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Abstract

:

This article presents an integrated approach for solving the optimization of economic dispatch and commitment EDC problems of hybrid thermosolar concentrating power generating systems using matrix mathematics. The model uses matrices, and is solved by matlab programming. The study case of a hybrid thermosolar system in the north-west of Greece shows the impact of concentrating solar power (CSP) generation on the optimal cost of energy produced: the CSP system increases the operational costs as compared to the fossil fuel thermal systems. To acquire the benefits of cleaner electric energy with diminished emissions versus the minimal cost of electrical energy generation belongs to multicriteria managerial decisions. This approach can be applied to hybrid energy systems with large numbers of thermal and CSP generators. It offers an accurate instrument to energy engineers and researchers, for critical managerial decisions regarding electrical energy economics.
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1. Introduction


The integration of electricity generated from renewable energy sources (RES), such as from wind and solar, into hybrid grids supplied by thermal power units, and the variability of RES, impacts the generation dispatch. The generation scheduling problems take into consideration the variability and nondispatchable characteristics of RES because of their random nature: solar irradiation and wind velocity are undefined, and their availability is not related to the load demand. Effective strategies for covering the increasing energy demand while attaining greenhouse emission reductions are to integrate RES in various existing power grids [1,2,3,4]. The re-engineering and retrofit of power plants to integrate RES are linked to the necessity to supply demanded amounts of power to the electrical grid. Some benefits of hybrid grids with integrated RES are decreasing the use of thermal generation units, impacting load dispatch and providing environmental advantages [5].



The technologies of concentrating solar power CSPs and photovoltaics PVs convert solar into electrical energy. In 2019, the expanding installations of PVs were at 578 GW while the installations of CSPs were at 6 GW, and this led to cost declines of solar systems, resulting that the 40% of the solar installations had lower costs than the fossil fuel generating systems [6].



The variation of solar irradiance due to cloud shadowing produces variations in generation of power, which can have effect on balancing the load demand and the generated reserves. Even on a day without clouds between sunrise and sunset, the electric energy generated from all the solar units of the system fluctuates.



Solar energy combined with lignite resources forms a solar aided power generation SAPG system, which is a hybrid plant of thermal and solar energy-based powerplants. One of the benefits of integrating such thermosolar systems into existing lignite power plants and retrofitting the existing infrastructure to implement a hybrid concentrating solar power CSP system is that the generated electrical power is not influenced by sunshine.



On the other hand, managerial and political decisions, taking into consideration unexpected events in society, such as the recent pandemic COVID-19, or war conflicts, or energy crises, try to balance the effects of shortages of fuel resources by importing, or by locally available raw materials, and switching from unavailable resources. The impact is that the cost of electric energy fluctuates and the forecasting of ceilings prices become difficult. In this context, the coal resources are reconsidered for supplying the available existing thermal generating units, or new ones that will be built in the near future [7]. One example is the lignite power plants located in the northwest of Greece: at Amideo, Ptolemaida, Kardia, and Agios Dimitrios. In the context of prioritizing environmental criteria, some thermal power plants lowered or stopped their operation, while other units with alternate supplies undertook the load commitment. In the new situation of the pandemic and war conflicts, the imports of raw fuels diminished and attention was switched back to lignite resources [7]. Following this, emerged the need to deeply study the hybrid thermosolar generating systems, together with the related economic aspect.



In the operation of power systems must be implemented an optimal economic dispatch and commitment EDC, which concern the optimization of power generation by installed units, the optimization of an objective cost function and the optimization of the total fuel cost, with power balance and other operational constraints. The solutions accomplish the dispatch of generation units, takes into consideration the constraints, and optimize the total operational cost [8,9].



Optimization of EDC has attracted attention and developed well-organized new techniques, some remarkable are implemented with Lagrange multipliers theory. The new applications need new models and algorithms, that can be easily used by specialists. The EDC problem are multifaceted because of the large number of generators connected to hybrid grids, each one with constraints, which jointly form objective cost functions. Thus, optimizing the task of dispatching the available generating units to generate electrical energy, optimizing their costs, and studying the electricity production in hybrid power networks, is recently receiving consideration [10].



In the last decades, emerging technologies influenced energy engineering education too [11,12]. For this reason, academics undertook to teach technological innovations and to sustain the future careers of graduates, by helping them to develop innovative skills [13]. Such skills of graduates will be passed on to society, by involvement of parents and relatives in the knowledge and use of new technologies. Because the introduction of new technologies in teaching and research continues to be in transition, they should be considered in the methods of learning [10,11,12,13,14].



The EDC software used by energy companies is not available; it cannot be accessed for educational purposes because of the high cost, while existing classical software, which handles limited numbers of generators and programs for EDC does not run on newer computers, or operating systems [14]. Sometimes, publications present solved applications, with few generating units and selected cost functions characteristics that converge easily, and conclude that EDC problems are easy. Other publications based on equations from references, report results, but without giving details on how to solve EDC problems. Instead of finding details about the solutions, the readers are directed to search for other publications, which also are based on other references, etc. From consecutive retrieving, and reusing of information, the measurement units for variables do not match, or are in different currencies, or parity rates for currencies are not reliable in the time of the study, or symbols used in the equations are not defined, or symbols have different meanings from author to author. Publications report study cases solved by using toolboxes from commercial software, where must input the data, and choose the solution. From the investigation of methods, and techniques for EDC optimization in hybrid energy systems, we found a large amount of literature related to optimal control, and computer software, while the economics’ aspect which is the main topic remains in the backyard. From researchers’ point of view, because of the lack of consistency, such categories of publications cannot be used to continue research, or follow-up, or base new findings.



To bridge the gaps, this paper developed an integrated approach for hybrid thermosolar concentrating systems for EDC optimization, based on exact matrix mathematics, which can be used as a research tool for multicriteria economic management decisions. This approach solves the optimal EDC problem of a hybrid thermosolar system, which comprises thermal generators and CSP systems. The problem of optimizing a CSP plant presumes that RES is influenced by solar irradiation, climate factors, geographical coordinates, and the month of the year. To address this issue, to the model of thermal generation from [10] is added the solar generation unit, and the model was extended to solve the economic dispatch and commitment versus time of hybrid thermosolar CSP systems.



The paper is organized as follows: Section 2 presents a review of the literature; Section 3 presents the EDC problem formulation and the methodology for an optimal solution of the hybrid thermosolar CSP system; Section 4 presents the study case of a hybrid thermosolar power system in the northwest of Greece, with varying load demand and solar irradiation distribution on an hourly basis for 24 h; Section 5 presents the results and discussion; the concluding remarks are in Section 6.




2. Literature for Hybrid Thermosolar Systems and EDC Optimization


The introduction of RES for energy generation and the diminishing of CO2 emissions is tackled in many articles in the literature [15,16]. The transition towards sustainable energy systems includes the development of new technologies for energy generation, from fossil-based to zero-carbon, which reduce CO2 emissions and limit global warming effects and develop new power plants based on RES [17,18,19].



The energy transition with increased penetration of RES uses information technologies, energy market mechanisms, and needs clean energy policy frameworks [20]. A review of the literature on the exploitation of RES, with a focus on technologies, availability, and research is in [21]. The literature studied wind, solar heating-cooling, wave power, geothermal energy, and electric energy generating technologies, and assessed their grid integration, and environmental issues. Other published information on solar energy, biomass, biogas, transition issues, design of new RES systems, investments’ strategies are summarized in [22].



Parabolic trough PT systems, accomplishing thermal energy collection, are of the first commercially effective CSP technologies. As of 2018, 90% of the CSPs in operation were PT plants. Recent trends of CSP technology are: (a) R and D on the key components, and research on the overall performance to study detailed parameters, through modeling, simulation, and experiments, and (b) transition from one technology to multiple technology energy systems, such as a hybridization of solar thermal power and photovoltaic power generation [23].



Thermal power plants implement a regenerative Rankine cycle. By using PTs, the solar energy is introduced in thermal power plants to preheat water and replace the heat produced by coal [24]. To increase the efficiency, part of the steam from the turbine preheats the water feed to boiler. The SAPG uses solar energy to replace the extracted steam in the Rankin cycle, while the saved steam generates power. Two operation modes are: (a) the power boosting, where the plant consumes a constant amount of fuel while the steam produces additional power, and (b) the fuel saving, where the plant consumes less fuel, while the power output is constant. The solar irradiation received by the PT by using the mirrored surface of the linear parabolic mirror is reflected to the receiver, then sent to the absorber installed inside the receiver, thus producing its heating. The heat is sent to thermal liquid, which flows into the absorber and is directed to the heat exchanger, thus the water is transformed into superheated steam. The steam rotates the turbine connected to the electric generator. Paper [24] presents the combination of thermal with solar energy into one thermal power plant, where the solar energy replaces part of the extracted steam, thus reducing the consumption of coal. The paper studies different scenarios for SAPG, for the lignite power plant with PT solar collector field.



In the literature there are studies of solar systems and SAPG energy. An example is the model of a hybrid PV system with a solar concentrator and a heat-recovery interface [25]. The model of PV module includes the temperature gradients in the cells, and the temperature variation is predicted from the cooling strategy. The in-home energy management controllers offer solutions for maintaining comfort and providing lower bill costs and reduced CO2 emission. The management and scheduling of electric energy consumption for controllable heating, and the amounts received from sun and wind, are studied in [26]. The aim is an efficient integration of RES, for the better energy management, to reduce the costs, and emissions. Electricity bill reduction can be realized by installing a management controller which implements the hybrid algorithms for integrating RES, scheduling the power consumption, and shifting the load demand from high to low-peak hours.



The advantages of PT over flat-plate collectors, and the design parameters of a PT collector system are presented in [27]. The effect of solar energy on the performance of PT thermal power plants with steam, gas, and thermal storage, is described in [28]. The economic analysis studies the effect of the solar energy on the levelized cost of electricity LCOE, and on fuel consumption. The stability of voltage in a hybrid power system with PT, dish-Stirling and a diesel generator is studied in [29]. The system of dish-Stirling connected to an induction generator requires the reactive power for the magnetization, while PT solar connected to a permanent magnet synchronous generator does not require reactive power. At constant load demand, the hybrid dish-Stirling-PT solar system have reduced reactive power needs, improved voltage compensation, thus increasing voltage stability.



A solar system with PT was implemented in the Mediterranean region of Almeria, Spain, for studying the steam production with solar contribution [30]. The results of the control scheme for constant pressure and temperature of produced steam at the solar field outlet, show that changes in solar radiation influence the quantity of steam formed by the solar field. In [31] are presented two operation strategies and modes: base load production and demand coverage for integrated hybrid CSP with PT solar plants and PV systems, operating in the south of Spain. In [32] is carried out an economic feasibility study for a PT thermal power plant in Cyprus. The study considers the available data, the solar potential of Cyprus, the governmental policy for RES and the feed-in tariff. A cost–benefit analysis based on: solar thermal plant capacity, capital investment, trading prices, and CO2 emissions, shows that under certain conditions, this installation is profitable.



The performances of the hybrid PV thermal system in Bordj-Cedria, Tunis, Tunisia, were studied in [33] using energy balance equations, the parameters of a PT collector field installed and meteorological data. The hybrid PV thermal prototype has electrical and thermal efficiencies were approximatively at 7%, and 44.38%, respectively.



Other studies on the performance of CSP plants in different areas, such as Maroc and Pakistan, are presented in [34,35,36,37,38,39,40]. In [41] is carried out a techno-economic feasibility study of a hybrid power system to cover the electricity demand of an isolated city, not connected to the power grid, in South-West of Algeria. The feasibility of some schemes with the RES power generation was studied and the results show that the total load demand of the city could be covered by using a hybrid system with of a wind module, a PV module and a diesel generator for backup purposes.



A review including the study of power plants in the Mediterranean region of Crete Island is presented in [42]. Results show that the power plants could produce 11.19 GWh annually, with an investment cost of approximately 27 M EUR, with a payback after 16 years of operation, and then profit after 25 years is at 25.5 M EUR. In [43] presented an economic analysis of the 300 MW lignite power plant in Ptolemais, Greece, with one solar field of PT collectors.



The integration of SAPG in a power plant with a thermal energy storage (TES) system was studied in a 330 MW power plant at Yinchuan (China) [44]. The study shows that when the SAPG plant uses TES in a controlled manner, the energy efficiency increases by 2.5% and reduces the LCOE by 0.27 cents/kWh. A model for the study of energy generated and the economic benefits of the SAPG systems, its correlation to different plant capacities, has been developed in [45]. The study cases involved four coal-power plants located in Lhasa, Tibet, China, retrofitted into SAPG plants, with capacities of 1000 MW, 660 MW, 600 MW and 300 MW. Based on multiple criteria and indexes such as solar-to-electricity efficiency (SEE), solar power generation (SPG), saved standard coal consumption rate (SCCR), annual SEE and LCOE, the results show that the SAPG benefits depend on capacity of the coal power plant and on the collector areas installed. The results show that the annual SEE is higher in larger plants and the saved SCCR is higher in smaller plants. The application of the solar tower and PT aided coal-fired power generation systems. The plant of 600 MW in Delingha, northern Qinghai, China, was developed in [46], incorporating the predictive weather data and power load, to minimize coal consumption in a selected time horizon. Using the day simulation shows that the coal consumption reduction using a predictive control approach increases by 21.3 tons (13.6%), and by 320 tons (20.3%) in 10 consecutive days. The improvement is achieved by storing more energy in the TES, and discharging it optimally. The reduction was more significant in high solar irradiation conditions, which gave a saving of 61.7 tons (34.3%).



The optimization of ED has been studied searching for higher savings in operating cost [9,10,47]. A review of the hybrid RES including modeling, control, reliability, optimum sizing, and feasibility analysis, is presented in [48]. Reference [49] proposes an optimization model for a day-ahead schedule with RES uncertainties influencing the dispatch. Optimal scheduling by minimizing the day-ahead costs, taking into account uncertainties in wind, and solar forecasts, is proposed by [50]. A solution for ED problems results from computing the optimal power generated with the least cost using the lambda iteration method in [51]. Reference [52] examined the conditions that influence the optimality of ED, and proposed the linear programming. Publication [53] addresses the ED optimization with the prohibited operating zones and the physical operational constraints by using the lambda-iteration method. In [54] the ED is considered as a multiobjective optimization problem, and is solved by linear programming.



In [55] Lagrangian multipliers with monotonic cost functions are used for Lagrangian relaxation, and separates the large-scale optimization into smaller systems. The augmented Lagrangian relaxation with penalty term is solved using a quadratic approximation method, and decomposition into several ED models [56]. For large-scale integration of RES, ED is a dual problem of the Lagrangian relaxation [57]. In [10] is developed a generalized Lagrange multipliers with lambda iterations method based on matrix mathematics for thermal power plants, and concludes that, in the context of emerging technologies, professionals and scientists must be informed about ED management.



From the literature review results that, the optimal scheduling handles the thermal units, specifics of RES and of the load demand. In the view of the involvement of RES in the generation and forecast of load demand, the scheduling must be adapted to specific requirements. Attempts have been made in the literature, but it is required an exact mathematical method which reflects the implications of varying fuel costs, changing the operation and maintenance costs, taking into consideration the variability of RES, and solving the real-time dispatch problem. This paper bridges this gap. In the proposed optimal scheduling strategy, the varying solar power generation is estimated using the varying solar power irradiation and the varying load demands in real time.




3. Economic Dispatch and Commitment Optimization of Hybrid Thermosolar System


Power systems need management for generating units that supply the electrical load demand, considering specific technical aspects such as power-output limits, network constraints, and efficient economic management. The objective of the EDC problem is to control the production of every generating unit  i  in the power system where: to minimize the total costs, supply the electrical load demand, and meet the technical and security constraints [8,9,10].



In the followings, the optimal scheduling is expressed taking into consideration the hybrid thermosolar generation system. The power units of the hybrid system are: thermal generators with fossil fuels (lignite), and concentrating solar power CSP systems, all connected to the power grid. The output of the CSP modules is predicted according to the geographical longitude/latitude, and month of the year, on a 24-h basis using solar tracking.



The hybrid energy system involves subsystems for the generation and consumption: thermal units, concentrating solar units, time-varying loads, external data files, and an energy management system EMS, which controls the power dispatch between generating units and load demands, during different time periods and operating situations. The EMS switches dynamically and achieves a power balance versus time, when energy sources and load demands are varying. The hybrid thermosolar system has the control system with EMS, the lignite thermal units, the concentrating solar units and varying electrical loads such as motors, elevators, heating-cooling, air conditioning, lightings, other buildings and industrial equipment, etc.



Power systems operate as energy entities, meeting the committed load needs from the already installed thermal power units (lignite, full oil, and gas technology).



The retrofit by the addition of RES, which is proposed by this research, does not aim at a complete replacement of the existing power generation systems, but acts as an adjunct to them, with the aim of weakening the emissions from the use of fossil fuels. In the situations when the power produced by RES is not enough, the balance of committed power is achieved by existent fossil fuel thermal generation units.



3.1. External Data


Sun irradiation levels are periodically varying daily, and are dependent on geographical coordinates longitude and latitude, on the days and months of the year, and consequently, depend on the location, as shown in Figure 1. The two-axis maximum point solar tracking system is considered for increased irradiance and longer duration during the day [58]. The selected geographical coordinates are of a lignite power plant from the Ptolemaida area, in northwest of Greece.



An estimation of varying electrical loads versus time, is shown in Figure 2. Depending on operating conditions, industrial loads such as electric motors can be connected to the system. In our approach it is estimated that the varying electrical loads represent the ≅0.20% of the total committed electrical load.



These external data files integrate: the sun irradiation, Figure 1, and the power load demands, Figure 2, which are vary over time for the period under consideration. The mathematical model uses the following data-files, as data resources (in spreadsheet format) of the external parameters: sun irradiation file, and load demands file. External data are user defined prior to the simulation in order to implement exact simulation scenarios.




3.2. Generation Constraints


We consider a number   i = 1 , 2 , … , N   of thermal units which supply the electrical load demand, where  N  is the total number of thermal units. The generalized model of thermal ED optimization, developed in [10], in the present work is extended for modeling hybrid thermosolar modules, by Equations (1)–(47).



The costs of thermal units, is formulated as:


    C i  =  C  F , i   +  C  V , i    …  ∀ i   



(1)




where    C i    is the total cost of thermal unit  i ,    C  F , i     is the fixed cost, or no-load cost of thermal unit  i , and    C  V , i     is the variable cost of thermal unit  i . An alternative to total cost is the cost rate    F i  (  P i  )   of thermal unit  i , for a time interval of one hour,   t = 1   h, where    P i    is the output power of thermal unit  i .


    F i  (  P i  ) =  C i  / t        ∀ i   



(2)







One essential constraint is the power balance, showing that the sum of the output powers    P i    equals the total electrical load demand    P L   , and thus, sets to zero function    Φ  t h    :


   Φ  t h   =  P L  −   ∑  i = 1  N    P i    = 0  



(3)




The total power available in the network must be larger than the demand by a prespecified amount    R L    which is the mandatory Reserve, or the power available in excess over the load demand    P L   :


   ∑   P  1 , max   ≥  P L  +  R L     



(4)







There are physical constraints on the generation levels. Thermal units do not function below a minimum power, or above their maximum capacity. The generators cannot exceed their maximum rates,    P  i , max     and also, they cannot operate below zero (otherwise they could reverse operation). All units cannot operate at zero power, and as a result, the minimum is denoted as    P  i , min    . Therefore, according to [8,9], the generation limits are represented as in Equation (5), where is the power bound of each thermal unit  i .



The technical constraints give   2 ⋅ N   inequalities: the power    P i    is greater than or equal to the minimum    P  i , min    , and less than or equal to the maximum capacity    P  i , max    :


    P  i , min   ≤  P i  ≤  P  i , max          ∀ i   



(5)




The left-hand side of constraints (5) enforces that, if the power unit  i  is online during time period  t , its power output must be above the minimum power output. This minimum power output of thermal units is generally 10% of the rated capacity of the unit [8,9]. Analogously, the right-hand side of constraints (5) enforces that if generating unit  i  is online during time period  t , its power output should be below the maximum power output.



The penetration of solar power to system is given by [59]:


      P  s k     ≤  P  s k , max          k = 1 , 2 , … ,  N s    



(6)




where    N s    is the number of solar collectors SC units,    P  s k     is the solar generated active power by SC unit  k , and    P  s k , max     is the maximum active power generated by solar unit  k , depending on solar irradiation and temperature. Thus, for the considered hybrid thermosolar system, the power balance from (3) becomes (7):


  Φ =  P L  +  R L  −   ∑  i = 1  N    P i    −   ∑  k = 1    N s      P  s k     = 0  



(7)








3.3. The Objective Function


Considering the EDC situation for a thermosolar energy system of  N  thermal units, and    N s    SC units, covering a specific varying electric load demand    P L   , the objective function that must be minimized is the total cost rate function  F , with constraints for power bound and power balance. Thus, the EDC optimization of the objective function, in the hybrid thermosolar system is:


  M i n _ F = M i n _    F T  +  F s     



(8)






   F T  =   ∑  i = 1  N    F i    (  P i  )  



(9)






   F s  =   ∑  k = 1    N s      F  s k     (  P  s k   )  



(10)






   F  s k   (  P  s k   ) =  t k  ⋅  P  s k    



(11)




where    F T    is the total operating cost rate of the system of  N  thermal units,    F i  (  P i  )   is the fuel cost rate function,    P i    is the electric power generated by the thermal unit  i ,    P  s k     is the power output from the SC unit  k , and    t k    is the direct cost coefficient of the solar unit  k . The function    F T    includes fixed costs constant with the output (investment, personal, etc), and variable cost (fuels, maintenance, energy, and taxes) [8,10].



The function    F s    is the direct cost of the solar power unit. If the CSP plants belong to the system operator, because the CSP power requires no fuel, the cost function do not exist, except the situations when the system operator assigns a payback cost for initial cost for the CSP plants, or assigns an operation, maintenance and renewal cost [6,59,60,61]. In nonutility owned CSP plants, the solar generation has a direct cost from contractual agreements. The generation of the CSPs is decided by the system operator, and bound to upper and lower limits, according to optimal operation agreements [62]. With approximation, this can be considered as analog to the scheduled CSP power, or totally neglected [63,64]. Usually, the direct cost is neglected when CSP plants are in the system utility-owned, and considered to be proportional to the scheduled output when CSP plants are nonutility-owned. In the approach of this paper, a linear cost function was used for the scheduled CSP generation [59]. Thus, the objective function can be written as:


  F =   ∑  i = 1  N    F i    (  P i  ) +   ∑  k = 1    N s      t k  ⋅  P  s k      



(12)








3.4. Thermal Energy System


The minimization of objective function  F  uses Lagrangian  L , with constraints, and Lagrange multipliers [10,65]. Lagrangian  L  is formulated by adding to  F , (12), the constraint  Φ , (7), and multiplied by a variable lambda  λ :


  L = F + λ ⋅ Φ  



(13)




By introducing the incremental cost rate of the thermal unit  i ,     δ  F i  (  P i  )   δ  P i     , the optimal solutions of  F  are obtained by setting to zero all  i  first partial derivatives of Lagrangian  L  with respect to    P i   , and  λ :


    δ L   δ  P i    = 0 ⇒   δ  F i  (  P i  )   δ  P i    − λ = 0  



(14)






    δ L   δ λ   = 0 ⇒   ∑  i = 1  N    P i    −  P L  +   ∑  k = 1    N s      P  s k     = 0  



(15)




Thus, from (5), (12), (14), (15), according to [9,10], the necessary conditions are in (16)–(18):


     δ  F i  (  P i  )   δ  P i    = λ        for       P  i , min   ≤  P i  ≤  P  i , max     



(16)






     δ  F i  (  P i  )   δ  P i    ≤ λ        for       P i  =  P  i , max     



(17)






     δ  F i  (  P i  )   δ  P i    ≥ λ        for       P i  =  P  i , min     



(18)








3.5. Solar Energy System


The hourly data of the solar irradiation are required to forecast the performance of the SC unit. The power output    P     s k           ( I )   can be controlled using solar power tracking to obtain the maximum generation of CSP. The contribution of SC unit during   Δ t = 1   h is:


   P s  =   ∑  k = 1    N s      P  s k     ( I )  



(19)




where  I  is the solar irradiation retrieved from external data files (in W/m2), (Figure 1), and    P  s k   ( I )   is the function of solar irradiation conversion to electric power of the SC unit  k  from the CSP system, given by:


   P  s k   ( I ) =        P  s r        I 2     I  s t d   ⋅  I C          f o r     0 < I <  I C         P  s k , max       f o r     I >  I C         



(20)




where    I  s t d     is the reference solar irradiation set at 1000 W/m2,    I C    is a cut-off irradiation level set at a maximum value of the considered SC 1500 W/m2,    P  s k , max     is the equivalent power output corresponding to    I C   , or the available maximum active power generated by solar unit  k , and    P  s r     the rated equivalent power output of the SC, which depends on efficiency  η , area  S  of the considered SC, and per unit base value    P  s r o    :


   P  s r   =  P  s r o   ⋅ η ⋅ S  



(21)








3.6. Solution


The above problem can be solved by deducting a mathematical model with matrixes from Equations (4), (5), (7), (8), (13)–(18), and (19)–(21).



The cost rate    F i  (  P i  )   of each thermal unit  i  is computed from the heat rate   H (  P i  )   multiplied by the fuel cost   F  C i   :


  F (  P i  ) = H (  P i  ) ⋅ F  C i   



(22)




The vectors of generated powers    P   , cost rates     F ( P )    , fuel costs     F C    , the matrices of heat rates     H ( P )     are detailed in (23)–(28), where matrixes with dots indicate the multiplication element-by-element, and matrices with superscripts      x   T    are transposed matrices:


   P  =          P 1       P 2     ⋯     P N         T   



(23)






    F ( P )   =          F 1  (  P 1  )      F 2  (  P 2  )    ⋯     F N  (  P  1 N   )        T   



(24)






    F C   =         F  C 1      F  C 2     ⋯    F  C N         T   



(25)




The heat rates    H i  (  P i  )   are quadratic (convex) characteristic functions (26), which give the following matrices [10]:


   H i  (  P i  ) =  H  i , 2   ⋅  P i 2  +  H  i , 1   ⋅  P i   +  H  i , 0   =   ∑  j = 0  2    H  i , j   ⋅    P i j   



(26)






    H ( P )   =          H  1 , 2          H  2 , 2        ⋮       H  N , 2          •  ⋅    P      •   2  +          H  1 , 1          H  2 , 1        ⋮       H  N , 1          •  ⋅  P  +        H  1 , 0          H  2 , 0        ⋮       H  N , 0          



(27)






   F  =  H  ⋅   F C    



(28)







By replacing (23)–(28) in (14) and (15) we get:


   A  ⋅    P 0    +  B  = 0  



(29)




where:


   A  =       2 ⋅  H  1 , 2   ⋅ F  C 1     0   ⋯   0    − 1      0    2 ⋅  H  2 , 2   ⋅ F  C 2     ⋯   0    − 1      ⋮   ⋮   ⋮   ⋮   ⋮     0   0   ⋯    2 ⋅  H  N , 2   ⋅ F  C N      − 1       − 1     − 1    ⋯    − 1    0       



(30)






   B  =          H  1 , 1   ⋅ F  C 1       H  2 , 1   ⋅ F  C 2     ⋯     H  N , 1   ⋅ F  C N       P L  −   ∑  k = 1    N s      P  s k            T   



(31)






     P 0    =          P 1       P 2     ⋯     P N     λ       T   



(32)




The solution of (29) is in (33), and      P 0      gives the initial, or the global unconstrained optimal vector of generated thermal powers:


     P 0    = −    A    − 1   ⋅  B   



(33)




From      P 0     , we obtain the unconstrained optimal values for generated thermal powers    P 1  ,  P 2  , ⋯ ,  P N   , and the Lagrange multiplier   λ =  λ 1   . Vector      P 0      is the optimal solution of the unconstrained system which minimizes the cost function (8). The value   λ =  λ 1    is the initial incremental cost rate, and    P 1  ,  P 2  , ⋯ ,  P N    indicate the initial operating point.



 λ -iteration is introduced as a small displacement   ± Δ λ   from    λ 1   . To apply the boundary conditions (5) to      P 0     , with the constraints (16)–(18), and introducing the definitions (34)–(36), the constraints with matrixes, (37)–(42) are obtained:


  [  P  min   ] =          P  1 , min        P  2 , min      …     P  N , min          T   



(34)






  [  P  max   ] =          P  1 , max        P  2 , max      …     P  N , max          T   



(35)






  [  P  min   ] ≤  P  ≤ [  P  max   ]  



(36)






      δ  F i  (  P i  )   δ  P i      =    A λ    ⋅    P λ    +    B λ    = 0  



(37)






      δ  F i  (  P i  )   δ  P i      =    A λ    ⋅    P λ    +    B λ    < 0  



(38)






      δ  F i  (  P i  )   δ  P i      =    A λ    ⋅    P λ    +    B λ    > 0  



(39)






     A λ    =       2 ⋅  H  1 , 2   ⋅ F  C 1        0        ⋱        0       2 ⋅  H  N , 2   ⋅ F  C N         



(40)






     L λ    =        λ   λ   …   λ       T   



(41)






  [  B λ  ] = [  L λ  ] − [ B ( 1 : N ) ]  



(42)




Solution      L λ      gives the incremental cost vector for  N  thermal units, the generated powers are in      P λ     , (43) and (44), the operational costs in   F ( [  P λ  ] )  , (45), and the total minimal operational cost    F λ    are in (46):


     P λ    =          P  1 λ        P  2 λ      …     P  N λ          T   



(43)






     P λ    =      A λ      − 1   ⋅    B λ     



(44)






  F ( [  P λ  ] ) = [ H ( [  P λ  ] ) ] ⋅ [ F C ]  



(45)






   F λ  =   ∑  i = 1  N   F ( [  P λ  ] )    



(46)




The incremental costs     δ  F i  (  P i  )   δ  P i      for final      L λ      and      P λ      are computed from (37). The total minimal cost for the hybrid thermosolar power plant, is computed from (47):


   F  o p t   =   ∑  i = 1  N   F ( [  P λ  ] )   +  t s  ⋅  P s   



(47)







The software for solving the optimal hybrid thermosolar EDC problem, with  λ  iterations, (22)–(47), is programmed in Matlab. The data and parameters for 24 h are:




	
Fixed data for generating units: characteristics of heat rates, number and rates of thermal units, prices of fuels, power bounds constraints, solar irradiation data, and load demand data.



	
Parameter for accuracy of the results is the size of increment   Δ λ  .










4. Study Case: Thermosolar System in North-West Greece


In this considered study case, the power system has seven thermal units, a CSP, a constant load at 1150 MW and a varying load demand ≤ 2 MW, as shown in Figure 2.



In Table A1, in Appendix A, are the ratings of seven thermal units located in the North-West Greece, Th1–Th7 selected from [66]: the generators’ powers maximum limits, minimum limits, the heat consumption rates, and the costs rate of lignite. For all thermal units the heat/hour is a convex function with coefficients as specified in Equations (26) and (27). The cost rate is computed according to (28). The cost rate functions of the seven thermal units Th1–Th7 versus generated power are shown in Figure 3.



In Table A2, in Appendix A, are the technical data of the CSP unit [67]. In Table A3 in Appendix A are economic data of the solar field CSP unit [67].



First, are computed the unconstrained optimal solutions of the hybrid thermosolar system and are obtained the small displacements λ of the unconstrained optimal, varying from    λ 1    = 176.95 to    λ 1    = 176.18. Then, are computed the small displacements of  λ  and of the constrained optimal varying from    λ λ    = 175.95 to    λ λ    = 174.71. The generated powers by Th1–Th7, and the generated reserves of power, versus  λ  are plotted in Figure 4. The convergence of  λ , beginning from the unconstrained optimal solution      P 0     , up to the constrained optimal solution      P λ     , is also depicted in Figure 4. In Figure 5 are the constrained minimal cost generated powers      P λ     , by the thermal units Th1–Th7, and by the CSP, from    λ λ    = 175.95 to    λ λ    = 174.71, over 24 h.




5. Results, Discussion


In the following, two scenarios are studied and discussed: in Scenario 1, the hybrid thermosolar system composed of thermal Th1–Th7 with solar CSP enabled, and in Scenario 2, the thermal system of Th1–Th7 with CSP disabled. For carrying out the comparison between the two scenarios: hybrid Th1–Th7 with CSP enabled, and thermal Th1–Th7 with CSP disabled, are used the same data and parameters: the input data of the thermal units, the input data of the CSP system, the varying load demand, as presented previously, and in Appendix A, as well. The outputs of Th2 and Th4 are equal (shown superposed). The outputs of Th5 and Th6 are equal as well (superposed). The output of Th7 is equal to Th5 and Th6 between hours 6:45–17:45 (partly superposed).



In Figure 6a,b are plotted the unconstrained minimal costs, and the constrained minimal cost, respectively, for small displacements of  λ  over 24 h (Scenario1), where the CSP is shown as power unit 1 and Th1–Th7 as power units 2–8. The solution for Scenario 2, the same EDC problem of the same system, with the same thermal units Th1–Th7, and varying electric loads, but with CSP disabled, was computed, and the plots are shown in Figure 7a,b, for both unconstrained and constrained minimal costs, respectively.



From Figure 6a,b and Figure 7a,b it is clearly shown that, in situations when CSP is disabled, related to the variability of solar irradiation, the thermal units Th1-Th7 increase production to compensate for the missing amount of generation from CSP and to balance the load demands, without the need for batteries or energy storage.



Figure 8 shows the balance of generated powers during Scenario 1, by hybrid thermosolar with CSP enabled system, of an optimally constrained thermal system, of generated reserves, versus total varying electric load, over 24 h.



In Figure 9 is the balance of powers for the two scenarios: in Scenario 1, hybrid thermosolar with CSP enabled and in Scenario 2, thermal with CSP disabled.



In Scenario 2, when CSP is disabled, the thermal units Th1–Th7 undertake to generate the total requested power to balance the load demand. In this context, in both scenarios, Th1, Th5, and Th6 generate at    P  1 , min    ,    P  5 , min    , and    P  6 , min    , respectively. The other four thermal units, Th2, Th3, Th4 and Th7 increase production to compensate for the amount of MW missing by disabling the CSP. This process can be seen in Table 1.



Table 1 shows the numerical results obtained using this integrated approach, for both Scenarios 1 and 2 and varying load demands over 24 h. The results of Scenario 2 (thermal units only, CSP disabled) are marked with the subscript   r e f  . Specifically, for Scenario 1, (hybrid thermosolar with Th1–Th7 and CSP enabled) are the columns titled “Total Generated Energy (MWh)    E i   ”, and “Total Operational Costs    F i   ”. The values computed for Scenario 2 (thermal units only, CSP disabled) are in the columns titled “Total Generated Energy (MWh)    E  i , r e f    ” and “Total Operational Costs    F  i , r e f    ”. The two sets of results from Scenarios 1 and 2 are compared, and the results are shown in the column “Differences Scenario 1–Scenario 2” from enabling to disabling the CSP in power generation and optimization of costs.



The results in Table 1 show that thermal units Th1, Th5, and Th6 generate at minimum power    P  i , min    , over 24 h and are not influenced by enabling or disabling the CSP. Thermal units Th2, Th3, and Th4 function at levels    P  i , min   ≤  P i  ≤  P  i , max    .



In Scenario 1, unit Th7 functions at    P  7 , min     between hours 6:45–17:45 (with sunshine) and at levels    P  7 , min   ≤  P 7  ≤  P  7 , max     during the hours of the day 0:45–6:45 and 17:45–23:45 (without sunshine). Operation of Th7 at    P  7 , min     during sunshine is saving CO2 emissions.



None of the thermal units Th1–Th7 function at maximum power    P  i , max     and this fact adds more savings to CO2 emissions.



Table 2 shows that the mean minimal operational cost of the hybrid thermosolar system is at 8.22 EUR/MW (Scenario 1) and it is higher than the mean minimal operational cost of the thermal system at 8.03 EUR/MW (Scenario 2). Thus, the cost of 1 MW generated by hybrid thermosolar at 8.22 (EUR/MW) is higher than the cost of 1 MW generated by the thermal system with lignite at 8.03 (EUR/MW).



Respectively, the cost of 1 MWh is higher when generated by the hybrid thermosolar system in Scenario 1, at the 197.24 EUR/MWh, than by the thermal system in Scenario 2, at the 192.81 EUR/MWh.



From the above comparison results it is clear that, the operational cost of coal-based production of electrical energy is lower than the operational cost for the production of electrical energy from the hybrid thermosolar system, and, that the combination of coal with solar energy increases the minimal cost per 1 MW, and per 1MWh, as compared to the production from coal only. The increased cost of energy produced by the hybrid thermosolar system can be partly balanced by the generated reserves of MW, see Figure 4, Figure 8 and Figure 9.



However, the costs of MWh, and MW produced by CSP alone are higher than the costs of MWh, and MW produced by the hybrid system, Table 2. Also, they are higher than the costs of MWh and of MW produced from fossil fuels only.




6. Conclusions


The new knowledge from this integrated approach for EDC optimization applied to thermosolar CSP systems consists of the followings:



This work advances prior knowledge with an integrated model, based on exact mathematics of matrices and solutions, which offers access to researchers, working in techno-economic fields, to solve EDC problems for thermosolar generators. This approach optimizes costs of the hybrid energy-generating systems with large numbers of power units, boundary operating zones, boundary conditions, with different fuels and unit prices.



The algorithm determines the global optimal solution for incremental cost of the unconstrained optimal EDC problem, and considers it as the starting point for the initial value for solving the constrained optimal EDC. From the constrained optimal operating point, the algorithm finds the generating units which are set to minimum power, and the generating units which will operate between the limits of minimum and maximum power generation. The constrained minimal total operational cost is deducted with accuracy, and depends on parameters of thermal units, fuel costs, varying load demand, power bound conditions, power balance, and solar CSP parameters.



The study case of the hybrid thermosolar system resulted as a consequence of CSP operation, in three of the seven thermal units being set to the minimum power generating limit, while, at the same time, no thermal power unit was set to the maximum power generating limit, and, thus, the CO2 emissions were diminished.



In conclusion, the cost of fuel influences the final minimal operational cost of generated electrical energy and power; the introduction of hybrid thermosolar leads to increased costs if compared to fossil fuel generation. Thus, to acquire the benefits of cleaner electrical energy with diminished emissions versus the minimal costs of electrical energy generation belongs to multicriteria managerial decisions.



This work contributes to increasing energy literacy. This will support researchers in studying EDC problems by applying multidisciplinary knowledge, information, and multicriteria managerial decisions, to mathematically solve energy-economic problems.
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Appendix A


In Table A1 are the ratings of seven thermal units from the Northwest Greek power system, the constraints the coefficients of heat consumption rates, and the locations of thermal units, selected from [66]. The cost rate for lignite is selected at 100.00 EUR/Gcal. In Table A2 are the technical data of one solar field concentrating solar power CSP [67], selected because latitude location is close to Ptolemaida. In Table A3 are the economic data of the same solar field CSP unit from Table A2 [67].
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Table A1. Ratings of Seven Thermal Units in North-West of Greece.






Table A1. Ratings of Seven Thermal Units in North-West of Greece.





	
Thermal Units

	
    P  i , min     

(MW)

	
    P  i , max     

(MW)

	
Heat Consumption Rates

	
Locations




	
     H  i , 2      

	
     H  i , 1      

	
     H  i , 0      






	
Th1

	
28

	
70

	
0.005102

	
1.7286

	
12.80

	
Ptolemaida I




	
Th2

	
120

	
300

	
0.000254

	
1.6410

	
44.19

	
Ptolemaida IV




	
Th3

	
120

	
300

	
0.001217

	
1.3095

	
73.20

	
Kardia III–IV




	
Th4

	
120

	
300

	
0.000254

	
1.6410

	
44.19

	
Kardia I–II




	
Th5

	
170

	
300

	
0.000222

	
1.7318

	
30.99

	
Agios Dimitrios I–II




	
Th6

	
170

	
310

	
0.000399

	
1.6253

	
42.47

	
Agios Dimitrios III–IV




	
Th7

	
170

	
300

	
0.000622

	
1.5386

	
49.49

	
Amidaio I–II




	
Totals

	
898

	
1880
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Table A2. Technical data of Solar Field CSP.






Table A2. Technical data of Solar Field CSP.





	Technology
	Hybrid, Parabolic Trough



	Power Cycle
	Steam Rankine



	Nominal Capacity (MW)
	22.5



	Turbine efficiency %
	37



	Expected Generation (GWh/year)
	44.1



	Latitude/Longitude Location (o)
	41.529/0.8



	Solar Field Aperture Area (m2)
	183120



	Number of Solar Collector Assemblies (SCAs)
	336



	Number of Loops
	56



	Number of SCAs per Loop
	6



	Number of Modules per SCA
	8



	SCA Aperture Area (m2)
	545



	SCA Length (m)
	96
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Table A3. Economic data of Solar Field CSP.






Table A3. Economic data of Solar Field CSP.





	Total Construction Cost (2012) M EUR
	149.94



	Total Cost (2020) M EUR
	211.67



	Specific Cost (2020) EUR/kW
	9407.41



	Remuneration EUR/kWh
	0.27



	Remuneration Start Year
	2012



	Remuneration Deflated (2020) EUR/kWh
	0.37



	PPA or Tariff Period (Years)
	25



	Operation and Maintenance O/M (%)

(% of investment cost per year)
	1.5



	Levelized Cost of Electricity (2020) EUR/kWh

(LCOE with 5% weighted average cost of capital

and 25-year payback period)
	0.41
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Figure 1. Solar Clear-sky irradiance, on a 2-axis tracking plane, in the month of July, at Ptolemaida, NW Greece, latitude/longitude: 40.463/21.762, during 24 h. 
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Figure 2. Estimated varying electrical load demands on a 24-h basis. 
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Figure 3. Cost rate functions versus generated power of seven thermal units from northwest Greece. 
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Figure 4. Convergence from unconstrained optimal cost to constrained optimal cost for the thermal units Th1–Th7 from northwest Greece over 24 h. The unconstrained minimal cost powers (blue o), the constrained minimal cost powers (magenta ∇), and the generated reserves of power (green*) are shown versus  λ . Over 24 h, small displacements of unconstrained optimal  λ , are varying from    λ 1    = 176.95 to    λ 1    = 176.18, and of constrained optimal    λ λ    are varying from    λ λ    = 175.95 to    λ λ    = 174.71. 
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Figure 5. Constrained minimal cost generated powers [   P λ   ] by thermal units Th1–Th7 and solar power CSP unit from    λ λ    = 175.95 to    λ λ    = 174.71, over 24 h. The outputs of Th2 and Th4 are equal (shown superposed). The outputs of Th5 and Th6 are equal as well (superposed). The output of Th7 is equal to Th5 and Th6 between hours 6:45–17:45 (partly superposed). 
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Figure 6. (a) Scenario 1: Total unconstrained minimal costs of seven thermal units and CSP over 24 h (CSP enabled); (b) Scenario 1: Total constrained minimal costs of seven thermal units and CSP over 24 h (CSP enabled). 
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Figure 7. (a) Scenario 2: Total unconstrained minimal costs of seven thermal units over 24 h (CSP disabled); (b) Scenario 2: Total constrained minimal costs of seven thermal units over 24 h (CSP disabled). 
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Figure 8. Scenario 1: The balance of generated powers of optimally constrained hybrid thermosolar system, of generated reserves, with total varying electrical load, during 24 h (CSP enabled). 
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Figure 9. Balance of powers in Scenario 1 (hybrid system with CSP enabled) and Scenario 2 (thermal system with CSP disabled), during 24 h. 
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Table 1. Total Generated Energy and Total Operational Costs over 24 h.
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Thermal Units

	
Scenario 1 CSP Enabled

	
Scenario 2 CSP Disabled

	
Differences:

Scenario 1–Scenario 2




	
Constraints—Boundary

Values

	
Total

Generated

Energy (MWh)

	
Total

Operational

Costs (EUR)

	
Constraints—Boundary

Values

	
Total

Generated Energy (MWh)

	
Total

Operational

Costs (EUR)

	
Total

Generated

Energy (MWh)

	
Total

Operational Costs (EUR)




	
     E i     

	
     F i     

	
     E  i , r e f      

	
     F  i , r e f      

	
     E i  −  E  i , r e f      

	
     F i  −  F  i , r e f      






	
Th1

	
    P 1  =  P  1 , min     

	
672.00

	
156,480

	
    P 1  =  P  1 , min     

	
672.00

	
156,480

	
0

	
0




	
Th2

	
    P  2 , min   ≤  P 2  ≤  P  2 , max     

	
5321.77

	
1,009,361

	
    P  2 , min   ≤  P 2  ≤  P  2 , max     

	
5606.49

	
1,059,295

	
−284.73

	
−49,934




	
Th3

	
    P  3 , min   ≤  P 3  ≤  P  3 , max     

	
4378.62

	
846,277

	
    P  3 , min   ≤  P 3  ≤  P  3 , max     

	
4437.97

	
856,686

	
−59.35

	
−10,409




	
Th4

	
    P  4 , min   ≤  P 4  ≤  P  4 , max     

	
5321.77

	
1,009,361

	
    P  4 , min   ≤  P 4  ≤  P  4 , max     

	
5606.49

	
1,059,295

	
−284.73

	
−49,934




	
Th5

	
    P 5  =  P  5 , min     

	
4080.00

	
796,330

	
    P 5  =  P  5 , min     

	
4080.00

	
796,330

	
0

	
0




	
Th6

	
    P 6  =  P  6 , min     

	
4080.00

	
792,694

	
    P 6  =  P  6 , min     

	
4080.00

	
792,694

	
0

	
0




	
Th7

	
0:45–6:45 and 17:45–23:45:    P  7 , min   ≤  P 7  ≤  P  7 , max    

6:45–17:45:

   P 7  =  P  7 , min    

	
4170.17

	
805,430

	
    P  7 , min   ≤  P 7  ≤  P  7 , max     

	
4265.17

	
822,102

	
−95.00

	
−16,673




	
CSP

	
-

	
731.34

	
255,969

	
-

	
0

	
0

	
731.34

	
255,969




	
Totals

	

	
28,755.67

	
5,671,901

	

	
28,748.13

	
5,542,882

	
7.54

	
129,019
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Table 2. Mean Minimal Operational Costs per MW.
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Thermal Units

	
Scenario 1 CSP Enabled

	
Scenario 2 CSP Disabled

	
Differences

Scenario 1–Scenario 2




	
Mean Operational Costs per 1 MWh (EUR/MWh)

	
Mean Operational Costs per 1 MW (EUR/MW)

	
Mean Operational Costs per MWh (EUR/MWh)

	
Mean Operational Costs per 1 MW (EUR/MW)

	
Mean Operational Costs per MWh (EUR/MWh)

	
Mean Operational Costs per 1 MW (EUR/MW)




	
     F i  /  E i     

	
     F i  /  E i  / h    

	
     F  i , r e f   /  E  i , r e f      

	
     F  i , r e f   /  E  i , r e f   / h    

	
     F i  /  E i  −  F  i , r e f   /  E  i , r e f      

	
     F i  /  E i  / h −  F  i , r e f   /  E  i , r e f   / h    






	
Th1

	
232.86

	
9.70

	
232.86

	
9.70

	
0

	
0




	
Th2

	
189.67

	
7.90

	
188.94

	
7.87

	
0.73

	
0.03




	
Th3

	
193.27

	
8.05

	
193.04

	
8.04

	
0.24

	
0.01




	
Th4

	
189.67

	
7.90

	
188.94

	
7.87

	
0.73

	
0.03




	
Th5

	
195.18

	
8.13

	
195.18

	
8.13

	
0

	
0




	
Th6

	
194.29

	
8.10

	
194.29

	
8.10

	
0

	
0




	
Th7

	
193.14

	
8.05

	
192.75

	
8.03

	
0.39

	
0.02




	
CSP

	
350.00

	
14.58

	
0

	
0

	
350.00

	
14.58




	
Totals

	
197.24

	
8.22

	
192.81

	
8.03

	
4.44

	
0.18
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