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Abstract

:

With vast amounts of water consumed for electricity generation and water scarcity predicted to rise in the near future, the necessity to evaluate water consumption in power plants arises. Cooling systems are the main source of water consumption in thermoelectric power plants, since water is a cooling fluid with relatively low cost and high efficiency. This study evaluates the performance of two types of power plants: a natural gas combined-cycle and an integrated solar combined-cycle. Special focus is made on the cooling system used in the plants and its characteristics, such as water consumption, related costs, and fuel requirements. Wet, dry, and hybrid cooling systems are studied for each of the power plants. While water is used as the cooling fluid to condense the steam in wet cooling, dry cooling uses air circulated by a fan. Hybrid cooling presents an alternative that combines both methods. We find that hybrid cooling has the highest investment costs as it bears the sum of the costs of both wet and dry cooling systems. However, this system produces considerable fuel savings when compared to dry cooling, and a 50% reduction in water consumption when compared to wet cooling. As expected, the wet cooling system has the highest exergetic efficiency, of 1 and 5 percentage points above that of dry cooling in the conventional combined-cycle and integrated solar combined-cycle, respectively, thus representing the lowest investment cost and highest water consumption among the three alternatives. Hybrid and dry cooling systems may be considered viable alternatives under increasing water costs, requiring better enforcement of the measures for sustainable water consumption in the energy sector.
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1. Introduction


Economic development leads to an increase in water and electricity demand. Water scarcity, however, is expected to create severe social problems in the near future [1,2]. Water shortages will result in difficulties, such as access to drinking water, problems with personal hygiene and sanitation [3], and food shortage issues [4], which are already being experienced in some parts of the world. In addition, climate change will cause a further reduction of water resources and will also impact the properties of water, due to increasing temperatures, and are expected to be exacerbated in the near future [5]. Water shortages and changes in water quality will also have a great impact on the energy sector. Energy conversion and, particularly, thermoelectric power plants, consume vast amounts of water. Thermoelectric power plants use water as the cooling fluid in steam cycles. After generating power in the steam turbine, the steam is condensed through use of a cooling fluid, usually freshwater which is normally associated with lower costs and higher power plant efficiencies [6]. The water cooling systems are the main water consumers in power plants, and their efficiency is reduced at higher water temperatures [7]. The most commonly used cooling technologies in power plants are the once-through cooling system, recirculating wet cooling, dry cooling, and hybrid cooling.



In once-through cooling (open loop) systems, a large amount of water is withdrawn from a nearby water source. Part of the water is discharged back to the water source [8], and some is lost due to evaporation [9,10]. The high environmental impact of this method is mainly related to the large volumes of withdrawn water and the relatively high discharge temperature of the water, which is between 8 and 15 °C above the temperature of the withdrawn water. This can affect the average temperature of the water body and, as a consequence, the existing flora and fauna (e.g., through decreased oxygen solubility and increased respiration rates, which implies reduced oxygen in the water). Water temperature increases can affect the biological activity of aquatic organisms and make them vulnerable to chemical toxicity. In this context, growth has been observed to decrease by 10% per 1 °C of temperature increase. Once-through systems are currently being used only in older power plants, since more recent constructions (since the 1970s) are built with recirculating wet cooling systems [11]. Recirculating wet cooling systems include a cooling tower forming a closed loop system with the condenser of the plant. Water from the cooling tower is used in the condenser and is then returned to the cooling tower at a higher temperature. In the cooling tower, it is brought into contact with ambient air that lowers its temperature, such that it can be used again. From 2% to 3% of the water is lost by evaporation in the process, creating the necessity to supplement with the same quantity of water (make-up water) [12]. Dry cooling uses air as the cooling medium. Both water consumption and withdrawal are avoided, but this method is associated with higher costs [12] and lower plant efficiency as it requires a power input to drive the incorporated fan. The lower operational efficiency implies a loss of 2%–3% of power output that can increase up to 20%–30% when demand peaks in the summer and the efficiency of the cooling system decreases due to high ambient temperatures [13]. Hybrid cooling combines wet and dry cooling systems in parallel, or in series, that operate based on defined specifications [14].



This paper presents the evaluation of two power plants, i.e., a natural gas combined-cycle (NGCC) plant and a concentrated solar power integrated combined-cycle (ISCC) power plant, with three different water cooling systems. The motivation for the paper lies in the evident future water scarcity scenarios and their implications for power plant operation. The ISCC power plant is composed of a concentrated solar power (CSP) field, to generate additional steam to increase the power output of the steam turbine (ST) [15,16], and a conventional NGCC. The combination of these technologies presents several advantages, including the reduction of fossil fuel consumption and CO2 emissions when compared to conventional combined-cycle [17], and cost reduction, when compared to a CSP power plant. Nevertheless, it implies a considerable increase in investment costs when compared to a conventional combined-cycle [15]. The three cooling technologies considered are (a) recirculating wet cooling, (b) dry cooling, and (c) hybrid cooling. The hybrid cooling alternative includes a recirculating wet and dry system connected in parallel [14,18]. During warmer days, the total mass flow of steam is condensed using the wet cooling system, while during colder days, the cooling system works in dry cooling mode. The plants are simulated in design and off-design mode, and are evaluated using exergetic, economic, and exergoeconomic analyses.



The performance of combined-cycles and ISCCs has been previously reported in several papers published in literature. Achour et al. (2018) evaluated the performance of an ISCC in south Algeria, obtaining higher solar-to-electricity and combined-cycle efficiencies during summer and sunny days [19]. Binamer et al. (2019) developed a mathematical model to assess the performance of an ISCC power plant in Kuwait, obtaining higher efficiencies than those of conventional plants in the same area, as well as a reduction in carbon emissions [20]. Calise et al. (2018) simulated a dynamic model of an ISCC and compared it to a conventional combined-cycle using thermoeconomic criteria and the case study of a plant located in Almeria (Spain) [21]. Their results showed higher efficiencies for the ISCC when compared to the conventional combined-cycle, while from an economic viewpoint, the profitability of the ISCC plant is highly affected by the capacity of the solar field. Bonforte et al. (2018) applied exergoeconomic and exergoenvironmental analyses to compare an ISCC gas turbine (ISCCGT) to a conventional combined-cycle gas turbine. The ISCCGT showed better environmental performance, since the lower fuel mass flow led to a reduction in greenhouse gas emissions [22]. Furthermore, they evaluated the change in capital cost with increasing solar hybridization and decreasing natural gas. Ameri and Mohammadzadeh (2018) presented the thermodynamic, thermoeconomic, and lifecycle assessment of an ISCC and compared it to a combined-cycle plant [23]. It was found that the environmental impact on human health and resource damage was lower with the ISCC, while ecosystem damage was lower for the combined-cycle plant, due to smaller land occupation.



The main novelty of this work is that it focuses on the use of water, presenting a comparative evaluation of cooling systems under different capacities and ambient conditions. Deeper water scarcity is expected to significantly affect electricity production in the near future. The need to develop more sustainable cooling options—that consume less water and allow higher power plant efficiencies at relatively low costs than the actual dry cooling systems—is indisputable. The reduction of water withdrawal and consumption in power plants would not only imply an environmental advantage in providing a way to sort out the issue of electric power generation in locations with water scarcity, but would also allow power plants to be less dependent on nearby water sources such that they could continuously supply electricity even in times of drought [24]. Lastly, the exergy-based analyses presented here allow for a complete and accurate evaluation of the plants and the cooling systems.




2. Methodology


2.1. Exergetic Analysis


Energetic analysis is based on the first law of thermodynamics and cannot reveal the real location and quantification of inefficiencies of energy systems and, therefore, can be misleading when used to evaluate an energy system [25]. Exergetic analysis, on the other hand, relies on the concept of exergy, and identifies the location and magnitude of thermodynamic inefficiencies in processes [22,26]. Exergy analysis offers also a more detailed assessment of power plant components, allowing for better comprehension of the operation of the plant overall, and making the design, evaluation, and optimization of power plants more effective [27]. Exergetic analysis can be further combined with economic and environmental issues in exergoeconomic and exergoenvironmental analyses [28,29].



In an exergetic analysis, the exergy of the fuel (EF), the exergy of the product (EP), and the exergy destruction (ED) of each component of an energy system are calculated. The fuel represents the expense of resources to generate a determined product, while the product is the desired outcome within the thermodynamic process [28]. The exergetic efficiency (ε) is the ratio between the exergy of product and fuel, and is defined both at the component and plant level.


εk/tot=EP,k/totEF,k/tot×100 [%]



(1)






ED,k/tot=EF,k/tot−EP,k/tot [MW]



(2)







In the case of the overall system (tot), ED includes the exergy loss of the system (EL,tot):


ED,tot=EF,tot−EP,tot−EL,tot [MW].



(3)







In this work, a MATLAB script has been used to perform exergetic analysis of the power plants. The program calculates the exergy of each stream of the plant, and exergy balances are later written at the component level.



Exergetic analysis has been applied elsewhere to evaluate energy conversion systems in numerous studies in the last decades (e.g., [30,31,32,33]).




2.2. Economic Analysis


A detailed economic analysis was carried out for each simulated power plant. The investment costs were calculated for 2017, considered as the actual year. The fixed capital investment (FCI) of each plant component was estimated from its purchase equipment cost (PEC) using published references, and adapted to the capacity and year of the plants under consideration. For this purpose, the following equations were used [34,35]:


Cy=Cw×(XyXW)α [€],



(4)






Creference year=Coriginal year×Cost Indexreference yearCost Indexoriginal year [€],



(5)




where Cy is the calculated PEC at a given capacity (Xy), and Cw is the reference PEC of the same component with capacity XW. The exponent α is usually less than one [34].



The investment cost rates (Z˙k) in cent/s for the exergoeconomic analysis were computed from the investment costs of the plant components using the following equation:


Z˙k=(carrying charges+O&M)(PECtot×τ)×PECk [€s],



(6)




where τ is the annual operating hours and O&M are the operating and maintenance costs. Carrying charges result from the subtraction of O&M and fuel costs from the total rate of return (TRR). These cost rates are inputs for the exergoeconomic analysis.




2.3. Exergoeconomic Analysis


Exergoeconomic analysis couples the results of the exergetic analysis with calculated costs. The total costs for each component are calculated by summing up the cost rate of exergy destruction (C˙D,k) and the investment cost rate (Z˙k). A higher total cost of a certain component shows a bigger impact of the component on the overall plant.



The exergoeconomic factor (f) and relative cost difference (r) are calculated at both the component (k) and the plant level (tot) using the following equations.


fk/tot=Z˙k/totC˙D,k/tot+Z˙k/tot [−]



(7)






rk/tot=cp,k/tot−cf,k/totcf,k/tot [−]



(8)







fk is an indicator of the contribution of Z˙k to the total cost (C˙D,k+Z˙k). High values of fk suggest a high Z˙k, implying that reduction of the investment costs of the particular component should be considered. A low fk value implies a high C˙D,k, meaning that a reduction in exergy destruction of this component must be prioritized. rk is an indicator of the difference between the specific cost of product (cp,k) and fuel (cf,k) [35].





3. Simulations


The simulations of the plants were realized using the commercial software EBSILON Professional. For each power plant we realized three simulations, each with a different cooling system: wet recirculating, dry, and hybrid cooling. The gas turbine (GT) in all of the power plants was simulated as the heavy-duty GT of Siemens SGT5-4000F (50 Hz). The power output of the power plants was 427 MW, which was kept constant throughout the study.



3.1. Simulation of the NGCC


A simplified flow diagram of the plant is shown in Figure 1, with operating parameters of the components found in Table 1. The steam turbine of the combined-cycle power plant has three pressure levels with a reheating stage before the intermediate-pressure steam turbine (IPST). The GT and ST power outputs are 285 and 143 MW, respectively, and the efficiency of the reference plant (NGCC with wet cooling system) is 58.2% (base case). The ambient temperature and pressure of the base case are 15 °C and 1.013 bar.



Natural gas with a mass flow of 14.7 kg/s is injected to the combustion chamber (Stream 51). The maximum temperature of the whole cycle is achieved at the outlet of the combustion chamber (Stream 3, 1240 °C). The required fuel mass flow is slightly higher when the dry cooling system is used (14.9 kg/s), since the power output of the plant is kept constant; here, some power is required to drive the dry cooling system. The heat recovery steam generator (HRSG) is comprised of three pressure levels, each of them with a superheater (SH), evaporator (EVAP), and economizer (ECON). Superheated steam enters the ST at 125 bar (Stream 19) and exits at the low-pressure (LP) end with a pressure of 0.05 bar (Stream 25). Then, the steam is condensed into liquid water and enters the HRSG to close the cycle.



In the case of the wet cooling system, the mass flow of the steam is 103.6 kg/s (Stream 25) and is condensed by means of cooling water flowing at a rate of 9736.5 kg/s (Stream 45). The cooling water is circulated between the condenser and the cooling tower, where the warmer water comes into contact with ambient air (Stream 49) used to decrease the temperature of the water. Some of the water is evaporated in the process and, therefore, lost. This lost water is made up through a stream with a mass flow of 102.8 kg/s entering into the cooling tower (Stream 48). In the dry cooling system (modification shown on the left panel of Figure 2), the steam is condensed in an air condenser with a mass flow of air of 30,273.2 kg/s (Stream 45), which is passed through the condenser using a fan driven with electricity. This causes an efficiency loss in the overall plant due to the power required to drive the fan (7.2 MW). In the case of the simulation with the hybrid cooling system (modification shown on the right panel of Figure 2), the performance was the same as that of the wet or dry cooling systems, depending on the active cooling mode. The dry cooling mode is used during colder months and the wet cooling mode is used during warmer months.



The exergy balances used to calculate the EF, EP, and ED of each component of the NGCC power plant are shown in Table A1 of Appendix A.




3.2. Simulation of the ISCC


The CSP-integrated combined cycle consists of two parts: a parabolic trough solar field and an NGCC (Figure 3). The solar field heats up a thermal fluid that is then used to produce steam in a secondary HRSG (HRSG1). HRSG1 is coupled with the three-pressure level HRSG of the combined cycle (HRSG2). This additional steam provided by the solar field increases the power output of the ST when compared to the base NGCC. In order to achieve a total power output of the plant equal to that of the base NGCC, the power output of the gas turbine and, thus, the fuel it requires is reduced. This leads to a higher operational efficiency considering natural gas as the only fuel when calculating the efficiency of the plant. Since the solar part only works when solar energy is available, the plant operates as a normal combined cycle at night. The design simulation was realized for the 21 June (summer solstice) at 12:00 with a direct normal irradiation (DNI) of 950 W/m2 and an ambient temperature of 33.4 °C (reference year: 2017). As mentioned above, three simulations of this power plant are realized with wet cooling, dry cooling and hybrid cooling systems. As the steam mass flow in the Rankine cycle of the ISCC is higher than in the base NGCC plant (due to the higher quantity of steam generated), the cooling system also requires, in this case, more cooling water (in the case of the wet cooling system) and higher power input to drive the fan (in the case of the dry cooling system). Operating parameters of the plant components are shown in Table 2.



The fuel mass flow used in the combustion chamber for the static simulation (summer solstice, CSP field providing additional steam) is 11.4 and 12.2 kg/s (Stream 72) with wet and dry cooling, respectively. The cycle reaches its maximum temperature (Stream 3, 1231.9 °C) at the outlet of the combustion chamber. As in the base natural gas plant, HP steam enters the ST at 129.7 bar (Stream 34), and exits the LPST at 0.05 bar (Stream 40). In the case of the incorporation of the dry cooling system, the outlet pressure of the ST is 0.12 bar due to the high temperature of the air (33.4 °C, ambient temperature) in the air-cooled condenser; the steam exiting the steam turbine is then condensed into liquid water by passing through the cooling system of the plant.



When the wet cooling system is used, the mass flow of the steam to be condensed is 189.8 kg/s. Cooling water is circulated between the condenser and the cooling tower (Streams 66 and 67). The water flow is 16,207.3 kg/s (Stream 66) and air (Stream 70) is used to cool it down in order to be reused in the cooling system. The evaporation losses are compensated by a stream of supplemented water with a mass flow rate of 233.6 kg/s (Stream 69). In the case of the dry cooling system, the steam is condensed with air at a rate of 41,567.6 kg/s. The power input to drive the fan of the cooling system is 10.5 MW, a value higher than that of the base NGCC plant, mainly due to the higher mass flow of steam that needs to be condensed here.



The exergy balances used to calculate the EF, EP, and ED for each component of the ISCC power plant are shown in Table A2 of Appendix A.



As the operation of the ISCC is highly dependent on weather conditions, it is convenient to consider such variations in order to better understand the performance of the plant. To do so, a dynamic simulation of the performance of the power plant throughout the year has been realized. Ambient data of five consecutive years (2005–2009) in Seville have been used to compute the mean ambient temperature and sun DNI at every hour and over the whole year. This hourly mean was used as input data for the dynamic simulation. The simulations show a higher ST power output during the warmest months of the year. This is when the solar effective heat is also higher, and the solar field provides more additional steam. During these months, and given the constant power output of the plant, there is a lower GT power output and, therefore, lower fuel consumption, which results in higher operational efficiencies. The average fuel mass flow of the power plant computed from the hourly data of the dynamic simulation, including night hours and cloudy days, was 13.2 and 13.5 kg/s when wet and dry cooling were respectively used. The selected results for 10 days in January and 10 days in July are presented in Figure 4, Figure 5 and Figure 6.





4. Results


Cooling water demand is an important focal point of this work. In this sense, when a wet cooling system is used, the water consumption is 0.74 L/kWh in the NGCC, meaning 2.8 million m3 of water are consumed annually. In the case of the hybrid cooling system, the water consumption was reduced to half (0.37 L/kWh and 1.4 million m3 annually), given that it works in wet cooling mode for half of the year. In the ISCC, the water consumption is considerably higher than in the NGCC. It reaches 1.68 and 0.84 L/kWh, which accounts for an annual water consumption of 6.37 and 3.2 million m3 when using the wet and hybrid cooling systems, respectively. This higher water consumption is due to the higher steam mass flow passing through the cooling system in the ISCC when compared to the NGCC. A capacity factor of 85% has been assumed for both the NGCC and the ISCC.



The CO2 emissions of the power plants depend on the types of cooling systems implemented and power plant technology used. Such differences lead to variations in the required fuel. The NGCC releases annually 1078.6, 1096.8, and 1087.7 kt of CO2 when dry, wet, and hybrid cooling are used, respectively. The CO2 emissions of the ISCC are lower than that of the NGCC, due to the lower fuel mass flow required. This plant releases 987.4, 1004.7, and 996.0 kt of CO2 with wet, dry, and hybrid cooling systems, respectively.



Detailed results of the exergetic, economic, and exergoeconomic analyses for all simulated plants at the stream and component level are listed in Table A3, Table A4, Table A5, Table A6, Table A7, Table A8, Table A9 and Table A10 of Appendix A of the paper, while selected results of the analyses are commented on below.



4.1. Exergetic Analysis


The main results of the exergetic analysis of both the NGCC and the ISCC are shown in Table 3. The power input necessary to drive the fan of the air-cooled condenser in the NGCC using dry cooling leads to a lower exergetic efficiency, compared to the same plant using wet cooling. This additional power use leads to a higher fuel consumption, which increases the total exergy of fuel of the plant EF,tot. Since the total power output is kept constant, the overall exergy of product, EP,tot, is very similar for all the simulated plants. The higher E˙F,tot of the dry cooling simulation, the equal E˙P,tot, and similar total exergy loss, E˙L,tot, make the total exergy destruction, E˙D,tot (E˙F,tot−E˙P,tot−E˙L,tot), of the simulation with the dry cooling system higher than that of wet cooling. When the NGCC is simulated with a hybrid cooling system, it reflects an exergetic efficiency between the ones achieved with the wet and dry cooling options. This is because the hybrid cooling system alternates between wet and dry cooling modes.



When looking at the component-level results of the NGCC plant with wet and dry cooling systems (Table A7 and Table A8), the combustion chamber is identified as the component with the highest thermodynamic inefficiencies. In this case, 29.3% of the E˙F,tot is destroyed. This contributes to 71.2% and 71.6% of the total exergy destruction with wet and dry cooling, respectively. In the combustion chamber, the exergy destroyed is mainly due to the chemical reaction taking place there. Since the additional power input to drive the air-cooled condenser resulted in a higher mass flow of fuel, the exergy destruction of the combustion chamber when dry cooling was used is slightly higher (227.2 MW) than the one using wet cooling (223.4 MW). The next component with high contribution of exergy destruction is the expander of the gas turbine system, with 3.2% of the E˙F,tot being destroyed there. Exergy destruction within the gas turbine is mostly due to friction. In the dry cooling simulation, the exergy destruction within the air-cooled condenser is also high when compared to the other components, due to the higher E˙F as a consequence of the fan power input. Among the remaining components, the HRSG is next in exergy destroyed, followed by the compressor of the gas turbine system.



In the ISCC, the combined-cycle efficiency (73.8% with wet cooling) was higher than that of the base NGCC (57.3% with wet cooling), since the plant has smaller fuel consumption. Less fuel was required in this case because of the additional superheated steam provided by the solar field. This increased the steam turbine power output without the need for more fossil fuel input and, consequently, the exergy destruction of this plant was lower than that of the NGCC. As in the case of the NGCC, a difference between the wet and dry cooling systems was observed, this time, even greater. The higher steam mass flow in the Rankine cycle from the addition of the solar plant leads to a higher cooling demand, resulting in a relatively higher power input required for the dry cooling system. This power input was higher in the case of the ISCC than it was in the case of the NGCC causing, thus, a bigger difference in the total exergy of the fuel of the plant.



At the component level (Table A9 and Table A10), the combustion chamber shows the highest exergy destruction (same as in the NGCC simulation), corresponding to 28.9% and 28.4% of the E˙F,tot of the plant with wet and dry cooling, respectively. The E˙D within the combustion chamber was higher when using dry cooling, due to the higher fuel consumption. The next components in exergy destruction are the expander of the GT system and the cooling system components (condenser and cooling tower in wet cooling, and air-cooled condenser in dry cooling). In the HRSGs, the exergy destroyed in the HP level was higher than that of the IP and LP levels, mainly because of the higher temperatures on the hot side of the heat exchangers that increased the heat transfer.



The main results of the exergetic analysis of the dynamic simulation of the ISCC are shown in Table 4; since the plant produces additional steam using solar energy only when solar irradiation is available, the power plant operates as a conventional combined-cycle when the irradiation is unavailable. Given that the power output is constant, when the solar field is not providing additional steam, the fuel mass flow of the plant increases. This increases the average E˙F,tot of the plant and lowers its efficiency. The ISCC allows a mean annual efficiency 6 percentage points higher than that of the NGCC. Since hybrid cooling works in both wet and dry cooling mode equally during the year, the exergetic results of the plant using this cooling system are between those obtained for the other two cooling technologies.




4.2. Economic Analysis


The main results of the economic analysis of each power plant are shown in Table 5. The FCI differences among the NGCC power plants stem from the cooling technology used. Dry cooling has a much higher investment cost than wet cooling. Hybrid cooling assumes operation as a wet cooling or as a dry cooling system, depending on the weather conditions. It is thus necessary that all components involved in the cooling systems are able to work at full capacity. The FCI of the plant with hybrid cooling includes, thus, the sum of the two cooling systems.



As the power output of the three power plants is the same, and considering that dry cooling technology requires power input for the fan of the air-cooled condenser, the amount of fuel needed for dry cooling is relatively higher. This makes the absolute total cost of fuel for the power plant with dry cooling higher than that of the same plant with wet cooling. The total cost of fuel for the plant using dry cooling is estimated to be 85.3 M€/year for mid-2021 (2021 being the first year of commercial operation), while when using wet cooling, the cost of fuel reaches 83.9 M€/year.



The FCI of the ISCC plant is considerably higher than that of the NGCC due to the addition of the solar part. At 160.9 M€, the component with the highest cost—and, thus, the highest impact on the total cost of the plant—is the parabolic trough field. Despite the high cost, CSP technology helps to save fuel whenever the ambient conditions allow it. In this case, the cooling systems have a higher FCI when compared to the NGCC, mainly due to the higher mass flow of steam in the Rankine cycle. This mass flow increase also causes higher cost differences between the different cooling systems.



The cost of fuel for the plant using dry cooling is estimated to be 77.2 M€/year for mid-2021 (first year of commercial operation), while for wet cooling, the cost of fuel reaches the 75.8 M€/year. The cost of fuel was computed with the mean fuel mass flow of the hourly fuel mass flow throughout a year (dynamic simulation).




4.3. Exergoeconomic Analysis


Selected results obtained from the economic analysis of the plants are shown in Table 6. Due to its relatively lower investment cost and fuel consumption, wet cooling results in the lowest levelized cost of electricity (COE) in the case of the NGCC. Using the dry cooling system implies the highest COE, followed closely by hybrid cooling. The COE is related to both the investment and the fuel used in each power plant. Calculations show that 77% of the total COE stems from fuel consumption, while only 23% is associated with investment. Even though the total investment cost rate, Z˙, was higher for the hybrid cooling power plant, the fuel consumption was lower than that of the plant with dry cooling. This happens because the dry cooling infrastructure was only used for half of the year, reducing the power input of the fan to half of that needed in the plant with dry cooling. However, this fuel reduction does not imply a significant fuel variation. The COE of the power plant with hybrid cooling is thus found to be slightly lower than that of the power plant using dry cooling.



When looking at the component-level results of all simulations with the three cooling systems (Table A7, Table A8, Table A9 and Table A10), the highest cost of exergy destruction, C˙D,k, was found for the combustion chamber. This is due to the high exergy destruction within this component. The expander of the GT system, the compressor and the LPST were next in C˙D,k and total cost (C˙D,k+Z˙k), in that order. Among the pressure levels of the HRSG, the highest C˙D,k was found to be at the high-pressure level, and is explained by the higher exergy destruction there.



The exergoeconomic factor, fk, was relatively high in the HPSH and IPEVAP within the HRSG, which means that a reduction in the investment costs of these components should be considered. The fk of the combustion chamber was low due to its high C˙D,k when compared to its Z˙k, as caused by the high exergy destruction in this component.



In the case of the ISCC, the COE of the wet cooling alternative was even lower than that of the NGCC plant. This is due to the already explained contribution of both investment cost rate and fuel cost rate to the COE, and the fact that the fuel use in the ISCC is highly reduced when compared to the NGCC (even though the investment cost of the ISCC is much higher). However, when using dry cooling, the COE was considerably higher than in the NGCC plant. We also observed a larger difference among the COE of the ISCC plants with different cooling technologies than in the NGCC, which is due to the higher steam mass flow passing through the cooling systems, increasing the power input of the air-cooled condenser. The difference in fuel consumption due to the cooling system determines the differences among the calculated COE.



The fk of the pumps of the plants was relatively low, suggesting a potential reduction in the exergy destruction of these components. A low value of fk was found for the combustion chamber, as its C˙D,k highly exceeds its Z˙k. Investment cost reductions should be considered for the components of the HRSGs of the plants.





5. Conclusions


This work evaluated and compared the thermodynamic and economic performance of a conventional combined-cycle power plant and an integrated solar combined-cycle plant with three cooling systems. The average fuel mass flow reduction in the solar-assisted plant, in comparison to the conventional combined-cycle, was 1.41 and 1.43 kg/s, with wet and dry cooling, respectively. The lower fuel mass flow led to 91.2 kt less CO2 emissions in the integrated solar combined-cycle than in the base plant when using wet cooling, and 92.1 kt less when using dry cooling. Overall, the total fuel saved in the solar-integrated power plant implies an important fuel cost reduction, and resulted in a mean annual operational efficiency six percentage points higher. Nevertheless, the higher steam mass flow in the plant due to the additional input from the solar part requires a larger cooling system capacity (6.3 vs. 2.8 million m3 of cooling water per year), increasing the cooling system investment costs. A comparison between the conventional combined-cycle and the integrated solar-combined cycle is shown in Table 7.



When comparing the different cooling systems, the highest water consumption takes place, as expected, with wet cooling, followed by hybrid cooling that works in wet cooling mode for half of the year. Wet cooling was also found to have the lowest cost of electricity, as its investment cost rate and fuel consumption were the lowest when compared to the other cooling systems. The highest investment cost was found for the hybrid cooling system, as it includes both wet and dry cooling technologies. Nevertheless, the dry cooling system investment cost is significantly higher than that of the wet cooling system. Dry cooling also led to the highest cost of electricity among all cooling technologies (1.4 and 4.8 €/MWh higher than that of wet cooling in the base and the integrated solar combined plant, respectively). When looking at the CO2 emissions, our calculations show that switching from a dry cooling system to a hybrid cooling system can save up to 9 kt of CO2 per year of operation in the case of the base plant, and 8.6 kt in the integrated solar combined-cycle. A comparison between the wet, dry, and hybrid cooling systems is shown in Table 8.



Nowadays, most power plants use closed wet-recirculating cooling systems, mainly because of the relatively efficient and economical operation of the technology when compared with dry cooling, and a lower environmental impact when compared to open-loop systems (once-through cooling). However, with rising global water scarcity and other environmental concerns, there is a need to incorporate cooling options with lower water consumption. Hybrid cooling presents an option that allows higher power plant efficiencies when compared to dry cooling, but also lower water consumption than wet cooling. This also results in a lower cost of electricity and significantly lower CO2 emissions than dry cooling (assuming relatively low cost of water) and thus can be considered a viable future option for cooling systems.
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Nomenclature




	
Abbreviations




	
NGCC

	
natural gas combined-cycle




	
CSP

	
concentrated solar power




	
GT

	
gas turbine




	
ST

	
steam turbine




	
HRSG

	
heat recovery steam generator




	
HP

	
high pressure




	
ISCC

	
integrated solar combined-cycle




	
IP

	
intermediate pressure




	
LP

	
low pressure




	
SH

	
superheater




	
EVAP

	
evaporator




	
ECON

	
economizer




	
RH

	
reheater




	
COMP

	
compressor




	
CC

	
combustion chamber




	
G

	
generator




	
COND

	
condenser




	
AC COND

	
air-cooled condenser




	
DNI

	
direct normal irradiance




	
FCI

	
fixed capital investment




	
PEC

	
purchase equipment cost




	
O&M

	
operating and maintenance




	
TRR

	
total rate of return




	
COE

	
cost of electricity




	
Symbols




	
E

	
exergy




	
E˙

	
exergy rate




	
c

	
cost per exergy unit




	
C˙

	
cost rate of exergy stream/component




	
T

	
temperature




	
p

	
pressure




	
m˙

	
mass flow rate




	
ε

	
exergetic efficiency




	
y

	
exergy destruction ratio




	
Z˙

	
investment cost rate




	
f

	
exergoeconomic factor




	
r

	
relative cost difference




	
Subscripts




	
k

	
component index




	
D

	
destruction (exergy)




	
F

	
fuel (exergy)




	
P

	
product (exergy)




	
CH

	
chemical (exergy)




	
PH

	
physical (exergy)




	
TOT

	
total









Appendix A




[image: Table]





Table A1. Exergy balances of the NGCC power plant at the component level.






Table A1. Exergy balances of the NGCC power plant at the component level.





	Component
	Exergy of the Fuel
	Exergy of the Product
	Exergy Destruction





	Compressor
	EF,Comp=WComp=m˙ (h2−h1)
	EP,comp=E2−E1
	ED,comp=EF,comp−EP,comp



	CC
	EF,cc=E51
	EP,cc=E3−E2
	ED,cc=EF,cc−EP,cc



	GT
	EF,GT=E3−E4
	EP,GT=WGT+Wcomp=m˙(h3−h4)∗nel
	ED,GT=EF,GT−EP,GT



	HPSH
	EF,HPSH=E5−E6
	EP,HPSH=E19−E18
	ED,HPSH=EF,HPSH−EP,HPSH



	RH
	EF,RH=E7−E8
	EP,RH=E22−E21
	ED,RH=EF,RH−EP,RH



	HPEvap
	EF,HPEvap=E9−E10
	EP,HPEvap=E18−E44
	ED,HPEvap=EF,HPEvap−EP,HPEvap



	HPEcon
	EF,HPEcon=E10−E11
	EP,HPEcon=E44−E43
	ED,HPEcon=EF,HPEcon−EP,HPEcon



	IPSH
	EF,IPSH=E11−E12
	EP,IPSH=E42−E41
	ED,IPSH=EF,IPSH−EP,IPSH



	IPEvap
	EF,IPEvap=E12−E13
	EP,IPEvap=E41−E40
	ED,IPEvap=EF9−EP9



	IPEcon
	EF,IPEcon=E13−E14
	EP,IPEcon=E40−E39
	ED,IPEcon=EF,IPEcon−EP,IPEcon



	LPSH
	EF,LPSH=E14−E15
	EP,LPSH=E37−E36
	ED,LPSH=EF,LPSH−EP,LPSH



	LPEvap
	EF,LPEvap=E15−E16
	EP,LPEvap=E34−E33
	ED,LPEvap=EF,LPEvap−EP,LPEvap



	LPEcon
	EF,LPEcon=E16−E17
	EP,LPEcon=E28−E27
	ED,LPEcon=EF,LPEcon−EPLPEcon



	HPST
	EF,HPST=E19−E20
	EP,HPST=WHPST=m ˙(h19−h20)∗nel
	ED,HPST=EF,HPST−EP,HPST



	MPST
	EF,MPST=E22−E23
	EP,MPST=WMPST=m ˙(h22−h23)∗nel
	ED,MPST=EF,MPST−EP,MPST



	LPST
	EF,LPST=E24−E25
	EP,LPST=W14=m ˙(h24−h25)∗nel
	ED,LPST=EF,LPST−EP,LPST



	P1
	EF,P1=WP1=m ˙(h33−h32)/nel
	EP,P1=E33−E32
	ED,P1=EF,P1−EP,P1



	P2
	EF,P2=WP2=m ˙(h39−h38)/nel
	EP,P2=E39−E38
	ED,P2=EF,P2−EP,P2



	P3
	EF,P3=WP3=m ˙(h43−h31)/nel
	EP,P3=E43−E31
	ED,P3=EF,P3−EP,P3



	P4
	EF,P4=WP4=m ˙(h27−h26)/nel
	EP,P4=E27−E26
	ED,P4=EF,P4−EP,P4



	Cond
	-
	-
	ED,Cond=E25−E26+E45−E46



	Cooling Tower
	-
	-
	ED,CT=E48+E46+E49−E45−E47−E50



	Deaerator
	EF,Deaereator=m35×(E35m35−E29m29)
	EP,Deaerator=m28×(E29m29−E28m28)
	ED,Deaerator=EF,Deaerator−EP,Deaerator



	mixer 1
	EF,M1=m23×(E23m23−E24m24)
	EP,M1=m37×(E24m24−E37m37)
	ED,M1=EF,M1−EP,M1



	mixer 2
	EF,M2=m20×(E20m20−E21m21)
	EP,M2=m42×(E21m21−E42m42)
	ED,M2=EF,M2−EP,M2



	mixer 3
	EF,M3=m8×(E8m8−E9m9)
	EP,M3=m6×(E9m9−E6m6)
	ED,M3=EF,M3−EP,M3



	Total
	EF,tot=E1+E51
	EP,tot=Wtot
	ED,tot=EF,tot−EP,tot−EL,tot∗∗EL,tot=E17+E47+E50−E48−E49
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Table A2. Exergy balances of the ISCC power plant at the component level.






Table A2. Exergy balances of the ISCC power plant at the component level.





	Component
	Exergy of the Fuel
	Exergy of the Product
	Exergy Destruction





	Compressor
	EF,Comp=WComp=m ˙( h2−h52)
	EP,Comp=E2−E52
	ED,Comp=EF,Comp−EP,Comp



	CC
	EF,CC=E72
	EP,CC=E3−E2
	ED,CC=EF,CC−EP,CC



	GT
	EF,GT=E3−E4
	EP,GT=WGT+WComp=m ˙(h3−h4)∗nel
	ED,GT=EF,GT−EP,GT



	HP2 SH
	EF,HP2SH=E4−E5
	EP,HP2SH=E33−E32
	ED,HP2SH=EF,HP2SH−EP,HP2SH



	HP2 Evap
	EF,HP2Evap=E5−E6
	EPHP2Evap=E31−E64
	ED,HP2Evap=EF,HP2Evap−EP,HP2Evap



	IP2 SH
	EF,IP2SH=E6−E7
	EP,IP2SH=E59−E58
	ED,IP2SH=EF,IP2SH−EP,IP2SH



	HP2 Econ
	EF,HP2Econ=E7−E8
	EP,HP2Econ=E63−E62
	ED,HP2Econ=EF,HP2Econ−EP,HP2Econ



	IP2 Evap
	EF,IP2Evap=E8−E9
	EP,IP2Evap=E57−E56
	ED,IP2Evap=EF,IP2Evap−EP,IP2Evap



	IP2 Econ
	EF,IP2Econ=E9−E10
	EP,IP2Econ=E55−E54
	ED,IP2Econ=EF,IP2Econ−EP,IP2Econ



	LP2 Evap
	EF,LP2Evap=E10−E11
	EP,LP2Evap=E49−E48
	ED,LP2Evap=EF,LP2Evap−EP,LP2Evap



	LP2 Econ
	EF,LP2Econ=E11−E12
	EP,LP2Econ=E46−E45
	ED,LP2Econ=EF,LP2Econ−EP,LP2Econ



	Preheater
	EF,PH=E12−E13
	EP,PH=E43−E42
	ED,PH=EF,PH−EP,PH



	HP1 SH
	EF,HP1SH=E15−E16
	EP,HP1SH=E30−E29
	ED,HP1SH=EF,HP1SH−EP,HP1SH



	HP1 Evap
	EF,HP1Evap=E16−E17
	EP,HP1Evap=E29−E28
	ED,HP1Evap=EF,HP1Evap−EP,HP1Evap



	HP1 Econ
	EF,HP1Econ=E17−E18
	EP,HP1Econ=E28−E27
	ED,HP1Econ=EF,HP1Econ−EP,HP1Econ



	IP1 SH
	EF,IP1SH=E18−E19
	EP,IP1SH=E26−E25
	ED,IP1SH=EF,IP1SH−EP,IP1SH



	IP1 Evap
	EF,IP1Evap=E19−E20
	EP,IP1Evap=E25−E24
	ED,IP1Evap=EF,IP1Evap−EP,IP1Evap



	IP1 Econ
	EF,IP1Econ=E20−E21
	EP,IP1Econ=E24−E23
	ED,IP1Econ=EF,IP1Econ−EP,IP1Econ



	P1
	EF,P1=WP1=m ˙(h22−h21)/nel
	EP,P1=E22−E21
	ED,P1=EF,P1−EP,P1



	Solar field
	EF,SF=Qsolar×Ψs∗
	EP,SF=E14−E22
	ED,,SF=EF,,SF−EP,SF



	ST1
	EF,ST1=E34−E35
	EP,ST1=WST1=m ˙(h34−h35)∗nel
	ED,ST1=EF,ST1−EP,ST1



	ST2
	EF,ST2=E36−E37
	EP,ST2=WST2=m ˙(h36−h37)∗nel
	ED,ST2=EF,ST2−EP,ST2



	ST3
	EF,ST3=E38−E39
	EP,ST3=WST3=m ˙(h38−h39)∗nel
	ED,ST3=EF,ST3−EP,ST3



	ST4
	EF,ST4=E39−E40
	EP,ST4=WST4=m ˙(h39−h40)∗nel
	ED,ST4=EF,ST4−EP,ST4



	P2
	 EF,P2=WP2=m ˙(h45−h44)/nel
	EP,P2=E45−E44
	ED,P2=EF,P2−EP,P2



	P3
	 EF,P3=WP3=m ˙(h53−h47)/nel
	EP,P3=E53−E47
	ED,P3=EF,P3−EP,P3



	P4
	 EF,P4=WP4=m ˙(h61−h60)/nel
	EP,P4=E61−E60
	ED,P4=EF,P4−EP,P4



	P5
	 EF,P5=WP5=m ˙(h42−h41)/nel
	EP,P5=E42−E41
	ED,P5=EF,P5−EP,P5



	Cond
	-
	-
	ED,Cond=E40−E41+E66−E67



	Cooling Tower
	-
	-
	ED,CT=E67+E69+E70−E66−E68−E71



	Deaerator
	EF,Deaerator=m51×(E51m51−E44m44)
	EP,Deaerator=m43×(E44m44−E43m43)
	ED,Deaerator=EF,Deaerator−EP,Deaerator



	mixer 1
	EF,M1=m26×(E26m26−E58m58)
	EP,M1=m57×(E58m58−E57m57)
	ED,M1=EF,M1−EP,M1



	mixer 2
	EF,M2=m30×(E30m30−E32m32)
	EP,M2=m31×(E32m32−E31m31)
	ED,M2=EF,M2−EP,M2



	mixer 3
	EF,M3=m33×(E33m33−E34m34)
	EP,M3=m65×(E34m34−E65m65)
	ED,M3=EF,M3−EP,M3



	mixer 4
	EF,M4=m35×(E35m35−E36m36)
	EP,M4=m59×(E36m36−E59m59)
	ED,M4=EF,M4−EP,M4



	mixer 5
	EF,M5=m50×(E50m50−E38m38)
	EP,M5=m37×(E38m38−E37m37)
	ED,M5=EF,M5−EP,M5



	Total
	EF,tot=E52+E72
	EP,tot=Wtot
	ED,tot=EF,tot−EP,tot−EL,totEL,tot=E13+E68+E71−E69−E70







∗Ψs=[1−43(TaTs)+13(TaTs)4];with Ta being the ambient temperature and Ts=5600 K.
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