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Abstract

:

The latest developments in solar technologies demonstrated that the solar central receiver configuration is the most promising application among concentrated solar power (CSP) plants. In CSPs solar-heated air can be used as the working fluid in a Brayton thermal cycle and as the heat transfer fluid for a Rankine thermal cycle as an alternative to more traditional working fluids thereby reducing maintenance operations and providing the power section with a higher degree of flexibility To supply thermal needs when the solar source is unavailable, an auxiliary burner is requested. This configuration is adopted in the Julich CSP (J-CSP) plant, operating in Germany and characterized by a nominal power of 1.5 MW, the heat transfer fluid (HTF) is air which is heated in the solar tower and used to produce steam for the bottoming Rankine cycle. In this paper, the J-CSP plant with thermal energy storage has been compared with a hybrid CSP plant (H-CSP) using air as the working fluid. Thermodynamic and economic performances of all the simulated plants have been evaluated by applying both exergy analysis and thermoeconomic analysis (TA) to determine the yearly average operation at nominal conditions. The exergy destructions and structure as well as the exergoeconomic costs of products have been derived for all the components of the plants. Based on the obtained results, the thermoeconomic design evaluation and optimization of the plants has been performed, allowing for improvement of the thermodynamic and economic efficiency of the systems as well as decreasing the exergy and exergoeconomic cost of their products.
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1. Introduction


1.1. Concentrated Solar Power Technology


The second half of the 20th century underwent a rapid and worldwide increase of atmospheric pollution levels, which has forced many countries to invest in eco-friendly energy conversion processes. This motivation lies behind the development and industrialization of several low-pollution novel technologies. Solar energy is an unlimited, clean, and safe source of energy, therefore, it is one of the most promising candidates to displace non-renewable fossil energy [1]. Concentrated solar power (CSP) technology is recognized by the literature as one possible candidate for electricity generation [2].



The most popular optical reflecting surfaces for CSP applications are parabolic troughs [3], dish concentrators [4], linear Fresnel reflectors [5,6], and solar central receivers [7]. Each of these configurations requires a specific type of solar receiver.



Central receiver solar power plants can play an important role in the future of concentrating solar power [8,9]. A central receiver CSP plant is composed by a high-temperature solar receiver placed atop of a central tower and a field of heliostats which concentrates the direct solar irradiation on the receiver. In the receiver the heat transfer medium absorbs (by convection/radiation effects) the reflected and focused solar power, and the heat is made available for a downstream power thermal cycle which is usually, a Rankine plant. Current solar towers use water/steam, air, or molten salt to transport the heat to the heat-exchanger/steam turbine (ST) system. Depending on the receiver design and the working fluid, the upper working temperatures will range from 250 °C to 1000 °C for future plants, although temperatures of around 600 °C will be the norm with current molten salt designs. The main advantages of solar central receiver plants are related to the higher temperatures that can potentially allow greater efficiency of the steam cycle and reduce water consumption for cooling the condenser. The higher temperature also makes the use of thermal energy storage more attractive in order to schedule the electric generation and will also allow greater temperature differentials in the storage system, thereby reducing costs or allowing for greater storage for the same economic cost.



Energy analysis and performance evaluations of solar central receiver thermal power systems and components can be found in the literature [10,11,12,13,14]. Based on simple energy balances, Yao et al. [10] developed basic models for the main components of a central receiver CSP plant located in China with the objective of predicting the transient behavior of the thermodynamic variables associated to the external disturbances and the change in operational inputs. In [12], the thermodynamic and economic performances of an integrated solar combined cycle system (ISCCS) driven by a solar tower were investigated. They identified the great integration potential of the ISCCS from a thermodynamic and economic perspective and they also pointed out the following areas that need additional research attention: the investigation of the effect of tower height on the levelized cost of electricity (LCoE) of ST-ISCCS, the effect of ST-ISCCS on the ambient air around the plant, and the techno-economic evaluation of the ST-ISCCS in operation. The energy and exergy analysis of a solar tower power plant using molten salt as the heat transfer fluid (HTF) was developed in [15]. The energy and exergy losses in each component and in the overall power plant have been evaluated to identify the causes and locations of the exergy losses in the solar tower power plant. The thermodynamic and economic performance of a combined-cycle solar tower power plant with thermal energy storage for a variety of operating conditions and superstructure layouts are presented in [16]. They concluded that, when properly designed, solar thermal power plants based on combined-cycles are both economically and thermodynamically promising, with levelized energy costs competitive with those for other solar thermal power plant configurations.



The above literature review indicates that a comprehensive analysis of both resources consumption and costing structure of a central receiver CSP has not been reported till now. Thus, the present study proposes a possible benchmark as an exergy based method for future analysis about the thermodynamic and economic performances of alternative CSP plant configurations.




1.2. Aim of the Work


In this paper, thermodynamic and economic performances of two alternative CSP power plants are comparatively assessed and improved by means of exergy-based methods. More specifically, exergy cost analysis and exergoeconomic cost analysis are here adopted to analyze two different central receiver CSP plants using air as the main medium fluid: the Julich plant with thermal energy storage (J-CSP) [17] and a hybrid central receiver plant with an auxiliary burner (H-CSP). Off-design performances of the two plants have been assessed by modelling their operative phase for a typical year of operation, thus considering seasonal changes in solar radiation and off-design changes in thermodynamic performances of the plants. Moreover, average plant performances have been quantified assuming the same amount of yearly electricity production. The obtained structures of exergy and exergoeconomic costs of products for the two analyzed systems are finally compared with the results of the same analyses applied to a conventional natural gas combined cycle power plant (CCPP), here adopted as a benchmark. Finally, the thermoeconomic design evaluation and optimization of the plants was performed [18], leading to a change in operative design parameters of the systems that allows for the reduction in both the exergy and the exergoeconomic costs of products.



The rest of the article is arranged as follows: Section 2 describes the layout of each plant configuration introducing the main design data and the adopted assumptions; in Section 3 an exergy analysis is performed; in Section 4 the exergy and exergoeconomic cost analyses are applied, and the results of the thermoeconomic design evaluation and optimization are finally presented and discussed.





2. Plant Layouts, Simulations, and Economic Analysis


In this section, the layout of each analyzed plant configuration is presented together with their main data, operative parameters, and specifications: solar power tower Julich (J-CSP); hybrid concentrated solar power plant (H-CSP); conventional CCPP.



Both the J-CSP and the H-CSP configurations here analyzed are based on a solar central receiver installed upon a central tower where sunrays are reflected. The design of the receiver depends on the heat transfer medium and on the maximum allowable external surface temperature. The heat transfer medium flows through the receiver and absorbs the irradiation power; its sensible heat can then be used either to energize the working fluid in the power cycle via a secondary heat exchanger medium or directly exploited in the power cycle. Molten salt or water are generally used as heat transfer media; both can be stored in thermal energy storage tanks to buffer the daily solar energy variations. Molten salts have some disadvantages though: they need a secondary heat exchanger, have a minimum working temperature (250–280 °C), and must be evacuated from pipes, tanks or receivers before maintenance operations. Unlike molten salts, water can be directly heated in the receiver to superheated steam without using another medium, which reduces installation and maintenance costs. Air can be used as medium as well, since it presents several advantages: it is free, abundant, and it is not a polluting substance. Moreover, unlike molten salt, it remains in a gaseous state at atmospheric conditions. On the other hand, in this case, an auxiliary burner is needed to extend the operation during off-sunshine hours. Figure 1 shows the working principle of a CSP steam plant.



The electric nominal power output has been set to 1.5 MW for all the plants. Technical specifications of the simulated J-CSP plant are shown in Table 1. A latitude of 31° north (northern African countries) has been conventionally chosen for all the simulations. The climate data, such as the global irradiance (kW/m2), daylight hours, and ambient temperature for the selected area have been obtained from the National Aeronautics and Space Administration (NASA) database [19].



All the simulations of the power plants were performed using the CAMEL-Pro™ (Calculation with Modular Elements) process simulator [20]. This software has been developed at the Department of Mechanical and Aerospace Engineering of the University of Roma Sapienza. The modularity of CAMEL enables users to expand the code by adding new components or by modifying the model of the existing ones. The code has been developed for the simulation of energy conversion systems, and in particular, thermal power plants. CAMEL-Pro™ is equipped with a library of thermodynamic properties for the calculation of thermo-physical properties of fluids [21]. Models for the calculation of thermodynamic and transport properties of steam and organic fluids are implemented according to literature [21]. CAMEL has proved itself as a useful tool for analyzing both new and existing plants, and to support the design of new plants [22,23,24,25].



2.1. Solar Power Tower Julich


This layout is under investigation by the German Aerospace Centre (Deutsches Zentrum für Luft- und Raumfahrt—DLR) and no commercial plant uses this kind of process yet. The J-CSP [17] is a high temperature central receiver plant where the primary cycle working fluid is air at atmospheric pressure that is heated up to temperatures of about 700 °C. The solar heat then feeds a steam generator, producing steam at 7 bars and 650 °C and driving a 1.5 MWel turbine-generator set. Thermal energy storage (TES) is integrated into the power cycle to ensure longer availability of energy production beyond daylight hours. It consists of a vessel filled with porous ceramic bricks. To charge the storage, the hot air passes through the vessel from top to bottom and heats up the storage material; while to discharge the storage, cold air from the steam generator is circulated in reverse flow from bottom to top through the storage vessel and back to the steam generator. According to literature [26], the installed TES reaches 2.4 MWth (air temp 680–640 °C) during charge and 2.2 MWth during discharge (air temp 680 °C) within 1.5 h.



The simulated layout of the Julich plant is presented in Figure 1. Air (Stream #1) flows into the CSP plant (in a volumetric central receiver) and it is heated by absorbing solar energy. This air flow is then used to produce steam (Stream #8) in the heat recovery steam generator (HRSG). The produced steam is then expanded into a ST, producing electric energy (Stream #11).



During the operation of the plant, a portion of the heated air (Stream #5 at 680 °C) charges the TES by flowing through it. After the HRSG, the air is passed through two compressors (CMPs) to increase the air pressure. In the absence of sunlight, the CSP is excluded from the process, and the air flows from the hot side of the TES (Stream #5) to the cold side (Stream #24, 4 kg/s at 120 °C), passing through the HRSG. The charge/discharge of the TES takes about 1.5 h. Detailed specifications of the Julich plant are resumed in Table 1 and are available in technical literature [27].



Thermo-physical properties of all the material and energy flows within the J-CSP plant have been calculated for the average monthly values of solar radiation. As expected, the operation of the J-CSP is fully dependent on solar radiation: for the analyzed case study, it produces a net amount of electricity of 8834 MWh/year, working at nominal conditions for about 5889 h/year.




2.2. Hybrid Concentrated Solar Power Plant (H-CSP)


As explained in the previous paragraph, in the J-CSP plant a TES system has been installed to ensure longer availability of the production. In order to make the CSP plant more flexible, a second option is to replace the TES with a gas burner which guarantees the power requirement during night hours and completes the air heating when the solar irradiation is lower. This solution guarantees a continuous operation of the plant.



The simulated layout of this second configuration, named H-CSP, is reported in Figure 2. The air flow (Stream #1) is compressed to face pressure drops and then is heated by both the CSP plant and the combustion chamber (CC), reaching a temperature of about 600 °C (Stream #25). The air then feeds a steam generator, producing steam at 7 bars and 675 °C (Stream #6) and drives a 1.5 MWel turbine. During night hours, the fuel (Stream #19) in the auxiliary burner guarantee the electric production (fixed to 1.5 MWel). The H-CSP plant and the CC work complementarily: during night hours, the CSP is turned off and air heating is obtained by the CC, while during summer days, when the solar irradiation is higher, the air is fully heated by the CSP and the CC is turned off. Technical specifications of the simulated H-CSP plant are shown in Table 2. The heliostat field has been sized by requiring that in the sunniest month (August) the plant was exclusively driven by solar energy, that is, the degree of hybridization is equal to zero.



Thermo-physical properties of all the material and energy flows within the H-CSP have been calculated for all the average monthly values of solar radiation. Solar and fossil fuel inputs in percentage for all the months of the year have been calculated as well; the H-CSP plant has a hybridization degree that spans from a minimum value of 0 in August and September, to a maximum value of 18% in December.




2.3. Conventional Combined Cycle Power Plant


A conventional CCPP is here adopted as a benchmark to compare thermodynamic and economic performances of J-CSP and H-CSP. The layout of the simulated CCPP is presented in Figure 3. This plant is composed of a gas turbine (GT), a CMP, an HRSG, a ST, and a water-cooled surface condenser. The net electric total power output is 1.5 MW: 0.5 MW are produced by the ST and 1 MW by the GT. Technical specifications of the simulated combined plant are shown in Table 3.




2.4. Investment and Operative Economic Costs of the Plants


The estimation of the investment costs in plants has been performed as a fundamental prerequisite for the exergoeconomic cost analysis. Based on the work of Augsburger [28], direct and indirect costs related to the heliostats field; the solar tower and receiver; and the power conversion unit have been calculated for the J-CSP and the H-CSP. The investment costs of the heliostat field include the land costs and the heliostat costs. The land costs are divided into the investment cost of purchasing the terrain and the cost of land improvements such as levelling, roads, and civil works in general. The direct heliostat costs include the parts and materials such as the support structure, the drives and the mirrors, and take the labor costs into account, such as the shop fabrication and the installation. The investment cost of the solar tower depends on its height, but also on the type of structure it features, be it steel lattice or concrete. For the receiver, the investment cost directly depends on its area as well as on the selected technology (i.e., materials and HTF).



The obtained results are presented in Table 4, which also includes the investment cost for CCPP [29]. As a result, the investment cost of the heliostat field accounts for the highest share, with 7.70 M$ for the J-CSP and 6.19 M$ for the H-CSP, exceeding about 25% of the total cost of investment (TCI) for both. Average European natural gas price has been assumed here as the reference [30]:


    Z  i n v   = T C I ⋅ c r f   →    Z  i n v   = T C I ⋅  [    i    (  1 + i  )   n       (  1 + i  )   n  − 1    ]    



(1)







Once the TCI (including operating and management costs) has been evaluated for all the considered systems, the annual levelized cost is calculated through the capital recovery factor (CRF) method in Equation (1), based on an estimated plant lifetime n of 20 years and on an interest rate of capitals i of 5%, equal for all the analyzed plants. The results of the economic analysis collected in Table 4 are in line with the analyzed literature, confirming that the majority of the capital costs of the CSP plants resides in the purchase and installation of the solar tower, receiver, heliostat field, and storage system.



Notice that the cost of investment for many components has been derived as functions of the main design parameters [29] allowing us to derive, in a simple but approximated way, the sensibility of investment costs to changes in system design.





3. Exergy Analysis


Exergy analysis of the three simulated power plants has been performed considering their yearly average operating conditions. In order to perform a fair comparison among such different systems, the average operative conditions have been considered for the CSP plants, while the nominal load conditions have been selected for the CCPP.



The application of exergy analysis at the highest aggregation level allows for the evaluation of the overall performance of the analyzed systems. It basically consists in the application of the exergy balance Error! to each plant, enclosing all their components in one unique control volume. Elements of the exergy balance represent the non-renewable (NR) and renewable (R) inlet contributions (F), products (P), losses (L), and exergy destructions (D):


   E  x  F , N R , i   + E  x  F , R , i   = E  x  P , i   + E  x  L , i   + E  x  D , i     →    η  e x   =   E  x  P , i     E  x  F , N R , i   + E  x  F , R , i       ;    c  e x   =  1   η  e x       



(2)







The exergy equivalents of fuel, losses, and destructions have been derived and reported in Table 5, as well as their average yearly exergy efficiencies ηex and the average yearly specific exergy cost of products cex. Notice that the Szargut et al. [31] environment has been assumed as the reference to account for exergy equivalents of material and energy interactions. As can be inferred from the results in Table 5, the thermodynamic efficiency of the CCPP plant is greater than that of the CSP plants. Based on the performed plant simulations, the yearly average exergy efficiency of the plants results are 22% for the J-CSP, 21% for the H-CSP, and 47% for the CCPP.



To better understand the sources and the magnitude of the thermodynamic inefficiencies of each plant, a more detailed application of exergy analysis is required. Exergy destructions of all the plant components have been evaluated and collected in the bar graphs of Figure 4: the first category in the bottom (in light blue) represents the electricity production of each system, while other categories represent the exergy destructions that occur in all the components of the plants. Therefore, the sum of products and exergy destructions are equal to the total exergy required by each plant. The largest exergy destructions of the J-CSP and the H-CSP occurs in the CSP which is composed by the solar tower, the receiver, and the heliostats field. Such irreversibilities represent more than 50% of the total irreversibilities caused by the operation of the plants. For the same plants, the HRSG and the ST are the other relevant sources of irreversibilities, accounting for more than 30% of the total exergy destructions. In the H-CSP, the irreversibilities produced by the CC and the ST have the same numerical relevance. Notice that the total values for the J-CSP and H-CSP are enclosed within maximum and minimum values, depending on the seasonal variations of the solar radiation.



The total exergy consumption of the CCPP is about one half of the exergy destructions of the other two systems. As expected, the irreversibilities of the CCPP are mainly caused by the CC, followed by the HRSG, and the GT. Even if the CSP (solar tower, receiver, and heliostats field) turns out to be the most critical component in terms of exergy destruction, it should be considered that its exergy input is derived solely from a renewable source and, thus, it does not affect the consumption of the primary non-renewable resources (i.e., fossil fuels).



3.1. Thermoeconomic Analysis


According to the literature, thermoeconomic analysis (TA) can be defined as the joint application of exergy analysis as economic principles [32,33,34,35]. TA can be adopted to account for different types of costs and to allocate such costs among multiple products according to a consistent thermodynamic basis. Beside cost accounting and cost allocation purposes, one of the main goals of thermoeconomics is the evaluation of the cost structure of the system products by understanding the cost formation process and thus introducing criteria and indicators for system design evaluation and optimization [36,37]. More specifically, the cost structure of system products allows for the understanding and quantification of the role that thermodynamic irreversibilities have in generating such costs [25,38,39].



TA has been developed in the literature in two main ways: the exergy cost analysis and the exergoeconomic cost analysis. These methods are distinguished based on the kind of cost to be accounted for, respectively, exergy or monetary ones. The exergy cost analysis, introduced by Valero through the exergy cost theory (ECT) [40], accounts for the costs of products as the amount of exergy required by the system to produce such products (cex, measured in J/J) [34,41]; on the other hand, the exergoeconomic cost analysis accounts for the economic cost of the system products (ceco, measured in $/J) [42,43].



Let us consider an energy conversion system formed by n components, connected to each other and with the environment by a number, l, of energy and bulk flow interactions. Application of exergy and exergoeconomic cost analyses to such a system requires the definition of n system of equations, as in Equation (3), composed by the exergy balance, the cost balance and by a number n–l auxiliary relations:


       exergy       cost     :  {    E  x F  = E  x P  + E  x L  + E  x D       C  e x , F   =  C  e x , P   +  C  e x , L        C  e x , j   =  c  e x , j   ⋅ E  x j        ;       exergoeconomic       cost     :  {    E  x F  = E  x P  + E  x L  + E  x D       C  e c o , F   +  Z  i n v   =  C  e c o , P   +  C  e c o , L        C  e c o , j   =  c  e c o , j   ⋅ E  x j        



(3)







For all the n components, exergy and cost balances are written according to the fuel-product-loss (FPL) criterion; this lead to the definition of the so-called functional diagram, an essential representation of the exergy flows of the system useful to describe the function of its components. With reference to Equation (4), thanks to the exergy costing principle, all the exergy/economic cost balances can be rewritten as a function of the exergy of each inlet and outlet flow of the analyzed component and its specific cost per unit of exergy (notice that the cost of loss flows disappears because of the implicit assumption that the cost is not allocated to loss flows, that is, cL = 0):


       exergy       cost     :  {     c  e x , F   E  x F  =  c  e x , P   E  x P  +  c  e x , L   E  x L       c  e x , P   =  c  e x , F   +  c  e x , F     E  x L  + E  x D    E  x P          ;       exergoeconomic       cost     :  {     c  e c o , F   E  x F  +  Z  i n v   =  c  e c o , P   E  x P  +  c  e c o , L   E  x L       c  e c o , P   =  c  e c o , F   +  c  e c o , F     E  x L  + E  x D    E  x P    +    Z  i n v     E  x P          



(4)







Values of specific costs of products and their structure are finally derived. The unit exergy/economic cost of each product is the sum of the costs of fuel, destructions and losses, and component investment (the latter appears only for the exergoeconomic cost analysis).



To evaluate the thermodynamic/economic performances of each component within the analyzed system, the essential parameters are the exergy/economic cost of irreversibilities and the relative exergy/economic cost difference, as defined by Equation (5). The thermodynamic and economic improvement of the system should be focused on the components with the highest values of such indicators:


       exergy       cost     :  {    E  x  e x , D L   =  c  e x , F     E  x L  + E  x D    E  x P         r  e x   =    c  e x , P   −  c  e x , F      c  e x , F           ;       exergoeconomic       cost     :  {    E  x  e c o , D L   =  c  e c o , F     E  x L  + E  x D    E  x P         r  e c o   =    c  e c o , P   −  c  e c o , F      c  e c o , F           



(5)







More details about the use of FPL criterion, the definition of cost balances, and the closure of the thermoeconomic problem through an appropriate definition of auxiliary relations are available in the literature [35,44].




3.2. Exergy and Exergoeconomic Cost Analyses of the Power Plants


In this section, exergy and exergoeconomic cost analyses are applied to the simulated power plants at the lowest aggregation level, which reflects more information of cost formation with high accuracy. The functional diagrams of each plant have been derived and are depicted in Figure 5: components are represented by the squares; black arrows represent endogenous flows of exergy that connect all the components and exergy flows of losses discharged into the environment; while red and blue arrows represent the exergy flows of fuel and products of the system, respectively.



Based on the functional diagram of Figure 5, the thermoeconomic system of equations can be defined for each of the following analyzed components: unit exergy/exergoeconomic costs of each exergy flow and structures of such costs and thermoeconomic performance indicators. The most relevant numerical results are shown in Figure 6 and Figure 7, considering only the most relevant component. Detailed numerical results are reported in Table A1 and Table A2 (Appendix A). Notice that in the functional diagrams the junctions (J) are fictitious components that are essential to establish structural equations to form a part of exergy/exergoeconomic cost models. Junctions are represented by straight lines, and they are required in case products of multiple components are used as fuels of other components.



Results of the exergy cost analysis are reported in Figure 6; exergy destructions and exergy costs of irreversibilities are graphed for the most relevant components considering their yearly average nominal operating conditions. Error bars have been reported for the J-CSP and the H-CSP in order to account for the seasonal variations of the operative conditions. As expected, large errors result for the CSP units, since they are directly affected by the monthly changes in solar radiation.



As can be inferred from the graphs, results of CCPP are always lower compared with the J-CSP and H-CSP. Absolute values of irreversibilities of the CCPP are relevant only for the CC, since the other components are one order of magnitude lower, and the same trend holds for the exergy cost of irreversibilities. Regarding the solar plants, large amounts of irreversibilities occur in the CSP unit, followed by the HRSG and the ST. Notice that the costs of exergy destructions in the CSP and in the CC are numerically equal to the exergy destructions, since the components receive exergy directly from the environment. On the other hand, the exergy costs of irreversibilities in the other components are greater than their exergy destructions; therefore, according to the defined thermoeconomic models, the effects of the reduction of a unit of irreversibilities in such components return a larger thermodynamic benefit in the whole plant. In this perspective, the HRSG is the most relevant component for J-CSP and H-CSP, since the reduction of 1 Joule of thermodynamic irreversibilities would result in very high reduction of the fuel absorbed from the environment (respectively, about 2.4 and 4.3 Joules). The same trend holds for the ST and for the CMP. According to the thermoeconomic models, to enhance the thermodynamic performance of the solar plants, it is necessary to focus on the HRSG and on the ST, rather than on the CSP units.



Results of the exergoeconomic cost analysis have been represented in Figure 7. Economic costs due to irreversibilities, economic costs of investment, and relative cost differences are graphed for the most relevant components of each plant. Considering the CCPP, the highest increase of the cost of the product is mainly caused by the irreversibilities of the CC. The most effective way to enhance the economic efficiency of the plant seems to be by increasing the thermodynamic efficiency of the CC, HRSG, and ST, which result in the highest values of relative cost differences.



The formation of the economic cost of the solar plants products is mainly caused by the investment costs of the CSP, followed by the thermodynamic irreversibilities occurring in the HRSG and in the ST. Relative cost differences for the CSP components are equal to 1; however, this value has no practical meaning, since the fuel of the plant is solar radiation provided at zero cost. Both the economic cost of irreversibilities and the relative cost difference is higher for the HRSG with respect to the ST.



Based on such considerations, the most effective ways to increase the thermodynamic and the economic efficiencies of the analyzed solar plants seems to be by decreasing the investment cost of the CSP unit, while increasing the thermodynamic efficiencies of HRSG and ST. Other components of the solar plants are not relevant in a thermodynamic and economic perspective.




3.3. Design Evaluation and Optimization of the Analyzed Systems


Results provided by the TA allow for the optimization of the selected systems in terms of exergy and exergoeconomic costs.



For the J-CSP and the H-CSP, as highlighted in Figure 6 and Figure 7, the HRSG presents a high Cex_D which means that an improvement of its efficiency allows for a substantial reduction of its impact on the exergy cost of the final products. Moreover, as shown in Figure 7, the Cex_D is responsible for about 85% of the total economic cost of the HRSG. The improvement of the HRSG efficiency has been obtained reducing the temperature difference between the hot and cold side, while increasing the maximum cycle pressure. The new values of average exergy efficiencies of the optimized J-CSP and H-CSP are 24% (+2%) and 23% (+2%), respectively. For the CCPP, the optimization has been obtained as well by increasing the compressor ratio and the bottoming Rankine cycle maximum temperature and pressure, leading to a new value of exergy efficiency equal to 48% (+1%).



The new HRSG operative parameters affect all the other system components. Figure 8 collects the differences of exergy destructions (green bars) and exergy cost of exergy destructions (blue bars) between the improved and the original plant layouts. In a similar fashion, Figure 9 depicts the difference of exergoeconomic cost of exergy destructions for the same layouts. The results of the two figures present the same trends, revealing that the actions undertaken to improve all the plant configurations provide benefits from both the thermodynamic and the economic standpoint. In particular, larger benefits are obtained in the HRSG and in the CSP. The improvement of the HRSG operative conditions allows for the reduction in the CSP heliostatic field magnitude and a decrease in the flow rate in the turbine whose positive effects are balanced out by the increase of the pressure difference between inlet and outlet.



As can be inferred from Figure 10, the specific exergy and exergoeconomic costs of system products have been slightly reduced in the improved plant configurations.





4. Conclusions


In this paper, two alternative configurations of CSP plants have been modelled and analyzed through exergy and thermoeconomic analyses. J-CSP plant with thermal energy storage has been simulated and compared with a H-CSP plant using air as the working fluid. The two configurations have been compared with a conventional CCPP in order to quantify benefits and drawbacks of CSP technology in terms of thermodynamic and economic performances. Exergy and exergoeconomic cost analyses have been performed for all the simulated plants at the lowest level of aggregation, considering the average year of nominal operation and the same electricity produced by all the technologies.



Results of the exergy analysis reveals that from a purely thermodynamic perspective, the J-CSP plant is the least efficient solution, followed by the H-CSP, and the CCPP. However, it should be noted that the J-CSP and H-CSP provide the largest environmental benefits compared to the CCPP in the terms of fossil energy displacement. More specifically, the highest values of irreversibilities are caused by the solar towers, receivers and heliostats fields, followed by the HRSG. On the other hand, exergoeconomic cost analysis reveals that the CCPP plant is the least expensive solution, followed by J-CSP, and the H-CSP. This is mainly due to the increase in investment costs that are not compensated for by the benefits due to the consumption of a renewable resource with no economic cost.



Results of the detailed thermoeconomic analyses applied to the three analyzed plants at lower levels of aggregation allow for the determination of the exergy and exergoeconomic cost structure of the products of plant components, thereby quantifying the role of investment cost and irreversibilities in generating the cost of system products. Finally, improved plant configurations have been proposed and analyzed based on the results of the thermoeconomic analyses, leading to a slight reduction in both exergy and exergoeconomic costs of system products.







Nomenclature




	c
	Specific exergy/exergoeconomic cost (J/J-$/kWh)



	C
	Total exergy/exergoeconomic cost (kW-$/h)



	CC
	Combustion chamber



	CCPP
	Natural gas combined cycle power plant



	CMP
	Compressor



	CSP
	Concentrated solar power



	ECT
	Exergy cost theory



	Ex
	Exergy (kWh, J)



	GT
	Gas turbine



	H-CSP
	Hybrid central receiver plant with an auxiliary burner



	HRSG
	Heat recovery steam generator



	ISCCS
	Integrated solar combined cycle system



	J
	Junction



	J-CSP
	Julich plant with thermal energy storage



	LCoE
	Levelized cost of electricity



	O&M
	Operating and maintenance



	P
	Pressure



	p
	Pressure (bar)



	r
	Relative cost difference



	ST
	Steam turbine



	T
	Temperature



	TIT
	Turbine inlet temperature (K)



	TCI
	Total cost of investment ($)



	TES
	Thermal energy storage



	Z
	Investment cost ($)





Subscripts




	D
	Destruction



	eco
	Economic



	Ex
	Exergy



	F
	Fuel



	inv
	Investment



	L
	Loss



	NR
	Non-renewable



	P
	Product



	R
	Resource/Renewable
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Table A1. Results of the exergy cost analysis at the lower aggregation level for the initial and the optimized plant configurations. (Only results for relevant components have been reported, considering the average yearly operative conditions).
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Plant

	
Initial Configuration

	
Improved Configuration

	
Differences






	
J-CSP

	
ExD

	
Cex.D

	
ExD

	
Cex.D

	
ΔExD

	
ΔCex.D




	
kW

	
kW

	
kW

	
kW

	
kW

	
kW




	
HRSG

	
1414.9

	
3381.8

	
1203.5

	
2775.5

	
−211.4

	
−606.3




	
CMP

	
136.6

	
635.4

	
133.8

	
575.3

	
−2.8

	
−60.1




	
CSP

	
4814.9

	
4814.9

	
4699.2

	
4699.2

	
−115.7

	
−115.7




	
ST

	
415.1

	
1611.4

	
451.4

	
1616.9

	
36.3

	
5.5




	
COND

	
112.3

	
0.0

	
107.1

	
0.0

	
−5.2

	
0.0




	
H-CSP

	
ExD

	
Cex.D

	
ExD

	
Cex.D

	
ΔExD

	
ΔCex.D




	
kW

	
kW

	
kW

	
kW

	
kW

	
kW




	
HRSG

	
1034.1

	
4417.4

	
729.0

	
2813.9

	
−305.1

	
−1603.4




	
CMP

	
12.2

	
62.2

	
10.7

	
49.9

	
−1.5

	
−12.3




	
CSP

	
4286.2

	
4286.2

	
3909.5

	
3909.5

	
−376.7

	
−376.7




	
ST

	
312.0

	
1332.7

	
331.8

	
1277.8

	
19.8

	
−55.0




	
CC

	
262.7

	
261.5

	
149.3

	
145.7

	
−113.4

	
−115.8




	
COND

	
85.2

	
0.0

	
75.8

	
0.0

	
−9.4

	
0.0




	
CCPP

	
ExD

	
Cex.D

	
ExD

	
Cex.D

	
ΔExD

	
ΔCex.D




	
kW

	
kW

	
kW

	
kW

	
kW

	
kW




	
CMP

	
117.5

	
271.8

	
29.5

	
62.1

	
−88.0

	
−209.7




	
GT

	
177.0

	
373.3

	
296.5

	
610.6

	
119.5

	
237.3




	
CC

	
1006.2

	
1464.4

	
951.1

	
1371.6

	
−55.1

	
−92.8




	
ST

	
72.3

	
163.4

	
72.7

	
153.8

	
0.4

	
−9.6




	
HRSG

	
186.9

	
366.6

	
118.2

	
217.1

	
−68.7

	
−149.5




	
COND

	
42.3

	
0.0

	
76.4

	
0.0

	
34.2

	
0.0
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Table A2. Results of the exergoeconomic cost analysis at the lower aggregation level for the initial and the optimized plants configurations. (Only results for relevant components have been reported, considering the average yearly operative conditions).







Table A2. Results of the exergoeconomic cost analysis at the lower aggregation level for the initial and the optimized plants configurations. (Only results for relevant components have been reported, considering the average yearly operative conditions).







	
Plant

	
Initial Configuration

	
Improved Configuration

	
Differences






	
J-CSP

	
Zinv

	
Ceco.D

	
Zinv

	
Ceco.D

	
ΔZinv

	
ΔCeco.D




	
$/h

	
$/h

	
$/h

	
$/h

	
$/h

	
$/h




	
HRSG

	
12.3

	
3381.8

	
11.4

	
79.1

	
−0.9

	
−3302.7




	
CMP

	
0.0

	
635.4

	
0.0

	
19.5

	
0.0

	
−615.9




	
CSP

	
247.2

	
4814.9

	
229.2

	
0.0

	
−18.0

	
−4814.9




	
ST

	
24.9

	
1611.4

	
24.9

	
50.4

	
0.1

	
−1561.0




	
COND

	
12.4

	
0.0

	
12.5

	
0.0

	
0.0

	
0.0




	
H-CSP

	
Zinv

	
Ceco.D

	
Zinv

	
Ceco.D

	
ΔZinv

	
ΔCeco.D




	
$/h

	
$/h

	
$/h

	
$/h

	
$/h

	
$/h




	
HRSG

	
10.6

	
139.6

	
9.4

	
85.0

	
−1.3

	
−54.6




	
CMP

	
0.0

	
2.1

	
0.0

	
1.6

	
0.0

	
−0.5




	
CSP

	
195.6

	
0.0

	
177.0

	
0.0

	
−18.6

	
0.0




	
ST

	
18.0

	
42.1

	
16.7

	
38.5

	
−1.3

	
−3.6




	
CC

	
1.8

	
10.5

	
1.5

	
5.8

	
−0.3

	
−4.6




	
COND

	
9.0

	
0.0

	
8.3

	
0.0

	
−0.7

	
0.0




	
CCPP

	
Zinv

	
Ceco.D

	
Zinv

	
Ceco.D

	
ΔZinv

	
ΔCeco.D




	
$/h

	
$/h

	
$/h

	
$/h

	
$/h

	
$/h




	
CMP

	
6.1

	
12.7

	
7.9

	
3.0

	
1.7

	
−9.8




	
GT

	
4.7

	
16.7

	
4.8

	
27.7

	
0.2

	
11.0




	
CC

	
0.8

	
58.9

	
0.8

	
55.2

	
−0.1

	
−3.8




	
ST

	
5.7

	
8.0

	
5.3

	
7.6

	
−0.4

	
−0.4




	
HRSG

	
0.3

	
20.3

	
0.3

	
11.3

	
0.0

	
−9.0




	
COND

	
2.9

	
0.0

	
2.7

	
0.0

	
−0.2

	
0.0
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Figure 1. Layout of the solar power tower julich (J-CSP). Notice that minor components have not been represented. TES: thermal energy storage; CSP: concentrated solar power; HRSG: heat recovery steam generator; CMP: compressor; COND: condenser. 
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Figure 2. H-CSP plant layout. 
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Figure 3. Natural gas conventional combined cycle plant (CCPP). 
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Figure 4. Results of the exergy analysis: (a) the total values of exergy; (b) the same values in percentage. 
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Figure 5. Functional diagram of the three analyzed plants, defined based on the Fuel (F)-Product (P)-Loss (L) criterion. Numbers represent the material/energy interactions among components (square blocks), expressed by means of exergy and grouped based on their purpose. 






Figure 5. Functional diagram of the three analyzed plants, defined based on the Fuel (F)-Product (P)-Loss (L) criterion. Numbers represent the material/energy interactions among components (square blocks), expressed by means of exergy and grouped based on their purpose.



[image: Energies 09 00885 g005]







[image: Energies 09 00885 g006 550] 





Figure 6. Exergy destructions (green bars) and exergy costs of exergy destructions (blue bars) for the most relevant components of the analyzed plants. 
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Figure 7. Economic costs of investment (black bars) and irreversibilities (grey bars) for the most relevant components of the analyzed plants. 
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Figure 8. Change in exergy destructions (green bars, kW) and exergy cost of exergy destructions (blue bars, kW) between the improved and the original plant layouts. 






Figure 8. Change in exergy destructions (green bars, kW) and exergy cost of exergy destructions (blue bars, kW) between the improved and the original plant layouts.



[image: Energies 09 00885 g008]







[image: Energies 09 00885 g009 550] 





Figure 9. Change in the sum of E = exergoeconomic cost of exergy destructions and investment costs ($/kWh) between the improved and the original plant layouts. 
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Figure 10. Results of the thermoeconomic design evaluation and optimization process. 
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Table 1. Solar power tower Julich (J-CSP) technical specifications. HTF: heat transfer fluid; ST: steam turbine.
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Data

	
Value

	
Unit






	
Number of heliostats

	
2153

	
-




	
Heliostat aperture

	
8.2

	
m2




	
Reflecting area

	
17,650

	
m2




	
HTF

	
Air

	
-




	
HTF temp out

	
680

	
°C




	
Storage

	
1.5

	
h




	
Turbine power

	
1.5

	
MW




	
ST adiabatic efficiency

	
88

	
%
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Table 2. Hybrid concentrated solar power plant (H-CSP) technical specifications. TIT: turbine inlet temperature.
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Data

	
Value

	
Unit






	
Number of heliostats

	
1800

	
-




	
Heliostat aperture

	
8.2

	
m2




	
Reflecting area

	
14,760

	
m2




	
HTF

	
Air

	
-




	
HTF temp out

	
680

	
°C




	
Turbine power

	
1.5

	
MWel




	
ST adiabatic efficiency

	
88

	
%




	
Fuel

	
CH4

	
-
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Table 3. Combined cycle technical specifications. GT: gas turbine; CC: combustion chamber.
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Data

	
Value

	
Unit






	
GT Polytropic Efficiency

	
88

	
%




	
ST Adiabatic Efficiency

	
88

	
%




	
CMP Polytropic Efficiency

	
85

	
%




	
CC Efficiency

	
95

	
%




	
TIT-gas

	
1400

	
K




	
TIT-steam

	
680–700

	
K




	
HRSG Efficiency

	
95

	
%




	
Fuel

	
CH4

	
-
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Table 4. Results of the economic cost analysis for all the systems. TCL: total cost of investment.
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Components

	
Symbol

	
J-CSP M$ (2016)

	
H-CSP M$ (2016)

	
CCPP M$ (2016)






	
Solar tower

	
CSP

	
1.34

	
1.34

	
0.00




	
Receiver

	
CSP

	
6.82

	
6.82

	
0.00




	
Heliostats field

	
CSP

	
7.70

	
6.19

	
0.00




	
Storage

	
CSP

	
2.29

	
0.00

	
0.00




	
CMPs

	
CMP

	
0.00

	
0.00

	
0.45




	
GT

	
GT

	
0.00

	
0.00

	
0.34




	
CC

	
CC

	
0.00

	
0.13

	
0.06




	
ST + Condenser

	
ST + COND

	
2.74

	
1.98

	
0.63




	
HRSG

	
HRSG

	
0.90

	
0.78

	
0.02




	
TCI

	
TCI

	
21.78

	
17.25

	
1.50




	
Annual levelized cost (M$/year)

	
-

	
1.75

	
1.38

	
0.12
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Table 5. Results of the exergy analysis applied to the yearly operation of each system.
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Plant

	
ExF,NR

	
ExF,R

	
ExP

	
ExL

	
ExD

	
ηex

	
cex,P




	
MWh/year

	
MWh/year

	
MWh/year

	
MWh/year

	
MWh/year

	
-

	
J/J






	
J-CSP

	
0

	
39,442

	
8834

	
0

	
30,608

	
0.22

	
4.46




	
H-CSP

	
12,680

	
28,627

	
8833

	
1053

	
31,420

	
0.21

	
4.68




	
CCPP

	
18,939

	
0

	
8818

	
648

	
9473

	
0.47

	
2.15
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