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Abstract 
 

Cost allocation, optimization, and diagnosis are the main application fields of thermoeconomics. Cost allocation allows 
evaluation of the plant cost formation process. For plants containing dissipative equipment, the use of total exergy flows in 
the conventional productive diagrams is not able to isolate these components. The physical exergy disaggregation, despite 
increasing the complexity, allows the treatment of dissipative equipment and residues. Nevertheless, conventional productive 
diagrams based on productive flows and fictitious units to connect the subsystems, may not take into account the physical 
connections existing in the system flowsheet, making the cost formation process arbitrary. The comprehensive diagram uses 
both flow types, physical and productive, and the subsystems are interconnected according to the physical flows of the 
flowsheet. This work aims to demonstrate that the combination of exergy disaggregation and a comprehensive diagram 
avoids arbitrariness. The application of localized exergy disaggregation in the comprehensive diagram reduces the complexity. 
A gas turbine cogeneration system is chosen as one application example. Productive and comprehensive diagrams are 
compared with total and localized disaggregation and a systematic procedure to treat waste and dissipative equipment is 
presented. The reduction of complexity is performed through localized disaggregation and the arbitrariness related to the 
productive diagram is evaluated. 
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1. Introduction 

In the 1960s, a new science emerged, thermoeconomics, 

which unites the disciplines of economics and 

thermodynamics. It provides tools to solve problems in 

complex energy systems based on physical criteria, for 

instance, a rational cost assessment of the internal flows and 

final products of a plant. Thermoeconomics presents three 

main areas of applications: cost allocation, optimization, and 

diagnosis.[1–3] Nevertheless, cost allocation is the field of 

application that defines and evaluates the consistency of the 

cost formation process, mainly in cost allocation to 

cogeneration plant products. 

To perform the term economic analysis is necessary to use 

the same thermodynamic magnitude to allow the comparison 

of different types of flows on equal bases. Exergy, according 

to many thermoeconomic researchers,[4–6] is the best 

thermodynamic magnitude to be associated with cost, as it 

contains information from the first and second laws of 

thermodynamics, qualifies energy stream, and identifies 

irreversibilities. 

The productive purpose definition of dissipative equipment 

using total exergy flows only (E Model) is compromised since 

it is impossible to clearly define the fuel and product of this 

equipment.[7] The regular solution is to merge them with other 

production equipment. However, there is a loss of information 

about the cost formation process in these devices. 

One of the solutions is physical exergy disaggregation, 

which allows for determining the waste cost[8] and dissipative 

equipment isolation. Some systems need to be considered 

through the exergy disaggregation, such as thermal, 

mechanical, or chemical terms, or even fictitious flows 

(negentropy),[9] despite increasing the complexity to elaborate 

the cost equations due to the growth of the flow number to be 

analyzed.[10,11] The physical exergy disaggregation into thermal 

and mechanical terms (ET & EM Model) improves the 

accuracy of the result in thermoeconomics.[12] Nonetheless, 
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this disaggregation does not offer any advantage in waste cost 

allocation and dissipative equipment isolation, as it does not 

define a product to this equipment, e.g., the intercooler or 

condenser. Moreover, according to this paper,[12] it can contain 

arbitrariness in the calculation of the separate terms, especially 

using working fluids that can change phases in the process. 

Frangopoulos et al.[13] presented an elegant solution to deal 

with dissipative components (condenser). The author used 

total exergy flows join up with negentropy (E&S Model). 

However, the negentropy is a fictitious flow.[8,9] This proposal 

allows us to define the fuel and product of the condensers and 

intercoolers. However, it has already been shown that this 

solution presents uncommon values of energetic unit costs, i.e., 

lower than the unit.[8,10,11,14,15] To achieve consistent values of 

energetic unit costs, Santos et al.[11,14] approached negentropy 

with a different perspective. The authors proposed it as the 

entropic term to be used together with enthalpy, both are 

considered as terms of physical exergy,[16] which allowed 

isolating the condensers and intercoolers without that 

uncommon values. 

Recently, a proposal to isolate dissipative equipment was 

presented, which uses the localized physical exergy 

disaggregation in a convectional productive diagram.[17–19] 

This technique allows for reducing the complexity involved 

when compared to the total physical exergy disaggregation 

since it is applied only to dissipative equipment. 

The productive diagrams use the product flows and 

fictitious units (junctions and bifurcations) to connect the 

subsystems, thus allowing the cost evaluation of the internal 

productive flows and the final products.[7,20] The presence of 

fictitious units can lead to arbitrariness as it is up to the analyst 

to define the cost formation process.[4] Due to the presence of 

fictitious components, the productive diagram may not take 

into account the actual physical connections existing in the 

system flowsheet. A demonstration of the cost calculation 

using the productive diagram was carried out.[21] The study 

gives a physical meaning to the productive flows, thus 

avoiding the arbitrariness of the fictitious units. The authors 

show a new diagram, combining physical and productive 

flows, which is here called a comprehensive diagram. 

The comprehensive diagram needs physical and productive 

flows to build the equations system, hence allowing the cost 

assessment of both flows. Additionally, the subsystems are 

interconnected through the actual physical flows presented in 

the flowsheet, avoiding the arbitrariness present in the 

productive diagram due to the presence of fictitious 

components (junctions and bifurcations). The comprehensive 

diagram was used for diagnosis application,[22–24] and cost 

allocation using total exergy.[3,21,25–27] None of these works 

applied the H & S Model into the comprehensive diagram. 

Different from the conventional productive diagrams, the 

physical and comprehensive diagrams use physical flows to 

interconnect the subsystems. Nonetheless, the physical flows 

are not enough to identify the waste formation process. Some 

works[28–31] agree that the cost of exergy from the waste and the 

resources used on its respective treatment methods must be 

distributed among the productive units, and thus to the final 

products, proportionally to its responsibility for such 

magnitude.[32] This proportionality is also known as residue 

cost distribution ratios and can be defined by different 

methods, i.e., there are no general criteria to define it. 

Different thermoeconomic methodologies,[2,29,33,34] in the 

1990s, did not explicitly take into account the destination of 

waste in their cost-formation process. Among the 

methodologies that work with the physical diagram are the 

Exergetic Cost Theory (ECT)[2] and 

Exergoeconomic/AVCO.[34] The first established that the waste 

cost must be allocated to the Heat-Recovery Steam Generator 

(HRSG), which caused an increase in the heating cost. While 

in the second, the waste is allocated proportionally to the 

amount of power and heat produced. For the methodologies 

that use the productive diagram, thermoeconomic Functional 

Approach (TFA)[29] and Engineering Functional Analysis 

(EFA),[33] the waste cost allocation is carried out implicitly and 

proportionally to the thermal exergy consumed in the 

production unit that produced the final products. A difference 

in the EFA methodology is the use of thermal and mechanical 

exergy in conjunction with the negentropy flow. Since 2000, 

several methodologies for waste treatment and dissipative 

equipment isolation were presented. The main proposals are 

Lazzaretto and Tsatsaronis,[12] Torres et al.,[28] Santos et al.,[11,14] 

Seyyedi et al.,[30] Agudelo et al.,[8] and Lugo Mendes et al..[31] 

Lazzaretto and Tsatsaronis[12] proposed that the operating 

cost of dissipative equipment must be charged directly to the 

component it serves, while the waste should be charged to the 

combustion chamber. Torres et al.[28] proposed two cost 

allocation methodologies, that were compared in a combined 

cycle. The first option is the waste cost allocated 

proportionally to the exergy of the flows processed in the 

dissipative units. The second option uses the entropy 

generation along the process to allocate it proportionally. 

In the H & S Model,[11,14] the residues cost is allocated to 

all the remaining units and/or components, firstly and directly 

by means of the entropic term flows and later using the 

enthalpic term flows. H & S Model had already been applied 

for the residue cost allocation in a gas turbine cogeneration 

system[10] and the isolation of dissipative components and 

residues treatment in a combined cycle.[15] It was also applied 

in a Rankine cycle to isolate the condenser.[35] 

Seyyedi et al.[30] presented new criteria for cost distribution 

ratios based on the entropy distributed in the components. This 

method and ECT Method[2] were applied to a high-temperature 

gas-cooled reactor coupled with the steam cycle through the 

heat exchanger[36] and the results have been compared with 

those obtained by H & S Model. 

Agudelo et al.[8] used a methodology that was an 

improvement of the cost distribution ratios proposed by Torres 

et al.[28] Liu et al.[37] applied the methodology developed by 

Agudelo et al.[8] in two natural gas cogeneration systems to 

obtain the unit exerts the economic cost of products. 
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Lugo-Mendes et al.[31] proposed a cost distribution ratio 

based on irreversibilities It was applied in the Three-Pressure-

Level Combined Cycle, and the results were compared with 

those obtained by Torres et al.[28] (Option 2), Seyyedi et al.[30], 

and Agudelo et al.[8]. This method is an extension of the second 

option presented by Torres et al.[28] 

A methodology of reallocating waste cost through the 

comprehensive diagram[25,26] was presented.[38,39] This method 

allocated the residue cost in the internal loop of physical flows, 

instead of directly in the production unit. 

Torres et al.[28] reported that the thermoeconomic 

methodologies do not consider the residue's cost allocation 

and their formation process in the analysis of the cost 

allocation, thus it needs to develop new techniques or enhance 

the existing one’s methodologies to include both. The H & S 

Model was elaborated thinking in the residue cost allocation 

and the dissipative equipment isolation, but this model 

originally is used in the conventional productive diagram. 

Therefore, it was exposed to arbitrariness due to the fictitious 

units (junctions and bifurcations). 

Given the above, this work seeks a systematization of the 

cost formation process with less arbitrariness. This work aims 

to demonstrate that the combination of physical exergy 

disaggregation (H & S Model) with the comprehensive 

diagram avoids the arbitrariness related to subsystem 

interconnection, as also the residue cost distribution ratios, and 

the application of the localized physical exergy disaggregation 

at the comprehensive diagram to reduce the complexity. For 

this purpose, a gas turbine cogeneration system, with an 

intercooler and supplementary firing, is chosen as an 

application example. The chosen system meets several 

demands and challenges of the term economic analysis such 

as the treatment of waste and dissipative equipment isolation 

(intercooler). Productive and comprehensive diagrams are 

compared for E and H&S Models, the systematic way of H&S 

Models in order to allocate the waste cost allocation and 

dissipative equipment isolation is presented, as well as the 

residue cost distribution ratios applied to E Model in the 

comprehensive diagram. The reduction of complexity by 

means of localized physical exergy disaggregation is 

performed and the arbitrariness related to the presence of 

fictitious units on the productive diagram is evaluated, 

presenting different options of arrangements. 

 

2. Thermoeconomic modeling 

The term economic model is described mathematically by a 

set of equations, which determine the cost formation process 

of the system.[32] Hence, a thermoeconomic model must be 

used to determine the external resources allocation for the final 

products, and consequently, for the assessment of the energetic 

and the monetary unit cost of both internal flows and final 

products. A general rule to formulate the cost equations was 

summarized by Lazzaretto and Tsatsaronis,[12] and Santos et 

al.[40] It can be applied in any thermoeconomic model based on 

productive diagram or physical structure.[41] 

To obtain the cost equation balances, Eq. (1) is applied in 

each subsystem of the diagram to calculate the monetary unit 

cost (c) of each internal flow and final product. The monetary 

unit cost of a flow is the amount of external monetary unit 

required to obtain one unit of this flow. In other words, it is a 

measure of the economic efficiency of the flow production 

process.[4] 

∑(𝑐𝑜𝑢𝑡 ⋅ 𝑌𝑜𝑢𝑡) − ∑(𝑐𝑖𝑛 ⋅ 𝑌𝑖𝑛) = 𝑍 + 𝑐𝑓 ⋅ 𝑄𝑓      (1) 

In Eq. (1), the right side is formed by cf which represents the 

external fuel cost per exergy unit (in $/kWh), Qf is the plant's 

external exergy consumption (in kW), and Z represents the 

hourly equipment cost (in $/h). In the left side of the equation, 

the subscript out and in represents the outlet and inlet of the 

subsystems, c is the monetary unit cost flows, and Y means the 

generic thermodynamic magnitude (in kW), which can be 

assessed by using any thermodynamic magnitude, such as 

power (P), total exergy (E), entropic (S), and enthalpic (H) 

terms, etc. 

To obtain the energetic unit cost (k) of each flow, Eq. (1) 

was modified to Eq. (2). Furthermore, the hourly equipment 

cost must be zero (Z = 0), and the monetary unit cost of the 

external fuel exergy is replaced to energetic unit cost, which is 

assumed equal to one (kf = 1.00 kJ/kJ) when there is no 

information on the production process of the external fuel.[4] 

∑(𝑘𝑜𝑢𝑡 ⋅ 𝑌𝑜𝑢𝑡) − ∑(𝑘𝑖𝑛 ⋅ 𝑌𝑖𝑛) = 𝑘𝑓 ⋅ 𝑄𝑓      (2) 

The energetic unit cost of a flow (in kJ/kJ) is the amount of 

exergy required to obtain one exergy unit of this flow and it is 

a measure of the thermodynamic efficiency of the production 

process generating this flow.[4] 

The number of internal flows is always greater than the 

number of cost equations (Eqs. (1) or (2)) when applied to 

production units or components. Thus, auxiliary equations are 

needed. For models that present a productive structure through 

the productive diagram, they use the criterion of equality, 

which assumes that all productive flows exiting the same 

subsystem have the same unit cost, because it is exiting the 

same subsystem with the same resources and irreversibilities, 

i.e., the productive flows go through the same cost formation 

process.[29,42,43] To obtain the auxiliary equation for the 

comprehensive diagram, the fuel and product principles[12] are 

considered, which is in accordance with the propositions 

formulated in the ECT for determining costs.[2,44] The product 

principle enunciates that all productive outlet flows of the 

same subsystem have the same unit cost. On the other hand, 

the fuel principle enunciates that a component uses the exergy 

part of a flow to produce a given product, then the inlet and 

outlet exergy flows have the same unit cost. 

The E and H & S Models are the thermoeconomic 

methodologies applied in this work. The E Model is used in 

all production equipment, while the H & S Model is used in 

the dissipative component only. This combination here is 

called “Localized physical exergy disaggregation” which was 

proposed by Santos et al..[17]  

The thermoeconomic methodologies can provide different 
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cost values when they define different productive structures, 

that is, the values depend on the definition of fuel and product 

in the subsystems and also how they are interconnected.[4] 

According to these recognized authors,[4] cost validation is a 

key issue in thermoeconomics that has not been properly 

solved yet. However, the cost validation can be achieved 

through the physical behavior of the system with 

thermodynamics, since irreversibility is a physical magnitude 

that generates the cost. 

So, to be coherent with the thermodynamics, each 

component fuel must be greater than the product (the 

efficiency is less than 100%), and the energetic unit cost of the 

products in a system must be less than their exergetic unit cost 

when they are a single product of the system.[11] 

 

3. Case study 

The study of the cogeneration system with a regenerative gas 

turbine, intercooler, and supplementary firing aims to address 

cost allocation. The system has two combustion processes, 

with the supplementary firing not directly influencing the 

power generation. The presence of dissipative equipment 

(intercooler) is used to verify the influence of the total or 

localized exergy disaggregation, as well as to analyze the 

arbitrariness of the fictitious components. In all assessments, 

the reference temperature and pressure (dead state) are 25ºC 

(298.15 K) and 1.0132 bar, respectively. 

 

3.1. Physical Structure 

Figure 1 represents the physical structure of a cogeneration 

system with a regenerative gas turbine, intercooler, and 

supplementary firing. The system is composed of eight 

components: low-pressure air compressor (LC), intercooler 

(IC), high-pressure air compressor (HC), regenerator (R), 

combustion chamber (CC), gas turbine (GT), supplementary 

firing (SF), and recovery boiler (RB). The system produces net 

power and useful heat as the final products. 

The thermodynamic model used is the complete 

combustion, with pure methane (CH4) as a fuel with a lower 

heating value (LHV) of 50,023 kJ/kg. The combustion gases 

are composed of the same elements present in atmospheric air. 

It should be noted that this gas cycle plant has a combustion 

chamber and supplementary firing, which implies three 

different working fluids in the plant cycle, and consequently 

three different chemical compositions. Table S1 in 

supplementary information shows the elemental chemical 

composition of air flows, gases after the combustion chamber 

(CC Gases), and gases after the supplementary firing (SF 

Gases). 

The gas turbine produces 5478 kW of mechanical power, 

of which 1032 kW (18.83%) is used to drive the low-pressure 

air compressor (LC), 1066 kW (19.45%) is used in the high-

pressure air compressor (HC), and net mechanical power 

produced (PN) is 3380 kW (61.70%). 

The exergy consumptions in the combustion chamber (QF1) 

and supplementary firing (QF2) are 5348 kW and 333.6 kW, 

respectively. The useful heat (QU) on an exergetic basis has the 

value of 566.2 kW, which is obtained by the difference 

between the exergy of the saturated steam (flow 11) and the 

feed water (flow 12). The physical flow parameters of the 

system (flow, pressure, and temperature) are presented in 

Table 1. 

The enthalpy (H) and entropy (S) properties were 

calculated using Eqs. (3) and (4), respectively, where h and s 

are the specific enthalpies and specific entropies, and the 

subscript ref refers to the reference state. All fluid properties 

were obtained with the EES software.[45] A constant term is 

added to the specific properties obtained by the EES software, 

to obtain positive property values. The constant term is a delta 

with a value of 65.6, in this case. 

𝐻 = 𝑚 ⋅ (ℎ − ℎ𝑟𝑒𝑓 + 𝑑𝑒𝑙𝑡𝑎)            (3) 

𝑆 = 𝑚 ⋅ 𝑇0 ⋅ (𝑠 − 𝑠𝑟𝑒𝑓 + 𝑑𝑒𝑙𝑡𝑎)         (4) 

 

3.2. Productive diagram 

Each plant has only one physical structure, which describes 

the physical relations between the components through 

physical flows. On the other hand, based on a productive 

structure, it is possible to develop various productive diagrams, 

as it depends on the fuel and product definitions, as well as on 

the distribution of plant resources to the productive units. 

Therefore, it is an arbitrary procedure, which depends on the 

analysis and interpretation of the analyst.[9,46–48] Valero et al.[4] 

 
Fig. 1 The cogeneration physical structure. 
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Table 1. Parameters of physical flows of the system. 

Physical Flow m 

(kg/s) 

T 

(K) 

P 

(bar) 

e 

(kJ/kg) 

h 

(kJ/kg) 

s 

(kJ/kg) 

eCH 

(kJ/kg) nº Description 

1 Air 10.00 298.15 1.01 0.000 65.600 65.600 0.000 

2 Air 10.00 399.57 2.48 91.651 168.804 77.153 0.000 

3 Air 10.00 308.15 2.43 75.669 75.728 0.059 0.000 

4 Air 10.00 412.79 5.96 170.757 182.371 11.614 0.000 

5 Air 10.00 915.00 5.81 456.203 724.582 268.379 0.000 

6 CC Gases 10.13 1435.51 5.67 939.090 1382.457 443.367 10.849 

7 CC Gases 10.13 996.98 1.05 385.189 841.641 456.452 10.849 

8 CC Gases 10.13 526.13 1.03 63.706 306.388 242.683 10.849 

9 SF Gases 10.15 586.67 1.01 92.617 372.702 280.086 12.276 

10 SF Gases 10.15 435.37 1.01 25.619 209.525 183.906 12.276 

11 Water 0.62 298.15 10.00 0.903 66.435 65.532 - 

12 Saturated Steam 0.62 453.03 10.00 818.355 2737.806 1919.452 - 

13 Water 22.27 298.15 1.01 - 4.710 - - 

14 Water 22.27 308.15 1.01 - 6.587 - - 

reported that a physical meaning is necessary for the 

productive flows, to obtain the exergy costs with a physical 

meaning. 

The fictitious units (junction and bifurcation) present in the 

productive diagram, underline this arbitrariness since the same 

thermal system can present different arrangements. Therefore, 

in addition to a physical meaning for productive flows, the 

proper definition of the productive structure is also a key point 

of thermoeconomics,[32] which will improve the identification 

of the origin and the waste formation process, as well as the 

cost allocation.[28] 

Given the above, this work analyzes, for each 

thermoeconomic model, two possible arrangements of the 

productive diagram in order to compare an allocation of extra 

exergy added in the supplementary firing (SF). In the first 

(Arrangement 1), the extra exergy is allocated to the useful 

power and heat through a single junction-bifurcation. Whereas 

in the second (Arrangement 2), there are two fictitious units, 

that separate the fuel exergy and the extra exergy added by 

supplementary firing (SF). Thus, one of these units is 

responsible for allocating the extra exergy only to useful heat, 

while another fictitious unit proportionally distributes the fuel 

exergy included in the combustion chamber between the 

power and useful heat. 

The productive diagrams (Figs. 2-6), also known as the 

functional diagram, graphically represent the fuel and product 

of each unit present in the productive structure. The systems' 

components are represented through rectangles that are real 

units or subsystems. In addition, the rhombus and circles are 

fictitious units called junctions (J) and bifurcations (B), 

respectively.[49] 

The product and fuel definitions of productive flows are 

obtained from the specific working fluid exergy variation. 

Regarding E Model, once this variation is negative, it is 

classified as fuel, and the opposite, as a product.[12] According 

to de Araújo et al.[41] in the H&S Model, for the enthalpic term 

and chemical exergy to be positive terms in Eq. (5), the 

definitions of fuel and product are performed equally to the E 

Model. For the entropic term, the behavior is exactly the 

opposite, i.e., this term has a negative contribution in Eq. (5), 

thus if there is an increase in specific entropy variation, this 

will be fuel, otherwise, product. 

𝐸𝑖:𝑗 =  𝐻𝑖:𝑗 − 𝑆𝑖:𝑗 + 𝐸𝑖:𝑗
𝐶𝐻  =  (𝑚𝑖ℎ𝑖 − 𝑚𝑗ℎ𝑗) 

−𝑇0(𝑚𝑖𝑠𝑖 − 𝑚𝑗𝑠𝑗) + (𝑚𝑖𝑒𝑖
𝐶𝐻 − 𝑚𝑗𝑒𝑗

𝐶𝐻) (5) 

As well as total exergy (Ei:j), the enthalpic term (Hi:j), the 

entropic term (Si:j), and chemical exergy (ECH
i:j) are variations 

of the enthalpic, entropic, and chemical terms of exergy 

between physical states i and j, respectively. 

Tables 3 and 4 define the productive structure of the system 

studied for the E model and the H&S model, both for physical 

flows and for productive flows. 

 

3.2.1 E Model 

Figures 2 to 3 show the productive diagrams using E Model. 

The productive flows present in these diagrams interconnect 

the productive and fictitious units, and these exergies flows 

can be represented by the mechanical power (P), the exergy of 

the useful heat (QU), or the variation of exergy (Ei:j), that are 

composed by the variation of two physical flows (Ei and Ej), 

as shown in Eq. (6). 

𝐸𝑖:𝑗 = 𝐸𝑖 − 𝐸𝑗 = 𝑒𝑖𝑚𝑖 − 𝑒𝑗𝑚𝑗         (6) 

In any energy system, all components can be divided into two 

groups: productive and dissipative equipment. The former 

provides resources to the other equipment or generates the 

final product of the system. While the latter purpose is to 

eliminate undesirable flows. At the same time, it is equipment 

in which exergy is destroyed without gaining 

thermodynamically directly from the same component.[12,28] 
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Table 2. Productive structure of the system based on the E Model. 

Subsystem 
Fuel  Product 

Physical Productive  Physical Productive 

CIC PLC+PHC PLC+PHC  (E2–E1) E2:1 

R (E7–E8) E7:8  (E5–E4) E5:4 

CC QF1 QF1  (E6–E5) E6:5 

GT (E6–E7) E6:7  PLC + PHC + PN PLC + PHC + PN 

SF QF2 QF2  (E9–E8) E9:8 

RB (E9–E10) E9:10  QU QU 

Table 3. Productive structure of the system based on the H&S Model. 

Subsystem 
Fuel  Product 

Physical Productive  Physical Productive 

LC PLC+(S2–S1) PLC+S2:1  (H2–H1) H2:1 

IC (H2–H3) H2:3  (S2–S3) S2:3 

HC PHC+(S4–S3) PHC+S4:3  (H4–H3) H4:3 

R (H7–H8) +(S5–S4) H7:8+S5:4  (H5–H4)+(S7–S8) H5:4+S7:8 

CC QF1+(S6–S5) QF1+S6:5  (H6–H5)+(ECH
6–ECH

5) H6:5+ECH
6:5 

GT (H6–H7) +(S7–S6) H6:7+S7:6  PLC+PHC+PN PLC+PHC + PN 

SF QF2+(S9–S8) QF2+S9:8  (H9–H8)+(ECH
9–ECH

8) H9:8+ECH
9:8 

RB (H9–H10) H9:10  QU+(S9–S10) QU+S9:10 

ENV (H10–H1)+(ECH
6–ECH

5)+(ECH
9–ECH

8) H10:1+ECH
6:5+ECH

9:8  (S10–S1) S10:1 

 
Fig. 2 Productive diagram for the cogeneration system using E 

Model, Arrangement 1. 

 

Based on the above, the productive diagram of the system 

in Fig. 1 was elaborated for E Model, being presented in Figs. 

2 and 3. The diagram uses the total exergy flows to define the 

fuel and product of the productive subsystems. In this case, the 

intercooler is a dissipative equipment, in which the E Model is 

unable to clearly define its product, i.e., the specific variation 

of the total exergy between states 2 and 3, presents a negative 

value. Thus, for this equipment, the exergy (E2:3) is considered 

fuel, and it would not be possible to quantify or define the 

intercooler product (or function) in terms of total exergy.[14] 

Therefore, it cannot be isolated in the productive diagram. As 

an alternative, the intercooler could be aggregated to any other 

component, then the authors decide arbitrarily to merge it into 

the low and high-pressure air compressors, forming a 

subsystem called CIC, in order to define its productive 

purpose. Local optimization and diagnosis of malfunctions 

require the isolation of all equipment, which would not be 

achieved in this case. 

 
Fig. 3 Productive diagram for the cogeneration system using E 

Model, Arrangement 2. 

 

Figure 4 represents the productive diagram of the 

cogeneration system using the E Model in all productive units, 

except in the intercooler, where the H & S Model is applied. 

When compared to the productive diagram using only H & S 

Model, this method reduced the complexity and isolated the 

intercooler. Furthermore, it is worth mentioning that the 

exergetic balance at the junction and bifurcation remains 

consistent. 
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Fig. 4 Productive diagram for the cogeneration system using 

localized physical exergy disaggregation. 

 

In arrangement 1, shown in Fig. 2, the supplementary firing 

allocates the extra exergy to the power and the useful heat. 

Furthermore, there is no differentiation in the treatment 

between the combustions, i.e., it presents only a pair of 

fictitious units (JE and BE) that receive all the product from the 

subsystems that increase the working fluid exergy (CIC, CC, 

R, and SF) and distribute it as fuel for the subsystems that 

reduce the working fluid exergy. 

In arrangement 2, shown in Fig. 3, the dissipative 

component analysis receives the same treatment as in the 

previous case. One may notice a new junction (JE
2), which 

receives extra exergy from the supplementary firing and the 

exergy (E8:10) from the bifurcation (BE
1). This structure 

ensures that the supplementary firing allocates the extra 

exergy only to the useful heat through the junction (JE
2), while 

the combustion chamber distributes the exergy proportionally 

to the power and useful heat. 

In Fig. 4, arrangement 2 is chosen as a base because 

supplementary firing costs are allocated only to the subsystem 

that uses the extra exergy, so this case is more coherent. The 

difference is the localized physical exergy disaggregation 

applied at the dissipative component through the H&S Model 

to isolate it. In addition, the cost formation process becomes 

more accurate with the subsystem CIC disaggregation. 

Thereby, the intercooler fuel is the enthalpy productive flow 

(H2:3) coming from the bifurcation (BE
1) and the product is the 

entropy productive flow (S2:3) returning to the junction (JE
1). 

In all Figs. 2 to 4, the waste cost is implicitly and 

proportionally allocated to the exergy consumption in the 

production unit that produces the final products. 

 

3.2.2 H & S Model 

By disaggregating physical exergy, it is possible to obtain a 

better accuracy of the results in the thermoeconomic analysis. 

Nonetheless, there is an increase in complexity.[7,12] In this way, 

to decompose the CIC subsystem and thus obtain the product 

and fuel of the intercooler (dissipative equipment), it at least 

is necessary to disaggregate the physical exergy into its 

enthalpic and entropic terms. The H & S Model[10,11] was the 

first thermoeconomic methodology capable of defining fuel 

and product, in addition to isolating the dissipative equipment 

(condenser) in the productive diagram, without 

inconsistencies. 

According to Valero et al.,[50] the costs, efficiencies, and 

behavior of the system are based on the resource consumption, 

which in turn is based on the trajectories of the flows in the h-

s plane when it works for the specific purpose of the plant. 

This is exactly what the H&S Model does, it describes the 

behavior of thermodynamic cycles in the h-s plane taking into 

account the variation of enthalpy and entropy of the working 

fluid. 

As reported by Torres et al.,[28] the conventional 

thermoeconomic methodologies do not consider the in-depth 

analysis of the cost allocation, thus one needs to develop new 

techniques or enhance the existing ones to include both the 

residues cost allocation and the analysis of their formation 

process. Differently, the H & S Model was elaborated thinking 

in the residue cost allocation and in the dissipative equipment 

isolation. Through the definition, its productive structure is 

based on enthalpic, entropic, and chemical exergy terms.  

For that purpose, the H & S Model takes advantage of the 

elegance of the negentropic flow idea,[13,42] adopting it as an 

entropic term of exergy, which is used together with the 

enthalpic term, according to the exergy definition, Eq. (5). 

Also, according to the H&S Model, chemical exergy (ECH
i:j) is 

shown in the productive diagram, explicitly.  

In the H & S model, there is a device called environment 

(ENV), which has the function of dissipating the existing 

waste (flow 10), thus making the cost allocation of waste 

explicit. From the environment, the entropic term is 

distributed to those units that increase the working fluid 

entropy. The chemical exergy caused by the combustion 

process in the combustion chamber (ECH
6:5) and the 

supplementary firing (ECH
9:8) is also dissipated in the 

environment. 

Figure 5 and 6 represent the productive diagrams applied 

to the H & S Model in the studied system. It is also possible to 

verify that all units are isolated in the diagrams. 

Figure 5 represents the productive diagram of the 

cogeneration system considering the H & S Model – 

Arrangement 1. All the subsystems define a product and fuel, 

besides isolating the intercooler without inconsistencies. In 

this arrangement, there is only one pair of fictitious units for 

enthalpy (JH and BH), that receive the CC product (H6:5) and 

SF product (H9:8). Consequently, the junction and the 

bifurcation (JH and BH) receive all the flows that increase the 

enthalpic term and distribute to those that decrease it.  

Fig. 6 represents the productive diagram of the 

cogeneration system using the H & S Model – Arrangement 2. 

There are a new junction and a new bifurcation for the 

enthalpic term (JH
2-BH

2), allowing the allocation of the 

supplement firing product (H9:8) only to those which use it, i.e., 

the useful heat. 
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Fig. 5 Productive diagram for the cogeneration system using 

H&S Model – Arrangement 1. 

 

 
Fig. 6 Productive diagram for the cogeneration system using 

H&S Model – Arrangement 2. 

 

3.3 Comprehensive diagram 

The comprehensive diagram is an alternative to the 

arbitrariness present in the productive diagram since physical 

flows are used for the interconnections between the 

subsystems, and besides giving physical meaning to the flows. 

The main characteristic of the comprehensive diagram is the 

use of physical flows for the interconnections between 

subsystems, in addition to evaluating the internal unit costs of 

physical and productive flows in the same diagram.[12,21,25,26] 

The comprehensive diagram methodology was developed 

based on works.[12,13,21] Frangopoulos et al.[13] developed an 

intermediate thermoeconomic diagram using productive flows 

and physical flow loops. The concept of internal loop flows 

was discussed.[33] This diagram did not use the junctions and 

bifurcations present in the productive diagram. Nevertheless, 

the author did not proceed with the development. The direct 

calculation of costs from the productive structure was realized 

by Lazzaretto et al.[21] Lazzaretto and Tsatsaronis[12] discussed 

the concepts of productive unit and component to elaborate the 

diagram and equation system. According to the authors, the 

productive unit explicitly shows the fuel and product 

interactions between the component itself and the exergy 

streams by acting as a collector and distributor of fuel and 

product terms. Since the fictitious branches and junctions 

remain within the boundaries of the component, the 

interconnections among components remain in the productive 

structure as in the flow diagram that represents the physical 

structure of the system. There is a similar diagram to the 

comprehensive diagram used to cost allocation presented.[3,27] 

In the comprehensive diagrams of Figs. 7 to 10, it is not 

possible to develop different arbitrary arrangements to 

interconnect the subsystems due to the use of physical flows. 

The subsystem representation is established as: the dotted 

lines are the components, and the continuous lines are the 

productive units. The product and fuel definitions are the same 

as explained in the productive diagram for each model. 

 

3.3.1 E Model 

Figures 7 and 8 represent the comprehensive diagram of the 

cogeneration system with a regenerative gas turbine, 

intercooler, and supplementary firing applied to the E Model 

with different ways of structural waste cost allocation. 

 
Fig. 7 Comprehensive diagram for the system using E Model – 

Residue cost allocation in the SPECO-based approach. 

 

In an open system as in this case, the comprehensive 

diagram using E Model, the ambient air enters into a low-

pressure air compressor, and the exhaust gas (flow 10) is 

released into the environment. This occurs because the internal 

loop of the physical exergy flow is opened, shown in Figs. 7 

to 9. Therefore, the cost of this waste needs to be reinternalized 

to the system to be distributed to the final products.  

In the last years, many works[8,12,28,30,31,38,39,51] proposed 

several criteria to distribute the waste cost, being common in 

the use of residue cost distribution ratio, which represents the 

fraction of the total cost of a waste that is allocated to a given 

component. All those criteria are arbitrary, as there are 

different ways to define the value of this ratio for reallocating 

the waste to the components in which it was generated. 
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Fig. 8 Comprehensive diagram for the system using E Model – 

Residue cost allocation in the Internal loop of physical flows. 

 

It is relevant to note that for the intercooler (IC), the 

dissipative equipment, the E Model does not define its 

function. The intercooler is only treated through the physical 

flows of the plant when utilizing the E Model in the 

comprehensive diagram. It is important to emphasize that 

treating a subsystem in the diagram is not the same as isolating 

it. According to R. B. Evans,[52] isolation defines the fuel and 

product of the subsystems. This is not the case, where the 

intercooler input and output flows cannot be treated as fuel and 

product, and this equipment acts only as a component. 

Despite the comprehensive diagram treating the dissipative 

equipment through physical flows and reducing the 

interconnections arbitrariness due to the removal of the 

junction-bifurcation, there is arbitrariness in the residues 

treatment criteria when E Model is applied. In this work, two 

waste cost allocation ratios are adopted, which are present in 

Figs. 7 and 8. In Fig. 7, the waste cost allocation is adopted,[12] 

which reinternalizes the waste costs to the component that 

generated it. In this case, it is arbitrarily distributed 

proportionally to its exergy input, that is, 94.13% for CC and 

5.87% for SF. 

In Fig. 8, the waste cost allocation ratio is adopted,[28] 

whose waste cost is arbitrarily allocated proportionally to the 

increase in the exergy of the working fluid in the component. 

In the comprehensive diagram, the waste cost is allocated 

directly in the loop of the physical flow,[38,39] indicated by the 

red arrows. In this case, the residue cost distribution ratios 

used are 9.19% for LC, 9.54% for HC, 28.64% for R, 49.67% 

for CC, and 2.96% for SF. 

In Fig. 9, the same waste cost allocation is applied as in Fig. 

8 (internal loop of physical flow). The difference is that the 

localized physical exergy disaggregation is applied at the 

dissipative component through the H&S Model to isolate it. 

Thereby, the input and output flow to the IC component based 

on E Model is E2 and E3, respectively, and the intercooler fuel 

is the enthalpy productive flow (H2:3) and the product is the 

entropy productive flow (S2:3). 

 
Fig. 9 Comprehensive diagram for the system using Localized 

Exergy Disaggregation. 

 

3.3.2 H & S Model 

The system for the H&S Model in the comprehensive diagram 

is shown in Fig. 10. As in the productive diagram, the 

intercooler (dissipative equipment) is isolated defining the 

product and fuel through the enthalpic and entropic terms. The 

waste treatment is an inherent feature of the H&S Model that 

was allocated automatically and systematically through the 

definition of its productive structure. Unlike the productive 

diagram, chemical exergy presents a loop of physical flow in 

the system, however, only some equipment has fuel and 

product. Hence, productive flows are defined only at CC, SF, 

and ENV, in the other equipment, there is no variation in the 

chemical exergy. 

Looking only at the chemical exergy flows, the flows ECH
1 

to ECH
5 present a null value, since there is no change in the 

chemical composition of air. The value is the same inflows 

ECH
6 to ECH

8, due to the combustion process after the 

combustion chamber, in which there is a modification in the 

composition in relation to air, causing the chemical exergy to 

change. The chemical exergy values of the ECH
9 and ECH

10 

flows are equal, as a result of the new combustion process in 

the supplementary firing. 

 

4. Results and discussions 

For the cogeneration system with a regenerative gas turbine, 

intercooler, and supplementary firing, two thermoeconomic 

models, E and H & S were applied using productive and 

comprehensive diagrams. Due to the arbitrariness of the 

productive diagram construction, it was possible to arbitrarily 

elaborate two diagrams with different cost allocations due to 

the additional heat of the supplementary firing. Regarding the 

comprehensive diagram, for E Model, two criteria of 

allocating the waste cost were arbitrarily used. 
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Fig. 10 Comprehensive diagram of the system using the H&S Model. 

 

Regarding the dissipative equipment (intercooler), the 

productive diagram using E Model needs to merge arbitrarily 

the intercooler with the air compressors, creating the CIC 

subsystem. This new system could determine the fuel and 

product. On the other hand, in the comprehensive diagrams, 

the intercooler was treated by physical flows, that allowed the 

separating of the air compressors. An alternative to isolating 

the dissipative equipment was localized physical exergy 

disaggregation. This methodology applied to the productive 

and comprehensive diagrams at E Model allowed us to define 

the fuel and product of the intercooler without increasing the 

complexity when compared to applying the H&S Model in the 

whole system. 

According to de Araújo et al.,[41] regardless of the cost 

allocation procedure, the result of the products unit cost will 

always form a straight  line with the solution defined by  

 

Eq. (7) to this work. This equation shows that there is a 

correlation between the exergetic unit cost of power and the 

exergetic unit cost of heat.  

𝑘𝑃 =  −
𝑄𝑈

𝑃𝑁
⋅ 𝑘𝑄𝑈

+
(𝑄𝐹1+𝑄𝐹2)

𝑃𝑁
⋅ 𝑘𝐹            (7) 

Figure 11 shows the straight line with the results obtained 

by different cost allocation methods for the same system. All 

points in Fig. 11 are ordered pairs of heat and power unit costs 

obtained by the methodologies studied in this work, which are 

in the straight line with the solution, thus providing coherent 

results, i.e., the exergetic unit costs of internal flows and 

products are superior to one. It is important to highlight the 

choice of the diagram and the exergy disaggregation model for 

determining the cost formation process of the products. Table 

5 summarizes the results of exergetic unit costs of products 

from different approaches to cost allocation. 

Table 4. Exergetic unit cost of power and heat – E and H&S Model. 

Model Diagram Arrangement Figure 
Exergetic Unit Cost (kJ/kJ) Quantity of 

flows Heat Power 

E Productive Arrangement 1 - one pair of J-B 2 1.647 1.405 11 

E Productive Arrangement 2 - two pairs of J-B 3 1.536 1.424 12 

E Productive Localized Exergy Disaggregation 4 1.536 1.424 15 

H&S Productive Arrangement 1 - one pair of J-B 5 1.494 1.431 26 

H&S Productive Arrangement 2 - two pair of J-B 6 1.491 1.431 27 

E Comprehensive SPECO based approach 7 1.591 1.414 22 

E Comprehensive Internal Loop 8 1.579 1.416 22 

E Comprehensive Localized Exergy Disaggregation 9 1.579 1.416 28 

H&S Comprehensive 
 

10 1.501 1.429 57 
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Fig. 11 Results obtained by the different cost allocation methods for the same system at the straight line with the solution. 

 

Arrangement 1 of the E Model productive diagram gave 

the highest exergetic unit cost of heat (1.647 kJ/kJ) and 

consequently the lowest value for power (1.405 kJ/kJ). On the 

other side, arrangement 2 of the H&S Model productive 

diagram gave the lowest value for the unit exergetic cost of 

heat (1.491 kJ/kJ) and the highest value for power (1.431 

kJ/kJ). 

Figure 11 also highlights a distinct behavior between the E 

and H & S thermoeconomic models. The E Model overloads 

the exergetic unit cost of heat, while the H & S Model 

overloads the exergetic unit cost of the power. This is 

explained by the dissipative equipment isolation in the H&S 

Model, as well as by different waste allocation procedures for 

each thermoeconomic model. In the E Model with a 

productive diagram, the waste cost allocation is carried out 

implicitly and proportionally to the power and heat, i.e., the 

waste cost is allocated proportionally to the inputs of the gas 

turbine and the recovery boiler. In the H & S Model, it is 

allocated to subsystems that increase working fluid entropy. 

Thus, among the equipment that reduces entropy is the 

recovery boiler, consequently not receiving any waste cost 

allocation, which results in a decrease in the heat unit cost. 

Regarding the localized physical exergy disaggregation, in 

the E Model, the exergetic unit costs of the product and 

internal flow were the same in the productive diagram in 

arrangement 2 and localized exergy disaggregation, and also 

in the comprehensive diagram with internal loop and localized 

exergy disaggregation (see Table S2 and S3). As for the 

productive flows H2:3 and S2:3, they were different when 

compared to the H&S Model applied in the comprehensive 

diagram and with a small difference in the production diagram. 

Still concerning the E Model, the localized physical 

disaggregation allowed us to define the fuel and product of the 

intercooler (dissipative equipment) besides reducing 

approximately 50% the quantity of flow, when compared to 

the H & S Model, i.e., it was possible to define the function of 

the dissipative equipment without increasing its complexity, 

through the localized physical disaggregation. 

Analyzing only the productive diagrams, the influence of 

fictitious components on the cost allocation is observed. When 

the productive diagram presents only one pair of junctions and 

bifurcation (arrangement 1), regardless of the thermo-

economic model, the heat is always penalized, since the 

bifurcation unit cost possesses a higher value in relation to the 

product unit cost of supplementary firing. The authors 

consider a more coherent case with two pairs of junctions and 

bifurcations (arrangement 2). After all, the costs of 

supplementary firing are allocated only to the equipment that 

used the added extra energy, in this case, the recovery boiler. 

The recovery boiler cost is comprised of the supplementary 

firing product cost and the productive flow cost coming from 

the bifurcation (BE
1 or BH

1). As the supplementary firing unit 

cost is lower than that of the productive flow, it results in a 

reduction in the unit cost of heat and, consequently, an increase 

in the unit cost of power. 

Comparing different arrangements of the productive 

diagram applied in the E Model, the exergetic unit costs of the 

products obtained by this model showed the greatest variation, 

1.33% and 7.29% for power and heat, respectively. These 

values are obtained in relation to the lowest value of exergetic 

unit costs from the arrangements of the productive diagram 

applied in the E Model. The same comparison was made for 

the H & S Model, which presented values of 0.12% and 0.67%. 

When comparing different diagrams, the H & S Model in the 

comprehensive diagram showed a reduction in the exergetic 

unit cost of power (0.119%) and an increase in the unit cost of 

heat (0.67%), in relation to that obtained by arrangement 2 of 

the productive diagram. This difference is mainly due to the 

subsystem’s interconnection rather than the waste cost 

allocation. Unlike the H & S Model, the E Model showed a 
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significant variation in the cost allocation procedures between 

the diagrams. This difference is because the cost formation 

process between the diagrams is different, i.e., the 

comprehensive diagram respects the subsystem 

interconnections presented in the physical diagram, while the 

productive diagram uses productive flows, which may not 

have a physical meaning, in addition to the junctions and 

bifurcations arbitrariness.[4] 

The H & S Model is a methodology designed to perform 

waste treatment without the use of other methodologies since 

the waste treatment is established in the model itself through 

the productive structure. In addition, it is independent of the 

chosen diagram. This behavior is evident by the variation of 

the results obtained by the model, which is quite low. For the 

E Model in the comprehensive diagram, there is a need to use 

separate methodologies to perform the waste treatment. The 

internal loop methodology ends up overloading the power 

since the waste cost is distributed to that equipment which 

increases exergy. On the other hand, under SPECO based 

approach, the heat is overloaded, and the waste is allocated 

only to those who generate it, in this case, the combustion 

chamber and the supplementary firing. However, these results 

showed less variation than those of the productive diagram. 

The difference between arrangement 1 (one pair of 

junctions and bifurcation) and arrangement 2 (two pairs of 

junctions and bifurcation) reveals a slight difference in the 

exergetic unit cost for internal flows. Although, arrangement 

2 allocates extra exergy from supplementary firing more 

rationally, as already explained. Tables S2 and S3, in the 

supplementary information, show the exergetic unit cost for 

internal flows of the E and H & S Models in productive and 

comprehensive diagrams. 

One may summarize the main results drawn from each 

modeling of allocation as follow: 

• The exergetic unit cost of power is more penalized 

when it is calculated by arrangement 1 (one pair of J-

B) than arrangement 2 (two pairs of J-B) due to 

different allocation of the extra external fuel exergy 

added in the SF. Arrangement 2 is more rational. After 

all, the extra external fuel exergy from the SF is 

allocated only to the recovery boiler, not penalizing 

the power cost. 

• The Productive diagram could contain arbitrariness 

related to the subsystem interconnected by the use of 

fictitious units (junction and bifurcation) as seen 

through arrangements 1 and 2. The comprehensive 

diagram reduces the interconnection arbitrariness 

present in the productive diagrams and calculates the 

unit cost of both physical and productive internal 

flows and final products. 

• The E Model in the productive diagram is not able to 

isolate the intercooler (dissipative equipment). 

Nevertheless, the IC is analyzed together with another 

productive component. In a comprehensive diagram, 

the E Model can treat the intercooler. While the H&S 

Model can isolate and treat the entropic term in both 

diagrams. 

• The localized exergy disaggregation was able to 

isolate the dissipative equipment in the E Model with 

less complexity when compared with H&S Model. 

However, it cannot treat the residue cost allocation. 

• The E Model in the comprehensive diagram presents 

arbitrariness when using the methods that apply the 

residue cost distribution ratios since these ratios can 

be defined in different forms. 

E Model residue costs are implicitly allocated to the power and 

the heat proportionally to the input of the gas turbine and the 

recovery boiler, respectively. The H&S Model allocates 

directly to equipment that increases the entropy of the working 

fluid and then indirectly through the enthalpic term based on 

its productive structure definition. 

 

5. Conclusions and closure 

This work evaluated the influence of the cost formation 

process on the choice of productive and comprehensive 

diagrams, as well as the exergy disaggregation for the 

treatment of dissipative equipment and waste cost allocation, 

and finally, the localized exergy disaggregation was applied to 

isolate the dissipative equipment and reduce the complexity. 

For comparison purposes, the cogeneration system with a 

regenerative gas turbine, intercooler, and supplementary firing 

was chosen because it met several demands and challenges of 

the thermoeconomic analysis. 

An important step in defining the cost formation process of 

a system is the definition of fuel and product, as well as the 

interconnections between the equipment. Therefore, for the 

proposed system, the productive diagram showed arbitrariness 

in the interconnections, due to the junctions and bifurcations 

since it was possible to elaborate two diagrams with different 

quantities of fictitious units. Nonetheless, the comprehensive 

diagram presents only one cost formation process, this is 

because it uses physical flow to perform the interconnections, 

giving a physical meaning to the flows. Furthermore, the 

comprehensive diagram also made it possible to calculate the 

unit costs of physical and productive flows. However, it is 

notorious that there is an increase in complexity in the 

elaboration of the equation system of this diagram, due to the 

greater number of flows. 

The dissipative components were treated in different ways, 

depending on the thermoeconomic model and diagrams used. 

For the E Model in the productive diagram, it was necessary 

to join it with other production equipment. However, 

information about the cost formation process of these 

components is lost once they have been merged. Another 

solution was the physical exergy disaggregation into its 

enthalpic and entropic terms (H&S Model). Regardless of the 

diagram, the disaggregation allowed for defining the function 

(fuel and product), and isolating all equipment in the system, 

obtaining more accurate information about cost allocation. 

The E Model applied to the comprehensive diagram allowed 
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the treatment of the intercooler, but it is not possible to define 

its fuel and product. Another alternative was to use the 

localized physical exergy disaggregation applied only on the 

dissipative equipment. This solution allowed defining the fuel 

and product of the intercooler whilst reducing the complexity 

to elaborate the cost formation process. Nevertheless, when 

localized disaggregation was used in combination with E 

Model, the methodology could not deal with the waste 

treatment without the complement of the waste cost allocation 

methodologies. 

The waste cost allocation in H&S Model is systematically 

allocated due to the existence of the environment (ENV) as a 

component and/or unit of the diagram. This way, the residues 

cost is allocated to all the remaining units and/or components, 

firstly and directly by means of the entropic term flows and 

afterward using the enthalpic term flows. Differently from the 

H&S Model, when the E Model is applied to the productive 

diagram, the waste cost allocation is carried out implicitly and 

proportionally to the fuel of the recovery boiler (RB) and gas 

turbine (GT). For the comprehensive diagram based on the E 

Model, it was necessary to complement the waste cost 

allocation methodologies, adopting proportionality criteria, 

which may involve arbitrariness due to different options 

available, and, thus, the analyst has to decide which one to 

adopt. 

The systematization of the cost formation process of 

products and associated residues is extremely important for 

any type of thermoeconomics analysis, whether economic, 

environmental, or exergetic. Thus, this methodology is applied 

to any system whose processes are properly designed based on 

the flows trajectories described in the (h,s) plane[4,50] and any 

area of thermoeconomics (cost allocation, diagnosis, and 

optimization), regardless of the cost of whether exergetic, 

monetary or environmental. Besides systemizing and 

generalizing, it identifies the cost-formation process of 

products and associated residues and allows its allocation 

without arbitrariness. In diagnosis applications, it can provide 

better methods to detect inefficiencies and their effects on 

operating systems. 

Thusly, the comprehensive diagram with the H&S Model 

proved to be the best solution for this case, besides presenting 

thermodynamic coherence when obtaining exergetic unit costs 

higher than the unit. It systematized the cost formation process, 

reduced the arbitrariness level of the interconnections, and 

isolated the dissipative equipment, in addition to realizing the 

waste cost allocation with no additional based-ratios 

methodologies. Nevertheless, this solution presents a 

considerable increase in complexity due to the rise in the 

number of flows to be analyzed. 
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Nomenclature 

B Bifurcation 

c Monetary unit cost [$/kWh] 

E Exergy flow [kW] 

e Specific exergy [kJ/kg] 

H Enthalpy flow [kW] 

h Specific enthalpy [kJ/kg] 

J Junction 

k Exergetic unit cost [kJ/kJ] 

LHV Lower heating value [kJ/kg] 

m Mass flow [kg/s] 

P Power [kW] 

Q Heat (exergy) [kW] 

S Entropy flow [kW] 

s Specific entropic [kJ/kg] 

Y Generic thermodynamic magnitude [kW] 

Z Hourly equipment cost [$/h] 

 

Subscripts and superscripts 

CH Chemical 

f Fuel 

in Inlet 

N Net 

out Outlet 

U Useful 
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