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As a natural working fluid, carbon dioxide (CO2) has been extensively applied to produce power and cooling in thermodynamic cycles. So far, various combined CO2 power and cooling systems have been proposed to enhance the energy conversion efficiency and reduce the cost further. However, how to evaluate the performance of different combined systems for a practical application scenario is still an open question. Thus, in this work, four representative systems are considered to investigate and compare the energy, exergy, and economic performances under design conditions. The corresponding models are established, and various performance parameters are calculated. According to the obtained results, the total products of four systems are 6831.36 kW, 4421.73 kW, 6252.81 kW, and 6978.69 kW, respectively. The minimum total cost is obtained by System 2. Thereafter, in order to maximize the total product (the sum of net work and refrigerating capacity), and simultaneously minimize the total cost, key system parameters are optimized by a multi-objective optimization algorithm, namely, NSGA-Ⅱ. The optimization results show that System 1 provides the highest total product (7345.4 kW), while System 2 has the lowest cost (27.51 $/h). After comprehensive comparisons for the net work, cooling capacity, efficiencies, and total cost, System 1 is regarded as the best among the considered four systems.
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1 INTRODUCTION
Population growth and economic development have continuously increased energy consumption worldwide, which aggravates energy shortage and environmental pollution. Facing these challenges, it is imperative to exploit renewable energy and enhance the energy conversion efficiency of existing systems. According to the statistical data on world energy markets in 2020, the utilization of renewable energy has become the largest increment among different energy sources. However, the percentage of renewable energy in total energy is still as low as 5.4% (Dudley, 2021). Therefore, improving the energy conversion efficiency of existing systems still remains the first priority, so as to meet the continuous growth of energy demands. For instance, in the utilization of fossil fuels, recovering the waste heat by developing advanced technologies is usually applied to improve the overall system efficiency.
Nowadays, most of the energy conversions are achieved through thermodynamic cycles, such as the steam Rankine cycle, Organic Rankine cycle (ORC), vapor compression refrigeration, and absorption refrigeration cycle. As the most mature technology, the steam Rankine cycle has been widely applied in nuclear (Wang et al., 2017) and coal-fired (Fu et al., 2015) power plants. Instead of water, organic fluid is employed in ORC. Since the organic fluid has a relatively low boiling temperature, ORC is more suitable to convert the low- and medium-grade energy, such as geothermal energy (Su et al., 2018) and industrial waste heat (Su et al., 2017). As for the refrigeration cycle, it transfers heat from low temperature to high temperature by driving electricity or heat source. The commonly used working fluids include organic refrigerants, LiBr-H2O, and NH3-H2O (Lin et al., 2022). However, due to the fact that a large-scale use of organic fluids in these thermodynamic cycles has caused serious global warming, carbon dioxide (CO2) as a nature fluid has received more and more concerns in recent years. Compared with organic fluids, CO2 has excellent properties such as non-corrosive, non-toxic, non-flammable, and compatible with standard material (Yu et al., 2021).
For the CO2 power cycle, the representative system is the supercritical CO2 (S-CO2) Brayton cycle. Since CO2 has a critical temperature (Tc = 30.98°C) close to the ambient temperature, CO2 is easy to reach a supercritical state. Owing to the fact that S-CO2 has a low compressibility factor nearly above the critical point, the system usually operates under this condition to decrease the compressed work markedly. Furthermore, the high density of S-CO2 enables extremely compact turbomachinery (Khan and Shyam Mishra, 2021). In general, the S-CO2 turbine is 1/30 of the steam turbine in terms of size (Chai and Tassou, 2020). Thus, the S-CO2 system generally has a narrow footprint and can be started up quickly. Apart from power generation, CO2 is also employed to produce the cooling by the transcritical refrigeration cycle due to the favorable properties, such as high volumetric refrigeration capacity, great transport performance, and outstanding thermophysical properties under the low-temperature environment (Khanmohammadi et al., 2018). With the development of society, more power and cooling are required to meet the demand of industrial production. Considering the advantages of CO2 in power and refrigeration systems, researchers have paid much interest on the combined supercritical power and transcritical refrigeration systems. So far, a few combined systems have been proposed, and comprehensive studies have been conducted to investigate the performances of these systems by the corresponding authors, as summarized in Table 1. In addition to the cycle schematic schemes, the heat sources, sensitivity analysis, and optimized targets are also provided for these combined CO2 power and cooling systems.
TABLE 1 | Summary of the existing combined CO2 power and cooling systems.
[image: Table 1]In 2014, Wang et al. (2014) developed eight different structures of combined systems to recover the waste heat of internal combustion engines. These novel systems are composed of an S-CO2 power cycle and transcritical CO2 refrigeration cycle, as shown in Table 1. For the power cycle, in addition to the basic S-CO2 power cycle in Table 1, a double-turbine S-CO2 power cycle is also employed. The considered compression and expansion processes in the power cycle include single compression, double compression, single expansion, and double expansion. In total, there are four types of power cycles. As for the refrigeration cycle, only basic and regenerative configurations are considered. Aiming at these eight combined systems, the authors analyzed and optimized the thermodynamic performance and concluded that the adoption of double-turbine is helpful to enhance the net work of the system.
In 2017, Akbari and Mahmoudi, (2017) proposed a novel combination of a CO2 power and refrigeration cycle. The system consists of a recompression S-CO2 power cycle and a basic transcritical refrigeration cycle with an expander. The power and refrigeration cycles of this system are coupled by sharing the gas cooler. At the inlet and outlet of the gas cooler, the power and refrigeration flows are mixed and divided, respectively. Furthermore, the performances were investigated from thermo-economic viewpoints under different optimization scenarios. It was found that the exergy efficiency for the cost-optimal design is decreased by 4.25%, compared with that of the exergy optimal design.
Considering the advantages of ejector refrigeration, Xia et al. (2018) developed a system to couple a recompression power cycle with an ejector refrigeration cycle. At the outlet of low-temperature recuperator (LTR), the low pressure flow is divided into two streams: one stream enters the ejector to entrain the secondary refrigeration stream into the chamber; the other stream enters the recompressor. These two streams are mixed before entering high-temperature recuperator (HTR). The authors compared the performance of this novel combined system with the alone S-CO2 recompression power system. Under the given conditions, the energy and exergy efficiencies of this combined cycle are 46.99 and 47.21%, while those of the recompression system are only 33.95 and 46.41%, respectively. In 2018, Manjunath et al. (2018) developed a novel combined system for shipboard heat recovery and achieved the goal to produce power and cooling. The system includes a regenerative power cycle and a transcritical refrigeration cycle with IHE. The power and cooling cycles share the regenerator and gas cooler. The authors comprehensively discussed the thermodynamic performance of this novel system and analyzed the influences of key parameters on system performance. The results showed that the overall energy efficiency of the shipboard plant can be increased by 34%.
Thereafter, in 2019, Ipakchi et al. (2019) coupled the CO2 ejector refrigeration cycle with the simple recuperated power cycle. In this combined system, the primary stream from the HTR entrains the secondary refrigeration stream into the chamber. In the separator, the saturated liquid of CO2 is divided into two streams, so as to finish the power and refrigeration cycles, respectively. The authors analyzed and optimized the thermo-economic system performance. The results showed that the optimal net present value and energy and exergy efficiencies of this system can reach up to 0.34189 M$, 27.42, and 24.21%, respectively. At the same time, Li and Wang, (2019) proposed a novel system to produce power and cooling. The power cycle has three recuperators, and the refrigeration cycle employs a two-stage compression process and an internal heat exchange. For the streams in refrigeration and power cycles, they are divided at the outlet of a gas cooler and mixed at the HTR inlet. The obtained results showed that when the evaporation temperature decreases, the comparative advantage of this new system over the separation system increases.
In 2020, Liang et al. (2020) combined the S-CO2 recuperative cycle with the refrigeration cycle. For the power cycle, the output work of the turbine is used to drive the refrigeration compressor, so as to achieve the integration of power and refrigeration. Based on the listed layouts in Table 1, the authors further integrated the power and refrigeration cycles with a shared cooler. For these two novel systems, a detailed analysis was conducted for the exergy loss. It was obtained that the irreversibility of recuperator accounts for the largest proportion of total exergy loss. Meanwhile, performances of these two systems were compared. The results showed that the system with a shared cooler has a higher cooling capacity under the same evaporation temperature. Furthermore, Yu et al. (2020) constructed a novel combined system. The LTR and gas cooler are shared by the S-CO2 power and transcritical refrigeration cycles. The authors established the thermo-economic models and compared the performance with that of the system presented by Manjunath et al. (2018). The results suggested that the energy efficiency of the novel system is increased by 10%.
Recently, Yuan et al. (2021) designed a novel combined CO2 system to effectively utilize nuclear power. The power cycle includes three recuperators. While in the refrigeration cycle, a part of the stream at the cooler outlet is utilized as the primary flow of the ejector to entrain secondary vapor at the outlet of the evaporator. The power and refrigeration flows are divided at the outlet of the cooler and mixed at the inlet of HTR. The authors analyzed the thermodynamic and economic performances and employed single-objective and multi-objective optimizations to optimize corresponding performances. It was reported that the optimal net work of this novel combined system is 43.1 MW under the evaporation temperature of 0ºC.
From the aforementioned reviews, it can be found that the existing studies mainly concentrate on the development of combined CO2 power and refrigeration systems and corresponding performance analysis under different conditions. Among these studies, the heat source, operating condition, and component modeling rules are not unified, so the system performance cannot be comprehensively compared. Aiming at these systems, how to evaluate the comprehensive performance of different combined systems for a practical application scenario is still an open question. Therefore, it is necessary to compare the performance of various combined CO2 power and cooling systems under the same operating condition and modeling principles, so as to provide theoretical guidance for the construction and selection of high-efficient combined CO2 power and cooling system.
Thus, in this work, four combined systems are selected as representatives. In order to investigate the performances of these systems, thermodynamic and economic models are developed. The energy, exergy, and economic (3E) performance comparison among four considered systems is carried out under design conditions. Meanwhile, a multi-objective algorithm (NSAG-II) is used to optimize the performance of these systems. Based on the aforementioned works, this study is structured as follows: Section 2 describes the construction of combined systems. Section 3 establishes the mathematical models, followed by Section 4, which discusses the obtained results. Finally, the drawn conclusions are presented in Section 5.
2 DESCRIPTION OF FOUR STUDIED SYSTEMS
From the reviews, there are three coupling methods for the combined CO2 power and cooling cycle: 1) the turbine of the power cycle directly drives the compressor of the refrigeration cycle; 2) the power cycle and refrigeration cycle share with the cooler or recuperator; and 3) different pressure processes of the power cycle and refrigeration cycle are connected by the ejector. For the combined CO2 power and refrigeration systems, considering the fact that the S-CO2 power cycle has different structures such as recompression, split, and recuperation, and the transcritical CO2 refrigeration cycle can be equipped with a recuperator or ejector, four representative combined systems are selected to explore all the cycle configurations. These four systems are, respectively, proposed by Yu et al. (2020), Ipakchi et al. (2019), Akbari and Mahmoudi, (2017), and Li and Wang, (2019). In order to denote these systems conveniently, they are simply called System 1, System 2, System 3, and System 4 in order.
Figure 1 shows the configuration of the combined system with sharing LTR and gas cooler (System 1). Figure 2 presents the T-s diagram of System 1. In this system, the exhaust gas is utilized to heat S-CO2 in the heat-recovery-heat-exchanger (HRHE). CO2 then enters the turbine, and the outlet CO2 of the turbine flows into the HTR to exchange heat. Thereafter, the outlet stream from HTR mixes with CO2 from the outlet of refrigeration compressor (C2). The total flows enter LTR and gas cooler sequentially. Subsequently, CO2 is divided into two streams at the outlet of gas cooler: one part flows into the power compressor (C1) and another enters the internal heat exchanger (IHE) of the refrigeration cycle. For the compressed CO2 in C1, it sequentially flows through LTR and HTR, finishing the power cycle. As for CO2 in the refrigeration cycle, after IHE, CO2 enters the throttling valve (TV) and evaporator. Then, the outlet fluid of the evaporator is over-heated. At the outlet of IHE, CO2 enters C2 to be compressed, and then CO2 mixes with the fluid from the power cycle. To reduce the number of system components, LTR and gas cooler are shared by two sub-cycles. Furthermore, in this system, the LTR can simultaneously recover the exhaust heat from the power and refrigeration cycles. By introducing the refrigerant CO2 into the LTR, the heat capacity difference between the two sides of the LTR is decreased to the extent that the temperature match of LTR can be well achieved.
[image: Figure 1]FIGURE 1 | Schematic scheme of the combined power and cooling system with sharing LTR and gas cooler (System 1) (Yu et al., 2020).
[image: Figure 2]FIGURE 2 | Temperature-entropy diagram of System 1.
The configuration of the second system (System 2) is displayed in Figure 3. Figure 4 presents T-s diagram of System 2. In this system, the primary stream from the HTR entrains the secondary refrigeration stream into the chamber. The outlet flow of the ejector is mixed with the outlet flow of C3. Then, the S-CO2 sequentially goes through the gas cooler, TV1, and separator. In the separator, CO2 is separated into saturated vapor and liquid. A portion of saturated liquid enters the pump, and the remaining flow of saturated liquid goes into the IHE to complete cooling.
[image: Figure 3]FIGURE 3 | Schematic scheme of the combined power and cooling system coupled by the ejector (System 2) (Ipakchi et al., 2019).
[image: Figure 4]FIGURE 4 | Temperature-entropy diagram of System 2.
Figure 5 displays the construction diagram of System 3. Compared with System 1, the power and refrigeration cycles of this system are coupled by sharing the gas cooler. The stream is divided into two parts before entering cooler; one flowing enters the re-compressor (RC) and mixes with LTR high-pressure fluid at the inlet of the cold side for HTR. As for another flow, the CO2 mixes with the refrigeration flow and enters the gas cooler. After passing through the gas cooler, CO2 is divided into two flows to enter the power and refrigeration cycles, respectively. Furthermore, the IHE is not employed in the refrigeration cycle. Figure 6 depicts the T-s diagram for System 3.
[image: Figure 5]FIGURE 5 | Schematic scheme of the combined recompression power cycle and refrigeration cycle with the sharing gas cooler (System 3) (Akbari and Mahmoudi, 2017).
[image: Figure 6]FIGURE 6 | Temperature-entropy diagram of System 3.
The layout of the combined recompression power cycle and multi-stage compression refrigeration cycle (System 4) is illustrated in Figure 7. Figure 8 displays the T-s graph. In comparison to the refrigeration processes in System 3, a two-stage compression is employed to System 4, and an IHE is added to recover part of the released heat in the refrigeration cycle. In addition, in the power cycle of System 4, middle temperature recuperator (MTR) is introduced. The outlet CO2 of the turbine passes through HTR, MTR, and LTR sequentially. The outlet flows of the main compressor and recompressor are mixed at the MTR inlet. For the two CO2 flows in refrigeration and power cycles, they are divided in the outlet of gas cooler and mixed at the HTR inlet.
[image: Figure 7]FIGURE 7 | Schematic scheme of the combined recompression power cycle and multi-stage compression refrigeration cycle (System 4) (Li and Wang, 2019).
[image: Figure 8]FIGURE 8 | Temperature-entropy diagram of System 4.
3 MATHEMATICAL MODELS ON FOUR REPRESENTATIVE SYSTEMS
In order to establish mathematical models for the four systems, the following assumptions are adopted for simplicity:
• The system operates in steady states.
• The pressure drops, and thermal losses of the system are neglected.
• Heat exchangers are modeled on the basis of counter-flow.
• Kinetic energy of CO2 flow is ignored.
• Efficiencies of the nozzle, mixing chamber, and diffuser in the ejector are constant (Bai et al., 2016).
• The throttling process is isenthalpic.
• For the ejector, the mixing process maintains constant pressure (Bai et al., 2016).
• The power flow and refrigeration flow are mixed or divided with the same temperature and pressure.
3.1 Thermodynamic Modeling
On the basis of mass conservation, the first law and second law of thermodynamics, energy, and exergy models are established for the combined power and cooling cycles.
3.1.1 Energy Model
Take System 1 as an example, the conservation equation for each component is provided in the following text.
For the heat exchangers, the energy balance equations are, respectively, listed as follows:
[image: image]
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Furthermore, for the modeling of LTR, the effectiveness is employed and defined as:
[image: image]
The expressions for the work involved in turbines and compressors are given by
[image: image]
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Thus, the net work of the system is obtained through the following formula:
[image: image]
The absorbed heat in the HRHE is calculated by
[image: image]
The heat taken away by the cooling water in the gas cooler can be expressed as
[image: image]
For the isenthalpic expansion process in TV, it can be formulated by
[image: image]
The cooling capacity of CO2 to the refrigerant space in the evaporator is
[image: image]
Based on the previously obtained parameters, the thermal and waste heat recovery efficiencies of the combined system can be calculated by:
[image: image]
[image: image]
As for other systems, heat exchangers, compressors, turbines, and TVs can be similarly modeled by the aforementioned equations, thus obtaining the performance metrics of these systems. Furthermore, for the employed ejector in System 2, since the constant-pressure mixing model has been given in the literatures (Ipakchi et al., 2019) in detail, the model equations of the ejector are not presented here.
3.1.2 Exergy Model
The net exergy input from the waste heat is defined by
[image: image]
where [image: image] means the average temperature of exhaust gas.
For the exergy output of the refrigeration cycle, it is given in Eq. 18:
[image: image]
where [image: image] represents the mean temperature of cooled space.
Before establishing the exergy model for each component, the specific exergy of any state point is calculated by the following formula:
[image: image]
On this basis, the irreversibility of each component can be calculated as follows (Table 2):
[image: image]
[image: image]
TABLE 2 | Irreversibility of each component for System 1 (Yu et al., 2020).
[image: Table 2]Similarly, the exergy analysis on other three systems can also be conducted by employing the aforementioned equations. As for the ejector in System 2, the exergy destruction is expressed as:
[image: image]
3.2 Economic Model
To provide a comprehensive analysis on the performance of the system, the economics are calculated for the considered four systems. In general, the total cost of system can be divided into two parts: initial investment in component, and operation and management costs. As for the initial investment, the cost of each component in these systems can be estimated by the listed equations in Table 3.
TABLE 3 | Cost function of each component for the considered systems.
[image: Table 3]To determine the cost of heat exchanger, the corresponding area has to be worked out in advance, as shown in Table 3. For the calculation of area, the heat conduction (UA) of the heat exchanger is usually employed. In general, UA can be obtained by Eq. 23:
[image: image]
where [image: image] means the logarithmic mean temperature difference of the heat exchanger.
However, considering the fact that thermodynamic properties of CO2 vary significantly with the temperature, the heat exchanger is discretized into N sub-heat exchangers. These properties are assumed to be constant in each sub-heat exchanger. On this basis, the transferred heat of each sub-heat exchanger can be obtained by
[image: image]
The corresponding LMTD is calculated by
[image: image]
Then, UA of heat exchanger can be calculated by
[image: image]
As for the operation and maintenance cost, it is usually estimated to be 6% ([image: image]) of the component investment cost. Thus, the cost rate of each component is calculated by
[image: image]
where [image: image] is a capital recovery factor, τ means hours of operation per year, [image: image] refers to the initial investment of the [image: image] component, and [image: image] stands for the operation and maintenance factor.
The [image: image] is calculated by
[image: image]
where [image: image] represents an interest rate and n indicates the operation years.
3.3 Multi-Objective Optimization
Based on the previously established models, decision variables of system including turbine inlet temperature, gas cooler pressure, evaporation temperature, and the primary and secondary pressure of ejector are optimized to maximize the total product (the sum of net work and cooling capacity) and minimize the total cost. The corresponding ranges of decision variables for different systems are listed in Table 4. In this work, non-dominated sorting genetic algorithm-II (NSGA-II) is adopted to conduct the multi-objective optimization for these combined systems. NSGA-II was first developed by Deb et al. (2002). It is an evolutionary algorithm to determine the optimum state of a system in different scenarios. This algorithm originates from the theory of natural selection in biological genetics. Due to its good diversity of solutions and low computational complexity (Cui et al., 2017), it has been widely employed in energy engineering (Jyothiprakash et al., 2019).
TABLE 4 | Range of the selected decision variables.
[image: Table 4]Figure 9 gives the flow chart of NSGA-II algorithm. The parent population with N size is first initialized, and the first generation is randomly produced according to the problem domains and constraints. Chromosomes are then decoded, and calculations are conducted for the developed thermodynamic and economic models, so that the total product and cost are obtained. Thereafter, according to the rank value and crowding distance, the populations with better fitness are selected. At the next stage, individuals selected from the tournament are saved in an intermediate mating pool. Their offspring are generated by crossing and mutating. The corresponding fitness values are obtained by conducting thermodynamic and economic calculations. Meanwhile, the minimum temperature differences of recuperators are judged to check whether the differences are satisfied with the requirement or not. If the differences meet the minimum requirement, the parent and offspring populations are directly mixed to produce a larger population. If not, the total product equals 0 and the total cost is 100, so that the chromosome does not prevail in evolution. After the mixing process, select N individuals from the mixed population based on the rank and crowded distance, and simultaneously determine whether the maximum generation is reached. If the stopping criterion is satisfied, output the optimal results.
[image: Figure 9]FIGURE 9 | Flow diagram of NSGA-II for the system parameter optimization.
4 3E COMPARISON AMONG FOUR REPRESENTATIVE SYSTEMS
To achieve a comprehensive understanding of these four systems, thermodynamic and economic performances are analyzed based on the established models in Section 3. For the sake of fair performance comparison, all systems operate under the same conditions. The standard parameters are provided in Table 5. On this basis, thermodynamic and economic performances are derived from the models for the considered four systems. The corresponding computer codes are developed on the platform of MATLAB. For the required properties of the exhaust gas and CO2, property software REFPROP is adopted (Lemmon et al., 2018). After calculating the thermodynamic and economic performances under standard operating conditions, decision variables, including turbine inlet temperature, the pressures of primary and secondary flows in ejector, gas cooler pressure, and evaporation temperature, are optimized to maximize the total product and minimize the total cost. Thermodynamic and economic calculations are embedded into NSGA-Ⅱ to get the fitness value for chromosomes with certain values of decision variables. Optimal performances are compared among these systems. The detailed results are provided in the following subsections.
TABLE 5 | Standard operating conditions (Yu et al., 2020).
[image: Table 5]4.1 Performance Comparison Under Design Conditions
Based on the given standard conditions, Table 6 provides various parameters for the four combined systems from the viewpoints of energy and exergy. It is noticeable that System 1 absorbs the highest heat from the waste gas, so that the outlet gas temperature for System 1 is the lowest. Therefore, the waste heat recovery efficiency of System 1 reaches 51.15%, which is the largest among the considered systems. Furthermore, System 2 has the smallest net work (711.84 kW), while the largest work (3963.96 kW) is obtained by System 3. Although the turbine output power of System 4 is the highest (7333.629 kW), the consumed work of compressor increases greatly, thus resulting in the decrease of net work. For the cooling capacity, System 1 and System 4 almost have the same values, and the corresponding capacities are 3221.82 kW and 3224.40 kW, respectively. The highest cooling capacity of 3709.89 kW is obtained by System 2. This is because the introduction of ejector causes gas cooler outlet enthalpy of CO2 decrease, so that a lower inlet enthalpy of the evaporator is obtained. In addition, the energy efficiency of 64.07% of System 4 is the maximum. This is because HRHE absorbs less heat. The second maximum efficiency is obtained by System 3, followed by System 1 and System 2.
TABLE 6 | Energy and exergy performance comparison under design conditions.
[image: Table 6]As for the total irreversibility, System 2 has the highest value. Since the exergy efficiency is also related to the absorbed heat, net output work, and cooling capacity, the order of exergy efficiency among systems is basically the same as that of energy efficiency. However, the exergy efficiency of System 2 turns out to be much lower than that of other systems under the standard conditions. The irreversibility of each component is provided in Figure 10. The recuperators in Figure 10 include HTR, MTR, LTR, and IHE. For Systems 1∼3, the exergy destruction of recuperators accounts for the largest proportion, while recuperators of System 4 have a smaller irreversibility due to a lower recuperated heat. Furthermore, since System 2 contains two TVs, the corresponding exergy destruction of TVs is the largest among the considered systems. In order to provide a detailed comparison of the recuperated processes for different recuperators, Table 7 provides the exergy destruction of the used recuperators. As shown in Table 7, the HTR contributes to the largest irreversibility in recuperators under given conditions.
[image: Figure 10]FIGURE 10 | Irreversibility comparison under design conditions.
TABLE 7 | Irreversibility of recuperators under design conditions.
[image: Table 7]Table 8 lists economic parameters for the four systems. It is shown that the turbine cost accounts for the largest in all components. The corresponding proportions are 67.67, 43.71, 67.56, and 58.24%, respectively. For the turbine cost of System 2, it is less than that of other three systems. This is mainly attributed to the small pressure difference between the turbine inlet and outlet. As for the other three systems with equal outlet pressure, the flow rate is the main factor to affect the turbine cost. In addition to the turbine cost, the compressor costs of systems 1∼4, are 3.028 $/h, 7.935 $/h, 3.236 $/h, and 3.269 $/h, respectively. Since the pressure ratio of the compressor in System 2 is the largest, the corresponding compressor cost is the highest. However, on the whole, the total cost rate (26.75 $/h) of System 2, namely, the combined system with the ejector, is the least, while System 4 has the highest cost (38.96 $/h).
TABLE 8 | Economic performance comparison under design conditions.
[image: Table 8]4.2 Performance Comparison Based on Multi-Objective Optimization
Considering that the aforementioned key parameters have different effects on the system performances, it is necessary to optimize these parameters simultaneously to achieve the best performances. In the optimization, owing to the fact that the cooler outlet temperature subjects to the environment and a lower outlet temperature usually results in a higher system performance, the outlet temperature is fixed at a design value, namely, 40°C. Furthermore, a special care should be given to System 2. Due to the existence of ejector, the inlet pressures of the ejector are also optimized. The optimal parameters of these variables are found by the multi-objective optimization algorithm, namely, NSGA-Ⅱ. The maximization of the total product and the minimization of the total cost are optimization targets for this study.
Pareto frontiers of four combined systems are provided in Figure 11. It is clearly illustrated that the total product and the total cost mutually conflict, and it is impossible to obtain the maximum total product and minimum total cost simultaneously. When one system’s performance increases, the other gets worse. To find a solution of optimization, the magnitude of each objective should be unified. Thereafter, on the Pareto frontier curve, a point with the minimum distance to the ideal state is determined as the final solution (Ahmadi et al., 2015), as marked in Figure 11.
[image: Figure 11]FIGURE 11 | Pareto frontier for the combined systems. (A) System 1; (B) System 2; (C) System 3; and (D) System 4.
The optimal results are listed in Table 9. The exhaust gas outlet temperature for the optimal cases is less than that for the design condition. For the considered systems, the total products are 7345.4 kW, 5040.1 kW, 6486.5 kW, and 7312.1 kW, respectively. Furthermore, it can be obviously seen that System 1 has more advantages over the other layouts in the waste heat recovery. As for energy and exergy efficiencies, the leading cycle is System 4, followed by System 3 and System 1. Although the total cost of System 2 is the lowest, System 2 does not have distinguished advantages over the other systems in the energy or exergy efficiency. Overall, after considering system performances comprehensively, System 1 has more advantages over the other system layouts, due to its lower total cost and exhaust outlet temperature as well as higher efficiency, net work, and refrigeration capacity in the optimal point.
TABLE 9 | Optimization results of the considered systems.
[image: Table 9]In summary, although the ejector of System 2 increases the cooling capacity, it has significantly increased the total irreversibility. Furthermore, System 3 adopts the recompression CO2 power cycle system, so as to increase the net work of the combined system. But two sub-cycles only share the cooler, which results in releasing of more heat directly to the environment. In addition, three-stage recuperation is adopted in System 4, which increases the system cost to a certain extent. System 1 has two-stage recuperation in the power cycle; the cooler and low-temperature recuperator are shared by two sub-cycles. Thus, System 1 with better performance and simple structure can effectively recover the waste heat.
5 CONCLUSION
In this work, four combined CO2 power and cooling systems are evaluated and compared from the perspectives of energy, exergy, and economy for the application of waste heat recovery under design conditions. Thereafter, in order to maximize the total product and minimize the total cost, key operating parameters are optimized by NSGA-Ⅱ, and the corresponding performances are compared. The drawn conclusions are presented as follows:
1) Under basic operating conditions, the total products of four systems are 6831.36 kW, 4421.73 kW, 6252.81 kW, and 6978.69 kW, respectively. In addition, the maximum energy and exergy efficiencies are obtained by System 4. For the total costs, these four systems have 27.42 $/h, 26.75 $/h, 29.88 $/h, and 38.96 $/h, respectively.
2) With regard to multi-objective optimization results, System 2 provides the lowest cost and system efficiency, while System 4 has the highest cost and system efficiency, and System 1 obtains the highest heat from the heat source.
3) After comprehensive comparison for the net work, cooling capacity, efficiencies, and total cost, System 1 is thought to be the best among the considered four systems.
The thermodynamic performances of four combined CO2 power and cooling systems are comprehensively analyzed, and the obtained results have guiding significance for the construction of the combined system. However, the existing systems are constructed based on the experience of researchers; thus, aiming at different demands for cooling and electricity, the method of intelligence construction for combined CO2 power and cooling systems is required to be further developed in the near future.
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NOMENCLATURE
Symbols
A area, m2
c total products unit cost, $/GJ
C compressor compressor
CRF capital recovery factor
e specific exergy, kJ/kg
E exergy rate, kW
h enthalpy, kJ/kg
HRHE heat-recovery-heat-exchanger heat-recovery-heat-exchanger
HTR high temperature recuperator high-temperature recuperator
ir interest rate
I irreversibility rate, kW
IHE internal heat exchanger
LMTD logarithmic mean temperature difference
LTR low-temperature recuperator low-temperature recuperator
m mass flow rate, kg/s
MTR middle temperature recuperator middle temperature recuperator
n operation years
N number of heat exchangers
NSAG-II non-dominated sorting genetic algorithm-II
ORC Organic Rankine cycle
P pressure, MPa pump (Figure 3; Table 6, 8) power cycle
P pressure, MPa pump (Figure 3; Table 6, 8) power cycle
PPTDs pinch point temperature differences
PR pressure ratio
Q heat transfer rate, kW
RC re-compressor
s entropy, kJ/(kg•K)
S-CO2 supercritical carbon dioxide
T temperature, K
TV throttling valve throttling valve
UA heat conductance, MW/K
W work, kW
Z capital cost of a component, $
Ż capital cost rate, $/h
Greeks
η efficiency,%
ε effectiveness, %
γk maintenance factor
τ hours of operation per year, h
Subscripts
0 environmental state
1 the first law of thermodynamic
2 the second law of thermodynamic
ave average state
cooler gas cooler
C compressor compressor
ev evaporator
g exhaust gas
HRHE heat-recovery-heat-exchanger heat-recovery-heat-exchanger
HTR high temperature recuperator high-temperature recuperator
i thermodynamic state points
in inlet
L low
LTR low-temperature recuperator low-temperature recuperator
MTR middle temperature recuperator middle temperature recuperator
net net output
out outlet
P pressure, MPa pump (Figure 3; Table 6, 8) power cycle
PC power and cooling cycle
R refrigeration cycle
ref refrigeration cycle
TV throttling valve throttling valve
tur turbine
WHR waste heat recovery
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