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The wide utilization of solar energy is beneficial for the emission reduction of carbon dioxide. This paper proposes a novel power cycle system driven by solar energy, which consists of a recompression supercritical carbon dioxide cycle (RSCO2) and an ammonia-water cooling-power cycle (ACPC). The power system operates in a “self-production and self-sale” mode, which means that the refrigeration capacity produced by the ACPC is utilized to cool the main compressor inlet fluid of the RSCO2. The comprehensive energy and exergy analyses of the proposed novel system are presented. The effects of the six parameters on the system thermodynamic performance are evaluated, which are direct normal irradiation, the ammonia concentration of a basic solution, the pinch point temperature difference of an evaporator, the effectiveness of a recuperator, the pressure ratio of the RSCO2 and the molten salt outlet temperature. The results show that compared with the stand-alone RSCO2, the net power and energy efficiency of the proposed system are improved by 15.94 and 10.61%, respectively. In addition, the increasing ammonia concentration of the basic solution leads to the rise of the ACPC refrigeration output, and the inlet temperature of the main compressor can be declined to 32.97°C with the ammonia concentration of the basic solution of 0.88. Moreover, when the effectiveness of the recuperator in RSCO2 rises up to 0.98, the system energy and exergy efficiencies can reach their maximum value of 30.68 and 33.10%, respectively.
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1 INTRODUCTION
The utilization of renewable energy can effectively reduce carbon dioxide emission, which contributes to the sustainable development of green energy society. Tower solar power system (TSP) is comprised of heliostat filed, central receiver and molten salt circulation. TSP absorbs radiation energy from Sun for heating molten salt. Due to the reason that the heliostat field can concentrate sunlight on a central receiver with high irradiation intensity, the molten salt circulation operates in high temperature (Srilakshmi et al., 2015). Ashour et al. (2021) built a prototype of TSP, the system includes 10 heliostats, and the highest simulation temperature is 521°C. In addition, molten salt released 12.52 kW power to water in the heat exchanger. With such a characteristic of providing high-temperature heat, many scholars have researched the possibility and performance of different combined power cycle configurations with TSP (Kasaeian et al., 2020).
Jiang et al. (2021) proposed a novel tower solar aided coal-fired power generation system with a double reheat ultra-supercritical boiler; the steam in boiler is heated to 565°C under the baseline condition. The analysis results presented that the maximum system power output and solar-to-electricity conversion efficiencies are 23.69 MW and 29.57%, respectively. Javadi et al. (2021a) evaluated the energy, exergy, and economic and environmental performance of a combined power cycle with TSP. Meanwhile, they proposed three different configurations, and configuration b) which use solar power to heat air at compressor outlet realize highest energy and exergy efficiency of 51.38 and 41.75%, respectively. In another research (Javadi et al., 2021b), Javadi et al. established a multigeneration system model based on double-flash geothermal power plant, TSP, organic Rankine cycle (ORC), lithium bromide single-stage chiller, and alkaline electrolyzer. This complex system could produce hydrogen and output power and refrigeration, simultaneously. Izadi et al. (2021) utilized TSP to drive a gas turbine (GT) cycle, the waste heat from GT is recovered by Rankine cycle, ORC, and absorption chiller system. The designed energy efficiency and power output are 41.77% and 6,746 kW, respectively. Majidi et al. (2021) presented a novel layout of a combined GT and ORC cycle with TSP. When the organic working fluid of ORC is R123, the optimized cycle performance of power output and energy efficiency are 46 MW and 52.27%, respectively. Merchán et al. (2021) analyzed a tower hybrid GT solar system about its thermo-economic performance. It found out that when the turbine inlet temperature rises from 1,300 to 1,500 K, the levelized cost of electricity (LCOE) decreases from 188US$/MWh to 150US$/MWh. In AlKassem’s research (AlKassem, 2021), it was shown that with the combination of GT, the total installed cost of solar field was lower than stand-alone TSP. Furthermore, a high field efficiency ranged from 53 to 59% was achieved, which leads to a high thermal-to-electric efficiency.
Among various kinds of power cycle systems, the supercritical carbon dioxide cycle (SCO2) is one of the most compatible cycles, which has a better thermodynamic performance with high-temperature heat source like TSP. The working fluid of SCO2 is supercritical carbon dioxide, which has the characteristics of high specific heat capacity and low compression power consumption. Moreover, SCO2 has the advantages of low cost, high efficiency, small equipment size, simple structure, and high energy density (Liao et al., 2019; White et al., 2021). SCO2 has developed a variety of different types, and RSCO2 is a blooming type that has a high operating efficiency. RSCO2 has two compressors and two recuperators, the SCO2 fluid in the main compressor has high density and compressibility. At the same time, RSCO2 is able to reduce the pinch point temperature difference of LTR and the heat taken away by a precooler. During recent years, lots of studies have been made in the field of combined SCO2 and TSP system.
Zhu et al. (2021) designed a ZrC/W-based printed circuit heat exchanger, which can bear a high operating temperature around 700°C. The heat exchanger was used especially for safe and effective heat-exchanging process between SCO2 and molten salt. Yang et al. (2020) investigated the thermodynamic performance of a combined SCO2 and steam Rankine cycle with TSP and compared it with a stand-alone SCO2 system. The analysis results revealed that the introduction of a cascaded system improved 9.5% of electricity production; in addition, the exergy destruction of the precooler and heat exchanger is decreased significantly. Kasra et al. (Mohammadi et al., 2020) investigated the thermodynamic performance of a combined TSP and GT system using SCO2 as a bottom cycle. Compared with a non-TSP system, the introduction of TSP increases LCOE by 40% from $59.23 to $83.16/MWh; nevertheless, specific fuel consumption and specific CO2 emission were reduced by 27.5 and 29%, respectively. Atif et al. (Atif and Al-Sulaiman, 2017) made a research about the energy and exergy performance of a combined TSP and RSCO2 system in different locations. It was summarized that the heliostat field accounts for the highest average exergy destruction, followed by the combustion chamber. The highest annual average heat collected is for Madinah (938,400 kWh/day). Fahad et al. (Al-Sulaiman and Atif, 2015) compared the thermodynamic performance of five different SCO2 configurations with TSP. The conclusion revealed that with the combination of TSP, RSCO2 performs the highest cycle energy efficiency of 52% and system energy efficiency of 40%. Linares et al. (2020) proposed numerous novel configurations of the combined SCO2 and TSP system to adapt to different operating conditions. For wet cooling condition, the reheating SCO2 type is recommended, which leads to an energy efficiency of 54.6% and an investment of 8,662 $/kW, while intercooling with reheating type is better for dry cooling condition, whose energy efficiency and investment are 52.6% and 8,742 $/kW, respectively. Neises et al. (Neises and Turchi, 2019) developed a novel partial-cooling SCO2 model with TSP. Before entering a recompressor, the flow temperature was decreased by a cooler and then compressed by a pre-compressor, which leads to high operating pressure ratio and low LCOE.
Meanwhile, a multigeneration system that can meet the need of different kinds of energy becomes more and more popular; some scholars made efforts to output power and refrigeration simultaneously through the combined SCO2 and TSP system. Tsimpoukis et al. (2021) studied a cooling, power, and heating generation system, which consists of SCO2, ejector refrigeration cycle (ERC), a solar receiver, and biomass boiler. The power production efficiency, combined power and cooling production efficiency, and total trigeneration efficiency under the baseline condition are 11.77, 66.09 and 163.70%, respectively. Li and Wang (2019) combined SCO2 with a transcritical carbon dioxide refrigeration cycle. The precooler outlet fluid in SCO2 splits, and one of them flows into an evaporator to produce refrigeration; when the evaporating temperature is 273.15 K, the combined system realizes 2.45% higher than the separation system on exergy efficiency.
However, a few researchers find that it is interesting that the refrigeration produced by the cooling cycle can be used to cool the fluid at a compressor inlet. Part of the heat energy from the power cycle is used to drive the cooling cycle, and the refrigeration capacity from the cooling cycle is used to cool the fluid at the compressor inlet. This kind of “self-production and self-sale” method is capable to improve the overall system efficiency. Du et al. (2021) used refrigeration produced by ERC to cool the compressor inlet air in GT; thus, the proposed combined GT-KC-ERC system realized a 219.4 kW more net power and 764.2 kW more cooling capacity than a stand-alone GT-KCS system. Ma et al. (2018) integrated the LiBr absorption refrigeration cycle with RSCO2, and refrigeration from the LiBr absorption refrigeration cycle cools the inlet temperature of the main compressor down to 37.07°C. It is concluded that optimized system energy and exergy efficiencies are 5.19 and 6.12% higher than stand-alone RSCO2, respectively. The exergy destruction in a high-temperature recuperator (HTR) and the precooler are significantly reduced. Mohammed et al. (2020) replaced the LiBr absorption refrigeration cycle with ERC, and via the introduction of ERC, the optimized system energy and exergy efficiency improved by 36.2% and 28.6%, respectively.
However, unlike the LiBr fluid in the LiBr absorption refrigeration cycle or most organic refrigerants in ERC, the ammonia-water mixture solution is a non-azeotropic fluid that has a variable-temperature evaporation process. Therefore, the ammonia-water mixture fluid can match with the changing temperature of the heat source during the heat-exchanging process, which is capable to lower heat loss and exergy destruction. As a result, the ammonia-water mixture solution has been widely studied and used in different kinds of power cycle systems, like the Kalina cycle and ammonia-water absorption refrigeration cycle. In this paper, an ammonia-water power and cooling system/ACPC is adopted (Wang et al., 2016); the ACPC is not only able to output power, but it also adds a separator after the ammonia-water turbine. The secondary rich-ammonia vapor is condensed and throttled for refrigeration output, which provides a new idea for refrigeration production.
Based on the above researches, this paper improves the system performance of a solar-powered RSCO2 by introducing an ammonia-water cooling-power system. The system consists of a TSP, an RSCO2, and an ACPC. The ACPC is driven by the heat from an HTR in RSCO2; the refrigeration produced by the ACPC is utilized to cool the main compressor inlet temperature in RSCO2, and more details about the system description are clearly shown in Section 2. In this paper, the thermodynamic mathematical models of the proposed system are established and separately validated. The simulation result under the baseline condition is given; the energy and exergy analysis on a system performance is made. Then, the thermodynamic performance between a power cycle subsystem with stand-alone RSCO2 is evaluated and compared. The effects of the six parameters on the system’s thermodynamic performance are studied, including direct normal irradiation, DNI, the ammonia concentration of a basic solution, x, the pinch point temperature difference of an evaporator, ∆Te, the effectiveness of a recuperator εR, the pressure ratio of RSCO2, PR, and molten salt outlet temperature Tb.
In this paper, Section 1 is the introduction. Section 2 is the circulation schematic description of the proposed solar-powered RSCO2-ACPC system. Section 3 lists the necessary mathematical equations for a model establishment. Section 4 presents the analysis result and discussion. Section 5 is the summarized conclusion.
2 DESCRIPTION OF AN INNOVATIVE SOLAR-POWERED RSCO2-ACPC SYSTEM
Figure 1 shows the systematic flow scheme of the proposed innovative solar-powered RSCO2-ACPC system. The total system is departed into three parts, which are a TSP, a RSCO2, and an ACPC. The TSP absorbs heat from Sun, and the molten salt in TSP transfers the heat to CO2 in RSCO2. In RSCO2, the CO2 at the HTR outlet passes through a heat exchanger and provides heat to the ammonia-water basic solution in the ACPC. The ammonia-water basic solution output power in an ammonia-water turbine and produces refrigeration in the evaporator. Afterwards, the refrigeration produced in the evaporator from the ACPC is utilized to cool the main compressor inlet CO2 in RSCO2. Thus, the total system achieves a better thermodynamic performance via lower compressor power consumption. The system realizes the “self-production and self-sale” effect through the connection of a heat exchanger and the evaporation between RSCO2 and ACPC. Regarding the deep connection between RSCO2 and ACPC, the RSCO2-ACPC is sometimes seen as an integrity of the power cycle subsystem in the following sections.
[image: Figure 1]FIGURE 1 | Flow scheme of proposed RSCO2-ACPC system.
The TSP includes a heliostat field, a central receiver, and molten salt circulation; the Sun projects its sunlight on a heliostat field, which consists of many reflectors. In the central receiver, the molten salt flows through the receiver and improves its temperature by concentrated sunlight. In addition, the molten salt is made of 60% NaNO3 and 40% KNO3 in this paper.
The RSCO2 includes a heater, an SCO2 turbine, a generator, an HTR and low-temperature recuperator (LTR), a heat exchanger, a precooler, an evaporator, a main compressor, a recompressor, a motor, and a gear set. Firstly, CO2 gains heat from high-temperature molten salt in the heater, and outputs power through the SCO2 turbine and generator 1. Then, the exhausted CO2 provides heat for compressed CO2 in LTR and HTR. At the HTR outlet, CO2 splits into two flows: one flow is compressed by the recompressor and mixed with heated CO2 from an LTR; another flow passes through the heat exchanger for the improving temperature of the ammonia-water basic solution in ACPC, and it is cooled successively in the precooler and evaporator. The low-temperature CO2 is then compressed by the main compressor and absorbs heat in the HTR. After mixing with the recompressor outlet flow, CO2 absorbs heat again in the HTR and flows into the heater finally.
The ACPC subsystem includes two separators, an ammonia-water turbine, a generator, two condensers, three throttle valves, and a pump. The ammonia-water basic solution improves its temperature by high-temperature CO2 in a heat exchanger. Then, the ammonia-water basic solution separates into prime weak-ammonia liquid and prime rich-ammonia vapor in separator 1. After generating electricity through the ammonia-water turbine and generator 2, the exhausted prime rich-ammonia vapor separates into a secondary weak-ammonia liquid and secondary rich-ammonia vapor in separator 2. The secondary rich-ammonia vapor is condensed in condenser 2 and throttled in throttle valve 3. In the evaporator, the low-temperature secondary rich-ammonia vapor provides refrigeration for cooling CO2 in RSCO2. Afterwards, the secondary rich-ammonia vapor mixes with prime weak-ammonia liquid and prime rich-ammonia vapor and forms the ammonia-water basic solution. Then, the ammonia-water basic solution is condensed in condenser 1 and pumped in a pump. At last, the ammonia-water basic solution flows into the heat exchanger for another circulation.
3 MATHEMATICAL MODEL
3.1 Model Assumptions
This paper proposes an innovative solar-powered RSCO2-ACPC system; the MATLAB R2020b software is used for system mathematical simulation. Besides, the thermodynamic properties of carbon dioxide and ammonia-water mixture are obtained from NIST REFPROP 9.1. Some necessary assumptions are listed as follows:
1) The system operates under a steady state.
2) The inlet and outlet status of each system equipment is regarded as a balanced status.
3) The pressure loss of equipment and pipelines are neglected.
4) Except for the solar central receiver, the heat losses between the equipment and environment are neglected.
5) The system equipment and pipeline have good airtightness and no leakage.
6) The fluid at the condenser outlet is in a saturated state.
7) The enthalpy at the throttle valve inlet and outlet are equal.
8) The vapor and liquid at separator outlet are saturated.
9) There is no mechanical energy loss of the gear set.
3.2 Thermodynamic Models
3.2.1 TSP Subsystem
The TSP includes a heliostat field, a central receiver and molten salt circulation; the energy Qsun and exergy Esun projected from the Sun are (Petela, 1964)
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where Ah denotes the heliostat field area, m2; T0 denotes environment temperature, K; and Tsun denotes the Sun’s surface temperature, K.
Then, the heliostat field reflects the sunshine to the central receiver subsystem. For the heliostat field, its energy efficiency, ηh, is very difficult to keep accurate (Yao et al., 2009; Collado and Guallar, 2013); in this paper, ηh is set as a constant. The received energy, Qcr, and exergy, Ecr, are (Xu et al., 2011)
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In this paper, the shape type of the central receiver is the cavity receiver, molten salt flows through the receiver to absorb heat and transfer it to carbon dioxide. The thermodynamic properties of molten salt are given based on Eqs 5–8 (Zavoico, 2001), and the Tms ranges from 270 to 600°C.
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In the central receiver, there are four types of heat losses, which are conduction loss, reflection loss, convection loss, and emission loss (Li et al., 2010). Thus, the energy, Qms, and exergy, Ems, of molten salt absorbed from the receiver are (Xu et al., 2011)
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where Qloss denotes the sum of four types of heat losses, kW; ηr denotes the energy efficiency of the central receiver; mms denotes the molten salt mass flow rate, kg∙s−1; cp,ms denotes the specific heat capacity of molten salt, J∙kg−1∙K−1; Ta and Tb denote the inlet and outlet temperature of molten salt, K.
3.2.2 RSCO2 Subsystem
For the carbon dioxide and ammonia-water mixture fluid, the exergy can be described as (Eq. 12)
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where the subscript i denotes a specific state point; the subscript 0 denotes the environment state.
In the heater, the heat received by CO2 and exergy destruction can be described as the following equations:
[image: image]
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where mco2 denotes the CO2 mass flow rate, kg∙s−1; h denotes enthalpy, kJ∙kg−1; and I denotes exergy destruction, kW.
In an SCO2 turbine, the power output, Wt,co2, and exergy destruction, It,co2 are
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where ηt,co2 denotes the isentropic energy efficiency of an SCO2 turbine.
In the HTR, the exhausted flow provides heat for compressed CO2 flow; the energy balance equation and exergy destruction are
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The LTR condition is similar to the HTR:
[image: image]
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where msr denotes the mass flow rate that flows through the main compressor, kg∙s−1.
For both HTR and LTR, the effectiveness can be described separately in Eq. 22 and Eq. 23, in particular, the εHTR and εLTR stay the same in this paper, and the total exergy destruction of a recuperator is expressed in Eq. 24.
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In a heat exchanger, CO2 flow provides heat for an ammonia-water basic solution.
[image: image]
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where m12 denotes the mass flow rate of the ammonia-water basic solution, kg∙s−1.
In the precooler, the CO2 flow is cooled by water, and the cooling capacity, Qpc, is
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In the evaporator, the CO2 flow is cooled again by secondary rich-ammonia vapor flow, and cooling process meets the following equations:
[image: image]
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where m17 denotes the mass flow rate of secondary rich-ammonia vapor flow, kg∙s−1.
For the main compressor and recompressor, the pressure ratio, power consumption, and exergy destruction are
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where PR denotes the pressure ratio of the compressor outlet to inlet; ηmc、ηrc denotes the isentropic energy efficiency of the main compressor and recompressor; and Wmc、Wrc denote the power consumed by the main compressor and recompressor, kW.
3.2.3 ACPC Subsystem
The separator separates the ammonia-water basic solution into a rich ammonia vapor and a weak ammonia liquid, and the process meets the mass balance equation, ammonia mass balance equation, and energy balance equation. For separator 1, the balance equations are
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[image: image]
[image: image]
where x denotes the ammonia concentration of the solution.
For separator 2, the balance equations are
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The exergy destruction of separator one and separator two are
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In an ammonia-water turbine, the power output, Wt,aw, and exergy destruction, It,aw, are
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where ηt,aw denotes the isentropic energy efficiency of the ammonia-water turbine.
In condenser 1 and condenser 2, the ammonia-water mixture fluid is condensed by water; the cooling capacity and exergy destruction are
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In this paper, the enthalpy at the throttle valve inlet and outlet are equal; thus, the enthalpy balance equations and exergy destruction can be described as Eqs 56–62.
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In the pump, the consumed power, Wp, and exergy destruction, Ip, are
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where ηp denotes the isentropic energy efficiency of the pump.
For the mixing process, as there is no fluid leakage, the process meets mass and ammonia mass balance equations. The energy balance equation and exergy destruction are
[image: image]
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3.2.4 System Performance Parameter
The system performance parameters include the turbine power output, the consumed power of the compressor and the pump, evaporator refrigeration capacity, net power output, energy efficiency, and exergy efficiency. Some parameters have been introduced above, and others are listed in the following equations:
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where Wpower and Ipower denote the net power output and total exergy destruction of a power cycle subsystem, kW; Qeva denotes the evaporator refrigeration capacity, kW; ηpower,ene and ηpower,exe denotes the energy and exergy efficiency of a power cycle subsystem, ηtotal,ene and ηtotal,exe denote the energy and exergy efficiency of the total system.
3.3 Model Validation
In order to formulate a validated mathematical model, three subsystems, including the central receiver, RSCO2, and ACPC, are separately compared with the data from the former reference. Table 1 lists the validation condition, and Table 2 presents the validation results with relative error.
TABLE 1 | System model validation condition.
[image: Table 1]TABLE 2 | System model validation result.
[image: Table 2]Table 2 illustrates that the maximum relative error is 0.57%, and most relative errors are lower than 0.20%, which indicates that the accuracy of subsystem models is acceptable. Thus, the validation provides a solid foundation for the system simulation of the proposed solar-powered RSCO2-ACPC system.
4 RESULT AND DISCUSSION
Since the subsystem models have been established and validated, the system simulation and performance analysis can follow the logical calculation flow scheme in Figure 2. Meanwhile, for a clear presentation of results and analysis, this section is divided into three parts, which are the baseline condition, comparison, and parameter effects.
[image: Figure 2]FIGURE 2 | Logical calculation flow scheme.
4.1 Baseline Condition
The system baseline simulation condition of a power cycle subsystem is given in Table 3; some values are chosen on the basis of former work to realize better compatibility with state-of-the-art researches. Table 4 gives all detailed numerical data about each state point.
TABLE 3 | System baseline simulation condition.
[image: Table 3]TABLE 4 | System baseline simulation result of state point.
[image: Table 4]In Table 5, the thermodynamic performance of a power cycle subsystem is presented, and Table 6 shows the thermodynamic performance about the energy and exergy of a total system. Under the baseline condition, the solar central receiver energy efficiency is 89.9%. The refrigeration produced by ACPC is 971.46 kW, which has a huge contribution on lowering the inlet temperature of the main compressor; therefore, the system power output reaches 2,766.48 kW. However, the ammonia-water turbine power output is only 58.63 kW, which accounts for merely 2.12% of the system total power output. In addition, the energy and exergy efficiencies of a power cycle subsystem are 42.74 and 70.91%, respectively. Energy and exergy efficiencies of total system are 28.82 and 31.10%, respectively.
TABLE 5 | System baseline simulation result of power cycle subsystem performance.
[image: Table 5]TABLE 6 | System baseline simulation result of total system performance.
[image: Table 6]In Table 6, the result shows that under the baseline condition, although the power cycle subsystem accounts for the most energy loss ratio of 54.24%, it has the least exergy destruction ratio of 18.51%, while the solar central receiver shows the opposite effects. In the solar central receiver, the concentrated sunlight with high temperature firstly provides tremendous heat to improve the receiver surface temperature, and the receiver transfers the heat to molten salt later. With a big temperature difference and huge heat energy in this two-step heat transfer process, the exergy destruction ratio of the central receiver reaches 47.36% of total system.
Furthermore, the exergy destruction ratio about each component of a power cycle subsystem is illustrated in Figure 3. The maximum exergy destruction of 25.42% is related to two recuperators, which is caused by the low effectiveness of a recuperator. After the recuperator, the exergy destruction of an SCO2 turbine and two compressors reach 19.72 and 17.83%, respectively. However, because of the low temperature difference at the heater inlet and outlet, the exergy destruction in the heater is very low. Besides, the exergy destruction in two separators is close to zero, which means that the separation process is very ideal and the mass flow rate of ammonia-water mixture fluid is small.
[image: Figure 3]FIGURE 3 | Exergy destruction ratio of equipment in power cycle subsystem.
4.2 Performance Comparison Between Power Cycle Subsystem and Stand-Alone RSCO2
In Table 7, as the SCO2 turbine power output of power cycle subsystem and stand-alone RSCO2 stays the same, the power cycle subsystem can lower the inlet temperature of the main compressor from 50 to 35.80°C. Compared with stand-alone RSCO2, the power consumed by the main compressor decreases from 1,510.54 to 1,120.48 kW. However, due to the rise of the recompressor outlet temperature, the power consumed by recompressor increases from 717.70 to 781.81 kW. Furthermore, the system power output goes up from 2,386.13 to 2,766.48 kW, which induces the improvement of energy efficiency from 38.64 to 42.74%.
TABLE 7 | System performance comparison between power cycle subsystem and stand-alone RSCO2.
[image: Table 7]4.3 Parameter Effect on System Thermodynamic Performance
In this part, the influence of the different studied parameters on the system thermodynamic performance are evaluated, including direct normal irradiation, DNI, the ammonia concentration of the basic solution, x, the pinch point temperature difference of the evaporator, ∆Te, the effectiveness of the recuperator εR, the pressure ratio of RSCO2, PR, and molten salt outlet temperature, Tb; the results are shown in following figures.
4.3.1 Effect of Direct Radiation Intensity DNI
In Figure 4A, the solar central receiver energy efficiency linearly rises about 0.2–0.5% with a 40 W m−2 increment of DNI; the reason for this phenomenon is that a higher DNI results in more power input and a higher receiver surface temperature, simultaneously. As increasing receiver surface temperature causes more heat loss, the receiver energy efficiency becomes lower. However, the increment of energy loss caused by a higher receiver surface temperature is lower than that of the power input. From Figure 4B, when the DNI rises from 600 W m−2 to 1,000 W m−2, the total net power grows faster than EVA refrigeration; it is because on one side, a higher DNI induces a higher mass flow rate of CO2, which results in growing total net power; on the other side, the increase of EVA refrigeration will decrease the main compressor inlet temperature, which reversely improves the total net power. In Figure 4C, system energy and exergy efficiencies increase with similar increment, from 28.18 to 29.17% and 30.41–31.48%, respectively. Moreover, the highest power output produced by an SCO2 turbine is 5.84 MW when the DNI is 1,000 W m−2.
[image: Figure 4]FIGURE 4 | Effect of direct normal irradiation DNI.
4.3.2 Effect of Ammonia Concentration of Basic Solution x
As shown in Figure 5A, x has a positive effect on EVA refrigeration and it grows faster when x is lower. Meanwhile, the change of x only directly influences the performance of ACPC, so the increment of total net power output is smaller than that of EVA refrigeration, which is unlike the influence of DNI. In other words, for gaining more power output, it would be better to improve the performance of RSCO2 than ACPC. In Figure 5B, when x rises from 0.48 to 0.88, the power cycle energy and exergy efficiencies go up from 40.92 to 43.93% and 67.90–72.89%, respectively. Meanwhile, due to the high refrigeration capacity with the high mass ratio of ammonia, the inlet temperature of the main compressor can be as low as 32.97°C with an x of 0.88.
[image: Figure 5]FIGURE 5 | Effect of ammonia concentration of basic solution x.
4.3.3 Effect of Evaporator Pinch Point Temperature Difference ∆Teva
Figure 6 illustrates the effect of the evaporator pinch point temperature difference, ∆Teva. When ∆Teva rises from 1 to 10°C, total net power, power cycle energy and exergy efficiencies slightly decrease from 2,767.26 to 2,757.55 KW, 42.75–42.60% and 70.93–70.68%, respectively. In addition, with a 0.5°C increment of ∆Teva, the EVA refrigeration goes down about 2.42–4.76 kW, and the inlet temperature of the main compressor rises to about 0.02–0.05°C. As a result, the influence of ∆Teva on the system thermodynamic performance is limited, and it is less important to improve the heat-exchanging performance of EVA and get lower ∆Teva.
[image: Figure 6]FIGURE 6 | Effect of evaporator pinch point temperature difference ∆Teva.
4.3.4 Effect of Recuporator Effectiveness εR
As seen in Figure 7, a higher εR will lower the inlet temperature of the ammonia-water turbine in ACPC, which leads to lower EVA refrigeration and power output of ACPC. Nevertheless, a rising εR is able to reduce the giant heat waste and exergy destruction in the recuperator, which leads to better system thermodynamic performance. Thus, in Figure 7(A) When εR rises from 0.87 to 0.98, total net power goes up from 2,698.90kW to 2,944.84kW. In Figure 7(B) When εR rises from 0.87 to 0.98, the power cycle energy and exergy efficiencies increase from 41.70 to 45.50% and 69.18–75.48%, respectively. Compared with other studied parameters, εR has the most positive effects on system thermodynamic performances; when εR rises up to 0.98, the system energy and exergy efficiencies can reach 30.68 and 33.10%, respectively.
[image: Figure 7]FIGURE 7 | Effect of recuperator effectiveness εR.
4.3.5 Effect of SCO2 Pressure Ratio, PR
Figure 8 presents the effect of RSCO2 pressure ratio, PR. In Figure 8(A), when PR increases from 2.54 to 2.96, the total net power rises dramatically. However, the increment becomes smaller when PR increases from 2.96 to 3.2, and there is a maximum value of 2,769.03 kW when PR is 3.14. Meanwhile, PR has a reverse influence on EVA refrigeration; the maximum value of EVA refrigeration is 981.44 kW when PR is 2.66. Naturally, rising PR will enlarge the power produced by the SCO2 turbine and consumed by the main compressor at the same time. In this paper, the power consumed by the main compressor is also influenced by EVA refrigeration. Therefore, at first, the change of EVA refrigeration stays small with rising PR, which strongly controls the power consumed by the main compressor; then, EVA refrigeration goes down dramatically when PR is high. As a result, the total net power becomes steady with higher PR. In Figure 8(B), similar to the change of total net power, when PR is 3.14, the power cycle energy and exergy efficiencies reach their maximum value of 42.78 and 70.98%, respectively.
[image: Figure 8]FIGURE 8 | Effect of RSCO2 pressure ratio PR.
4.3.6 Effect of Molten Salt Outlet Temperature, Tb
Figure 9 shows the effect of the molten salt outlet temperature, Tb. Owing to the reason that the molten salt chosen in this paper is 60% NaNO3 and 40% KNO3, which becomes unstable around 600°C, the change of Tb ranges from 546 to 602°C. In Figure 9(A), When Tb rises, the central receiver energy efficiency goes down from 90.6 to 89.5%. The phenomenon is caused by a higher temperature difference between the environment and receiver surface, which contributes to more heat loss. In Figure 9(B), since the input energy from Sun remains constant, the rise of Tb will diminish the mass flow rate of both CO2 in RSCO2 and the ammonia-water mixture fluid in ACPC. Therefore, the power both produced and consumed are reduced; however, because a higher Tb causes a higher inlet temperature of the SCO2 turbine simultaneously, the decrement of the consumed power of the main compressor is bigger than the power produced by the SCO2 turbine; thus, the total net power still rises with increasing Tb. A 4°C increment of Tb leads to a 2.92–4.95 kW decrement of EVA refrigeration and 7.84–12.96 kW increment of total net power, respectively. In Figure 9(C), with a 4°C increment of Tb, the system energy and exergy efficiencies increase to about 0.08–0.13% and 0.09–0.14%, respectively.
[image: Figure 9]FIGURE 9 | Effect of molten salt outlet temperature Tb.
5 CONCLUSION
This paper improves the thermodynamic performance of a solar-powered RSCO2 cycle by introducing an ammonia-water cooling-power system. The system consists of a TSP, an RSCO2 subsystem, and an ACPC subsystem. The ACPC is driven by the heat from HTR in RSCO2, and the refrigeration produced by the ACPC is utilized to cool the main compressor inlet air of RSCO2.
Under the baseline condition, the solar central receiver energy efficiency is 89.9%. The refrigeration produced by the ACPC is 971.46 kW, and system net power reaches 2,766.48 kW. Moreover, the energy and exergy efficiency of total system are 28.82 and 31.10%, respectively. Compared with the stand-alone RSCO2, the proposed system can lower the inlet temperature of main compressor from 50 to 35.80°C. The power consumed by main compressor is thus decreased by 390.1 kW, which leads to the improvement of energy efficiency from 38.64 to 42.74%.
The energy and exergy efficiencies of the total system increase with the rising direct normal irradiation, the ammonia concentration of the basic solution, the pressure ratio of RSCO2, the effectiveness of the recuperator, and the outlet temperature of molten salt. In addition, when effectiveness of recuperator rises to 0.98, the system energy and exergy efficiencies can reach to 30.68 and 33.10%, respectively. The inlet temperature of main compressor can be declined to 32.97°C with the ammonia concentration of the basic solution of 0.88. The highest power output produced by an SCO2 turbine is 5.84 MW when the DNI is 1000 W m−2.
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NOMENCLATURE
A Area/m2
ACPC Ammonia-water cooling and power cycle
aw Ammonia water
c Compressor
co2 Carbon dioxide
CO2 Carbon dioxide fluid
con Condenser
CP Specific heat capacity/kJ∙kg−1∙k−1
cr Central receiver
DNI Direct normal irradiation/w∙m−2
E Exergy/kW
eva Evaporator
exe Exergy efficiency
G Heat energy/kW
h Heliostat field
h Enthalpy/kJ∙kg−1
he Heat exchanger
heater Heater
HTR High-temperature recuperator
I Exergy destruction/kW
LTR Low-temperature recuperator
m Mass flow rate/kg∙s−1
mc Main compressor
mix Mixing process
ms Molten salt
net Net power
P Pressure
pre Precooler
PR Pressure ratio
pp Pinch point
pump Pump
rc Recompressor
R Recuperator
RSCO2 Recompression supercritical carbon dioxide cycle
sr Split ratio
sep Separator
SCO2 Supercritical carbon dioxide cycle
Sun Sun
total Total system
tv Throttling valve
TSP Tower solar power system
T Temperature
[image: image] Temperature difference
W Power/kW
x Ammonia concentration
η Efficiency
μ Dynamic viscosity/Pa·s
λ Conductivity/w∙k−1∙m−1
1–24,a,b State point
ε Effectiveness of recuperator
ρ Density/kg∙m−3
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhang, Du, Lu, Zhao and Dai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_25.gif





OPS/images/math_24.gif





OPS/images/math_27.gif
Qu = my (hs = hg)





OPS/images/math_26.gif





OPS/images/math_21.gif





OPS/images/math_20.gif
Moo Ry = Hy) =m,, (hg = hyg)





OPS/images/math_23.gif
cire = (23

et





OPS/images/math_22.gif
ehre = 22







OPS/images/math_19.gif






OPS/images/math_18.gif






OPS/images/math_2.gif
@





OPS/images/math_15.gif
hy - (15)






OPS/images/math_14.gif





OPS/images/math_17.gif





OPS/images/math_16.gif
Wi ioa=m(h —






OPS/images/math_11.gif
B = m,,.,(,w,{ (T-T)) -1.,»1(;—")] an





OPS/images/math_13.gif
Qhearer = My (R = Myg)





OPS/images/math_12.gif
(12)





OPS/images/inline_1.gif





OPS/images/fenrg-09-801428-t007.jpg
Name

Main compressor inlet temperature
SCO; turbine power output
Consurmed power of main compressor
Consurmed power of recompressor
System net power output

System energy efficiency

RSCO,

50.00
461437
1,510.64

717.70
2,386.13
38.64

Power cycle subsystem

35.80
461437
1,120.48

781.81
2,766.48
4274

Unit





OPS/images/math_10.gif
(10)





OPS/images/math_1.gif





OPS/images/math_9.gif





OPS/images/math_8.gif
~1.474-107°7,, " +2.281 - 1077, " = 1.2- 107 T,
+0.022714 @)

s





OPS/images/fenrg-09-801428-t004.jpg
State point Temperature/'C Pressure/kPa Enthalpy/kJ-kg™* Entropy/kJ-kg™" k™ Ammonia Mass flow

concentration rate/kg:s™
1 572,00 22,200 1,061.09 27517 315418
2 44001 7,400 914.79 27747 315413
3 272,82 7,400 72353 2.4694 315413
4 133.22 7,400 565.17 21340 315413
5 7368 7,400 488.25 1.9287 23679
6 50.00 7,400 447.38 1.8064 23679
7 35.80 7,400 406.35 1.6762 23679
8 117.70 22,200 45367 1.6944 23679
9 254.24 22,200 664.61 2.1626 315413
10 406.53 22,200 855,87 2.4816 315413
1 40.67 2,300 215.14 1.4451 0.6800 1
12 12322 2,300 1.24012 4.2875 06800 17771
13 12322 2,300 1892.22 6.1535 09337 09656
14 128.22 2,300 464.05 20669 03781 08114
15 104.99 1,470 1831.52 6.1937 09337 09656
16 104.99 1,470 37163 1.8167 03619 0.0205
17 104.99 1,470 1863.11 6.2834 09461 09452
18 40.09 1,470 47223 20048 09461 09452
19 26.53 990 47223 2.0322 0.9461 0.9452
20 48.00 990 1,500038 5.4201 09461 09452
21 9301 990 37168 1.8219 03619 00205
22 96.35 990 464.05 2089 03781 08114
23 8046 990 1,014.00 38813 06800 17771

24 40.35 990 212.75 1.4433 0.6800 £





OPS/xhtml/nav.xhtml
Contents

		Cover

		Performance Improvement of a Solar-Powered Recompression Supercritical Carbon Dioxide Cycle by Introducing an Ammonia-Water Cooling-Power System		1 Introduction

		2 Description of an Innovative Solar-Powered RSCO2-ACPC System

		3 Mathematical Model		3.1 Model Assumptions

		3.2 Thermodynamic Models

		3.3 Model Validation





		4 Result and Discussion		4.1 Baseline Condition

		4.2 Performance Comparison Between Power Cycle Subsystem and Stand-Alone RSCO2

		4.3 Parameter Effect on System Thermodynamic Performance





		5 Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References

		Nomenclature









OPS/images/fenrg-09-801428-t003.jpg
Tower solar subsystem Xu et al. (2011)

Power cycle subsystem Wang et al. (2016); Ma et al. (2018); Mohammed et al. (2020)

Name

Sun's surface temperature/'C
Heliostat field area/m?

Heliostat field energy efficiency/%
DNI/w/m?

Motten salt inlet temperature/'C
Motten salt outlet temperature/C
Aperture area/m?

Receiver height/m

Tube diameter/m

Tube thickness/mm

View factor

Tube conductivity/w-m™"-k™"
Reflectivity

Emissivity

Wind velocity/m-s™"

passes

Insulation layer thickness/m
Insulation layer
Conductivity/w-m™" k™'

Value

5,327
12,000
75
800
425
585
125

0.019
1.65
0.8
239
0.04
08

0.07
0.08

Name

Environment temperature/'C

Environment pressure/MPa

RSCO, minimum pressure Pr/kPa

RSCO; pressure ratio PR

SCO; turbine isentropic energy efficiency sco/%
Compressor isentropic energy efficiency 11o/%
Effectiveness of HTR &rm

Effectiveness of LTR e n

Separator 1 operating pressure P/kPa

Separator 2 operating pressure Ps/kPa

condenser 1 operating pressure Pg/kPa

Ammonia-water turbine isentropic energy efficiency y.aw/%
Pump isentropic energy efficiency 1,/%

Ammonia concentration of basic solution x

Heat exchanger pinch point temperature difference AT,,,/'C
Hot-end temperature difference of heat exchanger AT;o/C
Pinch point temperature difference of evaporator ATes/C
Pinch point temperature difference of precooler AT,/ C
Pinch point temperature difference of heater ATheated'C

Value

35
0.101
7,400

3.0

90

85

0.9

09
2,300
1,470

990
80
75

0.68

10

15
13





OPS/images/fenrg-09-801428-t006.jpg
Subsystem

Heliostat field
Central receiver
Power cycle
Total system

Energy
input/
[

9,600.00
7,200.00
6472.80
9,600.00

Energy
output/
kw

7,200.00
6,472.80
2,766.48
2,766.48

Energy
efficiency/
%

75
89.90
42.74
28.82

Energy
loss
ratio/%

36.12
10.64
54.24

Exergy
input/
kW

8,895.70
6,803.82
3,901.26
8,895.70

Exergy
output/
KW

6,803.82
3,901.26
2,766.48
2,766.48

Exergy
efficiency/
%

76.48
57.34
7091
31.10

Exergy
destruction
ratio/%

34.13
47.36
18.51





OPS/images/fenrg-09-801428-t005.jpg
Name

SCO turbine power output

Consumed power of main compressor
Consumed power of recompressor
RSCO; net power output
Ammonia-water turbine power output
Consumed power of pump

ACPC net power output

Evaporator refrigeration capacity

Power cycle subsystem net power output
Power cycle subsystem energy efficiency
Power cycle subsystem exergy efficiency

Wie
Whet.scoz
Wiaw

Woower
Hpower.ene

Tpower.exe

Value

4,614.37
1,120.48
781.81
2,712.08
58.63
423
54.40
971.46
2,766.48
42.74
7091

Unit

KW
kw
kw
kw
kw
KW
kW
kw
kw
%
%





OPS/images/fenrg-09-801428-t002.jpg
Subsystem

Central receiver Li et al. (2010)

RSCO; Ma et al. (2018), Mohammed et al. (2020)

ACPC Wang et al. (2016)

Name

Receiver efficiency
Emissive loss
Conductive loss
Convective loss
Reflective loss
Total heat loss

Turbine power output
Consumed power of compressor
Split ratio (Mg/Meoz)

Energy efficiency

Turbine power output
Consurmed power of pump
Net power output
Evaporator refrigeration
Energy efficiency

Exergy eficiency

This paper

87.74
290.52
10.27
186.07
212.09
698.95

35531
107.23
0.666
41.18

37.63
1.75
35.88
75.12
1872
5.40

Literature

87.75
289.86
10.27
185.88
212.09
698.10

354.50
107.36
0.664
41.19

37.58
1.74
35.84
75.02
18.72
5.40

Unit

%
kw

kw
KW
kw

kw
KW
kw
%

KW
kw
KW
kw
%
%

Relative error/%

0.01
0.23
0.00
0.10
0.00
0.12

0.28
0.12
0.30
0.02

0.13
057
0.11
0.13
0.00
0.00





OPS/images/fenrg-09-801428-t001.jpg
Subsystem

Central receiver Li et al. (2010)

RSCO, Ma et al. (2018), Mohammed et al. (2020)

ACPC Wang et al. (2016)

Name

Environment temperature
Environment pressure

Motten salt inlet temperature
Molten salt outlet temperature
Heat received by molten salt
Receiver area

Receiver height

Tube diameter

Tube thickness

Tube conductivity

Reflectivity

Emissivity

Wind velocity

Passes

Insulation layer thickness

Environment temperature
Environment pressure

Waste gas temperature

Main compressor inlet temperature
Heat received in heater

Turbine inlet temperature

Turbine inlet pressure

Pressure ratio

Turbine isentropic energy efficiency
Compressor isentropic energy efficiency
Effectiveness of HTR

Effectiveness of LTR

Environment temperature
Environment pressure

Waste gas temperature

Waste gas pressure

Waste gas mass flow rate

Turbine inlet temperature

Turbine inlet pressure

Turbine outiet pressure

Turbine isentropic energy efficiency
Pump isentropic energy efficiency
Evaporator outlet temperature
Condenser 1 operating pressure

Heat exchanger pinch point temperature
Ammonia concentration of basic solution

Value

20
101.325
290
560
5,000
212
6
0.019
0.00165
197
0.04
08
5
12
0.07

25
101.325
800
32
600
550
200
264
90
85
0.86
0.86

20
101.325
200
150
10
180
2000
700
80
70
15
80
10
28

Unit

kPa
‘c

bar

B

kPa

kPa
kgs!
kPa
kPa
%
%
‘G
kPa
‘c
%





OPS/images/crossmark.jpg
©

|





OPS/images/fenrg-09-801428-g005.gif





OPS/images/math_68.gif
' power

W =

W, -W,

(68)





OPS/images/fenrg-09-801428-g006.gif





OPS/images/math_67.gif





OPS/images/fenrg-09-801428-g003.gif





OPS/images/math_7.gif
(7)





OPS/images/fenrg-09-801428-g004.gif





OPS/images/math_69.gif
Lpower = Lncater + Togor  In + Lex + Lpr + lew + e+ Lp + Draw
Tt Iyt L
(69)





OPS/images/fenrg-09-801428-g009.gif





OPS/images/fenrg-09-801428-g007.gif





OPS/images/math_66.gif
Mafiay = Mgl + My My + Masfy





OPS/images/fenrg-09-801428-g008.gif





OPS/images/math_74.gif
(74)

lotaene = o





OPS/images/fenrg-09-801428-g001.gif





OPS/images/math_71.gif
1)





OPS/images/fenrg-09-801428-g002.gif





OPS/images/math_70.gif





OPS/images/math_73.gif
Rpoverre =~ 73





OPS/images/math_72.gif
(72)





OPS/images/math_58.gif





OPS/images/math_57.gif





OPS/images/math_6.gif
~0.6361,,, + 2090





OPS/images/math_59.gif





OPS/images/math_65.gif
(65)





OPS/images/math_64.gif
2 (Ryy = fag)





OPS/images/math_61.gif





OPS/images/math_60.gif





OPS/images/math_63.gif
(63)





OPS/images/math_62.gif
NP PR P





OPS/images/logo.jpg
’ frontiers
In Energy Research





OPS/images/math_48.gif
(48)






OPS/images/math_5.gif
Comms = 01721, + 1443





OPS/images/math_49.gif
Wi w=mu(hys =)





OPS/images/math_55.gif





OPS/images/math_54.gif





OPS/images/math_56.gif





OPS/images/math_51.gif





OPS/images/math_50.gif





OPS/images/math_53.gif





OPS/images/math_52.gif





OPS/images/math_4.gif
o

@





OPS/images/math_39.gif
My My





OPS/images/math_45.gif
(45)





OPS/images/math_44.gif
Mysfys

Myl + My





OPS/images/math_47.gif
lsept + Loep2 (47)





OPS/images/math_46.gif
(46)






OPS/images/math_41.gif
My

FUNLUTERITLITE





OPS/images/math_40.gif





OPS/images/math_43.gif
My X5

M X6 + Mp7X 7





OPS/images/math_42.gif





OPS/images/math_38.gif





OPS/images/math_3.gif





OPS/images/math_35.gif





OPS/images/cover.jpg
* frontiers
in Energy Research

Performance Improvement of a
Solar-Powered Recompression
Supercritical Carbon Dioxide
Cycle by Introducing an
Ammonia-Water Cooling-Power
System





OPS/images/math_34.gif





OPS/images/math_37.gif





OPS/images/math_36.gif
I






OPS/images/math_31.gif
PR= 5

3





OPS/images/math_30.gif





OPS/images/math_33.gif
(33)





OPS/images/math_32.gif
e (32





OPS/images/math_29.gif





OPS/images/math_28.gif
(28)






