to the analysed 

system [11]. 

 B𝑖𝑛 = ∆B𝑠𝑦𝑠 + Bout + L + ∑ ∆Bsource + δBin−int (2) 

 Bout = Bout waste + Bout useful = δBext + Bout useful (3) 

The above formulas (2) and (3) present the exergy balance, where: 

Bin – exergy of factors brought into the system, 

∆Bsys – increase in system exergy, 

Bout – exergy of factors leaving the system, 

Bout useful – useful exergy of derived products, 

Bout waste – waste exergy of derived products, 

δBext – external losses of exergy, 

L – work done by the system, 

∆Bsource – increase in exergy of the external heat source in contact with the system, 

δBin−int – internal loss of exergy caused by irreversible changes inside the system. 

 

Figure 6 shows the so-called Grassmann diagram representing the band graph of the exergy balance. The 

darkened area represents, respectively, the internal losses of exergy resulting from the irreversibility of 

transformations as well as the external losses of exergy caused by the discharge into the environment of 
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substances with parameters and composition differing from the environment. As it can be noticed, exergy 

derived from the system is divided into useful and waste exergy which constitute the discussed external 

losses [11]. 

 

Figure 6  Grassmann diagram of exergy balance [11] 

 

Exergy balance is also the basis for determining exergy efficiency, expressing the ratio of useful exergy to 

fuel exergy, which is given by the formula (4): 

 ηB =
Buseful − Bsn + Luseful + Eel useful + ∆Bsource useful + ∆Bsys useful

BN + LN + Eel N − ∆Bsource N

 (4) 

where: 

Buseful – useful exergy of useful process products, 

Bsn – exergy of non-energy raw materials, 

Luseful – useful work obtained in the process, 

Eel useful – useful electricity obtained in the process, 

∆Bsource useful – increase in exergy of external heat sources, 

∆Bsys useful – useful increase of system exergy, 

BN – exergy of drive substances (eg fuels), 

LN – driving work, 

Eel N – driving electric power, 

∆Bsource N – decrease in exergy of the external heat source. 

 

3.3. Calculation of exergy 

As in the case of energy, the exergy can be divided into the internal relating matter within system boundary, 

and the flow leaving the system boundary. From a practical point of view, flow exergy is more important 

because most of the analysed devices are flow-through. Flow exergy can be divided into several 
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components as shown in equation (5), which include: kinetic exergy, potential exergy and thermal exergy, 

which in turn is divided into physical and chemical parts as shown in equation (6) [12]. 

 Ḃ = ṁ (
c2

2
+ g ∙ H + bt) (5) 

 bt = bf + bch (6) 

where: 

Ḃ – exergy flow, 

ṁ – substance stream, 

c – the speed of the substance stream against the Earth's surface, 

g – gravitational acceleration of the Earth, 

H – height of the centre of the stream over the assumed level of the environment, 

bt – specific thermal exergy, 

bf – specific physical exergy, 

bch – specific chemical exergy. 

 

Based on the formula (6), it can be seen that kinetic and potential exergy are equal to kinetic and potential 

energy. In practice, when analysing thermal and flow processes, the kinetic and potential exergy is omitted, 

considering only physical and chemical exergy [12]. 

Physical exergy expresses a decrease of exergy in a situation when the tested substance differing 

in temperature and pressure in relation to environmental parameters will be reduced to these parameters. 

The physical exergy is given by the formula number (7) [12]: 

 bf = i − i0 − T0(s − s0) = if − T0sf (7) 

where: 

bf – specific physical exergy, 

if – specific physical enthalpy determined for ambient parameters, 

i0 – specific physical enthalpy determined for ambient parameters, 

sf – specific physical entropy determined for ambient parameters, 

s0 – specific physical entropy determined for ambient parameters, 

T0 – ambient temperature. 

 

The physical exergy can be divided into a temperature part and a pressure part in the considered parameter 

range. However, this applies to substances that are not subject to phase changes during a given process. 

The temperature section is always positive, because cooling the substance to a temperature below the 

ambient temperature increases the value of the exergy. 

On the contrary, the situation is to the pressure part of the exergy. If the pressure of the considered 

substance is lower than the ambient pressure, then the pressure part of the physical exergy has then 

a negative sign, because the introduction of the substance to pressure below ambient requires the 

consumption of the driving exergy [12]. 

Chemical exergy refers to a substance whose temperature and pressure have values corresponding to the 

environment, whereas its composition differs from commonly accepted reference substances. The 

reference state of chemical exergy should result from the condition of chemical equilibrium with the 

surrounding natural environment. However, it is not possible to achieve a chemical equilibrium with a system 

that is not in equilibrium, therefore the reference substance is assumed to be different for each of the 

chemical elements. As reference substances for chemical exergy were adopted the components dominating 

in atmospheric air, solid substances occurring at the surface of the land, as well as ions and particles 

dissolved in sea waters. In addition, apart from taking a reference substance, it becomes necessary to 
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determine their concentration in the environment [12]. By treating the analysed substance as a perfect gas 

containing only components of the atmospheric air, the chemical exergy can be expressed by the formulas 

(8),(9) [11]: 

 bch = T0 ∑ giRiln
zi

zi ot
i

 (8) 

 (Mb)ch = T0(MR) ∑ ziln
zi

zi ot
i

 (9) 

where: 

bch – specific chemical exergy, 

(Mb)ch – molar specific chemical exergy, 

(MR) – universal gas constant, 

Ri – individual gas constant of the component of the given substance, 

gi – gram fraction of the component of the substance in question, 

zi – molar fraction of the component of the substance in question, 

zi ot – the molar fraction of the component in the ambient atmospheric air, 

T0 – ambient temperature. 

 

The chemical exergy of the reference substance is zero, in the reference state. However, there are 

numerous substances in the surrounding nature whose exergy is positive. These substances are natural 

resources, which are fuels for many industrial processes. The exergy of a given fuel is determined in 

a certain approximation based on its calorific value, or the heat of combustion, as well as the proportionality 

coefficient as presented in formula (10) [11]: 

 bch = a ∙ Wd = b ∙ Wg (10) 

where: 

bch – chemical exergy of fuel, 

Wd – lower heating value, 

Wg – higher heating value (heat of combustion), 

a, b – proportionality factors. 

 

Table 1 presents the coefficients used to determine the chemical exergy of a given type of fuel based on 

the calorific value or the heat of combustion. 

Table 1 Ratio of normal chemical exergy of fuel in relation to calorific value - a and heat of combustion - b 

[12] 

Fuel a b 

Hard coal 1.09 1.03 

Lignite 1.17 1.04 

Coke 1.06 1.04 

Wood 1.15 1.05 

Liquid fuels 1.07 0.99 

Natural gas 1.04 0.94 

Coke oven gas 1.00 0.85 

Blast furnace gas 0.98 0.97 
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To sum up, the main purpose of applying exergy analysis is to assess the degree of imperfection of the 

processes under consideration, as well as to locate the causes and magnitude of their impact on the 

increase of this imperfection. In addition, this analysis takes into account the undesirable effects of 

processes such as throttling, diffusion and heat transfer at finite temperature difference, which is not 

included in the energy balance. Exergy is also a valuable tool to assess the influence of thermal parameters 

on the economic value of energy carriers as mentioned before. It should be remembered, however, that 

exergy is still a thermodynamic, not an economic analysis. 

Table 2 presents a comparison of characteristic energy and exergy features. 

Table 2 Comparison of characteristic energy and exergy traits [13] 

Energy Exergy 

- It is subject to the law of preservation. - It is not subject to the law of preservation. 

- It has conventional reference levels. - It has reference levels imposed by the 

surrounding nature. 

- It increases as the temperature rises. - At ambient pressure and ambient temperature, 

its value is equal to zero. 

- It increases when temperature decreases below 

ambient. 

- In the case of perfect and semi-perfect 

gases, value of enthalpy does not depend on 

the pressure. 

- It depends on the pressure. 

- For perfect vacuum it is equal to zero. - It has a positive value for a perfectly empty tank, 

placed in a non-vacuum environment. 

 

  



16 

4. Exergy cost analysis 

4.1. Exergetic cost 

The basis for carrying out the thermoeconomic analysis, which is the purpose of this work is to determine 

the so-called exergy cost. It happens that many things considered valuable due to the material value of a 

given product are thermodynamically deprived of this value. The source of value may or may not be related 

to the amount of exergy contained, also in the case of fuels. It is therefore necessary to estimate the cost 

of the product, understood as the amount of energy units needed to produce a useful product. However, the 

problem of energy is related to the problem resulting from the lack of effective techniques for allocating a 

specific energy content when two products are produced simultaneously. A much more precise solution in 

this aspect has become the concept of exergy, distinguishing energy carriers in terms of their ability to 

perform work [13]. 

Determining the exergy cost allows to check how the individual components of a separate system work and 

interact with each other. This gives information about what losses are generated in devices, and how these 

imperfections affect the work of others. Thanks to this, it is possible to determine if the changes in operation 

have a beneficial or negative effect on the operation of the devices and how these changes affect the 

imperfection of the processes occurring in the separate components of the system. It may happen that as a 

result of changes a given component has improved its performance, thus causing deterioration of working 

conditions in another. One should therefore strive for a state in which the losses of exergy during particular 

stages of the production process are minimized. However, it is not possible to strive at all costs to reduce 

these imperfections, as limiting losses should go hand in hand with measurable financial benefits. 

The calculation of the consumption of exergy in the selected component is connected with the necessity to 

create an exergy balance and to determine the exergy efficiency of the device. 

 

Figure 7  Exergy balance for the component [14] 

 

Exergy efficiency and specific exergy cost of the highlighted component are given by the formulas (11), (12): 

 ηB =
ḂP

ḂF

≤ 1 (11) 
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 kB =
1

ηB

=
ḂF

ḂP

≥ 1 (12) 

where: 

ηB – exergy efficiency, 

kB – specific exergy cost, 

ḂF – exergy brought to a given component (fuel), 

ḂP – exergy derived from a given component (product). 

 

It should be remembered that exergy efficiency due to the irreversibility of the process, which is represented 

by internal losses of exergy, is always less or equal to one. The situation changes in the case of a specific 

exergy cost, which is the reciprocal of exergy efficiency. Therefore, the value of the specific exergy cost is 

greater than or equal to one. 

In the case of a chosen technological cycle, we usually deal with many components. Then, the exergy cost 

is formed - it is generated at individual stages of the manufacturing process, as shown in the diagram Figure 

8 below. Analysing large energy systems, it is necessary to know how the exergy cost increases in individual 

components of the system. Thanks to this, it is possible to check what connections the various devices have 

with each other, and thus their particular participation in the process of exergy cost formation. Figure 8 

shows a diagram of the formation of exergy costs in the thermodynamic chain of the production process. 

 

Figure 8  Exergy balance for the component [13] 

According to Figure 8, one can write formulas (13), (14), (15): 

 k1
∗ =

FT

P1

< k2
∗ < kr

∗ < kn
∗  (13) 

 kr
∗ =

FT

Pr

 (14) 

 kn
∗ =

FT

Pn

 (15) 

where: 

k1
∗  – exergy cost of the 1st stream, 

k2
∗   – exergy cost of the 2nd stream, 

kr
∗  – exergy cost of the r-th stream, 

kn
∗   – exergy cost of the n-th stream, 

Fi – exergy of fuel supplied to the i-th component, 

Pi – exergy of the product derived from the i-th component. 
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For each component of the extracted system it is true to say that the exergy of supplied fuel streams is 

greater than the exergy flows of products by the difference in the irreversibility of thermodynamic conversion. 

Therefore, in order to obtain a certain amount of usable product, it is necessary to supply a sufficiently large 

amount of fuel. It should be noted that every loss of exergy occurring in individual components accumulates, 

influencing the increase in exergy of the fuel supplied. Finally, as a result of the generated losses throughout 

the cycle, the final product is burdened with an increasing exergy cost as shown in equation (16) [13]. 

 F − P = I > 0 (16) 

 

In the case of a sequential system, where the process product is at the same time the fuel for the next one, 

the cost of the exergy for this process should be recorded as in equation (17) [13]: 

 Pi
∗ = Pi + ∑ Ir

i

1

 (17) 

where: 

Ir – irreversibility of transformation in a given component. 

 

On the other hand, it can be noted that the specific exergy cost of the product is equal to the specific 

consumption of exergy of all components involved in the process what can be written as in equation (18) 

[13]: 

 kp,i
∗ = ∏ kr

i

r

 (18) 

The thermoeconomic analysis is best carried out based on the so-called matrix method. Thanks to it, it 

becomes possible to carry out diagnosis of even very complicated systems, which in the case of this work 

applies to the simple CCGT Plant and CCGT Plant integrated with LNG regasification. This method is based 

on the creation of adequate exergy balances and determination of losses in individual places of the system 

using pre-defined matrices representing flows of individual streams between components. For this purpose, 

it is necessary first and foremost to isolate the analysed system by covering it with a system boundary, 

which allows to say what streams reach the analysed system from the environment, and which ones emerge 

from it. Then it is important that each component is defined by assigning the appropriate number to it. The 

same applies to streams feeding and leaving given components. These streams are usually divided into 

fuels F supplying selected devices and P products, i.e. streams on which the work was performed. It should 

be remembered that the products of one component can be a fuel for another, which generates a kind of 

network of interrelations between the devices of the system. Therefore, it is necessary to record the exergy 

flows, which will inform about the flow direction. For example, the record Ḃij says that the exergy flow Ḃ 

leaves the "i" component as a product, thus feeding the "j" component as fuel. The numbering method itself 

is also not accidental, because it should be started with "1" starting from the production components, such 

as a fuel compressor, ending with dissipative devices - giving energy out of the system boundary, and thus 

to the environment as in the case of a condenser. The number "0" means the so-called environmental 

component representing the environment, but in the analysis, it is omitted due to the fact that exergy flows 

characterized by environmental parameters have a value equal to zero. 
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In Figure 9 way of fuel delivery to the i-th component is shown: 

 

Figure 9  The method of fuel supply to the i-th component of the extracted system [15] 

 

In turn, the total fuel supplied to the i-th component is calculated according to the formula number (19), thus 

adding up all the partial fuels. 

 Fi = B0,i + ∑ Bj,i

n

j=1

 (19) 

 

where: 

Fi – total exergy of fuel feeding the i-th component, 

B0,i – exergy of the stream delivered to the i-th component from the environment, 

Bj,i – exergy of the stream supplied to the i-component from the j-th component, 

n – component number. 

 

The situation is similar to the exergy flows of products leaving the selected i component as shown in Figure 

10. 

 

Figure 10  The method of separating the products of the i-th component of the extracted system [15] 
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Again, the total value of the product derived from the i-th component is calculated as the sum of the partial 

products leaving the i-th component as shown in the formula (20). 

 Pi = Bi,0 + ∑ Bi,j

n

j=1

 (20) 

where: 

Pi – total exergy of the product leaving the i-th component, 

Bi,0 – exergy of the stream discharged into the environment, 

Bi,j – exergy of the stream discharged from the i-th component to the j-th component, 

n – component number. 

 

4.2. Exergy costs allocation 

Determining the exergy costs of components characterised by multiple streams (leaving or entering 

components) is connected with the necessity of following several statements, which are described below: 

The first theorem (P1) - the exergy cost of the Exergy B * stream, the F fuel or the P product is the amount 

of exergy needed to make it, so it is possible to formulate so many exergy cost balances from how many 

components the analysed system consists of [16]. 

The second theorem (P2) - the exergy cost of streams flowing from outside the system boundary to the 

analysed system equals their exergy [16]. 

Third theorem (P3) - all costs generated during the production process must be included in the cost of the 

final product. Losses accompanying the work of individual components are allocated a cost equal to zero 

[2]. 

Fourth theorem (P4) - if the stream leaving the extracted component is part of the fuel stream supplying 

this component, its exergy cost is identical to the cost of the stream flowing into this component. On the 

other hand, when the product of a given component consists of many streams, they are allocated the same 

exergy cost [16]. 

Accordingly, for the first theorem (P1), can be written the following property (21): 

 𝐀 ∙ 𝐁∗ = 𝟎 (21) 

where: 

𝐀 – incidence matrix, 

B∗ – column vector of values of exergy costs for individual streams. 

 

Referring to the above property, it is possible to formulate so many balance equations, how many 

components were separated in the analysed system. However, the number of equations is insufficient, 

hence to complete the matrix of the structure with additional equations, it is needed to use the other 

theorems. 

The equation for the second theorem (P2) has the form (22): 

 𝛂𝐞 ∙ 𝐁∗ = 𝛚𝐞 (22) 

where: 

αe – matrix of inflow of exergy fuel flowing into the system from outside the system boundary,  

ωe – vector of the exergy value of fuel flowing into the system from outside the system boundary. 
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Referring to the fourth theorem (P4), the equation describing it can be written in the form (23): 

 𝛂𝐱 ∙ 𝐁∗ = 𝟎 (23) 

where: 

αx – matrix of cost allocation factors. 

 

According to this statement, the so-called exergy costs allocation should be conducted while choosing the 

appropriate method. A distinction is therefore made between “rule F” or “rule P”. 

 

4.2.1. Rule F 

Rule F - if the selected component is fed by the exergy flow described as "F" fuel, and, at least two streams 

leave it, with some of them being "P" products, and the others are defined as fuel due to being part of the 

fuel supplying this component, the individual exergy costs of fuel streams are equal. This is called "Rule F", 

which is presented in the diagram below [17]. 

 

Figure 11 Diagram showing the "rule F" in the allocation of exergy costs [17] 

 

For that application following relationship can be written (24) [17]: 

 𝐤𝐅𝟏
∗ = 𝐤𝐅𝟐

∗  (24) 

where: 

kF1
∗ – the value of the specific exergy cost of fuel stream 1, 

kF2
∗  – the value of the specific exergy cost of fuel stream 2. 

 

Hence, starting from equation (24), equation (25) is obtained [17]: 

 
𝐅𝟏

∗

𝐅𝟏

=
𝐅𝟐

∗

𝐅𝟐

 (25) 

where: 

F1
∗ – the cumulative value of exergy needed to produce fuel 1, 

F2
∗ – the cumulative value of exergy needed to produce fuel 2, 

F1 –  the value of exergy of fuel 1, 

F2 – the value of exergy of fuel 2. 
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Citing the equation (25) it can be concluded that the ratios of cumulative exergy flows to the exergy values 

of individual streams in relation to fuels 1 and 2 are equal. 

Due to the fact that in the diagnosed system, exergy values of "F" fuel streams were determined, it became 

possible to determine the coefficients for the allocation of exergy costs. The mathematical form of the cost 

ratio is shown in the formula (26) [17]: 

 𝐱 =
𝐅𝟐

𝐅𝟏

 (26) 

where: 

x – coefficient for exergy costs allocation of streams. 

 

Hence, the final formula for the cumulative sum of fuel exergy equation including the cost allocation 

coefficient is (27): 

 −𝐱𝟏𝐅𝟏
∗ + 𝐅𝟐

∗ = 𝟎 (27) 

 

It results from the use of the formula (26) in equation (25). 

 

4.2.2. Rule P 

Rule P - if the selected component is supplied by the exergy flow described as fuel "F", and at least two 

streams which are defined as "P" products leave it, the specific exergy costs of the product streams are the 

same. This is called "Rule P", which is shown in the diagram below [17]. 

 

Figure 12 Diagram showing the "rule P" in the allocation of exergy costs [17]. 

 

For that application relationship (28) can be written [17]: 

 𝐤𝐏𝟏
∗ = 𝐤𝐏𝟐

∗  (28) 

where: 

kP1
∗ – the value of the specific exergy cost of product stream 1, 

kP2
∗  – the value of the specific exergy cost of product stream 2. 
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Hence, starting from equation (28), equation (29) is obtained [17]: 

 
𝐏𝟏

∗

𝐏𝟏

=
𝐏𝟐

∗

𝐏𝟐

 (29) 

where: 

P1
∗ – the cumulative value of exergy needed to produce product 1, 

P2
∗ – the cumulative value of exergy needed to produce product 2, 

P1 –  the value of exergy of product 1, 

P2 – the value of exergy of product 2. 

 

Relying on the equation (29), it can be concluded that the ratios of cumulative exergy flows to the exergy 

values of individual streams in relation to products 1 and 2 are equal. 

Due to the fact that in the diagnosed system, the exergy values of the "P" product streams were determined, 

it became possible to determine the coefficients for the allocation of exergy costs. The mathematical form 

of the cost ratio is shown in the formula (30) [17]: 

 𝐱 =
𝐏𝟐

𝐏𝟏

 (30) 

where: 

x – coefficient for exergy costs allocation of streams. 

 

Hence, the final formula for the cumulative sum of products exergy equation including the cost allocation 

coefficient is (31): 

 −x1P1
∗ + P2

∗ = 0 (31) 

It results from the use of the formula (30) in equation (29). 
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5. Thermoeconomic analysis of a Combined Cycle Gas Turbine power plant  

Two systems were modelled in the dissertation. In this chapter calculations will be explained for one of 

them. For the sake of clarity, a simpler cycle (CCGT) has been chosen to serve as an example. 

5.1. Preliminary information on CCGT plant 

Combined Cycle Gas Turbine are one of the most popular power and combined heat and power plants 

worldwide. This is mainly due to their high efficiency, availability and flexibility. They are simply a 

combination of open-cycle gas turbine with steam cycle which has heat recovery steam generator instead 

of a boiler. 

Figure 13 presents a diagram of a simple CCGT plant modelled in the commercial software THERMOFLEX 

26 [1] software. THERMOFLEX allows to create a mathematical model of the selected power unit. The 

structure of such a system consists in selecting and combining the appropriate components to obtain a 

complete system, as well as determining the initial thermodynamic parameters. Thanks to this, after the 

simulation, a ready set of parameters for all streams of the extracted block is obtained. As one can see in 

the figure above, the analysed power plant consists of 34 components and 43 streams. However, the 

method for exergy analysis requires more streams to be defined to have as many equations as unknown to 

get determined system of equations. They are showed in Appendix A which presents a diagram of a simple 

gas and steam power plant modelled in the THERMOFLEX 26 [1] software with marked additional streams. 

 

Figure 13 Combined Cycle Gas Turbine system presented in Thermoflex 26 [1] 

After completing the drawing system can be described as consisting of 35 elements (equipment and 

sources) and 58 streams. Table 3 presents components included in the layout of the gas-steam power plant 

presented in Figure 13. 
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Table 3 List of components of the analyzed simple gas and steam system 

Component number j Description of the component 

1 Gas/Air Source 

2 Gas Turbine 

3 Fuel Compressor 

4 Fuel Source 

5 Water Source 

6 Pipe 

7 ST 1: Steam Turbine Group 1 

8 ST 2: Steam Turbine Group 2 

9 Mixer 

10 Pipe 

11 Water-cooled Condenser 

12 Pipe 

13 Pump 

14 Brine Sink 

15 Brine Source 

16 Pump 

17 HRSG 1: Duct - GT to Horizontal HRSG 

18 HRSG 1: Superheater 

19 HRSG 1: Superheater 

20 HRSG 1: Evaporator 

21 Splitter 

22 HRSG 1: Economiser 

23 HRSG 1: Superheater 

24 HRSG 1: Economiser 

25 HRSG 1: Evaporator 

26 HRSG 1: Economiser 

27 Splitter 

28 HRSG 1: Economiser 

29 HRSG 1: Steel Stack 

30 Pump 

31 Pump 

32 Deaerator 

34 Makeup / Blowdown 

35 Generator 1 

36 Generator 2 
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The discussed cycle is modelled consisting of the above components. Presenting the simplified operation 

of a given system: a stream of air and natural gas is supplied to the combustion chamber of the gas turbine 

generating a combustible mixture, which then causes combustion of elevated temperature flue gases at 

increased pressure. These fumes are then directed to the gas turbine, where as a result of their expansion, 

mechanical power is generated on the shaft, resulting in driving the compressor and the generator. In 

addition to electricity generated at the terminals of the generator, from the gas turbine set, exhaust fumes 

are fed to the boiler (Heat Recovery Steam Generator), whose task is to heat the feedwater, evaporate it 

and overheat the steam generated, which is then fed to a steam turbine. In turn, in this component, as a 

result of steam expansion, mechanical power is generated that drives the generator, as well as low-

temperature and low-pressure steam supplying the condenser. Condensate leaving the condenser goes to 

the feedwater pump, thus increasing the pressure. Water with increased pressure goes to the recovery 

boiler, thus closing the cycle and the whole cycle is repeated from the beginning. 

Table 4 shows a division of exergy flows into fuels and products for CCGT system components according 

to the method presented in chapter 4. 

Table 4 The method of splitting exergy flows into fuels and products for exemplary components of 

a system 

Component Representation Fuel Product 

Gas Turbine 

 

B1 + B2 + B4 B38 + B45 

Fuel 

Compressor 

 
 

B48 B2 − B3 
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Component Representation Fuel Product 

ST 1: ST 

Group 

 

B5 − B6 B50 

ST 2: ST 

Group 

 

B8 − B9 B51 

Mixer 

 

B6 + B7 B8 

Pipe 

 

B42 B7 
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Component Representation Fuel Product 

Water-cooled 

Condenser 

 

B1 B2 + B3 

Pipe 

 

B9 − B14 B10 − B11 

Pump 

 

B54 B11 − B13 
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Component Representation Fuel Product 

Pump 

 

B55 B43 − B14 

HRSG 1: Duct 

- GT to 

Horizontal 

HRSG 

 

B38 B15 

HRSG 1: 

Superheater 

 

B15 − B16 B41 − B17 
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Component Representation Fuel Product 

HRSG 1: 

Superheater 

 

B16 − B18 B17 − B20 

HRSG 1: 

Evaporator 

 

B18 − B21 B19 − B22 

Splitter 

 

B19 B20 + B36 

HRSG 1: 

Economiser 

 

B21 − B23 B22 − B25 
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Component Representation Fuel Product 

HRSG 1: 

Superheater 

 

B23 − B24 B42 − B27 

HRSG 1: 

Economiser 

 

B24 − B26 B25 − B33 

HRSG 1: 

Evaporator 

 

B26 − B28 B27 − B30 

HRSG 1: 

Economiser 

 

B28 − B31 B29 − B34 
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Component Representation Fuel Product 

Splitter 

 

B29 B30 + B39 

HRSG 1: 

Economiser 

 

B31 − B32 B35 − B37 

Pump 

 

B56 B33 − B39 

Pump 

 

B57 B34 − B40 
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Component Representation Fuel Product 

Deaerator 

 

B35 + B36 B40 

Makeup / 

Blowdown 

 

B44 + B43 B37 

Generator 1 

 

B45 B47 + B48 + B49 

Generator 2 

 

B50 + B51 
B53 + B54 + B55

+ B56 + B57 
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5.2. Simulations and exergy flows calculations of the CCGT plant 

Simulations of the power plant which is the subject of the study were made for two different sets of 

operational parameters which are presented in Table 5. First set of parameters, named reference state is 

a state where the plant should work as effectively as possible. Second state – operational consists of 

parameters set in such a way to reflect deterioration of the equipment. Thus, system working with 

parameters of operational state is foreseen to work less effectively. Thermoeconomic analysis is based on 

a comparison of the reference state of the given system with any other operational states. 

Table 5 List of parameters set up differently within the operational states of the analyzed system 

Parameter 
Value 

Reference state x0 Operational state x1 

Condenser pressure [bar] 0.040 0.044 

1st stage steam turbine isentropic efficiency [%] 87.69 80.77 

2nd stage steam turbine isentropic efficiency [%] 88.97 81.93 

Min ΔT HRSG [K] 5 7 

Pump [1] isentropic efficiency [%] 85.65 80 

 

Referring to Table 5 two operating conditions were analysed, which differed among themselves: condenser 

pressure, internal efficiency of the steam turbine, isentropic efficiency of the water feed pump and minimum 

temperature difference in heat recover steam generator. The purpose of the diagnosis was to check how 

the deterioration of these parameters in relation to the operational state influenced the operation of the 

discussed CCGT system. 

Table 6 Table with thermodynamic parameters for individual flow streams for reference state 

Stream j p [bar] T [°C] m [kg/s] h [kJ/kg] s [kJ/kgK] b_f [kJ/kg] 

Air 1 1.01 20.0 154.4 20.12 0.00 19.87 

Fuel 2 55.32 371.9 2.7 1824.43 6.64 1247.23 

Fuel 3 1.03 2.0 2.7 832.36 6.41 316.39 

Water 4 55.32 20.0 3.5 89.19 0.30 8.51 

Steam 5 29.00 399.0 13.3 3231.10 6.94 1336.13 

Steam 6 3.10 152.2 13.0 2765.13 7.07 832.90 

Steam 7 3.10 164.2 4.9 2790.80 7.13 842.41 

Steam 8 3.10 155.5 17.9 2772.24 7.09 835.46 

Steam 9 0.04 29.0 18.2 2235.04 7.43 206.30 

Sea Water 10 1.61 25.0 1934.3 95.56 0.33 9.17 

Sea Water 11 2.23 20.0 1934.3 76.48 0.26 7.33 

Sea Water 12 1.01 25.0 1934.3 95.55 0.33 8.66 

Sea Water 13 1.01 20.0 1934.3 76.34 0.26 7.21 

Water 14 0.40 29.0 18.2 121.50 0.42 6.14 

Flue Gas 15 1.03 420.4 159.9 895.80 7.73 372.37 

Flue Gas 16 1.03 406.2 159.9 879.54 7.71 362.50 

Steam 17 30.41 318.2 13.28 3038.62 6.61 1232.52 

Flue Gas 18 1.03 388.9 159.9 859.82 7.68 350.73 
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Stream j p [bar] T [°C] m [kg/s] h [kJ/kg] s [kJ/kgK] b_f [kJ/kg] 

Steam 19 30.99 235.7 13.604 2803.32 6.17 1117.13 

Steam 20 30.99 235.7 13.28 2803.32 6.17 1117.13 

Flue Gas 21 1.02 250.7 159.9 705.14 7.42 266.96 

Water/Steam 22 30.99 231.6 13.67 997.75 2.63 280.76 

Flue Gas 23 1.02 239 159.9 692.27 7.39 260.80 

Flue Gas 24 1.02 237.3 159.9 690.40 7.39 259.93 

Water/Steam 25 31.31 199.2 13.67 849.32 2.32 215.50 

Flue Gas 26 1.02 215.3 159.9 666.30 7.34 248.85 

Steam 27 3.43 138.2 4.94 2731.11 6.95 833.66 

Flue Gas 28 1.02 153.2 159.9 598.82 7.20 221.48 

Water 29 3.43 134.2 18.64 564.35 1.68 105.74 

Water 30 3.43 134.2 4.965 564.35 1.68 105.74 

Flue Gas 31 1.01 137.9 159.9 582.31 7.16 215.59 

Flue Gas 32 1.01 110 159.9 552.30 7.08 206.15 

Water 33 31.92 135 13.67 569.66 1.68 109.68 

Water 34 3.54 101.2 18.64 424.42 1.32 63.78 

Water 35 1.05 91.11 18.31 381.74 1.21 52.42 

Steam 36 30.99 235.7 0.3233 2803.32 6.17 1117.13 

Water 37 1.09 29.03 18.31 121.78 0.42 6.20 

Flue Gas 38 1.04 422.4 159.9 898.09 7.73 374.15 

Water 39 3.43 134.2 13.67 564.35 1.68 105.74 

Water 40 1.05 101.1 18.64 423.81 1.32 63.42 

Steam 41 29.94 400.8 13.28 3233.61 6.93 1341.69 

Steam 42 3.30 166 4.94 2793.23 7.11 851.06 

Water 43 1.09 29.08 18.22 121.98 0.42 6.23 

Make-up 
water 

44 
1.09 

20 0.094 
84.01 0.30 3.01 

 

Table 7 Work, heat and energy streams for reference state 

Stream j 45 46 47 48 49 50 51 

E [kW] 55638.0 853.3 50807.0 3846.0 132.0 6018.0 9864.0 

Stream j 52 53 54 55 56 57  

E [kW] 439.6 15050.2 292.3 9.8 77.2 12.5  
 

Table 6 and Table 7 present data on thermodynamic parameters of streams constituting the analysed cycle 

for its reference state. Values of pressure, temperature as well as mass and energy balances were obtained 

by conducting simulations in the Thermoflex 26 [1] program, after which the results were implemented in 

the Excel program with CoolProp [2] and Refprop [3] add-ins, which were used to calculate the value of 

specific enthalpy, entropy and exergy. The specified exergy flows were calculated on the basis of the 

equations contained in chapter 3. 
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Table 8 Table with thermodynamic parameters for individual flow streams for operational state 

Stream j p [bar] T [°C] m [kg/s] h [kJ/kg] s [kJ/kgK] b_f [kJ/kg] 

Air 1 1.01 20.0 156.5 20.12 0.00 19.87 

Fuel 2 55.32 376.1 2.8 1838.78 6.66 1255.52 

Fuel 3 1.03 2.0 2.8 832.36 6.41 316.39 

Water 4 55.32 20.0 3.7 89.19 0.30 8.51 

Steam 5 29.00 399.0 13.6 3231.10 6.94 1336.13 

Steam 6 3.10 166.5 13.3 2795.67 7.14 844.23 

Steam 7 3.10 164.2 5.0 2790.80 7.13 842.41 

Steam 8 3.10 165.8 18.2 2794.19 7.14 843.56 

Steam 9 0.04 30.6 18.6 2298.05 7.59 225.51 

Sea Water 10 1.61 25.0 2021.9 95.56 0.33 9.16 

Sea Water 11 2.23 20.0 2021.9 76.48 0.26 7.32 

Sea Water 12 1.01 25.0 2021.9 95.55 0.33 9.10 

Sea Water 13 1.01 20.0 2021.9 76.34 0.26 7.21 

Water 14 0.40 30.6 18.6 128.40 0.45 6.81 

Flue Gas 15 1.03 421.6 162.2 901.13 7.73 374.33 

Flue Gas 16 1.03 407.3 162.2 882.05 7.71 365.20 

Steam 17 30.41 318.2 13.6 3038.62 6.61 1232.52 

Flue Gas 18 1.03 389.9 162.2 863.56 7.68 354.16 

Steam 19 30.99 235.7 13.9 2803.32 6.17 1117.13 

Steam 20 30.99 235.7 13.6 2803.32 6.17 1117.13 

Flue Gas 21 1.02 250.7 162.2 705.14 7.42 266.96 

Water/Steam 22 30.99 231.6 14.0 997.75 2.63 280.76 

Flue Gas 23 1.02 238.9 162.2 694.62 7.39 260.97 

Flue Gas 24 1.02 237.2 162.2 692.75 7.39 260.10 

Water/Steam 25 31.31 199.2 14.0 849.32 2.32 215.50 

Flue Gas 26 1.02 215.0 162.2 668.41 7.34 248.92 

Steam 27 3.43 138.2 5.0 2731.11 6.95 833.66 

Flue Gas 28 1.02 153.2 162.2 601.20 7.20 221.68 

Water 29 3.43 134.2 19.0 564.35 1.68 105.74 

Water 30 3.43 134.2 5.0 564.35 1.68 105.74 

Flue Gas 31 1.01 137.9 162.2 584.68 7.16 215.77 

Flue Gas 32 1.01 110.6 162.2 555.29 7.08 206.51 

Water 33 31.92 135.0 14.0 569.66 1.68 109.68 

Water 34 3.54 101.2 19.0 424.42 1.32 63.78 

Water 35 1.05 91.1 18.7 381.74 1.21 52.42 

Steam 36 30.99 235.7 0.3 2803.32 6.17 1117.13 

Water 37 1.09 30.7 18.7 128.67 0.45 6.88 

Flue Gas 38 1.04 423.6 162.2 902.11 7.73 375.31 

Water 39 3.43 134.2 14.0 564.35 1.68 105.74 

Water 40 1.05 101.1 19.0 423.81 1.32 63.42 

Steam 41 29.94 400.8 13.6 3233.61 6.93 1341.69 
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Stream j p [bar] T [°C] m [kg/s] h [kJ/kg] s [kJ/kgK] b_f [kJ/kg] 

Steam 42 3.30 166.0 5.0 2793.23 7.11 851.06 

Water 43 1.09 30.7 18.6 128.88 0.45 6.91 

Make-up 
water 44 1.09 20.0 0.1 84.01 0.30 3.02 

 

Table 9 Work, heat and energy streams for operational state 

Stream j 45 46 47 48 49 50 51 

 E [kW] 57078.0 870.9 51987.0 4088.0 132.0 5753.0 9339.0 

Stream j 52 53 54 55 56 57  

E [kW] 423.2 14240.8 326.7 10.0 78.8 12.7 
 

 

Table 8 and Table 9 presents data on thermodynamic parameters of streams constituting the analysed cycle 

for its operational state. The parameters were calculated in the same manner as described for Table 6 and 

Table 7. 

In turn conditions presents the values of exergy flows for both operational states. Exergy flows were obtained 

by multiplying mass flow and specific physical exergy for all streams but fuel. For fuel streams j= {2,3}, in 

addition to physical exergy, chemical exergy was added. Specific chemical exergy was calculated according 

to formula (10) and multiplied by mass flow. X0 represents reference state while X1 stands for operational 

state. 

Table 10 Exergy values for reference and operational conditions 

j Stream 
Exergy [kW] 

Reference state X0 
Exergy [kW] 

Operational state X1 

1 Air 3067.54 3109.26 

2 Fuel 142796.75 145993.28 

3 Fuel 140241.59 143358.07 

4 Water 29.84 31.21 

5 Steam 17743.79 18144.63 

6 Steam 10786.04 11186.03 

7 Steam 4161.52 4208.69 

8 Steam 14946.44 15386.48 

9 Steam 3758.79 4187.71 

10 Sea Water 17738.02 18524.04 

11 Sea Water 14181.37 14806.03 

12 Sea Water 16755.38 18403.10 

13 Sea Water 13950.60 14582.39 

14 Water 111.82 126.52 

15 Flue Gas 59541.49 60715.54 

16 Flue Gas 57964.18 59235.57 

17 Steam 16367.80 16737.55 

18 Flue Gas 56082.05 57444.35 

19 Steam 15197.41 15539.26 
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j Stream 
Exergy [kW] 

Reference state X0 
Exergy [kW] 

Operational state X1 

20 Steam 14835.46 15170.60 

21 Flue Gas 42686.55 43300.56 

22 Water/Steam 3838.00 3925.04 

23 Flue Gas 41701.19 42329.12 

24 Flue Gas 41562.12 42187.97 

25 Water/Steam 2945.82 3012.62 

26 Flue Gas 39790.67 40374.37 

27 Steam 4118.26 4164.94 

28 Flue Gas 35415.22 35955.75 

29 Water 1971.07 2009.14 

30 Water 525.02 530.94 

31 Flue Gas 34472.18 34998.37 

32 Flue Gas 32963.05 33496.36 

33 Water 1499.36 1533.37 

34 Water 1188.86 1211.82 

35 Water 959.83 978.70 

36 Steam 361.17 368.21 

37 Water 113.53 128.38 

38 Flue Gas 59826.53 60875.21 

39 Water 1445.52 1478.30 

40 Water 1182.17 1205.00 

41 Steam 17817.59 18220.10 

42 Steam 4204.22 4251.88 

43 Water 113.48 128.24 

44 Make-up water 0.28 0.29 

45 GT shaft power 55638.00 57078.00 

46 Heat from G1 0.00 1.00 

47 Net electricity from G1 50807.00 51987.00 

48 Electricity to fuel compressor 3846.00 4088.00 

49 Aux of gas turbine 132.00 132.00 

50 Shaft power of ST group 1 6018.00 5753.00 

51 Shaft power of ST group 2 9864.00 9339.00 

52 Heat from G2 0.00 1.00 

53 Net electricity from G2 15050.15 14240.84 

54 Power to Pump 13 292.30 326.70 

55 Power to Pump 16 9.84 9.96 

56 Power to Pump 30 77.23 78.84 

57 Power to Pump 31 12.48 12.66 

 

The division of two operational states required the assumption of an equal output net power in each of them, 

therefore it was assumed that the obtained net power crossing system boundary of the CCGT cycle should 

be equal to 65 857 kW in both working states. 
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Referring to Table 10, it can be seen at the outset that the operation of the system under analysis as a result 

of the introduced changes has deteriorated. As can be seen with the determined net output power from the 

system, a larger fuel stream should be delivered to the system in the operational state in relation to the 

reference one, which translates to a greater value of the exergy flow. In addition, considering the condenser, 

it can be seen that a larger stream of heat exergy goes to the environment (sea water) in the operational 

state compared to the reference one, so the external loss due to dissipation is greater in the operational 

state. At the same time, it should be noted that the feed water pump as a result of changes such as the 

reduction of the isentropic efficiency of this pump, in the operational state increased its demand for 

electricity. Electricity consumption of other pumps rises just a bit which is a result of flow increase. 

 

5.3. Algorithm of exergy cost calculation 

As mentioned this dissertation will be based on the so-called matrix method, which allows to conduct 

diagnosis also for very complex systems. When starting such an analysis it is necessary to define for a 

particular block which of the exergy flows are fuels marked with the letter "F" and which are the "P" products 

for each of the components. 

The way how fuels and products for particular components of a simple CCGT plant are described is 

presented in Table 4. 

Performing exergy analysis using the matrix method requires the construction of appropriate matrices, i.e. 

incidence matrix A, the fuel matrix AF and the matrix of products AP. These matrices allow in the further part 

for the quick and accurate determination of fuels, products and irreversibility for each of the presented 

components, so that with complex systems it is not required to perform separate calculations for each of the 

devices. Individual lines are numbered because of the distinguished components, so in the case of CCGT 

plant analysed there are 29 lines available due to 29 components that work in the analysed system. 

Columns, however, are numbered taking into account the number of streams of a given circulation, which 

in this case gives 57 streams. Therefore, the number of rows must be equal to the number of components, 

and the number of columns must correspond to the number of streams in the system. 

Matrices A, AF and AP are related to each other by the relationship shown in (32): 

 𝐀 = 𝐀𝐅 − 𝐀𝐏 (32) 

where: 

𝐀 – incidence matrix, 

𝐀𝐅 – fuels matrix, 

𝐀𝐏 – products matrix. 

 

In the form of a matrix product, one can also write universally binding mass and energy conservation laws 

as well as Gouy-Stodola law describing exergy losses occurring in the case of irreversible processes. The 

way of constructing certain balances in matrix form is shown below. 

The individual matrices (incidence matrix 𝐀, fuels matrix 𝐀𝐅 and products matrix 𝐀𝐏) for the analysed 

CCGT power plant are showed in appendices A1, A2 and A3.  

Incidence matrix 𝐀 determines which of the individual streams feed or leave the selected system component. 

For such constructed matrix, the stream "j" taking the value "1" informs that it supplies the given component 

"i". The value "-1" indicates that the given stream "j" leaves the component "i", while the value "0" indicates 

the lack of flow with the given component "i". 
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In case of matrix  𝐀𝐅 (as shown in Appendix A2) the "1" value of stream "j" indicates that it supplies the 

selected component. The value "-1" indicates that the given component’s "i" stream "j" is also part of the 

fuel that supplies this component. The "0" value, however, says no flow "j" to or from the "i" component. 

The mass balance is given by formula (33) [16]: 

 𝐀 ∙ 𝐌 = 𝟎 (33) 

where: 

𝐀 – incidence matrix, 

M – column vector of substance streams values. 

 

In turn, the energy balance is as in formula (34) [16]: 

 𝐀 ∙ 𝐄 = 𝟎 (34) 

where: 

𝐀 – incidence matrix, 

E – column vector of energy streams values. 

However, the exergy balance can be written as in the formula (35) [16]: 

 𝐀 ∙ 𝐘𝐁 = 𝐈𝐁 (35) 

where: 

𝐀 – incidence matrix, 

YB – column vector of exergy flows values, 

IB – column vector of irreversibility values. 

 

The irreversibility IB value is the sum of internal and external losses of exergy, while internal losses are 

related to the imperfection of a given thermodynamic transformation, external are related to products with a 

positive exergy value, which are directed to the environment (they cross the boundary of the entire system). 

This relation is presented in (36). 

 𝐈𝐁 = 𝐃𝐁 + 𝐋𝐁 (36) 

where: 

IB – column vector of irreversibility values, 

DB – column vector of internal irreversibility values, 

LB – column vector of external irreversibility values. 

 

In addition, using matrices: 𝐀𝐅 fuels and 𝐀𝐏 products, it is possible to determine column vectors of the values 

of exergy flows of fuels and products for individual components [16] what is presented in equations (37) and 

(38). 

 𝐀𝐅 ∙ 𝐘𝐁 = 𝐅𝐁 (37) 

 𝐀𝐏 ∙ 𝐘𝐁 = 𝐏𝐁 (38) 

where: 

𝐀𝐅 – fuels matrix, 

𝐀𝐏 – products matrix, 

YB – column vector of exergy flows values, 

FB – column vector of exergy flows of fuels, 

PB – column vector of exergy flows of products. 
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When filling the product matrix (as shown in Appendix A3)  with certain logical values, one should remember 

that the value "1" indicates that the given stream "j" leaves the component "i". The value "-1" refers to the 

stream "j" which flows into the given component "i" but forms part of the product of this component. In turn, 

the value "0" of the stream "j" shows no flow with the given component "i". 

Using the above matrices, as well as relationships (35), (36), (37), (38), it is possible to determine the column 

vectors of FB fuels, PB products as well as IB irreversibility for the analysed CCGT cycle. The following Table 

11 summarize the received exergy values for both the reference state x0 and the operational state x1. 

Table 11 Values of vectors for exergy flows of fuels, products and irreversibility of the CCGT power plant 

for the reference state x0 and operation state x1 

  x=x0 x=x0 x=x0 x=x1 x=x1 x=x1 

i Component FB PB IB FB PB IB 

2 Gas Turbine 146026.1 115464.5 30561.6 149265.7 117953.2 31312.5 

3 Fuel Compressor 3846.0 2555.2 1290.8 4088.0 2635.2 1452.8 

6 Pipe 17817.6 17743.8 73.8 18220.1 18144.6 75.5 

7 ST 1: ST Group 6957.8 6018.0 939.8 6958.6 5753.0 1205.6 

8 ST 1: ST Group 11187.7 9864.0 1323.7 11198.8 9339.0 1859.8 

9 Mixer 14947.6 14946.4 1.1 15394.7 15386.5 8.2 

10 Pipe 4204.2 4161.5 42.7 4251.9 4208.7 43.2 

11 
Water-cooled 
Condenser 3647.0 3556.7 90.3 4061.2 3718.0 343.2 

12 Pipe 17738.0 16755.4 982.6 18524.0 18403.1 120.9 

13 Pump 292.3 230.8 61.5 326.7 223.6 103.1 

16 Pump 9.8 1.7 8.2 10.0 1.7 8.2 

17 
HRSG 1: Duct - GT 
to Horizontal HRSG 59826.5 59541.5 285.0 60875.2 60715.5 159.7 

18 
HRSG 1: 

Superheater 1577.3 1449.8 127.5 1480.0 1482.5 -2.6 

19 
HRSG 1: 

Superheater 1882.1 1532.3 349.8 1791.2 1566.9 224.3 

20 
HRSG 1: 

Evaporator 13395.5 11359.4 2036.1 14143.8 11614.2 2529.6 

21 Splitter 15197.4 15196.6 0.8 15539.3 15538.8 0.4 

22 
HRSG 1: 

Economiser 985.4 892.2 93.2 971.4 912.4 59.0 

23 
HRSG 1: 

Superheater 139.1 86.0 53.1 141.2 86.9 54.2 

24 
HRSG 1: 

Economiser 1771.4 1446.5 325.0 1813.6 1479.3 334.3 

25 
HRSG 1: 

Evaporator 4375.5 3593.2 782.2 4418.6 3634.0 784.6 

26 
HRSG 1: 

Economiser 943.0 782.2 160.8 957.4 797.3 160.1 

27 Splitter 1971.1 1970.5 0.5 2009.1 2009.2 -0.1 

28 
HRSG 1: 

Economiser 1509.1 846.3 662.8 1502.0 850.3 651.7 

30 Pump 77.2 53.8 23.4 78.8 55.1 23.8 
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i Component FB PB IB FB PB IB 

31 Pump 12.5 6.7 5.8 12.7 6.8 5.8 

32 Deaerator 1321.0 1182.2 138.8 1346.9 1205.0 141.9 

34 
Makeup / 

Blowdown 113.8 113.5 0.2 128.5 128.4 0.1 

35 Generator 1 55638.0 54785.0 853.0 57078.0 56207.0 871.0 

36 Generator 2 15882.0 15442.0 440.0 15092.0 14669.0 423.0 

 

Analysing the results presented in Table 11 it can be concluded that the biggest losses so the greatest 

irreversibility of the thermodynamic process, appear at second component – gas turbine cycle. It results 

from the fact that combustion occurs in it as a very irreversible process. In addition, the full set of elements 

constituting to gas turbine in the analysis are treated as one component - it is not distributed between the 

compressor, combustion chamber and turbine, hence the obtained irreversibility is the sum of the 

imperfections of each of these devices.  

On the basis of the results obtained in Table 11, it is possible to determine exergy efficiency and specific 

exergy consumption values based on equations (11), (12) as shown in Table 12. 

Table 12 Values of exergy efficiency and specific consumption of exergy for individual components in the 

for the reference state x0 and operation state x1 

i Component 
ηB 

x=x0 
kB 

x=x0 
ηB 

x=x1 
kB 

x=x1 

2 Gas Turbine 0.79 1.26 0.79 1.27 

3 
Fuel 

Compressor 0.66 1.51 0.64 1.55 

6 Pipe 1.00 1.00 1.00 1.00 

7 
ST 1: ST 
Group 0.86 1.16 0.83 1.21 

8 
ST 1: ST 
Group 0.88 1.13 0.83 1.20 

9 Mixer 1.00 1.00 1.00 1.00 

10 Pipe 0.99 1.01 0.99 1.01 

11 
Water-
cooled 

Condenser 0.98 1.03 0.92 1.09 

12 Pipe 0.94 1.06 0.99 1.01 

13 Pump 0.79 1.27 0.68 1.46 

16 Pump 0.17 5.92 0.17 5.81 

17 

HRSG 1: 
Duct - GT to 
Horizontal 

HRSG 1.00 1.00 1.00 1.00 

18 
HRSG 1: 

Superheater 0.92 1.09 1.00 1.00 

19 
HRSG 1: 

Superheater 0.81 1.23 0.87 1.14 

20 
HRSG 1: 

Evaporator 0.85 1.18 0.82 1.22 
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i Component 
ηB 

x=x0 
kB 

x=x0 
ηB 

x=x1 
kB 

x=x1 

21 Splitter 1.00 1.00 1.00 1.00 

22 
HRSG 1: 

Economiser 0.91 1.10 0.94 1.06 

23 
HRSG 1: 

Superheater 0.62 1.62 0.62 1.62 

24 
HRSG 1: 

Economiser 0.82 1.22 0.82 1.23 

25 
HRSG 1: 

Evaporator 0.82 1.22 0.82 1.22 

26 
HRSG 1: 

Economiser 0.83 1.21 0.83 1.20 

27 Splitter 1.00 1.00 1.00 1.00 

28 
HRSG 1: 

Economiser 0.56 1.78 0.57 1.77 

30 Pump 0.70 1.43 0.70 1.43 

31 Pump 0.54 1.87 0.54 1.86 

32 Deaerator 0.89 1.12 0.89 1.12 

34 
Makeup / 

Blowdown 1.00 1.00 1.00 1.00 

35 Generator 1 0.98 1.02 0.98 1.02 

36 Generator 2 0.97 1.03 0.97 1.03 

 

Analysing the above Table 12 and Table 11, it can be noticed that the smallest exergy efficiency, and hence 

the largest specific consumption of exergy, has the component number 16 – condensate pump. However 

absolute exergy loss of that pump is not that significant comparing to components like gas turbine, fuel 

compressor or steam turbine. The reason for small exergy efficiency of condensate pump is its low adiabatic 

efficiency equal to 14.57%. Other components characterised by large specific exergy consumption are gas 

turbine, fuel compressor, sea water pump and some exchangers and evaporators of HRSG. The smaller 

the degree of irreversibility of a given thermodynamic process, the higher the exergy efficiency of a given 

component and the smaller its specific exergy cost. 

 

5.4. Exergy costs analysis of the CCGT Plant 

Due to the fact that the matrix of the structure of the discussed system is not a square matrix, because there 

are 57 columns and 29 rows available which results from the number of components and streams, it is 

necessary to supplement this matrix by an additional 28 equations. For this reason, theories described in 

chapter 4.2 should be utilized, because they can also be interpreted in matrix form, which allows to construct 

a square matrix by adding necessary equations, and then to determine the cumulative exergy values of 

each stream. 

The calculation of exergy costs in the matrix method involves, as mentioned in chapters 4.2 and 5.3, filling 

of the incidence matrix A with additional positions in order to obtain an Ak square matrix which allows to 

determine the exergy costs of individual streams. For this purpose, one should use discussed rules and 

equations. For the analysed system 28 additional equations are needed. Five of them results from the 

second theorem (P2), because the system is supplied from the outside of the system boundary with gas 
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fuel, air, water for gas turbine combustor, make-up water and sea water, cost of which is to be equal to unity 

Therefore, referring to the second theorem (P2), one can write dependencies for components: 

• gas turbine set, 

• fuel compressor, 

• water make-up, 

• sea water pump. 

For the gas turbine set, referring to the second theorem (P2), one can write two dependencies (39), (40):  

 B1
∗ = B1 (39) 

 B4
∗ = B4 (40) 

where: 

Bi
∗ - cumulative value of exergy needed to produce a given amount of stream i exergy,  

Bi - value of exergy of fuel supplied from outside the system boundary. 

 

For the rest of components listed above, referring to the second theorem (P2), one can write one 

dependence for each of them what is presented in equations (41), (42), (43):  

 B3
∗ = B3 (41) 

 B13
∗ = B13 (42) 

 B44
∗ = B44 (43) 

where: 

Bi
∗ - cumulative value of exergy needed to produce a given amount of stream i exergy,  

Bi - value of exergy of fuel supplied from outside the system boundary. 

 

The remaining equations had to be supplemented based on the fourth (P4) theorem, hence on the basis of 

exergy costs allocation. 

The method of determining the cost allocation ratios for selected components is described below. 

 

Component 2 – gas turbine 

An additional equation for this device results from the "P rule", because there are two products available: 

shaft power feeding the generator and high temperature fumes feeding the recovery boiler, where none of 

the products is a fragment of the fuel supplying this component. Thus, for this case, one can write equations 

(44), (45), (46) and (47): 

 k45
∗ = k38

∗  (44) 

 
B45

∗

B45

=
B38

∗

B38

 (45) 

 x1 =
B45

∗

B38
∗ =

B45

B38

 (46) 

 B45 − x1 ∙ B38 = 0 (47) 

where: 

k45
∗  – the value of the exergy cost of shaft power produced in the gas turbine,  

k38
∗  – the value of exergy cost of the exhaust gases stream coming from the gas turbine, 
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B45 – the value of the exergy of shaft power generated by the gas turbine, 

B38 – the value of exergy of exhaust gases stream feeding the recovery boiler, 

B45
∗  – the cumulative value of exergy needed to produce a certain amount of shaft power, 

B38
∗  – the cumulative value of the exergy necessary to produce a certain amount of exergy of the exhaust 

gases stream derived from the gas turbine, 

x1 – exergy cost allocation coefficient for component 2. 

 

Component 18 – Superheater 

An additional equation for this component results from the "rule F" because the exhaust gases leaving the 

recovery boiler’s superheater are part of the fuel that supplies this component. Due to this, one can write 

equations (48), (49), (50) and (51): 

 k15
∗ = k16

∗  (48) 

 
B15

∗

B15

=
B16

∗

B16

 (49) 

 x1 =
B15

∗

B16
∗ =

B15

B16

 (50) 

 B15 − x2 ∙ B16 = 0 (51) 

where: 

k16
∗  – the value of the exergy cost of exhaust gases stream leaving the superheater,  

k15
∗  – the value of the exergy cost of exhaust gases stream feeding the superheater, 

B16 – the value of the exergy of exhaust gases stream leaving the superheater, 

B15 – the value of exergy of exhaust gases stream feeding the superheater, 

B16
∗  – the cumulative value of exergy needed to produce a certain amount of exergy of exhaust gases stream 

leaving the superheater, 

B15
∗  – the cumulative value of the exergy necessary to produce a certain amount of exergy of the exhaust 

gases stream feeding the superheater, 

x2 – exergy cost allocation coefficient for component 18. 

 

The same rule and thus way of calculation applies to the rest of recovery boiler heat exchangers – 

components number: 19, 20, 22, 23, 24, 25, 26, 28. Applying the above method following exergy cost 

allocation coefficients are obtained: 𝑥3, 𝑥4, 𝑥5, 𝑥6, 𝑥7, 𝑥8, 𝑥9, 𝑥10. 

Component 27 – Splitter 

An additional equation for this device results from the "P rule", because there are two products available: 

water stream number 30 and water stream number 39, where none of the products is a fragment of the fuel 

supplying this component. Thus, for this case, one can write equations (52), (53), (54) and (55): 

 k30
∗ = k39

∗  (52) 

 
B30

∗

B30

=
B39

∗

B39

 (53) 

 x1 =
B30

∗

B39
∗ =

B30

B39

 (54) 

 B30 − x1 ∙ B39 = 0 (55) 
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where: 

k30
∗  – the value of the exergy cost of first water stream leaving the splitter,  

k39
∗  – the value of exergy cost of second water stream leaving the splitter,  

B30 – the value of the exergy of first water stream leaving the splitter,  

B39 – the value of exergy of second water stream leaving the splitter, 

B30
∗  – the cumulative value of exergy needed to produce a certain amount of exergy of first water stream 

leaving the splitter, 

B39
∗  – the cumulative value of the exergy necessary to produce a certain amount of exergy of second water 

stream leaving the splitter, 

x11 – exergy cost allocation coefficient for component 27. 

 

The same rule and thus way of calculation applies to an other splitter – component number 21. Applying 

the above method exergy cost allocation coefficients  𝑥12 is obtained. 

 

Component 7 – Steam turbine 

An additional equation for this component results from the "rule F" because the steam leaving the first group 

of steam turbine is a part of the fuel that supplies second group of this steam turbine. Due to this, one can 

write equations (56), (57), (58) and (59): 

 k5
∗ = k6

∗  (56) 

 
B5

∗

B5

=
B6

∗

B6

 (57) 

 x1 =
B5

∗

B6
∗ =

B5

B6

 (58) 

 B5 − x2 ∙ B6 = 0 (59) 

where: 

k6
∗  – the value of the exergy cost of exhaust steam leaving the first steam turbine group,  

k5
∗  – the value of the exergy cost of steam feeding the first steam turbine group,  

B6 – the value of the exergy of exhaust steam leaving the first steam turbine group, 

B5 – the value of exergy of steam feeding the first steam turbine group,  

B6
∗ – the cumulative value of exergy needed to produce a certain amount of exergy of exhaust steam leaving 

the first steam turbine group, 

B5
∗ – the cumulative value of the exergy necessary to produce a certain amount of exergy of steam feeding 

the first steam turbine group,  

x13 – exergy cost allocation coefficient for component 7. 

 

The same rule and thus way of calculation applies to second group of steam turbine – component number 

8 only with one difference – steam stream leaving the turbine fuels a condenser . Applying the above 

method exergy cost allocation coefficients  𝑥14 is obtained. The same rule is as well utilized for component 

number 11 – condenser. Following the above steps results in calculating coefficient 𝑥15. 

 

Component 35 – Generator 1 

Additional equations for this device results from the "P rule", because there are four products available: heat 

created due to losses, electricity feeding fuel compressor, electricity feeding auxiliary loads of gas turbine 
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and net electricity leaving the system boundary. Due to the fact 4 products are available it is possible to 

write three equations for the following pairs of exergy flows: 

• B47 and B46, 

• B47 and B48, 

• B47 and B49. 

For each pair of streams, a separate exergy cost allocation coefficient should be calculated. For streams 

B47 and B46 procedure is as shown in equations (60), (61), (62) and (63): 

 k47
∗ = k46

∗  (60) 

 
B47

∗

B47

=
B46

∗

B46

 (61) 

 x1 =
B47

∗

B47
∗ =

B46

B46

 (62) 

 B47 − x1 ∙ B46 = 0 (63) 

where: 

k47
∗  – the value of the exergy cost of net electricity from Generator 1, 

k46
∗  – the value of exergy cost of heat generated due to the losses in Generator 1,  

B47 – the value of the exergy of net electricity from Generator 1, 

B46 – the value of exergy of heat generated due to the losses in Generator 1,  

B47
∗  – the cumulative value of exergy needed to produce a certain amount exergy of net electricity from 

Generator 1, 

B46
∗  – the cumulative value of the exergy necessary to produce a certain amount of heat generated due to 

the losses in Generator 1, 

x16 – exergy cost allocation coefficient for component 35. 

 

It must be noticed that heat generated due to the losses in the generator 1 is a heat lost to the environment 

and what is more heat of rather low temperature and thus value of exergy flow of that (B46) heat can be 

appointed value of 0 kW. To avoid dividing by 0 that heat was appointed a close to zero value of 1 kW. That 

exception applies only to heat generated and lost to the environment. Correlations for electricity (B47 and 

B48, B47 and B49,) are calculated in the standard way. 

The same rule and thus way of calculation applies to pairs of streams: B47 and B48, B47 and B49, as well as 

to Component 36 - Generator 2 with its 5 pairs of streams: 

• B53 and B52, 

• B53 and B54, 

• B53 and B55, 

• B53 and B56, 

• B53 and B57. 

 

Applying the above method exergy cost allocation coefficients  𝑥17, 𝑥18 are obtained from component 35 

and coefficients  𝑥19, 𝑥20, 𝑥21, 𝑥22, 𝑥23, from component 36. 
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Table 13 Values of calculated exergy cost allocation coefficients for selected components in the reference 

and operational state. 

Component 
i 

Exergy cost 
allocation 
coefficient 

Exergy cost allocation coefficients value 

Reference state x0 Operational state x1 

2 x1=B45/B38 0.930 0.938 

18 x2=B15/B16 1.027 1.025 

19 x3=B16/B18 1.034 1.031 

20 x4=B18/B21 1.314 1.327 

22 x5=B21/B23 1.024 1.023 

23 x6=B23/B24 1.003 1.003 

24 x7=B24/B26 1.045 1.045 

25 x8=B26/B28 1.124 1.123 

26 x9=B28/B31 1.027 1.027 

28 x10=B31/B32 1.046 1.045 

27 x11=B30/B39 0.363 0.359 

21 x12=B36/B20 0.024 0.024 

7 x13=B5/B6 1.645 1.622 

8 x14=B8/B9 3.976 3.674 

11 x15=B9/B14 33.615 33.099 

35 x16=B47/B46 50807.000 51987.000 

35 x17=B47/B48 13.210 12.717 

35 x18=B47/B49 384.902 393.841 

36 x19=B53/B52 15050.150 14240.843 

36 x20=B53/B54 51.489 43.590 

36 x21=B53/B55 1529.487 1430.234 

36 x22=B53/B56 194.874 180.630 

36 x23=B53/B57 1205.942 1124.869 

 

The obtained results allow to supplement the matrix with additional equations in order to construct a square 

matrix Ak of the coefficients of the exergy cost balance equations, which is presented in Appendix A4 for 

each of the states of work. 

The tables presented in Appendix A4 additionally allow to determine the cumulative exergy cost for particular 

streams in the system. 

For this purpose, a mathematical operation should be performed consisting in the reversal of the matrix Ak 

to the form (Ak)-1, and then multiplied by the column vector Y *, which is to the right of the discussed matrix 

Ak. The method for the calculation of the cumulative value of the exergy cost of the selected stream is given 

by the formula (64): 
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 B∗ = (𝐀𝐤)−𝟏 ∙ Y∗ (64) 

where: 

B∗ – the cumulative value of the exergy cost of the stream, 

(𝐀𝐤)−𝟏 – inverted matrix of system coefficients of exergy cost balance equations, 

Y∗ – column vector in the form [
0

ωe

0
]. 

 

Table 14 and   
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Table 15 present the exergy values, exergy costs as well as unit exergy costs of streams separated in the 

analysed CCGT system, obtained as a result of calculations. Matrices (Ak)-1 being a part of calculations are 

presented in Appendix A5. 

Table 14 Values of exergy, exergy costs and specific exergy costs for all streams in reference state x0 

Stream 
number j 

Stream type Exergy cost B* Exergy B 
Specific exergy 

cost kj* 

1 Air 3067.5 3067.5 1.00 

2 Fuel 145266.2 142796.8 1.02 

3 Fuel 140241.6 140241.6 1.00 

4 Water 29.8 29.8 1.00 

5 Steam 27828.4 17743.8 1.57 

6 Steam 16916.2 10786.0 1.57 

7 Steam 6890.0 4161.5 1.66 

8 Steam 23806.2 14946.4 1.59 

9 Steam 5986.9 3758.8 1.59 

10 Sea Water 20303.2 17738.0 1.15 

11 Sea Water 14494.5 14181.4 1.02 

12 Sea Water 20303.2 16755.4 1.21 

13 Sea Water 13950.6 13950.6 1.00 

14 Water 178.1 111.8 1.59 

15 Flue Gas 76962.1 59541.5 1.29 

16 Flue Gas 74923.3 57964.2 1.29 

17 Steam 25789.6 16367.8 1.58 

18 Flue Gas 72490.5 56082.0 1.29 

19 Steam 23925.4 15197.4 1.57 

20 Steam 23356.8 14835.5 1.57 

21 Flue Gas 55175.8 42686.6 1.29 

22 Water/Steam 6610.7 3838.0 1.72 

23 Flue Gas 53902.1 41701.2 1.29 

24 Flue Gas 53722.3 41562.1 1.29 

25 Water/Steam 5337.0 2945.8 1.81 

26 Flue Gas 51432.6 39790.7 1.29 

27 Steam 6710.2 4118.3 1.63 

28 Flue Gas 45777.0 35415.2 1.29 

29 Water 3958.2 1971.1 2.01 

Stream 
number j 

Stream type Exergy cost B* Exergy B 
Specific exergy 

cost kj* 

30 Water 1054.6 525.0 2.01 

31 Flue Gas 44558.0 34472.2 1.29 

32 Flue Gas 42607.4 32963.1 1.29 

33 Water 3047.3 1499.4 2.03 

34 Water 2739.2 1188.9 2.30 
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35 Water 2147.4 959.8 2.24 

36 Steam 568.6 361.2 1.57 

37 Water 196.7 113.5 1.73 

38 Flue Gas 76962.1 59826.5 1.29 

39 Water 2903.6 1445.5 2.01 

40 Water 2716.0 1182.2 2.30 

41 Steam 27828.4 17817.6 1.56 

42 Steam 6890.0 4204.2 1.64 

43 Water 196.4 113.5 1.73 

44 Make-up water 0.3 0.3 1.00 

45 GT Shaft power 71573.9 55638.0 1.29 

46 Heat from G1 1.3 1.0 1.31 

47 Net electricity from G1 66376.8 50807.0 1.31 

48 Electricity to fuel compressor 5024.6 3846.0 1.31 

49 Auxiliary of gas turbine 172.5 132.0 1.31 

50 Shaft power from ST group 1 10912.2 6018.0 1.81 

51 Shaft power from ST group 2 17819.3 9864.0 1.81 

52 Heat from G2 1.9 1.0 1.86 

53 Net electricity from G2 28002.4 15050.2 1.86 

54 Electricity to Pump 13 543.9 292.3 1.86 

55 Electricity to Pump 16 18.3 9.8 1.86 

56 Electricity to Pump 30 143.7 77.2 1.86 

57 Electricity to Pump 31 23.2 12.5 1.86 
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Table 15 Values of exergy, exergy costs and specific exergy costs for all streams in operational statate x1 

Stream 
number j 

Stream type Exergy cost B* Exergy B 
Specific exergy 

cost kj* 

1 Air 3067.5 3067.5 1.00 

2 Fuel 145266.2 142796.8 1.02 

3 Fuel 140241.6 140241.6 1.00 

4 Water 29.8 29.8 1.00 

5 Steam 27828.4 17743.8 1.57 

6 Steam 16916.2 10786.0 1.57 

7 Steam 6890.0 4161.5 1.66 

8 Steam 23806.2 14946.4 1.59 

9 Steam 5986.9 3758.8 1.59 

10 Sea Water 20303.2 17738.0 1.15 

11 Sea Water 14494.5 14181.4 1.02 

12 Sea Water 20303.2 16755.4 1.21 

13 Sea Water 13950.6 13950.6 1.00 

14 Water 178.1 111.8 1.59 

15 Flue Gas 76962.1 59541.5 1.29 

16 Flue Gas 74923.3 57964.2 1.29 

17 Steam 25789.6 16367.8 1.58 

18 Flue Gas 72490.5 56082.0 1.29 

19 Steam 23925.4 15197.4 1.57 

20 Steam 23356.8 14835.5 1.57 

21 Flue Gas 55175.8 42686.6 1.29 

22 Water/Steam 6610.7 3838.0 1.72 

23 Flue Gas 53902.1 41701.2 1.29 

24 Flue Gas 53722.3 41562.1 1.29 

25 Water/Steam 5337.0 2945.8 1.81 

26 Flue Gas 51432.6 39790.7 1.29 

27 Steam 6710.2 4118.3 1.63 

28 Flue Gas 45777.0 35415.2 1.29 

29 Water 3958.2 1971.1 2.01 

30 Water 1054.6 525.0 2.01 

31 Flue Gas 44558.0 34472.2 1.29 

32 Flue Gas 42607.4 32963.1 1.29 

33 Water 3047.3 1499.4 2.03 

34 Water 2739.2 1188.9 2.30 

35 Water 2147.4 959.8 2.24 

36 Steam 568.6 361.2 1.57 

37 Water 196.7 113.5 1.73 

38 Flue Gas 76962.1 59826.5 1.29 

39 Water 2903.6 1445.5 2.01 
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Stream 
number j 

Stream type Exergy cost B* Exergy B 
Specific exergy 

cost kj* 

40 Water 2716.0 1182.2 2.30 

41 Steam 27828.4 17817.6 1.56 

42 Steam 6890.0 4204.2 1.64 

43 Water 196.4 113.5 1.73 

44 Make-up water 0.3 0.3 1.00 

45 GT Shaft power 71573.9 55638.0 1.29 

46 Heat from G1 1.3 1.0 1.31 

47 Net electricity from G1 66376.8 50807.0 1.31 

48 Electricity to fuel compressor 5024.6 3846.0 1.31 

49 Auxiliary of gas turbine 172.5 132.0 1.31 

50 Shaft power from ST group 1 10912.2 6018.0 1.81 

51 Shaft power from ST group 2 17819.3 9864.0 1.81 

52 Heat from G2 1.9 1.0 1.86 

53 Net electricity from G2 28002.4 15050.2 1.86 

54 Electricity to Pump 13 543.9 292.3 1.86 

55 Electricity to Pump 16 18.3 9.8 1.86 

56 Electricity to Pump 30 143.7 77.2 1.86 

57 Electricity to Pump 31 23.2 12.5 1.86 

 

Analysing Table 14 and   
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Table 15, it can be noticed that exergy costs both in the reference and operational states increase as the 

process progresses, so the farther in the chain of irreversible changes the stream has a higher unit exergy 

cost. 

Taking into account the above results, it is possible to easily determine the cumulated exergy costs of fuel 

streams supplying selected components and product streams leaving them. Therefore, it is necessary to 

recall AF fuels and AP products, previously presented in Appendices A2 and A3. 

In the case of fuels, the column vector of their cumulative exergy values takes the form as shown in formula 

(65): 

 FB
∗ = 𝐀𝐅 ∙ YB

∗ (65) 

where: 

FB
∗  – column vector of cumulated fuel exergy, 

𝐀𝐅 – fuel matrix, 

YB
∗ – column vector of the values of cumulated exergy costs of system streams. 

 

On the other hand, in the case of products, the column vector of values of their cumulated exergy is 

expressed by the formula (66): 

 PB
∗ = 𝐀𝐏 ∙ YB

∗ (66) 

where: 

PB
∗ – column vector of cumulated product exergy, 

𝐀𝐏 – product matrix, 

YB
∗ – column vector of the values of cumulated exergy costs of system streams. 

 

Additionally, it is possible to determine the exergy cost of fuel or product, which was shown on the basis of 

formulas (67) and (68). Hence, the exergy cost of fuel is given by the formula (67): 

 kF
∗ =

FB
∗

FB

 (67) 

where: 

kF
∗  – exergy cost of the fuel stream, 

FB
∗  – cumulative exergy of the fuel stream, 

FB – fuel exergy flow.  

 

In turn, the exergy cost of the product is expressed by the formula (68): 

 kP
∗ =

PB
∗

PB

 (68) 

where: 

k𝑃
∗  – exergy cost of the product stream, 

PB
∗ – cumulative exergy of the product stream, 

PB – product exergy flow. 

 

Finally, the exergy cost for the selected component can be calculated in two ways, which is presented below 

in the form of a formula (69). This allows to check whether the results of the calculations performed 

converge, and thus whether they have been carried out in a correct manner. 

The exergy cost of a given device is calculated from the formula (69): 
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 k =
kP

∗

kF
∗ =

FB

PB

 (69) 

where: 

k – exergy cost of the selected component, 

kP
∗  – exergy cost of the product stream of a given component, 

kF
∗  – exergy cost of the fuel stream of a given component, 

FB – fuel exergy flow, 

PB – product exergy flow. 

 

Finally, Table 16 and Table 18 summarize the results of the calculations. For each component, the values 

of exergy flows of fuels and products, cumulative exergy costs of fuels and products, specific costs of fuel 

and product exergy, as well as total costs determined in two ways for the reference and operational status 

are presented. The red colour indicates the final values of the exergy costs of the components obtained by 

two methods in order to check the correctness of the calculations. 
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Table 16 The values of streams, cumulative stream values and exergy costs of fuels and products of 

individual components for the reference state x0. 

Component FB, kW FB
*, kW kF

* PB, kW PB
*, kW kP

* k k 

2 146026.1 148536.0 1.02 115464.5 148536.0 1.29 1.26 1.26 

3 3846.0 5024.6 1.31 2555.2 5024.6 1.97 1.51 1.51 

6 17817.6 27828.4 1.56 17743.8 27828.4 1.57 1.00 1.00 

7 6957.8 10912.2 1.57 6018.0 10912.2 1.81 1.16 1.16 

8 11187.7 17819.3 1.59 9864.0 17819.3 1.81 1.13 1.13 

9 14947.6 23806.2 1.59 14946.4 23806.2 1.59 1.00 1.00 

10 4204.2 6890.0 1.64 4161.5 6890.0 1.66 1.01 1.01 

11 3647.0 5808.8 1.59 3556.7 5808.8 1.63 1.03 1.03 

12 17738.0 20303.2 1.15 16755.4 20303.2 1.21 1.06 1.06 

13 292.3 543.9 1.86 230.8 543.9 2.36 1.27 1.27 

16 9.8 18.3 1.86 1.7 18.3 11.02 5.92 5.92 

17 59826.5 76962.1 1.29 59541.5 76962.1 1.29 1.00 1.00 

18 1577.3 2038.8 1.29 1449.8 2038.8 1.41 1.09 1.09 

19 1882.1 2432.8 1.29 1532.3 2432.8 1.59 1.23 1.23 

20 13395.5 17314.7 1.29 11359.4 17314.7 1.52 1.18 1.18 

21 15197.4 23925.4 1.57 15196.6 23925.4 1.57 1.00 1.00 

22 985.4 1273.7 1.29 892.2 1273.7 1.43 1.10 1.10 

23 139.1 179.8 1.29 86.0 179.8 2.09 1.62 1.62 

24 1771.4 2289.7 1.29 1446.5 2289.7 1.58 1.22 1.22 

25 4375.5 5655.6 1.29 3593.2 5655.6 1.57 1.22 1.22 

26 943.0 1218.9 1.29 782.2 1218.9 1.56 1.21 1.21 

27 1971.1 3958.2 2.01 1970.5 3958.2 2.01 1.00 1.00 

28 1509.1 1950.7 1.29 846.3 1950.7 2.31 1.78 1.78 

30 77.2 143.7 1.86 53.8 143.7 2.67 1.43 1.43 

31 12.5 23.2 1.86 6.7 23.2 3.47 1.87 1.87 

32 1321.0 2716.0 2.06 1182.2 2716.0 2.30 1.12 1.12 

34 113.8 196.7 1.73 113.5 196.7 1.73 1.00 1.00 

35 55638.0 71573.9 1.29 54785.0 71573.9 1.31 1.02 1.02 

36 15882.0 28731.5 1.81 15442.0 28731.5 1.86 1.03 1.03 
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Table 17 The values of streams, cumulative stream values and exergy costs of fuels and products of 

individual components for the operational state x1. 

Component FB, kW FB
*, kW kF

* PB, kW PB
*, kW kP

* k k 

2 149265.7 152021.7 1.02 117953.2 152021.7 1.289 1.27 1.27 

3 4088.0 5350.4 1.31 2635.2 5350.4 2.03 1.55 1.55 

6 18220.1 28621.7 1.57 18144.6 28621.7 1.577 1.00 1.00 

7 6958.6 10976.6 1.58 5753.0 10976.6 1.908 1.21 1.21 

8 11198.8 17903.8 1.60 9339.0 17903.8 1.917 1.20 1.20 

9 15394.7 24598.9 1.60 15386.5 24598.9 1.599 1.00 1.00 

10 4251.9 6953.8 1.64 4208.7 6953.8 1.652 1.01 1.01 

11 4061.2 6492.8 1.60 3718.0 6492.8 1.746 1.09 1.09 

12 18524.0 21718.4 1.17 18403.1 21718.4 1.18 1.01 1.01 

13 326.7 643.2 1.97 223.6 643.2 2.876 1.46 1.46 

16 10.0 19.6 1.97 1.7 19.6 11.436 5.81 5.81 

17 60875.2 78457.8 1.29 60715.5 78457.8 1.292 1.00 1.00 

18 1480.0 1912.5 1.29 1482.5 1912.5 1.29 1.00 1.00 

19 1791.2 2314.6 1.29 1566.9 2314.6 1.477 1.14 1.14 

20 14143.8 18276.9 1.29 11614.2 18276.9 1.574 1.22 1.22 

21 15539.3 24986.7 1.61 15538.8 24986.7 1.608 1.00 1.00 

22 971.4 1255.3 1.29 912.4 1255.3 1.376 1.06 1.06 

23 141.2 182.4 1.29 86.9 182.4 2.098 1.62 1.62 

24 1813.6 2343.6 1.29 1479.3 2343.6 1.584 1.23 1.23 

25 4418.6 5709.8 1.29 3634.0 5709.8 1.571 1.22 1.22 

26 957.4 1237.1 1.29 797.3 1237.1 1.552 1.20 1.20 

27 2009.1 4017.2 2.00 2009.2 4017.2 1.999 1.00 1.00 

28 1502.0 1940.9 1.29 850.3 1940.9 2.283 1.77 1.77 

30 78.8 155.2 1.97 55.1 155.2 2.819 1.43 1.43 

31 12.7 24.9 1.97 6.8 24.9 3.656 1.86 1.86 

32 1346.9 2755.2 2.05 1205.0 2755.2 2.286 1.12 1.12 

34 128.5 222.2 1.73 128.4 222.2 1.731 1.00 1.00 

35 57078.0 73563.9 1.29 56207.0 73563.9 1.309 1.02 1.02 

36 15092.0 28880.4 1.91 14669.0 28880.4 1.969 1.03 1.03 

 

Analysing the results of calculations presented in the above tables, it can be concluded that they are correct. 

First of all, the exergy cost for each component calculated using two methods has the same value. In 

addition, none of the costs has a value less than one, and thus the value of fuel consumed is always greater 

than or equal to one. 
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5.5. Exergy diagnosis of the CCGT Plant 

Diagnosis is a field dealing with the recognition and examination of changes in industrial facilities during 

their operation. Its task is to locate the place and the causes of the emerging imperfections in cycle, as well 

as to improve the efficiency of the irreversible process analysed. In addition, the diagnosis allows to check 

what is the impact of the malfunctioning device on the remaining components of the separated system, and 

to show how losses are generated in the cycle of thermodynamic processes in a given technological 

process. For this purpose, it is necessary to know the best about several operational states of the system, 

with one of these states being so called reference, and therefore working with the highest possible efficiency, 

and thus with limited losses. Other states, called operational, are most often created as a result of 

deterioration of the parameters of the reference condition. The reference state is thus a reference point in 

the thermoeconomic analysis with which the other operating conditions of the system can be compared [18]. 

The basis for conducting exergy diagnosis is to construct the so-called "Fuel - Product (F - P)" table. In the 

case of complex systems, it is an excellent tool illustrating how the exergy costs are distributed between 

individual components. So, one can easily tell which product of the "i=1" component is the fuel for the "i=2" 

component. However, this method requires knowing the value of the exergy cost as well as the way it is 

formed in the system. The table below shows a generalized, exemplary form of the table (F - P). 

Table 18 An example of a generalized "Fuel - Product (F - P)" table 

Fuel F 

Product P F0 F1 F2 ... Fj ... Fn 

P0 B00 B01 B02 ... B0j ... B0n 

P1 B10 B11 B12 ... B1j ... B1n 

P2 B20 B21 B22 ... B2j ... B2n 

... ... ... ... ... ... ... ... 

Pi Bi0 Bi1 Bi2 ... Bij ... Bin 

... ... ... ... ... ... ... ... 

Pn Bn0 Bn1 Bn2 ... Bnj ... Bnn 

 

As it can be noticed, the table (F-P) consists of the same number of rows and columns corresponding to the 

number of components that were isolated in the system. In addition, the number "0" indicates the component 

representing the environment - ambient outside the system boundary. For clarification - individual lines are 

partial values of exergy flows of products of selected components, while the columns are partial values of 

exergy flows of relevant components. For example, row P0 means the values of streams of products supplied 

from outside the system boundary to the system being analysed. In turn, the F0 column is the values of 

exergy flows of fuels supplied to the environment - beyond the system boundary from the system being 

diagnosed. Thus, the cells covered by the red loop are filled with the values of exergy flows that cross the 

system boundary, thus leaving the system. Cells inside the green loop are filled with exergy flow values that 

are supplied to the system from the outside, while inside the blue loop there are exergy flows present inside 

the analysed system, which are supplemented based on the matrix algorithm. 

For example, in the cell marked with yellow colour in Table 18, an exergy flow B01 should be inserted, 

informing that it is the product of the component "0" - therefore of the environment, and at the same time 

the fuel for the component "1". Thus, the cell marked in purple should be supplemented with the Bn0 exergy 
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flow, which says that it is a product constituting the component "n", which is also a fuel for the component 

"0", so for the environment outside the system boundary. After summing up all partial values of fuels and 

products, i.e. columns and rows, respectively, the total amount of fuel or product entering or leaving 

a specific component of the system is obtained, as described in (70) and (71) [15] [18]. 

 Fi = ∑ Bji

n

j=0

 (70) 

where: 

Fi – the total fuel exergy flow of the i-th component,  

Bji – the partial value of the exergy flow supplied to the i-component from the j-th component, 

n – number of components. 

 Pi = ∑ Bij

n

j=0

 (71) 

where: 

Pi – the total product exergy flow of the i-th component,  

Bij – the partial value of the exergy flow of the i-th component supplied to the component j-th, 

n – number of components. 

 

In the case of complicated cycles "Fuel - Product" matrix as shown in Table 18 can be determined based 

on the matrix algorithm. This algorithm is explained in nine steps in subchapters from 5.5.1 to 5.5.9. 

5.5.1. Step 1 

In the first place, a matrix of the system coefficients of equations for the exergy cost Az should be created, 

for each of the work states - reference x0 and operational x1, which occurs in the form [19]: 

[
𝐀𝐩

𝛂𝐞

𝛂𝐱

] 

Then the matrix Az has to be inverted, which results in the matrix (Az)-1 in the form [19]: 

[𝐀𝐩
−𝟏 𝛂𝐞

−𝟏 𝛂𝐱
−𝟏] 

The above matrices, both for reference x0 and operational x1 state, are shown in Appendices A6 and A7 

respectively. 

5.5.2. Step 2 

Then, having the appropriate matrices presented in Appendices A6 and A7, one can proceed to the 

determination of the 〈𝐅𝐏〉 table representing the division of values of individual exergy flows between the i-

th fuel of the component and the product of the j-th component. Therefore, it is needed to multiply the matrix 

of fuels AF with reversed product matrix (Ap)-1, which is shown by the formula number (72) [19]: 

 𝐀𝐅 ∙ (𝐀𝐏)−𝟏 = 〈𝐅𝐏〉 (72) 

where: 

𝐀𝐅 – fuel matrix, 

(𝐀𝐏)−𝟏 – inverted products matrix,  

〈𝐅𝐏〉 – matrix of division of exergy flows of fuels and products between system components. 

For the reference and operational state, calculated 〈𝐅𝐏〉 tables are presented in Appendix A8. 
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5.5.3. Step 3 

Further, matrices 〈𝐅𝐏〉 should be transposed to 〈𝐅𝐏〉𝐭 what is presented in Appendix A9 [19]. 

5.5.4. Step 4 

In the next step one should fill the appropriate area within the blue colour in Table 18 showing the 

generalized form of the "Fuel - Product" table. This can be done by multiplying the matrix 〈𝐅𝐏〉𝐭 and the 

column vector of the product streams values of each of the components of the PB system, which is shown 

in equation (73) [19]: 

 𝐅𝐱 = 〈𝐅𝐏〉𝐭 ∙ PB (73) 

where: 

𝐅𝐱 – matrix of partial values of fuels and products, 

〈𝐅𝐏〉𝐭 – transposed matrix of division of exergy flows of fuels and products, 

PB – a column vector for the values of exergy flows of products of individual components. 

 

Hence, for the two operational states, the Fx matrices presented in Appendix A10 are obtained. 

Finally, the matrix Fx must be supplemented with an additional component "0" representing the external 

environment of the system - the environment outside the system boundary of the power plant, as well as 

exergy flows constituting fuels and products of this component. Thus, finally, "Fuel - Product (F - P)" tables 

are obtained, which are presented in Appendix A11 for both states of the CCGT system. In these tables, 

additional rows and columns have been added to sum the total amount of fuel and product for the selected 

component. 

Generally, the purpose of the performed diagnosis is to show how the exergy cost of a useful product is 

formed in the irreversible transformation cycle, in addition how the consumption of exergy of fuels supplied 

to individual components changes as a result of thermodynamic changes, and a graphic representation of 

malfunctions and dysfunctions of devices in the analysed system. 

The matrices presented in Appendix A11, representing fuel and product flow matrices between components, 

are necessary for this purpose. 

When conducting a diagnosis analysis, one should start by determining the exergy consumption of each 

component. The tables below present a stream of fuel exergy, product as well as exergy cost calculated as 

the ratio of the exergy of fuel to the exergy of product. 
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Table 19 Comparison of the values of exergy flows of fuels, products as well as exergy costs for individual 

components in the reference state x0 

Component i F P I k 

2 146026.1 115464.5 30561.6 1.27 

3 3846.0 2555.2 1290.8 1.51 

6 17817.6 17743.8 73.8 1.00 

7 6957.8 6018.0 939.8 1.16 

8 11187.7 9864.0 1323.7 1.13 

9 14947.6 14946.4 1.1 1.00 

10 4204.2 4161.5 42.7 1.01 

11 3647.0 3556.7 90.3 1.03 

12 17738.0 16755.4 982.6 1.06 

13 292.3 230.8 61.5 1.27 

16 9.8 1.7 8.2 5.92 

17 59826.5 59541.5 285.0 1.01 

18 1577.3 1449.8 127.5 1.09 

19 1882.1 1532.3 349.8 1.23 

20 13395.5 11359.4 2036.1 1.18 

21 15197.4 15196.6 0.8 1.00 

22 985.4 892.2 93.2 1.10 

23 139.1 86.0 53.1 1.62 

24 1771.4 1446.5 325.0 1.23 

25 4375.5 3593.2 782.2 1.22 

26 943.0 782.2 160.8 1.21 

27 1971.1 1970.5 0.5 1.00 

28 1509.1 846.3 662.8 1.78 

30 77.2 53.8 23.4 1.43 

31 12.5 6.7 5.8 1.87 

32 1321.0 1182.2 138.8 1.12 

34 113.8 113.5 0.2 1.00 

35 55638.0 54785.0 853.0 1.02 

36 15882.0 15442.0 440.0 1.03 
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Table 20 Comparison of the values of exergy flows of fuels, products as well as exergy costs for individual 

components in the operational state x1 

Component i F P I k 

2 149265.7 117953.2 31312.5 1.27 

3 4088.0 2635.2 1452.8 1.55 

6 18220.1 18144.6 75.5 1.00 

7 6958.6 5753.0 1205.6 1.21 

8 11198.8 9339.0 1859.8 1.20 

9 15394.7 15386.5 8.2 1.00 

10 4251.9 4208.7 43.2 1.01 

11 4061.2 3718.0 343.2 1.09 

12 18524.0 18403.1 120.9 1.01 

13 326.7 223.6 103.1 1.46 

16 10.0 1.7 8.2 5.81 

17 60875.2 60715.5 159.7 1.00 

18 1480.0 1482.5 -2.6 1.00 

19 1791.2 1566.9 224.3 1.14 

20 14143.8 11614.2 2529.6 1.22 

21 15539.3 15538.8 0.4 1.00 

22 971.4 912.4 59.0 1.07 

23 141.2 86.9 54.2 1.62 

24 1813.6 1479.3 334.3 1.23 

25 4418.6 3634.0 784.6 1.22 

26 957.4 797.3 160.1 1.20 

27 2009.1 2009.2 -0.1 1.00 

28 1502.0 850.3 651.7 1.77 

30 78.8 55.1 23.8 1.43 

31 12.7 6.8 5.8 1.86 

32 1346.9 1205.0 141.9 1.12 

34 128.5 128.4 0.1 1.00 

35 57078.0 56207.0 871.0 1.02 

36 15092.0 14669.0 423.0 1.03 

 

Two components in the Table 20 – number 18 and 27 has Fuels lower than Product but values of exergy 

are close to each other. That difference can be accepted as it is just 2 ‰ error for the higher inconsistency. 

5.5.5. Step 5 

Then, using the following formula (74) and based on matrix Fx, one should construct a matrix 〈𝐊𝐏〉 
representing specific consumption of exergy of individual devices defined as the amount of exergy that one 

component requires from the other to obtain a unit of a usable product what is shown in equation (74). 



63 

 kij =
Bij

Pj

 (74) 

 

 

where: 

kij – specific exergy consumption, 

Bij – the exergy of the i-th component brought to the j-th component, 

Pj – product of j-th component. 

 

The 〈𝐊𝐏〉 matrices for the reference and operational states are summarized in Appendix A12. 

5.5.6. Step 6 

Another step necessary to perform the diagnosis is the subtraction of the 〈𝐊𝐏〉 matrix obtained for the 

reference state from the same matrix obtained for the operational state. As a result, a matrix ∆〈𝐊𝐏〉  is 

presented in Appendix A13.  

5.5.7. Step 7 

After adding up the values present in each column, one can easily obtain the total difference of the exergy 

unit cost of the selected component as a result of changes in the working conditions from the reference to 

the operational state, i.e. as a result of deterioration. These values are presented in Table 21. 

The same results can be obtained by subtracting from each other the unit cost of exergy included in Table 

19 and Table 20. 

Table 21 Difference of specific consumption of exergy of individual components as a result of changes in 

working conditions 

Component i ∆ki Component i ∆ki 

2 0.001 20 0.039 

3 0.092 21 0.000 

6 0.000 22 -0.040 

7 0.053 23 0.006 

8 0.065 24 0.001 

9 0.000 25 -0.002 

10 0.000 26 -0.005 

11 0.067 27 0.000 

12 -0.012 28 -0.017 

13 0.388 30 -0.003 

16 -0.111 31 -0.009 

17 -0.002 32 0.000 

18 -0.090 34 -0.002 

19 -0.085 35 0.000 

  36 0.000 
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Analysing results from Table 21 one can deduct that after changing from reference to operational conditions 

exergy costs for some components has risen whereas for other components has dropped. The most 

significant changes that occurred, regarding exergy cost decrease are components: 16, 18, 19. However 

exergy cost of following components increased widely: 3, 7, 8 13. Summing up operation of steam turbine 

and fuel compressor had deteriorated while HRSG and condensate pump had improved their performance. 

5.5.8. Step 8 

To carry out further calculations related to diagnosis, it is necessary to determine 

the so-called product and irreversibility operators, and to use of the UD unit matrix consisting of as many 

rows and columns as how many components the analysed system is built up. 

The UD unitary matrix is shown in Appendix A14. 

In turn, the product operator 𝐈𝐏⟩ written in the matrix form is given in by the formula (75) [18]: 

 𝐈𝐏⟩ = (𝐔𝐃 − 〈𝐊𝐏〉 )−1 (75) 

where: 

𝐈𝐏⟩ – product operator, 

𝐔𝐃 – unitary matrix, 
〈𝐊𝐏〉 – square matrix representing specific exergy consumption of selected components. 

 

For reference and operational state, the product operator 𝐈𝐏⟩ matrices are presented in Appendix A15. 

Then it is possible to determine the operator of irreversibility, the matrix form of which is given by the formula 

(76): 

 𝐈𝐈⟩ = (𝐊𝐃 − 𝐔𝐃) ∙ 𝐈𝐏⟩ (76) 

where: 

𝐈𝐈⟩ – irreversibility operator, 

𝐊𝐃 – diagonal matrix of values of specific exergy costs, 

𝐔𝐃 – unitary matrix, 

𝐈𝐏⟩ – product operator. 

5.5.9. Step 9 

The diagonal matrix KD is obtained by using the UD unitary matrix. In place of the cells supplemented with 

values equal to "1", the unit consumption values of exergy k are introduced, presented in Table 19 for the 

reference state and Table 20 for the operational state. 

The diagonal matrix KD and as a result the irreversibility operator 𝐈𝐈⟩ of the presented CCGT power plant 

are presented for two operational states (reference x0, and operational x1) in Appendix A16. 

Completing the irreversibility operator matrices for both work states with an additional line representing the 

"0" component - external environment, a matrix can be obtained showing how the exergy cost of a product 

is determined at particular stages of electricity production. It should be remembered that the products for 

the "0" component, cutting through the system boundary, simultaneously supplying it, are burdened with the 

cost equal to 1. Thus, all the cells included in the line representing the environmental component should be 

filled with values equal to 1. 

Therefore, matrices are obtained which show which component have highest impact on formation of exergy 

costs. They are attached in Appendix A17. In those matrices lowermost row shows accumulated exergy 

costs for all diagnosed components. 
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5.6. Results of exergy diagnosis of the CCGT Plant 

As expected, comparing both tables from Appendix A17, it can be noticed that due to the introduced changes 

deteriorating the work of the CCGT power plant, accumulated exergy costs increased. The largest cost is 

observed in the case of a condensate pump. The smallest accumulated exergy cost is burdened with a 

component 12 which represent pipeline of seawater (throttling element), which is logical due to the fact that 

this element itself introduce small exergy losses is a part of short chain of exergy cost accumulation – sea 

water line. In that line sea water of accumulated exergy cost of 1 enters the system from outside the 

boundary and travels through the pump, condenser, pipeline and back outside the system boundary.  

However, sea water pump and condensate pump experience the highest cumulative cost increase due to 

change from reference to operational state. This is due to the fact of flow increase in these machines. 

Cumulative exergy cost increase in operational state for main devices (fuel compressor, gas turbine, steam 

turbine) mast be pointed out while cumulative exergy cost decrease for HRSG components what reflects 

changes in exergy costs described in chapter 4.2. 

Exergy cost formation for all components in both operational and reference state are presented in Appendix 

A21. 

The next stage of the thermoeconomic analysis is to calculate and graphic representate of "malfunctions" 

and "dysfunctions" for all components of the system. These concepts are based mainly on the distribution 

of the irreversibility increase occurring as a result of changes introduced to certain parameters: 

• caused by the work of the device itself, 

• those that result from an actions of other components.  

Therefore, following apportionment may be concluded: 

• Malfunctions - endogenous factors influencing the increase of the irreversibility value associated 

with a given transformation occurring in the selected component. It is a deterioration of the operation 

of the device due to a change in its operating parameters, which increases its fuel exergy [18]. 

• Dysfunctions - exogenous factors, causing the need to increase the production of given components 

due to the deterioration of performance of other components. They reflect the increase in the 

irreversibility value occurring in a given component as a result of imperfect operation of other 

devices [18]. 

 

5.6.1. Malfunctions 

Malfunctions in matrix form can be represented by the formula (77) [15]:  

 (MF)i−j = ∆ki−jPj(x0) (77) 

where: 

(MF)i−j – malfunction resulting from the increase in specific exergy consumption, 

∆ki−j – increase in specific exergy consumption, 

Pj(x0) – value of the exergy flow of the product in the reference state x0. 

The total malfunction for the selected component is calculated from the formula (78) [15]: 

 (MF)j = ∑ ∆ki−jPj(x0) = ∑(MF)i−j

m

i=0

m

i=0

 (78) 
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where: 

(MF)j – total malfunction of the jth component, 

(MF)i−j – malfunction resulting from the increase in specific exergy consumption, 

∆ki−j – increase in specific exergy consumption, 

Pj(x0) – value of the exergy flow of the product in the reference state x0, 

i – component number, 

m – number of components. 

To determine the malfunction table, matrix ∆〈𝐊𝐏〉 should be used as well as exergy flows of P products for 

each of the components of the analyzed system. The matrix of malfunction arises as a result of the 

multiplication of each cell of the ∆〈𝐊𝐏〉 table by the corresponding stream of exergy of product P, including 

the environmental component with the number "0". The malfunctions matrix is presented in Appendix A18. 

Analyzing the malfunctions matrix, it can be noticed that due to the introduced changes in the operating 

parameters, the components number 7 and 8 so the steam turbine, has deteriorated to the greatest extent. 

Other elements that can be characterized by high malfunction are steam condenser, fuel compressor and 

gas tubine. Interestingly, according to the data some components (parts of HRSG: 17, 18, 19, 22, 25, 26, 

28), in operating condition has a negative malfunction value, which indicates that it improved its performance 

after introducing changes to the system (irreversibility in this component decreased). However a few 

components of HRSG are characterized by higher malfunction in operational state which is not high to the 

one extent – coponent number 20 which is evaporator with a drum. For this components malfunctions 

increased in operational state. 

 

5.6.2. Dysfunctions 

Dysfunction can be recorded using the following formula (79) [15]: 

 (DF)j = (kj − 1)∆Pj (79) 

where: 

(𝐃𝐅)𝐣 – total dysfunction of jth component, 

kj – specific exergy cost of jth component, 

∆Pj – increase of the exergy flow of the product for jth component. 

 

At the same time, the formula for dysfunction in the matrix form takes the form (80) [15]: 

 (𝐃𝐅) = 𝐈𝐈⟩(𝐱𝟏) ∙ ∆〈𝐊𝐏〉 ∙ 𝐏(𝐱𝟎) (80) 

where: 

(𝐃𝐅) – dysfunction, 

𝐈𝐈⟩(𝐱𝟏) – matrix of irreversibility operator for operational state x1, 

∆〈𝐊𝐏〉 – matrix representing difference between specific exergy consumptions, 

𝐏(𝐱𝟎) – diagonal matrix of exergy values of products for the reference state x0.  

 

The matrices necessary for the final determination of the dysfunction matrix for the diagnosed CCGT system 

are presented in Appendix A19. 

Finally, as a result of multiplying matrices presented in Appendix A19, the dysfunction matrix for the 

analyzed power plant takes the form presented in Appendix A20. 
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The method for calculating dysfunctions is based on equation (80) and is a matrix-based method. After 

adding each row of the matrix, the total dysfunction value for individual components is obtained. Summing 

up the column with the dysfunction values for the extracted components, the total dysfunction value of the 

analyzed system is obtained. Ultimately, one must sum up the results of each column and then sum up the 

resulting row (DI) and compare the results. As can be seen, the results obtained from summing of rows as 

well as columns are the same. 

 

5.6.3. Results 

A graphic representations of the malfunction and dysfunctions of the CCGT power plant are shown in the  

Figure 14 and Figure 15. 

 

Figure 14 Malfunctions and dysfunctions chart of CCGT plant for selected components (i=2-17) 
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Figure 15 Malfunctions and dysfunctions chart of CCGT plant for selected components (i=18-36) 

 

Analyzing Figure 14 and Figure 15 can be stated that as a result of changes in the operation of the system: 

• Gas turbine, fuel compressor, steam turbine, condenser, sea water pump, high pressure boiler with 

drum (i=20) their performance in reference to an increase in the irreversibility of the processes 

taking place in them, 

• Sea water pipeline, flue gas duct from gas turbine to HRSG, some of HRSG heat exchangers (i=18, 

19, 21, 22, 25, 26, 28) have negative malfunction value which indicats that they work with less 

irreversibilities in operational state, 

• Considering impact of other components on a given component, thus sum of exogenous factors 

affecting the component, with the highest negative impact are burdened: gas turbine, fuel gas 

compressor, high pressure boiler of HRSG (i=20), and high pressure economizer 2 (i=24), 

intermeditate pressure boiler (i=25) and low temperature economizer (i=28). 

 

Finally calculations for increasing the consumption of fuel exergy for individual components, as well as the 

entire system can be done. The increment of the fuel exergy flow stream for a separated system in the 

general form results from the difference of the supplied fuel exergy flow in the operational and reference 

state which is given by the formula (81) [15]: 

 ∆FT = FT(x1) − FT(x0) = 161081.2 − 157289.8 = 3791.4 kW (81) 

where: 

∆FT – difference of fuel exergy flow supplied to the system, 

FT(x1) – the fuel exergy flow supplied to the system in the operational state, 

FT(x0) – the fuel exergy flow supplied to the system in the reference state. 
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In addition, there is a relationship (82): 

 ∆FT = ∆PT + ∑ ∆Ij

n

j=1

 (82) 

where: 

∆FT – difference of the fuel exergy flow supplied to the system, 

∆PT – difference of the product exergy flow leaving the system, 

∆Ij – difference of the irreversibilities in the system, 

j – component number, 

n – number of components. 

 

And then (83): 

 ∆FT = 2553.7 + 1237.7 = 3791.4 kW (83) 

Using the formulas (81) and (83) the results of fuel consumption for the CCGT system were obtained. It 

must therefore be said that results are reasonable due to the fact that different methods of calculation give 

the same values. Figure 16 graphically presents the differences of exergy of fuel delivered to the system 

from outside of the system boundary. 

 

 

Figure 16 Differences in the consumption of fuel exergy supplying the whole system between the 

reference and the operational state of the CCGT plant 

 

Figure 17 and Figure 18 in turn, compares the consumption of fuel exergy for individual components after 

the change of the operational state from reference x0 to operational x1. 
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Figure 17 Differences in fuel exergy consumption for individual components (in it GT, ST) of analyzed 

CCGT plant 

 

 

Figure 18 Differences in fuel exergy consumption for individual components (mainly HRSG) of analyzed 

CCGT plant 

 

Referring to Figure 17 and Figure 18, it can be concluded that as a result of the introduced, the value of the 

exergy flow of fuel supplied to the system from outside the system boundary has increased. This is a result 

of the increase in the irreversibility value accompanying the processes taking place inside individual 

components. From the figures it can be clearly seen that highest increase of exergy consumption occurred 

for components: gas turbine, gas turbine generator and high-pressure boiler (i=20). There is no change in 

exergy delivered to steam turbine (i=7, 8) as steam parameters entering the turbine parts was set rigidly. 

However, impact of decreasing adiabatic efficiency of turbine parts results in change of turbine products 

what can be seen in Figure 14 as malfunction for components 7 and 8.   
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6. Thermoeconomic analysis of a CCGT plant integrated with LNG regasification 

6.1. Description and presentation of the system 

The subject of these analysis is Combined Cycle Gas Turbine Power Plant integrated with LNG 

regasification, whose scheme and thermodynamic model were designed in the THERMOFLEX 26 [1] 

software as presented in Figure 19. 

 

Figure 19 CCGT integrated with LNG regasyfication system presented in Thermoflex 26 [1] 

 

THERMOFLEX [1] allows to create a mathematical model of the selected power unit. The structure of such 

a system consists in selecting and combining the appropriate components to obtain a complete system, as 

well as determining the initial thermodynamic parameters. Thanks to this, after the simulation, a ready set 

of parameters for all streams of the extracted unit is obtained. As can be seen in the figure above, the 

analysed power plant consists of 40 components and 60 streams. However, the method for exergy analysis 

requires more streams to be defined. They are showed shown in appendix B. 

Appendix B presents a diagram of a simple gas and steam power plant modelled in the THERMOFLEX 26 

[1] software with marked additional streams. After completing the drawing system can be described as 

consisting of 40 elements and 81 streams.  

The table the presents the components included in the layout of CCGT with LNG regasification is presented 

in Appendix B1. 

The discussed cycle is implemented based on the described devices. Presenting the simplified operation of 

a given system: a stream of air and natural gas is supplied to the combustion chamber of the gas turbine 

generating a combustible mixture, which then causes combustion of high temperature flue gases at 

increased pressure. These fumes are then directed to the gas turbine, where as a result of their expansion, 

mechanical power is generated on the shaft, resulting in driving the compressor and the generator. In 

addition to electricity generated at the terminals of the generator, from the gas turbine set, exhaust fumes 

are fed to the boiler (Heat Recovery Steam Generator), whose task is to heat the feedwater, evaporate it 
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and overheat the steam generated, which is then fed to a steam turbine. In turn, in this component, as a 

result of steam expansion, mechanical power is generated that drives the generator, as well as low-

temperature and low-pressure steam supplying the condenser. Condensate leaving the condenser goes to 

the feedwater pump, thus increasing the pressure. Water with increased pressure goes to the recovery 

boiler, thus closing the gas-steam cycle. However, heat from the condenser is not rejected to the 

environment but used to regasify liquefied natural gas. CCGT cycle and LNG cycle are interconnected by 

an ammonia cycle which serves a role in increasing thermodynamic efficiencies (reducing imperfections) of 

a whole plant by gradually reducing temperature difference (pinch) between LNG and steam condensate. 

What is more application of ammonia intermediate cycle is dictated by material and fluid properties. It is 

hard to find right fluid to suit that temperature range. The lowest cycle is LNG cycle which is similar to as-

called in literature direct expansion + sea water heating regasification. The difference consists in utilizing 

additional heat supplied by ammonia cycle, coming from CCGT cycle.  

 

6.2. Parameters of the system 

Due to the fact that the thermoeconomic analysis is based on a comparison of the operational state of the 

given system with the reference state that works as effectively as possible, the following table lists the work 

parameters that have deteriorated, thus creating an operational state. 

Table 22 List of parameters changed within the operational states of the analyzed system 

Parameter 
Value 

Reference state x0 Operational state x1 

Condenser pressure [bar] 0.040 0.050 

1st stage steam turbine isentropic efficiency [%] 87.65 82.51 

2nd stage steam turbine isentropic efficiency [%] 88.98 83.70 

Min ΔT HRSG [K] 5 7 

Pump [36] isentropic efficiency [%] 70.00 68.00 

Pump [40] isentropic efficiency [%] 80.00 75.00 

LNG turbine isentropic efficiency [%] 78.00 75.00 

 

Referring to Table 22 two operating conditions were analysed, which differed among themselves: condenser 

pressure, internal efficiency of the steam turbine, isentropic efficiency of feed water pumps, minimum 

temperature difference in heat recover steam generator and LNG turbine isentropic efficiency. The purpose 

of the diagnosis was to check how the deterioration of these parameters in relation to the operational state 

influenced the operation of the discussed system. 

Table 23 shows the molar composition of natural gas, which is the fuel for the analysed heat and power 

plant. Table 24 shows the molar composition of Liquified Natural Gas, which is being regasified in proposed 

plant.  As a result of the simulation, data on the shares of individual exhaust were obtained as shown below 

in Table 25. Knowledge of the shares of individual exhaust components is necessary to determine the 

chemical and physical exergue emissions. The situation is similar when calculating the physical exergy of 

fuel.  

 



73 

Table 23 The composition of the fuel supplied to the analyzed system 

Fuel Component Molar fraction x0, x1 kmol/kmol 

Nitrogen 0.014 

Methane 0.954 

Ethane 0.032 

 

Table 24 The composition of the regasified LNG 

LNG Component Molar fraction x0, x1 kmol/kmol 

Methane 1.000 

 

Table 25 The exhaust gases composition for the analyzed system 

Flue gas component Molar fraction x=x0 kmol/kmol Molar fraction x=x1 kmol/kmol 

Oxygen 0.135 0.1343 

Carbon Dioxide 0.0297 0.0299 

Water 0.1052 0.1067 

Nitrogen 0.7214 0.7205 

Argon 0.0087 0.0087 

 

Tables attached in Appendix B2 present data on thermodynamic parameters of streams constituting the 

analysed cycle for its reference and operational states. Pressure, temperature as well as mass and energy 

balances were obtained by conducting simulations in the Thermoflex 26 [1] program, after which the results 

were implemented in the Excel program with CoolProp [2] and Refprop [3] add-ins, which were used to 

calculate the value of specific enthalpy, entropy and exergy. The specified exergy flows were calculated on 

the basis of the equations contained in chapter 3. 

In turn, table placed in Appendix B3 presents the values of exergy flows for both operational states. Exergy 

flows were obtained by multiplying mass flow and specific physical exergy for all streams but fuel. For fuel 

streams j= {2,3}, in addition to physical exergy, chemical exergy was added. Specific chemical exergy was 

calculated according to formula (10) and multiplied by mass flow. x0 represents reference state while x1 

stands for operational state. 

The separation of two operational states required the assumption of a constant output net power in each of 

them, therefore it was assumed that the obtained net power crossing system boundary of the CCGT cycle 

should be equal to 67 984 kW in both working states. 

Referring to Table 10, it can be concluded at the outset that the operation of the system under analysis as 

a result of the introduced changes has deteriorated, because its exergy efficiency has been reduced. As 

can be seen with the determined net output power from the system, a larger fuel stream should be delivered 

to the system in the operational state in relation to the reference one, which translates to a greater value of 

the exergy flow. In addition, taking into account the condenser, it can be seen that a larger stream of heat 

exergy goes to the environment (sea water) in the operational state compared to the reference one, so the 

external loss due to dissipation is greater in the operational state. At the same time, it should be noted that 

the feed water pump as a result of changes such as the reduction of the isentropic efficiency of this pump, 

in the operational state increased its demand for electricity. Electricity consumption of other pumps rises 

just a bit which is a result of flow increase. 
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6.3. Thermoeconomic calculations 

The calculations were carried out analogously to those of a simple CCGT power plant, which was discussed 

in detail in previous chapters. However, calculations for some components resulted in obtaining unexpected 

values. Calculations have been checked extensively and still, not-physical results (negative exergy or 

efficiency over 100%) appeared.  

At this point, due to special behaviour of exergy as described in 6.4 and due to appearance of fluids of below 

ambient temperature a modification to the method of exergy calculation described in 3.3 had to be done. 

The method used for the decomposition of the physical exergy described in chapter (7) is based on [20]. 

However, author of mentioned work points out that when for analysed cycle only increases of enthalpy, 

entropy or exergy appear, calculation of reference enthalpy i0 and reference entropy s0 can be done for any 

reference point. It is best to assume such reference parameters, not to get negative exergy values.  

In particular, the change of reference point needs to be applied for pressure exergy. Usually reference 

temperature for pressure part of exergy is assumed as T0 (ambient temperature). That is done because 

ambient temperature is usually the lowest temperature in the system. However, in the case analysed in this 

dissertation, the lowest temperature in the system is the LNG temperature entering the system. Its 

temperature is equal to -162 °C, which is much lower than ambient temperature. As a result, when 

considering a T0 value higher than the lowest system temperature, it may happen that the property point 

(T0, p) is in the gas phase, while (T, p) corresponds to a liquid state. If the point (T0, p) is in the gas phase, 

its pressure exergy will be greater than if it were in the liquid phase, since the work available in such process 

depends on the volume (note that the distance between isothermal lines in a T-s diagram is greater in the 

gas phase than in the liquid phase) [21].  

Mathematical representation of the described adjustment is as follows: 

 bf_T = [i(T, p) − i(𝑇0, 𝑝)] − T0[s(T, p) −  s(𝑇0 , 𝑝)] (84) 

where: 

bf_T – temperature part of specific physical exergy, 

i – specific physical enthalpy determined for given parameters, 

s – specific physical entropy determined for given parameters, 

T – temperature of the fluid, 

p – pressure of the fluid, 

T0 – ambient temperature. 

 

 bf_p = [i(𝑇𝑟𝑒𝑓 , p) − i(𝑇𝑟𝑒𝑓 , 𝑝0)] − T0[s(𝑇𝑟𝑒𝑓 , p) −  s(𝑇𝑟𝑒𝑓 , 𝑝0)] (85) 

where: 

bf_p – pressure part of specific physical exergy, 

i – specific physical enthalpy determined for given parameters, 

s – specific physical entropy determined for given parameters, 

𝑇𝑟𝑒𝑓  – reference temperature – lowest temperature in the system/subsystem (note that may be different for 

different fluids: -162 °C for LNG and -51.03°C for ammonia), 

p – pressure of the fluid, 

p0 – reference pressure, 

T0 – ambient temperature. 

 



75 

Due to the extensive record of some matrices constituting an indispensable part of the calculations, it was 

impossible to place them in this work. Steps for carrying out the calculations are the same as for simple 

CCGT cycle. 

Results of Exergy Analysis and Exergy Cost Analysis for CCGT plant integrated with LNG regasification are 

presented in appendices B4, B5, B6, B7, B8, B9. 

Appendix B4  presents column vectors of FB fuels, PB products as well as IB irreversibility for the analysed 

CCGT cycle integrated with LNG regasification for both the reference state x0 and the operational state x1. 

Analysing the results presented in appendix B4  it can be concluded that the biggest exergy losses so the 

greatest irreversibility of the thermodynamic process, appear at second component – gas turbine. It results 

from the fact that combustion occurs in it as a very irreversible process. In addition, the full set of elements 

constituting to gas turbine in the analysis are treated as one component - it is not distributed between the 

compressor, combustion chamber and turbine, hence the obtained irreversibility is the sum of the 

imperfections of each of these devices. Moreover, the same behaviour was observed for simple CCGT 

plant. 

Exergy efficiency and specific exergy consumption values for components of CCGT plant integrated with 

LNG regasification are presented in appendix B5. Analysing values from appendix B5, it can be noticed that 

the smallest exergy efficiency, and hence the largest specific consumption of exergy, has the component 

number 16 – condensate pump. This is the same case as in simple CCGT plant. However absolute exergy 

loss of that pump is not significant. Reason for small exergy efficiency of that pump was described in chapter 

5.3. Other components characterised by small exergy efficiency are steam turbine condenser (cooled with 

ammonia), LNG pump, LNG-sea water heat exchangers or ammonia pump. Those are all components 

where fluids of temperature below ambient are involved and heat transfer is occurring between fluids of high 

temperature difference. Explanation why heating of fluids which have below-ambient which connected with 

great loss of energy potential (work) is described in chapter 6.4. 

Analysing appendices B6 and B7, it can be noticed that exergy costs both in the reference and operational 

states increase as the process progresses, so the farther in the chain of irreversible changes the stream 

has a higher unit exergy cost. 

Results of calculations presented in appendices B8, B9 act as a way for checking the correctness of 

calculations as they present the exergy cost for each component calculated using two methods. Those 

results are then used for exergy diagnosis. 

As in the case of simple CCGT plant, after carrying out Exergy Cost Calculation, next step was Exergy 

Diagnosis. Due to the fact that the matrix method as described in [22] has not been tested before for such 

a specific case (power plant integrated with LNG regasification) due to doubtful results further calculations 

although completed are not presented. It is not said that the method itself is wrong, but it may require some 

adjustments for such a special case. Possible explanations and suggestions for improving the method are 

presented in chapters 6.4 and 8.1. 
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6.4. Remarks for exergy analyses of LNG systems by matrix method 

Figure 20 (a) presents the visual representation of the physical exergy (Ḃ𝐹) and its components in an 

Exergy–Enthalpy diagram. Division between temperature (Ḃ𝑇) and pressure (Ḃ𝑝) part of exergy is done to 

show the exergy contributions when the main exergy transformation occurs between Ḃ𝑇, Ḃ𝑝 and shaft work, 

for working conditions below ambient temperature. The amount of exergy of a flow or heat source depends 

on the temperature. Transformations of the temperature part of exergy for a substance stream Ḃ𝑇 is 

represented by the isobars in Figure 20 (a). These isobars without doubt prove that the exergy requirement 

under ambient temperature is higher than above ambient temperature for the same change in temperature 

(increment above T0 and decrement below T0). The exergy accompanying heat depends on temperature. 

 

 
Figure 20 (a) Temperature-based and pressure-based exergy and (b) exergy content of heat vs. 

temperature [23] 

What is more from Figure 20 (b) one can deduct that the exergy of heat (energy flow) is horizontally 

asymptotic to �̇� above T0 which means that the maximum work produced even by a reversible heat engine 

will always be less than the energy supplied by the heat source (�̇�). Below T0, the exergy of heat is vertically 

asymptotic to infinite when the temperature approaches 0 K which means that the minimum work required 

to take �̇� from T0 to a lower temperature can be larger than �̇�. It must be noticed that over ambient 

temperature, heat is always less worth (has lower exergy) than work, while for temperatures below half of 

T0, the ratio between Ḃ𝑄 and �̇� is larger than one, thus heat (cold thermal energy) is more valuable than 

work. This special behaviour can be expressed by equation (86) [11]. 

 Ḃ𝑄

�̇�
= |

𝑇 − 𝑇0

𝑇
| (86) 

where: 

Ḃ𝑄 – exergy flow, 

�̇� – energy flow, 

𝑇 – stream temperature, 

𝑇0 – ambient temperature. 

 

Due to the behaviour explained above sources and the sinks are not always the same for energy and exergy 

flows. One can conclude that for heat exchangers operating below ambient temperature, the exergy source 

is the cold stream and the exergy sink is the hot stream. In most cases for heat exchangers, a decrement 

of the exergy of a given stream represents an exergy source while an increment of exergy represents an 
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exergy sink However the above considerations does not take into account pressure drops, thus pressure 

part of exergy. Pressure loss (exergy destruction) caused by friction results in heating the fluid which 

translates to available exergy increment in the exergy sources and the capacity reduction of the exergy 

sinks [23]. 

 

Matrix method for exergy cost calculation as described in chapter 5.3 requires unambiguous and binary (“-

1” or “1”) sinks and sources (fuel and product) definition. As demonstrated in the above considerations sinks 

and sources, thus fuel and product can be shifting their roles for processes and streams crossing ambient 

temperature. Method presented in chapter 5.3 does not allow to attribute single exergy flow to be partly fuel 

and partly product. Matrix method still remains a great tool for diagnosis of very complex systems. However, 

its utilization for cases like the CCGT plant integrated with LNG regasification being the subject of this 

dissertation requires method improvement. 
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7. Comparison of performance of standard CCGT plant with CCGT plant 

integrated with LNG regasification 

Due to the method limitations described in chapter 6.4 it was not possible to compare between two plants 

after running full exergy diagnosis. However, two plants and thus results on integrating LNG regasification 

can be assessed on the basis of energy analysis.  

Below are presented main performance parameters of two plants in their reference state of operation. 

Parameters are results of calculations obtained with Thermoflex 26 [1] software. 

 

Figure 21 Performance of CCGT system 
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Figure 22 Performance of CCGT integrated with LNG regasyfication system 
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Net electric efficiency of CCGT plant equal to 44.14% is far from state of the art CCGT plants (efficiency 

over 50%). This is due to application of industrial gas turbine of lower class than modern CCGT plants. 

However, employed gas turbine is suitable for available stream of LNG and gas supply and offers long life 

with long annual working time. Efficiency is strictly connected with temperatures in the system (first of all in 

gas turbine and steam turbine cycle). Modern CCGT systems operate in temperatures higher than for the 

plant presented thanks to better heat and creep resistant materials. 

Plant integrated with LNG regasification was created by adding ammonia and LNG cycle to the simple 

CCGT plant. Both plants are characterized by similar fuel gas input 133 738 kW (LHV) and 136490 kW 

(LHV). However, plant integrated with LNG regasification has net electricity production of 67 984 kW 

compared to 65 439 kW of simple plant resulting in differences in energy efficiency. Additional ammonia 

and LNG turbines provides over than 9 MW of electric power but part of this surplus needs to be utilized to 

drive additional equipment (mainly pumps), thus obtaining just around extra 2 MW. Whole this power is 

created due to exergy recovery from LNG regasification. Extra energy might have been created in steam 

turbine due to additional cooling of steam condenser but in that case, plant was set to have same condenser 

pressure, thus temperature for both simple and complex plant. The difference is that in simple cycle heat 

from the condenser is lost to the environment while in the second plant is utilized for LNG regasification. 

Analysed cycles have different energy efficiency which net value is 48.93% for standard CCGT plant and 

50.83% for plant integrated with LNG regasification.  

Differences discussed above are not that great. 1.9% efficiency improvement might be considered a good 

result but considering possible investment costs might not be that attractive. What is the main advantage of 

proposed cycle being additional to providing extra electricity is the fact that the plant regasifies LNG and 

provides a natural gas with just right pressure (8.4 MPa) and temperature (1°C) to a gas transmission 

network. Otherwise LNG will have to be regasified and compressed by conventional method which is 

connected with high energy costs. To illustrate the difference, using Submerged Combustion Vaporisers 

would involve of losing 1,5% of LNG stream just for generating heat to evaporate LNG. What is more for the 

same mass stream as assumed in the analysed plant (~98 kg/s) LNG pumps would require about 4 MWe 

to achieve pressure required by gas transmission network.     
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8. Summary and conclusions 

As part of this work, the focus was on the method of transporting natural gas in liquefied form (LNG). The 

LNG production and supply chain as well as the current state of the global market for this fuel were 

described. The methods of regasification of LNG and the possibility of recovery of cryogenic exergy stored 

in it have been reviewed. The concept of exergy and exergy cost analysis has been described. 

The main element of the work was the implementation of mathematic models of two Combined Cycle Gas 

Turbine systems in proper software and then their thermoeconomic analysis, with the difference that one of 

them was integrated with LNG regasification. 

As part of the conducted diagnosis so-called matrix method has been presented. This method allows the 

analysis of even very complicated systems, such as the presented CCGT power plant. The first stage of the 

calculations was to model the system in the Thermoflex 26 [1] software, where two operating states were 

created - reference x0 and operating x1. The first of the states was characterized by the highest perfection 

of processes going in the system, while the second resulted from the deterioration of the working conditions 

of selected components. After the simulation, a full set of parameters for each stream was obtained, which 

in turn allowed to determine the value of exergy at these points - after importing simulation results into 

Microsoft Excel linked to Cool Prop [2] and REFPROP [3] databases. Finally, after obtaining the exergy 

value at each of the points in the system, a matrix analysis was carried out using the Microsoft Excel 

calculation sheet. All following stages of thermoeconomic analysis were shown on the example of a simple 

CCGT plant, explaining all the mathematical operations. 

Algorithm for calculations of CCGT plant integrated with LNG regasification should have been theoretically 

identical as for simple CCGT plant. However, obtained results were very doubtful. Calculations have been 

checked extensively and it was concluded that the proposed method is not adjusted for such a specific case. 

The case of CCGT plant integrated with LNG regasification was found to be unique due to the fact that for 

some system components thermodynamic processes have been crossing ambient temperature. Due to 

special behaviour of exergy in temperatures below ambient, it is usually very hard to define so called (in 

matrix method) fuel and product. In such a specific case fuel and product may be shifting between 

themselves but not completely. They may shift just in part which could not have been implemented in matrix 

method which requires unambiguous and binary definition of fuels and products. However, it only prevented 

carrying out of exergy diagnosis, but exergy and exergy cost analyses have been conducted successfully.  

Analysing the results obtained for simple CCGT plant was observed that the lowest exergy efficiency, and 

consequently the highest specific exergy cost is bounded to component number 16 – condensate pump. 

However, it is worth noticing that absolute exergy loss of that component is not a significant part of all exergy 

losses compared to components like gas turbine, fuel compressor or steam turbine. The reason for small 

exergy efficiency of condensate pump is its low adiabatic efficiency equal to 14.57%. High exergy cost gas 

turbine, fuel compressor and steam turbine are due to irreversibility of ongoing thermodynamic processes. 

On the other hand, for simple CCGT plant, the smallest specific exergy cost, close to one, is characterized 

by flow splitters, a mixer, pipelines and flue gas duct from Gas Turbine to HRSG. In the case of splitters, 

the exergy cost is equal to one due to the fact that there is no exergy loss - streams are only divided, but 

their parameters do not change. In the case of a mixer, its low-cost results from the mixing of two streams 

with similar thermodynamic parameters. In turn, the exergy cost of pipes and flue gas duct from Gas Turbine 

to HRSG is close to one, since relatively small pressure losses translate into insignificant losses of exergy. 

Analysing the results obtained for the simple CCGT plant and Figure 16, it can be seen that as a result of 

the introduced changes in the system, the value of exergy of fuel delivered to the cycle increased while 

exergy of useful products (net electricity) was kept the same. The component that is characterized by the 

highest increase in fuel consumption in both reference and operational state is the gas turbine. It can also 

be concluded that several components have reduced the value of fuel exergy, an example of which are 
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components such as 18 and 19 (heat exchangers of HRSG) and generator number 2. There is no change 

in exergy delivered to steam turbine (i=7, 8) as steam parameters entering the turbine parts was set rigidly. 

Conducting thermoeconomic analysis is a convenient and transparent way to diagnose the chosen system. 

It can be stated how the deterioration of the operation of one component affects the operation of the entire 

system, and in particular what are the consequences of this in relation to the operation of other devices 

identified in the analysed cycle. In addition, this analysis may serve as an excellent optimization tool, as it 

is possible, as in the present case, to distinguish several operating states characterized by changed 

parameters, and then to check which one works in the most effective way, and therefore where the losses 

of exergy are the smallest and where it is observed the lowest consumption of fuel exergy. In addition, this 

analysis is particularly important in the era of care for the environment and exhaustible natural resources. 

However, one should be especially careful if the chosen method for thermoeconomic analysis works 

properly for any cycle and for any temperature range. 

By comparing the simple CCGT plant with the CCGT plant integrated with LNG regasification by the means 

of energy performance it was shown that energy efficiency of the cycle can be increased by 1.9% while 

decreasing LNG consumption for regasification in SCV regasifiers by 1.5%. What is more energy recovered 

from LNG allows to drive LNG pumps providing energy that would otherwise have to be supplied from 

outside. Such a solution leads to a reduction in energy consumption as well as emissions reduction. 

However, any improvement to energy systems should have not only be justified by thermodynamics but 

economy as well. 

 

8.1. Further Work Recommendation 

Matrix method as described in [22] cannot be used without additional method development for unique cases 

as showed in chapter 6.4. Method improvement might be a great topic for a doctoral dissertation. 

Beside improving the basis of the matrix method, it is worth consideration to automate part of calculations, 

together with matrices generation which will save time of future users. 

Main disadvantage of method improvement will be most probably the fact the utilizing Excel software for 

calculations will be limited. Excel spreadsheets does not allow to change part of the matrices which are 

subjects to operations on matrices which might be required to correctly conduct the analysis. Possible 

solution to stay with Excel software will be utilisation of Visual Basic programming language.  
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APPENDICES  



II 

A 

Combined Cycle Gas Turbine system with all exergy flows defined  

   



III 

A1 

Incidence matrix A 
 

  Matrix A 

 
 Stream j 

i Component 1 2 3 4 5 6 7 8 9 
1
0 

1
1 

1
2 

1
3 

1
4 

1
5 

1
6 

1
7 

1
8 

1
9 

2
0 

2
1 

2
2 

2
3 

2
4 

2
5 

2
6 

2
7 

2
8 

2
9 

3
0 

3
1 

3
2 

3
3 

3
4 

3
5 

3
6 

3
7 

3
8 

3
9 

4
0 

4
1 

4
2 

4
3 

4
4 

4
5 

46 
4
7 

4
8 

4
9 

5
0 

5
1 

5
2 

5
3 

5
4 

5
5 

5
6 

5
7 

2 Gas Turbine  1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 -1 0 0 0 1 0 0 0 0 0 0 0 0 

3 
Fuel 
Compressor 

0 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

6 Pipe 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 
ST 1: ST 
Group 

0 0 0 0 1 
-
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 

8 
ST 1: ST 
Group 

0 0 0 0 0 0 0 1 
-
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 

9 Mixer 0 0 0 0 0 1 1 
-
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 Pipe 0 0 0 0 0 0 
-
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 
Water-cooled 
Condenser 

0 0 0 0 0 0 0 0 1 -1 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 Pipe 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 Pump 0 0 0 0 0 0 0 0 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

16 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

17 

HRSG 1: 
Duct - GT to 
Horizontal 
HRSG 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 
HRSG 1: 
Superheater  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 
HRSG 1: 
Superheater  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 
HRSG 1: 
Evaporator  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 Splitter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 
HRSG 1: 
Economiser  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 
HRSG 1: 
Superheater  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 
HRSG 1: 
Economiser  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 
HRSG 1: 
Evaporator  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 
HRSG 1: 
Economiser  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 -1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 Splitter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 
HRSG 1: 
Economiser  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

31 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

32 Deaerator 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 
Makeup / 
Blowdown 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 Generator 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 -1 -1 0 0 0 0 0 0 0 0 

36 Generator 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 -1 -1 -1 -1 -1 

  



IV 

A2 

Fuels matrix AF 

 

  Matrix AF 

 
 Stream j 

i Component 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 

2 Gas Turbine 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

3 Fuel Compressor 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

6 Pipe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 ST 1: ST Group 0 0 0 0 1 
-
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 ST 1: ST Group 0 0 0 0 0 0 0 1 
-
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 Mixer 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 Pipe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 
Water-cooled 
Condenser 

0 0 0 0 0 0 0 0 1 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 Pipe 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

16 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

17 
HRSG 1: Duct - GT 
to Horizontal HRSG 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 
HRSG 1: 
Superheater 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 
HRSG 1: 
Superheater 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 
HRSG 1: 
Evaporator 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 Splitter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 
HRSG 1: 
Superheater 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 
HRSG 1: 
Evaporator 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 Splitter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

31 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

32 Deaerator 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 
Makeup / 
Blowdown 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 Generator 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

36 Generator 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 

 

 

 

  



V 

A3 

Products matrix AP 

 

  Matrix AP 

 
 Stream j 

i Component 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 

2 Gas Turbine 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

3 
Fuel 
Compressor 

0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 Pipe 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 ST 1: ST Group 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

8 ST 1: ST Group 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

9 Mixer 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 Pipe 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 
Water-cooled 
Condenser 

0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 Pipe 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 Pump 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 
HRSG 1: Duct - 
GT to Horizontal 
HRSG 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 
HRSG 1: 
Superheater 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 
HRSG 1: 
Superheater 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 
HRSG 1: 
Evaporator 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 Splitter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 
HRSG 1: 
Superheater 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 
HRSG 1: 
Evaporator 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 Splitter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 
HRSG 1: 
Economiser 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 Pump 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

32 Deaerator 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 
Makeup / 
Blowdown 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 Generator 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 

36 Generator 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 

 

  



VI 

A4 
Matrix Ak of the coefficients of the exergy cost balance equations for reference state x0 

i 1 2 3 4 5 6 7 8 9 
1
0 

1
1 

1
2 

1
3 

14 15 16 
1
7 

18 
1
9 

20 21 
2
2 

23 24 
2
5 

26 
2
7 

28 
2
9 

30 31 32 
3
3 

3
4 

3
5 

36 
3
7 

38 39 
4
0 

4
1 

4
2 

4
3 

4
4 

45 46 47 48 49 
5
0 

5
1 

52 53 54 55 56 57 Y* 

2 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 -1 0 0 0 1 0 0 0 0 0 0 0 0 
0 

3 0 
-
1 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
0 

6 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

7 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 
0 

8 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 
0 

9 0 0 0 0 0 1 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
0 

0 0 0 0 0 0 
-
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
1 

0 0 0 0 0 0 0 0 1 -1 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
2 

0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
3 

0 0 0 0 0 0 0 0 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
0 

1
6 

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
0 

1
7 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
8 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
9 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
3 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
5 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
6 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 -1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
7 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
8 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

3
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
0 

3
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 

3
2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

3
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

3
5 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 -1 -1 0 0 0 0 0 0 0 0 
0 

3
6 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 -1 -1 -1 -1 -1 
0 

3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 140241.59
0 

2 
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3067.535 

2 
0 

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
29.838 

3
4 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.283 

1
3 0 

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
13950.599 

2 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.88
1 

0 0 0 0 0 0 
1.00

0 
0 0 0 0 0 0 0 0 0 0 0 0 

0 

1
8 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

-
1.02

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

1
9 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 
-

1.03
3 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
0 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 0 
-

1.31
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
2 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 
-

1.02
3 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 



VII 

2
3 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

-
1.00

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
4 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 
-

1.04
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 
-

1.12
2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 0 
-

1.02
7 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
8 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

-
1.04

5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
7 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 0 0 0 0 0 0 0 
-

0.36
3 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
1 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.02

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

7 
0 

0 0 0 
1.00

0 

-
1.64

5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

8 
0 

0 0 0 0 0 0 
1.00

0 

-
3.97

6 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

1
1 

0 
0 0 0 0 0 0 0 

1.00
0 

0 0 0 0 
-

33.61
5 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

3
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
50807.00

0 

1.00
0 

0 0 0 0 0 0 0 0 0 0 
0 

3
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

-
13.21

0 
0 0 0 0 0 0 0 0 0 

0 

3
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 
-

384.90
2 

0 0 0 0 0 0 0 0 
0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
15050.15

0 

1.00
0 

0 0 0 0 
0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

-
51.48

9 
0 0 0 

0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 
-

1529.48
7 

0 0 
0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 0 
-

194.87
4 

0 
0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

0 0 0 
-

1205.94
2 0 

 

  



VIII 

Matrix Ak of the coefficients of the exergy cost balance equations for operational state x1  

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 Y* 

2 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 -1 0 0 0 1 0 0 0 0 0 0 0 0 0 

3 0 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 

9 0 0 0 0 0 1 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
0 

0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
1 

0 0 0 0 0 0 0 0 1 -1 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
2 

0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
3 

0 0 0 0 0 0 0 0 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
0 

1
6 

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
0 

1
7 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
8 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
9 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
3 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
5 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
6 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 -1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
7 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

2
8 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

3
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
0 

3
1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 

3
2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

3
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

3
5 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 -1 -1 0 0 0 0 0 0 0 0 
0 

3
6 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 -1 -1 -1 -1 -1 
0 

3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
143358.0

69 

2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3109.257 

2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 31.207 

3
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.287 

1
3 

0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
14582.39

0 

2 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.88
9 

0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
8 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 

-
1.02

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

1
9 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

-
1.03

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
0 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

-
1.31

2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
2 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

-
1.02

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
3 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

-
1.00

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
4 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

-
1.04

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

-
1.12

2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

-
1.02

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
8 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

-
1.04

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

2
7 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

-
0.35

9 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 



IX 

2
1 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.02

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

7 
0 

0 0 0 1 
-

1.62
2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

8 
0 

0 0 0 0 0 0 1 
-

3.67
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 

1
1 

0 
0 0 0 0 0 0 0 1 0 0 0 0 

-
33.09

9 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 

3
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
51987.0

00 
1 0 0 0 0 0 0 0 0 0 0 

0 

3
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

-
12.71

7 
0 0 0 0 0 0 0 0 0 

0 

3
5 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

-
393.84

1 
0 0 0 0 0 0 0 0 

0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
14240.8

43 
1 0 0 0 0 

0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

-
43.59

0 
0 0 0 

0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

-
1430.2

34 
0 0 

0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

-
180.63

0 
0 

0 

3
6 

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

-
1124.8

69 0 

 

  



X 

 

A5  
Matrix (𝐀𝒌)−1 for reference state x0 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 

1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 
-

0.034 
-

1.034 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.073 0 1.034 0.034 0.034 0 0 0.039 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.073 0 0 0 0 0 0 

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 
-

0.197 
-

0.197 
-

1.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.738 
-

0.358 
-

1.009 
-

1.009 
-

1.002 
-

1.002 
-

1.002 
-

0.010 
-

1.002 
-

0.010 
-

0.738 
-

0.738 
-

0.738 
-

1.002 
-

0.738 
-

0.738 
-

0.738 
-

0.014 
-

0.006 0.197 0.197 0.197 0.738 0 
-

0.183 0.650 0.668 0.683 0.895 
-

0.076 0.916 
-

0.036 0.687 0.706 
-

0.728 
-

0.264 
-

0.002 
-

0.004 
-

0.022 0 
-

0.014 0 0 0 0 
-

0.005 
-

0.001 

6 
-

0.120 
-

0.120 
-

0.613 
-

0.004 
-

0.004 
-

0.006 
-

0.006 0 0 0 
-

0.448 
-

0.218 
-

0.613 
-

0.613 
-

0.609 
-

0.609 
-

0.609 
-

0.006 
-

0.609 
-

0.006 
-

0.448 
-

0.448 
-

0.448 
-

0.609 
-

0.448 
-

0.448 
-

0.448 
-

0.009 
-

0.004 0.120 0.120 0.120 0.448 0 
-

0.111 0.395 0.406 0.415 0.544 
-

0.046 0.557 
-

0.022 0.418 0.429 
-

0.442 
-

0.161 
-

0.609 
-

0.002 
-

0.013 0 
-

0.008 0 0 0 0 
-

0.003 0 

7 
-

0.049 
-

0.049 
-

0.002 0 0 
-

0.002 
-

1.002 0 0 0 
-

0.273 
-

0.089 
-

0.002 
-

0.002 
-

0.008 
-

0.008 
-

0.008 
-

1.002 
-

0.008 
-

1.002 
-

0.273 
-

0.273 
-

0.273 
-

0.008 
-

0.273 
-

0.273 
-

0.273 
-

0.004 0 0.049 0.049 0.049 0.273 0 
-

0.045 
-

0.087 
-

0.090 
-

0.086 
-

0.113 0.879 
-

0.113 0.877 0.254 0.261 0.729 0.265 
-

0.001 
-

0.002 
-

0.008 0 
-

0.003 0 0 0 0 0 0 

8 
-

0.169 
-

0.169 
-

0.615 
-

0.004 
-

0.004 
-

1.008 
-

1.008 0 0 0 
-

0.721 
-

0.307 
-

0.615 
-

0.615 
-

0.617 
-

0.617 
-

0.617 
-

1.008 
-

0.617 
-

1.008 
-

0.721 
-

0.721 
-

0.721 
-

0.617 
-

0.721 
-

0.721 
-

0.721 
-

0.012 
-

0.004 0.169 0.169 0.169 0.721 0 
-

0.157 0.308 0.316 0.329 0.431 0.832 0.444 0.855 0.672 0.690 0.287 0.104 
-

0.611 
-

0.004 
-

0.021 0 
-

0.012 0 0 0 0 
-

0.003 
-

0.001 

9 
-

0.042 
-

0.042 
-

0.155 
-

0.001 
-

0.001 
-

0.254 
-

0.254 0 0 0 
-

0.181 
-

0.077 
-

0.155 
-

0.155 
-

0.155 
-

0.155 
-

0.155 
-

0.254 
-

0.155 
-

0.254 
-

0.181 
-

0.181 
-

0.181 
-

0.155 
-

0.181 
-

0.181 
-

0.181 
-

0.003 
-

0.001 0.042 0.042 0.042 0.181 0 
-

0.039 0.077 0.079 0.083 0.108 0.209 0.112 0.215 0.169 0.174 0.072 0.026 
-

0.154 
-

0.253 
-

0.005 0 
-

0.003 0 0 0 0 
-

0.001 0 

10 
-

0.045 
-

0.045 
-

0.166 
-

0.020 
-

0.020 
-

0.260 
-

0.260 
-

1.000 0 
-

1.000 
-

0.192 
-

0.082 
-

0.166 
-

0.166 
-

0.167 
-

0.167 
-

0.167 
-

0.260 
-

0.167 
-

0.260 
-

0.192 
-

0.192 
-

0.192 
-

0.167 
-

0.192 
-

0.192 
-

0.192 
-

0.003 
-

0.020 0.045 0.045 0.045 0.192 1.000 
-

0.042 0.084 0.087 0.090 0.118 0.214 0.121 0.220 0.179 0.183 0.069 0.025 
-

0.146 
-

0.240 0.024 0 
-

0.003 0 0 
-

0.019 0 
-

0.001 0 

11 
-

0.004 
-

0.004 
-

0.016 
-

0.019 
-

0.019 
-

0.014 
-

0.014 0 0 
-

1.000 
-

0.016 
-

0.007 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.014 
-

0.016 
-

0.014 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 0 
-

0.019 0.004 0.004 0.004 0.016 1.000 
-

0.004 0.009 0.009 0.010 0.013 0.011 0.013 0.012 0.015 0.015 
-

0.001 0 0.003 0.005 0 0 0 0 0 
-

0.019 0 0 0 

12 
-

0.045 
-

0.045 
-

0.166 
-

0.020 
-

0.020 
-

0.260 
-

0.260 
-

1.000 
-

1.000 
-

1.000 
-

0.192 
-

0.082 
-

0.166 
-

0.166 
-

0.167 
-

0.167 
-

0.167 
-

0.260 
-

0.167 
-

0.260 
-

0.192 
-

0.192 
-

0.192 
-

0.167 
-

0.192 
-

0.192 
-

0.192 
-

0.003 
-

0.020 0.045 0.045 0.045 0.192 1.000 
-

0.042 0.084 0.087 0.090 0.118 0.214 0.121 0.220 0.179 0.183 0.069 0.025 
-

0.146 
-

0.240 0.024 0 
-

0.003 0 0 
-

0.019 0 
-

0.001 0 

13 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 
-

0.001 
-

0.001 
-

0.005 0 0 
-

0.008 
-

0.008 0 0 0 
-

0.005 
-

0.002 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.008 
-

0.005 
-

0.008 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 0 0 0.001 0.001 0.001 0.005 0 
-

0.001 0.002 0.002 0.002 0.003 0.006 0.003 0.006 0.005 0.005 0.002 0.001 
-

0.005 
-

0.008 
-

0.030 0 0 0 0 0 0 0 0 

15 
-

0.550 
-

0.550 0 0 0 0 0 0 0 0 0 
-

1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.040 0 0.550 0.550 0.550 0 0 
-

0.510 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.039 
-

0.001 0 0 0 0 0 

16 
-

0.536 
-

0.536 0 0 0 0 0 0 0 0 0 
-

0.974 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.039 0 0.536 0.536 0.536 0 0 
-

0.497 
-

0.974 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.038 
-

0.001 0 0 0 0 0 

17 
-

0.183 
-

0.183 
-

0.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.738 
-

0.332 
-

0.009 
-

1.009 
-

1.002 
-

1.002 
-

1.002 
-

0.010 
-

1.002 
-

0.010 
-

0.738 
-

0.738 
-

0.738 
-

1.002 
-

0.738 
-

0.738 
-

0.738 
-

0.013 
-

0.006 0.183 0.183 0.183 0.738 0 
-

0.170 
-

0.324 0.668 0.683 0.895 
-

0.076 0.916 
-

0.036 0.687 0.706 
-

0.728 
-

0.264 
-

0.002 
-

0.004 
-

0.022 0 
-

0.013 0 0 0 0 
-

0.005 
-

0.001 

18 
-

0.519 
-

0.519 0 0 0 0 0 0 0 0 0 
-

0.943 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.038 0 0.519 0.519 0.519 0 0 
-

0.481 
-

0.943 
-

0.968 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.036 
-

0.001 0 0 0 0 0 

19 
-

0.170 
-

0.170 
-

0.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.756 
-

0.308 
-

0.009 
-

0.009 
-

1.026 
-

0.026 
-

1.026 
-

0.010 
-

1.026 
-

0.010 
-

0.756 
-

0.756 
-

0.756 
-

1.026 
-

0.756 
-

0.756 
-

0.756 
-

0.012 
-

0.006 0.170 0.170 0.170 0.756 0 
-

0.157 
-

0.300 
-

0.308 0.700 0.917 
-

0.078 0.938 
-

0.037 0.704 0.723 
-

0.745 0.729 
-

0.002 
-

0.004 
-

0.022 0 
-

0.012 0 0 0 0 
-

0.005 
-

0.001 

20 
-

0.166 
-

0.166 
-

0.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.738 
-

0.301 
-

0.009 
-

0.009 
-

1.002 
-

1.002 
-

1.002 
-

0.010 
-

1.002 
-

0.010 
-

0.738 
-

0.738 
-

0.738 
-

1.002 
-

0.738 
-

0.738 
-

0.738 
-

0.012 
-

0.006 0.166 0.166 0.166 0.738 0 
-

0.154 
-

0.292 
-

0.300 0.683 0.895 
-

0.076 0.916 
-

0.036 0.687 0.706 
-

0.728 
-

0.264 
-

0.002 
-

0.004 
-

0.022 0 
-

0.012 0 0 0 0 
-

0.005 
-

0.001 

21 
-

0.396 
-

0.396 0 0 0 0 0 0 0 0 0 
-

0.720 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.029 0 0.396 0.396 0.396 0 0 
-

0.367 
-

0.720 
-

0.739 
-

0.764 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.028 
-

0.001 0 0 0 0 0 

22 
-

0.047 
-

0.047 
-

0.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.756 
-

0.085 
-

0.009 
-

0.009 
-

0.026 
-

0.026 
-

1.026 
-

0.010 
-

1.026 
-

0.010 
-

0.756 
-

0.756 
-

0.756 
-

1.026 
-

0.756 
-

0.756 
-

0.756 
-

0.003 
-

0.006 0.047 0.047 0.047 0.756 0 
-

0.044 
-

0.077 
-

0.079 
-

0.064 0.917 
-

0.078 0.938 
-

0.037 0.704 0.723 
-

0.745 0.729 
-

0.002 
-

0.004 
-

0.022 0 
-

0.003 0 0 0 0 
-

0.005 
-

0.001 

23 
-

0.387 
-

0.387 0 0 0 0 0 0 0 0 0 
-

0.703 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.028 0 0.387 0.387 0.387 0 0 
-

0.359 
-

0.703 
-

0.722 
-

0.746 
-

0.977 0 0 0 0 0 0 0 0 0 0 0 
-

0.027 
-

0.001 0 0 0 0 0 

24 
-

0.386 
-

0.386 0 0 0 0 0 0 0 0 0 
-

0.701 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.028 0 0.386 0.386 0.386 0 0 
-

0.358 
-

0.701 
-

0.720 
-

0.744 
-

0.974 
-

0.997 0 0 0 0 0 0 0 0 0 0 
-

0.027 
-

0.001 0 0 0 0 0 

25 
-

0.038 
-

0.038 
-

0.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.756 
-

0.069 
-

0.009 
-

0.009 
-

0.026 
-

0.026 
-

0.026 
-

0.010 
-

1.026 
-

0.010 
-

0.756 
-

0.756 
-

0.756 
-

1.026 
-

0.756 
-

0.756 
-

0.756 
-

0.003 
-

0.006 0.038 0.038 0.038 0.756 0 
-

0.035 
-

0.060 
-

0.062 
-

0.046 
-

0.060 
-

0.078 0.938 
-

0.037 0.704 0.723 
-

0.745 0.729 
-

0.002 
-

0.004 
-

0.022 0 
-

0.003 0 0 0 0 
-

0.005 
-

0.001 

26 
-

0.369 
-

0.369 0 0 0 0 0 0 0 0 0 
-

0.671 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.027 0 0.369 0.369 0.369 0 0 
-

0.343 
-

0.671 
-

0.689 
-

0.712 
-

0.933 
-

0.955 
-

0.958 0 0 0 0 0 0 0 0 0 
-

0.026 
-

0.001 0 0 0 0 0 

27 
-

0.048 
-

0.048 
-

0.002 0 0 
-

0.002 
-

0.002 0 0 0 
-

0.273 
-

0.087 
-

0.002 
-

0.002 
-

0.008 
-

0.008 
-

0.008 
-

0.002 
-

0.008 
-

1.002 
-

0.273 
-

0.273 
-

0.273 
-

0.008 
-

0.273 
-

0.273 
-

0.273 
-

0.003 0 0.048 0.048 0.048 0.273 0 
-

0.044 
-

0.085 
-

0.087 
-

0.084 
-

0.110 
-

0.118 
-

0.113 0.877 0.254 0.261 0.729 0.265 
-

0.001 
-

0.002 
-

0.008 0 
-

0.003 0 0 0 0 0 0 

28 
-

0.329 
-

0.329 0 0 0 0 0 0 0 0 0 
-

0.598 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.024 0 0.329 0.329 0.329 0 0 
-

0.305 
-

0.598 
-

0.614 
-

0.635 
-

0.831 
-

0.851 
-

0.854 
-

0.891 0 0 0 0 0 0 0 0 
-

0.023 
-

0.001 0 0 0 0 0 

29 
-

0.028 
-

0.028 
-

0.006 
-

0.002 
-

0.002 
-

0.009 
-

0.009 0 0 0 
-

1.025 
-

0.051 
-

0.006 
-

0.006 
-

0.030 
-

0.030 
-

0.030 
-

0.009 
-

0.030 
-

0.009 
-

1.025 
-

0.025 
-

1.025 
-

0.030 
-

1.025 
-

1.025 
-

1.025 
-

0.002 
-

0.002 0.028 0.028 0.028 1.025 0 
-

0.026 
-

0.045 
-

0.046 
-

0.024 
-

0.031 
-

0.053 
-

0.032 
-

0.055 0.954 0.980 
-

0.016 0.994 
-

0.004 
-

0.007 
-

0.030 0 
-

0.002 0 0 0 
-

0.001 0 
-

0.001 

30 
-

0.008 
-

0.008 
-

0.002 0 0 
-

0.002 
-

0.002 0 0 0 
-

0.273 
-

0.014 
-

0.002 
-

0.002 
-

0.008 
-

0.008 
-

0.008 
-

0.002 
-

0.008 
-

0.002 
-

0.273 
-

0.273 
-

0.273 
-

0.008 
-

0.273 
-

0.273 
-

0.273 
-

0.001 0 0.008 0.008 0.008 0.273 0 
-

0.007 
-

0.012 
-

0.012 
-

0.006 
-

0.008 
-

0.014 
-

0.009 
-

0.015 0.254 0.261 0.729 0.265 
-

0.001 
-

0.002 
-

0.008 0 
-

0.001 0 0 0 0 0 0 

31 
-

0.321 
-

0.321 0 0 0 0 0 0 0 0 0 
-

0.583 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.023 0 0.321 0.321 0.321 0 0 
-

0.297 
-

0.583 
-

0.598 
-

0.618 
-

0.809 
-

0.828 
-

0.831 
-

0.868 
-

0.974 0 0 0 0 0 0 0 
-

0.023 
-

0.001 0 0 0 0 0 

32 
-

0.307 
-

0.307 0 0 0 0 0 0 0 0 0 
-

0.557 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.022 0 0.307 0.307 0.307 0 0 
-

0.284 
-

0.557 
-

0.572 
-

0.591 
-

0.774 
-

0.792 
-

0.795 
-

0.830 
-

0.931 
-

0.957 0 0 0 0 0 0 
-

0.022 
-

0.001 0 0 0 0 0 

33 
-

0.022 
-

0.022 
-

0.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.756 
-

0.039 
-

0.009 
-

0.009 
-

0.026 
-

0.026 
-

0.026 
-

0.010 
-

0.026 
-

0.010 
-

0.756 
-

0.756 
-

0.756 
-

1.026 
-

0.756 
-

0.756 
-

0.756 
-

0.002 
-

0.006 0.022 0.022 0.022 0.756 0 
-

0.020 
-

0.031 
-

0.032 
-

0.015 
-

0.019 
-

0.036 
-

0.020 
-

0.037 0.704 0.723 
-

0.745 0.729 
-

0.002 
-

0.004 
-

0.022 0 
-

0.002 0 0 0 0 
-

0.005 
-

0.001 

34 
-

0.019 
-

0.019 
-

0.006 
-

0.002 
-

0.002 
-

0.009 
-

0.009 0 0 0 
-

1.025 
-

0.035 
-

0.006 
-

0.006 
-

0.030 
-

0.030 
-

0.030 
-

0.009 
-

0.030 
-

0.009 
-

0.025 
-

0.025 
-

1.025 
-

0.030 
-

1.025 
-

1.025 
-

1.025 
-

0.001 
-

0.002 0.019 0.019 0.019 1.025 0 
-

0.018 
-

0.029 
-

0.030 
-

0.007 
-

0.009 
-

0.031 
-

0.009 
-

0.031 
-

0.019 0.980 
-

0.016 0.994 
-

0.004 
-

0.007 
-

0.030 0 
-

0.001 0 0 0 
-

0.001 0 
-

0.001 

35 
-

0.015 
-

0.015 
-

0.005 
-

0.001 
-

0.001 
-

0.008 
-

0.008 0 0 0 
-

1.006 
-

0.028 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.008 
-

0.005 
-

0.008 
-

0.006 
-

0.006 
-

1.006 
-

0.005 
-

0.006 
-

0.006 
-

1.006 
-

0.001 
-

0.001 0.015 0.015 0.015 1.006 0 
-

0.014 
-

0.023 
-

0.023 
-

0.024 
-

0.031 
-

0.029 
-

0.032 
-

0.031 
-

0.037 0.962 0.002 0.001 
-

0.004 
-

0.007 
-

0.030 0 
-

0.001 0 0 0 
-

0.001 0 0 

36 
-

0.004 
-

0.004 0 0 0 0 0 0 0 0 
-

0.018 
-

0.007 0 0 
-

0.024 
-

0.024 
-

0.024 0 
-

0.024 0 
-

0.018 
-

0.018 
-

0.018 
-

0.024 
-

0.018 
-

0.018 
-

0.018 0 0 0.004 0.004 0.004 0.018 0 
-

0.004 
-

0.007 
-

0.007 0.017 0.022 
-

0.002 0.022 
-

0.001 0.017 0.017 
-

0.018 0.994 0 0 
-

0.001 0 0 0 0 0 0 0 0 

37 
-

0.001 
-

0.001 
-

0.005 
-

0.001 
-

0.001 
-

0.008 
-

0.008 0 0 0 
-

1.006 
-

0.003 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.008 
-

0.005 
-

0.008 
-

0.006 
-

0.006 
-

0.006 
-

0.005 
-

0.006 
-

0.006 
-

1.006 0 
-

0.001 0.001 0.001 0.001 1.006 0 
-

0.001 0.003 0.003 0.003 0.004 0.007 0.004 0.007 0.006 0.006 0.002 0.001 
-

0.004 
-

0.007 
-

0.030 0 0 0 0 0 
-

0.001 0 0 

38 
-

0.550 
-

0.550 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.040 0 0.550 0.550 0.550 0 0 
-

0.510 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.039 
-

0.001 0 0 0 0 0 

39 
-

0.021 
-

0.021 
-

0.004 
-

0.001 
-

0.001 
-

0.007 
-

0.007 0 0 0 
-

0.752 
-

0.038 
-

0.004 
-

0.004 
-

0.022 
-

0.022 
-

0.022 
-

0.007 
-

0.022 
-

0.007 
-

0.752 
-

0.752 
-

0.752 
-

0.022 
-

0.752 
-

0.752 
-

0.752 
-

0.002 
-

0.001 0.021 0.021 0.021 0.752 0 
-

0.019 
-

0.033 
-

0.034 
-

0.017 
-

0.023 
-

0.039 
-

0.023 
-

0.040 0.700 0.719 
-

0.745 0.729 
-

0.003 
-

0.005 
-

0.022 0 
-

0.001 0 0 0 0 0 
-

0.001 

40 
-

0.019 
-

0.019 
-

0.005 
-

0.001 
-

0.001 
-

0.008 
-

0.008 0 0 0 
-

1.024 
-

0.035 
-

0.005 
-

0.005 
-

0.030 
-

0.030 
-

0.030 
-

0.008 
-

0.030 
-

0.008 
-

0.024 
-

0.024 
-

1.024 
-

0.030 
-

0.024 
-

1.024 
-

1.024 
-

0.001 
-

0.001 0.019 0.019 0.019 1.024 0 
-

0.018 
-

0.030 
-

0.031 
-

0.007 
-

0.010 
-

0.031 
-

0.010 
-

0.032 
-

0.020 0.980 
-

0.016 0.994 
-

0.005 
-

0.007 
-

0.030 0 
-

0.001 0 0 0 
-

0.001 0 0 

41 
-

0.197 
-

0.197 
-

0.009 
-

0.006 
-

0.006 
-

0.010 
-

0.010 0 0 0 
-

0.738 
-

0.358 
-

1.009 
-

1.009 
-

1.002 
-

1.002 
-

1.002 
-

0.010 
-

1.002 
-

0.010 
-

0.738 
-

0.738 
-

0.738 
-

1.002 
-

0.738 
-

0.738 
-

0.738 
-

0.014 
-

0.006 0.197 0.197 0.197 0.738 0 
-

0.183 0.650 0.668 0.683 0.895 
-

0.076 0.916 
-

0.036 0.687 0.706 
-

0.728 
-

0.264 
-

0.002 
-

0.004 
-

0.022 0 
-

0.014 0 0 0 0 
-

0.005 
-

0.001 

42 
-

0.049 
-

0.049 
-

0.002 0 0 
-

0.002 
-

0.002 0 0 0 
-

0.273 
-

0.089 
-

0.002 
-

0.002 
-

0.008 
-

0.008 
-

0.008 
-

1.002 
-

0.008 
-

1.002 
-

0.273 
-

0.273 
-

0.273 
-

0.008 
-

0.273 
-

0.273 
-

0.273 
-

0.004 0 0.049 0.049 0.049 0.273 0 
-

0.045 
-

0.087 
-

0.090 
-

0.086 
-

0.113 0.879 
-

0.113 0.877 0.254 0.261 0.729 0.265 
-

0.001 
-

0.002 
-

0.008 0 
-

0.003 0 0 0 0 0 0 

43 
-

0.001 
-

0.001 
-

0.005 
-

0.001 
-

0.001 
-

0.008 
-

0.008 0 0 0 
-

1.006 
-

0.003 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.008 
-

0.005 
-

0.008 
-

0.006 
-

0.006 
-

0.006 
-

0.005 
-

0.006 
-

0.006 
-

0.006 0 
-

0.001 0.001 0.001 0.001 0.006 0 
-

0.001 0.003 0.003 0.003 0.004 0.007 0.004 0.007 0.006 0.006 0.002 0.001 
-

0.004 
-

0.007 
-

0.030 0 0 0 0 0 
-

0.001 0 0 

44 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

45 
-

0.485 
-

0.485 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.035 0 0.485 0.485 0.485 0 0 0.550 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.034 
-

0.001 0 0 0 0 0 

46 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

47 
-

0.450 
-

0.450 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.960 0 0.450 0.450 0.450 0 0 0.510 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.039 0.001 0 0 0 0 0 

48 
-

0.034 
-

0.034 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.073 0 0.034 0.034 0.034 0 0 0.039 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.073 0 0 0 0 0 0 

49 
-

0.001 
-

0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.002 0 0.001 0.001 0.001 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.003 0 0 0 0 0 

50 
-

0.077 
-

0.077 
-

0.395 
-

1.002 
-

0.002 
-

0.004 
-

0.004 0 0 0 
-

0.289 
-

0.141 
-

0.395 
-

0.395 
-

0.393 
-

0.393 
-

0.393 
-

0.004 
-

0.393 
-

0.004 
-

0.289 
-

0.289 
-

0.289 
-

0.393 
-

0.289 
-

0.289 
-

0.289 
-

0.006 
-

0.002 0.077 0.077 0.077 0.289 0 
-

0.072 0.255 0.262 0.268 0.351 
-

0.030 0.359 
-

0.014 0.269 0.277 
-

0.285 
-

0.104 0.607 
-

0.002 
-

0.009 0 
-

0.005 0 0 0 0 
-

0.002 0 

51 
-

0.126 
-

0.126 
-

0.460 
-

0.003 
-

1.003 
-

0.755 
-

0.755 0 0 0 
-

0.540 
-

0.230 
-

0.460 
-

0.460 
-

0.462 
-

0.462 
-

0.462 
-

0.755 
-

0.462 
-

0.755 
-

0.540 
-

0.540 
-

0.540 
-

0.462 
-

0.540 
-

0.540 
-

0.540 
-

0.009 
-

0.003 0.126 0.126 0.126 0.540 0 
-

0.117 0.230 0.237 0.246 0.323 0.623 0.332 0.640 0.503 0.517 0.215 0.078 
-

0.457 0.248 
-

0.016 0 
-

0.009 0 0 0 0 
-

0.002 0 

52 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

53 
-

0.199 
-

0.199 
-

0.834 
-

0.980 
-

0.980 
-

0.740 
-

0.740 0 0 0 
-

0.808 
-

0.361 
-

0.834 
-

0.834 
-

0.833 
-

0.833 
-

0.833 
-

0.740 
-

0.833 
-

0.740 
-

0.808 
-

0.808 
-

0.808 
-

0.833 
-

0.808 
-

0.808 
-

0.808 
-

0.014 
-

0.980 0.199 0.199 0.199 0.808 0 
-

0.184 0.473 0.486 0.501 0.656 0.578 0.674 0.610 0.753 0.773 
-

0.069 
-

0.025 0.146 0.240 
-

0.024 0 
-

0.014 0 0 0.019 0 0.001 0 

54 
-

0.004 
-

0.004 
-

0.016 
-

0.019 
-

0.019 
-

0.014 
-

0.014 0 0 0 
-

0.016 
-

0.007 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.014 
-

0.016 
-

0.014 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 
-

0.016 0 
-

0.019 0.004 0.004 0.004 0.016 0 
-

0.004 0.009 0.009 0.010 0.013 0.011 0.013 0.012 0.015 0.015 
-

0.001 0 0.003 0.005 0 0 0 0 0 
-

0.019 0 0 0 

55 
0 0 

-
0.001 

-
0.001 

-
0.001 0 0 0 0 0 

-
0.001 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 

-
0.001 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 

-
0.001 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 

-
0.001 0 0 

56 
-

0.001 
-

0.001 
-

0.004 
-

0.005 
-

0.005 
-

0.004 
-

0.004 0 0 0 
-

0.004 
-

0.002 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.004 0 
-

0.005 0.001 0.001 0.001 0.004 0 
-

0.001 0.002 0.002 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0 0 0.001 0.001 0 0 0 0 0 0 0 
-

0.005 0 

57 
0 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 0 0 

-
0.001 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 

-
0.001 0 0 0 0.001 0 0 0 0 0 0.001 0 0.001 0.001 0.001 0.001 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.001 



XI 

Matrix (𝐀𝒌)−1 operational state x1  

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 

1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 
-

0.035 
-

1.035 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.075 0 1.035 0.035 0.035 0 0 0.040 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.075 0 0 0 0 0 0 

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 
-

0.198 
-

0.198 
-

1.009 
-

0.007 
-

0.007 
-

0.011 
-

0.011 0 0 0 
-

0.741 
-

0.360 
-

1.009 
-

1.009 
-

1.003 
-

1.003 
-

1.003 
-

0.011 
-

1.003 
-

0.011 
-

0.741 
-

0.741 
-

0.741 
-

1.003 
-

0.741 
-

0.741 
-

0.741 
-

0.015 
-

0.007 0.198 0.198 0.198 0.741 0 
-

0.183 0.649 0.667 0.682 0.895 
-

0.076 0.916 
-

0.035 0.691 0.709 
-

0.730 
-

0.262 
-

0.003 
-

0.004 
-

0.022 0 
-

0.014 0 0 0 
-

0.001 
-

0.006 
-

0.001 

6 
-

0.122 
-

0.122 
-

0.622 
-

0.004 
-

0.004 
-

0.007 
-

0.007 0 0 0 
-

0.457 
-

0.222 
-

0.622 
-

0.622 
-

0.618 
-

0.618 
-

0.618 
-

0.007 
-

0.618 
-

0.007 
-

0.457 
-

0.457 
-

0.457 
-

0.618 
-

0.457 
-

0.457 
-

0.457 
-

0.009 
-

0.004 0.122 0.122 0.122 0.457 0 
-

0.113 0.400 0.411 0.421 0.552 
-

0.047 0.565 
-

0.022 0.426 0.437 
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-

0.001 0 0 0 0 0 0 0 0 

37 
-

0.002 
-

0.002 
-

0.006 
-

0.001 
-

0.001 
-

0.009 
-

0.009 0 0 0 
-

1.007 
-

0.003 
-

0.006 
-

0.006 
-

0.006 
-

0.006 
-

0.006 
-

0.009 
-

0.006 
-

0.009 
-

0.007 
-

0.007 
-

0.007 
-

0.006 
-

0.007 
-

0.007 
-

1.007 0 
-

0.001 0.002 0.002 0.002 1.007 0 
-

0.001 0.003 0.003 0.003 0.004 0.007 0.004 0.007 0.006 0.006 0.002 0.001 
-

0.005 
-

0.008 
-

0.030 0 0 0 0 0 
-

0.001 0 0 

38 
-

0.549 
-

0.549 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.041 0 0.549 0.549 0.549 0 0 
-

0.508 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.040 
-

0.001 0 0 0 0 0 

39 
-

0.021 
-

0.021 
-

0.005 
-

0.001 
-

0.001 
-

0.007 
-

0.007 0 0 0 
-

0.754 
-

0.037 
-

0.005 
-

0.005 
-

0.023 
-

0.023 
-

0.023 
-

0.007 
-

0.023 
-

0.007 
-

0.754 
-

0.754 
-

0.754 
-

0.023 
-

0.754 
-

0.754 
-

0.754 
-

0.002 
-

0.001 0.021 0.021 0.021 0.754 0 
-

0.019 
-

0.033 
-

0.033 
-

0.017 
-

0.022 
-

0.038 
-

0.023 
-

0.039 0.703 0.722 
-

0.747 0.732 
-

0.004 
-

0.006 
-

0.023 0 
-

0.001 0 0 0 
-

0.001 0 
-

0.001 

40 
-

0.019 
-

0.019 
-

0.006 
-

0.001 
-

0.001 
-

0.009 
-

0.009 0 0 0 
-

1.025 
-

0.035 
-

0.006 
-

0.006 
-

0.030 
-

0.030 
-

0.030 
-

0.009 
-

0.030 
-

0.009 
-

0.025 
-

0.025 
-

1.025 
-

0.030 
-

0.025 
-

1.025 
-

1.025 
-

0.001 
-

0.001 0.019 0.019 0.019 1.025 0 
-

0.018 
-

0.029 
-

0.030 
-

0.007 
-

0.009 
-

0.030 
-

0.009 
-

0.030 
-

0.019 0.981 
-

0.015 0.994 
-

0.005 
-

0.008 
-

0.031 0 
-

0.001 0 0 0 
-

0.001 0 0 

41 
-

0.198 
-

0.198 
-

0.009 
-

0.007 
-

0.007 
-

0.011 
-

0.011 0 0 0 
-

0.741 
-

0.360 
-

1.009 
-

1.009 
-

1.003 
-

1.003 
-

1.003 
-

0.011 
-

1.003 
-

0.011 
-

0.741 
-

0.741 
-

0.741 
-

1.003 
-

0.741 
-

0.741 
-

0.741 
-

0.015 
-

0.007 0.198 0.198 0.198 0.741 0 
-

0.183 0.649 0.667 0.682 0.895 
-

0.076 0.916 
-

0.035 0.691 0.709 
-

0.730 
-

0.262 
-

0.003 
-

0.004 
-

0.022 0 
-

0.014 0 0 0 
-

0.001 
-

0.006 
-

0.001 

42 
-

0.048 
-

0.048 
-

0.002 0 0 
-

0.003 
-

0.003 0 0 0 
-

0.271 
-

0.088 
-

0.002 
-

0.002 
-

0.008 
-

0.008 
-

0.008 
-

1.003 
-

0.008 
-

1.003 
-

0.271 
-

0.271 
-

0.271 
-

0.008 
-

0.271 
-

0.271 
-

0.271 
-

0.004 0 0.048 0.048 0.048 0.271 0 
-

0.045 
-

0.087 
-

0.089 
-

0.085 
-

0.112 0.880 
-

0.112 0.878 0.253 0.259 0.732 0.263 
-

0.001 
-

0.002 
-

0.008 0 
-

0.004 0 0 0 0 0 0 

43 
-

0.002 
-

0.002 
-

0.006 
-

0.001 
-

0.001 
-

0.009 
-

0.009 0 0 0 
-

1.007 
-

0.003 
-

0.006 
-

0.006 
-

0.006 
-

0.006 
-

0.006 
-

0.009 
-

0.006 
-

0.009 
-

0.007 
-

0.007 
-

0.007 
-

0.006 
-

0.007 
-

0.007 
-

0.007 0 
-

0.001 0.002 0.002 0.002 0.007 0 
-

0.001 0.003 0.003 0.003 0.004 0.007 0.004 0.007 0.006 0.006 0.002 0.001 
-

0.005 
-

0.008 
-

0.030 0 0 0 0 0 
-

0.001 0 0 

44 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

45 
-

0.488 
-

0.488 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.037 0 0.488 0.488 0.488 0 0 0.549 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.035 
-

0.001 0 0 0 0 0 

46 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

47 
-

0.451 
-

0.451 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.959 0 0.451 0.451 0.451 0 0 0.508 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.040 0.001 0 0 0 0 0 

48 
-

0.035 
-

0.035 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.075 0 0.035 0.035 0.035 0 0 0.040 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.075 0 0 0 0 0 0 

49 
-

0.001 
-

0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.002 0 0.001 0.001 0.001 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.003 0 0 0 0 0 

50 
-

0.076 
-

0.076 
-

0.387 
-

1.003 
-

0.003 
-

0.004 
-

0.004 0 0 0 
-

0.284 
-

0.138 
-

0.387 
-

0.387 
-

0.385 
-

0.385 
-

0.385 
-

0.004 
-

0.385 
-

0.004 
-

0.284 
-

0.284 
-

0.284 
-

0.385 
-

0.284 
-

0.284 
-

0.284 
-

0.006 
-

0.003 0.076 0.076 0.076 0.284 0 
-

0.070 0.249 0.256 0.262 0.343 
-

0.029 0.351 
-

0.013 0.265 0.272 
-

0.280 
-

0.101 0.615 
-

0.002 
-

0.009 0 
-

0.006 0 0 0 0 
-

0.002 0 

51 
-

0.124 
-

0.124 
-

0.454 
-

0.003 
-

1.003 
-

0.735 
-

0.735 0 0 0 
-

0.530 
-

0.226 
-

0.454 
-

0.454 
-

0.456 
-

0.456 
-

0.456 
-

0.735 
-

0.456 
-

0.735 
-

0.530 
-

0.530 
-

0.530 
-

0.456 
-

0.530 
-

0.530 
-

0.530 
-

0.009 
-

0.003 0.124 0.124 0.124 0.530 0 
-

0.115 0.228 0.234 0.244 0.320 0.606 0.330 0.623 0.494 0.507 0.205 0.074 
-

0.451 0.269 
-

0.016 0 
-

0.009 0 0 0 0 
-

0.003 0 

52 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

53 
-

0.194 
-

0.194 
-

0.817 
-

0.976 
-

0.976 
-

0.717 
-

0.717 0 0 0 
-

0.790 
-

0.353 
-

0.817 
-

0.817 
-

0.816 
-

0.816 
-

0.816 
-

0.717 
-

0.816 
-

0.717 
-

0.790 
-

0.790 
-

0.790 
-

0.816 
-

0.790 
-

0.790 
-

0.790 
-

0.015 
-

0.976 0.194 0.194 0.194 0.790 0 
-

0.179 0.463 0.476 0.491 0.644 0.561 0.661 0.592 0.736 0.756 
-

0.073 
-

0.026 0.160 0.259 
-

0.024 0 
-

0.014 0 0 0.022 0 0.001 0 

54 
-

0.004 
-

0.004 
-

0.019 
-

0.022 
-

0.022 
-

0.016 
-

0.016 0 0 0 
-

0.018 
-

0.008 
-

0.019 
-

0.019 
-

0.019 
-

0.019 
-

0.019 
-

0.016 
-

0.019 
-

0.016 
-

0.018 
-

0.018 
-

0.018 
-

0.019 
-

0.018 
-

0.018 
-

0.018 0 
-

0.022 0.004 0.004 0.004 0.018 0 
-

0.004 0.011 0.011 0.011 0.015 0.013 0.015 0.014 0.017 0.017 
-

0.002 
-

0.001 0.004 0.006 
-

0.001 0 0 0 0 
-

0.022 0 0 0 

55 
0 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 0 0 

-
0.001 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 

-
0.001 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0.001 0.001 0 0 0 0 0 0 0 0 0 0 

-
0.001 0 0 

56 
-

0.001 
-

0.001 
-

0.005 
-

0.005 
-

0.005 
-

0.004 
-

0.004 0 0 0 
-

0.004 
-

0.002 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.005 
-

0.004 
-

0.005 
-

0.004 
-

0.004 
-

0.004 
-

0.004 
-

0.005 
-

0.004 
-

0.004 
-

0.004 0 
-

0.005 0.001 0.001 0.001 0.004 0 
-

0.001 0.003 0.003 0.003 0.004 0.003 0.004 0.003 0.004 0.004 0 0 0.001 0.001 0 0 0 0 0 0 0 
-

0.006 0 

57 
0 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 0 0 

-
0.001 0 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 

-
0.001 0 

-
0.001 0 0 0 0.001 0 0 0 0 0 0.001 0 0.001 0.001 0.001 0.001 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.001 



XII 

 

A6  
Matrix Az of equations of exergy cost balance equations for the reference state x0. 

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 

3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.88
1 

0 0 0 0 0 0 
1.00

0 
0 0 0 0 0 0 0 0 0 0 0 0 

18 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
1.02

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.03

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 

-
1.31

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.02

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
1.00

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.04

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.12

2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 

-
1.02

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
1.04

5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 0 0 0 0 0 0 

-
0.36

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.02
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 
0 

0 0 0 
1.00

0 

-
1.64

5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 
0 

0 0 0 0 0 0 
1.00

0 

-
3.97

6 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 
0 

0 0 0 0 0 0 0 
1.00

0 
0 0 0 0 

-
33.61

5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

50807.00
0 

1.00
0 

0 0 0 0 0 0 0 0 0 0 

35 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
13.21

0 
0 0 0 0 0 0 0 0 0 

35 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
384.90

2 
0 0 0 0 0 0 0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

15050.15
0 

1.00
0 

0 0 0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
51.48

9 
0 0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1529.48

7 
0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 

-
194.87

4 
0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 0 

-
1205.94

2 

 

  



XIII 

Matrix Az of equations of exergy cost balance equations for the operational state x1 

 
i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 

2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 

3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.88
9 

0 0 0 0 0 0 
1.00

0 
0 0 0 0 0 0 0 0 0 0 0 0 

18 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
1.02

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.03

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 

-
1.31

2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.02

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
1.00

3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.04

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1.12

2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 

-
1.02

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
1.04

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 0 0 0 0 0 0 

-
0.35

9 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.02
4 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 
0 

0 0 0 
1.00

0 

-
1.62

2 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 
0 

0 0 0 0 0 0 
1.00

0 

-
3.67

4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 
0 

0 0 0 0 0 0 0 
1.00

0 
0 0 0 0 

-
33.09

9 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

51987.00
0 

1.00
0 

0 0 0 0 0 0 0 0 0 0 

35 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
12.71

7 
0 0 0 0 0 0 0 0 0 

35 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
393.84

1 
0 0 0 0 0 0 0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

14240.84
3 

1.00
0 

0 0 0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 

-
43.59

0 
0 0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 

-
1430.23

4 
0 0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 

-
180.63

0 
0 

36 
0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 
0 0 0 

-
1124.86

9 

 

  



XIV 

A7  
The inverse matrix of the exergy cost balance equation coefficients (Az)-1 for the reference state x0. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
5
0 51 52 

5
3 54 55 56 57 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 
0.60

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.60

8 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 
1.00

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 
0.25

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.25

1 0 0 0 0 0 0 0 0 0 

1
0 0 0 0 0 0 0 0 

1.00
0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
1 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
2 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
4 0 0 0 0 0 

0.00
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.00

7 

-
0.03

0 0 0 0 0 0 0 0 0 

1
5 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
6 0 0 0 0 0 0 0 0 0 0 0 

0.97
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.97

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
7 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 

0.97
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.97

6 0 0 0 0 0 0 0 0 0 0 0 

1
8 0 0 0 0 0 0 0 0 0 0 0 

0.94
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.94

3 

-
0.96

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 

1.00
0 0 

1.00
0 0 0 

0.73
4 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.73

4 0 0 0 0 0 0 0 0 0 0 0 0 

2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.97
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.97

6 0 0 0 0 0 0 0 0 0 0 0 

2
1 0 0 0 0 0 0 0 0 0 0 0 

0.72
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.72

0 

-
0.73

9 

-
0.76

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 

1.00
0 0 0 

0.73
4 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.73

4 0 0 0 0 0 0 0 0 0 0 0 0 

2
3 0 0 0 0 0 0 0 0 0 0 0 

0.70
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.70

3 

-
0.72

2 

-
0.74

6 

-
0.97

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2
4 0 0 0 0 0 0 0 0 0 0 0 

0.70
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.70

1 

-
0.72

0 

-
0.74

4 

-
0.97

4 

-
0.99

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 

0.73
4 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.73

4 0 0 0 0 0 0 0 0 0 0 0 0 

2
6 0 0 0 0 0 0 0 0 0 0 0 

0.67
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.67

1 

-
0.68

9 

-
0.71

2 

-
0.93

3 

-
0.95

5 

-
0.95

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 

0.26
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.73
4 0 0 0 0 0 0 0 0 0 0 0 0 

2
8 0 0 0 0 0 0 0 0 0 0 0 

0.59
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.59

8 

-
0.61

4 

-
0.63

5 

-
0.83

1 

-
0.85

1 

-
0.85

4 

-
0.89

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 

1.00
0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.26
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.73
4 0 0 0 0 0 0 0 0 0 0 0 0 

3
1 0 0 0 0 0 0 0 0 0 0 0 

0.58
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.58

3 

-
0.59

8 

-
0.61

8 

-
0.80

9 

-
0.82

8 

-
0.83

1 

-
0.86

8 

-
0.97

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3
2 0 0 0 0 0 0 0 0 0 0 0 

0.55
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.55

7 

-
0.57

2 

-
0.59

1 

-
0.77

4 

-
0.79

2 

-
0.79

5 

-
0.83

0 

-
0.93

1 

-
0.95

7 0 0 0 0 0 0 0 0 0 0 0 0 0 

3
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.73
4 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.73

4 0 0 0 0 0 0 0 0 0 0 0 0 

3
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.00
0 0 0 0 

1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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1.00
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4
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1.00
0 

1.00
0 0 

0.97
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-
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6 0 0 0 0 0 0 0 0 0 0 0 
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0.00
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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XVI 

The inverse matrix of the exergy cost balance equation coefficients (Az)-1  for the operational state x1. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0.616 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.616 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0.272 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.272 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 1.000 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0 0 0 0.008 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.008 
-

0.030 0 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0.974 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.974 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0.976 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.976 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0.942 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.942 
-

0.968 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 1.000 0 1.000 0 0 0.736 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.736 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.976 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.976 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0.718 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.718 
-

0.738 
-

0.762 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 1.000 0 0 0.736 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.736 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0.702 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.702 
-

0.721 
-

0.745 
-

0.977 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0.699 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.699 
-

0.718 
-

0.742 
-

0.974 
-

0.997 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0.736 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.736 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0.670 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.670 
-

0.688 
-

0.711 
-

0.932 
-

0.954 
-

0.957 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0.264 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.736 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0.597 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.597 
-

0.613 
-

0.634 
-

0.831 
-

0.851 
-

0.854 
-

0.892 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 1.000 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.264 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.736 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0.581 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.581 
-

0.597 
-

0.617 
-

0.809 
-

0.828 
-

0.831 
-

0.868 
-

0.974 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0.557 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.557 
-

0.572 
-

0.591 
-

0.775 
-

0.793 
-

0.796 
-

0.831 
-

0.932 
-

0.958 0 0 0 0 0 0 0 0 0 0 0 0 0 

33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.736 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.736 0 0 0 0 0 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.024 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.976 0 0 0 0 0 0 0 0 0 0 0 

37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

38 0.529 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.529 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

39 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.736 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.736 0 0 0 0 0 0 0 0 0 0 0 0 

40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

41 0 0 0 0 0 0 0 0 0 0 0 0 1.000 1.000 0 0.976 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.976 0 0 0 0 0 0 0 0 0 0 0 

42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 1.000 0 0.264 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.736 0 0 0 0 0 0 0 0 0 0 0 0 

43 0 0 0 0 0 0.008 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.008 
-

0.030 0 0 0 0 0 0 0 0 

44 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

45 0.471 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.529 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

46 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.925 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.073 0.002 0 0 0 0 0 

48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.073 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.073 0 0 0 0 0 0 

49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.003 0 0 0 0 0 

50 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

51 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.971 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.022 0.001 0.005 0.001 

54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.022 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.022 0 0 0 

55 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.001 0 0 

56 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.006 0 

57 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
-

0.001 

 



XVII 

A8 
Matrix 〈𝑭𝑷〉 for reference state x0 

Component i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

2 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002 0 

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.070 0 

6 0 0 0 0 0 0 0 0 0 0 0 0 1.000 1.000 0 0.976 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0.392 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0.749 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0.608 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 1.000 0 0.266 0 0 0 0 0 0 0 

11 0 0 0 0 0 0.244 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 1.000 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.019 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 

17 0.518 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0.026 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0.032 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0.225 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 1.000 0 1.000 0 0 0.734 0 1.000 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0.017 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0.030 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0.073 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0.016 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 1.000 1.000 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0.025 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.005 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.024 0 0 0 0 0 0 1.000 0 0 0 1.000 0 0 

34 0 0 0 0 0 0.007 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 0.482 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 1.000 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

  



XVIII 

Matrix 〈𝑭𝑷〉 for operational state x1 

Component i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

2 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002 0 

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.073 0 

6 0 0 0 0 0 0 0 0 0 0 0 0 1.000 1.000 0 0.976 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0.384 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0.728 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0.616 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 1.000 0 0.264 0 0 0 0 0 0 0 

11 0 0 0 0 0 0.264 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 1.000 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.022 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 

17 0.516 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0.024 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0.030 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0.233 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 1.000 0 1.000 0 0 0.736 0 1.000 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0.016 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0.030 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0.073 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0.016 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 1.000 1.000 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0.025 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.005 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.024 0 0 0 0 0 0 1.000 0 0 0 1.000 0 0 

34 0 0 0 0 0 0.008 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

35 0.484 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 1.000 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

  



XIX 

A9 
Transposed matrix 〈𝑭𝑷〉 for reference state x0 

Component i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

2 0 0 0 0 0 0 0 0 0 0 0 0.532 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.468 0 

3 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0.392 0 0.608 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 

9 0 0 0 0 0.749 0 0 0.244 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.007 0 0 

10 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0.026 0.031 0.223 0 0.016 0.002 0.030 0.073 0.016 0 0.025 0 0 0 0 0 0 

18 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0.976 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.024 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0.266 0 0 0 0 0 0 0 0 0.734 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 

35 0.002 0.070 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0.019 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0.005 0.001 0 0 0 0 

 

  



XX 

Transposed matrix 〈𝑭𝑷〉 for operational state x1 

Component i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

2 0 0 0 0 0 0 0 0 0 0 0 0.529 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.471 0 

3 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0.384 0 0.616 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 

9 0 0 0 0 0.728 0 0 0.264 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.008 0 0 

10 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0.026 0.031 0.224 0 0.017 0.002 0.030 0.073 0.016 0 0.025 0 0 0 0 0 0 

18 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0.976 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.024 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0.264 0 0 0 0 0 0 0 0 0.736 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 

35 0.002 0.073 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0.022 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0.005 0.001 0 0 0 0 

 

  



XXI 

A10 
Matrix Fx for reference state x0. 

Compo
nent i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

2 
0 0 0 0 0 0 0 0 0 0 0 

63137.8
1238 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5563
8 0 

3 
2555.

161 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 
0 0 0 

6957.
758 0 

10786
.03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

601
8 

8 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

986
4 

9 
0 0 0 0 

11187
.65 0 0 

3646.97
0352 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

111.8
196 0 0 

10 
0 0 0 0 0 

4161.
519 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 
0 0 0 0 0 0 0 0 

3556.65
1407 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 
0 0 0 0 0 0 0 0 

230.768
4671 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.900
534 0 0 

17 
0 0 0 0 0 0 0 0 0 0 0 0 

1644.75
395 

1963.44
0959 

14005
.45 0 

1032.7
499 

145.748
1259 

1857.
705 

4593.32
2204 

991.359
4367 0 

1586.60
405 0 0 0 0 0 0 

18 
0 0 

1449.7
943 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 
0 0 

1532.3
327 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11354
.94 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 
0 0 

14835.
464 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

361.1
676 0 0 0 

22 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

892.1
817 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 
0 0 0 0 0 0 

85.96
486 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1446.
455 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 
0 0 0 0 0 0 

3593.
236 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

782.2
079 0 0 0 0 0 0 0 

27 
0 0 0 0 0 0 

525.0
192 0 0 0 0 0 0 0 0 

1445.
521 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

846.3
034 0 0 0 

30 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

53.84
205 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6.688
845 0 0 0 0 0 0 0 

32 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1182.
172 0 0 0 0 0 0 0 

34 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

113.5
257 0 0 0 

35 
132 

384
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 
0 0 0 0 0 0 0 0 0 

292
.3 

9.
84 0 0 0 0 0 0 0 0 0 0 0 0 

77.
23 

12.
48 0 0 0 0 

 

  



XXII 

Matrix Fx for operational state x1. 

Compo
nent i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

2 
0 0 0 0 0 0 0 0 0 0 0 

63137.8
1238 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5563
8 0 

3 
2555.

161 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 
0 0 0 

6957.
758 0 

10786
.03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

601
8 

8 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

986
4 

9 
0 0 0 0 

11187
.65 0 0 

3646.97
0352 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

111.8
196 0 0 

10 
0 0 0 0 0 

4161.
519 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 
0 0 0 0 0 0 0 0 

3556.65
1407 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 
0 0 0 0 0 0 0 0 

230.768
4671 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.900
534 0 0 

17 
0 0 0 0 0 0 0 0 0 0 0 0 

1644.75
395 

1963.44
0959 

14005
.45 0 

1032.7
499 

145.748
1259 

1857.
705 

4593.32
2204 

991.359
4367 0 

1586.60
405 0 0 0 0 0 0 

18 
0 0 

1449.7
943 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 
0 0 

1532.3
327 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11354
.94 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 
0 0 

14835.
464 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

361.1
676 0 0 0 

22 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

892.1
817 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 
0 0 0 0 0 0 

85.96
486 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1446.
455 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 
0 0 0 0 0 0 

3593.
236 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

782.2
079 0 0 0 0 0 0 0 

27 
0 0 0 0 0 0 

525.0
192 0 0 0 0 0 0 0 0 

1445.
521 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

846.3
034 0 0 0 

30 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

53.84
205 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6.688
845 0 0 0 0 0 0 0 

32 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1182.
172 0 0 0 0 0 0 0 

34 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

113.5
257 0 0 0 

35 
132 

384
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 
0 0 0 0 0 0 0 0 0 

292
.3 

9.
84 0 0 0 0 0 0 0 0 0 0 0 0 

77.
23 

12.
48 0 0 0 0 

 

  



XXIII 

 

A11 
Matrix „Fuel – Product (F – P)” for reference state x0. 

  2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36  

  F0 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20 F21 F22 F23 F24 F25 F26 F27 F28 F29 
PRODUK

T 

 P0 
0 

3097.3

73 

140241.5

90 0 0 0 0 0 0 0 

13950.5

99 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.283 0 0 

157289.8

45 

2 P1 
0 0 0 0 0 0 0 0 0 0 0 0 

59826.5
34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

55638.0
00 0 

115464.5
34 

3 P2 
0 

2555.1
61 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2555.161 

6 P3 
0 0 0 0 

6957.7
58 0 

10786.0
35 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17743.79
3 

7 P4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6018.00
0 6018.000 

8 P5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9864.00

0 9864.000 

9 P6 
0 0 0 0 0 

11187.6

53 0 0 

3646.9

70 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

111.8

20 0 0 

14946.44

3 

1
0 

P7 
0 0 0 0 0 0 

4161.51
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4161.519 

1
1 

P8 
0 0 0 0 0 0 0 0 0 

3556.6
51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3556.651 

1
2 

P9 
16755.38

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
16755.38

3 

1
3 

P1
0 0 0 0 0 0 0 0 0 0 

230.76
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 230.768 

1

6 

P1

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.662 0 0 1.662 

1

7 

P1

2 0 0 0 0 0 0 0 0 0 0 0 0 0 

1577.3

07 

1882.1

38 

13395.4

94 0 

985.3

64 

139.0

72 

1771.4

43 

4375.4

59 

943.0

36 0 

1509.1

29 0 0 0 0 0 0 

26578.44

0 

1
8 

P1
3 0 0 0 

1449.79
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1449.794 

1
9 

P1
4 0 0 0 

1532.33
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1532.333 

2
0 

P1
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11359.4
13 0 0 0 0 0 0 0 0 0 0 0 0 0 

11359.41
3 

2
1 

P1
6 0 0 0 

14835.4
64 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

361.16
8 0 0 0 

15196.63
2 

2

2 

P1

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 892.182 0 0 0 0 0 0 0 0 0 0 0 0 0 892.182 

2
3 

P1
8 0 0 0 0 0 0 0 85.965 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 85.965 

2
4 

P1
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1446.45
5 0 0 0 0 0 0 0 0 0 0 0 0 0 1446.455 

2
5 

P2
0 0 0 0 0 0 0 0 

3593.2
36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3593.236 

2
6 

P2
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

782.20
8 0 0 0 0 0 0 0 782.208 

2

7 

P2

2 0 0 0 0 0 0 0 

525.01

9 0 0 0 0 0 0 0 0 

1445.52

1 0 0 0 0 0 0 0 0 0 0 0 0 0 1970.540 

2

8 

P2

3 

32963.05

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

846.30

3 0 0 0 

33809.35

4 

3
0 

P2
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 53.842 0 0 0 0 0 0 0 0 0 0 0 0 0 53.842 

3
1 

P2
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6.689 0 0 0 0 0 0 0 6.689 

3
2 

P2
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1182.1
72 0 0 0 0 0 0 0 1182.172 

3
4 

P2
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

113.52
6 0 0 0 113.526 

3

5 

P2

8 

50807.00

0 

132.00

0 3846.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

54785.00

0 

3

6 

P2

9 

15050.15

0 0 0 0 0 0 0 0 0 0 292.300 

9.84

0 0 0 0 0 0 0 0 0 0 0 0 0 

77.23

0 

12.48

0 0 0 0 0 

15442.00

0 

 Fu
el 

115575.5
84 

5784.5
34 

144087.5
90 

17817.5
91 

6957.7
58 

11187.6
53 

14947.5
54 

4204.2
20 

3646.9
70 

3787.4
20 

14242.8
99 

9.84
0 

59826.5
34 

1577.3
07 

1882.1
38 

13395.4
94 

15197.4
14 

985.3
64 

139.0
72 

1771.4
43 

4375.4
59 

943.0
36 

1971.0
69 

1509.1
29 

77.23
0 

12.48
0 

1320.9
97 

113.7
65 

55638.0
00 

15882.0
00   

  



XXIV 

 

Matrix „Fuel – Product (F – P)” for operational state x1. 
  2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36  

  F0 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20 F21 F22 F23 F24 F25 F26 F27 F28 F29 PRODUKT 

 P0 
0 

3140.4
64 

143358.0
69 0 0 0 0 0 0 0 

14582.3
90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.287 0 0 161081.211 

2 P1 
0 0 0 0 0 0 0 0 0 0 0 0 

60875.2
08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

57078.0
00 0 117953.208 

3 P2 
0 

2635.2
06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2635.206 

6 P3 
0 0 0 0 

6958.5
98 0 

11186.0
33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 18144.631 

7 P4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5753.00

0 5753.000 

8 P5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9339.00

0 9339.000 

9 P6 
0 0 0 0 0 

11198.7
64 0 0 

4061.1
92 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

126.5
23 0 0 15386.478 

1
0 

P7 
0 0 0 0 0 0 

4208.69
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4208.694 

1
1 

P8 
0 0 0 0 0 0 0 0 0 

3718.0
12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3718.012 

1

2 
P9 

18403.10

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 18403.101 

1

3 

P1

0 0 0 0 0 0 0 0 0 0 

223.63

5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 223.635 

1
6 

P1
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.714 0 0 1.714 

1
7 

P1
2 0 0 0 0 0 0 0 0 0 0 0 0 0 

1479.9
74 

1791.2
17 

14143.7
98 0 

971.4
31 

141.1
57 

1813.6
00 

4418.6
22 

957.3
79 0 

1502.0
07 0 0 0 0 0 0 27219.185 

1
8 

P1
3 0 0 0 

1482.54
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1482.546 

1
9 

P1
4 0 0 0 

1566.94
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1566.949 

2

0 

P1

5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11614.2

19 0 0 0 0 0 0 0 0 0 0 0 0 0 11614.219 

2

1 

P1

6 0 0 0 

15170.6

03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

368.20

5 0 0 0 15538.808 

2
2 

P1
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 912.414 0 0 0 0 0 0 0 0 0 0 0 0 0 912.414 

2
3 

P1
8 0 0 0 0 0 0 0 86.939 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 86.939 

2
4 

P1
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1479.25
7 0 0 0 0 0 0 0 0 0 0 0 0 0 1479.257 

2
5 

P2
0 0 0 0 0 0 0 0 

3633.9
99 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3633.999 

2

6 

P2

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

797.31

5 0 0 0 0 0 0 0 797.315 

2

7 

P2

2 0 0 0 0 0 0 0 

530.94

1 0 0 0 0 0 0 0 0 

1478.30

2 0 0 0 0 0 0 0 0 0 0 0 0 0 2009.243 

2
8 

P2
3 

33496.35
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

850.31
8 0 0 0 34346.677 

3
0 

P2
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 55.063 0 0 0 0 0 0 0 0 0 0 0 0 0 55.063 

3
1 

P2
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6.818 0 0 0 0 0 0 0 6.818 

3
2 

P2
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1205.0
04 0 0 0 0 0 0 0 1205.004 

3

4 

P2

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

128.38

2 0 0 0 128.382 

3

5 

P2

8 

51987.00

0 

132.00

0 4088.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 56207.000 

3
6 

P2
9 

14240.84
3 0 0 0 0 0 0 0 0 0 326.700 

9.95
7 0 0 0 0 0 0 0 0 0 0 0 0 

78.84
0 

12.66
0 0 0 0 0 14669.000 

 Fu
el 

118127.3
02 

5907.6
71 

147446.0
69 

18220.0
97 

6958.5
98 

11198.7
64 

15394.7
28 

4251.8
79 

4061.1
92 

3941.6
47 

14909.0
90 

9.95
7 

60875.2
08 

1479.9
74 

1791.2
17 

14143.7
98 

15539.2
55 

971.4
31 

141.1
57 

1813.6
00 

4418.6
22 

957.3
79 

2009.1
37 

1502.0
07 

78.84
0 

12.66
0 

1346.9
06 

128.5
24 

57078.0
00 

15092.0
00   

  



XXV 

A12 
The 〈𝐊𝐏〉 matrix for reference state x0. 

Component i 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 

2 0 0 0 0 0 0 0 0 0 0 0 1.005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.016 0 

3 0.022 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 1.156 0 0.722 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.390 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.639 

9 0 0 0 0 1.134 0 0 1.025 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.985 0 0 

10 0 0 0 0 0 0.278 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0.212 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0.014 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.015 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 1.088 1.228 1.179 0 1.104 1.618 1.225 1.218 1.206 0 1.783 0 0 0 0 0 0 

18 0 0 0.082 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0.086 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.747 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0.836 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.306 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.059 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0.021 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.095 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0.863 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.397 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0.126 0 0 0 0 0 0 0 0 0.095 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.716 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.004 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.600 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.096 0 0 0 

35 0.001 1.505 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 1.267 5.920 0 0 0 0 0 0 0 0 0 0 0 0 1.434 1.866 0 0 0 0 

 

  



XXVI 

The 〈𝐊𝐏〉 matrix for operational state x1. 

Component i 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 

2 0 0 0 0 0 0 0 0 0 0 0 1.003 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.015 0 

3 0.022 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 1.210 0 0.727 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.392 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.637 

9 0 0 0 0 1.199 0 0 1.092 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.986 0 0 

10 0 0 0 0 0 0.274 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0.202 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0.012 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.013 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0.998 1.143 1.218 0 1.065 1.624 1.226 1.216 1.201 0 1.766 0 0 0 0 0 0 

18 0 0 0.082 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0.086 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.747 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0.836 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.306 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.059 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0.021 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.095 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0.863 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.397 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0.126 0 0 0 0 0 0 0 0 0.095 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.706 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.004 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.600 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.107 0 0 0 

35 0.001 1.551 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 1.461 5.809 0 0 0 0 0 0 0 0 0 0 0 0 1.432 1.857 0 0 0 0 

  



XXVII 

A13 
The ∆〈𝐊𝐏〉 matrix of CCGT plant. 

Component i 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 

2 
0 0 0 0 0 0 0 0 0 0 0 

-
0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0.053 0 0.005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.002 

9 0 0 0 0 0.065 0 0 0.067 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 

10 0 0 0 0 0 -0.005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 -0.010 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 -0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.001 0 0 

17 
0 0 0 0 0 0 0 0 0 0 0 0 

-
0.090 -0.085 0.039 0 

-
0.040 0.006 0.001 -0.002 -0.005 0 -0.017 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.010 0 0 0 

30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.011 0 0 0 

35 0 0.046 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0.194 -0.111 0 0 0 0 0 0 0 0 0 0 0 0 -0.003 -0.009 0 0 0 0 

 

  



XXVIII 

A14 
The unitary matrix UD. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

  



XXIX 

A15 
The product operator 𝐈𝐏⟩ for reference state x0 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

1 1.036 1.584 1.263 1.461 1.455 1.283 1.334 1.316 0.305 1.898 8.873 1.041 1.133 1.279 1.228 1.268 1.150 1.684 1.275 1.268 1.255 1.618 1.857 2.150 2.796 1.850 1.394 1.052 1.499 

2 0.023 1.035 0.028 0.032 0.032 0.028 0.030 0.029 0.007 0.042 0.196 0.023 0.025 0.028 0.027 0.028 0.025 0.037 0.028 0.028 0.028 0.036 0.041 0.048 0.062 0.041 0.031 0.023 0.033 

3 0 0 1.009 1.166 0.828 0.730 0.007 0.748 0.176 1.245 5.820 0 0 0 0 0.010 0 0 0 0 0 0.054 0 1.410 1.834 0.080 0.804 0 0.983 

4 0 0 0.002 1.002 0.002 0.002 0.001 0.002 0.007 0.496 2.320 0 0 0 0 0.002 0 0 0 0 0 0.005 0 0.562 0.731 0.004 0.036 0 0.392 

5 0 0 0.003 0.004 1.003 0.003 0.001 0.003 0.012 0.814 3.802 0 0 0 0 0.004 0 0 0 0 0 0.008 0 0.921 1.198 0.007 0.058 0 0.642 

6 0 0 0.008 0.010 1.144 1.008 0.009 1.034 0.232 0.930 4.348 0 0 0 0 0.010 0 0 0 0 0 0.067 0 1.054 1.370 0.105 1.057 0 0.734 

7 0 0 0.002 0.003 0.318 0.281 1.002 0.288 0.065 0.259 1.211 0 0 0 0 0.003 0 0 0 0 0 0.019 0 0.293 0.382 0.029 0.294 0 0.204 

8 0 0 0 0 0 0 0 1.000 0.212 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0.014 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 0 1.001 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0.001 0.015 0 0 

12 0 0 1.213 1.403 1.398 1.232 1.281 1.264 0.293 1.823 8.522 1.000 1.088 1.228 1.179 1.218 1.104 1.618 1.225 1.218 1.206 1.554 1.783 2.065 2.686 1.777 1.338 0 1.439 

13 0 0 0.082 0.095 0.068 0.060 0.001 0.061 0.014 0.102 0.476 0 1.000 0 0 0.001 0 0 0 0 0 0.004 0 0.115 0.150 0.007 0.066 0 0.080 

14 0 0 0.087 0.101 0.071 0.063 0.001 0.065 0.015 0.108 0.503 0 0 1.000 0 0.001 0 0 0 0 0 0.005 0 0.122 0.158 0.007 0.069 0 0.085 

15 0 0 0.642 0.742 0.532 0.469 0.022 0.481 0.113 0.797 3.723 0 0 0 1.000 0.767 0 0 0 0 0 0.174 0 0.902 1.173 0.284 0.517 0 0.629 

16 0 0 0.858 0.992 0.712 0.628 0.029 0.643 0.151 1.066 4.981 0 0 0 0 1.026 0 0 0 0 0 0.233 0 1.207 1.570 0.380 0.691 0 0.841 

17 0 0 0.050 0.058 0.042 0.037 0.002 0.038 0.009 0.063 0.292 0 0 0 0 0.060 1.000 0 0 0 0 0.014 0 0.071 0.092 0.022 0.041 0 0.049 

18 0 0 0 0 0.007 0.006 0.021 0.006 0.001 0.005 0.025 0 0 0 0 0 0 1.000 0 0 0 0 0 0.006 0.008 0.001 0.006 0 0.004 

19 0 0 0.082 0.094 0.068 0.060 0.003 0.061 0.014 0.101 0.474 0 0 0 0 0.098 0 0 1.000 0 0 0.022 0 0.115 0.149 0.036 0.066 0 0.080 

20 0 0 0.002 0.002 0.275 0.242 0.865 0.249 0.056 0.224 1.045 0 0 0 0 0.002 0 0 0 1.000 0 0.016 0 0.253 0.329 0.025 0.254 0 0.177 

21 0 0 0.033 0.038 0.043 0.038 0.051 0.039 0.009 0.053 0.249 0 0 0 0 0.039 0 0 0 0 1.000 0.407 0 0.060 0.078 0.016 0.041 0 0.042 

22 0 0 0.082 0.095 0.108 0.095 0.129 0.098 0.023 0.134 0.627 0 0 0 0 0.098 0 0 0 0 0 1.025 0 0.152 0.197 0.040 0.103 0 0.106 

23 0 0 0.035 0.041 0.046 0.041 0.056 0.042 0.010 0.058 0.269 0 0 0 0 0.042 0 0 0 0 0 0.440 1.000 0.065 0.085 0.733 0.044 0 0.045 

24 0 0 0.003 0.004 0.003 0.002 0 0.002 0.001 0.004 0.018 0 0 0 0 0.004 0 0 0 0 0 0.001 0 1.004 0.006 0.001 0.002 0 0.003 

25 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0.003 0 0.001 1.001 0 0 0 0 

26 0 0 0.049 0.057 0.065 0.057 0.078 0.059 0.014 0.080 0.376 0 0 0 0 0.059 0 0 0 0 0 0.615 0 0.091 0.118 1.024 0.062 0 0.063 

27 0 0 0.005 0.005 0.006 0.005 0.007 0.006 0.001 0.008 0.036 0 0 0 0 0.006 0 0 0 0 0 0.059 0 0.009 0.011 0.098 1.006 0 0.006 

28 0.036 1.560 0.044 0.050 0.050 0.044 0.046 0.045 0.011 0.065 0.306 0.036 0.039 0.044 0.042 0.044 0.040 0.058 0.044 0.044 0.043 0.056 0.064 0.074 0.096 0.064 0.048 1.036 0.052 

29 0 0 0.005 0.006 0.005 0.004 0.002 0.004 0.018 1.274 5.953 0 0 0 0 0.006 0 0 0 0 0 0.013 0 1.442 1.876 0.011 0.091 0 1.005 

 

  



XXX 

The product operator 𝐈𝐏⟩ for operational state x1 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

1 1.038 1.635 1.270 1.536 1.544 1.287 1.330 1.406 0.312 2.316 9.208 1.040 1.039 1.189 1.267 1.295 1.108 1.689 1.276 1.265 1.249 1.610 1.838 2.270 2.943 1.841 1.392 1.054 1.585 

2 0.023 1.037 0.028 0.034 0.034 0.029 0.030 0.031 0.007 0.052 0.206 0.023 0.023 0.027 0.028 0.029 0.025 0.038 0.028 0.028 0.028 0.036 0.041 0.051 0.066 0.041 0.031 0.024 0.035 

3 0 0 1.009 1.221 0.882 0.736 0.008 0.804 0.181 1.520 6.044 0 0 0 0 0.011 0 0 0 0 0 0.060 0 1.490 1.932 0.089 0.806 0 1.040 

4 0 0 0.002 1.003 0.002 0.002 0.001 0.002 0.007 0.576 2.291 0 0 0 0 0.002 0 0 0 0 0 0.005 0 0.565 0.732 0.004 0.032 0 0.394 

5 0 0 0.003 0.004 1.003 0.003 0.001 0.003 0.012 0.935 3.720 0 0 0 0 0.004 0 0 0 0 0 0.008 0 0.917 1.189 0.007 0.052 0 0.640 

6 0 0 0.009 0.011 1.210 1.009 0.009 1.102 0.236 1.132 4.501 0 0 0 0 0.011 0 0 0 0 0 0.074 0 1.109 1.439 0.116 1.055 0 0.775 

7 0 0 0.003 0.003 0.331 0.276 1.003 0.302 0.065 0.310 1.231 0 0 0 0 0.003 0 0 0 0 0 0.020 0 0.303 0.394 0.032 0.289 0 0.212 

8 0 0 0 0 0 0 0 1.000 0.202 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0.012 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 0 1.001 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0.001 0.013 0 0 

12 0 0 1.221 1.477 1.484 1.237 1.279 1.351 0.300 2.226 8.850 1.000 0.998 1.143 1.218 1.244 1.065 1.624 1.226 1.216 1.201 1.547 1.766 2.181 2.829 1.769 1.337 0 1.524 

13 0 0 0.082 0.100 0.072 0.060 0.001 0.066 0.015 0.124 0.494 0 1.000 0 0 0.001 0 0 0 0 0 0.005 0 0.122 0.158 0.007 0.066 0 0.085 

14 0 0 0.087 0.105 0.076 0.064 0.001 0.069 0.016 0.131 0.522 0 0 1.000 0 0.001 0 0 0 0 0 0.005 0 0.129 0.167 0.008 0.070 0 0.090 

15 0 0 0.642 0.776 0.567 0.473 0.022 0.516 0.116 0.972 3.866 0 0 0 1.000 0.768 0 0 0 0 0 0.178 0 0.953 1.236 0.290 0.518 0 0.665 

16 0 0 0.859 1.039 0.759 0.633 0.030 0.691 0.155 1.301 5.172 0 0 0 0 1.027 0 0 0 0 0 0.238 0 1.275 1.653 0.388 0.692 0 0.890 

17 0 0 0.050 0.061 0.045 0.037 0.002 0.041 0.009 0.076 0.304 0 0 0 0 0.060 1.000 0 0 0 0 0.014 0 0.075 0.097 0.023 0.041 0 0.052 

18 0 0 0 0 0.007 0.006 0.021 0.006 0.001 0.006 0.025 0 0 0 0 0 0 1.000 0 0 0 0 0 0.006 0.008 0.001 0.006 0 0.004 

19 0 0 0.082 0.099 0.072 0.060 0.003 0.066 0.015 0.124 0.492 0 0 0 0 0.098 0 0 1.000 0 0 0.023 0 0.121 0.157 0.037 0.066 0 0.085 

20 0 0 0.002 0.003 0.286 0.238 0.866 0.260 0.056 0.267 1.063 0 0 0 0 0.003 0 0 0 1.000 0 0.018 0 0.262 0.340 0.027 0.249 0 0.183 

21 0 0 0.033 0.039 0.045 0.038 0.051 0.041 0.009 0.065 0.257 0 0 0 0 0.039 0 0 0 0 1.000 0.407 0 0.063 0.082 0.016 0.041 0 0.044 

22 0 0 0.082 0.099 0.114 0.095 0.129 0.104 0.023 0.163 0.647 0 0 0 0 0.098 0 0 0 0 0 1.025 0 0.160 0.207 0.041 0.102 0 0.111 

23 0 0 0.035 0.042 0.048 0.040 0.055 0.044 0.010 0.069 0.274 0 0 0 0 0.042 0 0 0 0 0 0.434 1.000 0.068 0.088 0.723 0.043 0 0.047 

24 0 0 0.003 0.004 0.003 0.002 0 0.002 0.001 0.005 0.018 0 0 0 0 0.004 0 0 0 0 0 0.001 0 1.005 0.006 0.001 0.002 0 0.003 

25 0 0 0 0 0 0 0 0 0 0.001 0.002 0 0 0 0 0 0 0 0 0 0 0.003 0 0.001 1.001 0 0 0 0 

26 0 0 0.049 0.059 0.068 0.057 0.078 0.062 0.014 0.098 0.388 0 0 0 0 0.059 0 0 0 0 0 0.615 0 0.096 0.124 1.025 0.061 0 0.067 

27 0 0 0.005 0.006 0.007 0.006 0.008 0.007 0.001 0.010 0.041 0 0 0 0 0.006 0 0 0 0 0 0.066 0 0.010 0.013 0.109 1.007 0 0.007 

28 0.037 1.610 0.045 0.055 0.055 0.046 0.048 0.050 0.011 0.083 0.329 0.037 0.037 0.043 0.045 0.046 0.040 0.060 0.046 0.045 0.045 0.058 0.066 0.081 0.105 0.066 0.050 1.038 0.057 

29 0 0 0.005 0.006 0.005 0.004 0.002 0.005 0.019 1.469 5.842 0 0 0 0 0.006 0 0 0 0 0 0.013 0 1.440 1.868 0.011 0.082 0 1.006 

  



XXXI 

A16 
The diagonal matrix KD for the reference state x0. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

1 1.265 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 1.505 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 1.004 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 1.156 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 1.134 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 1.010 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 1.025 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 1.059 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 1.267 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 0 5.920 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 1.005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 1.088 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0 0 0 0 0 0 0 0 0 0 0 1.228 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.179 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.104 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.618 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.225 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.218 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.206 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.783 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.434 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.866 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.117 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.002 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.016 0 

29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.028 

  



XXXII 

The diagonal matrix KD for the operational state x1. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

1 1.265 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 1.551 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 1.004 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 1.210 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 1.199 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 1.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 1.010 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 1.092 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 1.007 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 1.461 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 0 5.809 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0 0 0 1.003 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 0.998 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0 0 0 0 0 0 0 0 0 0 0 1.143 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.218 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.065 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.624 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.226 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.216 0 0 0 0 0 0 0 0 0 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.201 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 

23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.766 0 0 0 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.432 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.857 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.118 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.001 0 0 

28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.015 0 

29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.029 

 



XXXIII 

The irreversibility operator 𝐈𝐈⟩ for the reference state x0. 

 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 

1 0.274 0.419 0.334 0.387 0.385 0.340 0.353 0.348 0.081 0.502 2.349 0.276 0.300 0.339 0.325 0.336 0.304 0.446 0.338 0.336 0.332 0.428 0.491 0.569 0.740 0.490 0.369 0.279 0.397 

2 0.012 0.523 0.014 0.016 0.016 0.014 0.015 0.015 0.003 0.021 0.099 0.012 0.013 0.014 0.014 0.014 0.013 0.019 0.014 0.014 0.014 0.018 0.021 0.024 0.031 0.021 0.016 0.012 0.017 

3 0 0 0.004 0.005 0.003 0.003 0 0.003 0.001 0.005 0.024 0 0 0 0 0 0 0 0 0 0 0 0 0.006 0.008 0 0.003 0 0.004 

4 0 0 0 0.157 0 0 0 0 0.001 0.078 0.362 0 0 0 0 0 0 0 0 0 0 0.001 0 0.088 0.114 0.001 0.006 0 0.061 

5 0 0 0 0.001 0.135 0 0 0 0.002 0.109 0.510 0 0 0 0 0.001 0 0 0 0 0 0.001 0 0.124 0.161 0.001 0.008 0 0.086 

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0.003 0.003 0.010 0.003 0.001 0.003 0.012 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0.004 0 0.003 0 0.002 

8 0 0 0 0 0 0 0 0.025 0.005 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 0.059 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0.004 0.267 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0.001 0 0 0.001 4.923 0 0 0 0 0 0 0 0 0 0 0.004 0 0.001 0.001 0.007 0.072 0 0 

12 0 0 0.006 0.007 0.007 0.006 0.006 0.006 0.001 0.009 0.041 0.005 0.005 0.006 0.006 0.006 0.005 0.008 0.006 0.006 0.006 0.007 0.009 0.010 0.013 0.009 0.006 0 0.007 

13 0 0 0.007 0.008 0.006 0.005 0 0.005 0.001 0.009 0.042 0 0.088 0 0 0 0 0 0 0 0 0 0 0.010 0.013 0.001 0.006 0 0.007 

14 0 0 0.020 0.023 0.016 0.014 0 0.015 0.003 0.025 0.115 0 0 0.228 0 0 0 0 0 0 0 0.001 0 0.028 0.036 0.002 0.016 0 0.019 

15 0 0 0.115 0.133 0.095 0.084 0.004 0.086 0.020 0.143 0.667 0 0 0 0.179 0.138 0 0 0 0 0 0.031 0 0.162 0.210 0.051 0.093 0 0.113 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0.005 0.006 0.004 0.004 0 0.004 0.001 0.007 0.031 0 0 0 0 0.006 0.104 0 0 0 0 0.001 0 0.007 0.010 0.002 0.004 0 0.005 

18 0 0 0 0 0.004 0.004 0.013 0.004 0.001 0.003 0.015 0 0 0 0 0 0 0.618 0 0 0 0 0 0.004 0.005 0 0.004 0 0.003 

19 0 0 0.018 0.021 0.015 0.013 0.001 0.014 0.003 0.023 0.107 0 0 0 0 0.022 0 0 0.225 0 0 0.005 0 0.026 0.034 0.008 0.015 0 0.018 

20 0 0 0 0.001 0.060 0.053 0.188 0.054 0.012 0.049 0.228 0 0 0 0 0.001 0 0 0 0.218 0 0.004 0 0.055 0.072 0.005 0.055 0 0.038 

21 0 0 0.007 0.008 0.009 0.008 0.011 0.008 0.002 0.011 0.051 0 0 0 0 0.008 0 0 0 0 0.206 0.084 0 0.012 0.016 0.003 0.008 0 0.009 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0.028 0.032 0.036 0.032 0.043 0.033 0.008 0.045 0.211 0 0 0 0 0.033 0 0 0 0 0 0.345 0.783 0.051 0.066 0.574 0.035 0 0.036 

24 0 0 0.001 0.002 0.001 0.001 0 0.001 0 0.002 0.008 0 0 0 0 0.002 0 0 0 0 0 0 0 0.436 0.002 0.001 0.001 0 0.001 

25 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0.866 0 0 0 0 

26 0 0 0.006 0.007 0.008 0.007 0.009 0.007 0.002 0.009 0.044 0 0 0 0 0.007 0 0 0 0 0 0.072 0 0.011 0.014 0.120 0.007 0 0.007 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002 0 0 

28 0.001 0.024 0.001 0.001 0.001 0.001 0.001 0.001 0 0.001 0.005 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.016 0.001 

29 0 0 0 0 0 0 0 0 0.001 0.036 0.170 0 0 0 0 0 0 0 0 0 0 0 0 0.041 0.053 0 0.003 0 0.029 

  



XXXIV 

The irreversibility operator 𝐈𝐈⟩ for the operational state x1. 

 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 

1 0.275 0.434 0.337 0.408 0.410 0.342 0.353 0.373 0.083 0.615 2.444 0.276 0.276 0.316 0.336 0.344 0.294 0.448 0.339 0.336 0.332 0.427 0.488 0.603 0.781 0.489 0.369 0.280 0.421 

2 0.013 0.571 0.016 0.019 0.019 0.016 0.016 0.017 0.004 0.029 0.113 0.013 0.013 0.015 0.016 0.016 0.014 0.021 0.016 0.016 0.015 0.020 0.023 0.028 0.036 0.023 0.017 0.013 0.020 

3 0 0 0.004 0.005 0.004 0.003 0 0.003 0.001 0.006 0.025 0 0 0 0 0 0 0 0 0 0 0 0 0.006 0.008 0 0.003 0 0.004 

4 0 0 0 0.210 0 0 0 0 0.002 0.121 0.480 0 0 0 0 0.001 0 0 0 0 0 0.001 0 0.118 0.153 0.001 0.007 0 0.083 

5 0 0 0.001 0.001 0.200 0.001 0 0.001 0.002 0.186 0.741 0 0 0 0 0.001 0 0 0 0 0 0.002 0 0.183 0.237 0.001 0.010 0 0.128 

6 0 0 0 0 0.001 0.001 0 0.001 0 0.001 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0.001 0 0.001 0 0 

7 0 0 0 0 0.003 0.003 0.010 0.003 0.001 0.003 0.013 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0.004 0 0.003 0 0.002 

8 0 0 0 0 0 0 0 0.092 0.019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 0.007 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0.006 0.461 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0.001 0 0 0.001 4.811 0 0 0 0 0 0 0 0 0 0 0.004 0 0.001 0.001 0.007 0.065 0 0 

12 0 0 0.003 0.004 0.004 0.003 0.003 0.004 0.001 0.006 0.023 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.004 0.005 0.006 0.007 0.005 0.004 0 0.004 

13 0 0 0 0 0 0 0 0 0 0 
-

0.001 0 
-

0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0.012 0.015 0.011 0.009 0 0.010 0.002 0.019 0.075 0 0 0.143 0 0 0 0 0 0 0 0.001 0 0.018 0.024 0.001 0.010 0 0.013 

15 0 0 0.140 0.169 0.123 0.103 0.005 0.112 0.025 0.212 0.842 0 0 0 0.218 0.167 0 0 0 0 0 0.039 0 0.208 0.269 0.063 0.113 0 0.145 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0.003 0.004 0.003 0.002 0 0.003 0.001 0.005 0.020 0 0 0 0 0.004 0.065 0 0 0 0 0.001 0 0.005 0.006 0.001 0.003 0 0.003 

18 0 0 0 0 0.004 0.004 0.013 0.004 0.001 0.004 0.016 0 0 0 0 0 0 0.624 0 0 0 0 0 0.004 0.005 0 0.004 0 0.003 

19 0 0 0.018 0.022 0.016 0.014 0.001 0.015 0.003 0.028 0.111 0 0 0 0 0.022 0 0 0.226 0 0 0.005 0 0.027 0.036 0.008 0.015 0 0.019 

20 0 0 0 0.001 0.062 0.051 0.187 0.056 0.012 0.058 0.230 0 0 0 0 0.001 0 0 0 0.216 0 0.004 0 0.057 0.073 0.006 0.054 0 0.040 

21 0 0 0.007 0.008 0.009 0.008 0.010 0.008 0.002 0.013 0.052 0 0 0 0 0.008 0 0 0 0 0.201 0.082 0 0.013 0.016 0.003 0.008 0 0.009 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0.027 0.032 0.037 0.031 0.042 0.034 0.007 0.053 0.210 0 0 0 0 0.032 0 0 0 0 0 0.333 0.766 0.052 0.067 0.554 0.033 0 0.036 

24 0 0 0.001 0.002 0.001 0.001 0 0.001 0 0.002 0.008 0 0 0 0 0.002 0 0 0 0 0 0 0 0.434 0.003 0.001 0.001 0 0.001 

25 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0.857 0 0 0 0 

26 0 0 0.006 0.007 0.008 0.007 0.009 0.007 0.002 0.011 0.046 0 0 0 0 0.007 0 0 0 0 0 0.072 0 0.011 0.015 0.121 0.007 0 0.008 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 

28 0.001 0.025 0.001 0.001 0.001 0.001 0.001 0.001 0 0.001 0.005 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.016 0.001 

29 0 0 0 0 0 0 0 0 0.001 0.042 0.168 0 0 0 0 0 0 0 0 0 0 0 0 0.042 0.054 0 0.002 0 0.029 

  



XXXV 

A17 
A matrix showing the process of product exergy cost formation for individual components in the x0 reference state. 

 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

2 0.274 0.377 0.305 0.369 0.372 0.310 0.322 0.339 0.075 0.557 2.215 0.240 0.273 0.308 0.297 0.306 0.278 0.409 0.309 0.307 0.303 0.389 0.446 0.546 0.708 0.444 0.335 0.243 0.381 

3 0.012 0.571 0.016 0.019 0.019 0.016 0.017 0.018 0.004 0.029 0.115 0.012 0.014 0.016 0.015 0.016 0.014 0.021 0.016 0.016 0.016 0.020 0.023 0.028 0.037 0.023 0.017 0.013 0.020 

6 0 0 0.004 0.005 0.004 0.003 0 0.003 0.001 0.006 0.025 0 0 0 0 0 0 0 0 0 0 0 0 0.006 0.008 0 0.003 0 0.004 

7 0 0 0 0.210 0 0 0 0 0.002 0.121 0.480 0 0 0 0 0.001 0 0 0 0 0 0.001 0 0.118 0.153 0.001 0.007 0 0.083 

8 0 0 0.001 0.001 0.200 0.001 0 0.001 0.002 0.186 0.741 0 0 0 0 0.001 0 0 0 0 0 0.002 0 0.183 0.237 0.001 0.010 0 0.128 

9 0 0 0 0 0.001 0.001 0 0.001 0 0.001 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0.001 0 0.001 0 0 

10 0 0 0 0 0.003 0.003 0.010 0.003 0.001 0.003 0.013 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0.004 0 0.003 0 0.002 

11 0 0 0 0 0 0 0 0.092 0.019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0.007 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0.006 0.461 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0.001 0 0 0.001 4.811 0 0 0 0 0 0 0 0 0 0 0.004 0 0.001 0.001 0.007 0.065 0 0 

17 0 0 0.006 0.007 0.007 0.006 0.006 0.007 0.001 0.011 0.044 0.005 0.005 0.006 0.006 0.006 0.006 0.008 0.006 0.006 0.006 0.008 0.009 0.011 0.014 0.009 0.007 0 0.008 

18 0 0 0.011 0.013 0.010 0.008 0 0.009 0.002 0.017 0.067 0 0.135 0 0 0 0 0 0 0 0 0.001 0 0.016 0.021 0.001 0.009 0 0.011 

19 0 0 0.024 0.030 0.021 0.018 0 0.019 0.004 0.037 0.146 0 0 0.280 0 0 0 0 0 0 0 0.001 0 0.036 0.047 0.002 0.019 0 0.025 

20 0 0 0.150 0.181 0.132 0.110 0.005 0.120 0.027 0.226 0.901 0 0 0 0.233 0.179 0 0 0 0 0 0.041 0 0.222 0.288 0.068 0.121 0 0.155 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0.008 0.010 0.007 0.006 0 0.006 0.001 0.012 0.048 0 0 0 0 0.010 0.158 0 0 0 0 0.002 0 0.012 0.015 0.004 0.006 0 0.008 

23 0 0 0 0 0.005 0.004 0.014 0.004 0.001 0.004 0.018 0 0 0 0 0 0 0.700 0 0 0 0 0 0.004 0.006 0 0.004 0 0.003 

24 0 0 0.023 0.028 0.021 0.017 0.001 0.019 0.004 0.035 0.140 0 0 0 0 0.028 0 0 0.285 0 0 0.006 0 0.035 0.045 0.011 0.019 0 0.024 

25 0 0 0.001 0.001 0.079 0.066 0.238 0.072 0.015 0.074 0.293 0 0 0 0 0.001 0 0 0 0.275 0 0.005 0 0.072 0.094 0.008 0.069 0 0.050 

26 0 0 0.009 0.010 0.012 0.010 0.013 0.011 0.002 0.017 0.067 0 0 0 0 0.010 0 0 0 0 0.261 0.106 0 0.017 0.021 0.004 0.011 0 0.012 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0.030 0.036 0.041 0.034 0.047 0.038 0.008 0.059 0.234 0 0 0 0 0.036 0 0 0 0 0 0.371 0.856 0.058 0.075 0.619 0.037 0 0.040 

30 0 0 0.001 0.002 0.001 0.001 0 0.001 0 0.002 0.008 0 0 0 0 0.002 0 0 0 0 0 0 0 0.434 0.003 0.001 0.001 0 0.001 

31 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0.857 0 0 0 0 

32 0 0 0.006 0.007 0.008 0.007 0.009 0.007 0.002 0.011 0.046 0 0 0 0 0.007 0 0 0 0 0 0.072 0 0.011 0.015 0.121 0.007 0 0.008 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 

35 0.001 0.025 0.001 0.001 0.001 0.001 0.001 0.001 0 0.001 0.005 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.016 0.001 

36 0 0 0 0 0 0 0 0 0.001 0.042 0.168 0 0 0 0 0 0 0 0 0 0 0 0 0.042 0.054 0 0.002 0 0.029 

k* 1.286 1.966 1.568 1.813 1.807 1.593 1.656 1.633 1.212 2.357 11.015 1.293 1.406 1.588 1.524 1.574 1.428 2.091 1.583 1.574 1.558 2.009 2.305 2.669 3.472 2.297 1.733 1.306 1.861 

 

 

  



XXXVI 

A matrix showing the process of product exergy cost formation for individual components in the x1 operational state. 

 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

2 0.275 0.377 0.305 0.369 0.372 0.310 0.322 0.339 0.075 0.557 2.215 0.240 0.273 0.308 0.297 0.306 0.278 0.409 0.309 0.307 0.303 0.389 0.446 0.546 0.708 0.444 0.335 0.243 0.381 

3 0.012 0.571 0.016 0.019 0.019 0.016 0.017 0.018 0.004 0.029 0.115 0.012 0.014 0.016 0.015 0.016 0.014 0.021 0.016 0.016 0.016 0.020 0.023 0.028 0.037 0.023 0.017 0.013 0.020 

6 0 0 0.004 0.005 0.004 0.003 0 0.003 0.001 0.006 0.025 0 0 0 0 0 0 0 0 0 0 0 0 0.006 0.008 0 0.003 0 0.004 

7 0 0 0 0.210 0 0 0 0 0.002 0.121 0.480 0 0 0 0 0.001 0 0 0 0 0 0.001 0 0.118 0.153 0.001 0.007 0 0.083 

8 0 0 0.001 0.001 0.200 0.001 0 0.001 0.002 0.186 0.741 0 0 0 0 0.001 0 0 0 0 0 0.002 0 0.183 0.237 0.001 0.010 0 0.128 

9 0 0 0 0 0.001 0.001 0 0.001 0 0.001 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0.001 0 0.001 0 0 

10 0 0 0 0 0.003 0.003 0.010 0.003 0.001 0.003 0.013 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0.004 0 0.003 0 0.002 

11 0 0 0 0 0 0 0 0.092 0.019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 0 0 0 0.007 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0.006 0.461 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

16 0 0 0 0 0 0 0.001 0 0 0.001 4.811 0 0 0 0 0 0 0 0 0 0 0.004 0 0.001 0.001 0.007 0.065 0 0 

17 0 0 0.006 0.007 0.007 0.006 0.006 0.007 0.001 0.011 0.044 0.005 0.005 0.006 0.006 0.006 0.006 0.008 0.006 0.006 0.006 0.008 0.009 0.011 0.014 0.009 0.007 0 0.008 

18 0 0 0.011 0.013 0.010 0.008 0 0.009 0.002 0.017 0.067 0 0.135 0 0 0 0 0 0 0 0 0.001 0 0.016 0.021 0.001 0.009 0 0.011 

19 0 0 0.024 0.030 0.021 0.018 0 0.019 0.004 0.037 0.146 0 0 0.280 0 0 0 0 0 0 0 0.001 0 0.036 0.047 0.002 0.019 0 0.025 

20 0 0 0.150 0.181 0.132 0.110 0.005 0.120 0.027 0.226 0.901 0 0 0 0.233 0.179 0 0 0 0 0 0.041 0 0.222 0.288 0.068 0.121 0 0.155 

21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0.008 0.010 0.007 0.006 0 0.006 0.001 0.012 0.048 0 0 0 0 0.010 0.158 0 0 0 0 0.002 0 0.012 0.015 0.004 0.006 0 0.008 

23 0 0 0 0 0.005 0.004 0.014 0.004 0.001 0.004 0.018 0 0 0 0 0 0 0.700 0 0 0 0 0 0.004 0.006 0 0.004 0 0.003 

24 0 0 0.023 0.028 0.021 0.017 0.001 0.019 0.004 0.035 0.140 0 0 0 0 0.028 0 0 0.285 0 0 0.006 0 0.035 0.045 0.011 0.019 0 0.024 

25 0 0 0.001 0.001 0.079 0.066 0.238 0.072 0.015 0.074 0.293 0 0 0 0 0.001 0 0 0 0.275 0 0.005 0 0.072 0.094 0.008 0.069 0 0.050 

26 0 0 0.009 0.010 0.012 0.010 0.013 0.011 0.002 0.017 0.067 0 0 0 0 0.010 0 0 0 0 0.261 0.106 0 0.017 0.021 0.004 0.011 0 0.012 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0 0.030 0.036 0.041 0.034 0.047 0.038 0.008 0.059 0.234 0 0 0 0 0.036 0 0 0 0 0 0.371 0.856 0.058 0.075 0.619 0.037 0 0.040 

30 0 0 0.001 0.002 0.001 0.001 0 0.001 0 0.002 0.008 0 0 0 0 0.002 0 0 0 0 0 0 0 0.434 0.003 0.001 0.001 0 0.001 

31 0 0 0 0 0 0 0 0 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0.857 0 0 0 0 

32 0 0 0.006 0.007 0.008 0.007 0.009 0.007 0.002 0.011 0.046 0 0 0 0 0.007 0 0 0 0 0 0.072 0 0.011 0.015 0.121 0.007 0 0.008 

34 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 

35 0.001 0.025 0.001 0.001 0.001 0.001 0.001 0.001 0 0.001 0.005 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.016 0.001 

36 0 0 0 0 0 0 0 0 0.001 0.042 0.168 0 0 0 0 0 0 0 0 0 0 0 0 0.042 0.054 0 0.002 0 0.029 

k* 1.289 2.030 1.577 1.908 1.917 1.599 1.652 1.746 1.180 2.876 11.436 1.292 1.290 1.477 1.574 1.608 1.376 2.098 1.584 1.571 1.552 1.999 2.283 2.819 3.656 2.286 1.731 1.309 1.969 

  



XXXVII 

A18 
Malfunction matrix for CCGT plant. 

Comp: 2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36  

j=0 
90.285 117.826 0 0 0 0 0 0 0 44.821 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.114 0 0  

j=1 
0 0 0 0 0 0 0 0 0 0 0 

-
128.466 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
4.036 0  

j=2 24.445 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
j=3 0 0 0 321.373 0 80.091 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
j=4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 38.161  

j=5 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
32.871  

j=6 0 0 0 0 640.659 0 0 237.967 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.061 0 0  

j=7 
0 0 0 0 0 

-
73.189 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=8 
0 0 0 0 0 0 0 0 

-
171.531 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
j=10 0 0 0 0 0 0 0 0 -27.156 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=11 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.146 0 0  

j=12 
0 0 0 0 0 0 0 0 0 0 0 0 

-
130.028 

-
130.492 438.002 0 

-
35.474 0.503 1.942 -6.401 

-
3.797 0 

-
14.213 0 0 0 0 0 0  

j=13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
j=14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=15 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.949 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.061 0 0 0  
j=17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.140 0 0 0 0 0 0 0 0 0 0 0 0 0  
j=18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
j=19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.227 0 0 0 0 0 0 0 0 0 0 0 0 0  
j=20 0 0 0 0 0 0 0.030 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=21 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.251 0 0 0 0 0 0 0  

j=22 
0 0 0 0 0 0 

-
0.030 0 0 0 0 0 0 0 0 0.227 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=23 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
12.097 0 0 0  

j=24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.008 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=25 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.002 0 0 0 0 0 0 0  

j=26 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.379 0 0 0 0 0 0 0  

j=27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 12.424 0 0 0  
j=28 -2.785 117.826 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

j=29 
0 0 0 0 0 0 0 0 0 44.821 

-
0.185 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.138 

-
0.060 0 0 0 0 SUM: 

SUM 
111.945 235.652 0 321.373 640.659 6.903 0 237.967 

-
198.688 89.641 

-
0.185 

-
128.466 

-
130.028 

-
130.492 438.002 

-
0.345 

-
35.474 0.503 1.942 -6.401 

-
3.797 

-
0.632 

-
14.213 

-
0.138 

-
0.060 0.389 

-
0.199 

-
4.036 5.290 1437.114 

  



XXXVIII 

A19 
The diagonal matrix P of the exergy value of products for the reference state x0. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

1 
115464.

534 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 
2555.1

61 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 
17743.7

93 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 
6018.0

00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 
9864.0

00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 
14946.4

43 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 
4161.5

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 
3556.6

51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 
16755.3

83 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
0 0 0 0 0 0 0 0 0 0 

230.7
68 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
1 0 0 0 0 0 0 0 0 0 0 

1.6
62 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
2 0 0 0 0 0 0 0 0 0 0 0 

59541.4
91 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
3 0 0 0 0 0 0 0 0 0 0 0 0 

1449.7
94 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
4 0 0 0 0 0 0 0 0 0 0 0 0 0 

1532.3
33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11359.4
13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15196.6
32 0 0 0 0 0 0 0 0 0 0 0 0 0 

1
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

892.1
82 0 0 0 0 0 0 0 0 0 0 0 0 

1
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

85.9
65 0 0 0 0 0 0 0 0 0 0 0 

1
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1446.4
55 0 0 0 0 0 0 0 0 0 0 

2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3593.2
36 0 0 0 0 0 0 0 0 0 

2
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

782.2
08 0 0 0 0 0 0 0 0 

2
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1970.5
40 0 0 0 0 0 0 0 

2
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

846.3
03 0 0 0 0 0 0 

2
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

53.8
42 0 0 0 0 0 

2
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

6.6
89 0 0 0 0 

2
6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1182.1
72 0 0 0 

2
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

113.5
26 0 0 

2
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

54785.0
00 0 

2
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15442.0
00 

 

  



XXXIX 

The matrix of the product of two matrices: the irreversibility operator matrix 𝑰𝑰⟩(𝒙𝟏) and matrix representing difference bestween specific exergy consumptions  ∆〈𝑲𝑷〉. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

1 0 0.013 0 0.018 0.022 0 0 0.023 -0.005 0.082 -0.047 
-

0.001 
-

0.025 
-

0.024 0.011 0 
-

0.011 0.002 0 0 -0.001 0 -0.005 -0.001 -0.004 -0.001 -0.003 0 0 

2 0 0.001 0 0.001 0.001 0 0 0.001 0 0.004 -0.002 0 
-

0.001 
-

0.001 0 0 
-

0.001 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 0.016 -0.009 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.001 0 -0.001 0 0.001 

5 0 0 0 0 0 0 0 0 0 0.025 -0.014 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.001 0 -0.001 0 0 

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 -0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 -0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 -0.006 0 0 

12 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

14 0 0 0 0.001 0.001 0 0 0.001 0 0.002 -0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

15 0 0 0 0.007 0.007 0.001 0 0.007 -0.001 0.028 -0.016 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.001 0.001 -0.001 0 0 

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

17 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

19 0 0 0 0.001 0.001 0 0 0.001 0 0.004 -0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

20 0 0 0 0 0.003 -0.001 0 0.003 -0.001 0.008 -0.004 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 

21 0 0 0 0 0 0 0 0.001 0 0.002 -0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

23 0 0 0 0.001 0.002 0 0 0.002 0 0.007 -0.004 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.007 0 0 0 

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 0 0 0 0 0.002 -0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

28 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

29 0 0 0 0 0 0 0 0 0 0.006 -0.003 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

  



XL 

A20 
Matrix of dysfunction of CCGT power plant. 

Component 
i 

2 3 6 7 8 9 10 11 12 13 16 17 18 19 20 21 22 23 24 25 26 27 28 30 31 32 34 35 36 DF_i 

2 
9.829 32.961 0 108.352 218.919 1.157 

-
0.003 81.316 -80.718 18.861 

-
0.078 

-
35.389 

-
35.913 

-
36.042 120.976 

-
0.099 -9.798 0.139 0.536 

-
1.768 

-
1.049 

-
0.270 

-
3.926 

-
0.058 

-
0.025 

-
1.291 

-
0.337 

-
1.112 2.093 387.265 

3 
13.933 1.529 0 5.027 10.157 0.054 0 3.773 -3.745 0.875 

-
0.004 -1.642 -1.666 -1.672 5.613 

-
0.005 -0.455 0.006 0.025 

-
0.082 

-
0.049 

-
0.013 

-
0.182 

-
0.003 

-
0.001 

-
0.060 

-
0.016 

-
0.052 0.097 31.444 

6 
0 0 0 1.349 1.960 0.334 0 0.728 -0.745 0.194 

-
0.001 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.001 0 0.042 

-
0.003 0 0.073 3.930 

7 
0 0 0 0.139 0.225 0.025 0 0.084 -3.345 3.705 

-
0.015 0 0 0 0 0.001 0 0 0 0 0 

-
0.001 0 

-
0.011 

-
0.005 0.084 

-
0.070 0 8.003 8.819 

8 
0 0 0 0.215 0.348 0.039 0 0.129 -5.160 5.715 

-
0.024 0 0 0 0 0.002 0 0 0 0 0 

-
0.001 0 

-
0.018 

-
0.008 0.130 

-
0.108 0 -6.536 -5.278 

9 0 0 0 0.002 0.347 0 0 0.129 -0.118 0.019 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.007 0 0 -0.021 0.363 

10 
0 0 0 0.008 1.815 -0.751 0 0.674 -0.617 0.097 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.037 

-
0.002 0 -0.110 1.151 

11 0 0 0 0 0 0 0 0 -15.833 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -15.833 

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 0 -12.515 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -12.515 

16 
0 0 0 0.108 0.250 -0.012 0 0.093 -0.091 0.020 0 0 0 0 0 0.001 0 0 0 0 0 

-
0.003 0 0 0 0.803 

-
0.704 0 0 0.465 

17 
0 0 0 1.032 2.084 0.011 0 0.774 -0.769 0.180 

-
0.001 0 -0.342 -0.343 1.152 

-
0.001 -0.093 0.001 0.005 

-
0.017 

-
0.010 

-
0.003 

-
0.037 

-
0.001 0 

-
0.012 

-
0.003 0 0.020 3.627 

18 
0 0 0 -0.046 -0.067 -0.011 0 -0.025 0.025 -0.007 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.001 0 0 -0.002 -0.134 

19 
0 0 0 4.009 5.826 0.992 0 2.164 -2.214 0.576 

-
0.002 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.002 

-
0.001 0.124 

-
0.010 0 0.217 11.679 

20 
0 0 0 44.930 65.973 10.839 

-
0.001 24.505 -25.044 6.496 

-
0.027 0 0 0 0 

-
0.196 0 0 0 0 0 

-
0.025 0 

-
0.020 

-
0.009 1.411 

-
0.117 0 2.394 131.111 

21 0 0 0 0.008 0.012 0.002 0 0.004 -0.004 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.023 

22 
0 0 0 1.048 1.539 0.253 0 0.572 -0.584 0.152 

-
0.001 0 0 0 0 0.009 0 0 0 0 0 

-
0.001 0 0 0 0.033 

-
0.003 0 0.056 3.073 

23 
0 0 0 0.010 2.278 -0.943 0 0.846 -0.775 0.122 

-
0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.046 

-
0.002 0 -0.139 1.444 

24 
0 0 0 5.939 8.720 1.433 0 3.239 -3.310 0.859 

-
0.004 0 0 0 0 0.053 0 0 0 0 0 

-
0.003 0 

-
0.003 

-
0.001 0.186 

-
0.015 0 0.316 17.408 

25 
0 0 0 0.151 32.972 

-
13.642 0.006 12.247 -11.210 1.771 

-
0.007 0 0 0 0 0.001 0 0 0 0 0 

-
0.002 0 

-
0.005 

-
0.002 0.668 

-
0.030 0 -2.007 20.910 

26 
0 0 0 2.100 4.849 -0.231 

-
0.002 1.801 -1.770 0.398 

-
0.002 0 0 0 0 0.019 0 0 0 0 0 

-
0.052 0 

-
0.001 

-
0.001 0.102 

-
0.007 0 0.003 7.206 

27 0 0 0 -0.001 -0.003 0 0 -0.001 0.001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.005 

28 
0 0 0 8.550 19.742 -0.940 

-
0.010 7.333 -7.208 1.620 

-
0.007 0 0 0 0 0.076 0 0 0 0 0 

-
0.210 0 

-
0.005 

-
0.002 

-
8.857 

-
0.029 0 0.013 20.067 

30 
0 0 0 0.422 0.620 0.102 0 0.230 -0.235 0.061 0 0 0 0 0 0.004 0 0 0 0 0 0 0 0 0 0.013 

-
0.001 0 0.023 1.238 

31 
0 0 0 0.077 0.177 -0.008 0 0.066 -0.065 0.015 0 0 0 0 0 0.001 0 0 0 0 0 

-
0.002 0 0 0 0.004 0 0 0 0.263 

32 
0 0 0 1.862 4.299 -0.205 

-
0.002 1.597 -1.569 0.353 

-
0.001 0 0 0 0 0.017 0 0 0 0 0 

-
0.046 0 

-
0.001 0 0.090 

-
0.006 0 0.003 6.388 

34 0 0 0 0.002 0.004 0 0 0.002 -0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.014 0 0 0 0.020 

35 
0.565 1.895 0 0.226 0.457 0.002 0 0.170 -0.169 0.039 0 -0.074 -0.075 -0.075 0.253 0 -0.020 0 0.001 

-
0.004 

-
0.002 

-
0.001 

-
0.008 0 0 

-
0.003 

-
0.001 

-
0.002 0.004 3.179 

36 
0 0 0 0.049 0.079 0.009 0 0.029 -1.174 1.300 

-
0.005 0 0 0 0 0 0 0 0 0 0 0 0 

-
0.004 

-
0.002 0.029 

-
0.025 0 0.002 0.288 

(DF) 
24.327 36.385 0 185.567 383.583 -1.491 

-
0.013 142.479 

-
178.963 43.423 

-
0.179 

-
37.105 

-
37.997 

-
38.132 127.993 

-
0.116 

-
10.366 0.147 0.568 

-
1.870 

-
1.110 

-
0.632 

-
4.153 

-
0.134 

-
0.058 

-
6.402 

-
1.491 

-
1.166 4.504   

                             

Sum 
columns 

627.598 

                             

Suma 
(DI) 

627.598 
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A21 
Graphical interpretation of exergy cost formation for all components of the CCGT plant in reference state x0 
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XLII 

Graphical interpretation of exergy cost formation for all components of the CCGT plant in operational state x1 
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B 
CCGT integrated with LNG regasyfication system with all exergy flows defined  

 

  



XLIV 

B1 
List of components of the analyzed CCGT plant integrated with LNG regasification 

Component number j Description of the component 

2 Gas Turbine 

3 Fuel Compressor 

6 Pipe 

7 ST 1: ST Group 

8 ST 2: ST Group 

9 Mixer 

10 Pipe 

11 General Condenser 

12 Pipe 

13 Pipe 

16 Pump 

17 HRSG 1: Duct - GT to Horizontal HRSG 

18 HRSG 1: Superheater 

19 HRSG 1: Superheater 

20 HRSG 1: Evaporator (PCE) 

21 Splitter 

22 HRSG 1: Economiser (PCE) 

23 HRSG 1: Superheater (PCE) 

24 HRSG 1: Economiser (PCE) 

25 HRSG 1: Evaporator (PCE) 

26 HRSG 1: Economiser (PCE) 

27 Splitter 

28 HRSG 1: Economiser (PCE) 

30 Pump (PCE) 

31 Pump (PCE) 

32 Deaerator 

34 Makeup / Blowdown 

35 Refrigerant Turbine 

36 Refrigerant Pump 

37 General HX-SS 

40 Fuel Pump 

41 General HX-SS 

42 Fuel Turbine 

43 General HX-SS 

46 Brine Pump 

49 Brine Pump 

51 Generator 1 

52 Generator 2 

53 Generator 3 

54 Generator 4 

 

  



XLV 

B2 
Comparison of thermodynamic parameters for individual flow streams for reference state x0 

Stream j p [bar] T [°C] m [kg/s] h [kJ/kg] s [kJ/kgK] b_f [kJ/kg]  Stream j E [kW] 

Air 1 1.013 20 154.4 20.117 0.000 19.867  60 55638 

Fuel 2 55.32 371.9 2.745 1824.431 6.638 1247.232  61 853.3 

Fuel 3 1.034 2 2.745 832.356 6.413 316.390  62 50807 

Water 4 55.32 20 3.507 89.105 0.295 8.429  63 3846 

Steam 5 29 399 13.28 3231.104 6.938 1336.087  64 132 

Steam 6 3.1 152.9 12.95 2766.645 7.077 833.482  65 6019 

Steam 7 3.1 164.2 4.939 2790.798 7.133 842.351  66 9860 

Steam 8 3.1 156 17.89 2773.314 7.093 835.891  67 439.6 

Steam 9 0.04 28.98 18.21 2235.081 7.419 208.620  68 8372.442 

Ammonia 10 4 25 24.66 1670.822 6.355 484.509  69 6968 

Ammonia 11 4 -50.77 24.66 115.393 0.550 515.139  70 9.838 

Sea Water 12 1.064 15 1475.6 57.559 0.191 8.015  71 77.24 

Sea Water 13 1.014 15 1475.6 57.555 0.191 8.010  72 12.48 

Water 14 0.3989 28.98 18.21 121.503 0.423 6.044  73 28.38 

Flue Gas 15 1.032 420.4 159.9 895.815 7.730 372.369  74 5207 

Flue Gas 16 1.031 406.2 159.9 879.561 7.707 362.505  75 176.8 

Steam 17 30.41 318.2 13.28 3038.624 6.611 1232.688  76 5030 

Flue Gas 18 1.03 388.8 159.9 859.720 7.677 350.667  77 4419 

Steam 19 30.99 235.7 13.6 2803.318 6.173 1117.119  78 154.9 

Steam 20 30.99 235.7 13.28 2803.318 6.173 1117.119  79 4244.49 

Flue Gas 21 1.022 250.6 159.9 705.046 7.418 266.907  80 15.04 

Water/Steam 22 30.99 231.6 13.67 997.752 2.624 280.895  81 4.47 

Flue Gas 23 1.021 239 159.9 692.286 7.393 260.797    

Flue Gas 24 1.021 237.3 159.9 690.419 7.390 259.927    

Water/Steam 25 31.31 199.2 13.67 849.322 2.320 215.482    

Flue Gas 26 1.019 215.3 159.9 666.314 7.342 248.849    

Steam 27 3.434 138.2 4.939 2731.110 6.947 833.648    

Flue Gas 28 1.016 153.2 159.9 598.835 7.195 221.485    

Water 29 3.434 134.2 18.63 564.348 1.679 105.779    

Water 30 3.434 134.2 4.964 564.348 1.679 105.779    

Flue Gas 31 1.014 138 159.9 582.432 7.157 215.623    

Flue Gas 32 1.013 110.1 159.9 552.425 7.081 206.180    

Water 33 31.92 135 13.67 569.655 1.684 109.579    

Water 34 3.537 101.2 18.63 424.415 1.321 63.696    

Water 35 1.054 91.11 18.31 381.735 1.206 52.395    

Steam 36 30.99 235.7 0.3242 2803.318 6.173 1117.119    

Water 37 1.086 29.03 18.31 121.775 0.423 6.133    

Flue Gas 38 1.037 422.4 159.9 898.108 7.732 374.152    

Water 39 3.434 134.2 13.67 564.348 1.679 105.779    

Water 40 1.054 101.1 18.63 423.807 1.319 63.421    

Steam 41 29.94 400.8 13.28 3233.611 6.927 1341.438    

Steam 42 3.302 166 4.939 2793.231 7.110 851.037    

Water 43 1.086 29.07 18.21 121.942 0.424 6.149    

Make-up water 44 1.086 20 0.094 84.014 0.296 3.026    

Ammonia 45 0.4 -50.53 24.66 116.116 0.556 193.503    

Ammonia 46 0.4 -51.03 24.66 113.939 0.546 514.706    

LNG 48 1.41 -162 97.95 -1.742 -0.016 1243.957    

LNG 49 150 -148.8 97.95 65.264 0.253 1259.817    

LNG 50 150 -59.96 97.95 401.843 2.270 1138.187    

LNG 51 150 9.98 97.95 710.682 3.530 987.315    

LNG 52 84 -25.42 97.95 664.438 3.579 926.438    

LNG 53 84 0.8116 97.95 753.674 3.922 923.734    

Sea Water 54 1.014 20 1475.6 76.779 0.253 10.330    

Sea Water 55 1.064 20 1475.6 76.783 0.253 10.335    

Sea Water 56 1.064 15 423.4 57.559 0.191 8.015    

Sea Water 57 1.014 20 423.4 76.779 0.253 10.330    

Sea Water 58 1.064 20 423.4 76.783 0.253 10.335    

Sea Water 59 1.014 15 423.4 57.555 0.191 8.010    

 

  



XLVI 

Comparison of thermodynamic parameters for individual flow streams for operational state x1 

Stream j p [bar] T [°C] m [kg/s] h [kJ/kg] s [kJ/kgK] b_f [kJ/kg]  Stream j E [kW] 

Air 1 1.013 20 156.3 20.12 0.00 19.87  60 56943 

Fuel 2 55.32 371.9 2.801 1824.43 6.64 1247.23  61 869.2 

Fuel 3 1.034 2 2.801 832.36 6.41 316.39  62 52016 

Water 4 55.32 20.02 3.652 89.19 0.30 8.43  63 3925 

Steam 5 29 399 13.55 3231.10 6.94 1336.09  64 132 

Steam 6 3.1 162.8 13.22 2787.83 7.13 841.24  65 5843 

Steam 7 3.1 164.2 4.991 2790.80 7.13 842.35  66 9250 

Steam 8 3.1 163.2 18.21 2788.68 7.13 841.56  67 423.3 

Steam 9 0.05 32.88 18.54 2560.74 8.39 267.95  68 7134.65 

Ammonia 10 4 25 25.61 1670.82 6.35 484.51  69 7434 

Ammonia 11 4 -50.77 25.61 115.39 0.55 515.14  70 9.88 

Sea Water 12 1.064 15 1391.6 57.56 0.19 8.01  71 78.78 

Sea Water 13 1.014 15 1391.6 57.55 0.19 8.01  72 12.69 

Water 14 0.4089 32.89 18.54 137.85 0.48 7.71  73 30.34 

Flue Gas 15 1.032 421.5 162 899.81 7.73 373.48  74 5405 

Flue Gas 16 1.031 407.2 162 883.42 7.71 363.52  75 182.1 

Steam 17 30.41 318.2 13.55 3038.62 6.61 1232.69  76 5223 

Flue Gas 18 1.03 389.8 162 863.56 7.68 351.66  77 4249 

Steam 19 30.99 235.7 13.88 2803.32 6.17 1117.12  78 150.1 

Steam 20 30.99 235.7 13.55 2803.32 6.17 1117.12  79 4080.419 

Flue Gas 21 1.022 250.7 162 707.72 7.42 267.21  80 14.2 

Water/Steam 22 30.99 231.6 13.95 997.75 2.62 280.89  81 4.381 

Flue Gas 23 1.021 238.9 162 694.72 7.39 260.99    

Flue Gas 24 1.021 237.2 162 692.86 7.39 260.12    

Water/Steam 25 31.31 199.2 13.95 849.32 2.32 215.48    

Flue Gas 26 1.019 215 162 668.51 7.34 248.94    

Steam 27 3.434 138.2 4.991 2731.11 6.95 833.65    

Flue Gas 28 1.016 153.2 162 601.30 7.20 221.69    

Water 29 3.434 134.2 18.96 564.35 1.68 105.78    

Water 30 3.434 134.2 5.016 564.35 1.68 105.78    

Flue Gas 31 1.014 137.9 162 584.78 7.16 215.79    

Flue Gas 32 1.013 111.6 162 556.46 7.09 206.84    

Water 33 31.92 135 13.95 569.66 1.68 109.58    

Water 34 3.537 101.2 18.96 424.41 1.32 63.70    

Water 35 1.054 91.11 18.64 381.73 1.21 52.39    

Steam 36 30.99 235.7 0.3291 2803.32 6.17 1117.12    

Water 37 1.086 32.92 18.64 138.03 0.48 7.79    

Flue Gas 38 1.037 423.5 162 902.11 7.73 375.26    

Water 39 3.434 134.2 13.95 564.35 1.68 105.78    

Water 40 1.054 101.1 18.96 423.81 1.32 63.42    

Steam 41 29.94 400.8 13.55 3233.61 6.93 1341.44    

Steam 42 3.302 166 4.991 2793.23 7.11 851.04    

Water 43 1.086 32.98 18.54 138.28 0.48 7.82    

Make-up water 44 1.086 20 0.094 84.01 0.30 3.03    

Ammonia 45 0.4 -50.53 25.61 116.12 0.56 193.50    

Ammonia 46 0.4 -51.03 25.61 113.94 0.55 514.71    

LNG 48 1.41 -162 97.95 -1.74 -0.02 1243.96    

LNG 49 150 -147.5 97.95 69.68 0.29 1256.61    

LNG 50 150 -56.18 97.95 419.12 2.35 1136.04    

LNG 51 150 9.98 97.95 710.68 3.53 987.32    

LNG 52 84 -24.96 97.95 666.19 3.59 926.34    

LNG 53 84 0.8116 97.95 753.67 3.92 923.73    

Sea Water 54 1.014 20 1391.6 76.78 0.25 10.33    

Sea Water 55 1.064 20 1391.6 76.78 0.25 10.34    

Sea Water 56 1.064 15 414.6 57.56 0.19 8.01    

Sea Water 57 1.014 20 414.6 76.78 0.25 10.33    

Sea Water 58 1.064 20 414.6 76.78 0.25 10.34    

Sea Water 59 1.014 15 414.6 57.55 0.19 8.01    

 



XLVII 

B3 
Exergy values for CCGT plant integrated with LNG regasification for reference and operational conditions 

Steam j Stream 
Exergy [kW] 

X0 

Exergy [kW] 

X1 
Steam j Stream 

Exergy [kW] 

X0 

Exergy [kW] 

X1 

1 Air 3067.535 3105.283 41 Steam 17814.3 18176.49 

2 Fuel 3423.653 3493.498 42 Steam 4203.274 4247.528 

3 Fuel 868.4913 886.2091 43 Water 111.9696 144.8989 

4 Water 29.56093 30.80393 44 Make-up water 0.284406 0.284406 

5 Steam 17743.23 18103.97 45 Ammonia 4771.789 4955.617 

6 Steam 10793.59 11121.18 46 Ammonia 12692.66 13181.63 

7 Steam 4160.373 4204.176 48 LNG 121845.6 121845.6 

8 Steam 14954.09 15324.74 49 LNG 123399.1 123084.9 

9 Steam 3798.968 4967.815 50 LNG 111485.4 111275.5 

10 Ammonia 11947.98 12408.27 51 LNG 96707.54 96707.54 

11 Ammonia 12703.33 13192.72 52 LNG 90744.56 90734.79 

12 Bine 11826.66 11153.42 53 LNG 90479.77 90479.77 

13 Bine 11819.71 11146.86 54 Brine 15243.53 14375.78 

14 Water 110.066 142.9001 55 Brine 15250.48 14382.33 

15 Flue Gas 59541.84 60503.38 56 Brine 3393.473 3322.943 

16 Flue Gas 57964.52 58890.69 57 Brine 4373.889 4282.982 

17 Steam 16370.1 16702.93 58 Brine 4375.883 4284.934 

18 Flue Gas 56071.68 56968.83 59 Brine 3391.477 3320.988 

19 Steam 15192.82 15505.61 60 Shaft power to G1 55638 56943 

20 Steam 14835.34 15136.96 61 Heat from G1 853.3 869.2 

21 Flue Gas 42678.38 43287.51 62 Net electricity from G1 50807 52016 

22 Water/Steam 3839.832 3918.483 63 Power to Fuel Compressor 3846 3925 

23 Flue Gas 41701.43 42280.01 64 Power to GT aux 132 132 

24 Flue Gas 41562.36 42139.02 65 ST case 2 shaft power 6019 5843 

25 Water/Steam 2945.645 3005.981 66 ST case 1 shaft power 9860 9250 

26 Flue Gas 39790.91 40327.57 67 Heat from G2 439.6 423.3 

27 Steam 4117.388 4160.737 68 Net electricity from G2 8372.442 7134.65 

28 Flue Gas 35415.43 35914.19 69 Power to LNG pump 6968 7434 

29 Water 1970.658 2005.565 70 Power to Pump 16 9.838 9.88 

30 Water 525.0856 530.5861 71 Power to Pump 30 77.24 78.78 

31 Flue Gas 34478.17 34957.94 72 Power to Pump 31 12.48 12.69 

32 Flue Gas 
32968.18 33508.04 

73 
Shaft power to ammonia 

pump 28.38 30.34 

33 Water 1497.943 1528.625 74 Shaft power to G3 5207 5405 

34 Water 1186.665 1207.685 75 Heat from G3 176.8 182.1 

35 Water 959.3485 976.6388 76 Net electricity from G3 5030 5223 

36 Steam 362.1699 367.6438 77 Shaft power to G4 4419 4249 

37 Water 112.2902 145.1773 78 Heat from G4 154.9 150.1 

38 Flue Gas 59826.88 60792.71 79 Net electricity from G4 4244.49 4080.419 

39 Water 1445.995 1475.613 80 Power to Pump 46 15.04 14.2 

40 Water 1181.538 1202.467 81 Power to Pump 49 4.47 4.381 

 

  



XLVIII 

B4 
Values of vectors for exergy flows of fuels, products and irreversibility of the CCGT power plant integrated with LNG regasification for the reference state x0 and operation state x1 

 

 i Fb (x=x0) Pb (x=x0) Ib (x=x0) Fb (x=x1) Pb (x=x1) Ib (x=x1) 

Gas Turbine (GT PRO) 2 146025.85 115464.88 30560.97 148978.00 117735.71 31242.29 

Fuel Compressor 3 3846.00 2555.16 1290.84 3925.00 2607.29 1317.71 

Pipe (PCE) 6 17814.30 17743.23 71.07 18176.49 18103.97 72.51 

ST 1: ST Group 7 6949.64 6019.00 930.64 6982.79 5843.00 1139.79 

ST 1: ST Group 8 11155.12 9860.00 1295.12 10356.93 9250.00 1106.93 

Mixer 9 14953.97 14954.09 -0.12 15325.36 15324.74 0.61 

Pipe (PCE) 10 4203.27 4160.37 42.90 4247.53 4204.18 43.35 

General Condenser 11 3688.90 755.35 4444.25 4824.92 784.45 5609.36 

Pipe (PCE) 12 11826.66 11819.71 6.96 11153.42 11146.86 6.56 

Pipe (PCE) 13 3393.47 3391.48 2.00 3322.94 3320.99 1.95 

Pump (PCE) 16 9.84 1.90 7.93 9.88 2.00 7.88 

HRSG 1: Duct - GT to Horizontal HRSG 17 59826.88 59541.84 285.04 60792.71 60503.38 289.32 

HRSG 1: Superheater (PCE) 18 1577.32 1444.20 133.12 1612.69 1473.56 139.13 

HRSG 1: Superheater (PCE) 19 1892.84 1534.76 358.07 1921.86 1565.96 355.90 

HRSG 1: Evaporator (PCE) 20 13393.31 11352.98 2040.32 13681.31 11587.13 2094.19 

Splitter 21 15192.82 15197.51 -4.69 15505.61 15504.60 1.01 

HRSG 1: Economiser (PCE) 22 976.94 894.19 82.75 1007.50 912.50 95.00 

HRSG 1: Superheater (PCE) 23 139.07 85.89 53.19 140.99 86.79 54.20 

HRSG 1: Economiser (PCE) 24 1771.45 1447.70 323.75 1811.45 1477.36 334.09 

HRSG 1: Evaporator (PCE) 25 4375.48 3592.30 783.18 4413.38 3630.15 783.23 

HRSG 1: Economiser (PCE) 26 937.26 783.99 153.27 956.25 797.88 158.37 

Splitter 27 1970.66 1971.08 -0.42 2005.56 2006.20 -0.63 

HRSG 1: Economiser (PCE) 28 1509.99 847.06 662.93 1449.91 831.46 618.44 

Pump (PCE) 30 77.24 51.95 25.29 78.78 53.01 25.77 

Pump (PCE) 31 12.48 5.13 7.35 12.69 5.22 7.47 

Deaerator 32 1321.52 1181.54 139.98 1344.28 1202.47 141.82 

Makeup / Blowdown 34 112.25 112.29 -0.04 145.18 145.18 0.01 

Refrigerant Turbine 35 7176.19 5235.38 1940.81 7452.65 5435.34 2017.31 

Refrigerant Pump 36 28.38 10.68 17.70 30.34 11.09 19.25 

General HX-SS 37 11913.65 7920.87 3992.78 11809.35 8226.01 3583.34 

Fuel Pump 40 6968.00 1553.48 5414.52 7434.00 1239.26 6194.74 

General HX-SS 41 14777.88 3423.82 18201.69 14567.97 3228.91 17796.88 

Fuel Turbine 42 5962.98 4419.00 1543.98 5972.75 4249.00 1723.75 

General HX-SS 43 982.41 264.79 717.62 961.99 255.03 706.96 

Brine Pump 46 15.04 6.95 8.09 14.20 6.55 7.65 

Brine Pump 49 4.47 1.99 2.48 4.38 1.95 2.43 

Generator 1 51 55638.00 54785.00 853.00 56943.00 56073.00 870.00 

Generator 2 52 15879.00 15440.00 439.00 15093.00 14670.00 423.00 

Generator 3 53 5207.00 5030.00 177.00 5405.00 5223.00 182.00 

Generator 4 54 4419.00 4264.00 155.00 4249.00 4099.00 150.00 
 

  



XLIX 

B5 
Values of exergy efficiency and specific consumption of exergy for individual components of CCGT plant integrated with LNG regasification in the for the reference state x0 and operation state x1 

 

 i ηB x=x0 kB x=x0 ηB x=x1 kB x=x1 

Gas Turbine (GT PRO) 2 0.79 1.265 0.79 1.27 

Fuel Compressor 3 0.66 1.505 0.66 1.51 

Pipe (PCE) 6 1.00 1.004 1.00 1.00 

ST 1: ST Group 7 0.87 1.155 0.84 1.20 

ST 1: ST Group 8 0.88 1.131 0.89 1.12 

Mixer 9 1.00 1.000 1.00 1.00 

Pipe (PCE) 10 0.99 1.010 0.99 1.01 

General Condenser 11 0.20 4.884 0.16 6.15 

Pipe (PCE) 12 1.00 1.001 1.00 1.00 

Pipe (PCE) 13 1.00 1.001 1.00 1.00 

Pump (PCE) 16 0.19 5.168 0.20 4.94 
HRSG 1: Duct - GT to Horizontal 
HRSG 

17 
1.00 1.005 1.00 1.00 

HRSG 1: Superheater (PCE) 18 0.92 1.092 0.91 1.09 

HRSG 1: Superheater (PCE) 19 0.81 1.233 0.81 1.23 

HRSG 1: Evaporator (PCE) 20 0.85 1.180 0.85 1.18 

Splitter 21 1.00 1.000 1.00 1.00 

HRSG 1: Economiser (PCE) 22 0.92 1.093 0.91 1.10 

HRSG 1: Superheater (PCE) 23 0.62 1.619 0.62 1.62 

HRSG 1: Economiser (PCE) 24 0.82 1.224 0.82 1.23 

HRSG 1: Evaporator (PCE) 25 0.82 1.218 0.82 1.22 

HRSG 1: Economiser (PCE) 26 0.84 1.195 0.83 1.20 

Splitter 27 1.00 1.000 1.00 1.00 

HRSG 1: Economiser (PCE) 28 0.56 1.783 0.57 1.74 

Pump (PCE) 30 0.67 1.487 0.67 1.49 

Pump (PCE) 31 0.41 2.434 0.41 2.43 

Deaerator 32 0.89 1.118 0.89 1.12 

Makeup / Blowdown 34 1.00 1.000 1.00 1.00 

Refrigerant Turbine 35 0.73 1.371 0.73 1.37 

Refrigerant Pump 36 0.38 2.658 0.37 2.74 

General HX-SS 37 0.66 1.504 0.70 1.44 

Fuel Pump 40 0.22 4.485 0.17 6.00 

General HX-SS 41 0.23 4.316 0.22 4.51 

Fuel Turbine 42 0.74 1.349 0.71 1.41 

General HX-SS 43 0.27 3.710 0.27 3.77 

Brine Pump 46 0.46 2.165 0.46 2.17 

Brine Pump 49 0.45 2.242 0.45 2.24 

Generator 1 51 0.98 1.016 0.98 1.02 

Generator 2 52 0.97 1.028 0.97 1.03 

Generator 3 53 0.97 1.035 0.97 1.03 

Generator 4 54 0.96 1.036 0.96 1.04 
 

  



L 

B6 
Values of exergy, exergy costs and specific exergy costs for all streams of CCGT plant integrated with LNG regasification for reference statate x0 

j Stream B* B kj*  j Stream B* B kj* 

1 Air 3067.54 3067.54 1.00  45 Ammonia 12626.85 4771.79 2.65 

2 Fuel 145266.17 142796.75 1.02  46 Ammonia 25639.24 12692.66 2.02 

3 Fuel 140241.59 140241.59 1.00  48 LNG 121845.59 121845.59 1.00 

4 Water 29.56 29.56 1.00  49 LNG 134779.51 123399.07 1.09 

5 Steam 27821.11 17743.23 1.57  50 LNG 121767.12 111485.41 1.09 

6 Steam 16924.19 10793.59 1.57  51 LNG 105626.36 96707.54 1.09 

7 Steam 6887.63 4160.37 1.66  52 LNG 99113.44 90744.56 1.09 

8 Steam 23811.82 14954.09 1.59  53 LNG 98129.95 90479.77 1.08 

9 Steam 6049.20 3798.97 1.59  54 Brine 15243.53 15243.53 1.00 

10 Ammonia 31616.12 11947.98 2.65  55 Brine 15266.50 15250.48 1.00 

11 Ammonia 25742.18 12703.33 2.03  56 Brine 3397.22 3393.47 1.00 

12 Bine 31407.26 11826.66 2.66  57 Brine 4373.89 4373.89 1.00 

13 Bine 31407.26 11819.71 2.66  58 Brine 4380.72 4375.88 1.00 

14 Water 175.26 110.07 1.59  59 Brine 3397.22 3391.48 1.00 

15 Flue Gas 76962.18 59541.84 1.29  60 Shaft power to G1 71573.54 55638.00 1.29 

16 Flue Gas 74923.38 57964.52 1.29  61 Heat from G1 1.31 1.00 1.31 

17 Steam 25782.32 16370.10 1.57  62 Net electricity from G1 66376.51 50807.00 1.31 

18 Flue Gas 72476.75 56071.68 1.29  63 Power to Fuel Compressor 5024.58 3846.00 1.31 

19 Steam 23905.37 15192.82 1.57  64 Power to GT aux 172.45 132.00 1.31 

20 Steam 23335.69 14835.34 1.57  65 ST case 2 shaft power 10896.92 6019.00 1.81 

21 Flue Gas 55164.92 42678.38 1.29  66 ST case 1 shaft power 17762.61 9860.00 1.80 

22 Water/Steam 6593.54 3839.83 1.72  67 Heat from G2 1.86 1.00 1.86 

23 Flue Gas 53902.16 41701.43 1.29  68 Net electricity from G2 15540.82 8372.44 1.86 

24 Flue Gas 53722.39 41562.36 1.29  69 Power to LNG pump 12933.92 6968.00 1.86 

25 Water/Steam 5330.78 2945.65 1.81  70 Power to Pump 16 18.26 9.84 1.86 

26 Flue Gas 51432.66 39790.91 1.29  71 Power to Pump 30 143.37 77.24 1.86 

27 Steam 6707.87 4117.39 1.63  72 Power to Pump 31 23.17 12.48 1.86 

28 Flue Gas 45777.03 35415.43 1.29  73 
Shaft power to ammonia 

pump 
102.94 28.38 3.63 

29 Water 3949.91 1970.66 2.00  74 Shaft power to G3 18886.33 5207.00 3.63 

30 Water 1052.23 525.09 2.00  75 Heat from G3 3.75 1.00 3.75 

31 Flue Gas 44565.56 34478.17 1.29  76 Net electricity from G3 18886.33 5030.00 3.75 

32 Flue Gas 42613.78 32968.18 1.29  77 Shaft power to G4 6512.91 4419.00 1.47 

33 Water 3041.04 1497.94 2.03  78 Heat from G4 1.53 1.00 1.53 

34 Water 2738.43 1186.67 2.31  79 Net electricity from G4 6483.11 4244.49 1.53 

35 Water 2145.58 959.35 2.24  80 Power to Pump 46 22.97 15.04 1.53 

36 Steam 569.69 362.17 1.57  81 Power to Pump 49 6.83 4.47 1.53 

37 Water 193.81 112.29 1.73       

38 Flue Gas 76962.18 59826.88 1.29       

39 Water 2897.67 1446.00 2.00       

40 Water 2715.27 1181.54 2.30       

41 Steam 27821.11 17814.30 1.56       

42 Steam 6887.63 4203.27 1.64       

43 Water 193.52 111.97 1.73       

44 
Make-up 

water 
0.28 0.28 1.00       

 



LI 

B7 
Values of exergy, exergy costs and specific exergy costs for all streams of CCGT plant integrated with LNG regasification for operational state x1 

j Stream B* B kj*  j Stream B* B kj* 

1 Air 3105.28 3105.28 1.00  45 Ammonia 13841.32 4955.62 2.79 

2 Fuel 148233.01 145709.91 1.02  46 Ammonia 26865.26 13181.63 2.04 

3 Fuel 143102.62 143102.62 1.00  48 LNG 121845.59 121845.59 1.00 

4 Water 30.80 30.80 1.00  49 LNG 135744.19 123084.86 1.10 

5 Steam 28392.38 18103.97 1.57  50 LNG 122720.24 111275.51 1.10 

6 Steam 17441.30 11121.18 1.57  51 LNG 106653.95 96707.54 1.10 

7 Steam 6937.49 4204.18 1.65  52 LNG 100066.91 90734.79 1.10 

8 Steam 24378.79 15324.74 1.59  53 LNG 99103.77 90479.77 1.10 

9 Steam 7902.86 4967.82 1.59  54 Brine 14375.78 14375.78 1.00 

10 Ammonia 34656.99 12408.27 2.79  55 Brine 14398.60 14382.33 1.00 

11 Ammonia 26981.46 13192.72 2.05  56 Brine 3326.89 3322.94 1.00 

12 Bine 30464.89 11153.42 2.73  57 Brine 4282.98 4282.98 1.00 

13 Bine 30464.89 11146.86 2.73  58 Brine 4290.02 4284.93 1.00 

14 Water 227.33 142.90 1.59  59 Brine 3326.89 3320.99 1.00 

15 Flue Gas 78248.36 60503.38 1.29  60 Shaft power to G1 73293.27 56943.00 1.29 

16 Flue Gas 76162.68 58890.69 1.29  61 Heat from G1 1.31 1.00 1.31 

17 Steam 26306.71 16702.93 1.57  62 Net electricity from G1 67990.35 52016.00 1.31 

18 Flue Gas 73677.16 56968.83 1.29  63 Power to Fuel Compressor 5130.39 3925.00 1.31 

19 Steam 24399.75 15505.61 1.57  64 Power to GT aux 172.54 132.00 1.31 

20 Steam 23821.18 15136.96 1.57  65 ST case 2 shaft power 10951.09 5843.00 1.87 

21 Flue Gas 55983.26 43287.51 1.29  66 ST case 1 shaft power 16475.93 9250.00 1.78 

22 Water/Steam 6705.85 3918.48 1.71  67 Heat from G2 1.87 1.00 1.87 

23 Flue Gas 54680.27 42280.01 1.29  68 Net electricity from G2 13338.93 7134.65 1.87 

24 Flue Gas 54497.93 42139.02 1.29  69 Power to LNG pump 13898.60 7434.00 1.87 

25 Water/Steam 5402.86 3005.98 1.80  70 Power to Pump 16 18.47 9.88 1.87 

26 Flue Gas 52155.21 40327.57 1.29  71 Power to Pump 30 147.29 78.78 1.87 

27 Steam 6755.15 4160.74 1.62  72 Power to Pump 31 23.73 12.69 1.87 

28 Flue Gas 46447.43 35914.19 1.29  73 Shaft power to ammonia pump 116.19 30.34 3.83 

29 Water 3960.22 2005.56 1.97  74 Shaft power to G3 20699.48 5405.00 3.83 

30 Water 1047.37 530.59 1.97  75 Heat from G3 3.96 1.00 3.96 

31 Flue Gas 45210.72 34957.94 1.29  76 Net electricity from G3 20699.48 5223.00 3.96 

32 Flue Gas 43335.58 33508.04 1.29  77 Shaft power to G4 6587.05 4249.00 1.55 

33 Water 3060.14 1528.62 2.00  78 Heat from G4 1.61 1.00 1.61 

34 Water 2723.52 1207.68 2.26  79 Net electricity from G4 6557.19 4080.42 1.61 

35 Water 2121.23 976.64 2.17  80 Power to Pump 46 22.82 14.20 1.61 

36 Steam 578.56 367.64 1.57  81 Power to Pump 49 7.04 4.38 1.61 

37 Water 246.08 145.18 1.70       

38 Flue Gas 78248.36 60792.71 1.29       

39 Water 2912.85 1475.61 1.97       

40 Water 2699.80 1202.47 2.25       

41 Steam 28392.38 18176.49 1.56       

42 Steam 6937.49 4247.53 1.63       

43 Water 245.80 144.90 1.70       

44 Make-up water 0.28 0.28 1.00       

 

  



LII 

B8 
The values of streams, cumulative stream values and exergy costs of fuels and products of individual components of CCGT plant integrated with LNG regasification for the reference state x0. 

i Component F F* kF* P P* kP* k k 

2 Gas Turbine (GT PRO) 146025.85 148535.72 1.02 115464.88 148535.72 1.29 1.26 1.26 

3 Fuel Compressor 3846.00 5024.58 1.31 2555.16 5024.58 1.97 1.51 1.51 

6 Pipe (PCE) 17814.30 27821.11 1.56 17743.23 27821.11 1.57 1.00 1.00 

7 ST 1: ST Group 6949.64 10896.92 1.57 6019.00 10896.92 1.81 1.15 1.15 

8 ST 1: ST Group 11155.12 17762.61 1.59 9860.00 17762.61 1.80 1.13 1.13 

9 Mixer 14953.97 23811.82 1.59 14954.09 23811.82 1.59 1.00 1.00 

10 Pipe (PCE) 4203.27 6887.63 1.64 4160.37 6887.63 1.66 1.01 1.01 

11 General Condenser 3688.90 5873.94 1.59 755.35 5873.94 7.78 4.88 4.88 

12 Pipe (PCE) 11826.66 31407.26 2.66 11819.71 31407.26 2.66 1.00 1.00 

13 Pipe (PCE) 3393.47 3397.22 1.00 3391.48 3397.22 1.00 1.00 1.00 

16 Pump (PCE) 9.84 18.26 1.86 1.90 18.26 9.59 5.17 5.17 

17 HRSG 1: Duct - GT to Horizontal HRSG 59826.88 76962.18 1.29 59541.84 76962.18 1.29 1.00 1.00 

18 HRSG 1: Superheater (PCE) 1577.32 2038.80 1.29 1444.20 2038.80 1.41 1.09 1.09 

19 HRSG 1: Superheater (PCE) 1892.84 2446.63 1.29 1534.76 2446.63 1.59 1.23 1.23 

20 HRSG 1: Evaporator (PCE) 13393.31 17311.83 1.29 11352.98 17311.83 1.52 1.18 1.18 

21 Splitter 15192.82 23905.37 1.57 15197.51 23905.37 1.57 1.00 1.00 

22 HRSG 1: Economiser (PCE) 976.94 1262.77 1.29 894.19 1262.77 1.41 1.09 1.09 

23 HRSG 1: Superheater (PCE) 139.07 179.76 1.29 85.89 179.76 2.09 1.62 1.62 

24 HRSG 1: Economiser (PCE) 1771.45 2289.73 1.29 1447.70 2289.73 1.58 1.22 1.22 

25 HRSG 1: Evaporator (PCE) 4375.48 5655.63 1.29 3592.30 5655.63 1.57 1.22 1.22 

26 HRSG 1: Economiser (PCE) 937.26 1211.47 1.29 783.99 1211.47 1.55 1.20 1.20 

27 Splitter 1970.66 3949.91 2.00 1971.08 3949.91 2.00 1.00 1.00 

28 HRSG 1: Economiser (PCE) 1509.99 1951.77 1.29 847.06 1951.77 2.30 1.78 1.78 

30 Pump (PCE) 77.24 143.37 1.86 51.95 143.37 2.76 1.49 1.49 

31 Pump (PCE) 12.48 23.17 1.86 5.13 23.17 4.52 2.43 2.43 

32 Deaerator 1321.52 2715.27 2.05 1181.54 2715.27 2.30 1.12 1.12 

34 Makeup / Blowdown 112.25 193.81 1.73 112.29 193.81 1.73 1.00 1.00 

35 Refrigerant Turbine 7176.19 18989.27 2.65 5235.38 18989.27 3.63 1.37 1.37 

36 Refrigerant Pump 28.38 102.94 3.63 10.68 102.94 9.64 2.66 2.66 

37 General HX-SS 11913.65 13012.39 1.09 7920.87 13012.39 1.64 1.50 1.50 

40 Fuel Pump 6968.00 12933.92 1.86 1553.48 12933.92 8.33 4.49 4.49 

41 General HX-SS 14777.88 16140.76 1.09 3423.82 16140.76 4.71 4.32 4.32 

42 Fuel Turbine 5962.98 6512.91 1.09 4419.00 6512.91 1.47 1.35 1.35 

43 General HX-SS 982.41 983.50 1.00 264.79 983.50 3.71 3.71 3.71 

46 Brine Pump 15.04 22.97 1.53 6.95 22.97 3.31 2.16 2.16 

49 Brine Pump 4.47 6.83 1.53 1.99 6.83 3.42 2.24 2.24 

51 Generator 1 55638.00 71573.54 1.29 54785.00 71573.54 1.31 1.02 1.02 

52 Generator 2 15879.00 28659.54 1.80 15440.00 28659.54 1.86 1.03 1.03 

53 Generator 3 5207.00 18886.33 3.63 5030.00 18886.33 3.75 1.04 1.04 

54 Generator 4 4419.00 6512.91 1.47 4264.00 6512.91 1.53 1.04 1.04 

 

 

  



LIII 

B9 
The values of streams, cumulative stream values and exergy costs of fuels and products of individual components of CCGT plant integrated with LNG regasification for the operational state x1. 

i Component F F* kF* P P* kP* k k 

2 Gas Turbine (GT PRO) 148978.00 151541.63 1.02 117735.71 151541.63 1.29 1.27 1.27 

3 Fuel Compressor 3925.00 5130.39 1.31 2607.29 5130.39 1.97 1.51 1.51 

6 Pipe (PCE) 18176.49 28392.38 1.56 18103.97 28392.38 1.57 1.00 1.00 

7 ST 1: ST Group 6982.79 10951.09 1.57 5843.00 10951.09 1.87 1.20 1.20 

8 ST 1: ST Group 10356.93 16475.93 1.59 9250.00 16475.93 1.78 1.12 1.12 

9 Mixer 15325.36 24378.79 1.59 15324.74 24378.79 1.59 1.00 1.00 

10 Pipe (PCE) 4247.53 6937.49 1.63 4204.18 6937.49 1.65 1.01 1.01 

11 General Condenser 4824.92 7675.54 1.59 784.45 7675.54 9.78 6.15 6.15 

12 Pipe (PCE) 11153.42 30464.89 2.73 11146.86 30464.89 2.73 1.00 1.00 

13 Pipe (PCE) 3322.94 3326.89 1.00 3320.99 3326.89 1.00 1.00 1.00 

16 Pump (PCE) 9.88 18.47 1.87 2.00 18.47 9.24 4.94 4.94 

17 HRSG 1: Duct - GT to Horizontal HRSG 60792.71 78248.36 1.29 60503.38 78248.36 1.29 1.00 1.00 

18 HRSG 1: Superheater (PCE) 1612.69 2085.68 1.29 1473.56 2085.68 1.42 1.09 1.09 

19 HRSG 1: Superheater (PCE) 1921.86 2485.53 1.29 1565.96 2485.53 1.59 1.23 1.23 

20 HRSG 1: Evaporator (PCE) 13681.31 17693.89 1.29 11587.13 17693.89 1.53 1.18 1.18 

21 Splitter 15505.61 24399.75 1.57 15504.60 24399.75 1.57 1.00 1.00 

22 HRSG 1: Economiser (PCE) 1007.50 1302.99 1.29 912.50 1302.99 1.43 1.10 1.10 

23 HRSG 1: Superheater (PCE) 140.99 182.34 1.29 86.79 182.34 2.10 1.62 1.62 

24 HRSG 1: Economiser (PCE) 1811.45 2342.72 1.29 1477.36 2342.72 1.59 1.23 1.23 

25 HRSG 1: Evaporator (PCE) 4413.38 5707.78 1.29 3630.15 5707.78 1.57 1.22 1.22 

26 HRSG 1: Economiser (PCE) 956.25 1236.70 1.29 797.88 1236.70 1.55 1.20 1.20 

27 Splitter 2005.56 3960.22 1.97 2006.20 3960.22 1.97 1.00 1.00 

28 HRSG 1: Economiser (PCE) 1449.91 1875.15 1.29 831.46 1875.15 2.26 1.74 1.74 

30 Pump (PCE) 78.78 147.29 1.87 53.01 147.29 2.78 1.49 1.49 

31 Pump (PCE) 12.69 23.73 1.87 5.22 23.73 4.55 2.43 2.43 

32 Deaerator 1344.28 2699.80 2.01 1202.47 2699.80 2.25 1.12 1.12 

34 Makeup / Blowdown 145.18 246.08 1.69 145.18 246.08 1.70 1.00 1.00 

35 Refrigerant Turbine 7452.65 20815.67 2.79 5435.34 20815.67 3.83 1.37 1.37 

36 Refrigerant Pump 30.34 116.19 3.83 11.09 116.19 10.48 2.74 2.74 

37 General HX-SS 11809.35 13023.94 1.10 8226.01 13023.94 1.58 1.44 1.44 

40 Fuel Pump 7434.00 13898.60 1.87 1239.26 13898.60 11.22 6.00 6.00 

41 General HX-SS 14567.97 16066.29 1.10 3228.91 16066.29 4.98 4.51 4.51 

42 Fuel Turbine 5972.75 6587.05 1.10 4249.00 6587.05 1.55 1.41 1.41 

43 General HX-SS 961.99 963.13 1.00 255.03 963.13 3.78 3.77 3.77 

46 Brine Pump 14.20 22.82 1.61 6.55 22.82 3.48 2.17 2.17 

49 Brine Pump 4.38 7.04 1.61 1.95 7.04 3.61 2.24 2.24 

51 Generator 1 56943.00 73293.27 1.29 56073.00 73293.27 1.31 1.02 1.02 

52 Generator 2 15093.00 27427.01 1.82 14670.00 27427.01 1.87 1.03 1.03 

53 Generator 3 5405.00 20699.48 3.83 5223.00 20699.48 3.96 1.03 1.03 

54 Generator 4 4249.00 6587.05 1.55 4099.00 6587.05 1.61 1.04 1.04 

 


