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Abstract

:

Dynamic simulation provides an efficient approach for improving the efficiency of parabolic trough power plants and control circuits. In the dynamic simulation, the possibilities and operating conditions of the plant are evaluated regarding materials, processes, emissions, or economics. Several studies related to the dynamic simulation of the parabolic trough technology are summarised and discussed in this work. This study is the first research that presents a thorough description of the advanced control circuits used in the solar field and thermal storage system of a parabolic trough power plant. This power plant was implemented using advanced process simulation software (APROS). The dynamic model was built based on the real specifications of the power plant.
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1. Introduction


Solar energy is one of the best renewable energy sources to meet the energy demand in countries with high solar irradiation. Generally, solar energy is a permanent source of energy, and is locally available. There are two main technologies used in solar power plants—namely, photovoltaic technology, and concentrated solar power (CSP) technology. In general, only direct radiation is used in these systems, while the diffuse part of sunlight cannot be concentrated. Direct normal irradiation (DNI) is reflected by means of mirrors and concentrated on the absorbent surface, leading to a rise in the temperature of the absorbent surface [1,2]. This concentrated solar radiation is then transformed into thermal energy to heat a certain fluid, which can be used directly to generate renewable heat, or can be used for producing electricity. In the case of electricity production, the heated fluid will run a turbine (usually a steam turbine). Thereafter, the mechanical power resulting from the steam turbine will be transformed into electricity by the electrical power generator [3,4,5]. Today, CSP technology can be divided into four types—namely, linear Fresnel reflector, central tower, parabolic trough, and parabolic dish technology. Among the CSP technologies, parabolic trough technology is the most mature, as has been commercially proven [6,7,8].



The general design of parabolic trough power plants is principally concentrated on the high performance of the process, while the market requirements increasingly aim to improve the operating flexibility due to the current international trends in renewable energies. A dynamic simulation is a useful tool for enhancing the operation of parabolic trough power plants at different operating periods subject to the vagaries of weather, which in turn leads to load fluctuations and several start-up processes. Certain applications can be implemented based on the dynamic simulation, such as the optimisation of control circuits, and stress evaluation for critical components.



In the literature review, there are several steady-state models concerning the parabolic trough power plant, while dynamic models are rarely implemented. Among the few dynamic models in the literature, there is no updated work that discusses in detail the description of the advanced controllers used in the solar field (SF) and thermal storage system (TSS) of a parabolic trough power plant.



Feldhoff et al. [9] indicated that the simplified solar field design and a competitive thermal storage system are required in order to make better use of the economic potential of direct steam generation (DSG). Several works have been presented with regards to feasibility of integrating various thermal storage options with parabolic trough (PT) or linear Fresnel reflector (LFR) solar fields using DSG technology. Valenzuela et al. [3] implemented and developed the control strategies for generating steam directly under high pressures and temperatures using parabolic trough solar collectors. The controllability of the power plant was achieved using a PI control scheme during clear days, and even with the transient periods of the solar radiation. Classical controllers were implemented due to the knowledge of power plant operators using PI controllers. Hakkarainen et al. [10] implemented two different DSG solar fields using advanced process simulation software. These models are used to simulate and to optimise thermal energy storage operations. Regarding the solar fields for both technologies (PT and LFR), only the configuration of the solar collector modules was described. Further simulation results for the stable operations and storage requirements in different cases were discussed. Mosleh et al. [11] examined and compared a dynamic simulation with several phase change materials (PCMs) using the TRNSYS program. They have demonstrated that materials whose melting point temperature is close to the superheated steam temperature are suitable for a thermal potential energy storage system. The solar fraction of sodium nitrate is the best choice among other materials. Liu et al. [12] developed model predictive control for a parabolic trough and solar tower combined with the coal-fired power plant using Ebsilon Professional software. Predictive solar radiation data were applied during the period of real electricity generation for 10 consecutive days. The study showed that the average coal consumption decreased by 20% due to the storage system control strategy, which relies on transferring more stored energy to the working cycle. Frejo et al. [13] suggested a new central model for a control algorithm to optimise the thermal energy collected by solar parabolic troughs. The best operation strategy of the power plant was conducted by regulating the valves located at the inlet of each loop, which provided a response superior to those obtained with normal control processes for parabolic trough solar plants. The simulation of the model was performed for two hours for the solar field ACUREX in Spain. This approach significantly increased the produced thermal energy. The proposed model controller, unfortunately, cannot be used realistically for medium and large power plants, due to its computational complexity. The researchers did not take into consideration various possible storage options and their feasibility for these solar fields.



The objectives of this review are explained as follows: First, to review the works that deal with the explanation of the control circuits of the SF and TSS of parabolic trough power plants. To the best of our knowledge, few works in the literature have been studied as important controllers of the SF and TSS in parabolic trough solar power plants. Second, all control circuits of the SF and TSS are described here in detail, based on real data obtained from the Andasol II plant. Third, this is the first study that describes in detail the control circuits of the SF and TSS using APROS software. Finally, the main objective of this research is to provide a useful reference tool for researchers regarding advanced control circuits for parabolic trough power plants.




2. Mathematical Background


There are several simulation programmes that can be used in the implementation and optimisation of control circuits in the dynamic simulation. These programs are improved by universities or companies, and they are normally not openly available. However, they are applied in scientific research and industrial applications. The cited references of this research are non-exhaustive, and limited to widely known codes that are applied in scientific research and industrial applications. The cited references of this research are in agreement with the related simulation software, such as advanced process simulation software (APROS) [10,14,15,16,17,18], ASPEN Plus DYNAMICS, ASPEN HYSYS [19,20], DYMOLA (based on Modelica language) [21,22,23,24,25,26,27,28,29,30,31,32], MATHEMATICA [33], SIMULINK [26], RELAP [34], and TRNSYS [35,36].



The Andasol II model is carried out using commercial APROS software developed by VTT Finland [37]. APROS includes many components and solution techniques for a full-scale dynamic simulation of thermal power plants. In addition, it consists of two flow models—namely, a mixture flow model, and a two-fluid flow model. In addition, its ability to accurately follow the changes of load in power plants during their operation was proven in several previous studies. For this reason, this software is used in this study.



The control circuits of SF and TSS for the parabolic trough power plant “Andasol II” are described at a high level of detail. All control circuits used in both parts (SF and TSS) are modelled using APROS software. Figure 1 illustrates the typical setup of a parabolic trough power plant. The APROS model is divided into several nets in order to provide high flexibility and accuracy.




3. Solar Field Model


The solar field includes four sections. The four sections are evenly distributed across two sectors, which are the south and north sectors. Each sector contains 78 mirror loops. Four main pumps pump the heat transfer fluid (HTF). These are placed between the inlet of the solar field and the outlet of the HP economiser. Then, the heat transfer fluid (HTF) is divided from the main cold line pipes to the south and the north sectors, distributing through 156 loops. The HTF absorbs the solar radiation through the collector loops. The HTF in the north and the south collector loops will meet before the solar field outlet. Two paths of the hot thermal oil are opened at the outlet of the SF. In the first path, the thermal oil is transferred from the SF to the PB. In the second path, the surplus of absorbed heat is transmitted by the thermal oil to the thermal storage system.



The real DNI leaves the control circuit of the DNI and enters the boundary condition transfer modules in the four sections of the solar field. After subtracting the heat losses, the useful thermal power is applied to the HTF (Therminol VP-1), which passes through the heat structure pipes. Firstly, the thermal oil mass flow is raised up to 390 kg/s, and remains unaltered until achieving the designated inlet temperature (295 °C). Hereby, each section in the solar field collects a certain amount of thermal power. After achieving the design inlet temperature, the thermal oil’s temperature and mass flow increase gradually in order to achieve the maximum mass flow rate (1170 kg/s) at the design outlet temperature (393 °C). It should be mentioned here that the pressure losses for all of the components of the power plant were previously included in the APROS model. Furthermore, APROS software provides the possibility of defining the type of material depending on some major properties (e.g., the specific heat, the conductivity, and the density). The type of material for each layer was selected to determine the properties of the material and select the thickness of the wall, as well as select the type of fluid inside the pipes. The absorber tubes in the solar field were divided into three layers; each layer represents the type of the material (i.e., stainless steel layer, vacuum layer, and borosilicate glass layer). The insulated pipes were divided into two layers (i.e., steel layer and insulated layer).



3.1. Solar Field Control Structures


In order to control the temperature and thermal oil mass flow in the SF during the dynamic simulation, it is essential to implement control circuits that keep the nominal conditions of thermal power transferred to the power block. Hence, several controllers were modelled in the SF circuit to obtain reasonable responses during the fluctuations in the operating conditions.



3.1.1. DNI Control Circuit


The DNI controller adjusts the amount of solar irradiation collected by the absorber tubes and then transferred to the thermal oil. The useful heat is absorbed using 312 collector rows, as illustrated in Figure 2. After achieving the design mass flow of 1170 kg/s in the SF, the DNI decreases gradually in one collector to maintain the outlet temperature at 393 °C. If the solar irradiance continues to increase, one collector is automatically turned off (i.e., DNI = 0 W/m2). This process is implemented by the selector, which sends the signal (activated or deactivated) to the actuator. The signal of a selector is limited based on two boundary conditions—the design temperature of the HTF (393 °C) at the SF outlet, and the maximum value of the mass flow (1170 kg/s). After achieving these conditions, the signal passed into the actuator is changed by the selector from an activated to a deactivated signal, as displayed in Figure 2. Hence, the useful heat collected through this collector will not transfer to the HTF in the absorber tubes. Subsequently, the DNI in the second collector begins reducing gradually until the second collector is inactivated. A fully loaded hot storage tank is achieved with a molten salt level of 14 m; this means that the total mass flow of the thermal oil must be reduced by further deactivating the boundary condition modules (BCs), alternately.




3.1.2. HTF Main Control Valve at the Inlet of the SF (HTF MCV)


The HTF temperature at the outlet of the SF is regulated using HTF MCV at the inlet of the SF. This control process is performed by regulating the thermal oil mass flow passing through the SF. Two processes are achieved via this control valve: firstly, after sunrise the thermal oil mass flow in the SF is regulated at a constant value of 2.5 kg/s per loop. The thermal oil flow is kept constant at this value until achieving the design temperature of the HTF (295 °C) at the inlet of the SF. Secondly, the thermal oil temperature at the outlet of the SF continues to rise until it reaches its nominal value of (393 °C). Thereafter, this design outlet temperature of the HTF is kept, using this controller (HTF MCV), by increasing or reducing the thermal oil mass flow passing through the solar field. It is worth mentioning that there is a control valve before the inlet of each loop; these valves are controlled by the same procedure that applies to the HTF MCV. The advantage of using these valves is to maintain the design temperature of thermal oil (393 °C) at the loop outlet, when some clouds prevent the solar radiation from falling on a certain loop. Unfortunately, in this study, the location of loops adversely affected by the existing clouds was not available from the supplier. Therefore, the decrease in the heat collected within the solar field was evenly distributed among all loops. It should be mentioned here that each selector includes two functions. These functions are chosen based on one, two, or more boundary conditions for these selectors. The HTF MCV is modelled with four selectors, as demonstrated in Figure 3 and Figure 4. The boundary condition of selector 1 is when the DNI has reached a value more than 25 W/m2, when selector 1 will change its function from a certain orifice (which keeps the thermal oil mass flow at 156 kg/s) to the second function (increase HTF mass flow from 156 kg/s to 390 kg/s). The boundary condition of selector 2 is when the thermal oil temperature reaches the design inlet value of 295 °C. After achieving this condition, selector 2 will choose the second function, which regulates the thermal oil mass flow rate to reach the design temperature of the thermal oil at the outlet of the SF (393 °C). Selector 3 consists of two functions; the first function is applied during normal cases (clear periods), and the second function is activated during the cloudy periods. The second function of selector 3 is enabled when two boundary conditions are achieved: the first condition is that the thermal oil mass flow continues decreasing down to a minimum condition value of 312 kg/s, and the second condition is that the HTF temperature decreases to below 393 °C. After achieving both conditions, the thermal oil mass flow is still unaltered at a minimum value of 312 kg/s, despite the decline in the design outlet temperature of the HTF. Two functions are passed through selector 4, the first of which comes from selector 3. When two boundary conditions are achieved (312 kg/s and 377 °C), the second function starts maintaining the thermal oil temperature of 377 °C at the outlet of the SF by closing the HTF MCV gradually until it is totally closed.




3.1.3. HTF Control Valve at the Outlet of the SF (to Power Block)


The HTF control valve at the outlet of the SF (or to the power block (PB CVin)) adjusts the thermal oil mass flow that is transmitted to the power block (PB). PB CVin is opened when the HTF temperature reaches the design temperature value of 295 °C at the inlet of the SF. Then, it continues opening in order to achieve the nominal value of thermal oil mass flow (600 kg/s), with a temperature of 393 °C. This process is achieved by comparing the thermal oil mass flow rate at the SF outlet with a setpoint of 600 kg/s through PI controller, as shown in Figure 5.




3.1.4. Control Valve of the Thermal Storage System (SF–TS CV)


SF–TS CV is installed between the SF outlet and the TSS inlet; it controls the excess flow of thermal oil into the TSS, as demonstrated in Figure 6. The operational procedures of this control circuit are implemented based on two cases: In the first case, the valve begins to open when the thermal oil mass flow at the SF outlet exceeds the nominal value of 600 kg/s with a temperature of 393 °C. In the second case, the SF–TS CV starts closing when the solar irradiance is low and the thermal oil mass flow is less than the nominal value (600 kg/s).




3.1.5. HTF Redirection Control Valve (RDCV)


In the evening period, the PB is operated based on the TSS. Therefore, the HTF path should be changed to the TSS instead of the solar field. This process is achieved via HTF redirection control valve (RDCV), as illustrated in Figure 7. This control circuit includes one selector, and operates with two functions: The first function is that the RDCV remains closed when solar radiation is available. The second function is that the RDCV is gradually opened in order to redirect the HTF to the TSS, and then transfers the thermal power to the power block. Therefore, the selector will change from the first function to the second function after achieving two boundary conditions: the first condition is that the thermal oil mass flow at the outlet of the SF should be less than the design value of 600 kg/s. The second condition is that the level of the hot tank must be more than a minimum value of 0.6 m.




3.1.6. HTF Recirculation Control Valve (RCV)


The HTF recirculation valve (RCV) is installed between the hot header and the cold header in the solar field, as shown in Figure 8. There are two functions in this control circuit: The first is that the RCV remains closed as long as there is stored energy. The second function is activated when the TSS is completely exhausted. Here, the RCV will be opened to regulate the thermal oil mass flow in the SF at a certain value of 156 kg/s, and continues until the sunrise of the second day.




3.1.7. HTF Protection System


To keep the thermal oil from freezing during the cold periods, a thermal oil protection system is applied in this work. The protection system prevents the thermal oil temperature in the SF from decreasing below a value of 70 °C, and from exceeding the maximum value of 110 °C in the next operation This temperature range is regulated by two protection control valves (PCV1 and PCV2), as shown in Figure 9. Accordingly, PCV2 starts opening in order to pass HTF through the heaters when the thermal oil temperature at the inlet of the SF decreases below 70 °C. On the other hand, PCV1 starts closing in order to maintain the thermal oil temperature at the SF inlet in the range of 70–110 °C.






4. Thermal Storage Model


As solar irradiation depends on the daylight and the clarity of the sky, CSP plants are usually non-dispatchable. In order to make them highly dispatchable, a TSS can be added to the CSP plants. Although the solar power source is intermittent, continuous electrical power can be produced due to the use of the TSS. A two-operation mode efficiencies (during charge and discharge modes) of more than 96 % was documented for TSS units consisting of hot and cold storage tanks of the molten salt [38].



The storage system studied in this work will be explained based on two operation modes, including all control circuits.



The excess solar irradiation is transferred to the TSS and provided as a substitute for the energy lost because of the clouds or during the night. This system allows for high operating flexibility, and produces more stable electricity. Hot and cold insulated tanks are connected by heat exchangers in APROS. The molten salt in both tanks is transferred to the heat exchangers by the series of thermal storage pumps that are located after the thermal storage tanks. The molten salt can be defined as a solution of potassium and sodium nitrates with known specifications.



In the charge mode, the thermal oil from the SF heats the molten salt that flows from the cold tank to the hot storage tank, with a temperature of approximately 386 °C. It should be mentioned here that there will be losses in the heat exchangers between the thermal oil and the molten salt. This means that the hot molten salt will reach a temperature below the maximum value of HTF temperature of 393 °C, whereas the hot molten salt will reach a temperature of 386 °C. Note that the capacity of this system can reach a maximum value of about 1025 MWth h.



The thermal energy in the thermal storage system can be used in the discharge mode, where the hot molten salt heats the thermal oil through the heat exchangers. Here, the thermal storage system provides the nominal mass flow of the HTF (600 kg/s) with a temperature of 377 °C in the evening period. This will affect the steam production performance, whereas the nominal amount of generated steam (55 kg/s) in the daylight will not be accomplished during the evening period. However, the hot thermal oil is transmitted to the PB. After that, the thermal oil is returned to a cold tank with a temperature of about 292 °C.



4.1. Thermal Storage Control Structures


In order to regulate the thermal storage process during the dynamic simulation, it is necessary to implement control circuits that maintain the nominal temperature and mass flow rate conditions for the molten salt and the HTF. Hence, three control circuits are modelled in the thermal storage system, in order to obtain reasonable responses during the continuous changes in operating conditions.



4.1.1. Control Valve at the Thermal Storage System Inlet (TS MCVi)


The control valve at the thermal storage system inlet includes two tasks, depending on the operation mode of the thermal storage system, as shown in Figure 10. The first task is applied during charge mode, where this valve allows the surplus of thermal oil with a temperature of 393 °C to pass through it into the heat exchangers in order to transmit the thermal power from the HTF to the molten salt. Thereafter, the HTF leaves the TSS with a temperature of 293 °C through the control valve at the thermal storage system outlet (TS MCVo). Subsequently, the HTF that exited the thermal storage system will be mixed with the HTF, which comes from the PB and enters the SF again. The second task is activated during the cloudy periods and the evening hours; in the compensation periods, the direction of the HTF flow will be reversed, where the HTF flows directly from the PB to the TSS through the redirection control valve (RDCV), and then through TS MCVo. Therefore, TS MCVo and TS MCVi are considered to be the inlet and outlet of the TSS, respectively. Afterwards, the heated HTF flows to the PB to replenish the rest of the nominal mass flow (600 kg/s).



The HTF flow direction is reversed based on two conditions (THTF = 393 °C, and    m ˙    = 600 kg/s) that are applied to the selector: Firstly, this control valve remains open when the HTF flow is directed from the SF to the TSS (SF–TS direction) during charge mode, as long as the design temperature of the thermal oil at the outlet of the SF and the nominal HTF mass flow are achieved. Secondly, when the one of the mentioned conditions (393 °C and 600 kg/s) is not accomplished, the discharge mode starts, and the HTF flow direction is changed from the SF–TS to the TS–PB direction.




4.1.2. Control Valve at the Thermal Storage System Outlet (TS MCVo)


The control valve at the outlet of the TSS controls the process of thermal energy compensation. This controller has two functions, as illustrated in Figure 11. The first function is that TS MCVo remains open, like the TS MCVi, during charge mode, where TS MCVi and TS MCVo are considered to be the inlet and outlet of the TSS, respectively. During discharge mode, the second task is enabled, and the thermal oil flow is directed from TS MCVo to TS MCVi. TS MCVo regulates the mass flow of the thermal oil in order to maintain the nominal value of 600 kg/s at the PB inlet during the evenings and cloudy periods.




4.1.3. Hot Tank Control Valve (HTCV)


The hot tank control valve is located after the pumps of the hot tank in the thermal storage system. This control circuit includes two functions, as shown in Figure 12. The first function is that this valve remains closed during charge mode (the molten salt is transferred from the cold drum to the hot drum through the heat exchanger). The second task is enabled when the thermal oil temperature at the outlet of the solar field decreases below the design outlet temperature (393 °C or 377 °C, during the daylight or in the evening period, respectively). It should be mentioned here that the setpoint of the HTF temperature will be changed automatically from 393 °C to 377 °C based on the temperature value, which is regulated by the HTF MCV. However, the hot molten salt is sent to the heat exchangers through the HTCV, which in turn regulates the design HTF temperature at the inlet of the PB during the cloudy and night periods. Thereafter, the energy stored in the hot salt drum is transmitted into the HTF which, in turn, transfers this energy into the power block to produce the steam.






5. Conclusions


A large number of works can be found regarding parabolic trough power plants; however, few studies focus on the dynamic behaviour of the secondary systems—e.g., the TSS, taking into account stable electrical power and capacitance factor enhancement. A particular focus is placed on the modelling of the SF. Most works refer to the use of a simplified steady-state model instead of a comprehensive dynamic model of these power plants. In order to understand the dynamic behaviour of the secondary systems (SF, TSS, and PB) with high accuracy, more consideration should be devoted to the thorough modelling of the power plants.



In this study, detailed solar field and thermal storage system models for a parabolic trough power plant are implemented based on the specifications from data obtained from Andasol II, located in Spain. In this work, the components of these models have been accurately modelled using APROS software.



A detailed SF model was modelled with 156 collector loops, as well as implementing many control circuits to regulate the operation processes. Therminol VP-1 was used as an HTF in the SF. The reference solar field was designed to operate with maximum HTF mass flow (1170 kg/s) at the design outlet temperature (393 °C). Hereby, the solar field operates with a total capacity of useful thermal energy of approximately 280 MWth.



A comprehensive TSS was implemented using hot and cold insulated drums and, between them, heat exchangers. Moreover, the control circuits of this system are described. The thermal storage system was operated with two operation modes—namely, charge mode and discharge mode. During charge mode, the HTF from the solar field at a temperature of 393 °C heats the molten salt (sodium and potassium nitrates) that is pumped from the cold tank to the hot tank and stored with temperature of approximately 386 °C. This process continues until achieving a maximum capacity of stored energy of about 1025 MWth h. This thermal storage provides high operational flexibility and stable electricity generation.



On the other mode, the hot salt heats the thermal oil via the heat exchangers. The molten salt exits the heat exchangers and is sent into the cold tank at a temperature of about 292 °C. Accordingly, the thermal storage system will provide the thermal power at the nominal load (125.75 MWth) for a period of approximately 7.5 h in the evening period.



The purpose of this work was to provide reference models for the SF and TSS. This, in turn, will help researchers and designers to understand the advanced control circuits of these stations. In addition, these models can determine the best manner of power plant operation.



Future studies will be focused on a detailed description of the power block controllers.
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Abbreviations




	AD
	Adder



	BC
	Boundary condition



	BFP
	Boiler feedwater pump



	CP
	Condenser pump



	HP
	High pressure



	HPRP
	High-pressure recirculation pump



	HTCV
	Hot tank control valve



	HTF
	Heat transfer fluid



	HTF MCV
	Heat transfer fluid main control valve



	LFR
	Linear Fresnel reflector



	MS
	Molten salt



	PB
	Power block



	PCV1
	The first protection control valve



	PCV2
	The second protection control valve



	PD
	Parabolic dish



	PI
	Proportional–integral controller



	PT
	Parabolic trough



	PB CV
	Power block control valve



	PB MCV
	Power block main control valve



	RCV
	Recirculation control valve



	RDCV
	Redirection control valve



	SF
	Solar field



	SF–TS CV
	Solar field to thermal storage control valve



	TSS
	Thermal storage system



	TS DCVo
	Thermal storage dual control valve at the outlet



	TS MCVi
	Thermal storage main control valve at the inlet



	TS MCVo
	Thermal storage main control valve at the outlet







References


	



Philibert, C. The Present and Future Use of Solar Thermal Energy as a Primary Source of Energy; International Energy Agency: Paris, France, 2005. [Google Scholar]

	



Pérez-Higueras, P.; Rodrigo, P.; Fernández, E.F.; Almonacid, F.; Hontoria, L. A simplified method for estimating direct normal solar irradiation from global horizontal irradiation useful for CPV applications. Renew. Sustain. Energy Rev. 2012, 16, 5529–5534. [Google Scholar] [CrossRef]

	



Artola, V.; María, J. Performance of a 50 MW Concentrating Solar Power Plant. Mechanical Engineering Final Thesis, Politecnico Di Bari, Bari, Italy, 2010. [Google Scholar]

	



Kaygusuz, K. Prospect of concentrating solar power in Turkey: The sustainable future. Renew. Sustain. Energy Rev. 2011, 15, 808–814. [Google Scholar] [CrossRef]

	



Desai, N.B.; Bandyopadhyay, S. Optimization of concentrating solar thermal power plant based on parabolic trough collector. J. Clean. Prod. 2015, 89, 262–271. [Google Scholar] [CrossRef]

	



Bhutto, A.W.; Bazmi, A.A.; Zahedi, G.; Klemeš, J.J. A review of progress in renewable energy implementation in the Gulf Cooperation Council countries. J. Clean. Prod. 2014, 71, 168–180. [Google Scholar] [CrossRef]

	



Fernández-García, A.; Rojas, E.; Pérez, M.; Silva, R.; Hernández-Escobedo, Q.; Manzano-Agugliaro, F. A parabolic-trough collector for cleaner industrial process heat. J. Clean. Prod. 2015, 89, 272–285. [Google Scholar] [CrossRef]

	



Sharan, P.; Bandyopadhyay, S. Solar assisted multiple-effect evaporator. J. Clean. Prod. 2017, 142, 2340–2351. [Google Scholar] [CrossRef]

	



Feldhoff, J.F.; Schmitz, K.; Eck, M.; Schnatbaum-Laumann, L.; Laing, D.; Ortiz-Vives, F.; Schulte-Fischedick, J. Comparative system analysis of direct steam generation and synthetic oil parabolic trough power plants with integrated thermal storage. Sol. Energy 2012, 86, 520–530. [Google Scholar] [CrossRef]

	



Hakkarainen, E.; Kannari, L.; Tähtinen, M. Dynamic modelling of concentrated solar field for thermal energy storage integration. In Proceedings of the 9th International Renewable Energy Storage Conference (IRES 2015), Düsseldorf, Germany, 9–11 March 2015. [Google Scholar]

	



Mosleh, H.J.; Ahmadi, R. Linear parabolic trough solar power plant assisted with latent thermal energy storage system: A dynamic simulation. Appl. Therm. Eng. 2019, 161, 114204. [Google Scholar] [CrossRef]

	



Liu, H.; Zhai, R.; Patchigolla, K.; Turner, P.; Yang, Y. Model predictive control of a combined solar tower and parabolic trough aided coal-fired power plant. Appl. Therm. Eng. Appl. Therm. Eng. 2021, 193, 116998. [Google Scholar] [CrossRef]

	



Frejo, J.R.D.; Camacho, E.F. Centralized and distributed Model Predictive Control for the maximization of the thermal power of solar parabolic-trough plants. Sol. Energy 2020, 204, 190–199. [Google Scholar] [CrossRef]

	



Terdalkar, R.; Doupis, D.; Clark, M.; Joshi, A.; Wang, C. Transient simulation of high temperature high pressure solar tower receiver. Energy Procedia 2015, 69, 1451–1460. [Google Scholar] [CrossRef]

	



Henrion, T.; Ponweiser, K.; Band, D.; Telgen, T. Dynamic simulation of a solar power plant steam generation system. Simul. Model. Pract. Theory 2013, 33, 2–17. [Google Scholar] [CrossRef]

	



Hakkarainen, E.; Tähtinen, M.; Mikkonen, H. Dynamic Model Development of Linear Fresnel Solar Field. In Proceedings of the ASME 2015 9th International Conference on Energy Sustainability Collocated with the ASME 2015 Power Conference, the ASME 2015 13th International Conference on Fuel Cell Science, Engineering and Technology, and the ASME 2015 Nuclear Forum, San Diego, CA, USA, 28 June–2 July 2015. [Google Scholar]

	



Al-Maliki, W.A.K.; Alobaid, F.; Kez, V.; Epple, B. Modelling and dynamic simulation of a parabolic trough power plant. J. Process Control 2016, 39, 123–138. [Google Scholar] [CrossRef]

	



Al-Maliki, W.A.K.; Alobaid, F.; Starkloff, R.; Kez, V.; Epple, B. Investigation on the dynamic behaviour of a parabolic trough power plant during strongly cloudy days. Appl. Therm. Eng. 2016, 99, 114–132. [Google Scholar] [CrossRef]

	



Greenhut, A.D.; Tester, J.W.; DiPippo, R.; Field, R.; Love, C.; Nichols, K.; Augustine, C.; Batini, F.; Price, B.; Gigliucci, G.; et al. Solar–geothermal hybrid cycle analysis for low enthalpy solar and geothermal resources. In Proceedings of the World Geothermal Congress, Bali, Indonesia, 25–29 April 2010. [Google Scholar]

	



Zhou, C.; Doroodchi, E.; Moghtaderi, B. An in-depth assessment of hybrid solar–geothermal power generation. Energy Convers. Manag. 2013, 74, 88–101. [Google Scholar] [CrossRef]

	



Eck, M.; Hirsch, T. Dynamics and control of parabolic trough collector loops with direct steam generation. Sol. Energy 2007, 81, 268–279. [Google Scholar] [CrossRef]

	



Bonilla, J.; Yebra, L.J.; Dormido, S.; Zarza, E. Parabolic-trough solar thermal power plant simulation scheme, multi-objective genetic algorithm calibration and validation. Sol. Energy 2012, 86, 531–540. [Google Scholar] [CrossRef]

	



Twomey, B.; Jacobs, P.; Gurgenci, H. Dynamic performance estimation of small-scale solar cogeneration with an organic Rankine cycle using a scroll expander. Appl. Therm. Eng. 2013, 51, 1307–1316. [Google Scholar] [CrossRef]

	



Birnbaum, J.; Feldhoff, J.F.; Fichtner, M.; Hirsch, T.; Jöcker, M.; Pitz-Paal, R.; Zimmermann, G. Steam temperature stability in a direct steam generation solar power plant. Sol. Energy 2011, 85, 660–668. [Google Scholar] [CrossRef]

	



El Hefni, B.; Soler, R. Dynamic Multi-configuration Model of a 145 MWe Concentrated Solar Power Plant with the ThermoSysPro Library (Tower Receiver, Molten Salt Storage and Steam Generator). Energy Procedia 2015, 69, 1249–1258. [Google Scholar] [CrossRef]

	



Liu, S.; Faille, D.; Fouquet, M.; El-Hefni, B.; Wang, Y.; Zhang, J.; Wang, Z.; Chen, G.; Soler, R. Dynamic Simulation of a 1MWe CSP Tower Plant with Two-level Thermal Storage Implemented with Control System. Energy Procedia 2015, 69, 1335–1343. [Google Scholar] [CrossRef]

	



Mitterhofer, M.; Orosz, M. Dynamic Simulation and Optimization of an Experimental Micro-CSP Power Plant. In Proceedings of the ASME 2015 9th International Conference on Energy Sustainability collocated with the ASME 2015 Power Conference, the ASME 2015 13th International Conference on Fuel Cell Science, Engineering and Technology, and the ASME 2015 Nuclear Forum, San Diego, CA, USA, 28 June–2 July 2015; American Society of Mechanical Engineers: New York, NY, USA, 2015; p. V001T05A7-VT05A7. [Google Scholar]

	



El Hefni, B. Dynamic modeling of concentrated solar power plants with the ThermoSysPro library (Parabolic Trough collectors, Fresnel reflector and Solar-Hybrid). Energy Procedia 2014, 49, 1127–1137. [Google Scholar] [CrossRef]

	



Österholma, R.; Pålssonb, J. Dynamic modelling of a parabolic trough solar power plant. In Proceedings of the 10th International Modelica Conference, Lund, Sweden, 10–12 March 2014. [Google Scholar]

	



Rodat, S.; Souza, J.; Thebault, S.; Vuillerme, V.; Dupassieux, N. Dynamic simulations of Fresnel solar power plants. Energy Procedia 2014, 49, 1501–1510. [Google Scholar] [CrossRef]

	



Zhang, J.; Valle-Marcos, J.; El-Hefni, B.; Wang, Z.; Chen, G.; Ma, G.; Li, X.; Soler, R. Dynamic Simulation of a 1MWe Concentrated Solar Power Tower Plant System with Dymola®. Energy Procedia 2014, 49, 1592–1602. [Google Scholar] [CrossRef]

	



Mertens, N.; Alobaid, F.; Frigge, L.; Epple, B. Dynamic simulation of integrated rock-bed thermocline storage for concentrated solar power. Sol. Energy 2014, 110, 830–842. [Google Scholar] [CrossRef]

	



García, I.L.; Álvarez, J.L.; Blanco, D. Performance model for parabolic trough solar thermal power plants with thermal storage: Comparison to operating plant data. Sol. Energy 2011, 85, 2443–2460. [Google Scholar] [CrossRef]

	



Russo, V. CSP Plant Thermal-hydraulic Simulation. Energy Procedia 2014, 49, 1533–1542. [Google Scholar] [CrossRef]

	



Jones, S.A.; Blair, N.; Pitz-Paal, R.; Schwarzboezl, P.; Cable, R. TRNSYS modeling of the SEGS VI parabolic trough solar electric generating system. In Proceedings of Solar Forum 2001: Solar Energy: The Power to Choose; ASME: Washington, DC, USA, 2001. [Google Scholar]

	



Wahhab, H.A.A.; Al-Maliki, W.A.K. Application of a Solar Chimney Power Plant to Electrical Generation in Covered Agricultural Fields. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2020; p. 012137. [Google Scholar]

	



VTT. APROS Advanced Process Simulation Software. Available online: https://www.vttresearch.com/en/ourservices/aprosr-dynamic-process-simulation-software (accessed on 30 June 2021).

	



Kuravi, S.; Trahan, J.; Goswami, D.Y.; Rahman, M.M.; Stefanakos, E.K. Thermal energy storage technologies and systems for concentrating solar power plants. Prog. Energy Combust. Sci. 2013, 39, 285–319. [Google Scholar] [CrossRef]








[image: Applsci 11 06155 g001 550] 





Figure 1. Parabolic trough power plant with thermal storage system. 
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Figure 2. DNI control circuit (Simplified). 
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Figure 3. HTF main control valve at the inlet of the SF (simplified). 
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Figure 4. HTF main control valve at the inlet of the SF (APROS model). 
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Figure 5. HTF control valve at the outlet of the SF (simplified). 
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Figure 6. HTF control valve between the SF outlet and the TS inlet (simplified). 
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Figure 7. HTF redirection control valve (simplified). 
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Figure 8. HTF recirculation control valve (simplified). 
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Figure 9. HTF protection control valve (simplified). 
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Figure 10. HTF control valve at the thermal storage inlet (simplified). 
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Figure 11. HTF control valve at the thermal storage outlet (simplified). 
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Figure 12. Hot tank control valve (during discharge mode) (simplified). 
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