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Abstract  
 
In a productive process, the achievement of products occurs simultaneously with residues generation. Environmental 
impact of residues is an important issue in energy systems analysis due to environmental regulations and 
sustainability assessment. Many waste treatment methodologies have been proposed and applied in 
thermoeconomics. However, this is a complex problem and the solution depends on the residue nature and its 
formation process. Most conventional methodologies are based on productive diagrams, using productive flows 
only, and allocate the residues cost among the productive equipment. This work surveys the main conventional 
methodologies for treatment of waste and presents an improved/updated methodology based on a comprehensive 
diagram, in which both physical and productive flows are represented and their flows cost are assessed and the 
subsystems are connected using the same physical flows presented in the flowsheet of the plant. Both the CGAM 
system and a combined cycle are analyzed. Comparisons are made with literature results, considering the same case 
studies. The presented methodology obtains consistent results from the point of view of the cost allocation in 
thermoeconomics. The novelty of this updated approach concerns how the residue cost is allocated in the 
comprehensive diagram: it is reinternalized in the internal loop of physical flows, instead of in the productive unit. It 
represents advantages since the equipment product/fuel ratio index is not affected, which is beneficial for 
thermoeconomic diagnosis application.   
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1. Introduction  

In any productive process, the achievement of 
functional products occurs simultaneously with associated 
irreversibilities and often generating undesirable 
residue/waste [1]. Residues can be defined as flows that are 
not useful, and their existence would cause damage to the 
installation or to the environment. Therefore, additional 
energy consumption and economic resources are necessary 
in order to eliminate these flows and/or convert them into 
loss streams to be eliminated without losses or demanding 
more resources [2]. The words residue and waste are 
assumed to be synonymous in this work, for both heat in 
dissipative components and stack or chimney gases. 

The dissipative equipment does not have a productive 
purpose, i.e., these components destroy exergy without 
thermodynamic gain. Nevertheless, they are essential for 
the correct system operation [3], [4]. Furthermore, this kind 
of equipment aims to eliminate totally/partially an 
undesirable flow (waste) through interactions with other 
components [1], which in some cases allows higher 
production or better efficiency for the system [1], [5]. 
According to [4], in costing applications, all costs 
associated with owning and operating a dissipative 
component must be charged directly to the component(s) 
served by it. 

Concerns about the environmental impact of residues 
are gaining importance in the energy systems analyses as a 

result of environmental regulations and sustainability 
assessment that reinforces the importance of its adequate 
treatment. From a technical-economic as well as an 
environmental perspective, producing with maximum cost-
effectiveness is not enough, it also needs to consider how to 
minimize emissions of pollutants and waste disposals [1]. 
In this regard, the exergy is the most appropriate link 
between the second law and environmental issues, because 
it is a measure of the departure of the state of a system from 
that of the environment. In addition, the second law can 
provide instrumental insights into environmental problems 
[6], [7] and the exergy also provides the basis for 
developing comprehensive methodologies for sustainability 
as the confluence of energy, environment and sustainable 
development [6], [8].  

Several works incorporate thermoeconomic models to 
calculate the environmental costs of the final products, such 
as specific CO2 emissions of each final product in thermal 
systems [9]–[20], to perform emissions allocation in Life 
Cycle Assessment (LCA) [21]–[27] and to carry out 
thermoeconomic optimization problems through 
environmental constraints equations and/or objective 
functions which take into account the emissions [28]–[32]. 
Meanwhile, the allocation of waste heat and residues costs 
are still open to criticism and it can be considered as an 
important challenge to be solved for the rational and 
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systematic inclusion of equipment environmental costs and 
environmental taxes in thermoeconomics.  

The existence of waste creates the need to determine its 
costs. Over the last years, many waste treatment 
methodologies have been proposed and applied. In the 
benchmark CGAM Problem [33], for instance, where four 
methodologies [34]–[37] were applied to a gas turbine 
cogeneration system, each one used a different 
thermoeconomic methodology and consequently treated 
waste (exhaust gases) differently. A few years later, the 
Exergetic Cost Theory (ECT) [34] was improved through 
its Structural Theory to treat waste more rationally [38]–
[40]. The Specific Exergy Costing (SPECO) [4] was 
proposed to try to generalize into a single methodology 
those that were proposed in the CGAM Problem. 

In 2008, Torres and his co-workers proposed the 
mathematical basis for the cost assessment and the 
formation process of residues [1]. In their work, two 
residues cost allocation methodologies were applied and 
compared in a combined cycle with exhaust gases and 
condenser residual heat. Two other methodologies for 
allocating waste costs were proposed with the advising 
[41], in 2010, and participation [42] of Torres, in 2012, and 
both of them have used the same combined cycle as in [1] 
to compare the results.  

The model proposed by Santos and co-workers [43], 
[44] already takes into account the dissipative component 
treatment and residues cost allocation automatically through 
its productive structure, which is defined based on the 
trajectories the flows describe in the h-s plane when they 
work for the specific purpose of the plant. In other words, 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. 

Nevertheless, residues cost allocation is a complex 
problem by reason of its dependence on the nature of such 
flows and how they have been formed [1], [41], [44]. In this 
regard, exergy disaggregation can be interesting to define 
the thermodynamic magnitude that better represents the 
system residue. In agreement with [45], the deeper and 
more detailed the disaggregation is, the clearer the 
interpretation of the obtained costs will be and the wider the 
catalog of applications to theoretical and practical 
problems.  

According to Lozano and Valero [45] the ECT, as it was 
originally formulated, had limitations in defining the 
productive structure in relation to the same flows and 
components present in the physical structure. Thus, it 
creates difficulties in the adequate treatment of the 
dissipative components and residues of the plant. As the 
physical model is not enough to identify the waste 
formation process, the main methodologies utilize the 
productive diagram [1], [36], [37], [41], [42], [44] and 
agree that the cost of the exergy contained in the waste and 
the costs of the resources employed in its treatment or 
evacuation must be divided among the productive units, and 
thus to the final products, proportionally to its responsibility 
for such magnitude [45]. This proportionality can be 
defined in several different ways, i.e., there is no general 
criterion to define it. Hence, despite waste treatment is 
evolving and being widely discussed, it is still a 
thermoeconomic field open to improvement.  

Bearing in mind the variety and quantity of 
thermoeconomic methodologies used for waste treatment 
and also the need to improve these analyzes, this work first 

surveys the main conventional available methodologies 
used in the treatment of waste and dissipative equipment, in 
order to identify and enumerate each the ones that will be 
compared. Then, an updated/improved methodology for 
residue cost allocation using the comprehensive diagram is 
presented. In the comprehensive diagram [46], [47], both 
physical and productive internal flows are represented and 
their flows cost are assessed. Besides, the subsystems are 
connected using the same physical flows presented in the 
flowsheet of the plant. It reduces possible arbitrariness 
related to the subsystem interconnections (as already shown 
in [47], [48]), since there are no fictitious components, such 
as junctions and branches used in productive diagrams.  

The methodology presented in this paper, based on a 
comprehensive diagram, is applied in two case studies. The 
first is a combined cycle power plant with two kinds of 
residues (HRSG exhaust gases and condenser residual heat) 
in which the results are compared with the ones of five 
methodologies available in the literature [1], [41], [42], [44] 
that were applied in the same power cycle. The second is 
the CGAM Problem, a regenerative gas turbine 
cogeneration system, in which the HRSG exhaust gases are 
the residues. In this second case, the comprehensive 
diagram is first defined with total exergy flows (E Model) 
and then with exergy disaggregated in mechanical and 
thermal components (ET&EM Model). The results are 
compared with the following methods available in the 
literature: some original methodologies [36], [37] applied in 
the CGAM Problem and others that had been improved 
later [4], [40], mainly for waste treatment, and also with the 
H&S Model [43], [44].  

The improved method of this paper agrees that the 
residues cost must be divided among the productive units, 
and thus to the final products, proportionally to its 
responsibility for such magnitude. Comparisons with the 
main methodologies used in this area are carried out. 
However, the main difference between this updated 
method, which was introduced in [49], and the conventional 
methods concerns how the residue cost allocation in the 
comprehensive diagram: in such case, it is reinternalized in 
the internal loop of physical flows, instead of in the 
productive unit, as in [1], [41], [42]. It represents a benefit 
during a future application of thermoeconomic diagnosis 
since it does not affect the equipment product/fuel ratio 
(unit exergy consumption), which is the performance index 
used in the thermoeconomic diagnosis method called “Fuel 
Impact Formula” [50], [51]. This method uses mathematical 
equations to determine the additional fuel consumption in 
the presence of system anomalies through thermodynamic 
data from the operational and reference conditions.  
 
2. Residue Cost Allocation Overview  

When the Exergetic Cost Theory (ECT) [34] was 
applied in the CGAM Problem [33], the waste cost was 
allocated to the Heat-Recovery Steam Generator (HRSG) 
only, and therefore its cost was charged only to the useful 
heat cost. The Exergoeconomic/AVCO [35], distributed the 
waste proportionally to the amount of power and heat 
produced. The two other methodologies applied in the 
CGAM Problem allocate waste implicitly proportionally to 
the thermal exergy consumption in the productive unit that 
produces the final products (Thermoeconomic Functional 
Approach - TFA [36]) and using negentropy flow 
consumption together with the thermal exergy component 
flow (Engineering Functional Analysis - EFA [37]). 
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Whereas ECT and Exergoeconomic/AVCO have worked 
with physical diagrams, TFA and EFA have used 
productive diagrams. After the CGAM Problem, the same 
ECT authors developed a structural version of this theory as 
the standard thermoeconomic methodology whose 
mathematical formalism would be able of dealing with any 
of the other methodologies [38]–[40]. The Structural 
Theory of Exergetic Cost graphically represents the cost 
formation process through productive flows, called 
productive diagram. 

Describing the cost formation process of thermal 
systems based on productive flows is originally a 
characteristic of functional methodologies, TFA and EFA. 
Nonetheless, this characteristic has also started to be 
adopted by the Structural ECT [52]. When this theory uses 
total exergy to define physical flows combined with the 
productive diagram, it is here called E Model. The 
Structural ECT and E Model allocate the residues implicitly 
and proportionally to the exergy consumption in the 
productive units that produce the final products of the plant. 

The SPECO [4] indicates that costs associated with 
owning and operating a dissipative component must be 
charged directly to the component(s) it is served by and 
suggests that the waste, called exergy losses, should be 
charged directly to the combustion chamber. In this aspect, 
[4] agrees with [2], since the output gases of the HRSG has 
not been generated there, but in the combustion chamber, 
and that is where it should be allocated. Consequently, it 
was observed in [53], [54] that the unit costs of the final 
products are equal when the Structural ECT (Model E) and 
SPECO are applied to the CGAM Problem, which shows a 
possible unification between these methodologies when 
they use total exergy analysis. However, while the cost 
equations in the Structural Theory are used to calculate the 
unit cost of productive flows, in SPECO it is used to 
determine the unit cost of physical flows, originally. 

The model proposed by Torres et al. [1] for analyzing 
the cost formation process of the residues is based on the 
symbolic exergoeconomic methodology [55]. In their work, 
two options of residues cost allocation are applied in a 
combined cycle: Option 1 allocates the cost of waste 
proportionally to the exergy of the flows processed in the 
dissipative units according to the productive structure of the 
plant, and Option 2 allocates it proportionally to the entropy 
generation along the process. The first defines the residue 
cost distribution ratio (𝜓𝜓𝑗𝑗𝑗𝑗) based on how much exergy was 
produced in the equipment before being dissipated in the 
environment. In the second, the components which increase 
the entropy of working fluid are charged and those that 
reduce it receive a credit. The last one yields values greater 
than one and lesser than zero for the residue cost 
distribution ratio when applied to open systems, such as 
Brayton cycles. Thus, it is more suitable to be applied in 
closed cycles, like Rankine or Refrigeration cycles [56]. 
The 𝜓𝜓𝑗𝑗𝑗𝑗  represents the fraction [%] of the total cost of a 
waste that is allocated to a given component. 

 Two other methodologies for allocating waste costs 
[41], [42] are also based on the symbolic exergoeconomics 
and both used the same combined cycle as in [1] to 
compare the results. The criterion proposed in 2010 [41] is 
based on the entropy distributed within the components, 
instead of the entropy generated along the process, as it is in 
Option 2 [1]. The 𝜓𝜓𝑗𝑗𝑗𝑗  values obtained by [41] are 
comprised between those obtained by Options 1 and 2 from 
[1]. Methodology [42] identifies the formation process of 

residues cost and allocates it to the productive units that 
generated them, in proportion to their respective 
responsibility. Methodologies [41] and [42] are identified 
here as Options 4 and 5, respectively. The criterion 
proposed by Agudelo et al. [42] has been applied in a 
retrofitted natural gas-based cogeneration system and to the 
original natural gas-based cogeneration system to achieve 
the unit exergoeconomic cost of products [57] and also in a 
CHP plant with three kinds of residues (exhaust gases, 
condenser residual heat and ashes) [20] that were treated by 
combining the residue cost allocation methodologies 
proposed in [1] and [42]. 

Whereas in the work of Torres et al. [1] the Fuel-
Product Matrix 〈𝐹𝐹𝐹𝐹〉 is composed by exergy flows to define 
the residue cost distribution ratios (𝜓𝜓𝑗𝑗𝑗𝑗), Seyyedi et al. [41] 
use entropic exergy component flows in the Matrix 〈𝐹𝐹𝐹𝐹〉 
for defining these ratios. These flows are defined from the 
exergy definition and can be written as 𝐸𝐸𝑖𝑖,𝑗𝑗𝑆𝑆 = 𝐸𝐸𝑖𝑖,𝑗𝑗𝐻𝐻 − 𝐸𝐸𝑖𝑖,𝑗𝑗, in 
which 𝐸𝐸𝑖𝑖,𝑗𝑗 is the total exergy variation between two 
physical states (i and j), 𝐸𝐸𝑖𝑖,𝑗𝑗𝑆𝑆  and 𝐸𝐸𝑖𝑖,𝑗𝑗𝐻𝐻  are, respectively, the 
variation of entropic and enthalpic components of exergy 
between i and j states. 

Santos et al. [43], [44] proposed a general methodology, 
called H&S Model (identified here as Option 3), which 
already takes into account the treatment of the dissipative 
components and the waste cost allocation in the 
thermoeconomic analysis of energy systems. In its 
productive structure, the fuels and the products of each 
component are systematically defined by taking into 
account all enthalpy, entropy and also chemical exergy 
additions to and removals from all the streams. The 
treatment of waste and dissipative equipment, which is 
already an inherent feature of this methodology, is carried 
out through the productive structure definition of the 
system, which is based on the trajectories the flows describe 
in the h-s plane when they work for the specific purpose of 
the plant. In other words, 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. 
Moreover, it already treats waste and dissipative equipment 
without the need to define the 𝜓𝜓𝑗𝑗𝑗𝑗 . The H&S Model was 
applied for residue cost allocation in a regenerative gas 
turbine cogeneration system [56], for treatment of 
dissipative components (condenser) and residues (exhaust 
gases) in a combined cycle [58] and in a Rankine cycle to 
treat the condenser [59]. Regarding residue cost allocation, 
there is a similarity between this last methodology and the 
one proposed by Seyyedi et al. [41], since both use the 
entropic component of exergy flows for residue allocation. 

Since 2008, Torres et al. [1] mentioned that there is an 
evident needing for either developing new techniques or 
extending the existing ones for including both residues cost 
allocation and the analysis of their formation process. This 
same work concludes that despite advances in the area, this 
problem is still open because perhaps a subjective criterion 
is being used for cost allocation. Keshavarzian et al. [60], in 
2017, also demonstrated the importance of the exergy cost 
reallocation of the residual flows in the thermoeconomic 
analysis in order to do not underestimate the exergy costs of 
useful products. Currently, several works are still working 
in this regard to improve analysis. 

In [61] the ECT Method [34] and the Distributed 
Entropy Method [41] are applied to a high-temperature gas-
cooled reactor that is coupled with the steam cycle through 
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the heat exchanger. The results had been compared with the 
H&S Model [44]. Seyyedi and Dogonchi [62] propose two 
new waste treatment alternatives based on combinations of 
already existing methodologies to overcome restrictions of 
the pre-existing ones. The authors had applied it to the same 
combined cycle used in [1], [41], [42]. The first alternative 
uses Option 2 [1] for the steam line (Rankine cycle) and 
Option 1 [1] is applied for air and gas lines (Brayton cycle). 
The second alternative suggests a combination of Options 1 
and 2 to obtain a positive value between zero and one for 
the residue cost distribution ratios. Alternative 1 obtains the 
same 𝜓𝜓𝑗𝑗𝑗𝑗 val ues, as in Opt ion 1, for  gas es and  
approximated values for heat. Alternative 2 obtains 
analogous 𝜓𝜓𝑗𝑗𝑗𝑗 val ues, as in Opt ion 2, eve n wit h val ues 
greater than one and other negatives that had already been 
noticed in [1].   

In the recent work [63], the authors applied and 
compared two methodologies - SPECO [4] and Modified 
Productive Structure Analysis (MOPSA) [64] - in a coal-
fired power plant and in the CGAM system. Both 
methodologies agree that the cost of waste eliminated at the 
dissipative units should be allocated to the system 
components. The MOPSA method includes the cost flow 
rate of irreversibility in the cost-balance equation (it acts as 
an input cost similar to the levelized cost of equipment, Z). 
On the other hand, SPECO provides waste costs elimination 
at dissipative units which are considered together with all 
components it serves. In [63] the authors conclude that if 
appropriate considerations about the waste cost (how and 
whether the waste cost term is explicit in the cost balance 
equation) in thermoeconomic analysis are taken into 
account, both methodologies obtain the same unit cost of 
products for both systems studied. The paper [63] was 
republicated as a book chapter in [65] with one more plant 
(a combined cycle), but with similar conclusions.  

Lugo-Mendes et al. [66] use a residue cost criterion 
based on irreversibilities that can be conceived as an 
extension of the criterion of entropy changes (Option 2 [1]) 
because, in addition to the entropy changes, it also includes 
the exergy flows associated to the heat transfer through the 
boundaries of the energy system, and it is supported on the 
Gouy–Stodola theorem. Nevertheless, it avoids the 
existence of a negative production cost that usually happens 
in Option 2 and the residues costs are in direct proportion to 
the irreversibility or exergy destruction of the productive 
components. These production exergy costs are determined 
by allocating the residue cost formation to the 
irreversibilities of the productive components from which 
they originate. In [66] the authors apply the methodology in 
a Three-Pressure-Level Combined Cycle, and the results are 
compared with those obtained by Option 2 [1], Option 4 
[41] and Option 5 [42]. Despite the proposed criterion 
reaching results in agreement with the compared criteria, it 
does not permit to calculate the costs of internal streams for 
assessing the impact of the additional fuel required to 
compensate component malfunctions. These same authors 
recently published an analysis of the waste cost formation 
of a high bypass turbofan engine used in aviation [67].

Finally, in 2021 Torres and Valero [68] revisited the 
ECT aiming to improve the analyses of the physical costs 
of products and their associated waste in energy systems. 

The methodologies proposed by [1], [41], [42], [62], 
[66] as well as the one presented in this work are based on 
the 𝜓𝜓𝑗𝑗𝑗𝑗 that are  def ined by dif ferent cri teria. Non etheless, 
the biggest contribution of this work is due to the kind of

137 / Vol. 24 (No. 2) 

diagram used and the difference concerning the residue 
costs reinternalization with advantage in a future 
application of thermoeconomic diagnosis. It will be further 
explained in subsections 4.1.2 and 4.2.2.   

3. Thermoeconomic Modeling
A thermoeconomic model must be used in order to

determine the exergetic and monetary unit costs of the 
external resource allocation to the final products and, 
consequently, for the assessment of the exergetic and the 
monetary unit cost of both internal flows and final products. 
This model can be defined as a set of cost equations that 
describes mathematically the cost formation process of the 
system’s final products. A thermoeconomic model is 
usually performed by using Eqs. (1) and (2). All 
thermoeconomic methodologies agree that the productive 
purpose of the subsystems need to be defined, as well as the 
distribution of the external resources throughout the system, 
which can be represented by means of a diagram as shown 
in Figures 1-10.  

Regardless of whether a physical (Figures 1 and 5) or 
productive (Figures 2-3 and 6-8) diagram is used as the 
thermoeconomic model, the solution of the set of cost Eq. 
(1) is the monetary unit cost of each internal flow and each
final product which is the amount of external monetary unit
required to obtain one unit of this flow, i.e., it is a measure
of the economic efficiency of the production process when
producing this flow [69].

( ) ( )out out in in F Fc Y c Y c E Z⋅ − ⋅ = ⋅ +∑ ∑ (1) 

Z represents the external hourly cost of the subsystem 
due to the capital cost, operation and maintenance cost of 
each subsystem (in $/h); cF is a known market unit cost of 
the external fuel exergy (in $/kWh) and EF is the amount of 
the plant external fuel exergy consumption (in kW). cout and 
cin are unknown variables representing the monetary unit 
cost of the internal flows at the outlet and at the inlet of 
each subsystem (in $/kWh), respectively. Yout and Yin 
represent the generic internal flows (in kW) at the outlet 
and at the inlet of each subsystem, respectively, which can 
be assessed using any thermodynamic magnitude, such as, 
power (P), heat (Q), total exergy (E), entropic (S), enthalpic 
(H), thermal (ET) and mechanical (EM) components, etc. 

In order to formulate the cost equation balances to 
provide the exergetic unit cost (kout and kin) of each internal 
flow and final products of the diagram, Eq. (2) is obtained 
by modifying Eq. (1). The exergetic unit cost of a flow (in 
kW/kW) 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 [69]. In Eq. (2), the hourly cost of the 
subsystem due to the capital cost, operation and 
maintenance must be zero (Z = 0) and the monetary unit 
cost of the external fuel exergy is replaced by the exergetic 
unit cost of the external fuel exergy, which is 1 kW/kW, 
because there is no exergy destruction before the productive 
process is performed [69]. 

( ) ( )out out in in F Fk Y k Y k E⋅ − ⋅ = ⋅∑ ∑ (2) 

In the comprehensive diagrams (Figures 4, 9 and 10), in 
turn, the set of Eqs. (1) and (2) needs to be applied in all the 
productive units and components. Meanwhile, for both 
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monetary and exergetic unit costs, the number of internal 
flows is always greater than the number of productive units 
and components. Therefore, auxiliary equations are 
required and both of them use the fuel and product 
principles [4] which is in accordance with the propositions 
formulated in the ECT [34], [70] for determining costs. In 
this work, only the exergetic unit cost is assessed and 
compared.  

All the methodologies compared in this work, and 
which use the productive diagram, use the product 
principle, except the EFA [37] which uses the concept of 
by-product in defining the cost of some flows (it will be 
further explained and applied in subsection 4.2.1). 

4. Case Studies
In order to be compared with several methodologies

explained in section 2, the improved methodology of this 
paper is applied in two case studies: (i) a combined cycle 
power plant with two kinds of residues and (ii) in the 
CGAM system (only one kind of residue). 

4.1 Combined Cycle Power Plant 
Figure 1 shows the physical structure and Table 1 

represents the thermodynamic parameters of the combined 
cycle which is used to compare the methodology of this 
work with Options 1-5 [1], [41], [42], [44]. Part of the 
power generated in the gas turbine (equipment nº 3) is used 
to drive the compressor (equipment nº 2) and part of the 
mechanical power drives the pump (equipment nº 8). The 
final product of the plant (electric power) is represented by 
flow number 18 and the residues by flows 19 and 21, 
condenser residual heat and exhausts gases, respectively. 
This cycle is fully described in [71].  

Figure 1. Physical structure of the combined cycle [41]. 

4.1.1. Conventional Thermoeconomic Diagrams 
Some methodologies compared in this work use the 

total exergy (E) as the thermodynamic magnitude to define 
the productive structure. Table 2 represents the productive 
structure definition and Figure 2 shows the productive 
diagram of the plant using total exergy flows as used in the 
methodologies [1], [41], [42] and its respectively Options 1, 
2, 4 and 5. In Figure 2 all the flows of the productive 

diagram are exergies that represent power, useful heat 
exergy, or the exergy of the working fluid (𝐸𝐸𝑖𝑖:𝑗𝑗) that are 
exergy variations between two physical states: 𝐸𝐸𝑖𝑖:𝑗𝑗 = 𝐸𝐸𝑖𝑖 −
𝐸𝐸𝑗𝑗. In this kind of method, if the working fluid exergy 
variation when passing through an equipment is positive, it 
is classified as a product. Otherwise, fuel. 

Table 1. Thermodynamic parameters of the combined cycle 
[1]. 

Nº Flow Description P (bar) T (°C) m (kg/s) 
0 Environment 1.013 20.00 
1 Air inlet compressor 1.013 331.23 309.930 
2 Air outlet compressor 9.100 870.00 309.930 
3 Gas inlet turbine 9.009 870.00 314.055 
4 Gas inlet superheater 1.044 444.17 314.055 
5 Power compressor 
6 Power gas turbine 
7 Fuel combustor 1.013 25.00 4.125 
8 Gas inlet boiler 1.033 406.09 314.055 
9 Gas inlet economizer 1.023 262.22 314.055 

10 Gas outlet economizer 1.013 184.20 314.055 
11 Outlet LP turbine 0.065 37.64 30.904 
12 Outlet condenser 0.065 37.67 30.904 
13 Steam inlet economizer 40.804 37.91 30.904 
14 Steam inlet boiler 40.400 251.00 30.904 
15 Steam inlet superheater 40.400 251.00 30.904 
16 Steam inlet HP turbine 40.000 417.13 30.904 
17 Power steam turbine 
18 Electric power 
19 Condenser heat 
20 Power extraction pump 

Table 2. The productive structure definition of the 
combined cycle. 

Nº Device Fuel Product Residue Type of 
component 

1 Combustor E7 E3 – E2 - Productive 
2 Compressor E5 E2 – E1 - Productive 
3 Gas Turbine E3 – E4 E5 + E6 - Productive 
4 LP Turbine E16 – E11 E17 - Productive 
5 Superheater E4 – E8 E16 – E15 - Productive 
6 Boiler E8 – E9 E15 – E14 - Productive 
7 Economizer E9 – E10 E14 – E13 - Productive 
8 Pump E20 E13 – E12 - Productive 
9 Generator E6 + E17 E18 + E20 - Productive 

10 Condenser E11 – E12 - E19 Dissipative 
11 Stack E10 - E21 Dissipative 

Figure 3 represents the productive diagram for the 
combined cycle using H&S Model (Option 3) [43], [44] in 
which the flows are defined using the variation of the 
enthalpic (𝐻𝐻𝑖𝑖:𝑗𝑗) and entropic (𝑆𝑆𝑖𝑖:𝑗𝑗)  components of the 
exergy between the physical states i and j, respectively. 
H&S Model gives credit to processes that decrease the 
entropy of the working fluid, and penalizes those processes 
that increase the entropy of the working fluid and it is based 
on exergy disaggregation. Besides, in this model, the 
chemical exergy flow (CH3:2 in Figure 3) is explicitly 
introduced in the productive diagram. 

The entropic component is produced in the condenser 
(equipment nº. 10) and distributed directly to the Rankine 
Cycle, equipment 4-8 through the bifurcation BS

2. 
Furthermore, after going through 5, 6, 7 and joining it with 
stack (nº. 11) product, it is indirectly distributed (through 
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BS
1) to the gas turbine cycle, equipment 1-3. In the H&S 

Model, the equipment nº. 11 can be understood as the stack 
together with the environment. 

In Figure 3, the systems' components are represented by 
means of rectangles that are real units or subsystems and 
the rhombus and circles are fictitious units called junctions 
(J) and bifurcations (B), respectively.

In this method, the fuel and product definitions of the
enthalpic component and the chemical exergy (positive 
terms as shown in the exergy definition in its components 
in Eq. (3)) are performed similarly to the E Model. For the 
entropic component, the behavior is the opposite. As this 
component has a negative contribution in Eq. (3), if there is 

an increase in entropy variation, this will be fuel, otherwise, 
product. 

: : : :
CH

i j i j i j i jE H S E= − + (3) 

All other methodologies [1], [41], [42] which use 
productive diagram, except the H&S Model, firstly consider 
the waste as if it were a final product of the plant and after 
its costs are redistributed/reallocated to the productive 
equipment through the residue cost distribution ratios 
(𝜓𝜓𝑗𝑗𝑗𝑗). The methodologies differ from each other, mainly, 
by the 𝜓𝜓𝑗𝑗𝑗𝑗values. 

Figure 2. Productive diagram for the combined cycle using total exergy flows [1], [41]. 

Figure 3. Productive diagram of the combined cycle (H&S Model). 

Figure 4. Comprehensive diagram for the combined cycle (E Model). 
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4.1.2. Comprehensive Thermoeconomic Diagrams 
Figure 4 combines the concept of both physical and 

productive diagram in a comprehensive thermoeconomic 
diagram representing the combined cycle and shows clearly 
and graphically the product and fuel of the subsystems, as 
well as the interrelation among them, by combining 
physical (𝐸𝐸𝑖𝑖) and productive (𝐸𝐸𝑖𝑖:𝑗𝑗) internal flows in a 
single diagram. It also reduces arbitrariness linked to the 
junction-bifurcations used in productive diagrams. In 
comprehensive diagrams, each subsystem acts as both a 
productive unit (continuous line) and as a component 
(dotted line) combining the characteristics of both the 
productive and physical diagrams, respectively. The 
product and fuel definitions in the diagram are similar to 
those explained for the productive diagram (E Model). 

Even though Frangopoulos [72] had mentioned and 
represented a new approach for constructing a 
thermoeconomic diagram encompassing both flows, the 
author did not present the cost equation for this approach. 
Lazzaretto and Tsatsaronis [4] also had discussed the 
concepts of productive unit and component, but they did 
not use the concept of productive unit for unit cost 
calculation. Von Spakovsky [37] had used the concept of 
internal loop flows, but in an optimization problem.  

This kind of diagram, which combines physical and 
productive flows, has also been used in diagnosis analysis 
[73]–[75]. Nevertheless, for cost allocation applications, it 
was first done in 2018: while in [46], [47] the authors called 
by Comprehensive Diagram, in [76], [77] an equivalent 
diagram is called by Productive Structure Graph and the 
internal loops are called productive groups or streams. 

In the methodology used here, which uses the 
comprehensive diagram, the residues costs are allocated in 
the component that has generated them. In Figure 4 the 
diagram is defined with exergy flows, therefore the exhaust 
gas (E21) costs should be reallocated where this magnitude 
(exergy) was produced: combustor and compressor, 
equipment 1 and 2, respectively. Nonetheless, it is 
necessary to carry out the reallocation proportionally to 
penalize equipment properly. Hence, the residues are 
allocated as shown by the red arrows entering components 
1 and 2 in Figure 4 and the proportionality (%), called by 
residue cost distribution ratios (𝜓𝜓𝑗𝑗𝑗𝑗), are shown in Table 5: 
60,69% to the combustor and 39,31% to the compressor. 

The condenser residual heat (E19) cost must be 
reallocated in a similar way (exergy internal loop), where it 
was produced (components 5-8, in Figure 4) using 𝜓𝜓𝑗𝑗𝑗𝑗  
shown in Table 5 (heat column). 

4.2. Regenerative Gas Turbine Cogeneration System 
Figure 5 represents the regenerative gas turbine 

cogeneration system that is the same as the well-known 
CGAM Problem in its optimal conditions [33]. The 
cogeneration system is defined by the AC (air compressor), 
the R (regenerator), the CC (combustion chamber), the GT 
(gas turbine) and the RB (recovery boiler). The parameters 
of the main flows of the physical structure are given in 
Table 3. The cogeneration plant delivers 30 MW of net 
power (PN) and the power to drive the compressor (PAC) is 
29,692.5 kW. The fuel consumption in the exergetic base 
(QF) is 84,380.69 kW and the useful heat exergy (QU) 
produced by the recovery boiler is 12,740 kW. 

Figure 5. Physical structure of the CGAM system. 

Table 3. Main parameters of the CGAM system. 
Physical flow 

�̇�𝒎 [kg/s] T [°C] p [kPa] N° Description 
1 Air 99.46 25.15 101.3 
2 Air 99.46 322.51 863.4 
3 Air 99.46 641.28 820.2 
4 Gas 101.08 1,219.63 779.2 
5 Gas 101.08 714.90 109.9 
6 Gas 101.08 445.76 106.6 
7 Gas 101.08 127.26 101.3 

4.2.1. Conventional Thermoeconomic Diagrams 
The productive diagrams of the system according to 

TFA [36] and EFA [37] are shown in Figures 6(a) and 6(b), 
respectively. The TFA uses flows of exergy disaggregated 
in their thermal and mechanical components to define the 
productive structure and the residues are allocated 
implicitly to final products (PN and QU) proportionally to 
the fuels of the GT and the RB, respectively. The EFA uses 
exergy flows, disaggregated in their thermal and 
mechanical components, joined up with the negentropy 
flows. In this specific case, residues are allocated through 
the environment (E), originally called stack in this method. 
The thermal component of the exhaust gases – ET

7:1 (or 
residues) is delivered to the environment and afterward, it is 
redistributed to the productive units proportionally to the 
increase of entropy in the working fluid (partial or total) 
caused by these productive units. 

The methodologies TFA and EFA did not need to use a 
cost allocation rule since they were initially used in an 
optimization problem (CGAM). However, subsequent 
works showed that the TFA uses the product principle for 
cost allocation procedures [3], [38], [78]. On the other side, 
the EFA uses the by-product criterion to define auxiliary 
equations. This criterion considers that each plant can have 
only one product [52], [79]. Thus, in this case, as they are 
by-products, the negentropy flows produced by the RB 
(S6:7) and by the R (S5:6) assume the same unit cost as the 
negentropy flow produced by the E (S7:1), which is the unit 
whose main objective is to produce this flow.  

In Figure 7 the productive diagram is defined using 
exergy flows as a characteristic of the Structural ECT (E 
Model) and the residues costs are allocated, implicitly, to 
the final products (PN and QU) in proportion to the exergetic 
fuels of the GT and the RB, respectively. 
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Figure 6. Productive diagram of the CGAM system according to a) TFA and b) EFA. 

Figure 8 represents the productive diagram for the 
regenerative cogeneration cycle using H&S Model [43], 
[44] in which the dissipative component is the environment
(E), where the residues are dissipated. The chemical exergy
flow (CH4:3 in Figure 8) is explicitly in the productive
diagram. Two residues’ components are generated in the
system: the chemical (originated in the combustion
chamber) and the enthalpic. Both of them are dissipated or
reduced in the environment to reduce the working fluid
entropy from gases to the air states. The CH4:3 value is
1,404.58 kW.

Figure 7. Productive diagram of the CGAM system (E 
Model). 

Figure 8. Productive diagram of the CGAM system (H&S 
Model). 

4.2.2. Comprehensive Thermoeconomic Diagrams 
Figure 9 shows the comprehensive diagram of the 

regenerative cogeneration system in which the flows are 
defined by exergy without disaggregation, called E Model 
(Total Exergy). The residue is represented by total exergy 
flow E7:1. According to the proposal of this work for the 
residue treatment, its costs must be reallocated to the 
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components in which they were generated, i.e., where there 
was an increase in the working fluid exergy. Hence, it is 
reallocated in the AC, R and CC as shown by the red 
arrows entering these components in Figure 9. The 
proportionalities of the exergy increase in each component, 
which is represented by the 𝜓𝜓𝑗𝑗𝑗𝑗 , are shown in Table 6.  

Figure 9. Comprehensive diagram of the CGAM system (E 
Model). 

Figure 10 shows the comprehensive diagram of the 
CGAM system in which the flows are defined by exergy 
thermal and mechanical components - Model ET&EM. 
There are two internal loops, one for each component, 
which are represented by different colors: blue and purple 
for the mechanical and thermal components, respectively. 
Since both components have a positive contribution in the 
exergy definition shown in Eq. (4), the product and fuel 
definitions in the diagram are similar to those explained for 
the productive diagram with E Model. 

: : :
T M

i j i j i jE E E= + (4) 

The residues are considered only by the thermal exergy 
component (ET

7:1) since the exhaust gases leave at ambient 
pressure and therefore there are no residues of the 
mechanical exergy component. The red arrows, in Figure 
10, show where the residues costs are reallocated taking 
into account where it was produced and the proportion 
(Table 6) generated in each component. In both 
comprehensive diagrams, Figures 9 and 10, each subsystem 
acts as both a productive unit (continuous line) and as a 
component (dotted line). 

5. Results and discussion
The results of the two case studies presented in

subsections 4.1 and 4.2 are shown below in subsections 5.1 
and 5.2, respectively. 
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Figure 10. Comprehensive diagram of the CGAM system (Model ET&EM). 

Table 4. Residue cost distribution ratios, 𝜓𝜓𝑗𝑗𝑗𝑗  [%]. 

N° Device 
Option 1 Option 2 Option 4 Option 5 

Heat Gases Heat Gases Heat Gases Heat Gases 
1 Combustor - 0.6069 - 1.71270 - 0.7160 0.381480 0.724598 
2 Compressor - 0.3931 - 0.15770 - 0.2840 0.032791 0.255046 
3 Gas Turbine - - - 0.15860 - - 0.020416 0.020356 
4 LP Turbine - - 0.0553 - - - 0.000069 - 
5 Superheater 0.1832 - 0.1147 -0.12120 0.1440 - 0.098189 - 
6 Boiler 0.6015 - 0.4903 -0.05475 0.5495 - 0.324020 - 
7 Economizer 0.2120 - 0.3392 -0.36030 0.3049 - 0.141110 - 
8 Pump 0.0033 - 0.0005 - 0.0016 - 0.001867 - 
9 Generator - - - - - - 0.000058 - 

5.1. Combined Cycle Power Plant 
Table 4 represents the residue cost distribution ratios 

used by Options 1 and 2 [1], Option 4 [41] and Option 5 
[42]. The improved methodology applied herein uses the 
ratios shown in Table 5, which are the same as Option 1. 
Option 3, H&S Model [43], [44], allocates residues 
systematically and automatically through its productive 
structure definition and does not need to define these ratios 
to be used. 

As already noted in [1], [42] there are values greater 
than one (for the combustor) and lesser than zero 
(equipment 5, 6 and 7) in Option 2 – Table 4. It is important 
to recall that the value of residue cost distribution ratios 
should be between 0 and 1, by reason of it represents the 
fraction of the total cost of a waste that is allocated to a 
given component. 

One may note that Options 1 and 4, in Table 4, present 
similar behavior, charging the same equipment with the 
same kind of residue: the exhaust gases for combustor and 
compressor and the condenser residual heat for superheater, 
boiler, economizer and pump. Also, both present only a 
slight difference in 𝜓𝜓𝑗𝑗𝑗𝑗  values. In this case study, a 
combined cycle, Options 1 and 4 do not penalize the 
equipment of the gas cycle with the condenser residual heat, 
although some components of this cycle may contribute to 
the formation of waste and its cost. In addition, both 
methods do not allocate the waste cost of exhaust gases to 
the gas turbine, it only charges the compressor and the 
combustion chamber, although they are all thermodynamic 
coupled. 

Option 5, which was based on the same mathematical 
structure as Option 1, proposes an improved definition of 
waste cost distribution ratios. The biggest difference 
between them is in the allocation of exhaust gases also to 
the gas turbine, in addition to combustion and compressor, 
and residual heat for gas cycle equipment, in addition to 
those already penalized by Option 1. 

The H&S Model does not need to define 𝜓𝜓𝑗𝑗𝑗𝑗  values 
since this methodology have already been proposed taking 
into account the treatment of waste and dissipative 
component. It is carried out automatically through the 
definition of its productive structure and is an inherent 
feature of this methodology. One may note from Figure 3 
that both kinds of residue are distributed to both cycles 
(steam and gas) through the superheater, boiler and 
economizer, which are the interface between them. The 
condenser residual heat (flow S11:12) is allocated for the 
steam cycle (equipment 4-8) through the bifurcation BS2, 
and for the gas cycle (equipment 1-3) through the 
bifurcation BS1. Similarly, the exhaust gases (flow S10:1) 
are also distributed for both cycles: through the bifurcation 
BS1 to the gas cycle equipment and through the junction-
bifurcation JH2-BH2, which is linked to the interface 
between cycles, to the steam cycle equipment. Additionally, 
a share (flow H16:11) of this residue (gases) distributed to 
the steam cycle can be redistributed to other equipment, 
such as the pump (number 8) through its consumed power. 

Table 5 shows how the 𝜓𝜓𝑗𝑗𝑗𝑗  used in the improved 
methodology of this work are determined to be applied in 
the comprehensive diagram in Figure 4. 
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It is noted through Tables 4 and 5 that in all the 
compared methodologies the combustor is the most 
penalized device in the gas cycle and the boiler in the steam 
cycle, i.e., these are the equipment that most contribute to 
the waste generation in this plant. This is due to the 
irreversibilities generated in the combustion process and the 
heat exchanges. 

Figure 11 shows the exergetic unit cost of the output 
flows of each equipment obtained by the different 
methodologies applied in the combined cycle. The 
methodology used here is identified as ‘Comprehensive’ in 
the figure subtitle owing to the kind of diagram used. These 
unit costs were obtained by solving the set of Eq. (2) by 
considering each of the thermoeconomic diagrams shown in 
Figures 2-4. 

As expected, all the methodologies determine the same 
unit cost for the output flow in equipment 9, the generator, 
because its product is the only final product of the system. 

Options 1, 4 and 5 present similar values in most cases 
since they use total exergy flows to define the productive 
diagram and some similarities to obtain the 𝜓𝜓𝑗𝑗𝑗𝑗 . Option 2 
obtains slightly different values, e.g., equipment 4, 7, 10 
and 11, since it may lead to some inconsistencies in open 
cycles. Option 3 also presents slightly different values 
(equipment 4, 7 and 11, for instance) because of the 
criterion used for residue cost allocation in which is not 
necessary to define the 𝜓𝜓𝑗𝑗𝑗𝑗  to reinternalize the residue cost. 

The methodology herein applied, using the 
comprehensive diagram, presents approximate results when 
compared with the main methodologies available in the 
literature indicating an agreement among them. However, 

the biggest difference of this alternative approach, when 
compared with Options 1, 2, 4 and 5 (literature), is that the 
equipment product/fuel ratio does not change, since it does 
not allocate waste cost directly in the productive unit that 
generated it. If the residue cost is allocated directly in the 
productive unit that has generated it, this reallocated cost 
could be interpreted as a “fuel” for this equipment and 
consequently modify the fuel/product ratio, the unit exergy 
consumption, that represents the equipment performance 
index used in thermoeconomic diagnosis method called 
“Fuel Impact Formula” [50], [51]. It should be indeed 
mentioned that changing product/fuel ratio could indicate a 
malfunction where it does not exist, generate an 
inappropriate interpretation and damaging the diagnosis 
analysis. When using the comprehensive diagram, the 
residues costs are allocated in the internal loop of physical 
flows (Figure 4). Thereby, the equipment performance 
index does not change and, thus, it is useful in avoiding 
misconceptions regarding the power/fuel ratio.  

In addition, this methodology can reduce the possible 
complexity involved in the exergy disaggregation and the 
arbitrariness linked to the use of junctions-bifurcations for 
subsystem interconnections.  

In Option 3, regardless of whether it is used with a 
productive or comprehensive diagram, there is no 
possibility of inconsistencies related to the diagnosis, since 
the cost of the waste is not re-internalized in this way, but 
through the productive diagram as an inherent feature of the 
model. 

Table 5. Residue cost distribution ratios – Comprehensive diagram, E Model. 

N° Device 
Heat Gases 

Equation 𝝍𝝍𝒋𝒋𝒋𝒋 [%] Equation 𝝍𝝍𝒋𝒋𝒋𝒋 [%] 
1 Combustor - - E3:2/(E3:2+E2:1) 0.6069 
2 Compressor - - E2:1/(E3:2+E2:1) 0.3931 
3 Gas Turbine - - - - 
4 LP Turbine - - - - 
5 Superheater E16:15/(E16:15+E15:14+E14:13+E13:12) 0.1832 - - 
6 Boiler E15:14/(E16:15+E15:14+E14:13+E13:12) 0.6015 - - 
7 Economizer E14:13/(E16:15+E15:14+E14:13+E13:12) 0.2120 - - 
8 Pump E13:12/(E16:15+E15:14+E14:13+E13:12) 0.0033 - - 
9 Generator - - - - 

Figure 11. Exergetic unit cost of the output flow of each equipment in the combined cycle. 
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Table 6. Residue cost distribution ratios – comprehensive diagram. 

Equipment Model E Model ET&EM 
Equation (%) Equation (%) 

Compressor – AC E2:1/(E2:1+E3:2+E4:3) 0.2636 ET
2:1/(ET

2:1+ET
3:2+ET

4:3) 0.1077 
Regenerator – R E3:2/(E2:1+E3:2+E4:3) 0.1796 ET

3:2/(ET
2:1+ET

3:2+ET
4:3) 0.2257 

Combustion chamber – CC E4:3/(E2:1+E3:2+E4:3) 0.5568 ET
4:3/(ET

2:1+ET
3:2+ET

4:3) 0.6666 
Gas Turbine – GT - - - - 
Recovery boiler – CR - - - - 

Figure 12 shows the straight line with the results of the 
thermoeconomic models for the combined cycle and 
compares the exergetic unit costs obtained for the products 
of the two turbines (gas and steam), using the different 
methodologies. Similar results are obtained by the 
improved methodology (Comprehensive) and Options 1 
and 4, because all of them define quite similar values for 
the residues cost distribution ratios. The most contrasting 
value is obtained by Option 2, probably due to the 𝜓𝜓𝑗𝑗𝑗𝑗  used, 
as already mentioned, greater than one and lesser than zero 
for some equipment and also because it is not indicated for 
open cycles. Options 3 and 5 defines intermediate values in 
function of the different diagrams (with disaggregated 
exergy flows) and criteria used for residue cost allocation. 

Despite the difference obtained by Option 2, the other 
approaches present close results confirming their ability to 
treat waste even using different criteria. 

Figure 12. Exergetic unit cost of the two mechanical power 
flows produced in the combined cycle. 

5.2. Regenerative gas turbine cogeneration system 
Table 6 shows how the 𝜓𝜓𝑗𝑗𝑗𝑗  used in the methodology of 

this work is determined to be applied in the comprehensive 
diagrams (Models E and ET&EM) of the CGAM system in 
Figures 9 and 10. It is worth emphasizing that in the Model 
ET&EM the residues are represented only by exergy thermal 
component and thereby, the 𝜓𝜓𝑗𝑗𝑗𝑗  are obtained through this 
kind of flows only. 

It is noticed in Table 6 that in both cases the combustion 
chamber (CC) is the biggest responsible for the residue 
generation, however it is not the only one. The other 
methodologies compared in this case study do not need to 
define these proportions. As already explained, all of them 
(EFA, TFA, H&S and E/SPECO) allocate the waste cost 
using different criteria (see section 2). 

Figure 13 compares the exergetic unit cost of the final 
products obtained by the comprehensive diagrams (Models 
E and ET&EM) with EFA, TFA, SPECO/Model E, and also 
with the H&S Model for the CGAM system. All applied 
methods provide coherent results of unit costs belonging to 
the straight line with the results which is specifically for the 

heat to power ratio and the overall exergetic efficiency 
considered in this cogeneration plant. 

Additionally to using the by-product criterion to define 
the auxiliary equations, the EFA, in which the residues are 
reallocated through the environment, uses the negentropy 
term in addition to exergy components and have already 
been criticized [43], [44], [56], as this term is already 
included in the total exergy term. Moreover, in cost 
allocation analysis, it was demonstrated that the negentropy 
flow (when used together with exergy flows) overloads the 
unit cost of power in detriment of the unit cost of heat in 
cogeneration plants [3], [43], [44], [56]. 

The exergetic unit cost of the final products obtained by 
E Model, which uses productive diagram and allocates the 
residue implicitly to the final products (PN and QU) in 
proportion to the exergetic inputs of the GT and the RB, 
respectively, are similar to those obtained by the proposal 
of this work (Comprehensive diagram – E Model) in which 
the residues costs are reallocated in the AC, R and CC 
proportionally the contribution of each one. In both cases, 
total exergy flows are used for diagram definition. The 
difference between them is in the kind of diagram used and 
how the residues costs are reallocated. Figure 13 subtitle 
shows “E/SPECO Model” since as mentioned earlier, these 
methodologies presented the same results for the unit costs 
compared. 

The exergetic unit cost of power and heat obtained by 
TFA is approximated to that obtained by the proposal of 
this work, Model ET&EM – Comprehensive since both use 
flows of disaggregated exergy in their thermal and 
mechanical components for diagram definition. Besides, 
both of them treat the waste through the thermal component 
only. Whereas in the TFA it is allocated implicitly to final 
products (PN and QU) proportionally to the inputs of the GT 
and the RB, in the comprehensive diagram the residues 
costs are reallocated where it was produced (AC, R and 
CC) and proportionally to this production.

Despite the similar results obtained by “E/SPECO
Model” and “Model E – comprehensive” and also by 
“TFA” and “Model ET&EM – comprehensive”, the 
methodology presented in this work has the advantage of 
not altering an important equipment performance index 
(P/F) used in thermoeconomic diagnosis.  

The H&S Model, which treats the residues in the 
environment defined in its productive structure, obtains 
intermediate values for the ordered pair of heat and power 
unit costs. Nevertheless, in contrast to the EFA, which also 
uses the environment and the negentropy term, it does not 
present inconsistent values for unit cost or efficiencies and 
follows a systematic procedure that is able to treat residues 
and dissipative components in thermoeconomic analysis. 
One needs to highlight that the H&S Model approached 
negentropy with a different perspective from that used in 
EFA: as the entropic component to be used together with 
enthalpy, both considered as components of exergy [80]. 
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Figure 13. Exergetic unit cost of the final products for the 
CGAM system. 

The results showed in Figure 13 were obtained by the 
comprehensive diagrams (E and ET&EM Models) 
considering the reallocation of the residues costs, as 
explained in subsection 4.2.2. However, as some works [2], 
[4] indicate that the residue should be reallocated only in
the combustion chamber, Tables 7 and 8 compare how the
exergetic unit costs would be considering that the costs of
waste were reallocated only to the combustion chamber
(component) or proportionally divided (see Table 6) among
combustion chamber, compressor and regenerator (internal
loop of physical flow) according to its responsibilities as
proposed in this paper.

Table 7. Exergetic unit cost [kW/kW] for the CGAM system 
– Comprehensive diagram E Model.

Flow 

Residue Allocation 
Combustion 

chamber 
(component) 

Combustion chamber, 
compressor and regenerator 

(internal loop - Figure 9) 
E2:1 1.9608 1.9608 
E3:2 1.9397 1.9397 
E4:3 1.4612 1.4612 
E2 2.1568 2.0124 
E3 2.0688 2.0039 

E4 = E5 = E6 = E7 
= E4:5 = E5:6 = E6:7 

1.7305 1.7305 

PC = PN 1.8049 1.8049 
Qu 2.3731 2.3731 

 

Although it does not change the exergetic unit cost of 
the final products, due to the fact that the products are 
downstream the combustion chamber and the 
comprehensive diagram appropriately performs the 
allocation, this comparison presents variations in some 
internal flows (E2 and E3) due to the different residue 
treatment for E Model – Table 7. These differences are 
around 6.69% and 3.14% in the flows E2 and E3, 
respectively. 

For the Model ET&EM - Table 8, the tendency is the 
same: despite it does not change the unit costs of the final 
products, it generates a difference in costs of internal flows, 
ET

2 and ET
3, due to the residue reallocating criterion. Such 

variation occurs in thermal components of physical exergy 
since in this model the residue is represented only by this 
thermodynamic magnitude. The differences are around 
12.08% and 3.32% in the flows ET

2 and ET
3, respectively. 

When using the comprehensive diagram, both 
comparisons, Tables 7 and 8, showed variations in the cost 
values of the flows in the case studies, which is in 
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agreement that the equipment that contributed to the 
formation of the residues must be penalized. Beyond these 
differences, the proposal of this work differs from the 
others because it does not reallocate the residue directly in 
the productive unit, but rather on the internal loop of 
physical exergy. Hence, the reallocated residue cannot be 
interpreted as a "fuel" in the equipment and the product/fuel 
ratio of the same is not changed. It is worth remembering 
that this reason is relevant in thermoeconomic diagnosis 
methodologies. 

Table 8. Exergetic unit cost [kW/kW] for the CGAM system 
– Comprehensive diagram Model ET&EM.

Flow 

Residue Allocation 

Combustion 
chamber 

(component) 

Combustion chamber, 
compressor and 

regenerator (internal 
loop - Figure 10) 

EM
2:1 = EM

2:3 = EM
3:4 = EM

4:5 
= EM

5:6 = EM
6:7 = EM

2 = EM
3  

= EM
4 = EM

5 = EM
6 = EM

7 

1.9906 1.9906 

ET
2:1 1.9906 1.9906 

ET
3:2 1.8852 1.8852 

ET
4:3 1.5039 1.5039 

ET
4:5 = ET

5:6 = ET
6:7 = ET

4  
= ET

5 = ET
6 = ET

7 = ET
7:1 

1.6759 1.6759 

ET
2 2.3021 2.0241 

ET
3 2.0198 1.9528 

PC = PN 1.8323 1.8323 
QU 2.3086 2.3086 

6. Conclusions and closure
A bibliographic review concerning the treatment of

waste and dissipative equipment in thermoeconomics was 
carried out in order to identify and enumerate the main 
conventional methodologies used in this field. An improved 
approach that uses the comprehensive diagram for residues 
cost allocation was explained and applied in two case 
studies, which were chosen because they have already been 
explored by the methodologies compared here. In both 
cases, the combined cycle and the CGAM system, there are 
residues in the system that need to be considered in the 
analysis. Results were compared with the different 
methodologies applied in the last years in the same cycles 
and that are available in the literature. 

The improved methodology herein applied agrees that 
the cost of the exergy contained in the residues and the 
costs of the resources employed in its treatment or 
evacuation must be divided among the productive units that 
have generated it proportionally to its responsibility for 
such magnitude. The update of this method is in the way 
the waste cost is relocated: in the internal loop instead of 
directly in the productive unit that generated the waste. 

For the combined cycle, when compared with the main 
available methodologies, the proposal of this work provides 
coherent results from the point of view of proportionally 
penalizing the equipment in which the waste was generated. 
The exergetic unit cost values for both internal flows and 
products of the two turbines (gas and steam) are consistent 
and approximated to those obtained by other compared 
methodologies. The small differences are due to the 
reallocation waste criteria adopted: while Options 1, 2, 4 
and 5 and the proposal of this work need to define the 
residue cost distribution ratio to reinternalize the residue 
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cost, in Option 3 it is an inherent feature of the 
methodology which allocates waste cost through its 
productive structure.   

For the regenerative gas cycle, comprehensive diagram 
modeling was done with E Model and Model ET&EM and 
both provided coherent exergetic unit costs belonging to the 
straight line with the results. In addition, the proposal of 
this paper is in agreement with known methodologies that 
allocate residues only in the combustion chamber when the 
comparison was carried out allocating the residue only to 
the combustion chamber or sharing its cost to combustion 
chamber, regenerator and air compressor. In both cases, the 
exergetic unit costs of the final products were the same, 
with only slight differences in the internal flow costs related 
to equipment that produces waste. 

Regarding residue cost allocation criteria, the 
methodologies compared in this paper can be classified as 
follow: most of them (Options 1-2, 4-5 and the proposal of 
this work) need to define the 𝜓𝜓𝑗𝑗𝑗𝑗  for waste cost 
reallocation; the E Model/SPECO and the TFA allocate 
implicitly proportionally to the exergy consumption in the 
productive unit that produces the final products; the EFA 
uses negentropy flow consumption along with the thermal 
exergy component flow and the H&S Model allocates 
automatically through the definition of its productive 
structure as an inherent feature of this model.  

Despite the differences in the criteria for waste costs 
allocation among the different methodologies compared in 
this work, results show that most of them present rational 
results for exergetic unit costs and residue cost allocation 
with some similarities. However, the major contribution of 
the proposal of this work is related to its future application 
in thermoeconomic diagnosis analysis. If this analysis is 
performed with the well-known “Fuel Impact Formula” 
method in a plant with residues, the allocation of residue 
cost directly in the productive unit that has generated it may 
lead to inappropriate interpretations, since the residues are 
not resources. Once using the comprehensive diagram and 
allocating the residues costs in the internal loop of physical 
flows, the equipment performance index used in the 
diagnosis method above mentioned does not change and 
allow a rational analysis of malfunctions and dysfunctions 
present in the system. 
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Nomenclature 
c Monetary unit cost [$/kWh] 
CH Chemical exergy [kW] 
E Exergy flow [kW] 
FP Table Fuel-Product 
H Enthalpy flow [kW] 
k Exergetic unit cost [kW/kW] 
m Mass flow [kg/s] 
P Power [kW] 
Q Heat (exergy) [kW] 
S Entropy flow [kW] 
Y Generic thermodynamic magnitude [kW] 
Z Hourly equipment cost [$/h] 

Greek symbols 
𝜓𝜓𝑗𝑗𝑗𝑗  Residue cost distribution ratio [%] 

Subscripts and superscripts 
F Fuel 
H Enthalpic 
i, j Indexes for productive components 
in Inlet 
M Mechanical 
N Net 
out Outlet 
r Index for dissipative components 
S Entropic 
T Thermal 
U Useful 
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