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Energy efficiency is a critical factor in the transition toward sustainable energy systems and the decarbonization of industrial processes. In this context, the recovery of residual process energy represents a key strategy. This study presents a case analysis of a Brazilian carbo-chemical plant, where calcination furnaces release exhaust gases containing both thermal and chemical energy. These gases, generated by six furnaces, have a total flow rate of 1.36 kg/s at 800 °C and a volumetric composition of 26% H2, 4.2% CH4, and 5% CO, among other components, resulting in a total energy potential of 8.30 MW—comprising 1.63 MW of thermal and 6.67 MW of chemical energy. The main objective of this study is to assess the potential for recovering this energy through various cogeneration system configurations based on steam cycles, aimed at process thermal oil heating and electricity generation. Simulations were conducted using IPSEpro 8.0, and system performance was evaluated according to the First and Second Laws of Thermodynamics to identify opportunities for optimization. The results show that, in addition to providing 70 kW of useful heat for oil heating, the system can deliver up to 2.65 MW of electrical power. The energy and exergy efficiencies of the steam cycles reach 43.35% and 80.45%, respectively, while the overall system achieves energy and exergy efficiencies of 32.8% and 32.03%. Exergy analysis highlights areas for improvement, particularly in combustion and heat exchange, due to high irreversibilities in combustion chambers and boilers (up to 821.50 kW and 3384.29 kW, respectively) and recoverable heat present in boiler exhaust gases. Environmental analysis indicates a significant reduction in stack gas temperatures (66%–77% relative to the initial 800 °C) and the combustion of residual fuel components, especially CH4, which markedly decreases thermal and chemical pollution. Quantitatively, electricity generation reduces grid dependency, preventing up to 3234 tons of CO2 emissions per year. These findings demonstrate a considerable theoretical estimable potential for residual energy recovery, yielding substantial improvements in efficiency and environmental impact mitigation. Furthermore, an optimized technological approach could achieve energy efficiencies of up to 50%, producing 40% more electricity. These results highlight the importance of further studies, particularly to evaluate economic feasibility and potential integration into carbon markets.
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1 INTRODUCTION
The increasing concern regarding energy scarcity and environmental challenges, such as carbon emissions and greenhouse gases (GHG), has garnered significant interest in sustainable energy recovery, particularly within industrial processes. Heightened awareness of climate change has also prompted the establishment of new regulatory frameworks across various nations and industries (Ng et al., 2020). According to Iglesias Garcia et al. (2018), approximately 52% of the primary energy consumed worldwide is lost during fuel combustion and heat transfer processes. The implementation of technologies that capture and reuse this waste energy can enhance energy efficiency, contributing to the sustainability of the sectors. The International Energy Agency-IEA (2021) has projected that between 2022 and 2035, global energy demand will increase by one-third. In this context, electricity demand alone accounts for more than half of the overall rise in global energy consumption.
Industries are widely recognized as significant consumers of electricity. Given the wide range of available technologies for energy management, residual energy recovery systems are pivotal in reducing specific electricity consumption. In this framework, various thermodynamic cycles have been studied and combined to maximize system efficiency, enabling the generation of two or more forms of energy within a single system. Thus, it is evident that implementing strategies to improve energy efficiency in production processes is essential for reducing operational costs and increasing competitiveness, particularly in the context of global economic decarbonization. Moreover, these strategies promote efforts to mitigate environmental impacts, such as reducing GHG emissions (World Steel Association, 2024). Considering the significant electricity consumption in industries, implementing measures that encourage the recovery of wasted residual energy is economically advantageous, given its potential to generate useful work (Çengel et al., 2023).
Although industries require high levels of energy, it is well known that not all available energy is converted into useful work. Unused energy is lost during industrial processes due to inefficiencies in energy conversion. For instance, residual energy, which possesses thermal and sometimes chemical value, represents an underutilized energy source originating from various processes. Similar to chemical pollution, thermal pollution exerts a substantial impact on the environment. Industrial processes generate a considerable amount of heat through equipment such as furnaces and boilers. However, only a fraction of this energy is utilized, while the remainder is dissipated through various heat transfer mechanisms (Silva, 2016).
The loss of energy in the form of heat influences the overall production costs of consumer goods, as these costs are dictated by energy expenditures. Consequently, in cases where direct utilization of heat is unfeasible, it becomes imperative to assess the potential for its conversion into electricity, a more transportable and economically valuable form of energy compared to thermal energy.
Heat recovery systems can serve as a tool for reducing energy consumption in industrial settings. By converting waste heat into useful energy forms, such as electricity or process heat, not only is the environmental impact of heat dissipation mitigated, but additional GHG emissions associated with conventional energy production are also reduced. Achieving this objective necessitates the identification of residual heat sources and the selection of the most suitable recovery technology (Brückner et al., 2015).
Cogeneration systems (also known as Combined Heat and Power - CHP) are widely used for energy recovery. It utilizes a single fuel source to simultaneously generate electricity and useful heat. Instead of wasting the heat produced during electricity generation, it is recovered and repurposed for industrial processes, heating, or cooling. It is worth emphasizing that, from an environmental perspective, cogeneration systems can play a significant role in the energy sector. The environmental factor should be considered a key advantage of CHP systems, particularly concerning CO2 emissions, which are the main contributors to the greenhouse effect (Feidt and Costea, 2012). Furthermore, cogeneration can contribute to reducing fuel consumption while maintaining the same level of production, thereby leading to a decrease in harmful emissions and GHGs, ultimately resulting in a lower environmental impact (Frangopoulos, 2017). The primary objective of cogeneration is to enhance energy generation efficiency and optimize the utilization of available energy resources. Typically, the waste heat is repurposed to fulfill thermal demands, either for heating applications or for power generation. Various cogeneration-based heat recovery systems have been studied and implemented within industrial settings. The utilization of gases emitted from industrial furnaces represents a promising energy source.
Numerous researchers have concentrated their efforts on decarbonization and energy transition, exploring solutions aimed at reducing carbon emissions and fostering the adoption of sustainable energy sources. Among the strategies investigated, waste heat recovery from industrial processes has emerged as an effective approach. This method entails capturing and repurposing heat that would otherwise be lost in industrial operations, converting it into usable energy. Among the numerous studies and applications in the field, a few can be highlighted herein to confirm the theoretical and practical relevance of the topic. For instance, Oyedepo and Fakeye (2021) examined waste heat recovery technologies as a pathway toward sustainability and energy development and concluded that a substantial portion of waste heat can be technically and economically recovered through sustainable technologies. In a study by Zhang et al. (2020), a cascade heating system was proposed for waste heat recovery in a cogeneration plant, integrating it with a steam vacuum pump. Lemos et al. (2021) conducted an energy and exergy analysis of a power generation cycle utilizing blast furnace gases from a steel mill. Rohde et al. (2020) investigated energy recovery from residual gas in three-phase electric furnaces employed in silicon production.
In order to emphasize the significance of this topic and underscore the substantial interest within the academic community, one may reference studies on losses in thermoelectric plants and potential strategies for energy reuse (Ahmadi and Toghraie, 2016; Shamet et al., 2021); research on heat recovery from exhaust gases of electric arc furnaces for steam generation (Gandt et al., 2016); analyses of thermal energy storage aimed at enhancing residual energy recovery from a silicon plant in Norway (Rohde et al., 2022); and concerning different kind of cogeneration with heat recovery (Nikafshan Rad et al., 2024; Pawlenka et al., 2023; Prestipino et al., 2025) all sharing the common goal of identifying optimal energy and environmental solutions.
From this perspective of energy recovery and environmental problem mitigation, the present study focuses on the thermodynamic modeling of five cogeneration configurations integrated with the conventional Rankine cycle, aiming to recover energy potential from the exhaust gases emitted by the chimneys of six electric calcination furnaces. These furnaces belong to a carbo-chemical plant located in the city of Serra, Brazil, specialized in the production of carbon pastes and blocks for the foundry industry. This paste is utilized in furnaces for metal reduction and metallic silicon production. For these simulations, the work of Rohde et al. (2020) was used as a reference, from which four different configurations were proposed, analyzed, and compared.
During the production process, anthracite (raw material) undergoes calcination (a heat treatment) conducted in specialized calcination furnaces, emitting gases (1.36 kg/s) that contain both thermal (800 °C) and chemical (due to the presence of CO2, CH4, CO) energies, with a recovery potential of 8.30 MW. This residual energy can be recovered and utilized for both electricity generation and thermal energy consumption within the industrial processes. The utilization of these two energy potentials—particularly the chemical component, which primarily consists of greenhouse gases (CO2, CH4, CO, among others)—not only enhances the plant’s energy efficiency but also contributes to the chemical treatment of these emissions. This aligns with both national and international carbon neutrality goals, thereby reducing atmospheric pollutant emissions.
Furthermore, the efficiency of each proposed system is evaluated. The thermodynamic software IPSEpro 8.0 (Simtechnology, 2024) was employed to determine electrical power generation in the generators and the thermal energy output in heat exchangers for process thermal oil heating. These results facilitated the calculation of cycle efficiencies and overall cogeneration performance. Ultimately, a comparative thermodynamic analysis is conducted, elucidating the distinctive characteristics of each system. Besides, a preliminary environmental analysis is carried out by estimating the avoided emissions associated with electricity generation in each investigated configuration. For this purpose, data on the CO2 emission factor for electricity generation in Brazil provided by the National Emissions Registry System–SIRENE (Ministério da Ciência, 2024), were employed.
The novelty of this article lies in the fact that, although it uses Rohde et al. (2020) as a reference, it advances the analysis and thus contributes new perspectives to the field. While Rohde et al. (2020) focused on comparing the operational aspects of a carbo-chemical plant that produces both power and district heating, our paper concentrates on the design-point analysis, comparing the energy and exergy efficiencies of cogeneration cycle configurations with steam turbines, in addition to conducting an environmental assessment based on avoided emissions.
Moreover, this study provides insights suggesting that alternative technological pathways may be explored for energy recovery through more efficient systems.
2 CASE STUDY
The case study was carried out in a Brazilian carbo-chemical industry, and the following sections detail the methodology employed to evaluate the energy recovery potential of its exhaust gases.
2.1 Calcination process
Calcination is a thermal process in which a material is heated to high temperatures, typically in the absence of oxygen, to remove impurities, decompose chemical compounds, or modify its physical and chemical properties. This process is widely used in industries such as carbo-chemistry, metallurgy, and cement production. In the carbo-chemical industry, electric calcination furnaces are employed in the thermal treatment of mineral coal, coke, and other carbon-based materials used in the manufacturing of advanced materials.
The electric calcination process employs raw anthracite as the primary feedstock to produce Electrically Calcined Anthracite (ECA), consuming electricity and generating exhaust gases, as illustrated in Figure 1. This process involves heating anthracite to temperatures ranging from 1000 °C to 3000 °C while applying an electric current between two graphite electrodes. The primary objectives of this treatment include the removal of volatile compounds, reduction of impurities, and enhancement of electrical conductivity. The calcination temperature is a determining factor, as it governs the thermal decomposition of grains, crystalline phase transitions, and the extent of graphitization in mineral coal. These transformations reduce electrical resistivity, increase Young’s modulus, and enhance compressive strength, thereby yielding ECA with superior conductivity and mechanical performance. Previous studies, such as those by Tumidajski et al. (1996) and Gasik et al. (2010), provide detailed analyses of these phenomena.
[image: Diagram illustrating a calcination process. Inputs include electricity (yellow arrow) and anthracite (black arrow). Outputs are exhaust gases (red arrow) and ECA (blue arrow).]FIGURE 1 | Calcination flow.The calcination furnaces (Figure 2) are equipped with two graphite electrodes, positioned at the top and bottom. Each furnace operates with an active power of 1000 kW and processes an anthracite feed rate of 1200 kg/h. The calciner’s output is regulated at 950 kg/h of ECA. Under these operating conditions, the total volume of gases emitted through the chimney is 1.36 kg/s at a temperature of 800 °C. The Brazilian industrial unit operates with six electric calciners (Figure 2) and their furnaces operate in a continuous mode, with each furnace having its own dedicated feeding system and an individualized exhaust system. Raw anthracite is introduced at the top of the furnace through feeding trays and flows downward by gravity into the equipment, where two electrodes (upper and lower) conduct the electric current. At the end of the process, the raw anthracite, now transformed into ECA, is discharged at the furnace outlet.
[image: Diagram showing the process of electrically calcined anthracite (ECA) production. Left: Cross-section of a furnace with raw anthracite inlet, upper and lower electrodes, and ECA outlet, with a chimney for off-gas. Right: Illustration of ECA processing with anthracite pile, loader, exhaust gases, and storage silos.]FIGURE 2 | Electric calciner.The carbo-chemical company analyzed in this study operates six electric calcination furnaces, with an annual availability rate of 80%. Throughout the production process, the composition of anthracite remains consistent across all furnaces. The exhaust gases generated during the calcination of mineral coal constitute a complex mixture of various chemical elements. This process involves heating coal in an environment with minimal or no oxygen, leading to the release of gases such as carbon dioxide (CO2), carbon monoxide (CO), methane (CH4), hydrogen (H2), volatile hydrocarbons, and sulfur compounds, including sulfur dioxide (SO2). Furthermore, calcination may result in the emission of fine particulate matter and ash. The composition of the gases, made available by the plant through monitoring conducted in 2024, was characterized by sampling at the upper dome of the furnace prior to their release into the atmosphere and typically includes 26% H2, 4.2% CH4, and 5% CO.
The lower heating value (LHV) quantifies the energy released as heat during the combustion of a unit mass or volume of fuel, excluding the energy retained in water vapor. In the case of exhaust gases from electric calcination furnaces, the LHV generally ranges between 4000 kJ/kg and 7000 kJ/kg.
2.2 Industrial data collection: thermal fluid parameters
This study’s data collection process was designed to obtain real operational data from the carbo-chemical plant. The thermodynamic calculations for the facility were performed based on Rohde et al. (2020) and the parameters provided by the company regarding the exhaust gases (mass flow rate, temperature, and composition). In the industrial plant examined, a Therminol-type thermal fluid is utilized for heating mixer lines and molding hoppers. Currently, these thermal oils are heated using two inductive heating systems, each with a power capacity of 35 kW. The thermal fluid enters the heating equipment at a flow rate of 0.1128 kg/s and an initial temperature of 50 °C. It is subsequently heated to a temperature of 300 °C, maintaining the same flow rate before being distributed to the respective systems.
2.3 Thermodynamic modeling: IPSEpro software and boundary conditions
IPSEpro 8.0 software (Simtechnology, 2024) was used to model five configurations, simulating industrial processes via heat and mass balance calculations. Due to incompatibility between the Advanced Power Plant (APP) and Concentrated Solar Power (CSP) libraries, two separate simulations were needed to analyze exhaust gas combustion and cogeneration capacity. Data transfer between simulations enabled an integrated plant performance evaluation. Simulation necessitates the availability of critical input data, including process-related parameters as well as general ambient and boundary conditions applicable to all five configurations, as presented in Table 1. To assess the performance of devices (evaporators, turbines, and heat exchangers) it is essential to apply both the First and Second Law of Thermodynamics.
TABLE 1 | Modeling conditions in IPSEPRO.	Environmental conditions	Boundary conditions
	Temperature (°C)	25	Isentropic turbine efficiency (%)	87
	Pressure (bar)	1.0132	Generator electrical efficiency (%)	96
	Relative humidity (%)	60	Isentropic pump efficiency (%)	70
		Minimum heat loss to the environment (%)	1


Based on the simulations conducted in IPSEpro 8.0, detailed point-by-point data were extracted for pressure (p), temperature (T), mass flow rate (m˙), enthalpy (h), entropy (s), and other relevant parameters. These data enabled the calculation of exergies Ei) at each point (i) using Equation 1 for both water and oil and Equation 2 for the ideal gas mixture utilized in all configurations. The efficiency is determined as the ratio of product/fuel (P/F). The efficiency of the Rankine cogeneration cycle is defined as the ratio of the products (net power WN and useful heat Qu) to the added heat Qad, as expressed in Equation 3. The distinction between energy-based and exergy-based efficiency arises from the reference basis used in the analysis. The energy (ηsystem and exergy εsystem efficiencies of the system are determined by Equations 4, 5. To clarify the distinction, cycle analysis is conducted based on the working fluid (water-steam), whereas system analysis accounts for the external fuel input to the plant, with electrical power and oil heating as the resulting outputs. In Equations 3–5, the term Qu varies depending on the basis being analyzed. For the energy efficiency assessment, Qu denotes energy, calculated from enthalpy flows, whereas for the exergy efficiency, Qu represents exergy, determined from exergy flows. Further details on the terms of each equation can be found in Section 5 – Nomenclature.
Ei=m˙hi−h0−T0si−s0(1)
Ech_i=m˙F∑i=15yi.MMi∑i=15yiEisch+RT0⁡lnyi(2)
ηcycle=WN+QuQad(3)
ηsystem=WN+Qum˙FLHV+Δh(4)
εsystem=WN+Qum˙EF(5)
2.4 Environmental assessment
In addition to the thermodynamic analysis, this study includes an environmental assessment of avoided CO2 emissions. To this end, the amount of CO2 that would not be emitted if the electricity generated through cogeneration in the power cycle were used internally rather than drawn from the electrical grid is calculated. This calculation is performed by multiplying the CO2 emission factor for electricity generation in Brazil by the net power and useful heat produced for each configuration, yielding a value in tons per hour (ton/h). This hourly value is then extrapolated over the total number of hours in a year (8760 h) to obtain the annual avoided emissions in tons per year.
The CO2 emission factor for electricity generation in Brazil, spanning the period from 2011 to 2023 and provided by the National Emissions Registry System–SIRENE (Ministério da Ciência, 2024) is shown in Figure 3. According to Espírito Santo’s Decarbonization and GHG Emissions Neutralization Plan (Governo do Estado do Espírito, 2023) emissions associated with electricity imports are determined by the composition of the national generation matrix and are influenced by the operational requirements of thermoelectric plants to meet domestic demand, which accounts for the observed interannual variability.
[image: Line graph showing emission factors in kilograms per megawatt-hour from 2011 to 2023. The values fluctuate, peaking at 135.5 in 2014, with significant drops after 2021, reaching 38.5 in 2023.]FIGURE 3 | CO2 emission factor for electricity generation in Brazil (Ministério da Ciência, 2024).2.5 Thermodynamic configurations
Starting from a baseline configuration, referred here as Configuration 0, four derived configurations are proposed and analyzed. Configuration 0 represents the baseline case (Rohde et al., 2020), which utilizes and analyzes gases from electric furnaces. Building on this baseline, four additional configurations (1–4) are proposed and investigated. These configurations (1–4) are applied to assess the recovery of exhaust gases generated during the calcination process in a Brazilian carbo-chemical industry. The main characteristics and differences of these five configurations are described in Subsections 2.5.1 to 2.5.5.
It is important to emphasize that the plant analyzed in this study (Configurations 1–4) operates within the carbon and specialty pulp industry, employing electric furnaces for the thermal treatment of one of its raw materials. This contrasts with the plant investigated by Rohde et al. (2020) – Configuration 0, which focuses on metallic silicon production. Furthermore, the present study highlights a design-point analysis, assessing the energy and exergy efficiencies of cogeneration cycle configurations with a steam turbine, whereas Rohde et al. (2020) primarily addresses the operational aspects of the plant.
2.5.1 Configuration 0
The configuration is based on the study by Rohde et al. (2020), who conducted a similar analysis on a plant belonging to the same carbo-chemical group examined in this work. Figure 4 presents this configuration simulated in IPSEpro 8.0. Residual gases from two silicon furnaces (a) are directed through a common boiler system, which generates steam (b) to power a steam turbine and export heat to the local district heating network (e).
[image: Diagram depicting a cogeneration system with electric arc furnaces. Exhaust gases enter a recovery boiler connected to a steam Rankine cycle, including a superheater, evaporator, economizer, and extraction turbine. The system integrates a generator for electricity and district heating for cogeneration. A cooling system includes a condenser, deaerator, and pumps. The legend identifies components using colored symbols: red for furnaces, blue for the Rankine cycle, green for cooling, purple for electricity, and yellow for heat.]FIGURE 4 | Modeling of Configuration 0.The heat recovery system was designed to operate at 62 bar but is operated at 55 bar to reduce leakage. The isentropic efficiency of the turbine is 0.87, and the nominal values for the simulation were set at 46 bar for inlet pressure, 10 bar for outlet pressure, and 20 kg/s for steam mass flow, based on measurement data. The condensation pressure was considered constant and defined at 0.06 bar. Further details and data can be found in Rohde et al. (2020). In the system (Figure 4) The steam (b) expands in the turbine and drives the electric generator to generate electricity (d). After passing through the high-pressure turbine, steam is extracted based on the heat demand required for district heating (e), as well as for feedwater preheating. The selection of extraction turbine technology was guided by several factors. First, the decision was made to utilize the same technology employed by Rohde et al. (2020). Second, backpressure turbines are generally used when the objective is to generate low power while producing a large amount of heat. In the present study, the useful heat output of the thermal oil system is 70 kW (energy-based), which does not justify the use of backpressure turbines, as it does not align with the desired generation profile.
2.5.2 Configuration 1
Configuration 1, depicted in Figure 5, introduces several modifications to Configuration 0, affecting both the cycle and the system. In Configuration 1, the thermodynamic cycle benefits from the implementation of a cooling tower instead of seawater cooling. Additional modifications include utilizing the cogenerated heat for heating industrial thermal oil for internal use and sourcing exhaust gases from electric calcination furnaces (Figure 2), thereby harnessing thermal energy. Configuration 1 follows a topping cycle, with both cogenerated products being used internally within the industrial plant.
[image: Diagram illustrating an industrial cogeneration process. Key components include calciner furnaces, a steam Rankine cycle, cooling system, and electric and heat cogeneration. The flow paths show exhaust gases, water, cooling water, and thermal oil. Labeled elements include a recovery boiler, superheater, steam drum, evaporator, economizer, heat exchanger, extraction turbine, generator, cooling tower, condenser, and pumps. Each component is color-coded in the legend: calciner furnaces (red), steam Rankine cycle (blue), cooling system (green), electricity cogeneration (purple), heat cogeneration (yellow).]FIGURE 5 | Modeling of Configuration 1.The system begins with the exhaust gases from the furnaces (a) entering the heat recovery boiler in a counterflow arrangement, where they transfer heat to the saturated steam in the superheater, converting it into superheated steam for expansion in the turbine. The remaining gases undergo further heat exchange in the evaporator, where they facilitate the phase transition of water into saturated steam, and in the economizer, where they heat the water to a saturated liquid state before being released into the atmosphere. The superheated steam then enters the turbines (b), where it expands and drives the electric generator, enabling cogeneration of electricity (d). A portion of the steam extracted from the high-pressure turbine is directed to a heat exchanger for heating and cogeneration purposes (e). The expanded steam from the turbines is subsequently condensed, releasing heat to the cooling system via a cooling tower (c), where it transitions into a saturated liquid. This liquid is then pumped to the deaerator, where it receives additional water flows before being compressed and recirculated to the heat recovery boiler, thereby restarting the thermodynamic cycle.
In the simulations of this configuration, the flue gases discharged from the chimneys (1.36 kg/s at 1.1 bar and 800 °C) are directed to the heat recovery (HRSG), where they transfer heat to the working fluid of the Rankine cycle, and are subsequently released into the atmosphere at 1.07 bar and 267.57 °C. A steam flow rate of 0.4535 kg/s enters the high-pressure turbine (HT) at 92 bar and 598.67 °C. From the extraction point at 40 bar and 468.71 °C, 0.03093 kg/s is directed to the thermal oil heating process, 0.1226 kg/s to the deaerator, and 0.3 kg/s expands further in the low-pressure turbine (LT), exiting at 0.06 bar and 36.16 °C before entering the condenser (with constant pressure), which reduces the temperature to 35.16 °C.
2.5.3 Configuration 2
Configuration 2 (Figure 6) is a variation of Configuration 1, prioritizing thermal oil heating (bottoming cogeneration) and initially generating heat before producing electricity within the same thermodynamic cycle. The system includes a cooling tower and a deaerator to operate the condenser under vacuum conditions to reduce the heat rejection temperature and enable greater steam expansion in the low-pressure turbine, thereby generating more power.
[image: Diagram illustrating a cogeneration system with labeled components: calciner furnaces (a), steam Rankine cycle (b), cooling system (c), cogeneration for electricity (d), and heat (e). Flow paths include exhaust gases, water, cooling water, and thermal fluid. Key elements are recovery boiler, super heater, steam drum, evaporator, pump, economizer, extraction turbine, generator, heat exchanger, condenser, cooling tower, and deaerator. The legend uses different colors to depict various cycles and processes.]FIGURE 6 | Modeling of Configuration 2.The process begins with exhaust gases (a) transferring heat to the thermal oil (e) in a heat exchanger. The gases then enter the heat recovery boiler, undergoing heat exchange processes before being exhausted at the economizer outlet. The generated superheated steam is directed to the Rankine cycle turbine (b), where it expands and generates electricity (d). A portion of the steam is extracted, and unlike Configuration 1, the extracted steam from the high-pressure turbine is routed to the deaerator to preheat and mix with the water from the condenser. After expansion in the turbine, the two-phase fluid flows to the condenser, with the cooling tower (c) assisting in heat dissipation. In the deaerator, the water temperature is increased using superheated steam from the high-pressure turbine, removing dissolved gases and improving fluid quality. The treated water is pumped back to the heat recovery boiler, restarting the cycle.
For this configuration, the flue gases discharged from the chimneys (1.36 kg/s at 1.1 bar and 800 °C) first exchange heat to preheat the thermal oil, leaving the heat exchanger at 1.09 bar and 769.01 °C. They are then directed to the HRSG, from which they exit to the atmosphere at 1.06 bar and 190.64 °C. At the inlet of the HT, 0.4695 kg/s of steam enters at 92 bar and 506.42 °C. An extraction flow of 0.1051 kg/s is directed to the deaerator at 10 bar and 227.03 °C. In the LT, 0.3644 kg/s of steam (at 10 bar and 227.03 °C) expands to 0.06 bar and 36.16 °C before entering the condenser.
It is worth noting that, in practice, certain gases may require flaring or proper treatment for safety and environmental reasons, as some gases can be toxic, flammable, and contribute to climate change—such as CO and CH4 present in the exhaust gases of Configurations 1 and 2. However, in this study, these two scenarios were used solely to illustrate the energy potential that is lost when the chemical content of the gases is not utilized.
2.5.4 Configuration 3
In addition to their thermal potential, the exhaust gases possess chemical potential that has not yet been utilized in Configurations 1 and 2. To release this energy and maximize the overall reuse of exhaust gases, Configuration 3 (Figure 7) incorporates a controlled combustion process. Similar to Configuration 1, its main difference lies in the combustion of exhaust gases in the combustion chamber (b) before their integration into the steam thermodynamic cycle. The resulting energy products from combustion are then utilized in the steam system, maintaining the topping cogeneration approach. The process begins with the entry of exhaust gases from the calcination furnaces (a) and atmospheric air into the combustion chamber (b), converting their chemical energy into additional thermal energy. The generated superheated steam is then directed to the conventional Rankine cycle of the topping cogeneration system, following the same path as in Configuration 1.
[image: Diagram of a cogeneration system with components labeled a to f. Flow lines connect elements like the combustion chamber, recovery boiler, steam drum, and extraction turbine. The system includes three-phase furnaces, a cooling tower, condenser, and pumps. Color-coded legend explains components: a (three-phase furnaces), b (combustion chamber), c (steam Rankine cycle), d (cooling system), e (electricity cogeneration), f (heat cogeneration). Arrows indicate various gas and fluid flows.]FIGURE 7 | Modeling of Configuration 3.In the simulations, the flue gases from the chimneys (1.36 kg/s at 1.1 bar and 800 °C) are mixed with ambient air (9.534 kg/s at 1.1 bar and 35.577 °C) in the combustion chamber, producing 10.89 kg/s of combustion gases at 1.1 bar and 800 °C. Under these conditions, the gases enter the HRSG, where they transfer heat and leave at 1.07 bar and 267.69 °C. At the inlet of the high-pressure turbine (HT), 2.636 kg/s of steam (at 92 bar and 598.67 °C) expand to 40 bar and 468.71 °C. From the turbine outlet, 0.03093 kg/s is directed to the thermal oil heating system (entering at 40 bar and 468.71 °C and leaving at 250 °C), 0.7558 kg/s is sent to the deaerator (at 40 bar and 468.71 °C), and 1.85 kg/s expands further in the low-pressure turbine (LT), entering at 40 bar and 468.71 °C and discharging at 0.06 bar and 36.16 °C.
2.5.5 Configuration 4
Similar to Configuration 3, the fourth configuration integrates the thermodynamic characteristics of the bottoming cogeneration system from Configuration 2 with the energy utilization of combustible compounds through the combustion system of Configuration 3. Figure 8 illustrates the system of Configuration 4. The gases generated from combustion (b) are directed to the heat exchanger, where they transfer their thermal energy to the thermal oil (f). After this sensible heat exchange with the oil, the resulting combustion gases proceed to the heat recovery boiler.
[image: Diagram of a cogeneration system showing various components connected by lines. Key components include a calciner furnace, combustion chamber, recovery boiler, steam drum, evaporator, and extraction turbine. Additional elements include a heat exchanger, condenser, and cooling tower. The legend identifies elements: calciner furnaces (red a), combustion chamber (blue b), steam Rankine cycle (cyan c), cooling system (green d), cogeneration electricity (purple e), and cogeneration heat (yellow f). Arrows show the flow of exhaust gases, combustion products, atmospheric air, cooling water, and thermal fluid.]FIGURE 8 | Modeling of Configuration 4.In the simulations, the combustion chamber operates with the same conditions as in Configuration 3. The resulting gases are directed to the thermal oil heat exchanger, exiting at 1.09 bar and 794.67 °C before entering the HRSG, from which they are discharged into the atmosphere at 1.06 bar and 183.18 °C. At the HT inlet, 2.893 kg/s of steam (at 92 bar and 506.42 °C) expand to 10 bar and 227.03 °C. Of this flow, 0.6475 kg/s is extracted for the deaerator, while the remaining 2.246 kg/s expand further in the LT to 0.06 bar and 36.16 °C.
In all configurations, the thermal oil is heated from 50 °C to 300 °C. In Configurations 1 and 3, where the heat exchanger for this heating process is integrated into the steam cycle, steam is extracted at 40 bar and 468 °C and exits the heat exchanger at 250 °C after heating the oil. In Configurations 2 and 4, the heat exchanger for heating the oil is external to the steam cycle. In Configuration 2, the exhaust gases leave the stack at 800 °C and exit the heat exchanger at 769 °C. In Configuration 4, the gases also leave at 800 °C but exit the heat exchanger at 794 °C, owing to the combustion chamber operation with a large excess of air.
Table 2 summarizes the data employed in the simulations of the four configurations, where HRSG denotes the heat recovery steam generator, HT the high-pressure steam turbine, and LT the low-pressure steam turbine.
TABLE 2 | Operating parameters for the four cogeneration system configurations.	Conf	Exhaust gas path	Steam conditions (kg/s, P, T)	Extractions/outputs
	1	Chimney gases: 1.36 kg/s, 1.1 bar, 800 °C → HRSG → atmosphere: 1.07 bar, 267.57 °C	HT inlet: 0.4535 kg/s, 92 bar, 598.67 °C → expands to 40 bar, 468.71 °C	40 bar, 468.71 °C
• 0.03093 kg/s → thermal oil heater
• 0.1226 kg/s → deaerator
• 0.3000 kg/s → LT: expands to 0.06 bar, 36.16 °C → condenser (outlet 35.16 °C)
	2	Chimney gases: 1.36 kg/s, 1.1 bar, 800 °C → thermal oil heater: 1.09 bar, 769.01 °C → HRSG → atmosphere: 1.06 bar, 190.64 °C	HT inlet: 0.4695 kg/s, 92 bar, 506.42 °C	• 0.1051 kg/s, 10 bar, 227.03 °C → deaerator
• 0.3644 kg/s → LT: expands to 0.06 bar, 36.16 °C → condenser
	3	Chimney gases: 1.36 kg/s, 1.1 bar, 800 °C + Air: 9.534 kg/s, 1.1 bar, 35.577 °C → Combustion chamber → 10.89 kg/s, 1.1 bar, 800 °C → HRSG → atmosphere: 1.07 bar, 267.69 °C	HT inlet: 2.636 kg/s, 92 bar, 598.67 °C → expands to 40 bar, 468.71 °C	• 0.03093 kg/s, 40 bar, 468.71 °C → thermal oil heater (outlet 250 °C)
• 0.7558 kg/s, 40 bar, 468.71 °C → deaerator
• 1.850 kg/s → LT: expands to 0.06 bar, 36.16 °C
	4	Same combustion chamber conditions as Conf3 → thermal oil heater: 1.09 bar, 794.67 °C → HRSG → atmosphere: 1.06 bar, 183.18 °C	HT inlet: 2.893 kg/s, 92 bar, 506.42 °C → expands to 10 bar, 227.03 °C	• 0.6475 kg/s, 10 bar, 227.03 °C → deaerator
• 2.246 kg/s → LT: expands to 0.06 bar, 36.16 °C


3 RESULTS AND DISCUSSIONS
The results section is divided into the thermodynamic analyses of energy and exergy balances and the environmental analysis based on avoided emissions.
3.1 Energy and exergy balance
Table 3 presents the exergy balance obtained through simulations, while Figure 9a,b show the energy and exergy efficiencies of the steam power cycle and the cogeneration system as a whole, respectively. All the parameters are determined using the equations presented in section 2.3.
TABLE 3 | Exergy balance of the four configurations.		Configuration
	1	2	3	4
	[kW]	[%]	[kW]	[%]	[kW]	[%]	[kW]	[%]
	Products
	Net power	408.68	4.89	461.00	5.52	2302.32	27.55	2653.92	31.75
	Useful heat	23.45	0.28	23.45	0.28	23.45	0.28	23.45	0.28
	Input
	Chemical	7499.75	89.73	7499.75	89.73	7499.75	89.73	7499.75	89.73
	Physical	858.36	10.27	858.36	10.27	858.36	10.27	858.36	10.27
	Losses
	Exhaustion	7640.49	91.41	7576.14	90.64	938.52	11.23	531.66	6.36
	Cooling	6.75	0.08	7.79	0.09	41.63	0.50	48.00	0.57
	Irreversibility
	Boiler	129.04	1.54	129.78	1.55	750.06	8.97	821.50	9.83
	Turbines	52.85	0.63	58.07	0.69	323.42	3.87	358.17	4.29
	Condenser	17.03	0.20	19.64	0.24	105	1.26	121.06	1.45
	Deaerator	50.67	0.61	30.19	0.36	312.38	3.74	186.01	2.23
	Oil heater	8.56	0.10	28.85	0.35	8.56	0.10	36.28	0.43
	Pumps	2.16	0.03	2.43	0.03	12.87	0.15	14.98	0.18
	Generator	17.36	0.21	19.59	0.23	105.35	1.26	120.42	1.44
	Motors	0.33	0.00	0.36	0.00	1.94	0.02	2.20	0.03
	Combustion chamber	-	-	-	-	3384.29	40.49	3384.29	40.49
	Fan	-	-	-	-	0.07	0.00	7.45	0.09
	Others	0.75	0.01	0.84	0.01	47.97	0.57	48.72	0.58


[image: Two bar charts compare efficiencies across different configurations. Chart a) shows cycle efficiency in percentages. Exergy efficiency (blue) remains high, ranging from 76.88% to 80.45%, across configurations zero to four, while energy efficiency (orange) is lower, ranging from 38.82% to 43.35%. Chart b) presents system efficiency percentages, where exergy and energy efficiencies increase from configurations one to four, with exergy efficiency rising from 5.17% to 32.03% and energy efficiency from 5.76% to 32.8%.]FIGURE 9 | Energy and exergy efficiencies of: (a) the steam power cycle; (b) the cogeneration system.3.1.1 Configuration 1
Regarding Table 3 and Figure 9b), the low exergy efficiency in Configuration 1 (5.17%) is justified by the lack of utilization of the chemical component of the exhaust gases. This exergy analysis reveals that the majority of exergy losses occur in the recovery boiler exhaust (91.41%), primarily due to the 7499.75 kW of unutilized chemical exergy. This result underscores the importance of integrating a combustion chamber to optimize furnace gas utilization and minimize energy and exergy losses.
3.1.2 Configuration 2
Configuration 2 exhibits low exergy efficiency for the same reason as Configuration 1. In the exergy analysis of losses and irreversibilities, it is observed that only 5.80% of the total inputs are converted into exergy products, i.e., 94.20% of the inputs are lost due to irreversibilities and losses. Once again, this finding justifies the implementation of combustion technologies to enhance resource utilization.
3.1.3 Configuration 3
Like Configuration 1, Configuration 3 represents a topping-cycle cogeneration system. However, it incorporates the combustion of exhaust gases, allowing for a more complete and efficient utilization of the chemical energy contained in these gases. As a result, an increase in the system’s exergy efficiency is observed. In Configuration 3, the exhaust gas flow rate from the combustion chamber is approximately eight times higher than in the first two configurations. This design choice prevents excessively high gas temperatures at the outlet of the combustion chamber, ensuring compliance with the technological limits of subsequent system components. To achieve this, combustion was simulated with a large excess of air, thereby limiting the temperature of the combustion products at the inlet of the recovery boiler.
Further regarding Configuration 3 (Table 3), in the exergy analysis of irreversibilities and losses, it is observed that 27.83% of the total inputs are converted into exergy products. This implies that 72.17% of the inputs are not utilized. Within this total, only 11.73% corresponds to exergy losses associated with the recovery boiler exhaust and condenser cooling.
From an exergy perspective, when comparing Configuration 3 to Configuration 1 (both topping cogeneration systems), Configuration 1 exhibits over 90% exergy losses, whereas in Configuration 3, losses do not exceed 12%. This reduction is primarily attributed to the addition of the combustion chamber, aimed at harnessing the chemical energy of the gases. However, while exhaust gas losses were reduced, there was an increase of nearly 60% in the system’s internal irreversibilities. Of this total, 40.49% of the internal irreversibilities occurred within the combustion chamber. This arises from the equipment’s metallurgical limitations, requiring an excess of air and increasing irreversibility within the chamber.
3.1.4 Configuration 4
The fourth configuration (bottoming-cycle), includes a heat exchanger outside the thermodynamic cycle and also features a combustion chamber. The exergy efficiency is 32.03%. The increase in efficiency is justified by the absence of a heat exchanger within the power cycle, which is now solely responsible for producing electricity. Additionally, this result is attributed to the use of the combustion chamber. In the analysis of exergy losses and irreversibilities, it is observed that 32.03% of the total inputs are converted into exergy products. This indicates that 67.97% of the inputs are lost due to irreversibilities and losses. Of this total, only 6.94% corresponds to exergy losses associated with exhaust and cooling. The reduction in losses from over 90% to approximately 7% confirms that the utilization of the combustion chamber plays a crucial role in harnessing these gases. However, internal irreversibilities total more than 60%, due to the same reason observed in the third configuration, where the combustion chamber is the main component responsible for the highest system losses.
3.1.5 Comparisons
The energy and exergy efficiencies of the four configurations, as well as the baseline case, for the power cycles were compared, as shown in Figure 9a). It is observed that the second-law efficiency was higher than the first-law efficiency. This occurs because exergy efficiency accounts not only for the quantity of energy but also for its quality. In all five cases analyzed, the exergy fractions of the added heat were lower compared to the added energy. Consequently, when calculating the ratio outputs/inputs, the efficiency of the cycle increased in the exergy-based calculations.
When comparing the efficiencies of the four cycles with the results of Configuration 0, it is noted that the obtained values are quite similar. Thus, the efficiencies of Configurations 1 to 4 fall within the expected range. This occurs because the cycle efficiency depends on the thermodynamic mean temperature of heat addition (in the boiler) and the thermodynamic mean temperature of heat rejection (in the condenser), that is, on the temperatures and pressures at the inlets and outlets of these components. Since configuration zero was used as the reference, these parameters were kept the same in the proposed configurations (1–4). This explains the similar results shown in Figure 9a).
When analyzing the system as a whole, the cogeneration system efficiency (Figure 9b) results considered only Configurations 1 to 4, as additional information, such as the exergy of the useful heat from the district heating system, was not available for Configuration 0. Figure 9b) shows higher efficiencies for Configurations 3 and 4, which are attributed to the complete utilization of the energy from the exhaust gases. This occurs because combustion not only facilitates the chemical treatment of the gases but also enables efficient recovery of residual thermal energy. This process maximizes the use of available resources and enhances the system’s energy performance. Additionally, the improved integration between thermal and chemical processes contributes to overall efficiency by reducing waste and optimizing resource utilization.
In the comparison of cogeneration systems (Figure 9b), it is observed that Configuration 1 (topping) exhibits lower energy and exergy efficiencies compared to Configuration 2 (bottoming). A similar trend is observed between Configurations 3 (topping) and 4 (bottoming). This occurs because, in topping cycle systems, the heating of the thermal oil is integrated into the cycle, requiring the extraction of a larger amount of steam from the high-pressure turbine for the heat exchanger. Consequently, less steam is available for expansion in the low-pressure turbine, reducing electrical power generation. In contrast, in bottoming cycle systems, the heat exchanger is external to the cycle, allowing the thermal oil to be heated without the need for significant steam extraction from the turbines.
3.1.6 Grassmann diagram
To improve the visualization of the data in Table 3, facilitate the interpretation of the graphs in Figure 9, and illustrate the distribution and conversion of exergetic resources (chemical and physical) into products, losses, and irreversibilities, Figure 10 presents the Grassmann diagrams (usually referred to as exergy diagrams) for each configuration. These diagrams facilitate the visualization of the energy conversion process associated with the systems of each configuration, and all values shown in Figure 10 are expressed in kW.
[image: Four Sankey diagrams labeled (a), (b), (c), and (d) illustrate the flow of exergy from chemical and physical inputs to losses, internal irreversibilities, products, useful heat, and net power. Each diagram shows variations in values for losses, products, and net power. In (a), losses are highest at 7,647.24 and net power is 408.68. In (b), losses decrease slightly, with increased products and net power at 461.00. Diagram (c) shows significant internal irreversibilities at 5,051.91 with increased net power at 2,302.32. Diagram (d) maintains high irreversibilities with slightly lower losses.]FIGURE 10 | Grassmann diagram for each configuration [kW]. (a) Configuration 1. (b) Configuration 2. (c) Configuration 3. (d) Configuration 4.The exergetic input, chemical and physical, is identical (8358.1 kW) across all configurations in Figure 10. In Configurations 1 and 2 (Figures 10a,b), only a small fraction of these inputs is converted into final products (useful heat and net power), while most is lost (7647.24 kW and 7583.93 kW for Configurations 1 and 2, respectively). This results from the absence of a combustion chamber to exploit the chemical energy of the exhaust gases, leading to low energy and exergy efficiencies, as shown in Figure 9.
In Configurations 3 and 4 (Figures 10c,d), combustion prior to the thermodynamic cycle enables greater utilization of the chemical potential of the gases, substantially increasing electricity generation to 2302.32 kW and 2653.92 kW in Configurations 3 and 4, respectively. Efficiencies rise to around 30% (Figure 9), with losses reduced compared to Configurations 1 and 2. However, internal irreversibilities, particularly in the combustion chamber, increase due to the requirement for excess air. This excess is employed to ensure that the temperature of the exhaust gases does not exceed the metallurgical limits of the material.
This study was conducted based on steam cycle technology to demonstrate the potential for recovering the thermal (1.63 MW) and chemical (6.67 MW) energy contained in the flue gases, using the work of Rohde et al. (2020) —which investigated a similar system applied to a carbo-chemical plant within the same industrial group as the facility analyzed here—as a reference. The results indicated the possibility of generating 2.65 MW of electricity with an efficiency slightly above 30%. However, the detailed first and second law analysis carried out in the present work provided valuable insights into an alternative technological approach, consisting of a sequential and alternating combination of an Organic Rankine Cycle (ORC) for thermal energy recovery and an Internal Combustion Engine (ICE) for chemical energy recovery. For thermal sources at approximately 800 °C, an ORC operating with toluene can reach efficiencies of around 25% (Morawski et al., 2021), which would yield up to 0.41 MW of electricity. An ICE with residual heat recovery (ICE–ORC configuration) can achieve nearly 50% efficiency (de Araújo et al., 2022), generating up to 3.34 MW of electrical power. Therefore, this combined route (ORC–ICE–ORC) could generate up to 3.75 MW of electricity, representing more than a 40% increase compared with the cogeneration performance of the conventional steam cycle.
3.2 Avoided emissions
For this analysis, the emission factors shown in Figure 3 were employed. Three different scenarios were considered: (a) the highest emission factor in recent years, 135.5 kg CO2/MWh in 2014; (b) the lowest emission factor, 29.2 kg CO2/MWh in 2011; and (c) a median emission factor of 74 kg CO2/MWh in 2018. The avoided emissions, expressed as the amount of CO2 (tons/year) for each configuration and for each of the three emission factor scenarios, are shown in Figure 11.
[image: Bar chart illustrating avoided CO2 emissions in tons per year across four configurations for three emission factors: 2011, 2014, and 2018. Emission factors increase across configurations, with 2014 showing the highest across all configurations, especially Configuration 4 with 3234.1 tons.]FIGURE 11 | Avoided CO2 emissions due to electricity generation.Considering that the values presented in Figure 11 represent the amount of CO2 that would be avoided by utilizing the electricity generated by the cogeneration system to meet the internal demands of the plant, it is evident that, across the three scenarios of emission factor analyzed, Configurations 3 and 4 resulted in the greatest emission reductions when compared to Configurations 1 and 2. This is due to the fact that Configurations 3 and 4 maximize the utilization of the thermal and chemical potential of the exhaust gases by combusting them, which leads to higher efficiency and electricity generation within the system. As a result, the CO2 emissions of these configurations was significantly lower than that of the others. This result corroborates the well-established notion that the implementation of cogeneration systems, such as the one examined in this study, not only improves the energy and exergy efficiency of the system but also provides significant environmental benefits.
Furthermore, considering the most optimistic scenario with a low emission factor of 29.2 kg CO2/MWh for the year 2011, the reductions in emissions reach a maximum of 696.9 tons/year in Configuration 4. Nevertheless, in a scenario with a high emission factor, such as that of 2014, when it was 135.5 kg/MWh, emission reductions can reach considerable values of 2817.1 and 3234.1 tons/year in Configurations 3 and 4, respectively.
Moreover, from the perspective of thermal pollution, an analysis of the second column (“Exhaust gas path”) of Table 2 reveals a 66% reduction in the exhaust gas temperatures for Configurations 1 and 3, and a 77% reduction for Configurations 2 and 4, relative to the initial 800 °C at the stack outlet.
4 CONCLUSION
This study investigated the potential for energy recovery from exhaust gases in a Brazilian carbo-chemical plant by analyzing various steam cogeneration system configurations. Thermodynamic simulations and analyses, conducted using the IPSEpro 8.0 software, demonstrated that improvements in both energy and exergy efficiencies could be achieved by harnessing the thermal and chemical energy contained in these gases. The findings indicated that while the initial configurations (1 and 2) exhibited lower efficiencies due to unutilized chemical exergy, the incorporation of a combustion chamber (Configurations 3 and 4) significantly enhanced energy recovery, achieving energy and exergy efficiencies of up to 32.8% and 32.03%, respectively, in the final configuration.
Furthermore, Configuration 4, which employs a bottoming-type cogeneration cycle, utilizes the available energy resources more effectively, providing an electric power output of up to 2.65 MW. Additionally, the study highlighted that integrating combustion not only improved the overall system efficiency but also yielded environmental benefits by mitigating thermal and chemical pollution. The quantification of avoided CO2 emissions further substantiated the environmental advantages associated with implementing cogeneration for energy recovery. In this analysis, the configurations incorporating a combustion chamber (3 and 4) also demonstrated the highest emission reduction potential, preventing the release of CO2 into the atmosphere. Even in an optimistic scenario, where the emission factor is low, reductions of 607.1–696.9 tons of CO2 per year can be achieved, whereas in the most pessimistic scenario, with a high emission factor, the reductions reach 2817.1–3234.1 tons of CO2 per year. Regarding thermal pollution, configuration 4 reduces the temperature of the gases released into the atmosphere by 77%.
Configurations 3 and 4, which employ a combustion chamber to exploit the full energy potential of the flue gases, yield the best results both in terms of energy conversion and environmental performance regarding avoided emissions.
Nevertheless, further research is required to evaluate additional factors, particularly the economic feasibility of deploying these cogeneration systems on an industrial scale. A comprehensive cost-benefit analysis should be undertaken to assess capital investment needs, operational expenditures, and potential financial returns. Moreover, if the project is to be considered for inclusion in a carbon market, an assessment of prospective revenues from carbon credit trading, alongside an analysis of the regulatory framework governing emission reductions, is essential. These considerations will be crucial in facilitating the practical implementation and long-term financial viability of energy recovery strategies within the carbo-chemical industry. Furthermore, the exergy balance analysis identified the locations of the greatest losses and the sources of irreversibilities. Based on these findings, strategies can be explored to mitigate these losses and, consequently, enhance system efficiency.
Finally, the results of this study, which demonstrated the potential energy that can be recovered from industrial exhaust gases through steam-based cogeneration systems, provide the insight that an optimized technological route may achieve even better outcomes. For instance, a combined and sequential ORC–ICE–ORC configuration could reach efficiencies of up to 50% and generate 40% more electricity. Technological routes of this kind may be investigated as a complementary extension of the present work.
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GLOSSARY
APP Advanced Power Plant
CSP Concentrated Solar Power
CHP Combined Heat and Power
E Exergy (kW)
ECA Electrically Calcinated Anthracite
GHG Greenhouse gas
h Specific enthalpy (kJ/kg)
HRSG Heat recovery steam generator
HT High-pressure steam turbine
ICE Internal combustion engine
IEA International Energy Agency
LHV Lower heating value (kJ/kg)
LT Low-pressure steam turbine
m˙ Mass flow rate (kg/s)
MM Molar mass (kg/mol)
ORC Organic Rankine Cycle
p Pressure (bar)
Q Heat (kW)
R Universal gas constant kJ/(kmol·K)
s Specific entropy (kJ/kg.K)
T Temperature (°C)
W Power (kW)
y Mole fraction
Greek letters
Δ Variation
η Energy efficiency
ε Exergy efficiency
Subscript
0 Environment
ad Added
ch Chemical
F Fuel
i Indexes
N Net
u Useful
Superscript
sch Standard chemical exergy
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