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Abstract

:

In this study, it is proposed to generate electrical energy by recovering the waste heat of an annealing furnace (AF) in an iron and steel plant using combined cycles such as steam Rankine cycle (SRC), organic Rankine cycle (ORC), Kalina cycle (KC) and transcritical CO2 cycle (t-CO2). Instead of releasing the waste heat into the atmosphere, the waste heat recovery system (WHRS) discharges the waste heat into the plant’s low-temperature oxygen line for the first time, achieving a lower temperature and pressure in the condenser than conventional systems. The waste heat of the flue gas (FG) with a temperature of 1093.15 K from the reheat furnace was evaluated using four different cycles. To maximize power generation, the SRC input temperature of the proposed system was studied parametrically. The cycles were analyzed based on thermal efficiency and net output power. The difference in SRC inlet temperature is 221.6 K for maximum power output. The proposed system currently has a thermal efficiency and total power output of 0.19 and 596.6 kW, respectively. As an environmental impact, an emission reduction potential of 23.16 tons/day was achieved. In addition, the minimum power generation cost of the proposed system is $0.1972 per kWh.
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1. Introduction


Although the iron and steel industry has made significant progress in recent years, it still has a potential of reduction of approximately 20% in energy consumption and emission generation depending on high fossil fuel consumption [1,2]. Wasted thermal energy at 800–900 °C from conventional iron and steel factories has promising potential for electricity generation using various energy conversion methods [3]. In addition, it will reduce CO2 emissions and increase overall efficiency. Waste heat recovery systems (WHRS), which are essential applications for strategic energy distribution, can significantly reduce energy consumption and emissions. Depending on the temperature level, waste heat sources can be divided into three categories such as low-grade waste heat (less than 230 °C), medium-level waste heat (between 230 and 650 °C) and high-grade waste heat (more than 650 °C) [4,5,6]. In this context, waste heat must be converted using appropriate energy conversion systems considering temperature ranges. This situation necessitates the use of multiple and sequential systems for energy conversion [7,8]. The temperature ranges of the systems vary according to the type of working fluid in the systems, the investment costs, the size of the equipment used in the systems and the economic ranges of the electricity generation costs. In addition, the efficiency ranges of the systems and the combined thermal efficiencies should also be considered. Therefore, to minimize energy production costs, determining the operating temperature ranges of the systems, optimizing the equipment dimensions, and investment costs, power outputs and thermal efficiency are among the intensively studied subjects today.



Various methods can be used for waste heat recovery methods, such as steam Rankine cycle (SRC), Kalina cycle (KC), organic Rankine cycle (ORC), Brayton cycle (BC) and CO2 cycle. Depending on the operating conditions, such as temperature, pressure, mass flow rate and type of heat source, combined systems are intensively employed in recovering heat from waste heat to generate electricity and decrease fuel consumption and emissions [9]. For instance, Ozcan et al. [10] aimed to produce synthetic fuel by hydrogenating captured CO2 using moderate waste heat rejected from an iron and steel production facility and investigated its thermodynamic and economic feasibility. They used the KC to generate electricity and provide heat from the CO2 capture plant (CCP). The electricity generated from the systems was used by the PEM electrolyzer and all power-consuming components of the facility. KC showed the highest efficiency at a 488 °C turbine inlet temperature and 65% ammonia fraction. The facility’s fuel production efficiency reached 19% at the cost of 532 $/tons methanol. Lu et al. [11] developed a new WHRS in their studies. They used the Rankine systems to generate power from slag waste heat, using a high level of waste heat, and used ORC and absorption refrigeration systems for gradual heat recovery; they also made a thermodynamic, thermoeconomic and environmental analysis of the facility they designed and tried different working fluids that can be environmentally friendly for the ORC systems. As a result of their work, a significant amount of electricity has been produced from ORC. The energy efficiency of the facility was calculated as 37.66%. Ishaq et al. [12] presented an integrated system design for hydrogen production at high pressure by utilizing steel furnace waste heat in their studies. The integrated system consists of a hydrogen compression system and a copper chlorine system. They obtained the electrical energy required for the system from the Rankine cycle and simulated the system with ASPEN Plus V9. Energy and exergy efficiencies were calculated as 38.2% and 39.8%, respectively. Ma et al. [13] evaluated the recovery and use of the waste heat of an iron and steel production plant according to the quality of the waste heat. As a result of their studies, it was stated that the low-temperature waste heat generated in the facility was not used, and it should be used in the future. It is noted that waste heat recovery is relatively low in the section where coking and sintering processes are located in the facility. They stated that the use of waste heat should be in accordance with the first and second law of thermodynamics and recovery methods corresponding to the quality of waste heat should be used. An innovative technoeconomic model was created by Qi Zhang et al. [14] for the recycling of waste energy. To evaluate falling energy use and anticipated future energy savings, they built up a number of scenarios. It is evident from their findings that there is less than a 20% chance of energy savings. Waste energy recycling’s most critical parameters have been identified. It has been shown that the techno-economic approach they use allows for the recovery of about 44% of the waste heat. However, there has not been much research done on the various energy conversion systems that span large temperature ranges in iron and steel plants to recover FG thermal energy into electrical power.



In this study, in order to generate electricity from high-temperature FG heat discharged from an industrial annealing furnace (AF), sequential thermodynamics was applied employing the low-temperature O2 line established for using the oxygen-enriched combustion processes in the facility for the first time in order to reach lower temperature and pressure in condensers. Firstly, the RC and the t-CO2 cycle were used together. Afterwards, the FG was released to the atmosphere at low temperatures using ORC and KC in the system, respectively. In the last stage, the low-temperature O2 line, which is produced to enrich the combustion processes in other departments of the factory, was evaluated as a heat resource in the condensers of the cycles.




2. Materials and Methods


This study focuses on the evaluation of waste heat of an AF. Within the scope of the study, the efficiency of the system was increased by designing a combined system in order to generate electricity by using the waste heat from the AF and to reduce the FG emissions released into the atmosphere.



2.1. System Design


The FG rejected from the AF at a temperature of 1093.15K transfers its heat to the RC evaporator through HX1 (point a). In the RC, water is compressed in the pump from 369.5 K and 0.7 bar to 373.18 K and 150 bar. Afterwards, it is heated to 873 K with the heat recovered from the FG in the evaporator and transitions to the superheated vapor phase. The superheated steam exits as a saturated liquid at 369.5 K and 0.7 bar through the intermediate heated turbine. Afterwards, the condensation energy in the RC condenser is transferred to the CO2 cycle at constant pressure. Afterwards, the FG enters the ORC evaporator (HX3) at 661.4 K (point b). R245fa is used as the working fluid in ORC, is compressed from 298 K 1.5 bar to 299 K 20 bar in the pump. Afterwards, it is heated to 435 K using the heat recovered from the FG in the ORC evaporator. In the superheated vapor phase, R245fa expands in the turbine to 416 K and 1.5 bar. Afterwards, it is cooled at 298 K at constant pressure in the ORC condenser. FG enters the KC evaporator at 461 K (HX4) and transfers its waste heat to the ammonia water mixture.



The working fluid of the KC is a binary combination of ammonia and water that goes through a special mechanism to change the ammonia content all throughout the system. Heat recovery efficiency is greatly increased by this procedure. The addition of ammonia permits boiling at lower temperatures, allowing for the effective use of waste heat. After that, a heat exchanger (HX4) is used to transfer the energy from flue gas remaining to the binary working fluid (NH3-H2O mixture) of the KC. The energy that is produced is then used to power the KC, which generates electricity using standard methods.



The pump, separator, turbine, regenerator, expansion valve, mixer, condenser, and steam generator are the essential parts of the KC, as shown in Figure 1. At state point 17, the NH3-H2O combination’s liquid and vapor mixture enter the separator. The separator’s job is to fully separate the vapor and liquid; at state point 18, which is the turbine entry, the mixture bifurcates into a rich combination of NH3-H2O and a lean mixture at state 20. In order to generate power, the turbine expands the rich NH3-H2O combination to a low condensation pressure. The rich mixture from the turbine discharge enters the mixer at state point 19, while the weak mixture of NH3-H2O exiting the separator (state 20) passes through the regenerator, where it releases energy into the NH3-H2O mixture’s basic solution. The basic solution then enters the heat recovery vapor generator (HX4) at state point 17. At state point 21, the weak combination then experiences a decrease in temperature. Allowing the weak mixture to expand through the valve lowers its temperature even more (state 24). The rich mixture and weak mixture combine in the mixer to create the high-energy basic solution of the NH3-H2O combination (State 22). The condenser is now subjected to the high energy basic solution, which discharges at state 23 (HX6). At state 16, the condensed NH3-H2O combination is pumped to the vapor generator. The ammonia-water mixture’s temperature, pressure, and concentration at the turbine’s inlet are all kept constant during the KC. By doing this, the steady heat input required to keep the KC running is guaranteed. By modifying the mass flow rate of the NH3-H2O mixture in the KC, variations in the amount of heat delivered by the FG are offset. Finally, all cycles release their waste heat using C1, C2, and C3 to the pure oxygen line, which is used to enrich the oxygen available in the factory. Using the Engineering Equation Solver (EES V10 561 3D), a mathematical model is created to examine the integration of waste heat and the power cycles [15]. The optimization goal can be well-explained by decreasing the flue gas emissions and waste heat rate and maximizing the thermal efficiency with minimum electricity cost. Here the main purpose is to benefit from the high temperature flue gas as possible and decreasing the fuel consumption and CO2 emissions. For this purpose, the parameters resulting in the minimum electricity cost were selected for the optimum point.



Combined systems have been designed and optimized for the recovery of FG waste heat from the AF. It aims to improve the system’s efficiency, generate electricity, and reduce the emission of FG to the atmosphere in an attractive way. The FG properties are listed in Table 1.



By analyzing the mass flow rate parametrically, alterations have been investigated on the systems’ thermal efficiency, net power, and electricity generation cost. Effectiveness values for heat exchangers (HX) and pump pressure ratio of CO2 cycle are considered 0.8 [16] and 0.1 [10] respectively.




2.2. Thermodynamic Model


Energy calculations were performed to impart the systems that provide the minimum electricity production cost considering the first law of thermodynamics. First, FG density and specific heat values are calculated using EES according to FG elemental content and fractions.



Energy and mass balance equations are provided as in Equations (1) and (2) [17]:


  ∑    m ˙    i n   = ∑    m ˙    o u t    



(1)






    Q  ˙  +  W ˙  = ∑    m ˙    o u t     h   o u t   − ∑    m ˙    i n     h   i n    



(2)







    Q  ˙    and     W  ˙    refer to heat transfer rate and work leaving control volume [18], respectively.     m  ˙    refers to mass flowrates of the flows, and the indices stand for the inlet and the outlets.


     W ˙    n e t   =    W ˙    t   −    W ˙    p    



(3)




where     W  ˙   net stands for each system’s net power,     W  ˙   t indicates output power of turbine, and     W  ˙   p is the required pump power.



The thermal efficiency is calculated using Equation (4) [19]:


    η   t h   =      W ˙    n e t         Q  ˙    i n      



(4)







Turbine efficiency of SRC, ORC, and CO2 is calculated by [11]:


    η   t h , s r c   =     h   3   −   h   4 a       h   3   −   h   4 s      



(5)







Here, h indicates the enthalpy values of the flows, and subscript a indicates the actual values. Turbine efficiency of ORC is calculated by


    η   t h , o r c   =     h   7   −   h   8 a       h   7   −   h   8 s      



(6)







Turbine efficiency of CO2 is calculated by


    η   t h ,   C O   2     =     h   11   −   h   12 a       h   11   −   h   12 s      



(7)




where       Q  ˙    i n     is rate of thermal energy provided by FG. Table 2 represents energy balance equations for the components of each system.




2.3. Techno-Economic Model


Maintenance cost, interest rates, and annual operating time were considered for the economic analysis. Given that each component in a process is anticipated to run during a specific timeframe, the capital cost rate expressed in $/s is denoted by     Z  ˙    and can be found in Equation (8) [20].


     Z  ˙   =   P E C ɸ C R F   3600 N    



(8)







Here, PEC, ϕ, CRF, and N are the purchased equipment cost, maintenance factor, the capital recovery factor, and the operation duration per year, respectively.



The maintenance factor is considered as 1.12, and the CRF is given as in Equation (9) [21]:


  C R F =   ί   ( 1 + ί )   n       ( 1 + ί )   n   − 1    



(9)







Interest rate (  ί )   and system life (  n )   were accepted as 10% and 30 years. Electricity product cost is calculated for each combined system in Equation (10) [10].


       Z  ˙     e l e c   =   ∑     Z  ˙    k        W ˙    n e t     3600  



(10)







      Z  ˙    k     indicates the total cost rate of systems. The subscript stands for the component number.



HXs in all systems were modeled using the following Equation (11) [17].


    Q  ˙  =  U k   A k  Δ   (  T  m   )   ln    



(11)







Here,     Q  ˙    is the heat transfer rate across the heat exchangers, U is the overall heat transfer coefficient, and A is the heat transfer surface area of HX. (ΔTm)ln stands for the logarithmic mean temperature difference and can be calculated using Equation (12).


  ( Δ  T m   ) ln  =   (   T   h , i   −   T   c , o   ) − (   T   h , o   −   T   c , i   )   I n   (   T   h , i   −   T   c , o   )   (   T   h , o   −   T   c , i   )      



(12)







Here, T is the temperature of the flows, subscripts h and c indicate the hot flows and cold flows, and i and o indicate inlet and outlet, respectively. Table 3 gives the offered overall heat transfer coefficient values for the heat exchangers of the combined systems [22,23,24].



All combustion sources’ emissions are calculated using fuel and the average emission factor. As shown in Equation (13) the C emissions component from coal was computed using the IPCC Tier 1 (1996) technique [25].


    C   C   = 32.15 − ( 0.234 ×   H   V   )  



(13)







When considering Turkey, the calorific value of coal ranges from 33.49 TJ/kiloton to 37 TJ/kiloton on a dry mineral matter-free basis. Cc is the carbon emissions factor in t C/TJ; HV is the gross calorific value of coal. Using Equations (14) and (15), the emissions from carbon and carbon dioxide are computed [26].


    E m i s s i o n s   C   =   C   C   ×   Q   d a i l y    



(14)






    E m i s s i o n s   C O 2   =   E m i s s i o n s   C   × 3.667  



(15)







The cost functions’ essential correlations in the preliminary design stage are listed in Table 4.




2.4. Assumptions


In this study, the recovery of waste heat from a reheating furnace located in an iron and steel factory was studied. It is assumed that there is no heat loss in the fluid pipelines during the transfer of waste heat to the cycles and between the components. Effectiveness values for heat exchangers are stated in the relevant tables. Turbines and compressors in the cycles are considered isentropic. It is accepted that the liquids in the mixing chambers are completely mixed together. It is also known that the iron and steel factory is operated 360 days a year. The effective life of the designed system is planned to be 30 years, and the discount rate is 15%.





3. Results and Discussion


The goal of this project is to use coupled cycles to recover the waste heat in an FG from an industrial furnace. In SRC, ORC, and KC, respectively, FG was used to produce electrical energy. The FG temperature employed in the SRC was investigated parametrically in order to maximize the waste heat of FG in the cycles. The optimal point was determined to be the one that resulted in the lowest cost of producing electricity. Analysis was done on the net power production for each cycle (    W  ˙   net), thermal efficiency (ηth), and the cost of producing electricity (    Z  ˙   electricity). Additionally, energy balances were constructed, heat recovery potentials were disclosed, and relevant computations were performed utilizing the measurement data of the FG from the AF. The findings of parametric studies and the results computed using constant data for each coupled system are presented below, section by section.



Figure 2 represents the T−s diagram of SRC considering the optimum mass flowrate. As seen in the T−s diagram of SRC, the working fluid enters the pump as a saturated liquid at 0.6 bar pressure and 369.5 K temperature and is compressed at 150 bar pressure in the pump. It is assumed that the pump and turbine are isentropic. Using the heat taken from the FG, the temperature is increased to 873 K and expanded to 30 bar and 660 K in the high-pressure turbine. Afterwards, the temperature is increased to 873 K at constant pressure by applying reheating. In the low-pressure turbine, the working fluid expands to the condenser pressure of 0.6 bar and 369.5 K. Finally, saturated liquid is obtained in the condenser and heat rejected into the CO2 cycle.



In the T−s diagram of CO2, the working fluid enters the condenser as a saturated liquid at 233.028 K at a pressure of 10 bar as indicated in Figure 3. The CO2 pressure rises to 90 bar, which is the condenser pressure in the pump. It is assumed that the pump and turbine are isentropic. The fluid temperature is increased to 359.5 K before the turbine inlet by using the heat released from the condenser of the SRC. The cycle is supercritical because the phase change takes place above the saturation curve. In the CO2 turbine, the fluid expands to 233,028 K and 10 bar. The cycle is completed by heat rejection in the condenser to the oxygen line at constant pressure.



As it is clearly observed in Figure 4, R245fa enters the pump as a saturated liquid at a temperature of 299.184 K and a pressure of 1.5 bar. The pressure of the working fluid in the pump is compressed to 20 bar. It is assumed that the pump and turbine in the cycle are isentropic. An amount of 865 kW of thermal energy from the FG was used to increase the temperature of the fluid. The temperature of the fluid after the evaporator is 435 K. In the turbine, the fluid expands to the condenser pressure. Finally, the fluid at 200 K temperature is condensed and the cycle is completed.



Figure 2 depicts a schematic of energy flows that illustrates potential interconnections between the district-level gas, heat, and electricity networks. Because of the close connections between the networks, oxygen, and electricity, an integration analysis is necessary to represent the heat HX networks. Any type of energy conversion component should be able to be included in the model, and it should be able to evaluate how it affects the technical functioning, flows, and losses of every network. In the end, this would also enable the computation of energy costs, carbon emissions, and energy efficiency in addition to a Sankey diagram depicting the energy flows over several networks under various circumstances.



According to the Sankey diagram in Figure 5, it is seen that 610 kW of the 3006.5 kW thermal energy of the FG can be recovered as electrical energy. In addition, it is observed that a total of 854 kW of thermal energy is wasted into the atmosphere from the HXs. It turns out that 1048 kW of thermal energy is transferred to the oxygen line to be used in the combustion processes that require enrichment with oxygen in other units in the facility. While there is 766.62 kW of thermal energy to produce a network in the SRC, this value has increased to 1535.23 kW thanks to the application of reheating, resulting in a network generated of 337.2 kW. In the proposed system, FG thermal energy was used first in SRC, then in ORC, and finally in KC, according to temperature classification. It is thought that a significant amount of thermal energy thrown into the atmosphere from the HXs in this system can be used in various industrial applications according to the temperature classification.



To observe system reaction in relation to pressure, temperature, and mass flowrate, thermal analysis is necessary. This part presents the optimization of the proposed system, including the net power production determined by temperature difference, the total system thermal efficiency, and the costs associated with energy generation. Table 5 presents the values derived from the combined cycles as a consequence of the parametric analysis.



Seyyedvalilu et al. (2021) provide a reference for determining turbine inlet temperature (TIT) and SRC pressure. For the SRC, the mass flow rate is determined to be 0.24 kg/s, while the TIT is 873 K, and its pressure is 150 bar. The mass flow rate resulted in a 333.5 kW SRC net power output. The SRC’s working fluid has a turbine output temperature of 369.5 K and a pressure of 0.7 bar [29]. Based on these parameters, the temperature at the boiler entrance was determined. The fluid enters the boiler with a steam quality of x = 0. There is a constant pressure heat intake in the SRC evaporator. EES was used to determine the thermodynamic parameters (enthalpy, entropy, and specific volume) based on this input data. Operating under the current conditions, SRC produces turbines with an output power of 337.2 kW and an efficiency of 0.34. Every SRC component’s equipment acquisition cost was determined. The SRC provides power at a unit cost of 0.01592 $/kWh.



The SRC’s condenser generates heat that is meant to be recovered via the CO2 cycle as cascade heat. The CO2 is saturated liquid (x = 0) and at CO2 condenser with an outlet pressure of 10 bar. Values from the literature review were used to get the CO2 cycle pressure value. Similar to the SRC, the pump work and condenser outlet enthalpy in the CO2 cycle were used to compute the pump outlet enthalpy. The literature states that the turbine output power was computed using input parameters and the CO2 cycle TIT. The combined system has a net output power of 429.83 kW. The suggested devices’ ability to transfer heat from the FG depends critically on the mass flow rate.



Mass flow rate in a cycle is an important parameter during designing cycles, as it will directly affect the size and the cost of the components. In addition, since the heat transferred to the working fluid in the evaporator is directly related to the temperature, the relationship between temperature and mass flow gives important ideas about the power that can be obtained from the cycle. Therefore, when Figure 6 and Figure 7 are examined together, it is seen that the curves of the mass flow rate and the heat transferred to the system are compatible with each other.



Since the quality of the heat depends on the temperature, it is an easier method to work with SRC at high temperatures and to study the mass flow rate parametrically depending on the work output in the SRC to achieve maximum power generation. Thus, the total power generation continued to increase linearly, although the temperature increases in the SRC evaporator decreased the power generation in the ORC and KC as depicted Figure 8. The power generation of the CO2 cycle increases due to the increase in the amount of heat removed from the SRC. However, the power generation in ORC and KC decreases linearly due to the transfer of heat at high temperatures to the SRC and CO2 cycle.



Figure 9 gives the electrical energy cost of the entire system according to the change in SRC inlet temperature. Accordingly, electricity generation cost reaches its minimum value when the temperature change is 221.6 K and then rises again rapidly. Thus, the cost of electricity production at 221.6 K is $0.1972 per kWh. Considering that amount of energy is produced from waste heat, the competitive potential of this value in the market is quite high. For instance household electricity prices in 2023 changed by 0.32 and 0.52 $/kWh across Europe [31].



The efficiency of the system determines how much CO2 is released when fuel is utilized to generate energy. For example, 23.16 tons of CO2 emissions per day would have been discharged into the atmosphere if electricity from a 30% efficient SRC had been received from a coal power station. Therefore, we also avoid the large quantity of CO2 emissions discharged into the environment and help to safeguard the climate by transferring waste energy using multiple heat recovery options to other integrated systems.



Figure 10 shows the PEC distributions within the cycle’s total investment cost. Accordingly, PEC values of SRC, CO2 Cycle, ORC, and KC are observed to be $312,866, $50,971, $189,961, and $140,994 respectively. Here we clearly observe that the maximum expense is SRC, and the minimum one is CO2 cycle. Figure 9 and Figure 10 together show that the increasing inlet temperature difference in SRC directly affects the cost of SRC and that the cost of electricity production is inversely proportional.



When looking at the verification of this study, it can be seen that the results obtained are compatible with the literature in terms of total thermal efficiency. For example, Köse et al. [18] found an overall thermal efficiency for SRC and ORC systems used as a bottoming system in a GT-based triple combined system of 22.6%; Lu et al. [11] for municipal solid waste (MSW) as fuel combustion for power generation, 20.49%; and Ghaffarpour et al. [32] for a novel combined biomass-based power generation system, 22%.




4. Conclusions


This study examines the techno-economic aspects of recovering waste heat from an industrial AF that is emitted into the environment via the use of several integrated systems. Additionally, heat recovery’s environmental impact was discussed. Utilizing four distinct integrated systems, the waste heat at 1093.15 K was assessed. To achieve maximum power generation, a parametric investigation was conducted on the SRC input temperature of the suggested system. The study’s findings led to an evaluation of the systems’ net output power and thermal efficiency. Consequently,



	
When the SRC is investigated, the maximum net thermal efficiency of the combined system is calculated as 0.34 at 150 bar and 1146 K, respectively. In addition, maximum net power was observed as 429.83 kW.



	
One of the main contributions of this study is the reduction of CO2 emissions. In summary, the use of these combined systems is directly influential in reducing global warming.



	
When the ORC is investigated, the maximum net thermal efficiency is calculated as 0.14 at 90 bar and 632.5 K, respectively. In addition, maximum net power was seen as 127.6 kW.



	
The optimum value for the SRC inlet temperature difference is 221.6 K. At this point, the thermal efficiency and total power of the proposed system are 0.19 and 596.6 kW, respectively. In addition, the minimum electricity generation cost value for the proposed system is $0.1972 per kWh.
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Nomenclature








	A
	heat transfer surface area, [m2]



	Cp
	specific heat, [kJ/kgK]



	CRF
	capital recovery factor, [-]



	KC
	Kalina cycle



	N
	annual operating hours, [h]



	n
	system lifetime, [y]



	ORC
	organic Rankine cycle



	SRC
	steam Rankine cycle



	PEC
	purchase equipment cost, [$]



	     Z  ˙    
	capital cost rate, [$/s]



	Greek letters
	



	η
	efficiency [-]



	ℇ
	effectiveness, [-]



	ί
	annual interest rate, [%]



	ρ
	density, [kg/m3]



	ɸ
	maintenance factor, [-]



	Subscripts
	



	fg
	flue gas



	cc
	combined cycle



	p
	pump



	t
	turbine



	hx
	heat exchanger



	cw
	cooling water



	gen
	generator



	cond
	condenser



	eva
	evaporator



	ST
	steam turbine
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Figure 1. General layout of the cascaded WHRS by the numbers of stations from 1–24 for the cycle components and by the letters from a–d for the stations of flue gas. 
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Figure 2. T−s diagram of SRC. 
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Figure 3. T−s diagram of CO2 cycle. 
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Figure 4. T−s diagram of ORC. 
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Figure 5. Schematic energy flow in the system. 
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Figure 6. Change in mass flow rate with temperature difference. 
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Figure 7. Heat distribution in the cycles according to the changing temperatures. 
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Figure 8. Change in net powers obtained with varying temperature difference. 
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Figure 9. Electricity cost according to SRC inlet temperatures. 
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Figure 10. PEC distribution of the cycles. 
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Table 1. Flue gas thermophysical properties.
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	Parameter
	Value
	Unit





	Outlet temperature
	1093.15
	K



	Volumetric flow rate
	40,000
	m3/h



	Density
	0.3027
	kg/m3



	Specific heat
	1.382
	kJ/kgK



	Pressure
	1
	atm










 





Table 2. Energy balance equations [12].
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Cycle

	
Component

	
Equation






	
SRC

	
Steam turbine

	
      W ˙    t , S R C   =     m  ˙    S R C   (   h   3   −   h   4   )   




	
Condenser

	
       m  ˙    S R C   (   h   4   −   h   1   ) =     m  ˙    C O 2   (   h   7   −   h   6   )   




	
Water pump

	
      W ˙    p , S R C   =     m  ˙    S R C   (   h   2   −   h   1   )   




	
Evaporator

	
       m  ˙    S R C       h   3   −   h   2     =     ε   H e x     m  ˙    f g     C   p , f g   (   T   a   −   T   b   )   




	
CO2

	
Turbine

	
      W ˙    t , C O 2   =     m  ˙    C O 2   (   h   7   −   h   8   )   




	
Condenser

	
       m  ˙    C O 2       h   8   −   h   5     =     m  ˙    o x y g e n   (   h   I I   −   h   I   )   




	
Pump

	
      W ˙    p , C O 2   =     m  ˙    C O 2   (   h   6   −   h   5   )   




	
ORC

	
Turbine

	
      W ˙    t , O R C   =     m  ˙    O R C   (   h   11   −   h   12   )   




	
Condenser

	
       m  ˙    O R C       h   12   −   h   9     =     m  ˙    o x y g e n   (   h   I V   −   h   I I I   )   




	
Pump

	
      W ˙    p , O R C   =     m  ˙    O R C   (   h   10   −   h   9   )   




	
Evaporator

	
       m  ˙    O R C   (   h   11   −   h   10   ) =   ε   H e x       m  ˙    f g     C   p , f g   (   T   b   −   T   c   )   




	
KC

	
Turbine

	
      W ˙    t , K a l i n a   =     m  ˙    18   (   h   18   −   h   19   )   




	
Condenser

	
       m  ˙    23       h   23   −   h   13     =     m  ˙    o x y g e n   (   h   V I   −   h   V   )   




	
Pump

	
      W ˙    p , K a l i n a   =     m  ˙    13   (   h   14   −   h   13   )   




	
Evaporator

	
       m  ˙    17       h   17   −   h   16     =     ε   H e x     m  ˙    f g     C   p , f g   (   T   c   −   T   d   )   




	
Mixer

	
       m  ˙    19     h   19   +       m  ˙    24   h   24   =       m  ˙    22   h   22     




	
Expansion valve

	
     h   21   =   h   24     




	
LTR

	
       m  ˙    14     h   14   +       m  ˙    22   h   22   =       m  ˙    15   h   15   +       m  ˙    23   h   23     




	
HTR

	
         m  ˙    15   h   15   +       m  ˙    20   h   20   =       m  ˙    16   h   16   +       m  ˙    21   h   21     











 





Table 3. Offered overall heat transfer coefficient values.
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	Heat Exchanger
	U

(kW/m2K)
	Ref.





	H1
	0.25
	[22]



	H2
	1.6
	[24]



	H3
	0.3
	[23]



	C1
	1.6
	[24]



	C2
	1.6
	[24]










 





Table 4. Purchase equipment costs for components.
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Cycle

	
Component

	
Correlation

	
Explanation

	
Ref.






	
SRC

	
steam turbine

	
    P E C   S T , S R C     = 4405       W ˙    S T     0.7    

	
-

	
[27]




	
condenser

	
    P E C   c o n d , S R C     =   588     A   C o n d     0.8    

	
     A   C o n d   =   Q / U ( Δ T m )   l n     

	
[28]




	
pump

	
    P E C   w p , S R C     =   1120      W ˙    P     0.8    

	
-

	
[23]




	
evaporator

	
    P E C   e v a , S R C     =   6570       Q   Δ T m       0.8   + 21276    m ˙    s r c   + 1184.4    m ˙    f g    

	
Q: heat transfer from flue gas

  Δ T m  : Logaritmic mean temperature difference

	
[28]




	
CO2

	
turbine

	
    P E C   t u r b i n e ,   C O   2       =   866.64      W ˙    T     0.82    

	
-

	
[29]




	
condenser

	
    P E C   c o n d ,   C O   2       =   2143     A   C o n d     0.514    

	
-

	
[29]




	
pump

	
    P E C   p u m p ,   C O   2       =   1120      W ˙    P     0.8    

	
-

	
[29]




	
ORC

	
turbine

	
    P E C   t u r b i n e , O R C     =   4750      W ˙    t     0.75    

	
-

	
[28]




	
condenser

	
    P E C   c o n d , O R C     =   516.62     A   c o n d     0.6    

	
-

	
[28]




	
pump

	
    P E C   p u m p , O R C     =   200      W ˙    p     0.65    

	
-

	
[24]




	
evaporator

	
     P E C   e v a , O R C   = 309.14     A   e v a     0.85     

	
-

	
[28]




	
KC

	
pump

	
     P E C   p u m p , k a l i n a   = 1120      W ˙    p     0.7     

	
-

	
[30]




	
condenser

	
    P E C   c o n d , k a l i n a     =   516.62     A   c o n d     0.6    

	
-

	
[30]




	
turbine

	
    P E C   t u r b i n e , k a l i n a     = 6000       W ˙    t     0.7    

	
-

	
[30]




	
separator

	
    P E C   s e p , k a l i n a     = 114.5    m   0.67    

	
-

	
[10]




	
HTR, LTR

	
    P E C   H T R , L T R , k a l i n a     = 130        A   h x     0.093     0.78    

	
-

	
[10]




	
mixer

	
    P E C   m i x , k a l i n a     = 114.5    m   0.67    

	
-

	
[30]











 





Table 5. Mass and energy balance of the proposed system.
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	Stream
	T [K]
	P [bar]
	h [kJ/kg]
	S [kJ/kgK]
	     m  ˙     [kg/s]





	1
	883.000
	0.7069
	403.8
	1.266
	0.2424



	2
	369.500
	150
	419.3
	1.296
	0.2424



	3
	373.185
	150
	3583
	6.679
	0.2424



	4
	873.000
	0.70
	2672
	7.51
	0.2424



	5
	369.500
	10
	−394.1
	−2.074
	1.182



	6
	233.028
	90
	−387
	−2.074
	1.182



	7
	235.936
	90
	−14.95
	−0.8276
	1.182



	8
	359.500
	10
	−103.6
	−0.8276
	1.182



	9
	233.028
	1.5
	233
	1.115
	2.255



	10
	298.550
	20
	234.4
	1.115
	2.255



	11
	299.184
	20
	541.3
	1.935
	2.255



	12
	435.000
	1.5
	483.3
	1.935
	2.255



	13
	416.875
	6
	−92.98
	0.26
	0.2177



	14
	299.563
	60
	−85.93
	0.26
	0.2177



	15
	300.160
	60
	71.22
	0.7558
	0.2177



	16
	334.178
	60
	146.9
	0.977
	0.2177



	17
	350.000
	60
	1154
	3.426
	0.2177



	18
	450.000
	60
	1679
	4.625
	0.1107



	19
	450.000
	6
	1311
	4.625
	0.1107



	20
	348.496
	60
	611.7
	2.186
	0.107



	21
	450.000
	60
	349.7
	1.569
	0.107



	22
	400.000
	6
	838.6
	3.159
	0.2177



	23
	350.919
	6
	642.2
	2.589
	0.2177



	24
	335.919
	6
	349.7
	1.641
	0.107
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