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Abstract: In the context of emissions, carbon dioxide constitutes a predominant portion of greenhouse
gases (GHGs), leading to the use of the term “carbon” interchangeably with these gases in climate-
related discussions. The carbon market has emerged as a pivotal mechanism for emission regulation,
allowing industries that struggle to meet emission reduction targets to acquire credits from those who
have successfully curbed their emissions below stipulated levels. Thermoeconomics serves as a tool
for analyzing multiproduct systems prevalent in diverse sectors, including sugarcane and alcohol
mills, paper and pulp industries, steel mills, and cogeneration plants. These systems necessitate
frameworks for equitable cost/emission allocation. This study is motivated by the need to expand
the scope of thermoeconomic modeling to encompass expenses or revenues linked with the carbon
market. By utilizing a cogeneration system as a representative case, this research aims to demonstrate
how such modeling can facilitate the allocation of carbon market costs to final products. Moreover, it
underscores the adaptability of this approach for internalizing other pertinent costs, encompassing
expenses associated with environmental control devices, licenses, and permits. Although certain
exergy disaggregation models depict an environmental component within diagrams, which is integral
for addressing environmental burdens, even models without explicit environmental devices can
effectively internalize carbon credits and allocate them to final products. The integration of carbon
credits within thermoeconomic modeling introduces the capability to assess both the financial and
environmental implications of emissions. This integration further incentivizes the reduction in GHGs
and supports optimization endeavors concerning system design and operation. In summary, this
study delves into the incorporation of carbon market dynamics into thermoeconomic modeling. It
demonstrates the potential to allocate carbon-related costs, facilitates comprehensive cost analysis,
encourages emission reduction, and provides a platform for enhancing system efficiency across
industrial sectors.

Keywords: thermoeconomic modeling; carbon credit; carbon market; environmental cost; cost
allocation; multiproduct system

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) [1], greenhouse
gas emissions (GHG) have shown an increase since 1990 worldwide. The largest contrib-
utors to these emissions in 2018 were the combination of electricity and heat generation
(cogeneration) and transportation, accounting for over two-thirds of the total [2]. Given
that CO2 constitutes the predominant portion of GHGs and is linked to global warming,
the term “carbon” has been adopted in climate discussions to encompass these gases.

To regulate emissions, the carbon market offers industries and sectors that are unable
to meet emission reduction targets the opportunity to purchase credits from those who have
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successfully reduced their emissions below the required levels. Conventionally, one carbon
credit is equivalent to one ton of carbon dioxide. Consequently, it can be considered a
valuable asset, both financially and environmentally, representing the reduction or removal
of one ton of CO2 equivalent. These credits are recognized and issued within the carbon
market, irrespective of whether they are obtained voluntarily or through regulation [3].

This market is subject to regulation in certain jurisdictions, such as the European
Union, where well-defined credit values have been established [4]. However, in many other
countries, such as Brazil, the market remains voluntary. According to the World Bank’s
report in 2022 [5] and the IPCC in 2023 [6], the carbon market, which is associated with
environmental preservation measures, is experiencing global expansion. Nonetheless, it
has yet to reach the necessary levels to effectively address environmental challenges and
meet the objectives set forth in the Paris Agreement to combat climate change.

Thermoeconomics is an interdisciplinary field that combines principles from thermo-
dynamics and economics to provide insights not available through conventional energetic
and economic analyses. The information derived from thermoeconomics is essential for the
design and operation of thermal systems [7]. Initially, the primary objective of thermoeco-
nomics was to mathematically integrate the Second Law of Thermodynamics with economic
principles. However, contemporary analyses must also incorporate environmental con-
siderations [8]. In this context, exergy emerges as the most appropriate thermodynamic
property to utilize, as it accounts for the quality of energy and allows for the identification
and quantification of irreversibilities in processes [7]. Furthermore, exergy serves as a
crucial link between the Second Law and the assessment of environmental impact, as it
measures a system’s deviation from its equilibrium state with the environment [9].

Illustrative cases, including sugarcane and alcohol mills [10], paper and pulp indus-
tries [11], steel mills [12], and cogeneration plants, exemplify instances of multiproduct
systems that require established guidelines for the allocation of costs and emissions from
the fuel source to the final products. In the case of cogeneration, which generates useful
heat and power simultaneously from a single combustible source, rational criteria for
allocating the cost/emission of the fuel among the various final products are required. In
such scenarios, thermoeconomics enables a rational allocation (based on physical criteria)
of monetary, exergetic, and environmental costs for these final products. Consequently,
a comparison becomes feasible between the exergetic/monetary/environmental costs of
each product and the production cost of each individual product in separate systems, as
shown in papers assessing the exergetic unit cost (in a regenerative gas turbine cogeneration
system [13]; in a cogeneration system with gas turbine, intercooler, and supplementary
firing [14]; and in a combined cycle [15]), monetary unit cost (in a gas turbine cogeneration
system [16] and in a power generation system of a steel mill plant [17]), and emissions
pollutant allocation (in gas and steam cogeneration systems [18], in a gas cogeneration
system with supplementary firing [19], in a combined cycle [20], and in a dual product heat
pump [21]). Despite the practical relevance of this aspect, in the literature review, no studies
were found that dealt with the incorporation and internalization of the monetary unit cost
linked to the carbon market in the thermoeconomic evaluations of multi-product plants.

Thermoeconomic methodologies have been previously applied to incorporate environ-
mental factors, such as specific CO2 emissions. In this paper, thermoeconomic methods are
applied to internalize and allocate monetary costs associated with environmental concerns,
such as carbon credits. Thus, the novelty introduced in this study is to demonstrate how
this internalization can be accomplished using thermoeconomic principles.

Moreover, thermoeconomics plays a fundamental role in the analysis of energy con-
version systems. This study aims to elucidate the application of thermoeconomic modeling
as a valuable tool for incorporating expenses or revenues related to the carbon market into
thermal systems analyses and allocating them to the system’s internal and final products.
The conventional models employed to compute the monetary costs of internal flows and
final products can be suitably adapted to account for these environmental costs. To achieve
this, the adaptation is explicated using matrix notation and demonstrated through a case



Processes 2024, 12, 705 3 of 17

study of a gas turbine cogeneration system. The study also illustrates how this inclusion
of environmental costs can impact the monetary evaluation of the system’s final products.
Furthermore, it highlights the potential of this modeling approach to internalize other
costs, such as those associated with environmental control devices, environmental licenses,
and permits.

It is crucial to underscore that a methodology utilized here to exemplify and expound
the internalization of environmental costs, particularly carbon credits, introduces a def-
inition of the environmental device in thermoeconomic diagrams, precisely allocating
environmental costs to this environmental representation. The H&S Model is adopted
as the methodological framework for this purpose; nonetheless, any other exergy-based
thermoeconomic methodology that consistently defines such an environmental device can
be employed to conduct similar analyses. Even models that do not explicitly designate this
device to represent the environment can internalize carbon credits (as is the case with the E
Model utilized in this paper). However, in this instance, environmental burdens are not
internalized in the environmental device. In other words, this study aims to demonstrate
how to adapt any thermoeconomic model to incorporate carbon credits and allocate them
to the final products.

Certainly, an aspect that could be incorporated into this study to facilitate the develop-
ment and execution of future research is the inclusion of real-world data from industries,
which will permit greater accuracy in the simulations. However, according to a group of
recognized experts in this field [22], the beauty of a theory is usually shown in the simplicity
of its forms and the generality of its message, but its power resides in its capacity to solve
practical cases. Thus, a simple gas turbine cogeneration plant was used for the illustration
of the method application.

Future investigations should encompass various cogeneration systems. The range of
industry types, each with its own operational complexities, provides a diverse array of
insights into the adaptability and effectiveness of the modeling here proposed. Exploring
different types of cogeneration systems can enhance the understanding of the pros and cons
of incorporating carbon market factors into thermoeconomic analyses. These advancements
hold the potential to enrich scholarly inquiry while driving practical industrial progress.

2. Thermoeconomic Modeling

Furthermore, apart from employing traditional modeling techniques to ascertain
the monetary and exergetic unit costs of the system’s internal flows and final products,
this section demonstrates the general adaptations made to the modeling process for the
allocation of specific pollutant emissions. Additionally, it elaborates on the integration of
carbon credits in thermoeconomic modeling.

2.1. Conventional Modeling

The purpose of thermoeconomic modeling is to derive a system of cost equations that
mathematically represents the cost formation process, i.e., the process of allocating external
resources until the final cost of products is established.

Costs can be deemed satisfactory if they belong to a viable region of solutions for
a given problem, and the procedure for cost validation must be founded on the plant’s
behavior and thermodynamics, as this irreversibility constitutes the cost-generating magni-
tude [7].

Equations (1) and (2) are utilized to ascertain the monetary (c) and exergetic (k∗) unit
costs, respectively, of the internal flows and the final products within the systems. The
allocation of specific pollutant emissions, such as CO2, NOx, and SOx, can be performed
using Equation (3). In these equations, the subscripts “out” and “in” denote the outputs
and inputs of flows, respectively. The variable Y represents a general thermodynamic
magnitude that can be assessed by power, heat, exergy flows, or its components. EF
denotes the exergy of the external fuel, while cF and k∗F represent its monetary and exergetic
unit costs, respectively. Furthermore, λF signifies the amount of emission generated due
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to the combustion of one unit of exergy from the external fuel. It is customary for Z to
represent the external hourly cost of the subsystem, accounting for capital and equipment
operation and maintenance.

∑(cout·Yout)− ∑(cin·Yin) = Z + cF·EF (1)

∑(k∗out·Yout)− ∑(k∗in·Yin) = k∗F·EF (2)

∑(λout·Yout)− ∑(λin·Yin) = λF·EF (3)

Equation (2) is derived from Equation (1), where the Z term has to be zero. The exergy
unit cost of the external fuel (k∗F) is typically assumed to be equal to its exergy value,
resulting in an exergy unit cost of 1 kW/kW [7]. Both the monetary and exergetic unit
costs serve as measures of economic and thermodynamic efficiency, respectively, for a flow
production process [7]. Conversely, the balance depicted by Equation (3) can be interpreted
as a measure of environmental efficiency for this flow production process [19].

In all cases involving Equations (1)–(3), auxiliary equations are generally required to
complete the modeling equation system. The formulation of these auxiliary equations is
based on the chosen thermoeconomic diagram. In the context of productive diagrams, the
equality criterion [23] is applied. According to this criterion, all products of a subsystem
share the same unit cost as they are generated within the same productive process with
identical irreversibilities.

2.2. Inclusion of Monetary Costs of Environmental Charges

The utilization of Equation (3) in the allocation of specific emissions to internal flows
and thermal systems’ final products represents an analysis that incorporates environmental
considerations within thermoeconomic modeling. However, this approach lacks the inclu-
sion of monetary expenses related to environmental factors, such as carbon credits and the
cost of equipment for environmental treatment/control.

To address this limitation, variable Z (as defined in Equation (1)) plays a crucial role in
allocating environmental costs. In a conventional monetary cost evaluation, Z denotes the
subsystem’s external hourly rate concerning capital, operation, and maintenance expenses.
Nonetheless, it can also serve as a means to distribute environmental costs by introducing
an environmental device into the thermoeconomic diagrams. An energy conversion system
encompasses a collection of interconnected components that interact with each other and
with the environment through flows of matter, work, or heat [24]. Consequently, the
environment is considered an integral part of the system, and certain models propose its
representation through an environmental device in thermoeconomic diagrams.

Equation (4) exemplifies how a conventional thermoeconomic model based on the
monetary unit cost (Equation (1)) can be adapted to decompose the term Z into hourly
costs associated with environmental charges (Zenv) and capital, operation, and maintenance
expenses (O&M).

Z = Zcap + ZO&M + Zenv (4)

The environmental device presents no upfront acquisition cost; however, in some ther-
moeconomic methodologies, it serves as a mechanism for internalizing and redistributing
environmental charges to other equipment and final products. For example, when waste
control devices such as an electrostatic precipitator for ash disposal in flue gas or a bag
filter for air pollution control (or any other equipment designed to mitigate environmental
impacts by reducing GHG emissions into the atmosphere) are installed in a plant, its costs
related to their capital and operation and maintenance (O&M) can be attributed to either
the environmental device itself.

The same principle applies to devices used in carbon capture and storage, expenses
related to environmental permits and licensing, fines incurred for emitting pollutants, and
any other abatement costs (e.g., resources employed in waste treatment or disposal). Thus,
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it becomes possible to precisely allocate environmental charges to the device represented in
the diagram as the environment, given that term Z is consistently associated with specific
equipment. Consequently, a viable option is to link the environmental cost directly to the
device symbolizing the environment in the diagrams.

Inclusion of Carbon Credits

In addition to the financial costs discussed in the preceding section, this paper proposes
that the environmental aspect can be incorporated into the analysis by considering carbon
pricing and internalizing the associated expenses or revenues from carbon credits. In this
context, variable Zenv may exhibit positive or negative values. A negative value indicates a
revenue stream generated by emission reduction or removal, resulting in the availability
of credits for sale. Conversely, a positive value suggests an additional cost incurred by a
facility that failed to achieve emission reduction targets, leading to the need to purchase
carbon credits from those entities that have successfully reduced their emissions below
the prescribed levels. An industry may also elect to procure carbon credits on account of
environmental conscientiousness and as an investment strategy to align with sustainability
concerns, with the aim of contributing to planetary decarbonization efforts.

A comprehensive exposition of thermoeconomic modeling, incorporating the dynam-
ics of the carbon market, is presented in Section 3.

3. Case Study—Gas Turbine Cogeneration System

The cogeneration system with a simple gas turbine (Figure 1) is selected as an example
to demonstrate how thermoeconomic modeling can effectively incorporate carbon credits.
This system comprises four main components: an air compressor (AC), a combustion
chamber (CC), a gas turbine (GT), and a recovery boiler (RB). The turbine generates power,
part of which is utilized to drive the air compressor (WAC). The system produces two
final products: net power (WN) and useful heat (QU). The fuel consumption is represented
by (QF).
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The main flow parameters of the physical structure, obtained through the Engineering
Equation Solver—EES software [25], are presented in Table 1. Additionally, Table 2 provides
the quantities of the primary productive flows. The reference conditions are specified as
T0 = 25 ◦C and P0 = 1.0132 bar. Under these conditions, the mass flow of CO2 from the
exhaust gases is

.
mCO2 = 2228 kg/h, considering natural gas as the fuel. Further details

regarding this system can be found in [26]. The monetary unit cost of natural gas fuel is
USD 24.04/MWh, which is based on the average value for the year 2022 in the international
market [27].
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Table 1. Main physical flow parameters of the system.

Physical Flow .
m (kg/s) T (◦C) P (bar)

No. Description

1 Air 14.72 25.00 1.0132
2 Air 14.72 230.20 5.1040
3 Gases 14.94 850.00 4.8480
4 Gases 14.94 537.30 1.0207
5 Gases 14.94 151.10 1.0132
6 Water 2.487 60.00 20.400
7 Steam 2.487 212.4 20.000

Table 2. Productive flows (exergetic basis).

Equipment Flow Quantity (kW)

Air compressor (AC) WAC 3113.03

Combustion chamber (CC) QF 11,630.96

Gas turbine (GT)
WGT 5546.50
WN 2433.47

Recovery boiler (RB) QU 2246.32

In Table 3, the external monetary flows resulting from the cycle’s equipment are pre-
sented. These values were sourced from [26] and updated using the Chemical Engineering
Cost Index (CEPCI) up until the year 2022 [28]. The cost of the carbon credit utilized in the
analysis amounts to USD 85/ton, representing the average for the year 2022 as reported
in [4].

Table 3. Equipment external monetary cost.

Equipment Z (USD/h)

Air compressor (AC) 25.33
Combustion chamber (CC) 9.04
Gas turbine (GT) 34.37
Recovery boiler (RB) 21.71

Thermoeconomic modeling employs various types of diagrams: physical, productive,
and comprehensive. While the physical diagram alone may not suffice to identify the
waste cost formation process [26], the productive diagram is commonly utilized in most
methodologies. One distinguishing aspect of functional methodologies like Thermoeco-
nomic Functional Analysis (TFA) [23] and Engineering Functional Analysis (EFA) [8] is
their ability to describe the cost formation process of thermal systems based on productive
flows. This original feature has been adopted not only by TFA and EFA but also by other
thermoeconomic methodologies, including the H&S Model [26] used in this paper.

3.1. Thermoeconomic Models

Thermoeconomic modeling employs the widely recognized E Model, which utilizes
the total exergy flows to represent the physical and/or productive flows in diagrams.
However, there are scenarios where it becomes necessary to decompose the exergy into its
components. This is particularly important to isolate dissipative equipment and allocate
waste costs accurately in thermal systems. An exergy disaggregation model known as the
H&S Model [26] is available for this purpose in some cases. The H&S Model analyzes the
behavior of thermodynamic cycles on the h–s plane, considering the variations in enthalpy
and entropy of the working fluid, as proposed by [29]. This model allows for the separation
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of physical exergy into its enthalpic component (EH) and its entropic component (ES), as
described in Equation (5).

The total exergy (E) can be mathematically defined by Equation (6) as the sum of the
physical (EPH) and chemical (ECH) components. Notably, this definition excludes nuclear,
magnetic, electrical, surface tension, kinetic, and potential effects [30].

EPH = EH − ES (5)

E = EH − ES + ECH (6)

The H&S Model introduces the concept of the environmental device (ENV) within
the framework of the productive diagram, facilitating its interaction with other plant sub-
systems. This device assumes a critical role, in this methodology, in analyzing thermal
systems, particularly in the context of waste cost allocation and internalization of envi-
ronmental costs. Within ENV, both the physical component and the chemical component
of the waste are dissipated with the device receiving air from the compressor inlet. The
chemical component originates in the CC as a result of the combustion reaction, wherein
the air and fuel mixture is transformed into combustion gases. It should be noted that the
E Model does not include an explicit representation of the environment in the diagram.
Nevertheless, this study also presents an approach for the integration and allocation of
carbon credits into this methodology, in order to establish a comparison with the one that
defines the environmental device with the same purpose and to demonstrate that it is also
possible to adapt any thermoeconomic model for this objective.

Moreover, the environmental device (as employed in the H&S Model) assumes the
responsibility of closing the cycle (Figure 2), thereby redistributing the costs associated with
waste management across other plant components and, subsequently, to the final products.
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Figure 2 illustrates the cogeneration cycle on the h–s diagram, with the various pro-
cesses denoted by numerical labels representing the respective components involved:

• Process 1–2 corresponds to the compressor, with 1–2 s indicating isentropic compression.
• Process 2–3 represents the combustion chamber.
• Process 3–4 corresponds to the gas turbine, with 3–4 s denoting isentropic expansion.
• Process 4–5 corresponds to the recovery boiler.

Upon reaching the exit of the recovery boiler (at point 5), the exhaust gases possess
exergy, rendering them waste products. Despite the slight reduction in entropy of the
working fluid caused by the recovery boiler (RB), the cycle remains incomplete. In contrast,
a Rankine cycle is capable of achieving full closure through the condenser, wherein the
entropy of the turbine’s output steam is reduced to that of saturated liquid at the pump inlet.

To complete the cycle in Figure 2, an environmental device (ENV) intervenes and
facilitates process 5–1, effectively closing the loop. Within this device, flow 5 represents the
exhaust gases, while flow 1 symbolizes the air drawn in by the compressor.
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3.1.1. Productive Diagram

Figures 3 and 4 illustrate the productive diagrams of the gas turbine cogeneration
system as per the E and H&S Models, respectively. In the E Model, the depicted flows
represent the changes in exergy between two physical states, denoted as i and j, following
the expression given in Equation (7). Conversely, in the H&S Model, the productive
flows on the diagrams represent the alterations in the enthalpic, entropic, and chemical
components of exergy between states i and j, according to Equations (8)–(10), respectively.

Ei:j = Ei − Ej (7)

EH
i:j = EH

i − EH
j (8)

ES
i:j = ES

i − ES
j (9)

ECH
i:j = ECH

i − ECH
j (10)

Processes 2024, 12, x FOR PEER REVIEW 8 of 18 
 

 

• Process 2–3 represents the combustion chamber. 
• Process 3–4 corresponds to the gas turbine, with 3–4 s denoting isentropic expansion. 
• Process 4–5 corresponds to the recovery boiler. 

Upon reaching the exit of the recovery boiler (at point 5), the exhaust gases possess 
exergy, rendering them waste products. Despite the slight reduction in entropy of the 
working fluid caused by the recovery boiler (RB), the cycle remains incomplete. In con-
trast, a Rankine cycle is capable of achieving full closure through the condenser, wherein 
the entropy of the turbine�s output steam is reduced to that of saturated liquid at the pump 
inlet. 

To complete the cycle in Figure 2, an environmental device (ENV) intervenes and 
facilitates process 5–1, effectively closing the loop. Within this device, flow 5 represents 
the exhaust gases, while flow 1 symbolizes the air drawn in by the compressor. 

3.1.1. Productive Diagram  
Figures 3 and 4 illustrate the productive diagrams of the gas turbine cogeneration 

system as per the E and H&S Models, respectively. In the E Model, the depicted flows 
represent the changes in exergy between two physical states, denoted as i and j, following 
the expression given in Equation (7). Conversely, in the H&S Model, the productive flows 
on the diagrams represent the alterations in the enthalpic, entropic, and chemical compo-
nents of exergy between states i and j, according to Equations (8)–(10), respectively. 𝐸௜:௝ = 𝐸௜ − 𝐸௝ (7) 𝐸௜:௝ு = 𝐸௜ு − 𝐸௝ு (8) 𝐸௜:௝ௌ = 𝐸௜ௌ − 𝐸௝ௌ (9) 𝐸௜:௝஼ு = 𝐸௜஼ு − 𝐸௝஼ு (10) 

 
Figure 3. Productive diagram—E Model. Figure 3. Productive diagram—E Model.

Processes 2024, 12, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 4. Productive diagram—H&S Model. 

In Figures 3 and 4, the system components are depicted as real units or subsystems 
in the form of rectangles, while fictitious units called junctions (J) and bifurcations (B), 
represented by rhombuses and circles, respectively, are utilized to establish interconnec-
tions between these subsystems. 

The characterization of fuel and product follows the SPECO approach [31] and is as 
follows: if the variation of specific exergy (or its components with a positive contribution 
to the exergy definition) exhibits a positive trend throughout the process; this variation, 
along with the exergy of energy flows generated within the component, determines the 
product. Conversely, if the variation of specific exergy (or its components with a positive 
contribution to the exergy) shows a negative trend throughout the process, this variation 
is combined with the exergy of energy flows supplied to the component in the input def-
inition. The approach is reversed for components with a negative contribution to the ex-
ergy definition, such as the entropic component in the H&S Model. In this particular case, 
the H&S Model designates the entropic (𝐸ହ:ଵு ) and chemical (𝐸ଷ:ଶ஼ு) components as inputs 
from the environment, while the entropic (𝐸ହ:ଵௌ ) component is identified as the product, as 
shown in Figure 4. On the other hand, E Model E (Figure 3) allocates the residue implicitly 
to the final products (WL and QU), proportionally to the exergetic inputs of the equipment 
generating the respective final products GT and RB. 

3.1.2. Monetary Cost Balance  
Figure 5 presents the monetary cost balance for the H&S Model, represented in an 

expanded matrix format. This matrix is derived by applying the cost balance equation 
(Equation (1)) to each of the five subsystems (AC, CC, GT, RB, and ENV) as well as to the 
enthalpic (JH-BH) and entropic (JS-BS) junction–bifurcations within the productive diagram 
(Figure 4). 

Figure 4. Productive diagram—H&S Model.

In Figures 3 and 4, the system components are depicted as real units or subsystems
in the form of rectangles, while fictitious units called junctions (J) and bifurcations (B),
represented by rhombuses and circles, respectively, are utilized to establish interconnections
between these subsystems.
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The characterization of fuel and product follows the SPECO approach [31] and is as
follows: if the variation of specific exergy (or its components with a positive contribution
to the exergy definition) exhibits a positive trend throughout the process; this variation,
along with the exergy of energy flows generated within the component, determines the
product. Conversely, if the variation of specific exergy (or its components with a positive
contribution to the exergy) shows a negative trend throughout the process, this variation
is combined with the exergy of energy flows supplied to the component in the input
definition. The approach is reversed for components with a negative contribution to the
exergy definition, such as the entropic component in the H&S Model. In this particular case,
the H&S Model designates the entropic (EH

5:1) and chemical (ECH
3:2 ) components as inputs

from the environment, while the entropic (ES
5:1) component is identified as the product, as

shown in Figure 4. On the other hand, E Model E (Figure 3) allocates the residue implicitly
to the final products (WL and QU), proportionally to the exergetic inputs of the equipment
generating the respective final products GT and RB.

3.1.2. Monetary Cost Balance

Figure 5 presents the monetary cost balance for the H&S Model, represented in an
expanded matrix format. This matrix is derived by applying the cost balance equation
(Equation (1)) to each of the five subsystems (AC, CC, GT, RB, and ENV) as well as to the
enthalpic (JH-BH) and entropic (JS-BS) junction–bifurcations within the productive diagram
(Figure 4).
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The internal valuation matrix comprises flows of exergy components, power, and
useful heat, representing the entire process from the distribution of external resources
to the determination of the final product costs. The cost matrix (or vector) constitutes
the unknown factor in the modeling, incorporating the monetary unit cost of the flows
generated within each subsystem. For instance, cAC denotes the monetary unit cost of the
compressor (AC) product, which corresponds to the flow EH

2:1.
Due to the application of the equality criterion, certain flows possess identical unit

costs. Notable examples include EH
3:2 and ECH

3:2 ; ES
4:5 and QU ; and WAC and WN . Moreover,

all entropic component flows departing from JH-BH share the same unit cost, as do all
entropic component flows leaving JS-BS.

The external valuation matrix encompasses the exergy of the fuel along with its
corresponding unit cost, in addition to the external hourly cost of each subsystem resulting
from capital and equipment operation and maintenance (Z). The junction–bifurcation
components are considered dummy elements and, therefore, have a Z-cost of zero, as
illustrated in the external valuation matrix depicted in Figure 5.

The Z term and the environmental representation device depicted in the diagrams play
a crucial role in incorporating environmental costs within the field of thermoeconomics.
Figure 6 provides a comprehensive overview of this device, illustrating its input and output
flows, which contribute to the overall monetary cost equilibrium. The environmental device
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itself does not entail any costs associated with its acquisition, operation, or maintenance, as
it serves as a symbolic representation of the atmospheric environment.
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However, when an environmental treatment component (such as a filter, electrostatic
precipitator, etc.) is introduced into the thermal system, which is not typically represented
in the physical diagram, its cost can be internalized in the environmental device through
the initial two terms on the right-hand side of Equation (4). Consequently, this cost is
distributed across the entire system.

Furthermore, expenses related to fines, environmental licenses, permits, and carbon
pricing values should also be internalized within the Zenv factor. The exact treatment of
carbon pricing values depends on whether they are considered revenue or expenses within
the carbon market.

In the context of revenue generation, which can arise from a reduction in emissions
below the specified level, resulting in the creation of tradable credits, a variable denoted as
Zenv assumes a negative value on the balance sheet. The environmental device responsible
for closing the loop reallocates the associated costs to other equipment and final products
within the plant. Consequently, this credit serves to diminish the overall monetary expenses
and can exert an influence on the plant’s production decisions.

Conversely, expenses incurred in relation to carbon credits, such as the necessity to
purchase credits due to the company’s failure to meet the stipulated emission reduction
targets (or simply due to environmental consciousness and concerns regarding climate
change), lead to a positive value for the Zenv variable. This, in turn, results in an increase in
the costs of other internal processes and final products within the plant.

To summarize, the equation depicted in Figure 6, referred to as Equation (11) in the
text, plays a crucial role in understanding the aforementioned dynamics. An in-depth
analysis of this equation can be conducted as follows:

• The environmental device (ENV) does not have any hourly costs related to capital and
operations and maintenance (O&M). However, if environmental treatment equipment,
which is not typically part of the physical structure of the system, is used, these costs
can be considered within ZENV ;

• The expenses for licenses and permits associated with the environment are accounted
for in the Zenv term;

• Similarly, the costs related to the carbon market are also accounted for through the
Zenv term. When there is revenue, this term is represented as negative, and when there
are expenditures, it is represented as positive.

In all three cases, since the ENV device closes the loop (Figure 2), the costs are system-
atically distributed to the other subsystems and, consequently, to the final products of the
plant, as shown in the case of the H&S Model (Figure 4).

ZENV = Zcap + ZO&M + Zenv (11)

In the case of thermoeconomic models that do not define the environment as an explicit
device in the diagram, as is the case with Model E (Figure 3) in this paper, the internalization
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of carbon credits must be performed through the equipment generating emissions, the
CC in such case. Conversely, when considering the cost of acquiring environmental
control/treatment equipment, this model would need to depict such equipment in the
physical and productive diagrams to facilitate appropriate cost allocation. However, these
devices are dissipative, and several studies [32–34] have already demonstrated that Model
E is not adequate for isolating them within the productive structure and thus analyzing
them in a separate and appropriate manner.

3.1.3. Results

Figure 7 illustrates a generic cogeneration system, also known as a combined heat
and power (CHP) system. This system generates two products, WN and QU, from a single
fuel source, QF, similar to the gas turbine system depicted in Figure 1. By employing
the cost balance equation (Equation (1)) to this generic cogeneration system, one obtains
Equation (12), wherein cWN and cQU represent the respective monetary unit costs of the
final products, WN and QU. It is important to note that Equation (12) takes the form of a
linear equation, y = A·x + B, and can be expressed in accordance with Equation (13).

cWN = − QU
WN

cQU +
cF·QF + Z

WN
(12)

cWN = −A·cQU + B (13)
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Irrespective of the applied thermoeconomic methodology, the solution to Equation (12)
will consist of an ordered pair representing the monetary unit costs of the net power (cWN )
and the useful heat (cQU ). Several studies [16,35–37] have previously compared various
methodologies for such problems and verified that these ordered pairs yield identical
straight-line solutions when the system’s operational conditions are defined, including the
net power-to-useful heat ratio and the global exergetic efficiency.

Figure 8 illustrates generic possibilities for this straight-line solution. In all cases, there
is an inverse relationship between the unit cost of power and the unit cost of heat; that is,
when the unit cost of power increases, the unit cost of heat decreases, and vice versa.

The central straight line, represented by the continuous line, denotes the specific
condition for a cogeneration system. Changes in the thermodynamic model cause the
straight line to shift to new positions parallel to the initial one [35,38], as depicted by the
dashed lines in Figure 8.

Figure 9 illustrates the unit cost of the final products (represented as ordered pairs) in
the cogeneration system under various scenarios. The cost values were determined using
Equation (1) and applied to the diagrams in Figures 3 and 4 for the E and H&S Models,
respectively. In the case of the H&S Model, the cost balance is presented in matrix form in
Figure 5, with a specific focus on ZENV .
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Figure 9. Monetary unit cost variation due to emissions.

The data points situated along the central line in Figure 9 correspond to the base case,
as mentioned in the figure’s caption. In this base case, carbon credit values are not taken
into account or internalized.

It is noteworthy that an increase in emissions signifies a reduction in process efficiency,
leading to higher production costs. Consequently, the solution line moves away from the
origin, and the costs of the final products rise. Conversely, a reduction in emissions brings
the solution line closer to the origin, indicating an improvement in process efficiency and a
consequent decrease in the costs of the final products.

In order to conduct an analysis of the expenses and revenues within the carbon market,
certain hypotheses were formulated and implemented. The initial scenario, referred to as
the base case, considers that an increase in CO2 emissions leads to the system emitting
beyond the established limit, necessitating the purchase of carbon credits and resulting in
an expense for the plant. Another plausible real scenario that could lead to an escalation
in costs involves a rise in the unit price of carbon credits owing to stricter emissions
control regulations.

Conversely, in situations where emissions are reduced or removed, the system gener-
ates carbon credits that can be sold, thereby generating revenue. It is worth highlighting
practical real scenarios capable of reducing and/or removing emissions in the industry.
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The utilization of mitigation equipment, such as carbon capture and storage systems (CCS),
enables emission removal. In this case, the investment value (external cost per hour due to
capital cost, operation, and maintenance of this equipment, Z) must be taken into account
to assess and compare the cost of the investment with the potential revenue generated from
carbon credits due to avoided emissions. Another feasible scenario for emission reduction
involves substituting a more environmentally friendly fuel (e.g., natural gas with biogas
or biomethane).

The H&S Model involves the internalization of the carbon credit value within the
environmental device, represented as (Zenv > 0) for expenses and (Zenv < 0) for revenue.
On the other hand, the E Model utilizes the internalization process through a combustion
chamber (CC), with (Zcarbon credit > 0) for expenses and (Zcarbon credit < 0) for revenue.

To simulate the impact of these hypotheses, scenarios involving various percentages of
emission increase (ranging from 10% to 50%) and reduction (ranging from −10% to −50%)
concerning the base case were considered. The resulting Table 4 presents the unit costs
of final products cQU and cWN for each of these situations, along with the corresponding
amount of carbon credits that would be generated and the associated costs (revenue
and expense).

Table 4. Monetary unit cost [USD/MWh] and carbon credit for the simulated situations.

Emissions
E Model H&S Model

Carbon Credit/Day USD/Day
(cQU

) (cWN ) (cQU
) (cWN )

+50% 120.33 87.66 102.57 96.32 26.7 −2273
+40% 115.64 84.21 98.41 92.37 21.4 −1818
+30% 110.95 80.76 94.26 88.42 16.0 −1364
+20% 106.26 77.31 90.10 84.47 10.7 −909
+10% 101.57 73.86 85.95 80.52 5.3 −455

Base case 96.88 70.41 81.79 76.57 0 0
−10% 92.19 66.96 77.64 72.62 5.3 455
−20% 87.51 63.51 73.48 68.67 10.7 909
−30% 82.82 60.06 69.33 64.72 16.0 1364
−40% 78.14 56.6 65.17 60.77 21.4 1818
−50% 73.45 53.15 61.02 56.82 26.7 2273

When conducting an analysis of cQU and cWN , it has been observed that within the
E Model, the costs of final products exhibit an approximate variation of 5% and 25%
when there is a 10% and 50% increase or reduction in emissions, respectively, compared
to the base case. Similarly, in the case of the H&S Model, these same scenarios lead to
cost variations of approximately 5% and 26% for the final products. The observed cost
fluctuations are attributed to the distinct criteria employed by each model, including the
internalization of carbon credits in the CC and the environmental device.

Upon examining the carbon credits for the simulated scenarios, it has been noted
that a 10% change in emissions results in the generation of 5.3 credits per day, equivalent
to an expense or revenue of USD 455 per day. In the most extreme emission variation
scenario (50%), the corresponding expenditure or revenue can reach USD 2273 per day. The
utilization of the value derived from the purchase or sale of carbon credits can serve as a
valuable indicator for companies in making decisions pertaining to the implementation of
environmental equipment or the acquisition of carbon credits.

In all results, the ordered pair belongs to the straight solution, specific to the operating
conditions of the plant. In addition, the models are consistent from a thermodynamic point
of view according to the efficiencies and irreversibilities obtained.

Note that the primary objective of this study is to illustrate the application of the
thermoeconomic methodology for integrating carbon pricing into cogeneration systems
analysis. It is important to note that the study does not focus on analyzing the system’s
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behavior in terms of its capacity to increase or decrease emissions, nor does it involve
defining the specific emission parameters that would govern the carbon market.

Examining the incorporation of environmental costs, such as carbon pricing, reveals
an intriguing phenomenon denoted by Equation (12). This equation demonstrates that
the Z term, and consequently Zenv, influence the B coefficient of the linear equation (Equa-
tion (13)). Consequently, this adjustment leads to a parallel displacement of the initial
straight line (base case) in comparison to the original condition. Specifically, when revenue
is generated (Zenv < 0) through the sale of carbon credits, the straight line approaches
the origin, resulting in a reduction in product costs. Conversely, for expenses (Zenv > 0)
incurred in the purchase of carbon credits, the straight line shifts away from the origin,
leading to an increase in production costs. It is essential to emphasize that the straight line
transitions to distinct yet parallel positions. However, the slope remains unaltered due to
the unchanged coefficient A.

Moreover, as the system conditions are defined and environmental costs are integrated,
various thermoeconomic methodologies that account for the environmental aspect establish
ordered pairs of power and heat costs lying on the same straight-line solution.

4. Conclusions

This research presents a comprehensive thermoeconomic approach to incorporate mon-
etary environmental costs into multiproduct system assessments, demonstrated through a
case study involving a gas turbine cogeneration system. The primary cost aspect addressed
in this paper pertains to the valuation of carbon emissions. Nevertheless, the methodology
also encompasses the internalization of other environmental expenses, including licensing,
permits, and the procurement of environmental treatment and control equipment. Further-
more, the proposed methodology is adaptable for the allocation of both cost and emissions
stemming from fuel utilization to final products across various categories of multiproduct
systems, exemplified by industries such as sugarcane and alcohol, pulp and paper, and
steel production.

In this study, two models, namely Models E and H&S, were employed for analysis.
However, the primary focus is on H&S, as it offers a methodology that defines a crucial
device responsible for representing the environment in the diagrams. This particular
device plays a significant role in both the dissipation of cycle waste and the internalization
of environmental costs, thereby enabling a systematic redistribution of costs across the
system’s remaining components and final products. It is worth noting that any other
thermoeconomic methodology, based on exergy and coherently defining this environmental
device, could also be adopted by following similar methods. Moreover, models that do
not explicitly define the ENV device in the diagram can internalize carbon credits within
the equipment generating emissions. However, in the case of costs associated with the
acquisition of environmental treatment/control equipment, these models might be limited
in their analyses due to their inability to isolate this type of equipment (dissipative) within
the productive structure.

The study presents the H&S Model as a viable instrument to achieve the objective by
elucidating the inclusion of the carbon market and the internalization of carbon pricing
and other environmental expenses in the analysis. In addition to explaining the calculation
methodology, the study also examines the variations in monetary costs of cogeneration
systems’ final products.

In conclusion, this research establishes that the proposed adapted methodology is
consistent with the theoretical principles of thermodynamics and thermoeconomics. As
a result, it can effectively facilitate the allocation of carbon credits to both the internal
processes and final products of multiproduct systems.

By incorporating carbon credits into thermoeconomic modeling, it becomes possible:
to evaluate the financial implications of carbon emissions and incentivize the reduction of
greenhouse gases; to help in understanding the environmental impact of the thermal sys-
tem; and to optimize the thermal system’s design and operation to maximize the economic
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benefits while minimizing emissions. It also can help in designing and implementing effec-
tive carbon pricing mechanisms and environmental policies to achieve emission reduction
targets. Thus, companies and policymakers can gain a better understanding of the true
costs and benefits of different thermal system configurations and make informed decisions
that prioritize both economic and environmental sustainability.
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Abbreviations

AC Air compressor
c Monetary unit cost (USD/MWh)
CC Combustion chamber
CCS Carbon capture and storage
CEPCI Chemical Engineering Cost Index
CHP Combined heat and power
E Exergy Flow (kW)
ENV Environmental device
GHG Greenhouse gas
GT Gas turbine
IPCC Intergovernmental Panel on Climate Change
JB Junction–bifurcation
k∗ Exergetic unit cost (kW/kW)
Q Heat (exergy) (kW)
RB Recovery boiler
W Power (kW)
Y Generic thermodynamic magnitude (kW)
Z Hourly equipment cost (USD/h)
Greek symbols
λ Specific CO2 emission (g/MWh)
Subscripts and superscripts
0 Reference conditions
CH Chemical exergy (kW)
Env Environmental
F Fuel
H Enthalpic flow (kW)
i; j Indexes for productive components
in Inlet
N Net
out Outlet
PH Physical exergy (kW)
S Entropic flow (kW)
U Useful heat
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