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Abstract: Concentrating Solar Power (CSP) plants offer a promising way to generate low-emission energy. However, these plants face challenges such as reduced sunlight during winter and cloudy days, despite being located in high solar radiation areas. Furthermore, their dispatch capacities and yields can be affected by high electricity consumption, particularly at night. The present work aims to develop an off-design model that evaluates the hourly and annual performances of a parabolic trough power plant (PTPP) equipped with a waste heat recovery system. The study aims to compare the performances of this new layout with those of the conventional Andasol 1 plant, with the aim of assessing the improvements achieved in the new design. Based on the results, it can be concluded that the new layout has increased the annual generated power to almost 183 GWh (an increase of about 7.60% is achieved compared to the Andasol 1 layout that generates 169 GWh annually). Additionally, the proposed installation has achieved an efficiency of 20.55%, which represents a 7.87% increase compared to the previous design (19.05%). The Levelized Cost of Electricity (LCOE) of the new layout has been reduced by more than 5.8% compared to the Andasol 1 plant. Specifically, it has decreased from 13.11 to 12.35 c/kWh. This reduction in LCOE highlights the improved cost-effectiveness of the new layout, making it a more economically viable option for generating electricity compared to the conventional Andasol 1 plant.
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Nomenclature



	γcol
	Orientation of the collector with respect to the azimuth angle (°)



	γs
	Azimuth angle (°)



	Δtes
	Total number of desired storage hours (hour)



	ΔTLMTD
	Logarithmic mean temperature difference (°C)



	ηORC
	Overall energy efficiency of the ORC (−)



	ηene,SF
	Energy efficiency of the solar field (−)



	ηendLoss
	Spillage end loss (−)



	ηgen,col
	Collector general errors (−)



	ηgeo,col
	Collector geometry imperfection (−)



	ηisen,OP
	Efficiency of the organic pump (−)



	ηisen,OT
	Efficiency of the organic turbine (−)



	ηoff,OP
	Off-design efficiency of the organic pump (−)



	ηoff,OT
	Off-design efficiency of the organic turbine (−)



	ηopt
	Optical efficiency of the solar field (−)



	ηPBdes
	Design point power cycle efficiency (−)



	ηPlant
	Overall energy efficiency of the whole plant (−)



	ηshad
	Losses due to shading effect (−)



	ηsoil
	Collector soiling (−)



	ηTPTPP
	Overall energy efficiency of the topping parabolic trough power plant (−)



	ηtrack,col
	Error in collector tracking (−)



	θ
	Angle of incidence (°)



	θc
	Angle of elevation (°)



	θcol
	Collector’s tilt angle (°)



	ρm
	Mirror reflectance (−)



	ω
	Width of the collector’s aperture (m)



	ωcol
	Collector tracking angle (°)



	Acon
	Condenser’s surface area in the ORC (m2)



	Aevap
	Evaporator’s surface area in the ORC (m2)



	ASF
	Solar field surface area (m2)



	Cinv
	Total investment costs (M$)



	CO&M
	Costs associated with the operation and maintenance (M$)



	CF
	Capacity factor (%)



	fbackup
	Fossil fill fraction (0<fbackup<1)



	h
	Enthalpy at each point of the ORBPB (kJ/kg)



	hinturbine
	Enthalpy at the inlet of the steam turbine (kJ/kg)



	hSFi
	Enthalpy at the inlet of the solar field (kJ/kg)



	hSFo
	Enthalpy at the outlet of the solar field (kJ/kg)



	Ibn
	Direct normal irradiance on an hourly basis (kW/m2)



	IAM
	Incidence angle modifier (−)



	kd
	Annual discount rate (%)



	Lcol
	Length of the PTC (m)



	Lf,ave
	Average focal length of the PTC (m)



	Lspacing
	Spacing between rows of collectors (m)



	LCOE
	Levelized cost of electricity (¢$/kWh)



	m˙cw
	Flow rate of cooling water in the ORC system (kg/s)



	m˙HTF
	Flow rate of the Therminol VP1 (kg/s)



	m˙of
	Flow rate of the R134a (kg/s)



	m˙water
	Flow rate of the cooling water getting to the PTSPP’s condenser (kg/s)



	Nsca
	Collector assemblies within each loop (−)



	Q˙evap
	Energy exchanged via the evaporator of the ORC (kW)



	Q˙FBS
	Thermal energy must be supplied in the FBS (kW)



	Q˙hl
	Total heat loss from receiver of solar collector (kW)



	Q˙HTF
	Energy absorbed by heat transfer fluid (kW)



	Q˙inc
	Total energy incident on the solar field (kW)



	Q˙rec,ORC
	The total energy recuperated by the ORC (kW)



	Q˙rej,RTPB
	The total energy rejected by the RTPB (kW)



	PGNet
	Generated power by the whole plant (kW)



	PGORC
	Generated power by the ORC (kW)



	PGSolar
	Generated by the solar block (kW)



	Rcond
	Resistance to heat transfer through the receiver wall via conduction (K/m)



	Rconv
	Resistance to heat transfer from the inner receiver wall to the heat transfer fluid (HTF) via convection (K/m)



	rH
	Enthalpy drop ratio in the OT between off-design and design conditions (−)



	rH,OT
	Coefficient of deviation resulting from the enthalpy drop (−)



	rV
	Volumetric flow rate drop ratio in the OT between off-design and design conditions (−)



	rV,OT
	Coefficient of deviation resulting from the volumetric flow rate drop (−)



	Tamb
	Ambient temperature (K)



	Tsky
	Sky temperature (K)



	Uevap
	Evaporator’s global heat transfer coefficient (kW/m2 °C)



	Uevap
	Condenser’s global heat transfer coefficient (kW/m2 °C)



	V˙of
	Volumetric flow rate of the OF (m3/s)



	W˙OP
	OP power consumption (kW)



	W˙OT
	OT power production by the organic turbine (kW)





1  Introduction

Over the past few centuries, the energy sector has faced mounting challenges caused by a rise in global energy demand and the consequences of global warming. As a result, governments and policymakers at both the national and international levels have launched ambitious strategies and programs to promote new alternative energy sources and develop new technologies for clean power. Concentrated solar power (CSP) plants offer a promising solution to address the challenge of producing clean energy with low gas emissions. Although these plants are typically located in areas with high levels of solar radiation, they may face reduced sunlight during cloudy or partly cloudy hours, particularly in winter. Additionally, electricity consumption often remains high for several hours, including at night, which can reduce the plants' dispatch capacities and yields under such operating conditions. In addition, the high investment costs associated with CSP plants make them less competitive when compared to other power plant options [1].

On the other hand, integrating organic Rankine cycle (ORC) for waste heat recovery systems appears to be a good solution and a promising option to enhance the performances of different energy installations and processes, as well as maximize their profitability. Thus, many works have been reported in the literature to assess the potentials of incorporating ORC in various thermal energy installations. Mahmoudi et al. [2] declared that more than a half of the energy used worldwide is wasted as heat. They presented an overview on many numerical and experimental studies conducted on ORC technology in the last four years with a wide range of working conditions and applications. Moreover, they investigated the effect of different ORC configurations, working fluid selection process, and operating conditions on its performances. Another review paper is carried out by Anastasovski and his team [3], where they emphasized the challenges ORC integration for waste heat recovery, and urged on exploring some important parameters such as working fluid, stability of heat supply, and heat source temperature range. Moreover, they reviewed and compared different approaches to optimize its design, including pinch analysis, non-linear and multiple integer linear programming, artificial neural network, and genetic algorithms. Going deep into the technical side of the published works, Khaljani et al. [4] developed a multi-objective approach to optimize the design of a cogeneration system. This system is integrated an ORC with a gas turbine (GT) through a heat recovery steam generator (HRSG), and its exergy efficiency and total cost rate were selected as the objective functions, while compression ratio, compressor and turbine isentropic efficiencies, air preheater outlet and turbine inlet temperatures, pinch point temperatures are considered as the inputs for the optimization. Another paper is presented on a similar installation [5], where simulations were conducted to analyze three different layouts of a combined GT-ORC thermal power plant the techno-economic performances of these layouts are compared. The three layouts are classified as a simple GT-ORC, a GT-ORC with thermophysical recuperator, and finally a GT-ORC with thermochemical recuperator. Additionally, a multi-objective algorithm has been established to optimize the design of this installation. Furthermore, energy and exergy investigations have been performed for a simple and a recuperative ORC integrated into a gas turbine aiming to raise its dispatch capacity and enhance its performances [6]. Besides, a parametric analysis is proposed by varying both temperature and pressure at the inlet of the turbine, considering eight organic fluids to identify the best candidate for such a structure. By incorporating this waste heat recovery to a dual-fuel marine engine, Tian et al. [7] assessed the thermo-economic performances of this system. Moreover, these performances are compared for two cases; by using zeotropic mixtures, and by pure fluids. Georgousopoulos et al. [8] and his research group evaluated the techno-economic performances of an organic Rankine cycle for waste heat recovery from three different layouts of a biomass-fueled gasification combined plant equipped with a carbon capture and storage installation. The difference between the three layouts lies in the placement of the ORC; the first in the air separation unit, the second in the CO2 compression system, while the third in the syngas cooling system. Moreover, different pure working fluids and zeotropic mixtures are examined, and in each layout, the structure has been optimized. A comprehensive exergoeconomic investigation of integrating an ORC to a combined gas turbine-steam Rankine thermal power plant has been performed by Mohammadi et al. [9], to maximize the waste heat recovery from the GT. Consequently, the presented installation is analyzed based on the two laws of thermodynamics and economic modelling, and its exergy efficiency and cost rate were optimized using multi-objective optimization considering various parameters including pressures and temperatures at different stages of the system, as well as pinch point of heat exchangers. Another application of the ORC heat recovery is presented by Ansari et al. [10], where they developed a model under MATLAB/SIMULINK Environment to study the feasibility of an ORC waste heat recovery system in a Proton Exchange Membrane Fuel Cell (PEMFC). The system is dedicated to power generation, and its yield has been evaluated. An ORC working with R1234ze (E) based mixture has been developed to recuperate waste heat from a thermal engine [11]. The mixture has been selected due to its favorable environmental properties compared to traditional fluid R134a, and the performances of this cycle were assessed based on the two laws of thermodynamics. Moreover, many research works have been proposed in the same direction [12–20]. However, only a few papers have been reported on the utilization of ORCs for heat recovery in CSP plants. For instance, Gomaa et al. [21] designed an ORC to produce power from a solar field made of parabolic trough solar collectors. The thermic oil is used as a primary working fluid in the solar field, while R245fa operates the ORC power block. The performances of each sub-system are analyzed and optimized in this study. Another structure is proposed by Sachdeva et al. [22], where a triple combined cycle has been designed. The layout combines an ORC run on various fluids with a combined thermal installation powered by a central solar receiver system to recover heat and produce power. Furthermore, different parameters that have an impact on the plant’s yield are investigated. More works can be found in the literature [23,24], although most of the investigated configurations in previous studies have focused on power generation from a single source or level. However, the layout in this particular study introduces a novel approach by incorporating two stages for power generation. The first stage utilizes a high-temperature stage in the topping CSP block, while the second stage employs a low-temperature stage in the ORC system. What sets this solar topping plant apart is its inclusion of both thermal energy storage (TES) and a fuel backup system (FBS). These additions serve two important purposes: maximizing the power generated and stabilizing its production. TES allows the plant to store excess thermal energy during periods of high solar radiation and utilize it later when solar radiation is low or unavailable. The FBS provides an alternative power source when solar energy is insufficient, ensuring continuous and reliable power generation. In contrast, previous studies have not taken into account the off-design simulations of such plants. This is a crucial consideration because solar radiation and ambient temperature vary throughout the day and year. Neglecting off-design scenarios can lead to inaccurate assessments of plant performance. Therefore, conducting an off-design analysis for solar-powered plants like this one becomes imperative to avoid miscalculations and provide a comprehensive evaluation of their performance under varying conditions. Consequently, the main aim of the present study is to develop an off-design model to simulate both hourly and annual energy performances of a parabolic trough solar power plant equipped with TES and FBS, as well as an ORC waste heat recovery. The system has two stages at which it can generate power: a high-temperature stage in the topping CSP block, and a low-temperature stage in the ORC.

2  Data and Methodology

2.1 Adopted Methodology

This research aims to assess the feasibility of integrating a concentrating solar thermal power plant with an organic Rankine cycle for waste heat recovery. By combining these two systems, the ORC installation can effectively recover thermal flux from the topping block, leading to an increase in the overall power output of the system. This combined structure enables electricity generation at two different stages. The design of the topping block is based on the erected parabolic trough solar power plant (PTSPP) Andasol 1, located in the southern region of Spain [25]. While the ORC installation is intended to function as the bottoming block of the proposed plant. In this study, we will compare the performances of the proposed plant with that of a traditional parabolic trough solar thermal power plant (PTSTPP) in terms of hourly and annual electricity generation, efficiency, and capacity factor.

To achieve our objectives, we will follow a systematic approach. Firstly, (1) we will gather meteorological data specific to the location where the simulations will be conducted. Additionally, we will gather the technical specifications of the proposed plant. Next, (2) we will develop a comprehensive model of the proposed layout, considering both design and off-design conditions. This modeling process will involve analyzing the interactions between various components, such as the solar field, heat recovery system, and ORC installation. Finally, (3) we will proceed to evaluate and compare the performances of the proposed plant with those of the stand-alone layout. Key performance indicators, such as power generation, efficiency, and operational characteristics, will be assessed and analyzed. This comparative analysis will provide insights into the advantages and potential improvements of the integrated system.

2.2 Site of the Simulations

The selection of the location for the analysis is crucial to ensure the feasibility of the installed plant, and it must possess abundant solar energy resources, with levels exceeding 1800 kW/m2 annually [26]. In this study, the location chosen for the analysis is Bechar, situated in the South-West region of Algeria, as depicted in Fig. 1. Bechar is known for its sunny climate, with a daily mean solar radiation of approximately 7.04 kWh/m2/day. Table 1 provides the specific site coordinates, along with the ambient conditions and solar resources associated with Bechar [27].
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Figure 1: The site where the simulations were conducted
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2.3 Studied Configuration

As mentioned earlier, a CSP plant integrated with an ORC for waste heat recovery will be simulated and its performances will be assessed. In this integrated structure, a combined layout will be employed, where a large field of East-to-West sun-tracking parabolic trough collectors of type EuroTrough ET150 will be used by the PTSPP [28], with an area of 510,120 m2. Each solar collector assembly measures 100 m × 5.75 m and is composed of 12 modules. The working fluid, which is Therminol VP1 in this project, circulates inside the receivers to absorb heat and then transfers it to a steam Rankine cycle, which produces superheated steam to generate electricity. Additionally, two auxiliaries have been included in the system to maintain high levels of power generation by the solar installation; thermal energy storage (TES) and fuel backup system (FBS) to raise the dispatch capacity during low-solar time.

In contrast, a basic ORC is integrated as a lower-level cycle, where the condenser of the solar installation is used to reclaim heat and facilitate the cooling process by pumping cooling water through it. Subsequently, the cooling water transfers its heat to an organic fluid (the primary fluid in the ORC) in an evaporator. The electricity is then generated as in the conventional ORC configuration. The design in question is illustrated in Fig. 2, and its key parameters are presented in Table 2. Additionally, the thermo-physical characteristics of the heat transfer fluids employed in the examined design are summarized in Table 3.
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Figure 2: Studied solar power plant with waste heat recovery installation
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2.4 Mathematical Modelling

The mathematical model of the proposed solar plant is presented as a sub-system-wise formulation; including solar block with its Rankine power block and its two auxiliaries (TES and FBS), as well as the ORC heat recovery installation in subsequent sections.

2.4.1 Solar Field

The global efficiency of the SF, which refers to the ratio between the gained heat by the thermic oil (as the heat transfer fluid) and the total incident solar radiation on the global surface area of the solar plant, is expressed as follows:

ηene,SF=Q˙HTFQ˙inc(1)

where Q˙inc presents the solar flux incident on the parabolic trough solar field, and is calculated by:

Q˙inc=IbnASFηopt(2)

In Eq. (2), ASF defines the total surface area of the solar field, and the term ηopt presents the optical efficiency of the SF whose mathematical equation is written by:

ηopt=ηendLoss×ηshad×ηIAM×ηgeo,col×ηtrack,col×ρm×ηsoil×ηgen,col(3)

where the parameters appear in Eq. (3) are defined in the nomenclature, and present different optical losses in the solar field, and can be modeled as [29,30]:

ηendLoss=1−Lf,avetan⁡θ−(Nsca2−1)2(Lf,avetan⁡θ−LSpacing)Nsca−Lcol(4)

ηshad=|sin⁡(90∘−ωcol)|LSpacingω(5)

IAM=1+0.000884⋅θcos⁡θ−0.00005369⋅θ2cos⁡θ(6)

θ=cos−1⁡1−[cos⁡(θc−θcol)−cos⁡(θcol)cos⁡(θc)(1−cos⁡(γs−γcol))]2(7)

Besides, the gained heat by the thermic oil is calculated as:

Q˙HTF=Q˙inc−Q˙hl=m˙HTF×(hSFo−hSFi)(8)

where Q˙hl refers to the heat losses in the solar receiver and is calculated as [29–31]:

Q˙hl=(T3−Tamb)R5,7rad+(T3−T6)R5,6conv−q˙abs,envΩRR3,4totR5,7rad+R3,4totR5,6conv+ΩR(9)

With T6=Tsky, and T7=Tamb, and:

ΩR=R5,6convR5,7rad+R4,5condR5,7rad+R4,5condR5,6conv(10)

2.4.2 TES and FBS

The solar block in this configuration is supplied with thermal energy storage and fuel backup systems, which improve the dispatch capacity of the installation. In the present model, we consider two specifications of these systems, as described in reference [30].

ETES=wdesΔTESηPBdes(11)

fbackup=Q˙FBSQ˙tot(12)

where Q˙FBS is the heat supplied to the block by the FBS, and it is calculated as:

Q˙FBS=m˙HTF(hinturbine−hSFO)(13)

2.4.3 Solar Power Block (SPB)

Fig. 2 shows that the power block is based on a regenerative Rankine cycle, which is modelled and simulated under off-design conditions using established correlations, as described in reference [34]:

y=f(m˙HTFPB,THTF,Tamb)(14)

2.4.4 Waste Recovery System

For the mathematical model of the waste heat recovery system, a simple ORC layout has been chosen, where R134a is selected as the primary working fluid within the system. In this regard, mass and energy balances have been applied to each component of the system, and the corresponding equations are summarized in Table 4.
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Ucon1Acon1,UevapAevap, and Ucon2Acon2 represent the product of the global heat coefficient and surface area of the PTSPP’s condenser, of the evaporator, and of the ORC’s condenser, respectively. Moreover, ΔTLMTD refers to the logarithmic mean temperature difference (LMTD), which is calculated as:

ΔTLMTD=ΔTmax−ΔTminln(ΔTmaxΔTmin)(15)

where ΔTmax represents the maximal temperature difference of the considered heat exchangers, and ΔTmin refers to the minimal one.

2.4.5 Off-Design Model

As mentioned in the introduction section, the main aim of the present study is to simulate the whole system under varying climatic conditions and levels of solar radiation, thus, the use of an off-design model is essential to ensure accurate performance assessment and avoid any miscalculations. The off-design model of the solar block has already been presented taking into account the correlations provided in SAM software. For the heat recovery system, the pump and turbine efficiencies, as well as the global heat transfer coefficients of the heat exchangers, were modeled according to [35]:

ηoff,OT=ηisen,OT×rH,OT×rV,OT(16)

rH,OT and rV,OT in Eq. (16) refer to coefficients representing deviations caused by enthalpy and volumetric flow rate drops whose models are presented as [35,36]:

rH,OT=(((1.398rH−5.425)×rH+6.274)×rH−1.866)×rH(17)

rV,OT=(((−0.21rV+1.117)×rV−2.533)×rV+2.588)×rV(18)

where:

rH=(h4−h5)/(h4−h5)d(19)

rV=V˙of/V˙ofd(20)

The index d in these two equations denote to conditions at the design point.

On the other side, the Pump efficiency under off-design conditions is presented by [36]:

ηoff,OP=2ηisen,OT×V˙ofV˙ofd−ηisen,OT×(V˙ofV˙ofd)2(21)

For the global heat transfer coefficients of the considered heat exchangers at off-design conditions, they are given by:

Uoff=Ud(m˙ofm˙ofd)0,8(22)

At the end, the energy efficiency and the capacity factor of the whole system with its integrated waste heat recovery system are evaluated by:

ηPlant=PGNetQ˙inc=PGSolar+PGORCQ˙inc(23)

CF=PGNetND.(24hrday).50 MW(24)

2.4.6 Economic Model

The current study focuses on conducting an economic analysis of the examined solar plant, which incorporates a waste heat recovery system. This analysis is primarily based on the LCOE, which serves as a widely utilized parameter in the techno-economic evaluation of various thermal power plants. The LCOE takes into account multiple factors, including the initial investment costs Cinv, operational and maintenance expenses CO&M, and the total power generated throughout the entire year PGNet. The LCOE can be determined using the following equation [32]:

LCOE=crf.Cinv+CO&MPGplant(25)

With crf represents the capital recovery factor and can be determined by [32]:

crf=kd.(kd+1)N[(kd+1)N−1](26)

The annual discount rate kd used in this study is assumed to be 10.9% [32]. Additionally, the depreciation operation time of the plant (N) is set at 25 years. It is important to note that the total investment and operational and maintenance costs mentioned here have been calculated using data and correlations obtained from the literature. These specific inputs and equations are listed in Tables 5 and 6 for the PTPP and the ORC waste heat recovery system, respectively.
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3  Results and Discussion

This study aims to investigate the integration of a waste heat recovery system into a parabolic trough power plant, and evaluate its performances compared to a conventional PTSPP, using Andasol 1 as a case study. The performances of both systems are simulated using the off-design model described in Section 2.4, and evaluated in terms of hourly and annual efficiencies and power generation. Table 7 provides a comparison of the annual yield of Andasol 1 conventional plant and the new plant with its integrated waste heat recovery system. Additionally, Figs. 3 and 4 show the mean hourly values of generated power and energy efficiencies for these two plants. Furthermore, Figs. 5 and 6 illustrate the hourly generated power of Andasol 1 and the new plant, respectively.
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Figure 3: Annual mean hourly generated powers of the two layouts
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Figure 4: Annual mean hourly efficiencies of the two layouts
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Figure 5: Hourly generated power of the conventional Andasol 1 plant
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Figure 6: Hourly generated power of the new plant with waste heat recovery system

It is widely acknowledged that one of the primary issues with CSP plants is the significant amount of heat lost during the cooling process of the steam in the power block. However, the new configuration with the waste heat recovery system provides a solution to this problem. This was achieved by using the bottoming ORC to convert a significant portion of the waste heat from the topping parabolic trough solar plant, thereby increasing the electricity production in the new system. In this new configuration, considerable part of waste heat from the RTPB is converted to electricity in the ORC. As shown in Table 7 and Fig. 3, the generated power of the entire plant has increased to almost 183 GWh annually, representing an increase rate of approximately 7.60% compared to the traditional Andasol 1 layout, which generated 169 GWh. The majority of this dispatch capacity comes from the solar power plant at a rate of almost 85%, while the remaining portion is generated by the waste heat recovery system, amounting to 30.35 GWh.

Transitioning to the economic aspect of the analyzed configuration, as outlined in Table 7, it is observed that the total investment cost of the new layout has increased from 341.76 to 346.68 M$. This increase amounts to a rate of 1.44%. The rise in investment cost can be primarily attributed to the expenses associated with the ORC heat recovery systems, which are further categorized into costs related to installation and costs linked to operation and maintenance.

When considering the most important parameter in analyzing the techno-economic performance of large-scale power plants, as evident from the comprehensive data provided in Table 7, it becomes apparent that the Levelized Cost of Electricity (LOCE) has undergone a noteworthy reduction rate of 5.8% in the new configuration (12.35 ¢$/kWh) compared to the classic plant Andasol 1 (13.11 ¢$/kWh), despite the increase in total investment cost. This intriguing finding can be justified by the remarkable increase in generated power throughout the year when compared to Andasol 1. The improved efficiency and enhanced performance of the new configuration have resulted in a higher power output, which, in turn, has led to a reduction in the Levelized Cost of Electricity.

Although the total investment cost has increased in the new configuration compared to Andasol 1, the economic benefits derived from the increased power generation outweigh the higher initial investment. This positive trade-off showcases the advantageous techno-economic performance of the new layout, making it a more viable and financially sound option. Therefore, the significant decrease of 5.8% in the Levelized Cost of Electricity (LOCE) in the new configuration, despite the higher investment cost, can be attributed to the substantial increase in generated power throughout the year compared to the classic plant Andasol 1.

Regarding the energy efficiency, which is presented as the proportion of the solar radiation incident on the entire surface area of the solar field that is converted into electrical energy. The efficiency of the investigated layout has increased to 20.55%. This represents a 7.87% increase compared to the traditional Andasol 1 layout, which has a global efficiency of 19.05%. The substantial increase in energy efficiency can be attributed to the higher power generation resulting from the ORC system, which has boosted the dispatch capacity of the whole plant.

On the other hand, if we focus on the performance of the studied plant on an hourly basis, we can observe differences in the annual mean hourly efficiency and generated power of the two configurations, as shown in Figs. 3 and 4. Specifically, from 9:00 to 12:00 a.m., there is a decrease in the differences of generated power and efficiency. This decline can be attributed to a decrease in the energy received by the waste heat recovery system from the RTPB, which leads to a lower amount of energy being converted to electricity by the ORC. In contrast, during the period from noon to late afternoon (12:00 to 18:00 p.m.), the yield differences increase due to the increase in thermal heat received by the solar power block, resulting in more energy being supplied to the ORBPB.

Another crucial aspect is exploring the year-round data of power generation for Andasol 1 (Fig. 4) and the plant with integrated waste heat recovery (Fig. 5). In the new configuration, the hourly generated power can reach a peak of almost 60 MW, with an additional 10 MW being produced by the incorporated waste heat recovery system, surpassing the nominal capacity of Andasol 1, which is 50 MW. However, one of the main weaknesses of solar thermal power plants, particularly those that use molten salt as a heat transfer fluid in the TES, is the energy required for HTF freeze protection. These power plants consume a large amount of energy to heat the working fluid and prevent it from freezing during the winter months (which can exceed 20 MW in November and December). To prevent this, the molten salt must be kept at a high temperature of over 220°C, which requires additional energy inputs. This energy requirement can significantly reduce the efficiency and power generation of the plant.

4  Conclusion

In the present study, the performances of a new combined CSP thermal power plant equipped with a waste heat recovery system have been evaluated and compared with those of an existing plant. The solar installation is based on a conventional parabolic trough power plant, like that of Andasol 1, with incorporated thermal storage and fuel backup systems. The waste heat recovery system is based on an organic Rankine cycle. To assess the performance of both systems, both hourly and annual thermodynamic performances were simulated using an off-design model. This model allows for a comprehensive evaluation of the plant's efficiency and power generation under different operating conditions and off-design scenarios.

In summary, the power generation of the plant has significantly increased, reaching nearly 183 GWh annually. Approximately 85% of this power is generated by the solar power plant, while the remaining portion is generated through the waste heat recovery system. The efficiency of the plant has notably improved, reaching 20.45%, which represents a remarkable 7.87% increase compared to the traditional layout (Andasol 1). This improvement can be attributed to the integration of an ORC system, which enhances the dispatch capacity of the entire plant. When analyzing the hourly performances of the new layout, notable differences in power generation and efficiency are observed compared to the traditional layout, especially during the time intervals from 9:00 a.m. to 12:00 p.m. and from 12:00 to 6:00 p.m. The new layout achieves a peak hourly power generation of nearly 60 MW, surpassing the nominal capacity of Andasol 1 by an additional 10 MW, thanks to the incorporation of the waste heat recovery system.

On the other hand, the new layout has achieved a reduction of over 5.8% in the LCOE compared to the Andasol 1 plant. Specifically, the LCOE has decreased from 13.11 to 12.35 c/kWh, highlighting the improved cost-effectiveness of the new layout in generating electricity.

It should be emphasized that this study represents a preliminary analysis, and further investigations are warranted in several directions. Firstly, to gain a comprehensive understanding of the system’s performance, an analysis based on the second law of thermodynamics is necessary. This analysis would provide valuable insights into the efficiency and entropy generation within the plant. Additionally, an environmental investigation is crucial to evaluate the positive effects of this configuration on both CO2 gas emissions and water consumption for the cooling process. Assessing the environmental impact and sustainability aspects will help determine the overall benefits and potential for mitigating greenhouse gas emissions and reducing water usage. Furthermore, it is highly recommended to carefully consider the selection process of the organic fluid in the bottoming ORC. Choosing the optimal candidates for the organic fluid will play a pivotal role in enhancing the techno-economic performance of this layout. Thorough research and analysis should be conducted to identify the most suitable organic fluids that can maximize efficiency, reduce costs, and ensure system reliability.
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Table 1: Coordinates and climatic characteristics the chosen site

Parameter Value
Latitude (°) 31.38 N
Longitude (°) 215 W
Altitude (m) 806
Annual ambient temperature (°C) 22
Annual DNI (kWh/m?) 2570
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Table 3: Properties of fluids used in the investigated plant [32,33]

Property/fluid Water/steam Therminol VP1 R134a
T (°C) 374 400 101.1
P.; (MPa) 22.064 3.31 4.06
Ah, (kJ/kg) 2441.7 206 217.0
Vapor Cpx (kJ/kg.K) 2.03 2.73* 1.28
ODP 0 - 0
GWP 0 - 1300

Note: * At maximum temperature.
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Table 6: Simulation findings for third Case-Study

CL (Cc) Chiller QEPO PLR/ IWO PLR/ AFSA PLR/ BMO PLR/ GJO PLR/
Power (KW) Power (KW) Power (KW)(A) Power (KW) Power (KW)

1 0.67/1578 0.76/1578 0.68/1579 0.68/1585 0.68/1588
2160 (90%) 2 0.88/1578 0.89/1578 0.89/1579 0.87/1585 0.89/1588

3 1.0/1578 1.0/1578 1.0/1579 1.0/1585 1.0/1588

1 0.67/1379 0.67/1398 0.69/1401 0.59/1585 0.67/1406
1920 (80%) 2 0.79/1379 0.79/1398 0.85/1401 0.77/1398 0.87/1406

3 0.86/1379 0.88/1398 0.86/1401 0.86/1398 0.89/1406

1 0.58/1211 0.64/1238 0.58/1241 0.59/1238 0.57/1248
1680 (70%) 2 0.67/1211 0.68/1238 0.69/1241 0.67/1238 0.66/1248

3 0.68/1211 0.69/1238 0.79/1241 0.68/1238 0.78/1248

1 0.0/979 0.48/981 0.47/990 0.0/996 0.0/997
1440 (60%) 2 0.59/979 0.67/981 0.58/990 0.84/996 0.86/997

3 0.58/979 0.47/981 0.59/990 0.86/996 0.87/997

1 0.0/789 0.49/840 0.0/844 0.0/850 0.0/855
1200 (50%) 2 0.64/789 0.37/840 0.67/844 0.69/850 0.69/855

3 0.66/789 0.58/840 0.79/844 0.67/850 0.78/855

1 0.0/681 0.29/688 0.0/698 0.0/701 0.0/705
960 (40%) 2 0.58/681 0.26/688 0.58/698 0.55/701 0.58/705

3 0.57/681 0.57/688 0.57/698 0.55/701 0.56/705
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Table 4: Energy balance equations of the waste heat recovery system

Component Model

PTSPP’s condenser Orecore = Orirrrs = My (hy — hy) = Uy Aeom AT 2110
Evapor ator Qevap = mqf (h4 - hs) = UevapAevapATLMTD

Turbine WOT = mqf (hy — hs) x Nisen,or X NGen

Pump WOP = mqf (hy — he) x Nisen,0P

Condenser

and = m({f (hS - h()) = m(‘w (h8 - h7) = l](*(m2A(‘(m2ATLMTD
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Table 7: Annual comparative analysis of the two considered plants

Andasol 1 plant Investigated plant New plant-Andasol 1 (%)
Nptant (%0) 19.05 20.55 7.87
Capacity factor (%) 39.43 41.61 5.53
Energy production (GWh) 169.37 182.36 7.68
e PTSPP (GWh) - 152.01
e Waste heat recovery system — 30.35
(GWh)
Ciot (MS) 341.76 346.685 1.44
LCOE (¢$/kWh) 13.11 12.35 —5.80
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Table 2: Main inputs of the studied system [25,27,32]

System Parameter Value
Solar HTF (-) Therminol VPI
field Inlet/outlet working temperature (°C) 293/393
(SF) SF total area (m?) 510,120
Collector orientation (—) N-S
Row spacing (m) 15
Collector technology (—) EuroTrough ET150
Receiver technology (—) Schott PTR70
Aperture width (m) 5.75
Dimension of the collector assembly related to its length (m) 100
Focal length (m) 2.11
Number of modules within each assembly (—) 12
Receiver tube inner/outer diameter (m) 0.066/0.070
Envelope inner/outer diameter (m) 0.115/0.120
HTF (—) Water
Solar Gross generated power at design (MWe) 50
HPT efficiency (%) 0.85
power LPT efficiency (%) 0.88
block .
(SPB) Condensing pressure (kPa) 50
Nisen.op (70) 0.80
Generator efficiency (%) 0.97
FBS Fraction of fossil fuel filling (—) 0.27
Boiler efficiency (%) 90
TES Storage technology (—) Two tank molten salt
system Storage potential (hours) 7.5
ORC Working fluid (—) R134a
power Turbine isentropic efficiency (%) 0.85
block Pump isentropic efficiency (%) 0.80
(ORCPB)  Generator efficiency (%) 0.97
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Table 5: Simulation findings for the second Case-Study

CL (Cc) Chiller QEPOPLR/ IWO PLR/ AFSA PLR/ BMO PLR/ GJOPLR/
Power (KW) Power (KW) Power (KW) (A) Power (KW) Power (KW)
1 1.0/1930 0.90/1899 0.90/1931 1.0/1900 0.92/1931
2610 (90%) 2 0.97/1930 0.92/1899 0.93/1931 0.85/1900 0.90/1931
73 1.0/1930 1.0/1899 1.0/1931 1.0/1900 1.0/1931
4 0.74/1930 0.74/1899 0.87/1931 0.69/1900 0.75/1931
1 0.86/1531 0.88/1560 0.87/1560 0.74/1561 0.73/1561
2320 (80%) 2 0.86/1531 0.85/1560 0.83/1560 0.79/1561 0.77/1561
Y3 0.92/1531 0.81/1560 0.92/1560 0.88/1561 0.89/1561
4 0.70/1531 0.73/1560 0.75/1560 0.76/1561 0.64/1561
1 0.70/1158 0.76/1172 0.74/1183 0.61/1182 0.69/1182
2030 (70%) 2 0.70/1158 0.78/1172 0.74/1183 0.67/1182 0.66/1182
3 0.70/1158 0.72/1172 0.79/1183 0.69/1182 0.65/1182
4 0.66/1158 0.61/1172 0.69/1183 0.57/1182 0.58/1182
1 0.60/1004 0.69/1007 0.64/1006 0.59/1006 0.56/1006
1740 (60%) 2 0.67/1004 0.66/1007 0.73/1006 0.58/1006 0.54/1006
73 0.55/1004 0.54/1007 0.60/1006 0.57/1006 0.59/1006
4 0.68/1004 0.67/1007 0.64/1006 0.59/1006 0.57/1006
1 0.63/783 0.63/790 0.66/818 0.59/815 0.56/817
0 2 0.0/783 0.0/790 0.07/818 0.0/815 0.0/817
1430 (30%) 3 0.0/783 0.0/790 0.63/818 0.0/815 0.56/817
4 0.65/783 0.64/790 0.65/818 0.58/815 0.57/817
1 0.0/645 0.0/648 0.0/648 0.0/648 0.0/648
1160 (40%) 2 0.0/645 0.0/648 0.08/648 0.0/648 0.0/648
Y3 0.53/645 0.56/648 0.61/648 0.62/648 0.58/648
4 0.64/645 0.64/648 0.66/648 0.63/648 0.59/648
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