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Introduction

Today, the energy sector presents the primary source of greenhouse gas emissions (GHG), with nearly three-quarters of the total global emissions [START_REF] Ritchie | Co 2 and greenhouse gas emissions[END_REF] (Figure 1). This figure is strongly correlated with the continuous increase in energy demand over the years. Achieving the 2050 net zero emissions pathway [49] (i.e., assure proper coordination between perpetuating economic growth and ensuring environmental protection), will require nothing less than the complete transformation of the world's energy systems by speeding the deployment of clean and efficient energy technologies.

Figure 1: Global greenhouse gas emissions by sector in 2020 [START_REF] Ritchie | Co 2 and greenhouse gas emissions[END_REF].

Free, available in some places more than others [START_REF]Gis data for 200+ countries[END_REF], and easy to harvest with today's well-known technologies, solar energy presents a promising solution to meeting future energy demands in an era of depleting fossil fuel sources [START_REF] Ritchie | Renewable energy[END_REF]. The conversion of solar energy into electricity is usually achieved through either:

• Direct conversion of radiative energy into electricity using photovoltaic systems (PV) [START_REF] Louwen | Chapter 5 -photovoltaic solar energy[END_REF]. Thanks to continued policy support and cost reductions (see Figure 2), global solar PV generation additions are expected to increase by 49% between 2020 and 2025 according to the International Energy Agency (IEA) [START_REF]Renewables 2020 data explorer[END_REF].

PV modules are cheap, small and can be used in many locations around the world [START_REF] Louwen | Stromgestehungskosten erneuerbare energien[END_REF]. However, one of the main drawbacks of PV is that it is a very unpredictable source of electricity production, due to the intermittence of the solar resource. This characteristic can penalize grid integration and power supply stability. Battery energy storage systems can improve the dispatchability of PV electricity, but currently, they are too expensive to be implemented on a large scale [START_REF] Silvestre | Coupling small batteries and pv generation: a review[END_REF]. • Indirect conversion using concentrated solar power plants (CSP) [56]: in this case, solar irradiation is first harvested by a fluid to raise its temperature, then the heated fluid is used to generate steam that drives a turbine-generator set to produce electricity. CSP offers the opportunity to store solar energy as heat using low-cost thermal energy storage systems (TES) [START_REF] Alva | An overview of thermal energy storage systems[END_REF], for later use at night or during cloudy periods. The TES system not only stabilizes the output of CSP but also makes it flexibly controllable to be able to accommodate intermittent energies such as PV or wind. CSP plants are less deployed with a current installed capacity of about 6 GWe [53] compared to 760 GWe PV, mainly due to the higher levelized cost of electricity (LCOE) (see Figure 2).

Unfortunately, electricity generated directly from the sun generally does not match the demand profile, requiring a site-specific combination of solar technologies with storage systems (e.g. electrochemical, chemical, etc. [START_REF] Turgut | Review of electrical energy storage technologies, materials and systems: challenges and prospects for large-scale grid storage[END_REF][START_REF] Luo | Overview of current development in electrical energy storage technologies and the application potential in power system operation[END_REF][START_REF] Henok | A review of energy storage technologies' application potentials in renewable energy sources grid integration[END_REF]) to ensure that the supply can always meet the electrical demand reliably and cost-effectively [START_REF] Kody | Hybrid concentrated solar thermal power systems: A review[END_REF][START_REF] Shivarama | A review on hybrid renewable energy systems[END_REF]. Accordingly, both types of solar technologies are needed for a carbon-free future: PV for its low-cost electricity and CSP for its ability to store and deliver solar power on demand at any time, day or night. Therefore providing dispatchable electricity via a set of combinations between PV and CSP with TES technologies appears to be an attractive solution.

Research background

The idea of combining PV and CSP technologies is not recent: investigation and researches had begun in the late 1970s and early 1980s [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF], and significant development have been made since then, to demonstrate proper operation, improve the overall system efficiency, and bring this technology towards commercialization [START_REF]Cerro dominador inaugurates its csp plant, which[END_REF]. In this optic, the Advanced Research Projects Agency-Energy (ARPA-E) in the USA provided a funding opportunity in 2013 to launch a program called: Full-Spectrum Optimized Conversion and Utilization of Sunlight (FOCUS) [START_REF] Hm Branz | Full-spectrum optimized conversion and utilization of sunlight (focus) program[END_REF][START_REF]Full-spectrum optimized conversion and utilization of sunlight[END_REF], aimed at developing new technologies to convert and store energy through hybrid energy conversion and storage devices. Since this initiation, multiple PV-CSP hybrid approaches have been studied [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF], gaining popularity in international markets, for example, Chile [START_REF] Zurita | Techno-economic evaluation of a hybrid csp+ pv plant integrated with thermal energy storage and a large-scale battery energy storage system for base generation[END_REF][START_REF] Parrado | lcoe (levelized cost of energy) projection for a hybrid pv (photovoltaic)-csp (concentrated solar power) plant in the atacama desert, chile[END_REF][START_REF] Allan R Starke | Assessing the performance of hybrid csp+ pv plants in northern chile[END_REF][START_REF] Behar | Which is the most competitive solar power technology for integration into the existing copper mining plants: Photovoltaic (pv), concentrating solar power (csp), or hybrid pv-csp?[END_REF][START_REF] Valenzuela | Csp+ pv hybrid solar plants for power and water cogeneration in northern chile[END_REF], Morocco [START_REF] Azouzoute | Developing a cleaning strategy for hybrid solar plants pv/csp: case study for semi-arid climate[END_REF][START_REF] Bousselamti | Modelling and assessing the performance of hybrid pv-csp plants in morocco: A parametric study[END_REF][START_REF] Bousselamti | Multi-objective optimization of pv-csp system in different dispatch strategies, case of study: Midelt city[END_REF][START_REF] Bousselamti | Mono-objective optimization of pv-csp system using pso algorithm[END_REF] and South-Africa [START_REF] Pan | Combination of pv and central receiver csp plants for base load power generation in south africa[END_REF][START_REF] Dominio | Techno-economic analysis of hybrid pv-csp power plants. advantages and disadvantages of intermediate and peak load operation[END_REF].

The hybridization of PV and CSP systems can be done in two ways: (i) non-compact configuration in which the PV and CSP subsystems can be independently planned and integrated by the electric power system [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF] and (ii) compact configuration such as PV-topping strategy [START_REF] Ju | A review of concentrated photovoltaic-thermal (cpvt) hybrid solar systems with waste heat recovery (whr)[END_REF] or the spectral beam splitting (SBS) technology [START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF]. The idea behind the PV-topping system is to recover the heat dissipated by the solar cells operating at high temperatures to produce steam, which is used to generate electricity via the CSP system. On the other hand, the SBS technology is based on the fact that conventional PV cells mainly use visible and near-infrared radiation; thus, the other part of the incident radiation can be separated and used in the thermal receiver of a CSP plant. Today, non-compact PV-CSP systems have entered commercialization phase [START_REF]Cerro dominador inaugurates its csp plant, which[END_REF], while compact hybrid plants still face several technological challenges [START_REF] Ju | A review of concentrated photovoltaic-thermal (cpvt) hybrid solar systems with waste heat recovery (whr)[END_REF][START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF]. Figure 3 shows the Cerro Dominador non-compact PV-CSP hybrid plant with a total capacity of 210 MW, combining a 100 MW PV power plant and the first CSP plant in Latin America with a peak power of 110 MW and 17.5 hours of TES. Although several numerical and experimental studies have been conducted to understand the synergies between PV and CSP subsystems in a compact configuration, a detailed analysis of the output performance of large-scale compact plants is still lacking, which is of utmost importance for a better understanding of the real-time energy distribution within the two subsystems. Therefore, the main objective of this thesis is to go beyond general descriptions and assumptions to study the annual energy output of two compact hybrid systems. To do so, we study the impact of different physical and technical parameters to allow us to identify the best set of operating conditions for each of the two hybrid plants.

To address the above problem, the following principal objectives have been set as follows:

1. Develop a detailed multiphysics model that can predict the energy yield of the two compact PV-CSP hybrid plants based on a large-scale CSP plant located in France.

2. Investigate the impact of several relevant parameters on the annual and daily performance of the two compact hybrid plants integrating storage system, namely: (i) weather conditions, (ii) two storage dispatch strategies, and (iii) variable demandsupply versus a constant demand.

3. Compare the performance of the two compact hybrid plants to three conventional solar technologies to better understand the position of the proposed compact plants compared to stand-alone plants.

Outline of the thesis

This manuscript is divided into four chapters.

• A detailed literature review is carried out in Chapter 1. This part starts with a description of the main components of solar radiation, along with the operating principles of both PV and CSP technologies, followed by an overview of the main problems encountered in the operation of these two technologies. Then, the light will be shed on solar hybridization as an attractive solution to provide costeffective and dispatchable solar electricity. This will be followed by a presentation of the main new solar hybridization concepts proposed in the last four years. The objective of these new technologies is to ensure the full utilization of the solar spectrum while enabling the highest conversion efficiencies and maintaining low costs and high dispatch capabilities to the grid.

• In Chapter 2, we develop a comprehensive multiphysics model that provides the annual energy production of two different hybrid technologies, namely the onesun and the high-temperature approaches, using the example of a large-scale solar power tower plant (SPT) located in Targassonne, France. With access to the layout of the heliostat field, the characteristics of the thermal receiver, as well as on-site meteorological data, a comparison between the two compact hybrid technologies and the stand-alone SPT plant in terms of energy production is performed first by examining the daily and yearly outputs. Then, the impacts of PV cell technology, heat transfer fluid operating temperature and shading effects are discussed.

• In Chapter 3, we assess the behaviour of the two compact hybrid technologies integrating TES using two dispatch strategies. The first aims to prioritize the supply of electrical demand through PV energy when it is available, while the second focuses on minimizing energy curtailments by using electric heating to recover excess PV energy. To go beyond the single case of France, we evaluate the impact of 15 different locations around the world with variable solar radiation levels and climatic conditions. The production performance of the two-hybrid plants is studied, taking into account a constant demand profile over a full year of operation and using high accuracy satellite data. The calculations are performed using the multiphysics model presented in chapter 2.

• In Chapter 4, we perform a critical comparison between the two compact hybrid plants and three conventional solar technologies incorporating thermal and electrochemical energy storage systems. In addition to the annual energy production, performance parameters such as the plant capacity factor, the loss of power supply probability and the annual amount of curtailed energy are evaluated. We first evaluated the impact of different weather conditions on the performances of the solar technologies by considering constant and variable load demand profiles over a full year of operation.

Finally, the conclusion addresses each aspect of the presented work as well as the main perspectives. Openings yet to be investigated in future researchers are detailed.

A set of appendices completes the dissertation:

• Appendix A, where the main equations used to identify the sun position are given as well as additional parameters concerning the cell technology used and the sizing of the power block of a CSP plant, along with a table summarizing the main results.

• Appendix B, consists of two parts; one is for site characteristics and additional details regarding the choice of Solcast as the solar database as well as the validation of the optical model at the selected locations. The other part is devoted to summarizing the obtained results for the remaining sites, as well as additional results to clarify some observations in Chapter 3 and Chapter 4.

• Appendix C, despite the high output performance that the high-temperature hybrid technology can offer, there are a set of challenges that will slow down the development of this technology compared to the one-sun hybrid plant. In this appendix, the focus is on evaluating the impact of non-uniform flux density distribution over the PV-receiver surface when considering different electrical interconnections schemes between the thousands of cells used to efficiently cover the receiver surface on the power output.

Chapter 1

State-of-the-art

Introduction A continuous energy current from the sun reaches the earth-atmosphere system in the form of electromagnetic radiation, also referred to as solar radiation. Theoretically, this energy is several thousands times higher than the energy demand of the entire world. However, only about half of the solar radiation makes it to the Earth surface [START_REF]The importance of solar energy[END_REF]; the rest is either absorbed or reflected by clouds, and the atmosphere [3] as shown in Figure 1 Accordingly, solar radiation received by a surface is mainly divided into two components: 1) direct normal irradiation (DNI), the radiation received on a surface which is always perpendicular to the photon beam directly coming from the sun, 2) diffused horizontal irradiation (DHI) which refers to the fraction of solar radiation that has encountered a change of direction by scattering molecules and particles in the atmosphere [START_REF] Beckman | Solar engineering of thermal processes[END_REF]. For tilted surfaces, a third component can be considered known as ground-reflected radiation, i.e. radiation reflected either by the surfaces around the point of interest or from the ground itself. The global component known as the global horizontal irradiation (GHI) comprises the DNI corrected for the angle of incidence on the surface θ z and DHI given by Eq. (1.1). Each solar technology uses different components of solar radiation to generate electricity. . . [START_REF] Vignarooban | Heat transfer fluids for concentrating solar power systems-a review[END_REF]), either to directly drive a turbine to produce power or to be stored using the TES unit for later utilization. Four commonly used CSP technologies are shown in Figure 1.2 [START_REF] Simona Răboacă | Concentrating solar power technologies[END_REF] and Table 1.1 summarizes the major characteristics of these technologies:

GHI

(a) PTC [START_REF]Parabolic trough plant noor ouarzazate i[END_REF] (b) CR [START_REF]Tower of power[END_REF] (c) LFR [START_REF]Reliance commissions 100 mw concentrated solar power plant in rajasthan, india[END_REF] (d) PD [START_REF] Deign | Dish stirling fights back[END_REF] • Parabolic trough collectors (PTC) account for parallel rows of curved mirrors as shown in Figure 1.2(a). The reflectors focus the sun's rays into absorber tubes covered with a selective coating, allowing tubes to absorb high levels of solar radiation while emitting very little infra-red radiation. All PTC plants currently in commercial operation rely on synthetic oil as the HTF [START_REF] Islam | A comprehensive review of state-of-the-art concentrating solar power (csp) technologies: Current status and research trends[END_REF]. PTC plants are known for their proven long-term reliability and durability. However, the limiting temperature of the HTF is one of the main design limitations compared to solar power tower technology (see Table 1.1).

• Solar power towers (SPT) also known as central receivers (CR) use hundreds or thousands of reflectors called heliostats to concentrate the sun's rays on a CR placed atop a fixed tower as shown in Figure 1.2(b). The SPT achieves very high temperatures (see Table 1.1), thereby increasing the efficiency at which heat is converted into electricity and reducing the cost of TES. Yet, SPT plants require high maintenance and equipment's costs.

• Linear Fresnel reflectors (LFR) consist of long rows of flat or slightly curved mirrors to reflect the sun's rays onto a downward-facing linear fixed receiver as shown in Figure 1.2(c). The main advantage of LFR systems is that their simple design requires lower investment costs. However, LFR plants are less efficient than PTCs in converting solar energy to electricity. In addition, it is more challenging to incorporate storage capacity into their design.

• Parabolic dishes (PD) concentrate the sun's rays at a focal point over the centre of the dish as shown in Figure 1.2(d). PD offer the highest solar-to-electric conversion performance of any CSP system (up to 31.25% [START_REF] Dhyia Aidroos Baharoon | Historical development of concentrating solar power technologies to generate clean electricity efficiently-a review[END_REF]). This technology still suffers from a large number of technical complexities as compared to the other CSP technologies as well as concentrating photovoltaics (CPV) plants. One should also point out the lack of large-scale commercial PD plants.

Additionally to the four common CSP plants, the beam down CSP technology offers the possibility of placing the solar receiver on the ground instead of on top of a high tower as done today on commercial CR plants [START_REF] Diago | Net power maximization from a faceted beam-down solar concentrator[END_REF][START_REF] Kraemer | Beam-down demos first direct solar storage at 1/2 mwh scale[END_REF] or in the middle with LFR [START_REF] Sánchez | Beam-down linear fresnel reflector: Bdlfr[END_REF]. This technology allows for non-negligible cost reductions due to lower pumping losses, shorter heat-traced piping, and a less costly tower structure. However, relative to CR plants, the optical constraints may result in beam-down designs delivering lower performance.

Today, the majority of installed CSP plants are geographically distributed, in countries with high levels of DNI (> 1800 kWh/m 2 /year) (e.g. Spain, Morocco, China, etc.) [START_REF]Gis data for 200+ countries[END_REF][START_REF]Concentrating solar power (csp)[END_REF], mainly using PTC and CR technologies [START_REF] Mehos | Concentrating solar power gen3 demonstration roadmap[END_REF][START_REF] Achkari | Latest developments on tes and csp technologiesenergy and environmental issues, applications and research trends[END_REF]. For the PTC technology, this can be justified by the low installation cost and the large experimental feedback compared to the other technologies [START_REF] Bilal Awan | Commercial parabolic trough csp plants: Research trends and technological advancements[END_REF], while the ability of CR plants to reach high operating temperatures (> 1000 • C [START_REF] Behar | Design and performance of a modular combined cycle solar power plant using the fluidized particle solar receiver technology[END_REF][START_REF] Albarbar | Performance assessment and improvement of central receivers used for solar thermal plants[END_REF]) translates into higher thermal-to-electric conversion efficiency. What is unique about CSP technology is that when combined with TES, the capacity factor1 (CF) can be increased from 25% for PTC plants without storage to values up to 45%, with a storage capacity of 7 hours [START_REF] Steinmann | Thermal energy storage systems for concentrating solar power plants[END_REF]. Conversely, the levelized cost of electricity2 (LCOE) decreases with increasing TES capacity [START_REF] Guédez | Optimization of thermal energy storage integration strategies for peak power production by concentrating solar power plants[END_REF][START_REF] Zhuang | Lcoe analysis of tower concentrating solar power plants using different molten-salts for thermal energy storage in china[END_REF]. As a result, the integration of TES into a CSP plant not only offers significant technical and economical benefits in comparison to a standalone CSP plant, but it also increases the ability of the CSP to provide baseload generation to guarantee a fully dispatchable electrical generation. A detailed description will be given in section 3.

Photovoltaic technology

Solar PV is one of the forms of electricity generation that has grown the most in terms of installed capacity [100, 101] and conversion efficiency [START_REF] Martin A Green | Solar cell efficiency tables (version 54)[END_REF][START_REF]Champion photovoltaic module efficiency chart[END_REF] in recent years. In the following section, a detailed description of the different PV technologies used today to 1) extract the maximum power available for PV panels, 2) reduce the PV panel cost and 3) enhance the PV cell efficiency is given.

Silicon based PV plants

Silicon (Si) based PV panels guarantee a direct conversion of GHI into electricity, (i.e. PV systems can produce energy during cloudy days, thus can be used practically in any part of the world, in contrast to CSP plants). Figure 1.3 shows two different configurations 1) fixed-tilt PV plant where the tilt refers to the angle formed between the panel and the horizontal as shown in Figure 1.3(a). A tilt of zero degrees means that the panel is horizontal on the ground, while a tilt of 90 • means that the panel is perpendicular to the ground, and 2) PV tracking systems that will follow the sun path in the sky on a single (see Figure 1.3(b)) or double axis tracker. PV systems mounted on a tracking system deliver significantly higher electrical power than fixedtilt systems because they track and face the sun all the time, thus increasing the amount of incoming solar radiation captured [START_REF] Bobby | Sun tracking solar panel[END_REF]. Nevertheless, PV tracking systems require a greater amount of area as compared to fixed PV systems. 

CPV panels

The key principle of concentrated PV (CPV) lies in the use of low cost concentrating mirrors or lenses to focus DNI onto small multi-junction (MJ) cells for high concentration PV plants (concentration varying typically between 300 -1000 suns3 ). Figure 1.4 shows an exemplary concept of a CPV plant with a close look to a module accounting for many solar cell receivers and housing with electrical connections. Despite all these efforts and research, CPV is still not able to make a significant contribution to the PV market compared to flat PV systems [START_REF] Wiesenfarth | Challenges in the design of concentrator photovoltaic (cpv) modules to achieve highest efficiencies[END_REF], due to the high cost of tracking, optics, and MJ cells (the cost of III-V MJ cells is several hundred times higher than conventional Si cells [START_REF] Benhammane | Overview of electrical power models for concentrated photovoltaic systems and development of a new operational model with easily accessible inputs[END_REF]), but with potentially a competitive LCOE with CSP and flat PV systems in some sunny areas with high DNI resources [START_REF] Louwen | Stromgestehungskosten erneuerbare energien[END_REF]. 

Bi-facial PV systems

The core innovation of bifacial PV (bPV) systems is their ability to capture and utilize light from both sides of the module as shown in Figure 1.5(a). In bPV modules, the same front side light collection process as for monofacial PV (mPV) happens. In addition, light is absorbed from the backside of the module as depicted in The backside light can come from a variety of sources, such as reflection from the ground4 or a neighbouring row of PV modules. The additional light generates more electrons in the cells, which primarily increases the current of the module. Gu et al. [START_REF] Gu | A comprehensive review and outlook of bifacial photovoltaic (bpv) technology[END_REF] reviewed different configurations proposed over the years. Results showed that bPV modules increase the power output by 5 -30% in comparison to mPV modules while presenting lower LCOE. In the same optics, Gu et al. [START_REF] Gu | Experimental investigation of the bifacial photovoltaic module under real conditions[END_REF] experimentally demonstrated the superiority of bPV over mPV modules under similar ground-measured weather conditions.

PV with reflector

More recently, the concept of fixing several reflectors near PV panels reflecting sunlight from outside the panel area onto the panel was introduced to enhance the energy output of a conventional PV plant as presented in Figure 1.6. In [START_REF] Agrawal | A detailed simulation-based study on the effect of mirror integration on pv module (s) with analysis of different wind flow scheme[END_REF][START_REF] Sishaj P Simon | Impact and economic assessment on solar pv mirroring system-a feasibility report[END_REF][START_REF] Baccoli | Enhancing energy production in a pv collectorreflector system supervised by an optimization model: Experimental analysis and validation[END_REF][START_REF] Malik | Performance enhancement of multicrystalline silicon photovoltaic modules using mirror reflectors under western himalayan climatic conditions[END_REF][START_REF] Dtp Wijesuriya | Reduction of solar pv payback period using optimally placed reflectors[END_REF] several experiments have been reported to verify the technical and economic interest of this configuration. Results demonstrated a 24% increase of the energy output with reflectors, compared to PV panels without reflectors on an average day. Even though the lifetime of the PV module is reduced from 25 years to 21 years with the integration of mirrors, it generates significantly more electric power which overcomes the lifetime reduction [START_REF] Agrawal | A detailed simulation-based study on the effect of mirror integration on pv module (s) with analysis of different wind flow scheme[END_REF]. 

Solar cell technologies

The aforementioned technologies imply the utilization of Si-based PV cells (except for CPV systems), with increasing efficiencies gradually approaching the theoretical maximum efficiency of a single-junction cell of 33.7% according to the Shockley-Queisser (SQ) detailed balance limit [START_REF] Shockley | Detailed balance limit of efficiency of p-n junction solar cells[END_REF]. Figure 1.7 illustrates the progress in the efficiency of solar cells from different semiconductors materials from 2016 to 2020 [START_REF] Anco | Solar Technologies for the 21st Century[END_REF]. Figure 1.7: Theoretical SQ detailed-balance efficiency limit as a function of material band gap (black line), 75% & 50% of the limit (gray lines). The open symbols show the record efficiencies obtained in April 2016, the filled symbols show the numbers in July 2020 [START_REF] Ehrler | Photovoltaics reaching for the shockley-queisser limit[END_REF][START_REF] Tabernig | S-q charts[END_REF].

Silicon cell technology

The primary material used in solar panels today is Si, the second most abundant material on Earth. Two main crystalline structures dominate the Si-PV market:

• Mono-crystalline: The single-crystal structure gives the electrons more room to move and creates a better flow of electricity. The best Si cell has an efficiency of 26.7% [START_REF] Green | Solar cell efficiency tables (version 57)[END_REF] shown in Figure 1.8, while the best module efficiency is equal to 24.4% by Kaneka company [START_REF]Champion photovoltaic module efficiency chart[END_REF] with a lifespan around 25 -30 years. To approach the theoretical limit of Si [START_REF] Tabernig | S-q charts[END_REF], series resistance and optical properties must be improved simultaneously to reduce recombination, resistive and optical losses.

• Polycrystalline: The high amount of structural defects in a multicrystalline structure gives the electrons less room to move, so it's not as efficient as monocrystalline Si cells, with average efficiencies between 12 -18% [START_REF] Green | Solar cell efficiency tables (version 57)[END_REF] due to lower purity level and higher defect density as compared to monocrystalline, but the benefit is the price because they're cheaper to produce. 

III-V technology

To date, gallium arsenide (GaAs) holds the record efficiency for single-junction cells with 29.1% achieved by Alta Device thin-film company [START_REF] Green | Solar cell efficiency tables (version 57)[END_REF] depicted in Figure 1.9(a). GaAs single-junction has only experienced a small increase in efficiency during the last four years, as shown in Figure 1.7. GaAs cells may operate at much higher temperatures than Si cells with less performance degradation [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF][START_REF] Vaillon | Solar cells operating under thermal stress[END_REF]. Their high cost limits their use to CPV and space applications. The toxicity of As is an important concern with GaAs cells. Two other III-V semiconductors have achieved high efficiencies, namely indium phosphide (InP) and gallium indium phosphide (GaInP), with an increase from 22.1% to 24.2% and 20.8% to 22%, respectively between 2016 and 2020 (see Figure 1.7). Developments on InP cells have been minimal in the past decade because of the scarcity and high cost of In, while, the use of GaInP for MJ solar cells has been of great interest lately [START_REF] Perl | al) gainp/gaas tandem solar cells for power conversion at elevated temperature and high concentration[END_REF][START_REF] Jain | High-efficiency inverted metamorphic 1.7/1.1 ev gainasp/gainas dual-junction solar cells[END_REF].

Thin-film technology

Thin-film solar cells encompass direct bandgap materials, such as copper indium gallium diselenide (CIGS) (Figure 1.9(b)), cadmium telluride (CdTe) (Figure 1.9(c)) and amorphous-Si (a-Si). The researchers working on thin cells were able to lower fabrication costs and reduce the amount of material which is deposited onto an inexpensive substrate such as glass, polymer, or metal (e.g. 1 µm of thin-film materials is needed to absorb more than 90% of the solar spectrum, compared to 300 µm with indirect bandgap Si wafers). The first two technologies offer higher efficiencies than a-Si, 22.1% and 23.4%, respectively versus 14% for a-Si as shown in Figure 1.8. Thin-film modules are also attracting substantial demand owing to their better heat-transfer properties, simpler integration into building-integrated PV (BIPV) [START_REF] Dai | Performance improvement for building integrated photovoltaics in practice: A review[END_REF] and high conversion efficiencies approaching 19.2% (841 cm 2 ) for CIGS and 19% (23 573 cm 2 ) for CdTe [START_REF]Champion photovoltaic module efficiency chart[END_REF]. Despite the good performances of CIGS and CdTe solar cells, the scarce reserves of In and Ga could restrict the future development of CIGS along with the scarcity of Te and the scarcity and toxicity of Cd for CdTe.

Emerging technologies

The last generation of PV cell technology accounts for the emerging PV cells which include perovskite solar cells (PSCs) (Figure 1.9(d)), organic photovoltaics (OPVs) (Figure 1.9(e)), dye-sensitized solar cells (DSSCs) (Figure 1.9(f)), and quantum dot solar cells (QDSCs) (Figure 1.9(g)).

① Perovskite solar cells (PSCs)

PSCs are manufactured compounds that share the same crystalline structure as the calcium titanium oxide (CaTiO 3 ) mineral. PSCs can be made through "solution processing", quite similar to process used for the printing of newspapers. Inhere ink-jet printers are used to deposit materials on plastic sheets. Therefore, PSCs are another form of thin-film cells, but with potentially much higher efficiencies (i.e. efficiency has gone from ∼14% in 2013 to 25.5% in 2021 in single-junction [START_REF]Best research-cell efficiency chart[END_REF]. In comparison to Si efficiency increase since the 1970s, it's an outstanding achievement as depicted in Figure 1.8). Yet, there are challenges around PSCs including, shorter lifespan due to PSCs sensitivity to air and moisture, durability and toxicity since many of the formulations include lead which may present high risks if not handled and recycled correctly. What makes PSCs an enticing Si alternative is that the structure makes them highly effective at converting light photons into usable electricity. In addition, precursor materials are abundant at relatively low costs, making them suitable for mass production [START_REF] Kumar Chilvery | Perovskites: transforming photovoltaics, a mini-review[END_REF][START_REF] Taesoo | A review of thin film solar cell technologies and challenges[END_REF][START_REF] Zhang | Critical review of recent progress of flexible perovskite solar cells[END_REF]. Eventually, the record efficiency in the lab needs to be translated into a high module efficiency to be of commercial relevance. To date, the best perovskite module is performing 7% worse than the lab record (18% with 802 cm 2 [START_REF]Champion photovoltaic module efficiency chart[END_REF]).

② Organic photovoltaics (OPVs)

OPVs uses the electronic properties of organic material through a light absorption process, initiating a charge transport mechanism within the material. The active layer of OPVs is comprised of donor and acceptor materials for charge separation and transportation, as illustrated in Figure 1.9(e). Organic solar cells can be produced cheaply and in large quantities using high-speed, low-temperature roll-to-roll manufacturing processes and standard printing technologies [START_REF] Xie | Recent progress of organic photovoltaics for indoor energy harvesting[END_REF]. Yet, OPVs suffer from stability issues and from relatively low efficiencies (18.2%) [START_REF]Best research-cell efficiency chart[END_REF] compared to commercial Si cells. They are emerging as a niche technology, but their future development is unclear.

③ Dye-sensitized solar cells (DSSCs)

DSSCs convert sunlight via a similar process as for the photosynthesis of plants. Upon illumination of surface, the dye (sensitizer) absorbs a photon, the highest occupied molecular orbital (HOMO) electron is excited and reaches the lowest unoccupied molecular orbital (LUMO). The excited electron is injected from the LUMO to the conduction band of the titanium dioxide (TiO 2 ) semiconductor. To stabilize the sensitizer, the redox mediator donates its electron to the sensitizer. The electron in the TiO 2 passes through the back contact towards the counter electrode, which allows the redox mediator to regenerate itself [START_REF] Sukor Su'ait | Review on polymer electrolyte in dye-sensitized solar cells (dsscs)[END_REF]. In Figure 1.9(f) the complete cycle of DSSCs is illustrated. Currently, the efficiency of DSSCs (13% as shown in Figure 1.8) is not promising for commercial utilization as compared to other conventional cell technologies, but still, they have some advantages which are motivating researchers to pursue their efforts to develop this technology [START_REF] Obaidullah Mohiuddin | Improvement in dye sensitized solar cells from past to present[END_REF]. The required materials for the overall production of DSSCs are low cost, abundant and biocompatible. One of the key requirements of any solar technology is its stability yet, today's DSSCs cannot withstand bright sunlight without degrading [START_REF] Sharma | Dye-sensitized solar cells: fundamentals and current status[END_REF].

④ Kesterite Solar Cells

Kesterite solar cells are based on two synthetic compounds copper zinc tin sulphide, (Cu2ZnSnS4) (CZTS) and copper-zinc tin sulfur, and/or selenium (Cu 2 ZnSnSSe 4 ) (CZTSSe). The optical and electronic properties of CZTS and CZTSSe are similar to those of CdTe and CIGS. Owing to their low cost, non-toxic, and earth-abundant source materials CZTS and CZTSSe offer an alternative to overcome the scarcity of Te with CdTe and In with CIGS. Currently, the best performing cell has been synthesized by the IBM laboratory, and its efficiency is 12.6% as shown in Figure 1.8 [START_REF]Best research-cell efficiency chart[END_REF]. CZTSSe has a bandgap that is close to that which allows optimal absorption in the SQ limit [START_REF] Tabernig | S-q charts[END_REF] (see Figure 1.7). Nevertheless, CZTSSe-based photovoltaic cells have not yet reached efficiencies higher than 20%, such as those obtained by CIGS and CdTe [START_REF] Wang | Path towards high-efficient kesterite solar cells[END_REF].

⑤ Quantum dot solar cells (QDSCs)

Finally, QDSCs utilize nanotechnology to manipulate semiconducting materials at extremely small scales (i.e. nanocrystals of elements from the periodic groups II-VI, III-V, or IV-VI) [START_REF] Hu | Flexible and efficient perovskite quantum dot solar cells via hybrid interfacial architecture[END_REF]. QDSCs are fabricated by deposition of inks, often using lead sulfide. Because of lead's toxicity, current research seeks a substitute for lead that does not compromise performance. The QDSCs cell's versatility results from the ability of the band gap to be tuned by varying the physical dimensions of the dots. A greater size of a QDSC entails higher absorption peak within the red shifted region due to the shrinking effect of its bandgap. The diameter of QDSCs typically varies from tens to hundreds of nanometers and each size provides distinct electronic and optical properties. Recently scientists at the University of Queensland achieved 18.1% efficiency (see Figure 1.8) [START_REF]Best research-cell efficiency chart[END_REF] in QDSCs.

Multi-junction technology

MJ solar cells involve multiple material layers with different bandgaps, allowing an improved conversion of the broad solar spectrum. In Figure 1.9(i) is depicted the six-junctions MJ cell holding the current efficiency record. This cell is based on III-V semiconductors and has an efficiency of 47.1% under concentrated light (143 suns) [START_REF]Best research-cell efficiency chart[END_REF][START_REF] Myles | Young Tao Song John F. Geisz1, Ryan M. France1 and Thomas Moriarty. Six-junction iii-v solar cells with 47.1% conversion efficiency under 143 suns concentration[END_REF]. In total there are 140 layers of the six different solar materials and all combined are still less than 1/3 the thickness of a human hair. This value is not so far from the predicted achievable theoretical limit of 62% with 6J cells operating at 300 K and 1000 suns concentration [START_REF] William E Mcmahon | Multijunction solar cell design revisited: disruption of current matching by atmospheric absorption bands[END_REF]. Approaching 50% efficiency requires an exploration of new materials and device designs [START_REF] Yamaguchi | Multi-junction solar cells paving the way for super high-efficiency[END_REF]. The main constraint of this cell technology is the high cost restraining its utilization for space applications [START_REF] Li | A brief review of high efficiency iii-v solar cells for space application[END_REF] or in solar concentrators.

The fact that PSCs have advanced so far so quickly is very promising. To that end, a significant number of researchers are studying the possibility of combining Si with a thin layer of PSCs film in tandem configurations. In these configurations, Si will absorb the red band of the visible light spectrum, while the PSCs will absorb the blue spectrum [START_REF] Mohammad I Hossain | Perovskite/silicon tandem solar cells: from detailed balance limit calculations to photon management[END_REF]. Most recently, Oxford PV has reached a 29.2% efficiency [START_REF] Ehrler | Photovoltaics reaching for the shockley-queisser limit[END_REF]. Table 1.2 summarizes the best solar efficiencies reported in the literature to date using dual junction solar cells. All the tandem cell records are well above that of the record for the individual cells used in each configuration, e.g. 32.8% efficiency is noted for GaInP/GaAs whereas the best cell efficiencies are only 22% and 29.1%, respectively. Additionally, the tandem cell records are below the SQ limiting efficiency reported in Table 1.2, indicating room for improvement in both subcell efficiencies and the tandem geometries. 
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Figure 1.9: Layer and contact geometry for solar cells: (a) GaAs thin film (Alta Devices) [START_REF] Ehrhart | Evaluation of annual efficiencies of high temperature central receiver concentrated solar power plants with thermal energy storage[END_REF], (b) CIGS thin film (ZSW stuttgart) [START_REF] Ehrhart | Evaluation of annual efficiencies of high temperature central receiver concentrated solar power plants with thermal energy storage[END_REF], (c) CdTe thin film (First Solar) [START_REF] Ehrhart | Evaluation of annual efficiencies of high temperature central receiver concentrated solar power plants with thermal energy storage[END_REF], (d) Perovskite thin film (KRICT) [START_REF] Polman | Photovoltaic materials: Present efficiencies and future challenges[END_REF], (e) Organic cell [START_REF]Organic solar cell (opv) materials[END_REF], (f) Structure of DSSC [START_REF] Obaidullah Mohiuddin | Improvement in dye sensitized solar cells from past to present[END_REF], (g) functioning principle of a QDSC [START_REF] Andras | Depleted-heterojunction colloidal quantum dot solar cells[END_REF], (h) a-Si [START_REF] Qarony | Efficient amorphous silicon solar cells: characterization, optimization, and optical loss analysis[END_REF], (i) six-junction solar cell with the highest efficiency [START_REF] Myles | Young Tao Song John F. Geisz1, Ryan M. France1 and Thomas Moriarty. Six-junction iii-v solar cells with 47.1% conversion efficiency under 143 suns concentration[END_REF].

Basic mechanisms of photovoltaic conversion

Solar cells are spectrally selective absorbers made up from semiconductor materials able to convert solar radiation directly to electricity. Figure 1.10 illustrates how a semiconductor material with a given value of bandgap converts photons energy under 1 sun: Photons with energies lower than the bandgap cannot create free charge carriers, therefore they are not absorbed, Photons with energies equal to the bandgap can create electron-hole pairs, High energy photons are inefficiently converted, since a fraction of their initial energy (corresponding to the energy difference between the photon and the bandgap) is wasted as heat in the crystalline network. 

PV cells electrical characteristics

The behaviour of any solar cell under illumination can be represented as an ideal p-n-junction diode in parallel with a current source in the proximity of the junction as shown in Figure 1.11(a) and described by Eq. (1.2). Therefore, to characterize solar cell performance a series of parameters represented in Figure 1.12 are used. Most important parameters are the: total electric current density J (Eq. (1.2)), short-circuit current density J sc (Eq. (1.3)), dark current density J D (Eq. (1.4)), open circuit voltage V oc (Eq. (1.8)), maximum generated power P mpp (Eq. (1.9)), fill factor (FF) (1.10) and the power conversion efficiency η (%) (Eq. (1.11)). The total electric current density in a solar cell is the difference between the short circuit current density J ph and the dark current density J D :

J ph J d (a) J ph J d R sh R s (b) J ph J 01 J 02 R sh R s (c)
J(V ) = J ph -J D (V ) (1.2)
where J ph is the photo-generated current density from a solar cell when the voltage across the cell is equal to zero. The J ph is related to the absorbed photon spectrum by measurement of cell's external quantum efficiency (EQE), which is the fraction of the incident photons of energy E to be absorbed and converted to collected charge carriers (i.e. electrical current) described as:

J ph = q ∞ Eg Φ(E) EQE(E) dE (1.3)
where q, Φ and E g are the elementary charge, the quantity of energy inside the spectrum distribution of a solar cell and the bandgap, respectively. The dark current density J D is voltage-dependent recombination current expressed as:

J D (V ) = J 0 exp q V n k B T -1 (1.4)
where, J 0 , V, n, k B and T are dark saturation current density, voltage across the junction, diode ideality factor, Boltzmann constant and temperature, respectively.

Figure 1.12: General current-voltage (I-V) characteristic curve of a solar cell under illumination with the different cell parameters [START_REF] Énergie+ | Caractéristiques électriques des cellules et des modules photovoltaïques[END_REF].

Under a number of assumptions detailed in [START_REF] Martin A Green | Solar cells: operating principles, technology, and system applications[END_REF], J 0 can be derived easily from the carrier transport equations:

J 0 = q n 2 i D e L e 1 N A F P + D h L h 1 N D F N (1.5) 
where F P and F N are factors that account for the finite dimensions of the P and N regions respectively. D e,h and L e,h are the diffusion coefficients and the diffusion lengths of the electrons and holes. N A,D are the doping concentration of acceptors and donors and n i is the intrinsic carrier concentration.

In several works [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF][START_REF] Singh | Temperature dependence of solar cell performance-an analysis[END_REF], the temperature dependence of D e L e 1 N A F P (in Eq. (1.5)) is neglected and it is assumed that the temperature dependence of J 0 is driven by that of n 2 i given by [START_REF] Ben | Solid state electronic devices[END_REF]:

n i = 2 2 π k B T h 2 3/2 m * n m * p 3/4 exp [-E g (T )/2 k B T ] (1.6)
where h is Planck's constant, m * n is the effective electron mass, and m * p is the effective hole mass. Neglecting eventual temperature dependences of the effective masses, the diode saturation current density can be expressed as [START_REF] Singh | Temperature dependence of solar cell performance-an analysis[END_REF][START_REF] John | Theoretical temperature dependence of solar cell parameters[END_REF]:

J 0 = C T 3 exp [-E g (T )/k B T ] (1.7)
where C is a constant supposed independent of the temperature.

The open circuit voltage V oc , is the maximum voltage available from a solar cell at zero current flow (J = 0). The V oc is defined as:

V oc = n k B T q ln J sc J 0 + 1 ≈ n k B T q ln J sc J 0 (1.8)
The maximum power can be extracted by biasing the solar cell at a certain voltage where the JV product would be maximized. The corresponding current density J mpp and voltage V mpp values are not the same as J sc and V oc values and correspondingly lower. Then, the maximum power point (MPP) is defined as:

P mpp = V mpp × J mpp (1.9)
Another important parameter is the FF, that defines the sharpness of the JV curve as depicted in Figure 1.13. It is defined as the ratio of the P mpp from a solar cell to the product of the V oc and the J sc .

F F = P mpp V oc J sc (1.10)
Solar cell efficiency quantifies how much of the collected sunlight the cell is able to convert into electricity. The efficiency of the solar cell η is given as the ratio of the converted electric power to the incoming power from the sun P in :

η = P mpp P in = F F V oc J sc P in (1.11)
Additionally to the above mentioned equivalent circuit of a single-junction solar cell, two equivalent models are commonly used to more precisely describe the behaviour of a real solar cell. The one diode equivalent circuit with series (R s ) and shunt (R sh ) resistances represented in Figure 1.11(b), where R s accounts for resistances that arise from current movement through emitter and base of the solar cell or the resistance of rear and top metal contacts, and R sh accounts for the existence of alternate current pathways through a PV cell. In the presence of both R s and R sh resistances, the equation of the solar cell is given as [START_REF] Franzitta | Assessment of the usability and accuracy of the simplified one-diode models for photovoltaic modules[END_REF]:

J(V ) = J ph -J 0 exp q(V + J R s ) n k B T -1 - V + J R s R sh (1.12)
The two-diode model is a modified form of a single diode circuit that takes into account the effect of recombination within the depletion region by introducing another diode in parallel, as shown in Figure 1.11(c). Its output current density is described by:

J(V ) = J ph -J 01 exp q(V + J R s ) n 1 k B T -1 -J 02 exp q(V + J R s ) n 2 k B T -1 - V + J R s R sh (1.
13) here n 1 and n 2 are the ideality factors of the two diodes.

In [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF] it was indicated that J 01 and J 02 increases exponentially with temperature as described by the following proportionalities:

J 01 (T ) ∝ T 3 exp [-E g (T )/k B T ] J 02 (T ) ∝ T 3/2 exp [-E g (T )/2 k B T ] (1.14) (1.15)
where n 1 and n 2 are equal to 1 and 2 respectively. As seen from Figure 1.13 both the R s and R sh resistances influence FF by modifying the JV curve. At a constant value of the solar irradiance, if the R s is increased (with the red curve representing an R s =0), the internal dissipation of energy is enhanced, so the cell becomes less efficient as shown in Figure 1.13(a), and the MPP will slide towards lower voltages and currents. The power loss caused by the presence of a R sh is typically due to manufacturing defects rather than poor solar cell design. Low shunt resistance causes power losses in solar cells by providing an alternate current path for the light-generated current, as shown in Figure 1.13(b). These power loss effects increase with increasing R s and decreasing R sh . Resistive heating or Joule heating is considered a parasitic effect and is governed by the following equation:

P loss = R s J 2 (1.16)
As the temperature and concentration influence multiple parameters in different ways, the effect of these ambient conditions on the J-V curve isn't immediately clear.

Impact of temperature

Increasing temperature reduces the bandgap of a semiconductor, thereby affecting most of the semiconductor material parameters, resulting in a decrease in V oc with a slight increase in the J sc . Meanwhile, the diode saturation current density increases proportionally to the cube of the temperature as expressed in Eqs. (1.14) and (1.15). These two phenomena affect the various cell electrical parameters in different ways, as detailed hereafter.

The variation of the short-circuit current density with temperature was found to be basically independent of concentration, and can be written as [START_REF] Braun | Basic aspects of the temperature coefficients of concentrator solar cell performance parameters[END_REF]:

dJ sc dT = -q Φ(E g ) dE g dT (1.17)
This expression is a function of the solar cell material (its bandgap, and bandgap temperature sensitivity) and the spectrum of the irradiation.

Using the single-diode model (Figure 1.11(b)) with Eq. 1.7 as an expression for the diode saturation current density, the temperature coefficient of the saturation current density can be expressed as:

1 J 0 dJ 0 dT = 3 T - 1 k B T dE g dT - E g T (1.18)
By differentiating Eqs. (1.8), the temperature dependence of the V oc , we obtain:

dV oc dT = 1 T V oc - n E g q - 3 n k B T q + n k B T q 1 J sc dJ sc dT + 1 k B T dE g dT (1.19)
Green [START_REF] Martin A Green | General temperature dependence of solar cell performance and implications for device modelling[END_REF] explained how complicated it is to derive generic expressions for the temperature coefficient of the F F , since it depends on a large number of cell parameters.

In the case where R s , R sh and n do not vary strongly with temperature, the following formula is reasonably accurate when using Si solar cells:

1 F F dF F dT = (1 -1.02 F F 0 ) 1 V oc dV oc dT - 1 T (1.20)
where F F 0 is the ideal FF of a solar cell given as a function of ν oc the normalized voltage equal to (q V oc /n k B T ) [START_REF] Singh | Temperature dependence of solar cell performance-an analysis[END_REF][START_REF] Braun | Basic aspects of the temperature coefficients of concentrator solar cell performance parameters[END_REF]:

F F 0 = ν oc -ln (ν oc + 0.72) ν oc + 1 (1.21)
Ultimately, 1 η dη dT is the sum of the corresponding contribution of the relative temperature coefficients of J sc , V oc and F F , the magnitudes of which vary differently with E g . The variation in efficiency with temperature can be expressed as [START_REF] Dupré | Physics of the thermal behavior of photovoltaic devices[END_REF]:

1 η dη dT = 1 V oc dV oc dT + 1 J sc dJ sc dT + 1 F F dF F dT (1.22)

Impact of concentration

The short-circuit current density J sc of a solar cell depends linearly on the light intensity, such that a device operating under 10 suns would have 10 times the J sc as the same device under 1 sun operation (Eq. (1.23)). Moreover, from the logarithmic dependence of V oc on the concentration ratio X as given by Eq. (1.24).

J sc (X) = X J sc (1 sun) (1.23) V oc (X) = V oc (1 sun) + n k B T q ln(X) (1.24)
The conversion efficiency of ideal solar cells, increases logarithmically with X, following the V oc trend, and can be expressed by the following expression:

η = V oc (X) J sc (X) F F (X) P in (X) (1.25) 
Braun et al. [START_REF] Braun | Basic aspects of the temperature coefficients of concentrator solar cell performance parameters[END_REF] investigated the temperature coefficients of concentrator solar cell performance parameters. Using Eq. 1.24 in the derivation of the temperature coefficient of the V oc it can be expressed as:

dV oc (T, X) dT = V oc (1 sun) T + n k B q ln X + n k B T q 1 J sc dJ sc dT - 1 J 0 dJ 0 dT (1.26)
Using Eq. (1.21) and by replacing the normalized voltage expression with the variation of the V oc with concentration (Eq. (1.24)). The temperature dependence of F F with concentration can be given as [START_REF] Braun | Basic aspects of the temperature coefficients of concentrator solar cell performance parameters[END_REF]:

dF F dT ≈ ln V oc, 1sun (T ) q n k B T + ln(X) + 1 dV oc, 1sun dT q n k B T -V oc, 1sun (T ) q n k B T 2 V oc, 1sun (T ) q n k B T + ln(X) + 1 2 (1.27)

Energy storage technologies

The intermittency of solar energy can cause unbearable dispatching pressure on the grid during PV power generation processes. Figure 1.14 illustrates an example of the mismatch between the demand for electricity and PV solar generation output. It can be noticed that most solar electricity is produced during the day when the sun is out. As a result, the surplus of solar electricity produced during this time of day is curtailed. However, the highest demand for electricity usually takes place in the morning and the evening. Therefore moving forward PV power systems need to be able to respond to changes in loads by meeting three basic conditions: (1) stability i.e. maintaining power quality and fast response to misalignments (i.e. mismatch between supply and demand), (2) flexibility in matching supply with demand, and (3) adequacy of a power system to cope with load at all times. These conditions pose fundamental challenges regarding the widespread integration of solar energy. One way to meet these challenges is to use energy storage systems (ESS). ESS providing necessary dispatchability for the grid or energy supply is crucial to ensure high and consistent power quality. Each storage application has a very particular requirement in terms of temperature level, storage duration, footprint and system integration [START_REF] Koohi-Fayegh | A review of energy storage types, applications and recent developments[END_REF][START_REF] Olabi | Critical review of energy storage systems[END_REF][START_REF] Nadeem | Comparative review of energy storage systems, their roles, and impacts on future power systems[END_REF]. In the following section, we discuss and compare the characteristics of the main existing ESS technologies: thermal, electrochemical, mechanical, and chemical energy storage. In principle a few other possibilities exist, but they are still quite far from real application.

Load profile

Excess solar electricity

Useable solar electricity

Solar generation profile

Loads not met by PV Figure 1.14: Energy production of a PV system during one day. A large amount of solar electricity generated during the day is not being utilized (yellow part of the graph) and at the same time when electricity is needed the most -solar energy is not able to cover the load demand (blue part of the graph).

Thermal energy storage

Thermal energy storage (TES) is a technology that captures thermal energy by heating a storage medium. The stored energy can be used at a later time for power generation. To effectively conserve heat, three components are typically required: a storage medium with good thermo-physical characteristics, an efficient heat transfer mechanism, and a suitable containment system [START_REF] Henok | A review of energy storage technologies' application potentials in renewable energy sources grid integration[END_REF][START_REF] Alfonso | Solar energy on demand: A review on high temperature thermochemical heat storage systems and materials[END_REF][START_REF] Sarbu | A comprehensive review of thermal energy storage[END_REF]. The main mechanisms for TES technologies include sensible, latent and thermochemical heat storage detailed hereafter.

Sensible heat storage

Sensible heat storage (SHS) consists of temperature changes in solids (e.g., sand, concrete, or rocks) or liquids (e.g., water, oil, molten salts) media in the forms of charging and discharging processes [START_REF] Garg | Sensible heat storage[END_REF] as shown in Figure 1.15(a). When the temperature increases, energy is absorbed, and when the temperature drops, power is released. SHS has two main advantages: it is cheap in most cases and without the risks associated with the use of toxic materials. Today, the most commonly used TES systems in commercialized CSP plants are based on molten solar salts as an indirect or direct implementation [START_REF]Cerro dominador inaugurates its csp plant, which[END_REF][START_REF] Dinter | A review of andasol 3 and perspective for parabolic trough csp plants in south africa[END_REF][START_REF] Calvet | Dispatchable solar power using molten salt directly irradiated from above[END_REF][START_REF] Petrollese | The ottana solar facility: dispatchable power from small-scale csp plants based on orc systems[END_REF]. Nevertheless, systems using latent heat, thermochemical, and other SHS materials are under development. Commonly used molten salts are typically made up of mixture of 60% sodium nitrate (NaNO 3 ) and 40% potassium nitrate (KNO 3 ) or Hitec mixture (7% NaNO 3 , 53% KNO 3 and 40% of NaNO 2 ) [START_REF] Ding | Electrochemical measurement of corrosive impurities in molten chlorides for thermal energy storage[END_REF][START_REF] Ding | Progress in research and development of molten chloride salt technology for next generation concentrated solar power plants[END_REF]. A two-tank direct molten salt system uses molten salt to collect solar energy and to store it (in a indirect configuration two different HTFs are used, one to collect heat from the solar field and another to store heat for later use). Two tanks store the molten salt, a hot tank for the hightemperature molten salt and a cold tank holding low-temperature salt, as illustrated in Figure 1. 16(a). Salt from the cold tank (290 • C) is heated by the collected solar thermal energy and pumped into the hot tank to store the heat (565 • C). The high-temperature salt is pumped into the heat exchanger to transfer the heat and then produce steam to generate electricity. The cooled salt is gathered in the cold tank. Nitrate salts freeze around 200 • C and decompose at 600 • C [START_REF] Rebecca I Dunn | Molten-salt power towers: newly commercial concentrating solar storage[END_REF]. These characteristics critically limit the technology to be used at medium-temperature conditions. Molten chloride salt mixtures such as MgCl 2 /NaCl/KCl with similar thermo-physical properties as the commercial nitrate salt mixtures are being investigated as they operate at higher temperatures (>800 • C), with lower costs [START_REF] Ding | Progress in research and development of molten chloride salt technology for next generation concentrated solar power plants[END_REF]. However, the most significant challenge for molten salt TES is the strong corrosivity to the construction materials. Current research aims to study novel HTFs to overcome this limitation. Particles as a mean for TES provide cheap energy storage solution due to (1) their inexpensive price, (2) the ease for storage and (3) their ability to tolerate high temperatures (up to 1000 • C) without any destructive impact as molten salts nor freezing or temperature degradation [START_REF] Calderón | High temperature systems using solid particles as tes and htf material: a review[END_REF][START_REF] Flamant | Dense suspension of solid particles as a new heat transfer fluid for concentrated solar thermal plants: On-sun proof of concept[END_REF][START_REF] Ma | Design analysis of a particle-based thermal energy storage system for concentrating solar power or grid energy storage[END_REF]. The cold particles are conveyed from a cold storage tank up to the receiver, which is impinged by concentrated solar radiation to increase its temperature as depicted in Figure 1.16(b). Hot particles are then sent to a hot storage tank where thermal energy is stored. The hot particles discharge to a heat exchanger via a fluidized bed system [START_REF] Tregambi | Fluidized beds for concentrated solar thermal technologies-a review[END_REF] to drive the power cycle. Despite the promising futures particle-based technology may offer, today most of the applications are limited to lab-and pilot-scale realizations. [START_REF] Kaiyuan | Thermofluidics of sulfur-based thermal energy storage[END_REF], and (b) a solid particle system with TES and fluidized bed [START_REF] Calderón | High temperature systems using solid particles as tes and htf material: a review[END_REF].

In addition to the two-tank system, the one tank thermocline system has been proposed to significantly reduce the system cost [START_REF] Cascetta | Thermocline vs. two-tank direct thermal storage system for concentrating solar power plants: A comparative techno-economic assessment[END_REF]. A dual-medium thermocline system uses a solid storage medium and a HTF inside a single tank, as shown in Figure 1.17. Through void spaces between the pebbles, a HTF (liquid or gas) flows. This HTF serves to introduce and extract heat energy during the heat storage and recovery processes. The hot HTF accumulates at the top, and the cold HTF stays at the bottom due to the buoyancy force effect [START_REF] Alami | Identification of natural rocks as storage materials in thermal energy storage (tes) system of concentrated solar power (csp) plants-a review[END_REF]. During the charging process, the hot fluid is injected through the upper part of the tank and flows in the downward direction to exit the storage system at a lower temperature (Figure 1.17). Hence it transfers heat to the solid for storing thermal energy. In the discharging period, the cold HTF moves in the opposite direction to retrieve the stored heat energy from the solid and then exits via the TES top at a higher temperature. Accordingly, recovered energy will be fed to the power block to generate electricity in the CSP plant. With a great saving on storage and containment materials, the cost of thermocline molten salt-based TES can be 45% lower than the two-tank system. Ultimately, levelized cost of storage (LCOS) is about 48% lower than a two-tank TES system [START_REF] Cascetta | Thermocline vs. two-tank direct thermal storage system for concentrating solar power plants: A comparative techno-economic assessment[END_REF].

Figure 1.17: A Schematic of a CR CSP plant with a one-tank dual media thermocline rock-based TES system [START_REF] Kaiyuan | Thermofluidics of sulfur-based thermal energy storage[END_REF].

The next generation of TES systems is moving towards high-temperature technologies with attractive cost efficiencies. To this end, Jinge et al. proposed a novel high-temperature sulfur-based thermal battery configuration (SulfurTES) [START_REF] Jin | Sulfur heat transfer behavior in vertically-oriented isochoric thermal energy storage systems[END_REF][START_REF] Barde | Demonstration of a low cost, high temperature elemental sulfur thermal battery[END_REF] by using elemental sulfur as the storage medium. For this TES system, sulfur is stored using vertically-oriented tubes enveloped in a shell-and-tube heat exchanger system, as shown in Figure 1.18. Figure 1.18: Schematic of the SulfurTES thermal battery system [START_REF] Kaiyuan | Thermofluidics of sulfur-based thermal energy storage[END_REF].

With low cost for the storage and containment materials, high thermal stability and high heat transfer rate at the liquid stage, SulfurTES shows great potentials to be a competitive technology for future commercial TES plants. Schwaiger et al. [160,[START_REF] Steiner | Active fluidized bed technology used for thermal energy storage[END_REF] studied a configuration using active fluidized bed technology and sand as a heat storage medium known as the sandTES fluidization technique. Sand is a cheap and environmentally friendly storage material that can be used at temperatures well beyond 600 • C. In the sandTES, the air is entering through the distributor floor, thus enabling the fluidization of the storage powder passing in serpentines to travel through the heat exchanger. The technology is cost and energy efficient for small industrial storage. With sandTES, load flexibility and plant dynamics can be improved.

Latent heat storage

Latent heat storage (LHS) is based on the use of phase-change materials (PCMs) [START_REF] Giro-Paloma | Types, methods, techniques, and applications for microencapsulated phase change materials (mpcm): a review[END_REF][START_REF] Nazir | Recent developments in phase change materials for energy storage applications: A review[END_REF]. Initially, PCMs act like SHS materials (i.e. temperature increases linearly) then, heat is absorbed or released at a constant temperature with a change in physical state, mainly solid-liquid as shown in Figure 1.15(b). Elarem et al. [START_REF] Elarem | A comprehensive review of heat transfer intensification methods for latent heat storage units[END_REF] reviewed different properties of PCMs. PCMs are classified into either organic, inorganic or eutectic materials. PCMs have a range of melting and solidification temperatures, storage density, and thermal conductivity which are considered the base criteria for their selection. Additionally, a proper selection of a PCM is affected by the desirable physical, chemical, and thermodynamic properties and the required applications.

Thermochemical heat storage

Thermochemical heat storage (THS) consists of storing heat through reversible reactions. With heat supply, the bicoulor bloc depicted in Figure 1.15(c) can be dissociated into two components (black) and (white), which can be any phase and stored separately. The original bloc can be formed with a heat release when the black and white blocs are put together. In comparison to the SHS and LHS, the emerging THS technologies have much higher energy densities and much less heat loss at high temperatures [START_REF] Alfonso | Solar energy on demand: A review on high temperature thermochemical heat storage systems and materials[END_REF]. Yet, most products from the thermochemical reactions are gases that can be corrosive and cause a higher containment and system cost [START_REF] Stekli | Technical challenges and opportunities for concentrating solar power with thermal energy storage[END_REF].

Electrochemical storage

Electrochemical ESSs are the oldest energy storing technologies where a reversible chemical reaction in the active material through the electrolyte is used for charging/discharging electricity. The most widely used utility-scale batteries energy storage systems (BESS) are lead-acid, lithium-ion, sodium-sulfur, nickel-cadmium, and flow batteries. Lithium-ion (Li-ion) batteries dominate the energy storage market. In Liion batteries, the electrode combo is usually a lithium cobalt oxide cathode and a graphite anode. The electrolyte enables the electrical charges to flow between the electrodes, as illustrated in Figure 1. 19(a). Despite the declining price Li-ion batteries have encountered since 1991 (97% decline [START_REF] Ritchie | The price of batteries has declined by 97% in the last three decades[END_REF]), they remain less competitive than TES systems, as shown in Table 1.3, and issues remain due to toxic chemical material disposal or recycling of dumped batteries. Other type of batteries called flow batteries separate the charge outside a cell, they are also referred to as external storage batteries. They have two advantages: they can store more energy and for longer periods, but the problem is they are still relatively expensive [START_REF] Nadeem | Comparative review of energy storage systems, their roles, and impacts on future power systems[END_REF]. Unlike Li-ion batteries, liquid metal batteries are made of a liquid calcium-alloy anode, a molten salt electrolyte and solid particles of antimony cathode. This composition enables the use of low-cost materials and a low number of steps in the cell assembly process [START_REF] Kim | Liquid metal batteries: past, present, and future[END_REF][START_REF]The ambri technology[END_REF][START_REF] Stauffer | A battery of molten metals: Low-cost, long-lasting storage for the grid[END_REF]. Batteries are usually characterized by how much energy and how much power they can provide. In general, technologies do better on one measure than the other. For example, with pumped hydropower, abundant storage is cheap, but fast delivery is expensive whereas for grid-scale storage, both capabilities are crucial. The liquid metal battery can potentially do both. It can store a large amount of energy and deliver that energy quickly, for example, to meet demand instantly when a cloud passes in front of the sun. It should have a long lifetime, unlike the Li-ion battery, and not degrade when completely discharged, unlike the lead-acid battery [START_REF] Olabi | Critical review of energy storage systems[END_REF]. Although it seems to be more expensive than pumped hydropower today (see Table 1.3), this kind of battery has no limits on its use.

Mechanical energy storage

Mechanical energy storage technologies use moving parts to convert electrical energy into mechanical energy. Pumped hydro storage (PHS) is the most commonly used technology throughout the world [START_REF] Karlsson | Global outlook on energy technology development[END_REF]. PHS stores electricity in the form of hydraulic potential energy. PHS can be used perfectly with renewable energy systems (PV and wind) to increase system dispatchability. For example, when PV power generation is higher than energy demand, the surplus of energy is used to pump water from a low reservoir to a high reservoir, storing energy in the form of gravitational potential energy as illustrated in Figure 1. 19(b). When power needs to be dispatched, water flows back downhill through turbines, releasing the stored energy. The PHS system is quite robust, with distinguished features of simplicity and reliability. Yet, PHS has some drawbacks such as the need for large volumes of water which may present a challenge for locations with water scarcity problems. Flywheel energy storage (FES), also known as kinetic energy storage, is another form of mechanical ESS. The flywheel speeds up as it stores energy by bringing a mass into rotation around an axis and slows down when discharging to deliver the accumulated energy. The fast response characteristics of FES makes them suitable in applications involving solar and wind resource for grid frequency balancing [START_REF] Mustafa | A review of flywheel energy storage system technologies and their applications[END_REF]. However, FES systems are still not considered a mature technology because they are expensive compared to other ESSs [START_REF] Nadeem | Comparative review of energy storage systems, their roles, and impacts on future power systems[END_REF]. The third type of mechanical ESS is compressed air energy storage (CAES) systems. In CAES the air is compressed and stored in a large underground reservoir called cavern. Upon energy demand, pressurized air is released to a turbine to generate electricity. Although CAES systems are mature technologies, they are still subject of studies that aim to identify how their current efficiencies (42 -55%) can be improved [START_REF] Koohi-Fayegh | A review of energy storage types, applications and recent developments[END_REF].

Chemical storage

Chemical ESSs are important long-term ESSs in the form of chemical bonds of molecular compounds. It is further classified as hydrogen storage and biofuels [START_REF] Ujwal Kishor Zore | A review on recent advances in hydrogen energy, fuel cell, biofuel and fuel refining via ultrasound process intensification[END_REF]. A fuel cell is a device that generates electricity through an electrochemical reaction. In a fuel cell, electrical energy is utilized to decompose water into oxygen and hydrogen. These gases can be stored and again combined to release the stored energy. Fuel cells do not need to be periodically recharged like batteries but instead, continue to deliver electricity as long as a fuel source is provided. Power to hydrogen (P2H) provides a promising solution to the geographic mismatch between sources of renewable energy and the market due to its technological maturity and flexibility. A key barrier to the large-scale deployment of P2H is its low overall energy efficiency and high-cost [START_REF] Hu | A review of technical advances, barriers, and solutions in the power to hydrogen (p2h) roadmap[END_REF]. The solar hydrogen approach is under the early stage of development. Brey et al. discussed how the use of hydrogen as a storage system will play an important role in the decarbonization plan by 2030 in Spain [START_REF] Brey | Use of hydrogen as a seasonal energy storage system to manage renewable power deployment in spain by 2030[END_REF]. By using electrolysis to convert the surplus electrical power into hydrogen, 7.27 TWh of the surplus renewable energy can be reused, and 2.54 million tons of CO 2 eq can be avoided every year. Due to the limited reserves of fossil fuels and their significant impact on the environment, there is a need to develop sustainable fuels. Today, biological processes are being used in both the storage and production of energy. The production of biomass originates from plants and animal waste. The two most common types of biofuels in use today are ethanol and biodiesel [START_REF]Biomass conversion: From feedstocks to final products[END_REF]. There are various ways of making biofuels, but they generally use chemical reactions, fermentation, and heat to break down the starches, sugars, and other molecules in plants. The resulting products are then refined to produce a fuel that cars or other vehicles can use. Achieving technologies to produce fuels from biomass feedstocks sustainably and cost-effectively at a very large scale remains a challenge. In the aforementioned section, we highlighted how ESSs will help improving the dispatchability of renewable resources and how continuous efforts are deployed to further optimize the technical and economical behaviour of ESSs. Nevertheless, it is obvious that in the upcoming years, the complementarity of the different forms of renewable energy production will play a crucial role in the global energy transition in its entirety. It is precisely in the coupling of various renewable energies that their advantage will become all the more apparent -both in terms of the economic and the ecological balance [START_REF] Bashria | Perspective on integration of concentrated solar power plants[END_REF]. In the following section, hybridization as an upward solution for the intermittent nature of solar energy will be discussed in detail.

Solar hybridization

Nowadays, the most common hybrid solar systems are based, either on the hybridization of solar technologies in-between (i.e. PV with CSP considering different configurations) [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF][START_REF] Howard M Branz | Hybrid solar converters for maximum exergy and inexpensive dispatchable electricity[END_REF][START_REF] Green | High capacity factor csp-pv hybrid systems[END_REF], or on a solar system coupled with other renewable technologies (e.g. wind, geothermal, etc.) [START_REF] Bashria | Perspective on integration of concentrated solar power plants[END_REF][START_REF] Paska | Hybrid power systems-an effective way of utilising primary energy sources[END_REF][START_REF] Pramanik | A review of concentrated solar power hybrid technologies[END_REF][START_REF] Rashid | Techno-economic evaluation of different hybridization schemes for a solar thermal/gas power plant[END_REF][START_REF] Oyekale | Biomass retrofit for existing solar organic rankine cycle power plants: Conceptual hybridization strategy and techno-economic assessment[END_REF][START_REF] Yang | Load matching and technoeconomic analysis of csp plant with s-co2 brayton cycle in csp-pv-wind hybrid system[END_REF][START_REF] Li | Review on hybrid geothermal and solar power systems[END_REF][START_REF] Chennaif | Electric system cascade extended analysis for optimal sizing of an autonomous hybrid csp/pv/wind system with battery energy storage system and thermal energy storage[END_REF] as shown in Figure 1.20. In this section, we will start with reviewing the literature on PV-CSP hybrid technologies classified in two main types as described in Figure . 1.20, followed by a discussion of some new hybridization concepts. Then, we will assess the technical and economical interest of these technologies via a detailed comparison. Finally, we will introduce the novelty and interest of our work for the scientific community. We will focus on the hybridization of PV with CSP, since this route has significant potential for coupling the technical and economic advantages from both technologies. In fact, such option may contribute to improve the power quality, grid stability and renewable penetration in the grid compared to PV standalone plants [START_REF] Widyolar | Design and modeling of a spectrum-splitting hybrid csp-cpv parabolic trough using two-stage high concentration optics and dual junction ingap/gaas solar cells[END_REF][START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF][START_REF] Bousselamti | Modelling and assessing the performance of hybrid pv-csp plants in morocco: A parametric study[END_REF][START_REF] Werner | Combined solar thermal and photovoltaic power plants-an approach to 24h solar electricity[END_REF][START_REF] Aguilar-Jiménez | Techno-economic analysis of a hybrid pv-csp system with thermal energy storage applied to isolated microgrids[END_REF][START_REF] Haack | Water saving potential of csp-pv hybrid plants[END_REF][START_REF] Wingert | Spectral beam splitting retrofit for hybrid pv/t using existing parabolic trough power plants for enhanced power output[END_REF][START_REF] Yu Zhengshan | Pvmirror: a new concept for tandem solar cells and hybrid solar converters[END_REF][START_REF] Zhengshan | Gaas/silicon pvmirror tandem photovoltaic mini-module with 29.6% efficiency with respect to the outdoor global irradiance[END_REF][START_REF] Zurita | Assessment of time resolution impact on the modeling of a hybrid csp-pv plant: A case of study in chile[END_REF][START_REF] Wang | Spectral-splitting hybrid pv-thermal (pvt) systems for combined heat and power provision to dairy farms[END_REF][START_REF] Todd P Otanicar | Concentrating photovoltaic retrofit for existing parabolic trough solar collectors: Design, experiments, and levelized cost of electricity[END_REF][START_REF] Qu | A concentrating solar power system integrated photovoltaic and mid-temperature solar thermochemical processes[END_REF][START_REF] Widyolar | Theoretical and experimental performance of a two-stage (50x) hybrid spectrum splitting solar collector tested to 600[END_REF][START_REF] Ju | A fully coupled numerical simulation of a hybrid concentrated photovoltaic/thermal system that employs a therminol vp-1 based nanofluid as a spectral beam filter[END_REF][START_REF] Han | Parametric analysis of a hybrid solar concentrating photovoltaic/concentrating solar power (cpv/csp) system[END_REF][START_REF] Han | Dynamic analysis of a concentrating photovoltaic/concentrating solar power (cpv/csp) hybrid system[END_REF]. 

Solar hybridization

Solar with renewable

Non-compact PV-CSP hybrid systems

The non-compact PV-CSP classification was first introduced in [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF], as two separated systems, usually located close to each other and only connected via the electrical grid to supply either a variable or a baseload energy demand as shown in Figure 1.21. One of the features of this strategy is that PV and CSP are mature technologies, and their combination poses few technical problems. Therefore, the scientific community has mainly focused on 1) design optimization, i.e. the power distribution between PV and CSP, 2) assessment of the techno-economic performance of a hybrid strategy compared to stand-alone technologies, and 3) selection of an adequate dispatch strategy of TES regarding PV and CSP operations. Despite differences in system design, the majority of techno-economic studies confirmed the superiority of non-compact PV-CSP hybrid plants over standalone technologies, described with higher CFs and lower LCOE [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF][START_REF] Bousselamti | Modelling and assessing the performance of hybrid pv-csp plants in morocco: A parametric study[END_REF][START_REF] Richter | Predictive storage strategy for optimal design of hybrid csp-pv plants with immersion heater[END_REF]. While for large capacities (> 50 MW) non-compact systems present a very attractive solution, they may not be suitable for microgrids (< 10 MW). In [START_REF] Aguilar-Jiménez | Techno-economic analysis of a hybrid pv-csp system with thermal energy storage applied to isolated microgrids[END_REF] only a 2% increase in the LCOE was obtained in comparison to a PV-battery configuration. Table 1.4 summarizes the main works conducted on existing non-compact plants for electricity generation during the last five years. Since the main trend of the CSP market is on developing PTC and CRs technologies, we found identical orientation for the non-compact hybrid plants as seen in Table . 1.4. The choice of the CSP technology along with the plant capacity directly affects the LCOE of the plant. CR and PTC plants with ≈ 270 MW capacity offer the lowest LCOE (< 60 $/MWh). Nonetheless, owing to the high level of flexibility a non-compact PV-CSP hybrid plant may offer, cogeneration of electricity with hydrogen production or water desalination have been capturing the interest of numerous researches recently [START_REF] Valenzuela | Csp+ pv hybrid solar plants for power and water cogeneration in northern chile[END_REF][START_REF] Rosenstiel | Electrochemical hydrogen production powered by pv/csp hybrid power plants: A modelling approach for cost optimal system design[END_REF][START_REF] Khouya | Hydrogen production costs of a polymer electrolyte membrane electrolysis powered by a renewable hybrid system[END_REF][START_REF] Mata-Torresa | Thermoeconomic analysis of a csp+ pv+ med plant in chile: Assessing the impact of the pv plant integration[END_REF][START_REF] Mata-Torres | Annual thermoeconomic analysis of a concentrating solar power+ photovoltaic+ multi-effect distillation plant in northern chile[END_REF]. For example, in [START_REF] Rosenstiel | Electrochemical hydrogen production powered by pv/csp hybrid power plants: A modelling approach for cost optimal system design[END_REF][START_REF] Khouya | Hydrogen production costs of a polymer electrolyte membrane electrolysis powered by a renewable hybrid system[END_REF] minimum levelized costs of hydrogen (LCOH) were obtained with a PV-CSP system regarding a standalone PV plant, with values of 4.04 $/kg and 9.4 $/kg respectively. Chile presents an ideal market opportunity for the integration of PV-CSP hybrid systems (see Table 1.4). However, Chile has begun to face serious problems of water scarcity. The integration of a multieffect-distillation (MED) system into a PV-CSP plant was proposed in [START_REF] Valenzuela | Csp+ pv hybrid solar plants for power and water cogeneration in northern chile[END_REF][START_REF] Mata-Torresa | Thermoeconomic analysis of a csp+ pv+ med plant in chile: Assessing the impact of the pv plant integration[END_REF][START_REF] Mata-Torres | Annual thermoeconomic analysis of a concentrating solar power+ photovoltaic+ multi-effect distillation plant in northern chile[END_REF]. The first results show that due to the complexity of the operating conditions, a CSP + PV+ MED plant can be subject to different targets depending on which product is most relevant to produce, i.e. freshwater, electricity, or heat. In several non-compact plants the storage of the fluctuating PV electricity was carried out using expensive BESSs [START_REF] Valenzuela | Csp+ pv hybrid solar plants for power and water cogeneration in northern chile[END_REF][START_REF] Bousselamti | Modelling and assessing the performance of hybrid pv-csp plants in morocco: A parametric study[END_REF][START_REF] Aguilar-Jiménez | Techno-economic analysis of a hybrid pv-csp system with thermal energy storage applied to isolated microgrids[END_REF][START_REF] Haack | Water saving potential of csp-pv hybrid plants[END_REF][START_REF] Zurita | Assessment of time resolution impact on the modeling of a hybrid csp-pv plant: A case of study in chile[END_REF][START_REF] Zhai | Optimal design method of a hybrid csp-pv plant based on genetic algorithm considering the operation strategy[END_REF][START_REF] Cocco | A hybrid csp-cpv system for improving the dispatchability of solar power plants[END_REF][START_REF] Ghaem Sigarchian | Optimum design of a hybrid pv-csp-lpg microgrid with particle swarm optimization technique[END_REF]. The possibility of storing electricity as heat may seem thermodynamically counterintuitive; yet, it presents promising economic features. Using an electrical heater, then converted heat will be stored in the TES unit integrated into the plant [START_REF] Zhai | The daily and annual technical-economic analysis of the thermal storage pv-csp system in two dispatch strategies[END_REF][START_REF] Liu | Optimization study of thermal-storage pv-csp integrated system based on ga-pso algorithm[END_REF][START_REF] Giaconia | A model of integration between pv and thermal csp technologies[END_REF][START_REF] José | An approach to the operation modes and strategies for integrated hybrid parabolic trough and photovoltaic solar systems[END_REF]; a configuration that helps to decrease the LCOE by 19% in comparison to a conventional plant. The 800 MW Noor Midelt hybrid solar plant will be the first solar project in the world to combine PV as well as CSP with TES instead of PV + BESS. This combination presents an optimal mix to deliver electricity for the day and for five hours after sunset at 70 $/MWh [210].

Although non-compact plants offer a tremendous opportunity when it comes to low-cost plants, all with highly stable and on-demand power output, the use of the solar spectrum remains the same as for standalone technologies. More importantly, side-by-side installations of PV and CSP consume significant space and thus have a large land footprint. Therefore, compact PV-CSP hybrid technology is designed to overcome the above shortcomings by making full utilization of solar energy.

Compact PV-CSP hybrid systems

As the name indicates compact hybrid systems consist of coupling the two technologies into a single system [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF] as depicted in Figure 1.22. Conversely to non-compact systems, the compact configuration raises some additional technical difficulties. Therefore, work on compact technologies focuses more on system design and technical challenges [START_REF] Widyolar | Design and modeling of a spectrum-splitting hybrid csp-cpv parabolic trough using two-stage high concentration optics and dual junction ingap/gaas solar cells[END_REF][START_REF] Ju | A review of concentrated photovoltaic-thermal (cpvt) hybrid solar systems with waste heat recovery (whr)[END_REF][START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF][START_REF] Wingert | Spectral beam splitting retrofit for hybrid pv/t using existing parabolic trough power plants for enhanced power output[END_REF][START_REF] Yu Zhengshan | Pvmirror: a new concept for tandem solar cells and hybrid solar converters[END_REF][START_REF] Wang | Spectral-splitting hybrid pv-thermal (pvt) systems for combined heat and power provision to dairy farms[END_REF][START_REF] Todd P Otanicar | Concentrating photovoltaic retrofit for existing parabolic trough solar collectors: Design, experiments, and levelized cost of electricity[END_REF][START_REF] Qu | A concentrating solar power system integrated photovoltaic and mid-temperature solar thermochemical processes[END_REF][START_REF] Widyolar | Theoretical and experimental performance of a two-stage (50x) hybrid spectrum splitting solar collector tested to 600[END_REF][START_REF] Ju | A fully coupled numerical simulation of a hybrid concentrated photovoltaic/thermal system that employs a therminol vp-1 based nanofluid as a spectral beam filter[END_REF][START_REF] Han | Parametric analysis of a hybrid solar concentrating photovoltaic/concentrating solar power (cpv/csp) system[END_REF][START_REF] Lin | High temperature stability and optical properties investigation of a novel ito-therminol 66 nanofluid for spectral splitting pv/t systems[END_REF][START_REF] Otanicar | Experimental evaluation of a prototype hybrid cpv/t system utilizing a nanoparticle fluid absorber at elevated temperatures[END_REF][START_REF] Ni | Performance analysis of nanofluidbased spectral splitting pv/t system in combined heating and power application[END_REF][START_REF] Vossier | Performance bounds and perspective for hybrid solar photovoltaic/thermal electricitygeneration strategies[END_REF][START_REF] Zeitouny | Assessing high-temperature photovoltaic performance for solar hybrid power plants[END_REF]. Compact hybrid systems can be classified into thermally coupled [START_REF] Ju | A review of concentrated photovoltaic-thermal (cpvt) hybrid solar systems with waste heat recovery (whr)[END_REF], thermally decoupled [START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF] or a combination of both strategies [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF].

Figure 1.22: Schematic description of a compact hybrid plant with a PTC as a CSP system. PV cells are located on the outside of the heat collector with vacuum on surrounding the line tube or combined heating and power provision for dairy applications [START_REF] Wang | Thermoeconomic assessment of a spectral-splitting hybrid pvt system in dairy farms for combined heat and power[END_REF].

Thermally coupled systems

PV cells tend to warm up under solar illumination, rejecting thermal losses into the environment due to their fundamental inability to efficiently convert the broad solar spectrum into electricity. Those losses can be harvested using a wasted heat recovery (WHR) system, also known as the PV-topping [START_REF] Ju | A review of concentrated photovoltaic-thermal (cpvt) hybrid solar systems with waste heat recovery (whr)[END_REF]. A thermal collector bonded to the rear surface of PV cells recovers part of the losses for power generation using a thermal or CSP subsystem, while PV cells directly convert the part of the solar spectrum within the cell bandgap into electricity. Thermally coupled PV-CSP hybrid systems can be further distinguished into low, medium and high operating temperature systems.

① Low-temperature WHR systems (LT-WHR)

The LT-WH recovered from PV cells can be collected to directly generate electricity and heat mainly for domestic application [START_REF] Lamnatou | Photovoltaic/thermal systems based on concentrating and non-concentrating technologies: Working fluids at low, medium and high temperatures[END_REF] or in building integrated PV thermal (BIPVT) configuration [START_REF] Hussein M Maghrabie | Building-integrated photovoltaic/thermal (bipvt) systems: Applications and challenges[END_REF]. Cui et al. and Lamnatou et al. [226,[START_REF] Cui | Comprehensive review of the recent advances in pv/t system with loop-pipe configuration and nanofluid[END_REF] reviewed the state-of-art of PV-T systems operating at low temperatures (< 60 • C). Widyolar et al. [START_REF] Widyolar | Experimental performance of an ultra-lowcost solar photovoltaic-thermal (pvt) collector using aluminum minichannels and nonimaging optics[END_REF] developed a novel PVT collector which replaces the traditional packaging materials with a low-cost non-imaging optics and replaces sheet-and-tube heat exchange materials with a low cost and thermally efficient aluminium minichannel, depicted in Figure 1.23. Si solar cells are attached to the top and bottom of the minichannel using a thermally conductive and electrically isolating double-sided tape that isolates the cells from the aluminium minichannel absorber while allowing heat to be transferred into the absorber. The glass tube is filled with argon gas to reduce the internal convection coefficient inside the tube and minimize heat losses from the hot solar cells. Results demonstrated 57.4% thermal efficiency and 12.3% electric efficiency at ambient temperature and a maximum temperature around 80 • C. 

② Medium-temperature WHR systems (MT-WHR)

The MT-WHR systems have immense potential in the applications of absorption cooling, thermoelectric generation, organic Rankine cycle (ORC) power generation, etc. In MT-WHR systems the working-fluid temperatures range between 60 and 90

• C [START_REF] Lamnatou | Photovoltaic/thermal systems based on concentrating and non-concentrating technologies: Working fluids at low, medium and high temperatures[END_REF]. RayGen developed an ultra efficient cost-effective solar CR plant, via the combination of a PV receiver with thermal hydro [START_REF] Raygen | Next generation solar and storage[END_REF][START_REF] Lasich | A 200kw central receiver cpv system[END_REF][START_REF] Horne | Concentrating photovoltaic systems and applications[END_REF][START_REF] Lasich | Central receiver photovoltaics-a new generation of solar power[END_REF] shown in Figure 1.24. Low-cost heliostats focus sunlight onto a small ultra-high efficiency 1 m 2 PV array entirely covered with triple-junction (TJ) solar cells [START_REF] Keevers | 40% efficient sunlight to electricity conversion[END_REF]. Unlike traditional storage systems that use electricity to heat water, thermal hydro uses a temperature gradient to generate power between two covered reservoirs, a heated (92 • C) and a cooled one (2 • C). The difference in temperature between the two reservoirs of water (90 • C) is exploited to drive an ORC turbine to create electricity. Figure 1.24: Schematic description of Raygen's PV-Ultra thermally coupled plant, with a PV receiver located at the top of the tower and an ORC for power generation [START_REF] Raygen | Next generation solar and storage[END_REF].

Han et al. [START_REF] Han | Parametric analysis of a hybrid solar concentrating photovoltaic/concentrating solar power (cpv/csp) system[END_REF][START_REF] Han | Dynamic analysis of a concentrating photovoltaic/concentrating solar power (cpv/csp) hybrid system[END_REF] investigated the behaviour of a CR with a similar configuration; however, instead of covering the entire receiver area, only the core region of the receiver is covered with InGaP/InGaAs/Ge solar cells [START_REF] Green | Solar cell efficiency tables (version 57)[END_REF] (i.e. where high and relatively uniform flux density distribution occurs). The solar cells are cooled using R134a fluid. An annular receiver is used to collect the non-uniform outermost part of the light distribution. Results showed that the overall solar-to-electricity efficiency can be theoretically increased from 32.8% for the dense array system (DA-CPV) to 34.8% for the hybrid system, when the concentration increases from 500 to 2 000 suns [START_REF] Han | Parametric analysis of a hybrid solar concentrating photovoltaic/concentrating solar power (cpv/csp) system[END_REF]. Sarafraz et al. [START_REF] Mohammad Mohsen Sarafraz | Thermodynamic potential of a highconcentration hybrid photovoltaic/thermal plant for co-production of steam and electricity[END_REF] assessed the energetic performance of a dual receiver including a steam generator based on a CR and a CPV/T receiver for the co-production of steam, electricity and hot water/air. The results showed that the system thermal efficiency is improved from 28% to 36% when the solar concentration ratio increases from 10 to 1500.

③ High-temperature WHR systems (HT-WHR)

It is well known that the Carnot cycle efficiency is maximized with the highest possible heat source temperature. Therefore, increasing the temperature generally increases the overall cycle efficiency. However, in the HT-WHR system, as the solar cell temperature increases, the efficiency of solar cells decreases. These two facts lead to tough physical and engineering challenges for the development of the HT-WHR hybrid system. To date, few research works have discussed the behaviour and application prospects of HT-WHR systems. Ju et al. [START_REF] Ju | A review of concentrated photovoltaic-thermal (cpvt) hybrid solar systems with waste heat recovery (whr)[END_REF] reviewed different HT-WHR technologies based on concentration level. Most recently, Vaillon et al. [START_REF] Vaillon | Solar cells operating under thermal stress[END_REF] reviewed the progress of solar cells tested in the laboratory under thermal stress (temperatures up to 500 • C), in addition to the fundamental physics governing the thermal sensitivity of solar cells and the main criteria determining the ability of semiconductor materials to survive HT. To date, Perl et al. [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF] were the first to experimentally investigate the output performances of GaAs and AlInGaP III-V solar cells up to high temperatures (over a temperature range of 25 -400 • C) and under high concentration. Steiner et al. [START_REF] Perl | al) gainp/gaas tandem solar cells for power conversion at elevated temperature and high concentration[END_REF][START_REF] Steiner | Algainp/gaas tandem solar cells for power conversion at 400 c and high concentration[END_REF] studied the resilience of III-V cell technologies in a tandem configuration. First results demonstrated a 15 % efficiency at 400 • C over a concentration range of 300 -1000 suns of a dual junction GaInP/GaAs solar cell. Vossier et al. [START_REF] Vossier | Performance bounds and perspective for hybrid solar photovoltaic/thermal electricitygeneration strategies[END_REF][START_REF] Zeitouny | Assessing high-temperature photovoltaic performance for solar hybrid power plants[END_REF] investigated the theoretical output performances of a PV-topping system operating at HT (∼ 400 • C). Results showed that a 10% decrease in the efficiency occurs when considering realistic cell parameters, i.e. when including series resistances and nonradiative recombination. Regardless of the decline of cell efficiency with temperature, there is a noticeable improvement in the total (PV + thermal) hybrid electrical power production due to the improved efficiency of the turbine with increasing temperature at high concentrations.

Thermally decoupled systems

As the name indicates, a thermally decoupled system or spectral beam splitting (SBS) approach offers an alternative to the previously described strategy, in which the solar cells and the thermal collector are decoupled [START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF][START_REF] Mojiri | Spectral beam splitting for efficient conversion of solar energy-a review[END_REF][START_REF] Qu | A spectral splitting solar concentrator for cascading solar energy utilization by integrating photovoltaics and solar thermal fuel[END_REF][START_REF] Liang | Progress in full spectrum solar energy utilization by spectral beam splitting hybrid pv/t system[END_REF][START_REF] Huang | Challenges and opportunities for nanomaterials in spectral splitting for high-performance hybrid solar photovoltaic-thermal applications: A review[END_REF], as illustrated in Figure 1.25. In particular, this technology has instigated a large number of numerical and experimental researches [START_REF] Widyolar | Design and modeling of a spectrum-splitting hybrid csp-cpv parabolic trough using two-stage high concentration optics and dual junction ingap/gaas solar cells[END_REF][START_REF] Wingert | Spectral beam splitting retrofit for hybrid pv/t using existing parabolic trough power plants for enhanced power output[END_REF][START_REF] Wang | Spectral-splitting hybrid pv-thermal (pvt) systems for combined heat and power provision to dairy farms[END_REF][START_REF] Widyolar | Theoretical and experimental performance of a two-stage (50x) hybrid spectrum splitting solar collector tested to 600[END_REF][START_REF] Lin | High temperature stability and optical properties investigation of a novel ito-therminol 66 nanofluid for spectral splitting pv/t systems[END_REF][START_REF] Ni | Performance analysis of nanofluidbased spectral splitting pv/t system in combined heating and power application[END_REF][START_REF] Qu | A spectral splitting solar concentrator for cascading solar energy utilization by integrating photovoltaics and solar thermal fuel[END_REF][START_REF] Widyolar | Spectral beam splitting in hybrid pv/t parabolic trough systems for power generation[END_REF][START_REF] Wang | Design and thermodynamic analysis of a novel solar cpv and thermal combined system utilizing spectral beam splitter[END_REF][START_REF] Han | Spectral characterization of spectrally selective liquid absorption filters and exploring their effects on concentrator solar cells[END_REF][START_REF] Zhang | Performance investigation on a novel spectral splitting concentrating photovoltaic/thermal system based on direct absorption collection[END_REF][START_REF] Huang | On the performance of concentrating fluidbased spectral-splitting hybrid pv-thermal (pv-t) solar collectors[END_REF][START_REF] Bicer | Concentrated solar light splitting using cold mirrors for photovoltaics and photonic hydrogen production applications[END_REF][START_REF] Tang | A cascading solar hybrid system for co-producing electricity and solar syngas with nanofluid spectrum selector[END_REF][START_REF] Huang | Efficiency limits of concentrating spectral-splitting hybrid photovoltaic-thermal (pv-t) solar collectors and systems[END_REF][START_REF] Herez | Parabolic trough photovoltaic/thermal hybrid system: Thermal modeling and parametric analysis[END_REF][START_REF] Wang | Cooling design and evaluation for photovoltaic cells within constrained space in a cpv/csp hybrid solar system[END_REF][START_REF] Goel | Annual simulation of photovoltaic retrofits within existing parabolic trough concentrating solar powerplants[END_REF], considering different filtering techniques, aiming to provide the SBS technology into the solar market. Among the different filtering techniques, only three have been in continued progress during the last 6 years: liquid absorptive filters, dichroic filters and PV cells as filters.

(a) Liquid absorptive filters [START_REF] Tang | A cascading solar hybrid system for co-producing electricity and solar syngas with nanofluid spectrum selector[END_REF] (b) Dichroic filters [START_REF] Wingert | Spectral beam splitting retrofit for hybrid pv/t using existing parabolic trough power plants for enhanced power output[END_REF] (c) PVMirror [250] Liquid absorptive filters are liquids with or without nanoparticles able to absorb solar radiation of a certain spectral range [START_REF] Liang | Progress in full spectrum solar energy utilization by spectral beam splitting hybrid pv/t system[END_REF][START_REF] Huang | Challenges and opportunities for nanomaterials in spectral splitting for high-performance hybrid solar photovoltaic-thermal applications: A review[END_REF][START_REF] Huang | Facile preparation of core-shell ag@ sio 2 nanoparticles and their application in spectrally splitting pv/t systems[END_REF][START_REF] Han | Performance improvement of a pv/t system utilizing ag/coso4-propylene glycol nanofluid optical filter[END_REF]. Part of the spectrum is absorbed by the liquid as thermal energy as depicted in Figure 1.25(a). In this example, the concentrated sunlight is channeled by a nanofluid to produce (150 -250 • C) heat. The rest of the solar radiation suitable for electricity generation by the PV cells passes through the nanofluid. The use of suspended nanoparticles increases efficiencies compared to conventional HTFs. However, the stability of nanofluids at HT and ultraviolet light is not optimized for long-term operation.

Dichroic filters are optical filters with nearly zero coefficient of absorption that reflect part of the spectral bands and transmit the rest. In Figure 1.25(b), the dichroic mirror split the incoming spectrum and redirect the PV effective wavelengths down to the PV module underneath it. The remaining photons are transmitted to the existing thermal collector [START_REF] Wingert | Spectral beam splitting retrofit for hybrid pv/t using existing parabolic trough power plants for enhanced power output[END_REF]. Due to the excellent spectral splitting effect, stable working performance, mature processing technology, dichroic filters are widely utilized in PV/CSP hybrid systems [START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF][START_REF] Wingert | Spectral beam splitting retrofit for hybrid pv/t using existing parabolic trough power plants for enhanced power output[END_REF].

PV cells as filters use the optical properties of semiconductors. Photons with energy lower than the cell energy bandgap can pass through the PV cell, while energy higher than the energy bandgap is absorbed by the PV cell. The technology is known as PVMirrors [START_REF] Yu Zhengshan | Pvmirror: a new concept for tandem solar cells and hybrid solar converters[END_REF][START_REF] Zhengshan | Gaas/silicon pvmirror tandem photovoltaic mini-module with 29.6% efficiency with respect to the outdoor global irradiance[END_REF]250,[START_REF] Fisher | Pvmirrors: Hybrid pv/csp collectors that enable lower lcoes[END_REF][START_REF] Yu Zhengshan | Modeling of gaas/silicon pvmirror tandem system: A case study[END_REF][START_REF] Holman | High-efficiency solar power with integrated storage[END_REF][START_REF] Meng | Optical characterization of curved silicon pv modules with dichroic polymeric films[END_REF] in Figure 1.25(c). PVMirror acts as a concentrator, SBS and a high-efficiency PV converter. However, it is difficult and expensive to manufacture high-transmittance PV cells at present. In [START_REF] Yu Zhengshan | Pvmirror: a new concept for tandem solar cells and hybrid solar converters[END_REF][START_REF] Zhengshan | Gaas/silicon pvmirror tandem photovoltaic mini-module with 29.6% efficiency with respect to the outdoor global irradiance[END_REF][START_REF] Fisher | Pvmirrors: Hybrid pv/csp collectors that enable lower lcoes[END_REF][START_REF] Holman | High-efficiency solar power with integrated storage[END_REF], it has been confirmed that the addition of filters increases the system's cost by 10%. Meanwhile, the hybrid system has increased its annual energy output by 53% [START_REF] Yu Zhengshan | Pvmirror: a new concept for tandem solar cells and hybrid solar converters[END_REF]. While most studies are concerned with the technicality of the systems as summarized in Table 1.5, Fisher et al. [START_REF] Fisher | Pvmirrors: Hybrid pv/csp collectors that enable lower lcoes[END_REF] investigated the economical viability of the PVMirror technology depicted in Figure 1.25(c).

The LCOE decreased by more than 15% relative to CSP while maintaining full dispatchability.

Today, the world's first solar plant based on the use of PVMirrors instead of conventional mirrors on the heliostat field of an SPT plant is being developed in Seville and is known as BLUESOLAR technology [START_REF] Miguel | Diseño y estimación de la producción de una central híbrida cst-pv[END_REF]. This technology will generates heat that can be economically stored at an LCOE varying around 42 -47 e/MWh.

Mojiri et al. [START_REF] Mojiri | Spectral beam splitting for efficient conversion of solar energy-a review[END_REF], Ju et al. [START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF], Liang et al. [START_REF] Liang | Progress in full spectrum solar energy utilization by spectral beam splitting hybrid pv/t system[END_REF], and Kumar et al. [START_REF] Kumar | A review of heat removal mechanism in concentrated pvt systems using beam splitter[END_REF] reviewed various SBS approaches for PV/T and PV-CSP applications and discussed the research trends, technical obstacles, and vital future research for the performance improvement of the different systems with the SBS technology. In Tables 1.5 and 1.6 a summary of the main work conducted on SBS systems is given. Similarly to the PV-topping Si cells are used for low operating temperatures, whereas III-V single junction and MJ cells are more suitable for HTs. Moreover, an increase of the hybrid system conversion efficiency relative to individual technologies can be noted, this increase is more or less related to the choice of the cell technology along with the filtering technique. It is worth mentioning that most of the reported studies considered the use of PTC as a CSP subsystem for their high technical maturity and the flexibility the system offers when it comes to integrating different SBS filters. T cell : cell temperature, η P V : efficiency of PV subsystem in the hybrid configuration, η th. : the thermal efficiency of the hybrid system, η th. elec = 2/3 η Carnot η th. η HX η P B, net : thermal to electric efficiency of the hybrid system, η HX : heat exchange losses (0.9), η P B, net : parasitic losses (0.9), η hyb : the overall efficiency of the hybrid system, η conv. : efficiency of conventional PV, CSP or PV/T system, c-Si: Crystalline-silicone, p-Si: Polycrystalline-silicon, m-Si: multicrystalline-silicon, * Compact Linear Fresnel Reflector , η T C : Thermochemical , η chem : solar to fuel efficiency, WSF: wavelength-selective filter. 
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Combined systems

The ultimate challenge of the aforementioned hybrid technologies is to combine all the desired properties into a single structure to obtain the best output performances of both subsystems. Nowadays, PV-topping systems working at HTs using today's best cell technologies are less likely to tolerate high operating temperatures for long durations in comparison with conventional Si systems (e.g. 20 -25 years [START_REF] Hernández | Analytical model for solar pv and csp electricity costs: Present lcoe values and their future evolution[END_REF]). To date, only a limited number of studies have discussed the ability of III-V solar cells to support HTs for various durations: up to 37 days with GaInP cell technologies [START_REF] Rosalinda H Van Leest | Temperature-induced degradation of thin-film iii-v solar cells for space applications[END_REF] and up to 200 hours with MJ cells [START_REF] Perl | al) gainp/gaas tandem solar cells for power conversion at elevated temperature and high concentration[END_REF]. These first results may encourage research towards HTs. Yet, they highlight the fact that expensive cell technologies are likely to operate effectively under HTs [START_REF] Vaillon | Solar cells operating under thermal stress[END_REF], a cell category that still struggles to reach the solar market under low operating temperatures. In the meantime, the SBS strategy faces the limitation of the partial utilization of the solar spectrum regardless of the choice of the filtering techniques. As a result, the combination of PV-topping and SBS remains of high technical interest to improve the overall system performances with decreased costs. Ju et al. [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF] reviewed some possible combined configurations between the technologies to enhance the operating temperature of HTFs without sacrificing the PV efficiency or discarding the LT heat generated in the PV cells. Most recently, Weinstein et al. [START_REF] Lee A Weinstein | A hybrid electric and thermal solar receiver[END_REF] described the operation of a novel hybrid electric and thermal solar (HEATS) receiver, a schematic diagram of which is shown in Figure 1.26(a). The incident solar spectrum is split using a spectrally selective light pipe (SSLP) coating. The light pipe reflects high-energy photons towards the PV module while absorbing the remaining fraction of the solar spectrum. The modelling indicates that the HEATS receiver can achieve a total electrical efficiency of 26.8% when a Si PV cell is used and 28.5% when a GaAs PV cell is used, with over 75% dispatchability in both cases. Notably, these efficiencies are higher than if the HEATS receiver was replaced with just a PV cell or a purely thermal receiver [START_REF] Lee A Weinstein | A hybrid electric and thermal solar receiver[END_REF].

Within the same context, Codd et al. [START_REF] Daniel S Codd | Solar cogeneration of electricity with high-temperature process heat[END_REF] experimentally investigated the performances of an advanced version of a spectral-splitting transmissive-CPV (tCPV) module coupled to a dimple plate cavity thermal receiver, as depicted in Figure 1. 26(b). Approximately 71% of photons below the bandgap energy of the cell, conventionally wasted as heat or otherwise not captured, are transmitted through the CPV cells. Thereby, the HTF can attain high temperatures without sacrificing the efficiency of the cells or discarding the low-temperature heat generated in the PV cells. This combined hybrid technology shows several advantages: high electrical efficiency, low temperature (< 100 • C) heat, and high temperature (> 100 • C) heat, all three at a levelized cost of heat (LCOHe) that is competitive with natural gas prices. The tCPV/T hybrid system, were sunlight is concentrated by the paraboloidal mirror on the 2axis tracker and directed to the hybrid receiver. There, the tCPV module converts a portion of the high-energy photons to electricity and LT heat, while transmitting IR wavelengths to a thermal receiver, where it is absorbed and converted to HT heat [START_REF] Daniel S Codd | Solar cogeneration of electricity with high-temperature process heat[END_REF].

New concepts

In this section, the focus will be brought onto some exotic solutions that offer either full utilization of the solar spectrum or cost-competitive technologies or offer both.

Photovoltaic with thermal energy storage

We aforementioned the possibility to use TES to store the overproduced electricity via a PV subsystem in a non-compact PV-CSP hybrid plant. Therefore, Gordon et al. [START_REF] Jeffrey M Gordon | Providing large-scale electricity demand with photovoltaics and molten-salt storage[END_REF] investigated the idea of power-to-heat-to-power generation using a PV plant with a TES unit. They evaluated the thermodynamic and economic benefit of an oversized PV plant operating during the day to meet electrical demand. During this time, the overproduced electricity is stored as heat in cost-effective molten salts to expand the production beyond daylight, as shown in Figure 1.27(a). The need for low investments (i.e. Si PV systems and molten salts as HTFs) make the PV-TES approach a promising solution; however, the low conversion efficiency of solar energy (i.e. conversion of solar radiation into electricity, then conversion of electricity into heat using an electrical heater, to finally convert heat into electricity using a power block) may slow down the development of this strategy. A recent study conducted by Schöniger et al. [START_REF] Schöniger | Making the sun shine at night: comparing the cost of dispatchable concentrating solar power and photovoltaics with storage[END_REF] compared three different technologies, CSP+TES, PV+ BESS and PV+TES, using three cost scenarios to cover uncertainty in future costs as shown in Figure 1.27(b). For short storage periods, PV+BESS comes first as the most economical solution then, CSP+TES becomes competitive after 2 -3 h and 4 -10 h for the current cost and low-cost case studies, respectively (Figure 1.27(b)). Regardless of the cost scenarios, the specific cost of a PV+TES plant remains higher than that of a CSP+TES. Thereby it is advisable to investigate further the ability of these technologies to take a large part in the future of solar electricity production. 

Ultra-high temperature systems

The research work of Datas et al. [START_REF] Datas | Molten silicon storage of concentrated solar power with integrated thermophotovoltaic energy conversion[END_REF][START_REF] Ramos Cabal | Solar photovoltaic power-to-heat-to-power energy storage[END_REF][START_REF] Datas | Steady state analysis of a storage integrated solar thermophotovoltaic (sistpv) system[END_REF][START_REF] Datas | Ultra high temperature latent heat energy storage and thermophotovoltaic energy conversion[END_REF][START_REF] Nathalie | Amadeus project[END_REF] addresses the possibility of storing energy at extremely HTs up to 2000 • C using intermittent resources, mainly PV, CSP or wind (see Figure 1.28). These systems rely on a novel latent heat thermal energy storage (LHTES) technology using silicon-based alloys as new PCMs, with one of the highest energy densities within the range of 1000 -2000 kWh/m 3 and melting points far above 1000 • C [START_REF] Jiao | The use of eutectic fe-si-b alloy as a phase change material in thermal energy storage systems[END_REF]. The main attraction in the proposed systems lies in their simplicity and modularity compared to conventional CSP plants due to the absence of moving parts (i.e. turbine). The stored energy in the LHTES can be converted into electricity on demand using:

• A thermophotovoltaic technology (TPV), that is, thermally radiated photons are absorbed in a low-bandgap semiconductor and excite electron-hole pairs, which are selectively collected to produce an electric current [START_REF] Wang | Solar thermophotovoltaics: Progress, challenges, and opportunities[END_REF] (see Figure 1.28(a)).

• A thermionic-photovoltaic converter (TIPV) [START_REF] Zeneli | Performance evaluation and optimization of the cooling system of a hybrid thermionic-photovoltaic converter[END_REF] composed of three main elements: the emitter (cathode), the anode and the PV cell. The cathode is directly heated by the PCM, which then emits two types of heat carriers, electrons and photons. Electrons are collected in the anode and produce an external electric current. Photons pass through the anode and are absorbed by an infraredsensitive PV cell, which generates additional electricity (see Figure 1.28(b)). TES [START_REF] Hamid | Thermophotovoltaics: a potential pathway to high efficiency concentrated solar power[END_REF], and (d) another integration of the TPV system, using electricity from any source to be converted to heat via joule heating, which is then transferred to Si [START_REF] Amy | Thermal energy grid storage using multi-junction photovoltaics[END_REF].

The two configurations are highly suited for high operating temperatures because they are based on the direct emission of electrons and photons through space, eliminating the need for a working fluid and moving parts. Another potential application for TPV has been proposed in the context of solar energy conversion and specifically as a power cycle for CSP illustrated in Figure 1.28(c), instead of a turbine-based heat engine [START_REF] Hamid | Thermophotovoltaics: a potential pathway to high efficiency concentrated solar power[END_REF]. Solar energy collected via the heliostats field is concentrated onto a receiver made of graphite located at the top of a tower, where liquid metal Sn is used as a primary HTF. The collected heat via Sn is stored using low-cost Si PCM as a storage medium. To produce electricity Sn is circulated from the TES tank to the TPV power cycle. The system concept combines the surpassing economic advantages of TES with the potential for low cost and high performance derived from TPV cells fabricated on reusable substrates, with a high reflectivity back reflector for photon recycling [START_REF] Hamid | Thermophotovoltaics: a potential pathway to high efficiency concentrated solar power[END_REF]. Similarly, Amy et al. [START_REF] Amy | Thermal energy grid storage using multi-junction photovoltaics[END_REF] proposed a thermal energy grid storage using multi-junction PV as a heat engine and Si as a TES medium as illustrated in Figure 1.28(d). First experimental results showed the ability of this technology to provide a great potential in terms of efficiency, cost reduction and storage energy density.

Other technologies

In an attempt to reduce thermal heat rejection PV cells suffer from, Haviv et al. [START_REF] Haviv | Luminescent solar power-pv/thermal hybrid electricity generation for cost-effective dispatchable solar energy[END_REF] introduced the concept of luminescent solar power (LSP) depicted in Figure 1.29(a). Solar radiation is concentrated on a photo-luminescent (PL) absorber that absorbs the high-energy photons and after thermalization, emits low-energy photons with a high EQE at high temperatures (above 500 • C). A diffusive surface at the back of the PL absorber, together with a highly reflective coating at the front face directs the PL toward the PV cell's side. The emitted photons, combined with the transmitted ones, drive the adjacent PV cell. In this configuration, PV cells operate nearly as efficiently as under direct illumination but with minimal excessive heat that is recovered using the PL absorber.

Fan et al. [START_REF] Fang | Thermodynamic evaluation of a concentrated photochemicalphotovoltaic-thermochemical (cp-pv-t) system in the full-spectrum solar energy utilization[END_REF] proposed a concentrated photochemical-photovoltaic-thermochemical (CP-PV-T) system depicted in Figure 1.29(b). Photons with energy surpassing the PV cell bandgap energy are stored in the chemical bonds directly by the photochemical process while energy within the cell bandgap is efficiently converted into electricity. Finally, photons with energy below the bandgap are used in the thermochemical reactor by the methanol decomposition reaction, thereby guarantying a full utilization of the solar spectrum. Numerical results demonstrated the increased utilization of the solar spectrum at the first 600 nm, from 44.01% with CPV-T to 80.68% with the CP-PV-T system. Similarly, Kashyap et al. [START_REF] Kashyap | Full spectrum solar thermal energy harvesting and storage by a molecular and phase-change hybrid material[END_REF] presented a general hybrid concept to achieve full-spectrum solar energy harvesting and storage to provide thermal energy both during the day and night. Figure 1.29(c) illustrates a sketch of the proposed system composed of a molecular storage material (MSM) and localized phase change material (L-PCM) that enables to reach the phase-transition temperature at low solar flux and minimum heat loss. One of the main advantages of this technology is the unlimited range of possible combinations of PCM and MSM materials to achieve higher energy densities, therefore opening up various avenues for harvesting solar energy at high efficiency and low operation cost for a large spectrum of applications. Chapter 2

Energy assessment of large-scale compact PV-CSP systems

In this chapter, the question of whether or not large-scale compact PV-CSP hybrid technologies can outperform a conventional CSP plant will be addressed. To answer this question, section 1 describes the operation of the CSP plant considered as a case study as well as the compact systems. In section 2, a presentation of the mathematical model for all components is provided. In section 3, the impact of different operating conditions on the daily and yearly performance of the two compact PV-CSP hybrid plants is conducted. For a wide range of test scenarios and with ground measured meteorological data, the superiority of compact PV-CSP systems over the standalone CSP plant is highlighted. Finally, section 3.2.2 summarizes the main findings and presents an opening to the next chapter. The results presented in this chapter have been published in Applied Energy [START_REF] Ziyati | A multiphysics model of large-scale compact pv-csp hybrid plants[END_REF].

Introduction

According to the literature review that has just been presented, compact PV-CSP hybrid systems are an attractive way to overcome the problem of intermittency inherent to solar energy for several reasons. First, this technique allows more efficient use of the solar spectrum. Secondly, the different possibilities of combinations between the two technologies widen the scope of application and the choice of technologies to be used. However, the extent to which compact PV-CSP hybrid plants may outperform conventional solar plants is still unclear. In particular, the implementation of a large-scale compact hybrid PV-CSP plant still presents some challenges due to the lack of experimental results at the prototype scale. These results show contradictory predictions regarding the influence of some operating parameters on the systems output performances. Therefore, the choice of an appropriate metric to evaluate the benefits of these technologies remains relevant. System efficiency has been used in the past [START_REF] Vossier | Performance bounds and perspective for hybrid solar photovoltaic/thermal electricitygeneration strategies[END_REF][START_REF] Zeitouny | Assessing high-temperature photovoltaic performance for solar hybrid power plants[END_REF] but does not describe the instantaneous change in electrical energy produced under realistic operating conditions. Accordingly, we use the annual energy production in this study to accurately assess the interest of these hybrid technologies, as some studies have proven that a high conversion efficiency does not always translate into high energy production [START_REF] Vossier | Is conversion efficiency still relevant to qualify advanced multi-junction solar cells?[END_REF].

Systems description

In this section, a detailed description of the studied systems based on the example of a large-scale CR plant is given, followed by a schematic illustration of the hybrid strategies based on the CR plant, the one-sun and the high-temperature approaches. The choice of a CR plant can be justified by the direct access to a large number of technical and meteorological data available on site.

THEMIS CR plant

THEMIS CR plant is an R&D facility located at Targassonne, in the south of France. The particularity of this location lies in its high altitude (1700 m), which favours the reception of direct solar radiation with low atmospheric dispersion. The original THEMIS heliostat field consisted of 201 heliostats [START_REF] Amri | Central receiver plant evaluation:(2) themis collector subsystem evaluation[END_REF]; today, only 107 heliostats positioned north of the receiver and displayed in an amphitheatre layout1 [START_REF] Grange | Aiming strategy on a prototype-scale solar receiver: Coupling of tabu search, ray-tracing and thermal models[END_REF] are used as shown in 1.2 One-sun strategy

The one-sun (1S) compact PV-CSP hybrid system considered in this work is mainly inspired by Holman et al. [START_REF] Yu Zhengshan | Pvmirror: a new concept for tandem solar cells and hybrid solar converters[END_REF][START_REF] Zhengshan | Gaas/silicon pvmirror tandem photovoltaic mini-module with 29.6% efficiency with respect to the outdoor global irradiance[END_REF][START_REF] Fisher | Pvmirrors: Hybrid pv/csp collectors that enable lower lcoes[END_REF], and is schematically illustrated in Figure 2.2. The conventional mirrors used in the solar field are replaced by PV heliostats including, a back reflector, thus allowing sub-bandgap photons to be reflected onto the thermal receiver. Here, we assume GaAs solar cells from Alta Devices (that currently hold the world record for single-junction solar cells [START_REF] Martin A Green | Solar cell efficiency tables (version 56)[END_REF]) to be integrated onto the heliostats. The fraction of incident solar energy absorbed by the PV cells (∼ 64%) is calculated from the spectral reflectance curve shown in Figure 2.8, with the remaining fraction being sent to the receiver. Unlike other hybrid strategies, the 1S approach offers the inherent advantage of converting a large fraction of the diffuse light. 

High-temperature strategy

Unlike the 1S strategy, the High-temperature (HT ) approach does not involve any modification of the heliostat field but uses PV cells as the outer part of an integrated receiver, thermally bonded to a thermal receiver beneath it, as depicted in Figure 2.3. The heat generated by sub-bandgap photons and thermalised electrons is transferred to the HTF, which is assumed to be at a temperature close to but below 400 • C (a value coherent with early long-duration characterizations of HT GaAs PV cells [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF]). 

Heliostats

Model description

We developed a predictive model under MATLAB R2016b providing the energy output for each strategy on an annual basis to compare the performance of both hybrid plants described above with a standalone CSP plant. The schematic diagram of the multiphysics model is shown in Figure 2.4. The model takes as inputs:

• The geographical coordinates for the location of interest (altitude, longitude, latitude),

• The local time,

• Several important meteorological parameters: temperature, wind speed, and irradiation (DNI, DHI and GHI). The latter was measured on-site considering one almost complete year (2018): the missing and low-quality data (8 days out of 365 days) were replaced with equivalent irradiation data measured during previous years. These data were selected after identifying similar days (DNI level and variation) and were implemented in the data-set following the procedure described in [START_REF] Moreno-Tejera | A proposed methodology for quick assessment of timestamp and quality control results of solar radiation data[END_REF],

• The heliostats position regarding each other and the tower as well as the receiver main characteristics. 3) at every time step throughout the year using the SPA2 NREL program [START_REF] Reda | Solar position algorithm for solar radiation applications[END_REF]. Then, the heliostat field optical efficiency, taking into account different losses is determined with regard of the sun position (Figure 2.6(a)). The power absorbed and reflected by each individual heliostat is then calculated, considering the spectral reflectance R P V (λ) (measured over the AM 1.5D solar spectrum curve according to ASTM G173-03 [START_REF]Standard solar spectra[END_REF] considering wavelength ranging between 250 and 2500 nm) of the GaAs cells [START_REF] Ganapati | Ultra-efficient thermophotovoltaics exploiting spectral filtering by the photovoltaic band-edge[END_REF] used as PV heliostats in the 1S approach (see Figure 2.8) or a mean mirror reflectivity value of 90% (see Table 2.1) for the HT approach and conventional CSP plant. The electrical and thermal output of the PV and CSP subsystems are calculated applying a set of equations (vide infra) describing the optical, electrical and thermal behaviour of each strategy investigated (Figure 2.4). The annual energy output is finally calculated for six different time steps of 1, 5, 10, 15, 30 and 60 min. The following assumptions are adopted in the model:

1. The HT solar cells are supposed to be at a fixed temperature of 400 • C.

2.

GaAs single-junction solar cells are employed in both hybrid systems.

3. The receiver is described by a set of basic parameters (temperature, absorptivity, emissivity, and convective heat loss coefficient), without specifying any particular material, geometry, or coating.

4. The thermophysical properties of HTFs and used materials are temperature independent.

5.

No TES is considered in this first analysis. Nevertheless, the objective of the concept is obviously to store the heat energy collected by the thermal receiver to produce power after sunset.

In the following paragraphs, the model is described in detail, from the input parameters to the functioning of the three sub models.

Solar resource

The present study was carried out using ground measured data at Targassonne (42 with low ambient temperatures on average (∼ 8 • C) and low mean wind speed (which limits the time of non-operation due to excessive wind). Figure 2.5 shows hourly totals of DNI, GHI and DHI for each day of 2018. The seasonality for DNI and GHI is apparent, with shorter days and high values for the winter season. In spring, cloud covers are more common, days are longer, and radiation levels are greatly reduced. The yearly totals are 1592 kWh/m 2 -year for GHI and 1785 kWh/m 2 -year for DNI, a record in France [START_REF]Source: Global solar atlas 2.0, solar resource data: Solargis[END_REF]. The DHI resource is generally much smaller since it accounts for irradiation from the ground and reflected by the clouds.

Optical model

The instantaneous optical efficiency of the heliostat field takes into account the various loss mechanisms depicted in Figure 2.6(a), and is calculated for a given heliostat as [START_REF] Liu | Optimization study of thermal-storage pv-csp integrated system based on ga-pso algorithm[END_REF]:

η hel = ρ η tra cos θ η sh η blo η spil (2.1)
where ρ refers to the heliostat reflectivity, whose value depends on the type of system considered, η tra is the atmospheric transmission between the heliostat and the receiver (which is assumed equal to 1 in this study). cos θ, η sh , η blo and η spil are the main sources of optical losses in the heliostat field: cos θ is the cosine of the angle formed between the normal to the heliostat surface and the incident rays calculated using Eq. (4.5) as reported in [START_REF] Xiudong ; Wei | Tracking and ray tracing equations for the target-aligned heliostat for solar tower power plants[END_REF], η sh is the fraction of the heliostat surface shaded by adjacent heliostats, η blo is the fraction of the reflected sunlight blocked by adjacent heliostats, and η spil refers to the fraction of reflected sunlight missing the receiver due to heliostat tracking errors, unsuitable aiming strategies, etc. . . . As an example, Figure 2.6(b) represents the total efficiency of THEMIS heliostats field on the 21 st December at noon. These results illustrate that heliostats located on both edges of the solar field are less efficient, as a consequence of their orientation relative to the receiver. For a given heliostat field configuration at a given location, the cos θ effect depends only on the sun position in the sky by the following equation [START_REF] Xiudong ; Wei | Tracking and ray tracing equations for the target-aligned heliostat for solar tower power plants[END_REF]:

cos 2 θ = sin α cos λ -cos α sin λ cos (θ H -γ s ) (2.2)
The incident angle θ can be extracted from Eq. (4.5) as follows:

θ = cos -1 √ 2 2 (sin α cos λ -cos α sin λ cos (θ H -γ s ) + 1) 1/2 (2.3)
here α and γ s are the solar altitude (see Eq. (A.2)) and the solar azimuth angle which, are measured clockwise on the horizontal plane from the projection of the sun's central ray to the south-pointing coordinate axis (see Eq. (A.3)). Both angles are calculated according to the solar time and the heliostat location on earth using the SPA program. λ and θ H are respectively the heliostats target angle and the heliostats facing angle which is measured anticlockwise on the horizontal plane from the south-pointing coordinate axis to the heliostats position. The latter angles vary with heliostats position on the solar field as follow [START_REF] Xiudong ; Wei | Tracking and ray tracing equations for the target-aligned heliostat for solar tower power plants[END_REF]:

           λ = arctan x 2 pos + y 2 pos z tower θ H = arctan y pos |x pos | (2.4) 
where, x pos , y pos and z tower are the heliostat coordinate following the direct axis (x,y,z) the position of the receiver above the ground (z tower ) being equal to 86 m.

The identification of shading losses was carried out via Solar Power Tower Integrated Layout and Optimization Tool (SolarPILOT) software3 [START_REF] Michael | Solarpilot: A power tower solar field layout and characterization tool[END_REF] using as an input the heliostats positions along with the receiver characteristics. First, 11 days along the year were chosen, and for each day 23 different instants (i.e. each instant represents a particular position of the sun translated as elevation and azimuth angles) were selected as shown in Figure 2.7. The selected points encapsulate the path of the sun throughout the year at Targassonne. For the 253 (11 x 23) data points the shading losses of each heliostat on the solar field were identified and stored in a text file. Then, the shading losses at each instant of the year were estimated using a built-in Matlab interpolation function. The use of the interpolation function can be justified by the fact that manual entry of values takes a considerable amount of time. For example, entering the 253 data points took an average of about half an hour, as it is necessary to verify that the selected hours are sufficient to describe the sun's path at a given date. Furthermore, since the calculations were performed with different time resolutions, it would be both inefficient and time-consuming to carry out this process by hand. More importantly, using a theoretical formula will introduce additional parameters to be calculated in the algorithm and thus increase the time of the calculations, which already range from 2 hours to 5 days with 60 minute and 1-minute time resolution, respectively. Therefore, to verify the accuracy of the values obtained via the interpolation function, we calculated the relative difference between interpolated values and those obtained with SolarPILOT. To do this, we considered 15 different data points over the year represented by the red dots in Figure 2.7 and summarized in Table 2.2. The selected data points have the particularity of being located between the 11 continuous plots representing different days in Figure 2.7. The reason for that is that the interpolation function will guarantee a very high prediction of the shading losses of data points located on the lines, whereas important differences may occur when the data points are in-between the lines. As can be seen in Table 2.2 the relative difference is overall lower than 1%. The initial data points were increased from 153 to 253 to reduce the relative difference and raise the capability of the interpolation function to predict shading losses over the whole year. 

1S approach

In this strategy, the heliostat reflectivity is calculated as the ratio between 1) the power reflected by the PV heliostat, computed as the integration of the spectral reflectivity of the PV mirrors multiplied by the spectral distribution of sunlight over the solar range (250 -2500 nm) and 2) the total solar power impinging the heliostats (i.e. the integration of the spectral distribution of sunlight over the solar range) (see Figure 2.8):

ρ 1S = 2500 250 R P V (λ)f (λ)dλ 2500 250 f (λ)dλ (2.5)
where f (λ) refers to the spectral distribution of the incoming sunlight (λ being the wavelength of solar radiation, expressed in nm). It is important to mention that there is no spectral variation considered in this study, we only considered using the AM1.5G spectral distribution according to ASTM G173-03 [START_REF]Standard solar spectra[END_REF].

The optical flux sent onto the thermal receiver by the heliostat field is calculated as the sum of the optical flux sent by each PV heliostat. The total optical flux at a given time t can then be computed as:

P rec, 1S (t) = N hel i=1 η hel, 1S (t) S hel DN I(t) (2.6)

HT approach

For both the HT approach and the conventional CSP plant, the reflectivity of each heliostat is taken equal to the mirror reflectivity given in Table 2.1:

ρ HT = ρ CSP = ρ M ir (2.7)
The total optical flux sent onto the receiver is calculated as:

P rec, HT (t) = P rec, CSP (t) = N hel i=1 η hel, M ir (t) S hel DN I(t) (2.8) 

Model validation

As no experimental data are available for the proposed whole system at the current stage, the validation of the model is done separately for the PV and CSP subsystems. The optical efficiency of the original THEMIS plant (including 201 heliostats and a four m side-squared receiver) was estimated with SolarPILOT and compared to the optical efficiency measured on-site March 21 st 2018 at noon [START_REF] Baker | Characteristics of current solar central receiver projects[END_REF]. The simulated optical efficiency was found equal to 0.82 in comparison to 0.84.

Electrical model

For a precise estimation of the PV output of a system, one has to take into account the temperature and illumination dependence of the PV technology used. In the detailed balance limit [START_REF] Lee | Assessing material qualities and efficiency limits of iii-v on silicon solar cells using external radiative efficiency[END_REF][START_REF] Zeitouny | Combining sunlight concentration and angular confinement: Studying the effects of series resistance and external radiative efficiency[END_REF], the current-voltage curve of an ideal PV cell can simply be computed using equation (1.12) given in chapter 1:

J(V ) = J ph -J 0 exp q (V + J R s ) n k B T cell -1 - V + J R s R sh (2.9)
The radiative recombination current density is calculated in the detailed balance limit as [START_REF] Lee | Assessing material qualities and efficiency limits of iii-v on silicon solar cells using external radiative efficiency[END_REF]:

J 0 (V ) = 2 π h 3 c 2 ∞ Eg E 2 dE exp E -µ k B T cell -1 (2.10)
where h and k B are respectively the Planck and Boltzmann constants, c the speed of light and E g the bandgap of the PV cell used. E refers to the energy of photons, while T cell is the temperature of the PV cells, whose value is a function of the strategy considered. µ is the chemical potential. Rewriting Eq. (1.3) with consideration of (EQE = 1) and under concentration the J ph can be expressed as:

J ph = q X ∞ Eg f (E) dE (2.11)
Because of the wide range of operating temperatures considered in this work, one has to take into account the temperature dependence of the bandgap, which can be described by the following equation [START_REF] John | Theoretical temperature dependence of solar cell parameters[END_REF]:

E g (T ) = E g (0 K) - α ′ T 2 cell T cell + β ′ (2.12)
where E g (0) is the bandgap energy at 0 K and α ′ and β ′ are material dependent constants, whose values are reported in Table 2.3. The bandgap for semiconductor alloys can be determined by the following linear superposition [START_REF] Vurgaftman | Band parameters for iii-v compound semiconductors and their alloys[END_REF]:

E g (A 1-x B x ) = (1 -x) E g (A) + x E g (B) -x (1 -x) P (2.13)
here A 1-x B x is the alloy composition and P (eV) is an alloy dependent parameter that accounts for deviations from the linear approximation. 

R s (Ω cm 2 ) 0
Finally, the PV efficiency is calculated as the ratio between 1) the maximum electrical power extractable from the PV cell (referred to as the maximum power point given in Eq. (1.9)) and 2) the incident solar power P in absorbed by the PV receiver , the value of which is a function of the strategy considered:

η P V = V mpp × J mpp P in (2.14)
Providing a realistic estimate of the electric production of the PV modules rather than an idealized one requires this model to be altered to better describe the different ranges of temperature and illumination.

1S approach

The PV output in the 1S approach is calculated assuming that the PV efficiency is independent of the DNI (a specific calculation shows that the gap in PV efficiency between the extreme DNI values throughout the year, ranging from 300 W/m 2 to 1094 W/m 2 , is less than 0.1 % absolute). The temperature dependence of the PV cell efficiency is estimated applying the following equation [START_REF] Liu | Optimization study of thermal-storage pv-csp integrated system based on ga-pso algorithm[END_REF]:

η 1S (T cell ) = η ref [1 + β ref (T cell (t) -T ref )] (2.15)
where η ref refers to the reference PV efficiency in standard test conditions (STC) (25 • C and 1 sun illumination), calculated by solving Eq. 2.14, β ref is the GaAs temperature coefficient, while T c and T ref are the cell and reference temperatures. The cell temperature is calculated as a function of the meteorological parameters, namely GHI, ambient temperature and wind speed, using [START_REF] Evans | Simplified method for predicting photovoltaic array output[END_REF]:

T cell (t) = T amb (t) + (T N OCT -T a,N OCT ) GHI(t) G N OCT U N OCT U (t) 1 - η 1S (T c ) τ α (2.16)
where T amb is the ambient temperature, (τ α) is the effective transmittance-absorptance of the PV module, U the heat transfer coefficient calculated using the equation reported in Table 2.4 where v wind is the wind speed, GHI the global irradiation, U N OCT and G N OCT the heat transfer coefficient and the global irradiation at the nominal operating cell temperature (NOCT) given in Table 2.4. NOCT conditions [START_REF] Muller | Evaluating the iec 61215 ed. 3 nmot procedure against the existing noct procedure with pv modules in a sideby-side configuration[END_REF] T

N OCT = 46 • C T N OCT = 20 • C U N OCT = 9.53 W/m 2 K G N OCT = 800 W/m 2
By replacing η 1S expression in Eq. 2.16 we obtain:

T cell (t) = T amb (t) + (T N OCT -T a,N OCT ) GHI(t) G N OCT U N OCT U (t) 1 - η ref τ α (1 -β ref T ref ) 1 + η ref β ref τ α (T N OCT -T a,N OCT ) GHI(t) G N OCT U N OCT U (t)
(2.17) A precise estimation of the solar resource impinging each heliostat should take into account that 1) each heliostat does not strictly face the sun but is rather positioned at mid-angle between the sun and the receiver located at the top of the tower 2) PV heliostats offer the inherent advantage of converting a fraction of diffuse sunlight, which is a function of the panel orientation and the DHI. The total PV power generated at a given time t can thus be calculated as:

P P V, 1S (t) = N hel i=1 ζ SQ, 1S η 1S (t) [P dir (t) + P dif (t)] (2.18)
where ζ SQ, 1S translates the ability of a given cell technology to approach its own theoretical limit [START_REF] Vossier | Approaching the Shockley-Queisser limit: General assessment of the main limiting mechanisms in photovoltaic cells[END_REF], and will be detailed in section 2.3.3.

The direct solar power impinging each individual PV heliostat can then be written:

P dir (t) = S hel cosθ(t) η blo (t) η sh (t) DN I(t) (2.19)
Whereas, the diffuse solar power intercepted by each heliostat at a given time t is [START_REF] Paul Ayeng'o | A model for direct-coupled pv systems with batteries depending on solar radiation, temperature and number of serial connected pv cells[END_REF]:

P dif (t) = [1 + cosβ(t)] 2 S hel DHI(t) (2.20)
where β is the angle formed between the normal to each individual heliostat and the ground given in Eq. (2.21) [START_REF] Murray | Small-scale solar central receiver system design and analysis[END_REF].

sin β = (z tower -z pos ) + sin α 2 cos θ (2.21)
here, z pos , α and θ are the heliostat height from the ground, the sun elevation and the incident angle, respectively.

HT approach

The HT strategy implies radically different operating conditions for the PV cells: the cell temperature is assumed constant and equal to 400 • C. Practically, adjusting the HTF flow rate to the incoming concentrated solar power should allow this condition to be satisfied [START_REF] Ziyati | A multiphysics model of large-scale compact pv-csp hybrid plants[END_REF]. Additionally, the temperature dependence of PV cell properties has been shown to reduce significantly with increasing sunlight concentration, relaxing the need for a rigorous temperature dependence formalism accounting for the variations in the operating temperature the PV receiver may be exposed to in reality [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF][START_REF] Perl | al) gainp/gaas tandem solar cells for power conversion at elevated temperature and high concentration[END_REF].

The PV efficiency in the HT approach is thus calculated as a function of temperature and sunlight concentration solving Eq. (2.14), assuming a cell temperature of 400 • C and a concentration ratio of sunlight given by:

X(t) = P rec, HT (t) 1000 × S rec (2.22)
For the HT strategy, the optical flux sent onto the receiver is used to quantify the concentration level in Eq. (2.22), which is then used to compute the PV output. The PV output power is finally calculated as:

P P V, HT (t) = ζ SQ, HT η HT (t) η th (t) P rec, HT (t) (2.23)
where η th is the thermal efficiency, which will be described in more detail in section 2.4, while ζ SQ, HT translates the ability of a realistic HT cell technology to approach its own theoretical limit.

From ideal to realistic solar cells

Realistic PV cells are likely to be affected by several limiting mechanisms (series resistance losses, non-radiative recombination, imperfect absorption...) precluding them to achieve the ideal efficiency derived previously in the radiative limit. To better account for these losses, we choose to alter the PV model by introducing a corrective coefficient, referred to as ζ SQ , translating the ability of a given cell technology to practically approach its own theoretical limit [START_REF] Vossier | Approaching the Shockley-Queisser limit: General assessment of the main limiting mechanisms in photovoltaic cells[END_REF]:

ζ SQ = η P V, exp η P V, SQ (2.24) 
where η P V, exp is a realistic efficiency value measured experimentally, while η P V, SQ is the theoretical upper limit for the corresponding PV cell technology [START_REF] Tabernig | S-q charts[END_REF]. This fixed parameter is thus used as a way to quantify how a particular cell technology will deviate from the ideal PV efficiency, because of internal loss mechanisms (the dependence to external operating conditions, such as temperature or illumination, being taken into account in the model, as described previously). Typical values of ζ SQ may vary considerably, depending on the cell technology or the operating conditions to which the cells are submitted experimentally. On the one hand, GaAs has been proven to experimentally reach very high conversion efficiencies, currently exceeding 29% under 1 sun conditions [START_REF] Martin A Green | Solar cell efficiency tables (version 56)[END_REF], making this cell technology a good candidate for approaching unity values of ζ SQ under one-sun operation. On the other hand, experimental data regarding the high-temperature operation of GaAs cells remain scarce, and the rare experimental characterizations of comparable cell technologies show ζ SQ values of ∼ 0.35 [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF][START_REF] Perl | al) gainp/gaas tandem solar cells for power conversion at elevated temperature and high concentration[END_REF]. To explore the impact of the PV cell efficiency on the performance of the hybrid system, we thus select 3 different values of ζ SQ for each strategy considered, corresponding to 3 operational scenarios. Because there is a huge gap in the industrial maturity of these cell technologies (high-temperature solar cells are still in their infancy, while conventional 1 sun GaAs solar cells have benefited from decades of research and development, culminating with the 29.1% world-record efficiency for single-junction solar cells), the ζ SQ value associated with each of these scenarios varies depending on the strategy considered:

• Optimistic scenario:

-1S approach: The PV efficiency is supposed to be equal to the record GaAs cell efficiency reported in the literature [START_REF] Martin A Green | Solar cell efficiency tables (version 54)[END_REF], leading to ζ SQ of 0.9.

-HT approach: We assume a similar ζ SQ value of 0.9, with a corresponding experimental efficiency of ∼ 30%.

• Realistic scenario:

-1S approach: The PV efficiency is supposed to be equal to the record GaAs module efficiency reported in the literature [START_REF]Champion photovoltaic module efficiency chart[END_REF], leading to ζ SQ of 0.76.

-HT approach: We assume ζ SQ = 0.65, a median value between the optimistic and pessimistic ζ SQ values considered in this work.

• Pessimistic scenario:

-1S approach: The PV efficiency is taken equal to the experimentally measured efficiency of large dimension SunPower Silicon flat panels [START_REF]Champion photovoltaic module efficiency chart[END_REF]. This scenario thus accounts for a possible degradation in the typical efficiency of mass-produced, large-scale PV modules, leading to ζ SQ of 0.7.

-HT approach: We assume the use of HT PV cells with efficiencies equivalent to the one reported in previously published experimental work [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF][START_REF] Zeitouny | Assessing high-temperature photovoltaic performance for solar hybrid power plants[END_REF], leading to a ζ SQ value of 0.4.

The ζ SQ indices associated with each scenario considered are reported in Table 2.5, together with the corresponding experimental efficiencies. 

Model validation

For the PV subsystem, the model validation was conducted on the PV parameters used for both hybrid technologies. Considering the optimistic scenario reflecting the operation of state-of-the-art GaAs PV cells from Alta Devices and an ambient temperature of 25 • C, the difference between the experimental efficiency (29.1%) [START_REF] Martin A Green | Solar cell efficiency tables (version 54)[END_REF] and simulated efficiency (29.4%) was found to be equal to -1.02%. The 1S PV efficiency is thus coherent with recent measurements on advanced PV cells.

A second validation was performed on the open-circuit voltage of the cell. The electrical validation was conducted for GaAs and AlGaInP solar cells. The V oc for both GaAs and AlGaInP technologies considered in this work were calculated assuming an illumination equivalent to 500 suns and an operating temperature of 400 

Thermal model

The thermal exchanges are modelled assuming convective and radiative heat losses between the receiver surface and the environment (the other sides of the receiver are supposed to be perfectly insulated, and the heat conduction losses are neglected). The thermal efficiency of the receiver is calculated as [START_REF] Ehrhart | Evaluation of annual efficiencies of high temperature central receiver concentrated solar power plants with thermal energy storage[END_REF]:

η th P rec (t) = α P rec (t) -P loss (2.25) η th (t) = α - P rad ε σ S rec (T 4 rec -T 4 sky ) + Pconv h conv S rec (T rec -T ref ) P rec (t) (2.26)
where P loss is the power loss due to convection and radiation (=P conv + P rad ), α, ε and σ are the absorptivity, the surface emissivity of the thermal receiver, and Stefan-Boltzmann constant, while h conv is the convective heat transfer coefficient, computed using the physical properties of air [START_REF] Jannot | Transferts thermiques[END_REF], and T sky is the sky temperature (calculated as = 0.0552 (T amb ) 1.5 [START_REF] Notton | Modelling of a double-glass photovoltaic module using finite differences[END_REF]). If the numerator of this equation is basically independent upon the strategy considered, the thermal efficiency is also function of the optical flux sent onto the receiver by the heliostats field. Consequently, η th will necessarily vary significantly depending on the approach investigated, the optical flux in the 1S strategy (P rec, 1S ) is noticeably lower than the corresponding optical fluxs in the HT (P rec, HT ) and conventional CSP approaches (P rec, CSP ).

Due to the constantly variable nature of the DNI, the operation considers the limitations of starting up the receiver through a set of control parameters: The electrical power generated by the turbine is calculated assuming a turbine operating at 2/3 of the Carnot limit (an assumption practically describing the operation of realistic turbines over a wide range of CSP-relevant temperatures [START_REF] Widyolar | Design and modeling of a spectrum-splitting hybrid csp-cpv parabolic trough using two-stage high concentration optics and dual junction ingap/gaas solar cells[END_REF][START_REF] Howard M Branz | Hybrid solar converters for maximum exergy and inexpensive dispatchable electricity[END_REF][START_REF] Wang | Novel design and thermodynamic analysis of a solar concentration pv and thermal combined system based on compact linear fresnel reflector[END_REF][START_REF] Henry | The prospect of high temperature solid state energy conversion to reduce the cost of concentrated solar power[END_REF][START_REF] Marc | High-efficiency thermodynamic power cycles for concentrated solar power systems[END_REF]). The Carnot efficiency η Carnot is calculated based on the thermal stream operating temperature T rec and assuming a constant cold reservoir temperature T ref of 25 • C:

η Carnot = 1 - T ref T rec (2.29) 
The electrical power generated by the turbine can be estimated for the 1S and CSP approaches using Eqs. (2.30) The use of an integrated receiver in the HT strategy requires the PV power produced by the HT receiver to be subtracted from the optical flux sent by the heliostats field in order to estimate the thermal power, as described in Eq. (2.32):

P CSP, HT (t) = 2 3 η Carnot [η th (t) P rec, CSP (t) -P P V, HT (t)] (2.32)

Annual Energy calculation

The energy flows associated with the different contributions discussed previously are simply calculated as a summation over a whole year:

Q i = t=Kt t=1 P i (t) δ(t) (2.33) 
where P i refers to the power associated with the parameter of interest at a given time t, δ(t) is the time step (either 1 or 5 minutes) and K t is the total number of time steps over the year (K t =525600 for δ(t) = 1 min, 105120 for δ(t) = 5 min).

The disparity observed in the results being systematically less than 2 %, and because of the significant increase in the calculation time associated with the 1 min time-step (from ∼1.5 days per calculation with a 5 min time-step against ∼5 days with a 1 min time-step), we select a default time resolution of 5 minutes in the rest of this work. The nature of the solar plant considered in this study precludes any global validation of the model since 1) THEMIS power plant was used as a solar facility delivering electricity to the grid but no operation data is available that would have allowed a direct solar-toelectricity validation 2) the key components of the hybrid strategies investigated here are currently not mature enough for being integrated in an operational power plant.

Results & Discussions

Results presented in the following section describe the influence of various design parameters on the annual and daily output performances of the two PV-CSP compact hybrid plants in comparison to a standalone CSP technology.

Yearly performances

Impact of cell performances

Figure 2.9 shows the distribution of the annual energy output for the two-hybrid systems as well as for the conventional CSP plant, and for the 3 operational scenarios described above. Regardless of the operational scenario considered, we observe a noticeable difference between the energy output of the hybrid strategies, and the energy output of the CSP conventional plant, with a relative gain in energy ranging from 20% (in the case of the HT approach in the pessimistic scenario) to 55% (1S approach in the optimistic scenario). These numbers confirm the intrinsic superiority of the two compact-hybrid approaches investigated over conventional CSP plant, owing to the increased capacity of the 1S approach to convert diffuse radiation (the extra-energy output associated with the conversion of diffuse solar radiation representing ∼ 414MW h (14%) over a full-year operation), and the improved ability of the HT approach to efficiently use highenergy photons (that are commonly wasted as heat and rejected to the environment, in conventional PV systems).

The two-hybrid strategies demonstrate opposite trends regarding the share between PV and CSP production, suggesting that the nature of the PV cells, the operating conditions to which they are exposed, and their ability to practically approach their own theoretical limits, has tremendous effects on the performance of the hybrid systems. Increased PV efficiency obviously leads to higher system performance, independent of the hybrid technology considered. However, in the 1S strategy, the improvement in the PV cell efficiency induces a net increase in the PV output without affecting the CSP operation, which translates into very modest changes in the share between PV and CSP depending on the operational scenario considered. Conversely, the improvement in the PV cell efficiency in the HT approach simultaneously leads to a net increase in the power output, together with a significant change in the balance between the energy output of the two converters. This speculative scenario is based upon a dramatic improvement in the HT cell technology and will require numerous technological and scientific barriers (that will be discussed in detail in the final section) to be overcome. It should also be stressed that the amount of thermal losses at the receiver level appears to be significantly lower in the 1S strategy, as a consequence of the prevalence of reflection losses, that scale proportionally to the optical flux sent to the receiver.

Impact of cell technology

The choice of the PV cell technology may alter dramatically these first conclusions, the amount of optical flux absorbed by each converter (in the 1S approach) or the PV temperature dependence (in the HT approach) being correlated to the electronic gap of the PV cell. strategies assuming AlGaInP solar cells as PV converters, and considering a realistic operational scenario (with ζ SQ values estimated following similar assumptions as the ones formulated in the case of GaAs (see Table A.2 for the exact numerical values, as well as the corresponding references supporting them)). For improved clarity, the energy shares associated with hybrid plants involving GaAs solar cells are also represented. The numerical values corresponding to the energy fluxes in the pessimistic and optimistic scenarios are reported in Table A.3.

If opting for a high-bandgap material as PV cell technology in the 1S approach leads to an improved balance in the energy output of each converter, it is worth noticing that the total energy delivered by the system is noticeably lower in comparison with hybrid systems involving GaAs solar cells. In the HT approach, the use of high-bandgap cells deteriorates both the total energy output of the system and the balance between CSP and PV, relative to the GaAs case, suggesting that the improved temperature resistance of such material does not allow counterbalancing its fundamentally lower efficiency under 1 sun condition.

Impact of the HTF outline temperature

The operating temperature of the thermal receiver constitutes a key parameter, affecting the amplitude of thermal losses, the turbine efficiency, as well as the PV output in the HT approach involving a PV module acting as a thermal receiver. Figure 2.11 shows the different energy fluxes associated with the three strategies investigated, considering a turbine inlet temperature of 300, 400 and 500 Overall, the energy output for the three systems considered here increases steadily with increasing temperature. However, the temperature dependence of the energy out-put changes noticeably depending on the approach: while conventional CSP plants show an improvement in the energy output approaching 23% between 300 and 500 • C, the net gain in energy output appears to be far more modest with the two-hybrid approaches (respectively 3.5 and 7% with the 1S and HT strategies).

As a result, the benefit associated with compact-hybrid strategies over the conventional CSP plant decreases as the operating temperature is increased (the net gain in energy between compacts and CSP plants shifting from ∼50% to less than 25% in this temperature range). The underlying reasons explaining these trends are however different: the global temperature dependence of an integrated PV-CSP receiver stems from the competing temperature dependence of the PV and CSP converters: while the efficiency of the thermal converter increases with turbine inlet temperature, the PV output drops, principally because of the detrimental effect of temperature on V oc , resulting in a less favorable temperature dependence relative to the conventional CSP plant. On the contrary, the decoupling between PV and CSP in the 1S approach does not induce any penalty in the PV output for increasing turbine inlet temperature. However, the use of PV heliostats in the 1S approach implies that only a fraction of the incident solar power is sent onto the receiver: the gain in the energy output with increasing temperature thus scales with the fraction of the incident power absorbed by the thermal receiver. As can be seen, the electrical output changes consistently with the solar irradiance value: the higher the DNI, the higher the fraction of the total electrical energy produced by the CSP converter. However, at low DNI values, the CSP production remains very low or even absent, as the power production of a CSP plant is highly dependent on the amount of DNI resource available for the HTF. A problem that equally affects the HT approach and the standalone CSP plant, whereas the 1S strategy may overcome these conditions in locations with high DHI resources. As such, this suggests that the distribution of a particular site's DNI over a year should provide valuable insight into the most appropriate hybrid strategy to implement in a given location.

Variation of the annual production with DNI resource

Daily performances

Two types of days were chosen to compare the operation of the two-hybrid plants regarding the conventional CSP plant using 60 minutes as a time step. Due to the absence of any TES facility and the fact that the studied systems are not engaged to supply a given amount of power during the day, the impact of time resolution on the behaviour of the two-hybrid technologies in comparison to the conventional plant is irrelevant as discussed by Zurita and al. [START_REF] Zurita | Assessment of time resolution impact on the modeling of a hybrid csp-pv plant: A case of study in chile[END_REF]. To better visualize the impact of time steps on the input parameters, c) and 2.13(d)) at Targassonne. These data are plotted for a clear-sky day (April 17 th ) with high levels of DNI with a maximum DNI of 1034 W/m 2 , and a cloudy day (June 17 th ) characterized by rapid and abrupt variations of the DNI, with a consequent drop during some hours in the mid-afternoon from 850 W/m 2 to 416 W/m 2 . In the case of a clear-sky day, an increase of the time resolution has a negligible impact on the variation of the solar components profiles (Figures 2.13(a) and 2.13(b)). However, for a cloudy day, the increase of the time step results in a smoother profile for the three solar components (Figure 2.13(d)) that will highly impact the operation of the thermal receiver and the TES unit. 

Daily operation of hybrid plants

The variation of the daily power output for the hybrid strategies and the conventional CSP plant is shown in Figure 2.14, along with the DNI profile, for the two above days. Since similar tendencies were observed for the three cell scenarios, we focus on the realistic case study with GaAs as a cell technology and with the three solar technologies operating at 400 • C. It can be noticed that:

• The daily power generation of both hybrid strategies exceeds that of the conventional CSP plant, regardless of the meteorological conditions. However, it is worth noticing that the hybrid strategy showing the best performances over the standalone CSP plant depends on the DNI pattern. The HT approach demonstrates the best performance during clear-sky days (Figure 2.14(b)), with an improvement in the power output of 24.5% relative to the CSP power output while only 19.8% increase of the power output is achieved with the 1S hybrid system, mainly because of the small amount of DHI available this day (Figure 2.13(c)). For a cloudy day, both hybrid technologies show similar improvements in power production. For the 1S approach, an increase of 25.3% relative to the CSP power output is noted, as a result of the improved ability of the PV heliostats to better handle the variable solar resource (the turbine operation being penalized by intermittent start-and-stops for DNI values close to 300 W/m 2 as explained in section 2.4) in addition to the increased amount of DHI resource (Figure 2.13(d)). A 24.2% increase is noticed with the HT strategy as the standalone CSP plant is operating under similar conditions for the receiver and the power block unit as the HT approach.

• With the existence of a threshold DNI value below which the turbine is assumed not to operate, the response of the different plants to the daily variation of DNI differs noticeably. This translates into an extended operation time of the 1S approach over the course of the day, thanks to the increased capacity of the PV heliostats to convert the DHI solar radiation close to sunrise or sunset. As can be seen in Figure 2.13(d), during a clouding day, the DHI resource is available minutes before the DNI, resulting in more power generation of the 1S strategy.

Impact of shading on PV heliostat

In our model, the description of shading losses was performed differently for the 1S approach involving the use of PV heliostats compared to the HT approach and the conventional CSP plant. To account for shading impact, in a simplified yet close to reality description, two different scenarios were considered:

1. An ideal case where the shading effect was described similarly as for the conventional heliostats field. In this case study, the fraction of the PV power loss is strictly proportional to the shaded area as shown in Figure 2.15.

2. A more realistic case where the PV power loss is not linear anymore and follows a step function (Figure 2.15). In this scenario, the PV power loss does not vary linearly with the shaded fraction of the panel, but follows a staircase behaviour characterized by abrupt variation in the PV output for specific values of the shading. a) and 2.16(b) show the daily PV power output (left axis) and the difference between the ideal and real power production (right axis) during two days, April 17 th and June 17 th , respectively. Regardless of the type of day considered, at the beginning and end of the day, the absolute difference is negligible. For example, for a clear-sky (Figure 2.16(a)), the absolute power difference varies from 3.84% in the early hours of the morning to 4.2% at the end of the day. As the sun rises, the power difference between the real and ideal case studies becomes more significant, resulting in the emergence of three peaks for both days. Table 2.8 summarizes the annual PV production considering the two shading loss scenarios in addition to the relative difference. Regardless of the operating scenarios of the cells, the relative difference between the ideal and real case study remains constant and equal to 3.4%. This is mainly due to the independent description of the shading scenario and the cell operation case study considered.

Table 2.8: The PV annual energy production for the two shading scenarios and the relative difference in comparison to the ideal case study for the three cell scenarios. 

Ideal case

Summary

In this work, we have developed a multiphysics optical, electrical, and thermal model of the main PV-CSP compact hybrid strategies, based upon their integration in a real solar tower plant. Our motivation here was to precisely assess the performance of two different compact hybrid strategies when practically implemented into a largescale solar plant, taking into account realistic plant parameters and ground-measured meteorological data over a full-year operation. From the first obtained results, several important conclusions can be drawn:

☞ If the superiority of PV-CSP compact hybrid plants over conventional CSP plants was left unclear to date, the present model tends to confirm that this family of hybrid approaches systematically demonstrates higher energy output than their pure solar thermal counterparts. The gap between PV-CSP compact hybrid systems and conventional CSP plants tends to grow substantially with increasing PV efficiency.

☞ Both hybrid strategies show an unbalanced share between the energy output of PV and CSP subsystems. Improving the ability of PV cells to approach their theoretical limit through R&D efforts will impact the system performance in different ways: an improvement in the PV efficiency of the 1S system will lead to a net gain in the energy output of the plant, without improving the balance with the CSP subsystem. On the other hand, HT systems will benefit from an improvement in cell technology, both in terms of energy output and balance between PV and CSP subsystems.

☞ The comparison of hybrid systems encompassing two widely used PV cell materials and characterized by rather different bandgaps (1.4 eV in the case of GaAs and 2 eV in the case of AlGaInP) suggests that tailoring the electronic gap of the cell to ensure a relatively satisfying balance between PV and CSP may lead to lower energy output. This implies that the optimal optoelectronic properties of the PV cells used in both approaches should stem from a compromise between net energy output of the system and balance between PV and CSP, a point left for future investigations.

☞ The benefit in the energy output associated with PV-CSP compact-hybrid systems tends to reduce as the operating temperature of the CSP converter increases. There is currently a significant body of research dedicated to the development of high-temperature CSP plants [START_REF] Behar | Design and performance of a modular combined cycle solar power plant using the fluidized particle solar receiver technology[END_REF][START_REF] Clifford | Review of high-temperature central receiver designs for concentrating solar power[END_REF], that could translate into higher CSP efficiency shortly, thus lowering even more the energy gap one may observe between PV-CSP compact hybrid and conventional CSP plants. In the meantime, the lifetime of PV cells is known to decrease significantly with increasing operating temperature, and the development of efficient and reliable HT modules operating at temperatures of several hundreds of degrees will necessarily require this reliability issue to be successfully addressed.

☞ The fact that the 1S hybrid technology enables the use of DHI resources contrary to the HT and conventional CSP plants broadens the area of deployment of such technology. Therefore, additional studies should be conducted to investigate further the behaviour of the three technologies under different climatic conditions around the world (Targassonne presents a good balance between a solar resource, ambient temperature and wind speed, but remains less intended for the integration of solar technologies, in contrast with Africa and Middle-east [START_REF] Larchet | Solar pv-csp hybridisation for baseload generation: A technoeconomic analysis for the chilean market[END_REF]).

☞ The impact of shading on the PV production output of the 1S strategy may present a technical problem that should be addressed properly. In this work, we proposed a simplified description of the problem to quantify the impact of shading losses on the overall production. A detailed study, accounting for the size of the heliostat field, the technology considered for the CSP plant and the electrical wiring considered between the cells covering the PV heliostats may result in different conclusions. It is worth pointing out that the THEMIS heliostat field results in reduced shading losses throughout the year, thanks to the slope between the rows.

Several additional remarks are in order:

As already stated previously, there is a large gap in the technological maturity of the two types of PV converters considered in this work. Flat-panel single-junction GaAs solar cells are already produced at an industrial scale and show very high efficiency, both at the cell and module level [START_REF]Champion photovoltaic module efficiency chart[END_REF][START_REF] Martin A Green | Solar cell efficiency tables (version 56)[END_REF], this cell technology will thus require modest research efforts before its integration into 1S hybrid power plants, which will mainly consist in ensuring the most efficient spectrum-splitting possible and adequate wiring between the cells to repress the negative impact of shading effects. Conversely, the development of efficient HT solar cells is currently highly speculative, despite promising first attempts [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF][START_REF] Perl | al) gainp/gaas tandem solar cells for power conversion at elevated temperature and high concentration[END_REF][START_REF] Ee Perl | Identification of the limiting factors for high-temperature gaas, gainp, and algainp solar cells from device and carrier lifetime analysis[END_REF]. Major progress will need to be achieved, both at the cell and module levels, before considering their integration into HT hybrid power plants. At the cell level, it is still unclear how real PV cells are likely to approach their own theoretical limits. Better understanding the physics of solar cells at a temperature of several hundreds of degrees above ambient has already instigated some first research efforts that will need to be pursued toward understanding how HT cells should be designed and tailored to the extreme conditions to which they will be exposed. At the module level, the development of integrated PV receivers comprising hundreds or thousands of PV cells operating at very high temperature and concentration levels will necessarily raise numerous issues: how to handle large solar fluxes or temperature gradients across the HT module? How to optimize the electrical interconnection scheme between the thousands of PV cells typically comprised in a HT integrated receiver? Finally, the ability of these approaches to significantly improve the dispatchability of solar electricity in comparison to standalone technologies, which indeed constitutes a key motivation in the development of PV-CSP compact-hybrid solar plants, will have to be assessed with the integration of some EES systems. For that purpose, in the following chapter, we propose to compare five different solar technologies (fixed-tilt PV, single-axis tracking PV, CR, 1S and HT ) by selecting 14 locations representative of the diversity of climate around the world, as well as two dispatching strategies of the TES integration, to supply a baseload and variable load demand.

Introduction

For solar technologies without any storage system, the production of solar electricity is constrained by the availability of the solar resource, thus precluding any dispatchable electricity production strategy. Without storage, the system is unable to absorb excess energy when it is available. As a result, there is no stored energy to draw upon when there is a shortage of solar radiation, leading to the necessity to provide other means (e.g. fuel motor) to compensate for the mismatch between solar production and electricity demand. For example, in California, 15% of the solar power output is curtailed during the spring months as electricity demand is relatively low (because of moderate temperatures decreasing heating and cooling demand), and solar production is relatively high [START_REF] Aniti | California's curtailments of solar electricity generation continue to increase[END_REF]. Conventional solutions typically involve the integration of electrochemical batteries to store the overproduced PV even if alternative storage solutions are currently being investigated (see chapter 1).

The energetic and economic reliability of non-compact PV-CSP hybrid technologies have been shown for various plant configurations involving either TES or BESS [START_REF] Bousselamti | Modelling and assessing the performance of hybrid pv-csp plants in morocco: A parametric study[END_REF][START_REF] Liu | Optimization study of thermal-storage pv-csp integrated system based on ga-pso algorithm[END_REF][START_REF] Zurita | Multi-objective optimal design of solar power plants with storage systems according to dispatch strategy[END_REF][START_REF] Petrollese | Optimal design of a hybrid csp-pv plant for achieving the full dispatchability of solar energy power plants[END_REF] over the last six years, mainly in locations with very important solar resources (e.g. Chile, Morocco,. . . ). Conversely, the ability of compact PV-CSP hybrid systems to outperform conventional solar plants remains poorly documented. The scarcity of data motivates the need for investigating the ability of different solar technologies to meet constant load demand in different locations around the world.

System description

The evaluation of the technical performances of the different solar technologies under investigation is based upon THEMIS solar plant geometry. However, THEMIS heliostats field layout is not a typical arrangement for commercial CRs, due to the high optical losses resulting from heliostats located at the edges and the external rows of the solar field, relative to the receiver (see Appendix C). A modified layout of the heliostat field was adopted here, based on a polar disposition of the heliostats (the right display of the heliostat field in Figure 3.1) where heliostats are arranged in a radially staggered configuration north of the receiver tower (where heliostats located at the edges as well as in the last two rows are removed to increase the heliostat field efficiency). This configuration demonstrated higher optical efficiencies relative to the arrangement involving circular rows around the tower [START_REF] Osuna | Ps10, construction of a 11mw solar thermal tower plant in seville, spain[END_REF][START_REF] Farges | Global optimization of solar power tower systems using a monte carlo algorithm: Application to a redesign of the ps10 solar thermal power plant[END_REF]. This configuration is detailed in Appendix C. • Heliostat field: 116 heliostats following the course of the sun during the day to concentrate the collected energy onto a central area at a thermal receiver located at the top of the tower (see Figure 3.2).

Conventional CR plant

• TES unit: a two-tank "direct" TES system including a hot and a cold storage tank (see Figure 3.2). In a "direct" storage system, the HTF and the storage fluid are the same, and therefore no intermediate heat exchanger is needed as shown in Figure 3.2. The energy surplus is stored in the hot tank by filling it with the heated HTF in a process known as charging. Then the HTF is taken from the hot tank in the process of discharging and used for power generation in the power block.

• Power block (PB): a conventional thermal PB consists of a heat exchanger (i.e. steam generator), a steam turbine, a generator and a cooling system. In this study, each solar technology has an identical gross power of 1 MWe and a nominal efficiency denoted by η pb , given as (2/3 η Carnot ), varying between 37 and ∼ 43 % depending on the HTF temperature (see Table 3.1), while the temperature of the cold reservoir is assumed to be constant and equal to 25 • C. The receiver temperature is set at 400 • C for the HT approach, a temperature level consistent with the high-temperature cell characterizations reported elsewhere [START_REF] Steiner | Algainp/gaas tandem solar cells for power conversion at 400 c and high concentration[END_REF]. The temperature is set at 560 • C for the other approaches involving conventional receivers. The minimum turbine load was set at 30 % of the gross power. The main design parameters of the CSP plant and the PB are presented in Table 3.1. 

PV-CSP compact hybrid plants

The working principles of the two compact hybrid systems have been detailed in chapter 2. The model is modified to take into account the fact that the energy collected via the CSP subsystem will be either used instantly to meet the electrical demand or stored using the TES unit for later use. 

Sites characteristics

The selected sites are classified into three groups according to their mean irradiation level:

• Very high irradiation: This category accounts mainly for deserted and semiarid locations with very high DNI profiles along the year as shown in Figure B.2, with a yearly total of DNI ranging from around 2400 to 3700 kWh/m2 -yr (Table 3.2).

• 

Solar databases

To perform a rigorous comparison between the different solar technologies, the accurate knowledge of incoming solar radiation at selected locations is of great importance. Meanwhile, the difficulty to access ground-measured meteorological data over selected locations directed us towards satellite-based models referred to as solar databases (SDB). Satellite-based models typically use empirical or physical radiation models that estimate the irradiation using cloud properties derived from satellite radiance and then calculate GHI and DNI obtained in a radiative transfer model [START_REF] Sengupta | Best practices handbook for the collection and use of solar resource data for solar energy applications[END_REF]. Nowadays, several products are available, making the selection of an appropriate dataset rather intricate, as each database applies for different locations, temporal resolutions, and methods of error calculation [START_REF] Christian | Worldwide validation of cams and merra-2 reanalysis aerosol optical depth products using 15 years of aeronet observations[END_REF][START_REF] Salazar | Solar irradiance time series derived from highquality measurements, satellite-based models, and reanalyses at a near-equatorial site in brazil[END_REF][START_REF] Be Psiloglou | Comparison between mrm simulations, cams and pvgis databases with measured solar radiation components at the methoni station, greece[END_REF].

In the following, only two SDBs are compared to the ground-measured data at Targassonne namely 1) Photovoltaic Geographical Information System (PVGIS), an instantly downloadable and free database providing the direct, diffuse and reflected irradiance on inclined PV plane [START_REF]The European Commission's science and knowledge service[END_REF] and 2) Solcast, [START_REF] Bright | Solcast: Validation of a satellite-derived solar irradiance dataset[END_REF] a database providing GHI and DNI data in addition to the global tilted, both for fixed-tilt and single-axis tracking systems. Since Solcast is a very recent product (available since 2015), only a limited documentation and sparse validation exist at this point [START_REF] Bright | Solcast: Validation of a satellite-derived solar irradiance dataset[END_REF][START_REF] Palmer | Evaluation of high-resolution satellitederived solar radiation data for pv performance simulation in east africa[END_REF]. Table 3.3 summarizes the main characteristics of both SDBs. Here, the year 2016 is selected to compare hourly GHI, and DNI data from the two SDBs to the ground measured data retrieved from on-site measurements in Targassonne, details about the measurement tools used are given in Appendix B. Figure 3.4 depicts measured against estimated GHI hourly values from the two SDBs. In the case of PVGIS, measurement points appear to be significantly more scattered compared to Solcast. This difference could be explained by the high spatial resolution of PVGIS compared to Solcast. More importantly, the estimation of the GHI resource is performed indirectly with PVGIS from the I ref l using Eq. (4.4) detailed in chapter 4. The indirect estimation will require precise knowledge of the surface albedo and the optimized tilt considered for the PV panels. Thus, increasing the percentage error to accurately estimate the GHI resource using PVGIS. The two plots reveal much more scatter around the diagonal than in Figure 3.4, which could be expected because DNI is more sensitive to cloudiness and aerosols than GHI [START_REF] Sengupta | Best practices handbook for the collection and use of solar resource data for solar energy applications[END_REF]. Additionally, as the prediction of DNI values is conducted indirectly from the GHI values, inaccurate estimation of a parameter can strongly affect the output results. Solcast displays less scatter than PVGIS with a relatively improved correlation parameter (about 0.85 vs, 0.66 respectively). The shape of the regression line is discussed in more detail in section 6 of the Appendix. The criteria used to evaluate the forecast accuracy are based on the evaluation of two statistical indicators: (1) the mean bias error (MBE), defined as the average forecast error representing the systematic error of a forecast model to underestimate or overestimate the irradiation components (Eq. (3.1)) and ( 2) the root mean squared error (RMSE), defined as the mean of the square root of the error between the forecasted value and the measured value (Eq. (3.3)) [START_REF] Hd Kambezidis | Recent improvements of the meteorological radiation model for solar irradiance estimates under all-sky conditions[END_REF]:

GHI Solcast GHI PVGis

DNI PVGis DNI Solcast

M BE(W/m 2 ) = N i=1 (I pred,i -I meas,i ) N (3.1) M BE(%) = M BE(W/m 2 ) N i=1 I meas,i N × 100% (3.2) RM SE(W/m 2 ) = N i=1 (I pred,i -I meas,i ) 2 N (3.3) RM SE(%) = RM SE(W/m 2 ) N i=1 I meas,i N × 100% (3.4)
where I stands for the irradiance components (GHI and DNI in (W/m 2 )). The subscript i, pred and meas refer to the ith value of the daily solar irradiation, the predicted and measured daily solar irradiation values, respectively, and N is the total number of available data points.

For both GHI and DNI, the performance statistics displayed in Table 3.4 confirm the better results obtained by Solcast. Solcast appears to overestimate the GHI resource, resulting in positive biases (MBE) of 2%. In contrast, the magnitude of model errors (RMSE) is larger for PVGIS for GHI and DNI by (77 and 98% versus 34 and 62%, respectively with Solcast). For DNI, both SDBs underestimate the MBE with values varying in the range of -15 --30%. The highest biases can be attributed to the significant impact of poor cloud detection [START_REF] Sengupta | Best practices handbook for the collection and use of solar resource data for solar energy applications[END_REF], which results in more scatter points, as depicted in Figure 3.5.

From the results mentioned above, it can be noted that Solcast is more suitable to provide the solar data required for the study conducted in this thesis. Furthermore, in addition to solar components, Solcast provides access to temperature and wind velocity data that are important to accurately describe the variation of cell temperature with ambient air characteristics as described in Chapter 2.

Storage integration modes

The integration of storage systems within a particular solar technology will highly impact the plant dispatchability as well as its affordability. In this section, two main dispatch strategies will be described and assigned to the studied solar technologies. The first strategy is to set priorities for the PV output production to cover the demand over the electrical energy generated by the remaining subsystems (either direct CSP production, or indirect electricity generation using the thermal energy from the storage). This configuration is commonly used in non-compact PV-CSP hybrid plants, as it enables to take advantage of the PV system cost-effectiveness [START_REF] Allan R Starke | Multiobjective optimization of hybrid csp+ pv system using genetic algorithm[END_REF]. The second strategy optimizes the operation of the PB, by minimizing the turbine shutdowns and maximizing PB operating hours. Bousselamti et al. [START_REF] Bousselamti | Multi-objective optimization of pv-csp system in different dispatch strategies, case of study: Midelt city[END_REF] demonstrated that high capacity factors, low LCOE, and low dumped energy can be achieved by implementing this dispatch strategy in non-compact PV-CSP hybrid plant. For the five solar technologies, control parameters of the TES and BESS were applied to monitor the state-of-charge (SOC) of the storage systems (i.e. the volume fraction of the HTF that can be charged and discharged in the storage tank) as summarized in Table 3.5. The initial SOC of both storage systems is set at SOC min . The SOC values are used to Table 3.5: Control parameters for the SOC of the two storage systems.

Storage technology TES BESS

SOC min 2% 20% SOC max 98% 100% η 100% 96%
identify the allowable power inside the hot tank given by the following equations:

P SOCmax = SOC max E T ES δt (3.5) P SOCmin = SOC min E T ES δt (3.6)
where E T ES is the TES thermal capacity expressed in MWh and δt the time step between two measurements (expressed in hours).

Table 3.6 summarizes the main parameter notations used in this chapter.

Table 3.6: Main parameter notations used in the following chapter.

P load

The electrical load demand P th

The hourly thermal power after accounting for convective and radiative losses available at the receiver P rec

The initial thermal power available at the receiver P avai

The available thermal power after accounting for PV power P need

The needed thermal power to complement the electrical load P pv, gr

The PV output power by the PV subsystem P csp, gr

The CSP output power by the CSP and TES subsystems P pv, dum

The amount of surplus PV power curtailed P rec, dum

The amount of excess power available at the solar field P pv, def dum The amount of surplus PV definitely curtailed after recovering part of surplus PV using the EH with the DS2 P T ES, pb

The amount of energy from TES to the PB unit P recov

The amount of suplus PV power recovered using the electric heater P rej

The amount of surplus PV power curtailed equal to P pv, dum

PV-CSP compact hybrid systems

After computing the PV power output and the power impinging the receiver using Eqs. (2.23), (2.18), (2.6), and (2.8), respectively, we then evaluate the thermal power available at the inlet of the PB or TES at each time-step (i), for both hybrid technologies. For the 1S strategy, it can be expressed as:

P th, 1S (i) = η th, 1S P rec, 1S (i) (3.7)
For the HT hybrid approach, part of the power impinging the receiver is first harvested by the PV module, as depicted in Figure 3.6, hence the power available for the HTF is noted as P avai and is given by: The input to the system is the amount of power impinging the receiver from the solar field (green arrow). The output is the electrical power released directly from the PV receiver into the electrical grid and the output power from the PB unit (red arrow). The blocks are connected by the power flows between them. The excess energy branch represents the energy that is discarded from the system when it cannot be stored or used for power generation.

P avai (i) = η th
The relation between the described power flows is shown in Figure 3.6. To fulfill the electrical demand, two alternative paths are possible, either directly from the PV receiver (P pv, gr ), or from the PB (P pb, gr ), the latter using the thermal power either directly from the HTF or the TES (indicated as P HT F →P B and P T ES→HT F on the power flow diagram, respectively).

In the following sections, the two dispatch strategies (DS) will be explained for the 1S hybrid plant; the same conditions apply for the HT hybrid strategy.

Prioritize PV output: DS1

The hybrid plant first operation scheme is based on the delivery of a given electrical demand P load (either constant or variable). We assume that the overproduced PV electricity cannot be stored (no electrochemical storage, nor any possibility to store the excess PV electricity as heat in the TES using an electric heater (EH)). As a consequence, PV electricity has priority in the electrical grid over electricity generation from CSP and TES, which operate as a back-up of PV. This dispatch strategy will be referred to as DS1 in the upcoming sections. Figure 3.7 shows a flowchart describing the operation mode of the 1S hybrid plant, where P pv is the PV output, P SOC is the SOC of the hot tank, P need is the amount of power needed to fulfil P load , P min, pb is the net minimum allowable power output from the turbine defined as 30% of the PB nominal output P pb . The index dum stands for the amount of power curtailed from PV and heliostat field separately (see Eqs. (3.9) (3.10)) and gr for the amount of energy supplied to the electrical grid via the PV, CSP or TES subsystems, respectively. The operation modes considered in this work follow the steps described below:

1. If the PV output is above P load , the PV system can cover the demand, and the surplus PV output is curtailed (Eq. (3.9)). In this case, the CSP subsystem is shut down, and the energy available for the HTF is sent to the hot tank. If the TES is full, the heliostats are defocused, and the optical energy collected by the heliostat field noted as P rec, dum in Figure 3.7 is lost.

P pv, dum (i) = P pv (i) -P pv, gr (3.9)

P rec, dum (i) = P rec (i) -[P SOCmax -P SOC (i -1)] (3.10) 2.
If the PV output is below P load , the PV power is entirely injected into the electrical grid, and the energy required to bridge the gap between the PV electricity available and P load , noted P need (Eq. (3.11)), is provided either by the CSP or by the TES subsystem. If P rec exceeds both P need and P min, pb , the power delivered by the turbine noted P csp, gr , is given by Eq. (3.12). The extra thermal energy can either be stored as heat in the TES or spilt if the hot tank attains P SOCmax .

P need (i) = P load -P pv, gr (i) η pb (3.11) P csp, gr (i) = η pb P need (i) (3.12)

3. If P rec is not sufficient to fulfill the power demand, then the hot tank is discharged to power the turbine. If the TES does not have enough energy (i.e. the SOC of the TES is close to its minimum value P SOCmin (Eq. (3.6)), then the available power is used to charge the hot tank. 4. If the sum of P rec and the energy available in the TES tank denoted P T ES, pb and described by (Eq. (3.13)) is sufficient to complete the demand, then the P csp, gr is given by Eq. (3.14); otherwise, P rec is used to charge the hot tank and the CSP+TES contribution is nil.

P T ES, pb (i) = P SOC (i -1) -P SOCmin (3.13)

P csp, gr (i) = η pb [P T ES, pb (i) + P rec (i)] (3.14) 
As can be seen in Figure 3.7, prioritizing PV production is the simplest dispatch strategy for the PV subsystem of a compact PV-CSP hybrid plant. However, this approach may not be technically and economically efficient due to PV curtailments and the non-optimized operation of the PB unit. Turbine startup and shutdown is one of the most critical aspects of a CSP plant operation, as the turbine must be shutdown only if it remains offline for a sufficient amount of time (for 2 to 3 hours) to avoid the turbine lifetime reduction.

For the above-mentioned reasons, a second dispatch strategy aiming at minimizing the dumped energy is developed and evaluated.

Minimize the energy dumped: DS2

Compared to the first dispatch strategy, an EH is integrated into the hybrid plant (Figure 3.8). The EH converts excess PV power (otherwise curtailed) to produce heat. The heat is then absorbed by the HTF and stored in the hot tank. The EH operates as a new heat resource for the TES, which is beneficial for the flexibility and dispatchability of the hybrid system. Each dispatch strategy and technology discussed in this work has a specific set of conditions, i.e., the use of available solar energy, the minimum power needed to power the turbine, etc., depending on the system under consideration. Thus, to simplify the reading of this chapter, only the main steps are detailed here, with the corresponding flowcharts in the Appendix B. It can be noticed that when the PV output is above P load , priority is for PV as for the DS1. In this case, the energy impinging the receiver P avai (Eq. (3.8)) is used to charge the hot tank. However, instead of dumping the overproduced PV electricity, it can be converted into heat via the EH without losses (i.e. conversion efficiency of 100%). Thus, a condition is added to verify the SOC of the TES system. If the hot tank is not fully charged, P pv, dum is used for charging the hot tank; otherwise, the PV surplus will be curtailed (Eq. (3.15)).

P pv, def dum (i) = P pv, dum (i) -[P SOCmax -P SOC (i)] (3.15)
If the PV output is below P load , three possibilities may occur:

1. If P avai exceeds P need and P min, pb , the CSP contribution is the same as in Eq. (3.12) and the PV power is entirely injected into the grid as well. At the same time, the SOC of the hot tank is verified. If the TES is fully charged to its maximum value, then energy coming from the thermal receiver is spilt.

2. When P avai still exceeds P need but P need is below P min, pb , the PB operates at its minimum rate to fulfill part of the load. P csp, gr is given by Eq. (3.16), whereas the remaining energy is provided by the PV output (Eq. (3.17)). The TES will be charged using the remaining thermal energy available at the receiver after accounting for P min, pb , and then using the overproduced PV electricity.

P csp, gr (i) = η pb P min, pb (3.16) 
P pv, gr (i) = P load -P csp, gr (i) (3.17)

3. If P avai is below P need , then the TES discharges at a minimum rate to supply the demand while PV is used to supplement the TES (Eq. (3.17)). If the TES does not have enough energy to meet the required demand, the available energy from the heliostat field at the hot tank inlet is used to charge the TES, and the PV power is fully fed into the power grid.

The same operating modes apply to the 1S hybrid approach. The only difference is that P avai should be replaced by P rec .

Conventional CSP plant

In the case of a conventional CSP plant, after accounting for optical and thermal losses, part of the solar irradiation available in the solar field is recovered by the HTF as expressed in Eq. (3.18). This power is then used to generate electricity using the PB unit; however, when the PB is operating at full capacity and the TES is fully charged, part of this power has to be curtailed, as illustrated in Figure 3.9. For the standalone CSP plant, the required thermal energy is first deduced from Eq. (3.19), and is compared with the thermal output available at the receiver. 1. If P rec, csp is above P need , part of the energy available at the receiver is used to cover the demand (Eq. (3.20)), while the surplus energy is used to charge the hot tank. If the TES is fully charged, the energy reflected by the heliostat field is spilt. P csp, gr (i) = η pb P need (3.20)

2. If P rec, csp output is below P need , then the hot tank is discharged to supply P need .

When the energy available in the hot tank is not sufficient to supply the required demand, then the sum of P T ES, pb (Eq. (3.21)) and P rec, csp is used to supplement the electrical demand; if the sum is not sufficient, then P rec, csp is stored as heat in the TES. P T ES, pb (i) = P need -P rec, csp (i) (3.21)

Performance parameters

According to the previous equations and dispatch strategies, the model needs several technical parameters to assess the performance of each solar technology: the annual energy output of each component and the recovery factor.

Energy output

The annual energy output (Q) of each plant component is simply given by the following equations: 

Q pv,

Recovery factor

For the two PV-CSP compact hybrid plants, the rejected power can be used to heat the HTF through the EH device and provide extra energy in the storage. The recovery ratio is used to estimate the system capacity to recover the energy rejection of the PV system. The recovery ratio is defined as the ratio between the power recovered from the PV system (P recov ) (defined as the difference between the power originally dumped and the PV power recovered (Eq. (3.27))) and the power rejection of the PV system (P rej ) (Eq. (3.28)), and it is calculated by:

η recov = 8760 i=1 P recov (i) 8760 i=1 P rej (i) (3.26)
where, P recov and P rej are given by: P recov (i) = P pv, dum (i) -P pv, def dum (i) (3.27)

P rej (i) = P pv, dum (i) (3.28)

Results & discussion

The simulation is based on satisfying a constant baseload demand ranging from 0.5 to 1 MWe with different TES capacity values [0:20 MWh t ]. 

Impact of time resolution

Yearly performance

Tables 3.7 and 3.8 present the total annual generation of each component of the hybrid plants as well as the conventional CSP plant, using different time steps together with the relative differences in comparison to the 5-minute results at two locations: Antofagasta, located in the Atacama Desert in northern Chile and Targassonne, presented earlier (see Chapter 2).

It is found that the annual production of the two compact hybrid systems and the CSP plant is overestimated as the time step increases in Antofagasta, with a maximum increase of 2% with the 60-minute data (Table 3.7), while in Targassonne, the yearly production of the three technologies is barely affected by the time resolution, with an underestimation of the annual generation with the 60-minute data of 1.2%, 0.8% and ∼ 2% for the HT, 1S and conventional CSP plant, respectively (Table 3.8). This difference can be explained by the variation of the available solar resource with time resolution during highly variable days in both locations (see A relative difference of 3% may seem significant, but it can provide an enormous gain in computational time to study the best configuration and production conditions for the proposed solar technologies. A time resolution of 5 minutes requires around 7 hours to estimate the annual energy output of the solar technologies, compared to 3.9). More importantly, since the model does not precisely describe the operating controls of the PB unit, i.e., turbine startup and shutdown, consideration of a 60-minute time resolution can be highly justified [START_REF] Zurita | Assessment of time resolution impact on the modeling of a hybrid csp-pv plant: A case of study in chile[END_REF], since the following operating conditions require a high level of description for the variability of the DNI resource, especially in locations with highly variable solar resources such as Targassonne. • During the first two days of operation, the DNI was quite low (Figure 3.12), the hot tank was at its minimum level (P SOCmin ), and the required load could not be met regardless of the dispatch strategy considered (Figures 3.13 and 3.14). However, since the excess PV is used to charge the TES with the DS2 strategy, after sunset, the 1S hybrid plant can operate for a few additional hours compared to the DS1 strategy, i.e., 2 hours on March 20 th and 4 hours on March 21 st (Figure 3.13(b)), a difference that stems from the large amount of energy available to charge the TES hot tank on March 21 st as shown in Figure 3.12. On the other hand, no difference can be noted between the two dispatch strategies for the HT plant (Figure 3.14) due to the absence of surplus PV and the lack of solar resource to charge the hot tank to expand production (Figure 3.12).

• Since the daily PV production of the 1S hybrid plant is five times that of the HT hybrid plant (see Table 3.10), during the day, only PV provides the needed demand, and the excess power from the PV mirrors is stored in the TES (Figure 3.13(b)). Fewer hours of unmet supply are observed with the DS2 strategy (Figures 3.13(b)), the excess energy being more effectively used to cover demand during nighttime hours for the 1S hybrid strategy. In Figure 3.13(b), it can be seen that there is enough energy inside the hot tank to supply the demand until the early morning hour of the fourth day since the hot tank does not discharge to its minimum level. • On the highly irradiated days (22 nd and 23 rd ), the DS2 provides continuous load supply without any interruption using the two-hybrid plants (Figures 3.13(b) and 3.14(b)). However, the demand was fully satisfied using the DS1 strategy for the HT hybrid plant, as shown in Figure 3.14(a), as a result of the abundant amount of DNI resource (Figure 3.12) available at the receiver inlet. It is found that using the DS2 approach with the 1S hybrid plant results in an average increase of 17% in the annual energy output, with a maximum of 23% recorded in Abu Dhabi (Figure 3.15(a)), while no significant improvement is observed in the case of the HT hybrid plant (Figure 3.15(b)). This improvement in the energy output of the 1S approach stems from the ability of the DS2 strategy to recover excess PV electrical energy in the form of heat, unlike the DS1 strategy. As an example, Figure 3.16 shows the monthly CSP production of the hybrid plants implementing the two operation modes in Abu Dhabi (UAE). The results for the 1S hybrid plant show that the DS2 approach is favourable for CSP production for all months of the year, with a maximum of 44% during the summer months and a minimum of 31% in March (Figure 3.16(a)). This sudden decrease is directly related to 1) a large amount of energy available for the PV mirrors (i.e., DNI resource shown in Figure 3.17) and 2) the low electrical demand (0.5 MWe). The combination of these two factors results in a higher amount of excess PV that cannot be efficiently recovered using the DS2 approach since there is no room for additional energy in the hot tank. On the other hand, there is no significant increase in the monthly output of the HT hybrid plant (Figure 3.16(b)), which is consistent with the annual results presented in Figure 3.15(b).

P V max Q P V Q CSP Q Hybrid Q CSP Q Hybrid (MWh) 1S 

Yearly performance

The amount of dumped energy is simply the sum of PV and CSP dumped electrical energy. To ensure the coherence of this indicator, the thermal energy dumped from Figure 3.17: Monthly solar resource distribution of Abu Dhabi. the CSP converter is translated into electrical energy:

Q dum (i) = 8760 i=1 Q dum, pv (i) + η pb 8760 i=1 Q dum, csp (i) (3.29)
Additionally, Figure 3.18(b) shows that the receiver experiences some energy curtailments with the DS2 approach, which is related to the fact that recovering the excess PV (Figure 3.18(a)) allows the hot tank to charge rapidly, thus leaving a small amount of room for the thermal energy impinging the heliostats to charge the hot tank. By increasing the value of P load while keeping the storage capacity constant, the PV curtailments of the 1S hybrid plant decrease (Figure 3.19(a)), resulting in 100% recovery of excess PV with the DS2 (Figure 3.19(b)). For the HT hybrid plant, increasing P load causes the elimination of energy curtailments at the receiver level for every month of the year, regardless of the dispatch strategy considered (Figures 3. To further highlight the advantage of the DS2 approach over DS1 approach, Figures 3.21 and 3.22 show the alterations of the recovery ratio (η recov ) as a function of P load and TES capacity for the 1S and HT hybrid plants, respectively. We observe that the η recov ratio increases with increasing P load and storage capacity, varying more significantly for the 1S hybrid plant than for the HT approach. For a more visible illustration, Figures 3.23 and 3.25 illustrate the variation of the η recov ratio with the TES capacity of the two-hybrid plants for four different load demand values at three different locations, Ghan in northern Australia, a location with very high solar resource, Seville located in the southwestern Iberian Peninsula with a medium solar resource, and finally Jülich the location with the lowest DNI profile (see Table 3.2).

• Regardless of the location considered, the recovery ratio increases linearly with increasing TES capacity, up to an inflexion point above which the improvement in the recovery ratio varies smoothly. For example, in Ghan, when the 1S hybrid plant is operated to provide an electrical demand of 0.2 MWe, the hot tank overflows with thermal energy (Figure 3.24(a)), i.e. only half of the thermal energy in the hot tank is discharged, leaving the hot tank at three times P SOCmin . Therefore, neither the abundant DNI resource (Figure B.16) nor the excess PV energy can be recovered, which explains the stable behaviour of the recovery factor with increasing storage capacity. By doubling the electrical demand, the PV generation is used more effectively during daytime, and as a result, the hot tank discharges much more efficiently, reaching P SOCmin (=0.24 MWh) during the five days of operation, as shown in Figure 3.24(b). At Jülich, the near-constant region is less visible (Figure 3.23(c)), primarily due to the poor weather conditions that do not allow efficient charging or discharging of the TES hot tank for both electrical demands (Figure 3.24). • For the HT hybrid plant, we find that the recovery ratio remains nil for low TES capacities because charging of the hot tank is subject to certain priorities, i.e., excess CSP energy is first used to charge the TES and only when additional space is available can surplus PV energy be recovered with the DS2 as shown by the dotted line in Figure 3.25. In Seville, for a baseload demand of 0.5 MWe, the recovery ratio remains nil when the storage capacity increases from 0 to 12 MWh t , as the TES unit is fully charged by the abundant thermal energy from the heliostat field. Figure 3.26 illustrates the variation of excess PV curtailed after recovery with increasing TES capacity at the three selected locations. It can be noticed that the variation of η recov of the two-hybrid plants follows the same variations of the excess PV. However, the different shapes observed between the 1S and the HT hybrid plant can be explained by the nature and the amount of excess energy recovered by each of the hybrid plants. 

Summary

In this chapter, we have described how the integration of TES within the two-hybrid plants can be achieved using two dispatch strategies. The first aims to maximize the use of PV generation when it is available. The second offers two additional advantages over the first dispatch strategy. First, when PV production is less than the electrical demand, priority is given to the CSP and TES to minimize the turbine shutdown and thus maximize the operation of the PB unit, i.e., PV is used to complete the demand. Second, it provides the opportunity to recover excess PV energy via an electric heater feeding the TES to reduce the power rejection and meet the load demand. Different locations in the world were selected, and Solcast SDB meteorological data were used. From the first results obtained, several important conclusions can be drawn:

☞ Choosing a 60-minute time step will result in an overestimation or underestimation of approximately 2% of the total annual output of the two-hybrid plants and the standalone CSP system. Time steps between 10 and 15 minutes also provide a good balance between computational time and capturing the realistic behaviour of both subsystems. However, since the goal of this study is to investigate the energy capabilities of the compact PV-CSP hybrid plants versus other solar technologies under different weather conditions, the consideration of a 60-minute time resolution is valid as long as we identify the limitations of the model and the results obtained.

☞ The use of the DS2 approach proved to be well suited to the 1S hybrid plant as it increases the overall productivity of the plant while maintaining a good load demand matching, especially for low baseload demand profiles. In contrast, the use of DS2 with the HT plant proved to be less attractive. Therefore, in what follows, the comparison between the different solar technologies will be conducted by considering DS2 as a dispatch strategy for both hybrid plants.

With the integration of the TES system in the two-hybrid plants, it is worthwhile to identify the efficiency of the proposed systems compared to standalone technologies, namely CSP and conventional PV plants, to identify the main pros and cons. In the following chapter, we try to identify the position of hybrid technologies compared to conventional technologies under different operating conditions.

Introduction

The comparison of performance indicators of non-compact PV-CSP hybrid plant with conventional solar technologies has been widely discussed recently, including the economic reliability of hybridizing the two subsystems. Zurita et al. [START_REF] Zurita | Multi-objective optimal design of solar power plants with storage systems according to dispatch strategy[END_REF] investigated the techno-economic feasibility of non-compact hybrid plant compared to conventional plants with different storage technologies by considering the implementation of four different dispatch strategies. The results showed that designing solar power plants to achieve a minimum LCOE may not be the most appropriate approach when a certain level of supply needs to be guaranteed, especially for baseload and nighttime dispatch strategies. More importantly, PV-CSP hybrid plants (with or without BESS) were found to be the most competitive option when long-duration storage is required in baseload demand case study, as they represent the only option that can reach capacity factors above 85% with moderate costs [START_REF] Zurita | Multi-objective optimal design of solar power plants with storage systems according to dispatch strategy[END_REF]. In the same optic, Behar et al. [START_REF] Behar | Which is the most competitive solar power technology for integration into the existing copper mining plants: Photovoltaic (pv), concentrating solar power (csp), or hybrid pv-csp?[END_REF] conducted a comparison between different solar technologies used for integration in existing copper mining plants located in Chile. The results indicated that a standalone PV and a non-compact PV-CSP hybrid plant present good opportunities for integration into the existing mining plants. Meanwhile, further efforts are needed to reduce the capital costs of CSP technology to make it attractive as an energy source for the copper mining industry. As the working principle of the two-hybrid configuration, non-compact and compact, is completely different, it is difficult to conclude regarding the technical interest of the proposed hybrid technologies compared to standalone plants. Therefore, in this chapter, we propose to answer the question of whether or not compact hybrid plants can achieve the highest production performance with a certain level of supply guarantee, considering different demand profiles (baseload and variable profile at some of the selected locations), and solar resource conditions. In this context, five technology combinations are compared: the 1S hybrid plant, the HT hybrid plant, a CSP-TES plant, a PV-BESS plant with lithium-ion batteries, and a PV-TES plant. The performance indicators evaluated in this work are the annual energy production, the capacity factor (CF), the demand factor (DF) and the loss of power supply probability (LPSP).

Conventional PV plants

The conventional PV power plant includes PV panels, an inverter and two different storage facilities (see Figures 4.1 and 4.2). Two PV plants with mono-crystalline-Si as a cell technology were studied and compared. The first PV plant consists of a fixed-tilt module configuration, whereas the second PV configuration uses a single-axis tracking system allowing a maximization of the power output. Table 4.1 summarizes the main parameters of the conventional PV plant. 

Fixed-tilt PV plant

For the fixed tilted PV system, the tilt angle (i.e. the angle at which the panels are mounted relative to horizontal) is noted ς f ix and is taken equal to the location latitude as it maximizes the annual PV energy production [START_REF] Mark | World estimates of pv optimal tilt angles and ratios of sunlight incident upon tilted and tracked pv panels relative to horizontal panels[END_REF][START_REF] Chinchilla | Worldwide annual optimum tilt angle model for solar collectors and photovoltaic systems in the absence of site meteorological data[END_REF][START_REF] Hassan | Optimal orientation angles for maximizing energy yield for solar pv in saudi arabia[END_REF][START_REF] Ibrahem S Altarawneh | Optimal tilt angle trajectory for maximizing solar energy potential in ma'an area in jordan[END_REF]. The power output of a PV plant at each time step can be given by [START_REF] Bousselamti | Modelling and assessing the performance of hybrid pv-csp plants in morocco: A parametric study[END_REF]:

P pv (i) = M mod A pv η inver f lpv G inc (i) η pv (i) (4.1)
where, M mod , A pv , η pv , η inver , and f lpv are the number of PV modules, the area of each PV module, the PV module efficiency computed using Eq. (2.15), the inverter efficiency, and finally the derating factor accounting for soiling of the panels, wiring losses, shading, snow cover, ageing and other secondary losses. The cell temperature is estimated using Eq. (2.16), replacing the GHI value by the global tilted solar radiation G inc , which is better suited here because it accounts for ground reflected irradiation given by the following equation [START_REF] Demain | Evaluation of different models to estimate the global solar radiation on inclined surfaces[END_REF]:

G inc (i) = DN I(i) cos(θ) + R d DHI(i) + I ref l (i) (4.2)
where R d is the ratio between the average daily diffuse solar radiation on a tilted surface, to that on a horizontal surface. The isotropic sky model [START_REF] Liu | Daily insolation on surfaces tilted towards equator[END_REF] assumes that all the diffuse solar radiation is uniformly distributed over the sky, i.e., it is independent on the azimuth and zenith angles [START_REF] Liu | Daily insolation on surfaces tilted towards equator[END_REF]. In this limit, R d can simply be written as:

R d = 1 + cos(ς f ix ) 2 (4.3)
I ref l is the irradiation reflected by the ground calculated by Eq. (4.4), which depends on the albedo of the surface, that is comprised between 0 and 1 [START_REF] Lahnaoui | Tilt angle and orientation impact on the techno-economic performance of photovoltaic battery systems[END_REF].

I ref l (i) = 1 -cos(ς f ix ) 2 ρ GHI(i) (4.4)
The angle of incidence θ is extracted from the relationship between the orientation of the module (characterized by ς the tilt angle and γ s the surface azimuth angle (see Table 3.2)) and the sun's position for a given location (α the solar altitude (Eq. (A.1)), and γ the solar azimuth angle (Eq. (A.3))); it can be calculated as follow [START_REF] Beckman | Solar engineering of thermal processes[END_REF]:

cos(θ) = sin(α) cos(ς f ix ) -cos(α) cos(γ -γ s ) sin(ς f ix ) (4.5)
where γ s is the surface azimuth angle that specifies the direction on the horizon towards which the PV panels are facing [START_REF] Beckman | Solar engineering of thermal processes[END_REF] as shown in 

Single-axis tracking PV plant

For a plane rotated around a horizontal north-south axis, the angle of incidence is expressed as [START_REF] Beckman | Solar engineering of thermal processes[END_REF]:

cos(θ) = cos 2 (θ z ) + cos 2 (δ) sin 2 (ω) 1/2 (4.6)
where θ z , δ and ω are the zenith angle, the solar declination and the hour angle respectively described in Appendix A. The tilted angle of a single-axis tracking system is given by [START_REF] Beckman | Solar engineering of thermal processes[END_REF]:

tan(ς) = tan(θ z ) |cos(γ -γ s )| (4.7)
where γ s can take two values depending on the sign of the sun azimuth angle [START_REF] Beckman | Solar engineering of thermal processes[END_REF]:

γ s = 90 • if γ > 0 -90 • if γ ≤ 0 (4.8)
It is worth mentioning that the literature documentation on f lpv is very scarce with values varying around 0.8 [START_REF] Liu | Optimization study of thermal-storage pv-csp integrated system based on ga-pso algorithm[END_REF][START_REF] Idoko | Enhancing pv modules efficiency and power output using multi-concept cooling technique[END_REF], as a result, we decided to consider using PVsyst software to identify the exact value of f lpv at a given location (Porto Nacional) (more details on the validation with PVsyst will be given in section 5), then the obtained value was using among the input parameters in our model. After adding the global losses of PVsyst, the value of f lpv was found to be equal to 0.93. Table 4.2 summarizes the annual energy output obtained using PVsyst and our model. As can be seen in Table 4.2, the relative difference is lower than 1%. Overestimating losses due to soiling, wiring and shading, which are accounted for in the derating factor, will result in significant differences that do not describe the behaviour of actual PV installations. Meanwhile, considering a derating factor of 0.9 for both PV configurations may present an optimistic case study rarely encountered in the literature, but with efforts to address the different loss mechanisms, it could be achieved in the coming years. Therefore, we consider a derating factor of 0.9 for both PV configurations and all 15 locations.

PV with thermal energy storage

The combination of PV with TES has been suggested recently as an alternative way of storing the extra energy produced by PV panels [START_REF] Jeffrey M Gordon | Providing large-scale electricity demand with photovoltaics and molten-salt storage[END_REF]. In this unusual configuration, electricity is transformed into heat via an electric heater almost without losses (100 % conversion efficiency) (Figure 4.1). However, to make thermal storage for electricity storage competitive, the efficiency loss of energy transformation from electricity to heat and back has to be compensated by the cost advantages of the TES and the PV modules. 

Electric Heater

PV with battery energy storage system

The introduction of BESS in PV power generation is an effective solution to the shortcomings of PV power generation, due to the ability of BESS to transfer energy effectively and smooth out the PV power output quickly. When the PV output power is greater than the load demand, the surplus PV power is stored in the battery for a time-shifted use when the PV output power cannot meet the load demand (Figure 4.2). In this study, a Li-ion battery is assumed as the BESS technology with a maximum discharge rate of 96%. 2 Storage integration modes

BESS BESS

Conventional PV with TES

Here the integration of TES in a conventional PV plant (fixed-tilt or a single-axis tracking technology) is discussed, choosing an operating strategy that aims to minimize energy curtailments and promote PB unit operation, referred to as DS2 approach in section 3.1.2 of chapter 3. 1. If P pv is above P load , PV generation is sufficient to cover the load, while the surplus PV power is used to charge the hot tank. If the TES is fully charged, the surplus energy from the PV plant is spilt (Eq. (4.9)).

P pv, dum (i) = [P pv (i) -P pv, gr (i)] -[P SOCmax -P SOC (i -1)] (4.9)

2. If P pv output is below P load , the PV power is entirely sent into the electrical grid, and the hot tank is discharged at a minimum rate to supply P need (Eq. (3.11)).

P T ES, gr (i) = η pb P need (i) (4.10) 
3. If the TES does not have enough energy to supply P need but has enough energy to power the PB at a minimum rate, then P T ES, gr is given by equation (4.11). If there is not enough energy available at the hot tank inlet to provide P need and power the turbine at a minimum rate P min, pb , then the SOC of the TES remains unchanged (Eq. (4.12)) while all PV power is sent to the grid (see Figure B.7).

P T ES, gr (i) = η pb [P SOC (i -1) -P SOCmin ] (4.11) 
P SOC (i) = P SOC (i -1) (4.12)

Conventional PV with BESS

The integration of a BESS into a conventional PV plant presents a practical solution for rapid response to instant fluctuations in the PV outputs as opposed to a TES system that may require as much as 1 -2 hours before the turbine starts operating [START_REF] Larchet | Solar pv-csp hybridisation for baseload generation: A technoeconomic analysis for the chilean market[END_REF]. 1. If the PV production is sufficient to cover the load, the required amount of electrical energy is sent to the electrical grid while the BESS is charged with the excess PV energy. The values of P SOCmax and P SOCmin are calculated using the same equations as for a TES system (Eqs. (3.5) and (3.6)), the only difference being the values of SOC min and SOC max of the BESS given in Table 3.5.

2. If the PV production is below the load, then all PV production is sent to the grid. If the electrical energy available in the BESS is sufficient to complement the direct PV production, the demand is fulfilled by both the PV and the BESS. If the BESS cannot meet P need (Eq. (4.13)) entirely, then the BESS is discharged but is constrained so that the battery level never drops below its minimum value.

In this case the P BESS, gr contribution is given by Eq. (4.14).

P need (i) = [P load -P pv,gr (i)] η BESS (4.13) 
P BESS, gr (i) = η BESS [P SOC (i -1) -P SOCmin ] (4.14) 
3 Electrical load profiles

Two case studies were considered in this chapter: a constant baseload demand curve, regardless of the selected location and a variable load curve for several locations, when available (which is the case for only 10 [347-354] out of the 15 locations selected (Figure 4.5)). Most demand data represent the demand profile of an entire region of a selected country. For Bokpoort (RSA) and Lanzhou (CH), data were reported in scientific papers without any specific details about the source of the obtained data. Figure 4.5 shows the monthly averages of the normalized electrical load for the ten different locations. There are three easily distinguishable tendencies in the load profiles. In the case of Targassonne, the electricity peak consumption occurs in December and February. A decrease can be noticed until June, after which the consumption begins to increase. Lanzhou (CN) has a different consumption structure. There is no winter peak in their data, yet the country has a summer peak in July. Bokpoort and Phoenix also show peak consumptions in July and August, respectively. For the remaining locations, only minor differences can be noticed throughout the year. 

Performance parameters

According to the previous equations and dispatch strategies, the model needs a series of technical parameters to assess the performance of each of the solar technologies in addition to the annual energy output of each component (see section 4.1): capacity factor, demand factor and loss of power supply probability.

Capacity factor

The capacity factor of a plant is defined as the ratio between the electrical energy effectively injected to the grid and the theoretical energy delivered by the power plant operating continuously at the nominal peak power, over one year. The definition can be expressed as follows [START_REF] Allan R Starke | Multiobjective optimization of hybrid csp+ pv system using genetic algorithm[END_REF]:

CF = Q act 8760 P pb (4.15)

Demand factor

The demand factor (DF) is defined as the ratio between the electrical energy produced by the plant and the energy demanded by the electrical grid. The DF is given by:

DF = Q act 8760 P load (4.16) 

Loss of power supply probability

The loss of power supply probability (LPSP) is proposed to describe the powersupply reliability of the different power plants, and is defined as the fraction of the time during which the power plant is not able to satisfy the load demand. The LPSP is calculated according to [START_REF] Hx Yang | Weather data and probability analysis of hybrid photovoltaic-wind power generation systems in hong kong[END_REF] as:

LP SP = 8760 i=1 t un, i (P avai < P load ) 8760 i=1 t 0, i (4.17) 
where, t un, i is the annual time under power failure (when the available electricity is unable to satisfy the load demand) and t 0, i is the total operation time during year i, respectively.

Model validation

One of the main advantages of Solcast SDB is the possibility to access directly the G inc irradiation for each locations. Figure 4.6 shows a comparison of Solcast estimated and theoretical G inc irradiance computed using Eq. (4.2). The daily variation of the G inc at the two locations shows a good matching between Solcast values and the theoretical equation (Eq. (4.2)). More importantly, the annual resource also show small differences (3%) reported in Table 4.3. This difference can be explained by the ignorance of some information concerning the calculation of the sun position used by Solcast, i.e. the sun azimuth and zenith angles (see Eqs. (A.2) and (A.1)), whereas, in our model, we use the SPA program for the calculation of the above angles [START_REF] Meeus | Astronomical algorithms.(2dedition.) willmann[END_REF]. Nevertheless, the computational burden can be drastically reduced by considering the direct use of Solcast values from 20 minutes to less than one second, as a result of the calculation of additional solar angles (i.e., δ, ω and γ s ). The model validation was conducted with PVsyst, a simulation software aimed at designing the optimal configuration of PV systems and estimating the amount of electrical energy generated [START_REF] Kumar | Design and simulation of standalone solar pv system using pvsyst software: A case study[END_REF], to validate the daily and yearly PV output, considering two different locations. PVsyst is an engineering software dedicated to the design of solar plants, which includes a solar database which has been largely validated elsewhere [START_REF] Mermoud | Economic optimization of pv systems with storage[END_REF][START_REF] Baqir | Analysis and design of solar pv system using pvsyst software[END_REF]. 4.5 summarizes the annual PV production for both technologies. It can be noticed that regardless of the location considered, PVsyst values match the results of the proposed model when considering a fixed-tilt PV configuration, with a difference lower than 2% (1.89% for Porto Nacional and 1.14% in Antofagasta). On the other hand, in the case of a single-axis tracking PV configuration, the difference increases up to ∼ 7% in Porto Nacional, which can be explained by the difference in the derating factor f lpv . PVsyst estimates the overall system losses at 0.93, whereas, in our model, we considered a value of 0.9, which brings the difference between PVsyst and the proposed model to 7% while using a f lpv equal to 0.93 brings the difference to only 0.6%. The relative difference of 3% in f lpv does not fully justify the difference found between PVsyst and our model. Furthermore, PVsyst provides a detailed description of several loss parameters detailed in [359] A derating factor of 0.9 was considered for each location, and the location-dependence of the soiling losses (which should translate into different derating factor for each site) was thus neglected.

Results & discussion

6.1 Impact of weather conditions 6.1.1 Maximum annual energy production Table 4.6 shows the maximum annual energy generation (i.e., the maximum energy production that could be sent to the power grid without any storage losses) of each component of the two-hybrid plants, as well as the overall output production for the five solar technologies and for the 15 selected sites. Some observations can be noted:

• The maximum potential energy production of the 1S hybrid plant exceeds that of the four other solar technologies (Table 4.6). This superiority of the 1S approach can be explained by its ability to harness a larger fraction of the solar resource, owing to its capacity to use diffuse radiation. Figure 4.8 shows the average diffuse and direct fraction for the selected locations. We can notice that the amount of diffuse incident energy increases as the direct incident energy contribution decreases as we move to less irradiated locations. In addition, the percentage of diffuse energy contribution remains non-negligible in the selected locations, with a minimum value of 11% recorded in Antofagasta and a maximum of 47% in Quito. The imperfect matching between the direct incident energy available in the 1S and the HT approaches stems from discrepancies in the description of the shading losses (see chapter 2). • The maximum electricity production of the HT hybrid plant exceeds that of a conventional CSP plant by an average of 5% across the 15 locations. This increase is related to the additional contribution of the PV receiver to the overall output of the HT plant. The CSP contribution is lower than that of the conventional CSP plant (Table 4.6), due to the low operating temperature of the PV receiver (400 • C instead of 560 • C), which results in a low conversion efficiency of the PB (see Table 3.1) and thus a lower CSP production. Notably, the annual energy improvement varies differently among the selected sites. For example, in locations with higher direct fractions, such as Antofagasta or Ouarzazate (89% and 84%, respectively (Figure 4.8)), the relative energy gain is only 4%, while the highest energy gain (7%) is observed in locations such as Quito and Porto Nacional (54% and 64% respectively (Figure 4.8)). Unlike the 1S hybrid plant, this cannot be explained by the nature of the solar resource used since the HT and the conventional CSP plants use only the DNI resource. We, therefore, calculated an additional parameter to understand this difference, namely the performance factor (PF), which translates the ability of the two solar power plants to approach the theoretical maximum production if all the energy available at the solar field was recovered by the receiver without any loss (see Eq. (4.18)).

P F = E act, max E theo, max = E act, max T otal annual DN I × Collection area (4.18) 
Figure 4.9 illustrates the variation of the PF of the two solar plants together with the relative difference. We can see that in highly irradiated locations, the HT hybrid plant allows for better utilization of the available solar resource at the PV receiver, which is reflected in a minimum relative difference of 4% in Antofagasta and Ouarzazate versus 7% in Porto Nacional and Quito (Figure 4.9). Therefore, the PF shows that the difference in maximum energy production is explained by the solar irradiation used for the two-hybrid plants.

Figure 4.9: The performance factor of the conventional CSP and the HT hybrid plants at the selected locations along with the relative difference between the two technologies.

• As expected, the maximum annual production of a 1Axis tracking PV plant is higher than that of a fixed-tilt plant, with a maximum relative energy gain ranging from 19% in Antofagasta to 6% in Jülich (Figure 4.10). This difference arises primarily from the difference between the G inc, f ix and G inc, 1axis depicted in Figure 4.10. Additionally, the maximum potential production of the two conventional PV plants remains the lowest compared to the output production of the three other solar technologies regardless of the location considered (Table 4.6).

Figure 4.10: The relative difference between the solar irradiation at the two inclined PV mounting 1Axis-PV and Fixed-PV plants (orange plot), and the maximum yearly generation of the PV production (pink plot).

Annual energy effectively supplied to the electrical grid

.11 illustrates the maximum potential (light bars) and actual (dark bars and dashed lines) energy production of the seven solar plants for the 15 locations. The actual energy output is obtained for a base case scenario where the solar plants are required to meet a constant electrical demand of 0.2 MWe throughout the year, using a TES capacity of 10 MWh t (equivalent to 10 h, as 1 MWh t is equal to 1 h) and a BESS capacity of 4.2 MWhe (corresponding to 4.2 h as 1 MWh e is equal to 0.42 h, the nominal power of the turbine being considered as a reference value to size the storage).

• In general, locations with higher DNI are more likely to experience higher energy curtailment. For example, Antofagasta experiences the highest levels of energy curtailment, ranging from 44% to 70% depending on the solar technology considered (Table 4.7); for the two-hybrid technologies as well as the conventional CSP plant, an average energy curtailment of 55% is noticed (Table 4.7). Indeed, the TES hot tank reaches its maximum energy level more quickly due to the abundance of solar resources available at the receiver, thus preventing the plant from significantly increasing the plant energy output under the given circumstances.

For the conventional PV plants, an average energy curtailment of 55% was observed with the 1Axis-PV plant using both storage technologies, while the lowest energy curtailment of 44% was recorded with a Fixed-PV plant (Table 4.7). 6.2 Impact of storage capacity with a constant demand Figure 4.12 illustrates the maximum potential amount of electrical energy and the actual energy sent to the power grid of the seven solar approaches at three locations only, for better visualisation of the main results. Ouarzazate, one of the sites with the highest DNI resources, Abu Dhabi, an intermediate case study, and finally Jülich, with the lowest DNI profile (see chapter 3). Three storage capacities are compared: 0, 2 and 10 MWh t for a minimum and maximum electrical demand of 0.2 and 1 MWe, respectively. The operating energy yield, i.e. the ratio between the energy currently produced and the maximum potential energy output of a solar plant, is also reported in Figure 4.12.

In general, regardless of the value of electrical demand considered, increasing the capacity of the TES expands solar generation while decreasing the difference between solar technologies. In the case where solar plants are expected to provide a high baseload demand of 1 MWe over the entire year of operation, even without any storage facilities, we can note that the amount of energy actually produced remains much more significant than for a base demand of 0.2 MWe under similar conditions, due to the efficient utilization of the maximum available potential, which directly translates into a minimization of energy curtailments. Nevertheless, all four PV configurations achieve near 100% with small storage capacities in highly irradiated locations such as Ouarzazate (Figure 4.12(a)). Whilst without storage, the plants located in Abu Dhabi and Jülich can fully use the maximum potential of energy (Figures 4.12(b) and 4.12(c)) due to the reduced energy potential in these two locations, which makes it easier to approach the 100% utilization of the plant production. On the other hand, a storage capacity of 10 MWh t is not sufficient to reach the maximum potential of the hybrid plants as well as the conventional CSP plant in Ouarzazate (Figure 4.12(a)). That can be explained by the large amount of available resources for conversion, regardless of the different possible operating conditions of the plants. These initial observations show that there are several trade-offs to consider to fully exploit the potential of a solar power plant at a given location under specific conditions. Although a baseload demand of 0.2 MWe uses the solar plant capacity less effectively, it ensures the highest DF because the plant operates for a longer period of the year to supply a low energy demand (see Eq. (4.16)). In Ouarzazate and Abu Dhabi, the majority of the solar plants have very high DFs with 10 MWh t storage capacity, except for the two conventional PV plants with TES, 87.60% and 88.79% in Ouarzazate (Figure 4.13(a)) compared to 79.81% and 86.51% in Abu Dhabi (Figure 4.13(b)) for a Fixed and 1Axis PV plant, respectively. This can be explained by the lack of excess PV to efficiently charge the hot tank, which results in lower operating hours. Whereas at Jülich, the lack of solar resource implies a different variation in DF with the increasing capacity of TES (Figure 4.13(c)). At Jülich, the 1S hybrid plant provides the highest DF, regardless of the storage capacity, with a maximum of 75% with 10 MWh t . Increased baseload demand allows for more efficient use of the PV potential during the day, which results in a decrease in the energy available at the inlet of the TES unit. This, therefore, explains the negligible difference between the DFs of the three locations with increasing storage capacity (Figure 4.13). However, since the annual energy output of the two conventional PV plants is the lowest among the remaining technologies, it is challenging for the PV plants to provide a baseload of 1 MWe throughout the year, especially in less irradiated locations, which is a direct consequence of choosing to compare similar collection areas and not the nominal power output of the plants.

The above results are limited to a particular case study that turns out to be in favour of certain technologies under the above conditions. To verify these initial observations, Figures 4.14 As can be seen, the annual energy production, as well as the CF, increases with increasing P load and TES capacity for all solar technologies, while the annual dumped energy decreases. However, this increase varies differently for a given technology:

• For solar plants with the presence of the CSP subsystem, the increase of the annual energy production is gradual with increasing P load and TES capacity (Figure 4.14); since excess PV is effectively recovered via the TES unit for the hybrid technologies, while heliostats are less often defocused when the storage is fully charged for the conventional CSP plant.

• As expected, the 1S hybrid plant has the highest annual energy output for a maximum demand of 1 MWe and 20 MWh t of TES. At the same time, the increase in electrical demand results in a decrease in DF from 99.59% to 59.60% (corresponding to an increase of the LPSP from 0.41% to 40.4%), due to the increase in the amount of energy demanded by the electrical grid, from 1752 MWh to 8760 MWh when P load increases from 0.2 MWe to 1 MWe (see Eq. (4.16)). Therefore, it is much more difficult for the 1S hybrid plant to meet the demand given the plant's limited capabilities and the variability of the solar resource. Similar trends are observed for the HT hybrid plant as well as the conventional CSP plant (Figure 4.14). • For a fixed P load and increasing storage capacity, we can notice that beyond 5 MWh t TES, and 4 MWhe BESS, the three performance parameters, namely annual energy, CF and LPSP, remain constant for the two PV mounting configurations with integrated TES and BESS systems presented in Figures 4.15 and 4.16, respectively. By increasing the storage capacity for a given demand value, the contribution of the storage system in the overall production is increased up to a given storage capacity value. Above this limiting storage value, the storage cannot be exploited any longer and no further improvement in the main energy parameters is observed. More importantly, the storage capacity at which the performance parameters become stable decreases with increasing P load as a consequence of the decreasing amount of energy available for storage (Figure B.17). For example, for a baseload demand of 1.3 MWe, the contribution of the storage system equals zero (Figure B.17), eliminating the need for any storage facility. This is a consequence of the choice to compare solar technologies considering the same collection area rather than the same nominal power. Similar trends can be noticed for the other technologies, but the storage capacity at which the performance parameters becomes stable differs between the technologies (Figures 4. 14 and 4.16). This difference can be explained on the one hand by the higher conversion efficiencies of both hybrid plants as well as the conventional CSP plant compared to the PV systems, and on the other hand by the high amount of energy available for utilization, either from the excess PV or at the receiver, which results in a nonnegligible amount of energy to be recovered via the storage unit, even at very high P load values (Figure B.18).

PV Fixe + TES

• From Figure 4.16, it can be noticed that PV + BESS installations show a slightly higher output performance compared to the PV + TES systems. This is due to the higher conversion efficiency of the BESS unit (96% vs. 42% for the PB unit) and the lack of restrictions on battery operation, unlike the PB (i.e., 30% of the nominal power of the turbine). Similar trends can be observed at the other locations (see Appendix B). Nevertheless, the annual production, as well as the remaining performance parameters, are highly correlated with the location considered.

PV Fixe + BESS

Impact of the variable demand strategy

To evaluate the difference between a constant and a variable electrical demand profile, the load profiles collected for the ten locations previously discussed in the section 3 were subjected to a re-normalization procedure aiming to fit the energy production with the electrical demand. It should be mentioned that the following normalization technique was proposed by a colleague, Freddy Ordonez. The proposed method starts with the definition of a unit-less load parameter denoted W , defined as the ratio between an actual electrical demand over a year of operation to the constant electrical demand over the same period (Eq. (4.19)).

W (p) = 8760 i=1 Electrical load(i) P iload (p) × 8760 (4.19)
where, p is the number of load values studied varying between 0.2 and 1 MWe. For example, in the case of a baseload demand of 0.5 MWe from a power plant at Targassonne, the parameter W will be given as follows:

W (0.5MW) = 4.76E + 08 M W h 365 days × 24 hours/day × 0.5MW = 1.09E + 05 (4.20) 
Table 4.8 summarizes the annual overall demand and the unit-less load parameter of the selected locations. Once the load parameter is identified for a given location, the equivalent value of P load is the ratio of the instantaneous demand to the unitless load parameter, given by the equation (4.21) as:

P load (i) = Electrical load(i) W (4.21) 
Figure 4.17 shows the monthly variation in load for the ten given locations for a constant baseload of 0.5 MWe. It can be seen that most sites fluctuate similarly throughout the year around 0.5 MWe following the monthly distribution shown in Figure 4.5. Figure 4.17: Monthly average values of P load at the ten locations obtained for a P iload of 0.5 MWe.

Daily performance

As an example of the performance of technology combination, Figure 4.18 illustrates the dispatchability of the seven solar plants on two consecutive days, January 8 th and 9 th , with relatively good solar availability, at Antofagasta. The calculation assumes a baseload demand of 0.5 MWe, 14 MWh t of TES and 6 MWhe of BESS. In Figure 4.18(a), 4.18(b), 4.18(d), 4.18(e), 4.18(f) and 4.18(g), the purple line represents the PV generation, a fraction of which is sent onto the electrical grid, the rest being either stored in BESS or TES, or curtailed. In Figure 4.18(a), the baseload capacity is primarily supplied using the PV power during the day, while the energy available at the receiver inlet and the surplus PV power is used to charge the TES to its maximum level. The TES complements the production until early in the morning. When the TES is fully discharged (i.e., the hot tank reaches P SOCmin (see Figure B.5) and no PV power is available, P load cannot be fully satisfied for a short time (Figure 4.18(a)). The 1S hybrid plant undergoes a large number of power curtailments during the operation, both at the receiver level and the PV output. Conversely, the HT hybrid plant PV power production is fully used to cover the demand, as shown in Figure 4.18(b) but the PV production by itself is not sufficient to fulfill the demand, which is satisfied by the CSP subsystem during daytime, and by the energy contained in the thermal storage after sunset. Despite this, demand cannot be fully met throughout all day, and the HT plant must shut down during several hours (one hour early in the morning of January 8 th and two hours early on January 9 th as shown in Figure 4.18(b)). In Figure 4.18(c), the conventional CSP plant also presents a high level of demand fulfilment, but its generation is slightly reduced relative to the 1S plant during the early hours of the day due to the lack of energy in the hot tank. Therefore, the PB can only be powered by the thermal energy available at the receiver (in the 1S hybrid systems this is provided by the PV plant, as illustrated in Figure 4.18(a)). 18(e) show the dispatchability of the PV+TES plant, with both types of PV mounting systems. With fixed panels, the PV plant only maintains maximum power for a few hours around noon, and the TES system complements the production after sunset until the TES is completely discharged (Figure 4.18(d)). In contrast, the PV production with tracked panels results in more intensive use of the PV power generation throughout the day by supplying the load while charging the hot tank with the excess PV, resulting in extended use of the TES. This difference is more relevant at highly irradiated locations such as Antofagasta due to the increase in PV production, which will result in the availability of more energy to charge the TES system. Under similar conditions, the single-axis PV+TES plant provides an additional 244 MWhe energy for the storage in Antofagasta, compared to 16 MWhe in Jülich.

Finally, Figures 4.18(f) and 4.18(g) shows the operation of the PV-BESS plant with the two PV configurations. During sunlight hours, both PV mounting systems, fixed-PV (Figure 4.18(f)) and 1axis PV (Figure 4.18(g)) provide the net power demand as for PV+TES plants while charging the BESS with excess PV energy. After sunset, the BESS is discharged at a minimum rate to provide the baseload. The BESS unit covers a greater amount of operation during the night compared to the TES system. 

Yearly performance

Tables 4.9 and 4.10 summarize the annual energy contribution of the 1S and HT hybrid plants components as well as the different power losses, respectively, at the ten locations for the two load case scenarios considering a baseload of 0.5 MWe and 14 MWh t of TES. In general, we find that the two-hybrid technologies behave differently depending on the load demand scenario considered: Table 4.9: Annual performance of the 1S hybrid plant at the selected locations for a baseload demand of 0. • In the case of the 1S hybrid plant, PV generation is most affected by a trackingload profile due to the abundant PV potential that a 1S hybrid plant can have compared to the HT hybrid system. It was found that a tracking load profile is favourable for PV production and thus leads to a reduction in PV surplus at most of the selected locations, except for four sites, Ghan, Bokpoort, Targassonne and Lanzhou (Table 4.9), which are characterized by the higher variation in the load profile over the course of the year (Figure 4.17). To understand the behaviour of the following sites, Figure 4.20 shows the monthly variation in the amount of dumped PV energy. Regardless of location, a tracking load profile shows higher amounts of PV curtailment, especially during months when electrical demand is less than 0.5 MWe (Figure 4.20), resulting in slightly lower PV and CSP generation (Table 4.9), the hot tank being less able to store the extra energy. • For the HT hybrid plant, a tracking load profile will increase the operation of the CSP+TES subsystem in locations with a stable demand profile, such as Antofagasta (Table 4.10). However, a sudden increase in PV surplus can occur at these locations, which is counterbalanced by a decrease in the amount of thermal energy dumped from the solar field (Table 4.10). This can be explained by the dispatch strategy followed to fill the hot water tank, which consists of using the energy from the solar field first, then the PV surplus (see Figure B.5).

Figure 4.21 shows the total annual energy production obtained for the two demand scenarios as well as the relative difference for the ten sites using the two-hybrid plants.

Under the given demand and storage capacity conditions, the impact of a tracking demand profile is limited, with the variation in energy production over a year of operation not exceeding 4%, with a maximum of 3.38% and 2.88% for the 1S (Figure 4.21(a)) and HT (Figure 4.21(b)) hybrid plants, respectively at Bokpoort. With a variable load profile, grid operators are forced to take the PB offline or back online quickly to balance supply and demand. However, this operation quickly becomes expensive as it presents a risk of turbine life impairment and can result in financial penalties if the plant operators cannot guarantee the demand second-by-second. More importantly, the consideration of a variable load profile makes voltage and frequency management more difficult [START_REF] Veyrenc | Conditions and requirements for the technical feasibility of a power system with a high share of renewables in france towards[END_REF]. 

Summary

Several important conclusions can be drawn from the initial results:

☞ First, to analyze the effect of hybridization of compact PV-CSP plants at fifteen different sites around the world, we began by identifying the maximum annual energy production of the solar plants. Considering the five solar plant technology analyzed, it turned out that the 1S hybrid plant has the highest maximum annual energy potential, regardless of the site of implementation. In places where DNI resources are abundant such as Antofagasta, there is only a relative difference of 7% between the two-hybrid plants, a relative difference that increases with the decrease in DNI resources with a maximum of 36% in Quito. Since a conventional CSP plant needs a high DNI resource to provide a significant amount of energy, when we move towards locations with a low DNI profile, we not only reduce the annual energy production of the plant but also the relative difference between the annual production of a conventional CSP and a 1-axis PV plant, from 39% in Ouarzazate (MAR) to 3% in Porto Nacional (BR). While with a fixed-tilt PV plant, the relative difference between the annual energy production of the conventional CSP plant and the fixed-tilt PV configuration ranges from 47% in Ouarzazate to 9% in Quito (ECU).

☞ Next, the effect of an increase in the baseload electrical demand and storage capacity of the seven solar approaches was analyzed. The increase in base load and storage capacity led to an increase in annual energy production, as the share of CSP in overall hybrid plant production increased with a consequent expansion of TES capacity. However, this increase also led to a reduction in DF. On the other hand, the lowest reduction in DF occurred within the PV + BESS plants. More importantly, it was found that the variation in performance parameters is highly dependent on the location as well as the solar plant under consideration. Therefore, each technology has a target range in which a good compromise can be found between the different performance parameters to ensure an LPSP below 10%. Table 4.11 summarizes the different values of P load and storage capacity based on each location. We can see that the required storage capacity increases while the electrical demand decreases for locations with low DNI resources. Mainly because supplying a relatively small P load is more likely with a hybrid power plant than with standalone technologies (i.e., CSP and PV), resulting in a significant amount of unused energy that can be stored efficiently by having a large storage capacity. ☞ Finally, the impact of a variable load profile on the annual energy production was evaluated at ten sites to approximate realistic operating conditions. An average relative difference of less than 2% was found for the seven solar plant technologies compared to the constant demand profile over a year of operation. This difference does not accurately describe the day-to-day behaviour of the plants under instantaneous solar resources variability, which is more critical for solar plants operating to meet a variable demand profile. In the electricity market, most solar plants adjust their supply primarily based on economic criteria, namely tracking the price of electricity and ensuring that the plant meets the demand during evening peak hours. In [START_REF] Zurita | Multi-objective optimal design of solar power plants with storage systems according to dispatch strategy[END_REF] Zurita et al. demonstrated the techno-economic reliability of different solar technologies with TES and BESS as storage facilities operating to supply a baseload demand, highlighting the effectiveness of a baseload demand strategy over a variable load. The recovery ratio of the HT hybrid plant obtained with a tracking-load electrical profile at locations with low load variations throughout a year of operation showed increased values compared to the baseload demand case study as a result of the better use of excess PV energy (Figure B.26). For the 1S hybrid plant, only small differences were noted when considering the operation under a tracking-load profile (Figure B.27).

Conclusions & Future work

The present work consists of a detailed study on the combination of photovoltaic and concentrated solar power systems in a compact hybrid plant. The objectives of this work were to determine (1) whether or not a compact PV-CSP hybrid plant is more viable than a conventional CSP plant, (2) identify the impact of a particular storage dispatch strategy on the performance parameters of the compact hybrid plants, and (3) understand where compact hybrid plants stand today relative to stand-alone solar plants integrating thermal and electrochemical storage systems. These objectives were addressed in several steps. First, a complete review of the literature was conducted in order to fully understand how the two types of technologies (PV and CSP) work in a stand-alone and hybrid configuration, followed by an analysis of what the hybridization of these two technologies represents, both technically and practically, so that the benefits of each can be taken advantage of. Second, a new multiphysics model was developed. The main improvements that have been made concern the assumptions, namely the detailed description of the optical losses of the solar field, the variation of the cell efficiency with the variation of the ambient temperature and wind velocity, the use of on-site meteorological data, and the description of the main physical parameters. Then, two compact hybrid plants were evaluated, the one-sun and the high-temperature plants. Initially, the analysis was limited to the evaluation of the annual energy production of the hybrid plants, then the study was extended by considering different performance parameters, namely the plant capacity factor, the loss of power supply probability and the amount of curtailed energy.

Concluding remarks

From the calculations obtained, it was possible to verify that: ☞ Compact PV-CSP hybrid systems can effectively outperform the conventional solar tower plant. Nevertheless, the gap between the two compact hybrid plants and the stand-alone solar tower plant tends to widen considerably with the increase in PV efficiency. At the same time, the benefit in the energy generation associated with PV-CSP compact hybrid systems tends to decrease as the operating temperature of the heat transfer fluid increases. Significant research is currently being devoted to the development of high-temperature CSP plants, which may result in higher CSP efficiency shortly, thus diminishing even more the energy gap one may observe between PV-CSP compact hybrid plants and conventional CSP plants.

The development of the HT hybrid power plant depends heavily on the ability to develop highly efficient solar cells that can operate at high temperatures for long durations. Finally, the fact that the one-sun hybrid technology allows the use of diffuse solar resources contrary to the high-temperature and conventional CSP plants widens the deployment range of such technology. Therefore, the annual production of the studied technologies must be evaluated taking into account various locations worldwide, since Targassonne has a good balance between the solar resource and the transparency of the sky, but remains less suitable for the integration of solar technologies, unlike Chile, Africa and the Middle East.

☞ To optimally use the electrical and thermal energy supplied by the PV and CSP subsystems in compact PV-CSP hybrid plants, it is mandatory to implement a dispatch strategy to organize the priority of operation of different subsystems. For this purpose, in the second part of this work, two dispatch strategies have been compared; DS1 where PV production is prioritized and DS2 where PV curtailments are reduced using an electric heater to store the overproduced PV energy as heat in TES, so that the performance of the two hybrid plants in terms of annual energy production and energy curtailments can be analyzed. The use of DS2 has proven to be a good fit for the 1S hybrid plant as it increases the overall productivity of the plant while maintaining good load demand response, especially for low baseload demand profiles. On the other hand, no significant difference was noted on the overall annual production of the HT hybrid plant with the two dispatch strategies because the excess PV of this hybrid plant is limited. This different behaviour resulted in different recovery ratio values for the two compact hybrid plants. To extend the study beyond the case of Targassonne, which was found to be less favorable to the integration of the proposed hybrid plants compared to Antofagasta, with a relative difference of 54% in annual energy production with the plant HT. Therefore, in this section, a wide range of weather conditions was selected (15 sites around the world). The results indicate that the choice of a particular storage strategy is strongly correlated to the plant technology considered but less to the location of implementation.

☞ Regardless of the location considered, the 1S hybrid plant show the highest maximum energy production compared to conventional CSP and PV plants. However, in locations with a high solar resource (DNI > 2500 kWh/m 2 /year), the 1S hybrid plant remains the least optimal solution, since it suffers the highest amount of energy reductions with a maximum of 70% in Antofagasta, compared to 44% with the single-axis PV tracking + TES plant. Regarding storage systems, the combination of PV technology with BESS presents greater simplicity and modularity than TES systems coupled to CSP. On the other hand, BESS have a shorter useful life and therefore need to be replaced more frequently. TES and BESS systems have the advantage of making energy production independent of the solar resource, allowing better control of the plant and extending the production time. This allows delivering a constant output power, which favours the production in nominal conditions, allowing better maintenance of the turbines and better performance of the power block. Finally, the impact of a tracking load demand on the performance parameters of the different solar plants was evaluated at ten sites. Regardless of the plant, an average relative difference of less than 5% of the annual energy production was found compared to the constant demand profile over a year of operation.

Scientific contribution

To our knowledge, there is no work to date evaluating the annual energy production of compact PV-CSP hybrid systems with changing weather conditions and for a largescale solar power plant. In this work, we focus on providing results that describe the operation of a real solar plant while delivering the possibility to cover a wide range of operating conditions. Instead of approximating the annual production of the plants based on the given conversion efficiency of the PV subsystems of both compact hybrid plants and a simplified description of the main parts of a CSP subsystem, the intention is to develop a detailed model and formulate it as a combination between three main components of a hybrid plant, namely, thermal, electrical and optical. This model offers the possibility to compare the proposed hybrid plants with existing technologies while keeping the run-time as small as possible to study different case studies.

Future works

The present thesis work can be further refined by considering and investigating cases that time constraints did not allow to take into account and that are discussed below.

☞ Similar research approaches involving larger heliostat fields representative of current commercial solar plants (e.g. PS10 in Seville [START_REF] Osuna | Ps10, construction of a 11mw solar thermal tower plant in seville, spain[END_REF] and Cerro Dominador in Antofagasta [START_REF]Cerro dominador inaugurates its csp plant, which[END_REF] with 624 and 10 600 heliostats respectively) could be investigated. Since, THEMIS heliostat field represents a very particular case study, due to the elevation between rows that resulted in nil blocking losses and negligible shading losses throughout the year of operation. Therefore, the consideration of a larger field will allow to approach commercial plants and to verify the functioning of the proposed hybrid plants. There is a wide range of configurations to study, both in terms of heliostat field arrangements and solar receiver types. For the 1S hybrid plant, it would remain interesting to consider an external receiver, i.e. a panel of parallel aligned tubes usually arranged like a cylinder, rather than a flat receiver, i.e. where tubes are arranged like a rectangle [START_REF] Joshua M Christian | Novel tubular receiver panel configurations for increased efficiency of high-temperature solar receivers[END_REF], as it offers better thermal performance and remains more suitable with circular fields [START_REF] Salih | Central receivers design in concentrated solar thermal power plants: A review[END_REF]. For the HT hybrid plant, the focus should be on optimizing the layout of the heliostat field, considering a radial staggered display or a cornfield, were heliostats are only located in face of the tower and not surrounding it.

☞ The main interest of a compact PV-CSP hybrid plant is to combine the low cost of PV technology with the low cost and efficient TES facility of the CSP plant. The use of expensive III-V solar cells can be justified by their ability to efficiently convert the solar spectrum energy available; however, the high cost of these technologies may present an additional challenge in the face of the widespread development of compact PV-CSP hybrid systems. Therefore, the use of silicon as a cell technology will be of much higher financial benefit for the 1S hybrid technology. For the HT hybrid plant, it remains difficult to consider other cell technologies since temperatures up to 400 • C are less favourable for silicon-based cells; therefore, the use of III-V solar cells will be preferred.

☞ Another important comparison has to be conducted between the two main families of PV-CSP hybrid plants, namely non-compact and compact plants. In addition to the techno-economic evaluation, the study must take into account the environmental evaluation via the assessment of the carbon footprint. The comparison can be made on two different sites with completely different weather conditions, e.g., Atacama desert (CH) and Seville (ES). One of the main reasons encouraging the carbon footprint evaluation is that one of the arguments in favour of the compact hybrid plant is related to their expected small footprint.

☞ As the new CSP designs move towards higher operating temperatures [START_REF] Ma | Fluidized bed technology for concentrating solar power with thermal energy storage[END_REF] with falling particles, supercritical CO 2 , etc., the use of other HTFs will more certainly affect the thermal behaviour of the fluid. Today molten salts are used, but they still present a large number of challenges that limit their utilization regardless of their low cost. Also if we can use much lower cost fluids with better thermal properties it will increase the quality of the heat exchange while keeping the low cost of investment.

☞ The consideration of other CSP technologies may present a new set of insights into how compact plants can operate at large scale and also increase their suitability for different configurations. Today, parabolic trough collectors (PTCs) have been studied for both hybrid approaches [START_REF] Widyolar | Experimental performance of an ultra-lowcost solar photovoltaic-thermal (pvt) collector using aluminum minichannels and nonimaging optics[END_REF][START_REF] Widyolar | Design and modeling of a spectrum-splitting hybrid csp-cpv parabolic trough using two-stage high concentration optics and dual junction ingap/gaas solar cells[END_REF][START_REF] Wingert | Spectral beam splitting retrofit for hybrid pv/t using existing parabolic trough power plants for enhanced power output[END_REF]. This technology remains much more mature, flexible, and less expensive than the remaining CSP technologies [START_REF]Concentrating solar power projects by technology[END_REF]. One of the main input parameters of our model is the position of the solar reflectors, in our case the heliostats, but it could also be the PTC positions; to obtain this information, we can, for example, use the System Advisor Model (SAM) software [START_REF] Freeman | Recent and planned improvements to the system advisor model (sam)[END_REF] and retrieve the proposed positions for a given plant capacity. Furthermore, to validate the results obtained with our model, we can conduct a comparative study between SAMs and our model.

☞ The impact of shading losses is a common problem for conventional flat PV panels that can pose a challenge in the development of the 1S hybrid strategy. For this, a detailed description like the one performed for the impact of the non-uniform flux density distribution for the HT plant is needed. This study can be conducted using existing models for conventional PV plants and extended to the case of PV mirrors. The main difficulty is the large number of solar cells that need to be connected to efficiently cover the PV mirrors. For this purpose, the heliostat should be considered as a small block and each block as a PV module. Then, the interconnection of the modules constitutes a PV array in a conventional PV field. To simplify the study, we can consider silicon as cell technology for the PV mirrors, which can be practical as the size of current commercial cells used in PV modules varies between 18 to 21 cm.

☞ The use of a conventional PV plant with a BESS seemed attractive to cover baseload demand. However, the possibility of combining the PV plant with two storage units BESS + TES in the same plant would be of high interest. The BESS would cover production shortcomings from the PV plant instead of turning on the turbine for only a short duration, while the priority of the TES would be to supply the load after sunset. The capacity of the BESS may be very small compared to the TES, yet sufficient to endure effective charging and discharging cycles. This study will require some changes in the modelling of conventional PV power plants and the storage priorities.

☞ Depending on the operating condition of the different solar plants, we acknowledged that a significant amount of electricity is curtailed. This problem can be avoided by extending the energy supply to heat and not only electricity; in this way, the unused surplus energy will be used more efficiently. Instead of using the excess PV energy as heat to charge the TES, it can be used to provide electrical demand of some equipment of the plant, for example, powering the electrical demand of the heliostats, while the excess thermal energy can be used to cover hot water demands on the building. The extension of the study to the supply of thermal and electrical energy will increase the capacity factor of the plant without increasing its size, but only by better scheduling of the different parts of the plant.

☞ The effect of daily startups on the turbine performance and lifetime was not considered in this thesis. Due to the nature of the dispatch strategy implemented, both the compact and standalone plants do not operate continuously during the year but experience daily startups instead. Therefore, a study of the impact of these frequent startups on the degradation of the power block needs to be performed. In large-scale power plants operations based on steam cycles, the turbine block needs some time to reach the nominal operating point at startup or to adjust its output to different demand levels during operation. In our model, these delays were not fully accounted for and we assumed that the plant was able to adjust its output quickly enough to reach the desired power at the planned hours in the predefined dispatch strategy. In our model, we consider that when the TES is fully charged, the heliostats are defocused; however, to keep the receiver warm while the hot tank is full, a small part of the heliostats remain must focused. Incorporating this into our model will allow us to avoid turning on the electric heater for long periods when free energy is available. are proposed, but we have chosen the expression proposed by Reda and Andreas [START_REF] Reda | Solar position algorithm for solar radiation applications[END_REF] in the following equation:

γ = arctan sin(ω) cos(ω) sin(φ) -tan(δ) cos(φ) (A.3)
For solar radiation users the azimuth angle is given in degrees as:

A = 180 + γ (A.4)
• The hour angle has negative values before the solar noon and lies between -180 • and 180 • [367]:

ω = 15 • h (t s -12) (A.5)
where h is the hour of the day and t s is the solar time detailed in [START_REF] Afanasyeva | Relevance of pv with single-axis tracking for energy scenarios[END_REF].

2 The importance of the DNI resource for the proper operation of CSP plants

In the CSP field, there is a DNI threshold below which the electrical output of the plant is null [START_REF]Technology roadmap solar thermal electricity[END_REF][START_REF] Philibert | Luz solar power stations: success in california and worldwide prospects[END_REF]. The choice of a certain threshold value is a more of a practical and not a theoretical choice, that can be justified by a number of constraints that the plant operation must respect, e.g., the existence of a value of circulation flow rate of the heat transfer fluid below which the circulation pump does not work any more; the constraints of operation of the turbine which does not start below a minimum value of the inlet enthalpy of the steam, etc. Therefore, each CSP plant operator can consider a value that is aligned with the specifications of the components making up the plant. After discussions with experts in the CSP field, we considered a threshold value of 300 W/m 2 below which the turbine does not operate [START_REF] Charles E Andraka | White paper on dish stirling technology: Path toward commercial deployment[END_REF].

3 Spectral distribution of solar radiation for the 1S strategy Widyolar et al. [START_REF] Widyolar | Design and modeling of a spectrum-splitting hybrid csp-cpv parabolic trough using two-stage high concentration optics and dual junction ingap/gaas solar cells[END_REF][START_REF] Widyolar | Theoretical and experimental performance of a two-stage (50x) hybrid spectrum splitting solar collector tested to 600[END_REF][START_REF] Widyolar | Spectral beam splitting in hybrid pv/t parabolic trough systems for power generation[END_REF] proposed a SBS hybrid system using different cell technologies integrated into a PTC receiver. An SBS collector with aluminium gallium indium phosphide (AlInGaP) as a cell technology was used, with high reflectivity on the backside of the cells varying around 80 and 90% (Figure A.2). The availability of experimental measurements of the spectral reflectance of AlInGaP cells makes them a perfect candidate for integration at the 1S hybrid plant, but also thanks to their good resistance to high operating temperatures demonstrated during the last couple of years [START_REF] Perl | al) gainp/gaas tandem solar cells for power conversion at elevated temperature and high concentration[END_REF][START_REF] Ee Perl | Identification of the limiting factors for high-temperature gaas, gainp, and algainp solar cells from device and carrier lifetime analysis[END_REF]. 

Optical model validation

The optical validation of the heliostat field was carried in chapter 2 for Targassonne. Inhere, we propose to validate the accuracy of the interpolation function used to describe the shading and blocking losses of the heliostat field at the 15 th locations. Table B.1 summarizes the mean relative difference of the entire heliostat field between SolarPILOT values and the interpolation function at four different days along the year. The number of data points needed for the interpolation function is irrelevant to the relative difference when comparing the locations in-between.

Solar databases

In Figure 3.5, it can be noticed that the regression line does not pass through the high-density distribution of data points around high DNI values; this can be explained by the fact that the function of the regression line follows the density distribution of data points at the origin (0,0). To verify the accuracy of the following observation, in PVGIS is generally used for studies focused on PV plant sizing rather than CSP plant sizing, as the main objective of this tool is to provide an accurate estimation of the PV power generation at a given location considering different PV mounting configurations. Therefore, the solar components are provided to allow the user to verify the accuracy of the power production provided. 

Impact of time resolution

Variable load profiles

The identification of the recovery ratio in Chapter 3 was limited to the case study of a constant electrical demand (see Figures 3.23 

.28 shows the variation in excess PV energy that is permanently rejected from the HT hybrid plant as a function of TES capacity. The following figure is used to further explain the trends shown in Figure 3.25 regarding the variation of the RF of the HT hybrid plant. It can be noticed that regardless of the location considered (either Ghan or Seville), the PV surplus first remains constant with increasing the TES capacity up to about 14-15h before decreasing slightly. 13 The annual energy output with a tracking-load profile Figures B. 30 and B.31 show the total annual energy production obtained when considering a baseload and a variable load electrical demand profile as well as the relative difference for the ten sites and the five plant configurations considered.

• Under the given demand and storage capacity conditions, replacing a constant demand profile by a tracking demand profile has a limited impact, with a difference in energy production over a year of operation not exceeding 5%, with a maximum of 4.34%, 0.60% and 2.90% noted at Bokpoort for the conventional CSP ( 

Introduction

Through a detailed literature review on non-uniform flux distribution in conventional CR plant [START_REF] He | Review of the solar flux distribution in concentrated solar power: non-uniform features, challenges, and solutions[END_REF][START_REF] Astolfi | Heliostat aiming point optimization for external tower receiver[END_REF][START_REF] Sánchez-González | Aiming factor to flatten the flux distribution on cylindrical receivers[END_REF][START_REF] Wang | Multi-objective optimization of the aiming strategy for the solar power tower with a cavity receiver by using the non-dominated sorting genetic algorithm[END_REF], it was found that there is a direct link between non-uniform flux distribution and spillage losses (i.e. the percentage of solar irradiation falling beyond the boundary of the receiver effective area illustrated in C.1). However, the consideration of an opposite organisation (i.e. removing the outer heliostats and keeping both edges) does not guarantee any improvement of the optical losses (Figure C.3(c)) as with this configuration, heliostats on the edges will be responsible for the highest spillage losses (Table C.1). Therefore, the fourth configuration was designed to offer a good balance between cosine and spillage losses. The heliostat field of the proposed arrangement accounts for 116 heliostats similar to the 135 layout ( In general, the overall optical efficiency of a heliostat field decreases with increasing distance from the heliostat to the tower up to a certain distance. By placing heliostats closer to the tower, the cosine efficiency of the new layout is increased by 5.3% (Table C.1). However, by removing heliostats on the edges, the interception efficiency can be increased by ∼ 5% regarding the original field (Table C.1).

Optical model

The solar flux distribution at the receiver plane has been simulated using SolarPILOT software [START_REF] Michael | Solarpilot: A power tower solar field layout and characterization tool[END_REF], considering two aiming point strategies described hereafter.

Simple-aiming strategy

The simple-aiming strategy is a common aiming solution that consists in orientating all heliostats toward the centre of the receiver ( Therefore, the choice of offset values will impact the flux distribution, the optical performance of the heliostat field and potentially the output power production of the HT hybrid plant. To this end, a sensitivity study was conducted to determine the offset value that provides the best balance between uniformity and the heliostat field overall optical performance. As can be seen in Figure C.7, decreasing the offset parameter has a significant impact on the flux distribution over the receiver. An offset value of 2 and 1.8 generates a similar distribution at the edge of the receiver with a relatively small difference of about 3%, moving toward the centre of the receiver, the difference increases up to 10%. A flatter profile is obtained with k =1, but this configuration has the lowest overall optical efficiency (expressed in chapter 2 by Eq. (2.1)) compared to the other offset values, more importantly to the simple-aiming strategy, with a relative decrease of the overall efficiency of 28% (see Table C.2). Although both the 2 and 1.8 offset parameters offered similar flux distribution, we decided to conduct the study using an offset of 1.8, as it ensures a good balance between flux homogeneity and optical performance.

Electrical model

Taking into account the non-uniform illumination distribution, the PV cells are coupled with parallel bypass diodes in opposite polarity to protect those cells from reverse-bias breakdown, as well as to avoid that PV cells with low concentration ratios become loads of other cells at high concentration ratios. The relationship between the current density and voltage of a PV cell encompassing the negative breakdown region (with the addition of J 02 ) is given by [START_REF] Ben | Performance analysis of concentrator photovoltaic dense-arrays under non-uniform irradiance[END_REF]:

J(V ) = J ph -J 01 exp V + J R s n 1 V t -1 -J 02 exp V + J R s n 2 V t -1 - V + J R s R sh 1 + κ 1 - V + J R s V br -m (C.1)
where κ is a diode coefficient (< 1× 10 -5 ), V br the junction breakdown voltage of the cell, and m is the avalanche breakdown exponent. The last term (second line) in Eq. (C.1) allows describing the negative breakdown region of the cell but it can also be used for a bypass diode in parallel to the cell, representing in this case the current in the bypass diode whereas V br becomes the voltage of the diode.

In the literature, the following expressions are often used for the diode saturation current density of a solar cell [START_REF] Martin A Green | Solar cells: operating principles, technology, and system applications[END_REF]:

J 01 (T ) = C T 3 exp E g (T ) q T (C.2) J 02 (T ) = D T 3/2 exp E g (T ) 2 q T (C.3)
where C and D are temperature dependent coefficients. These parameters were extracted from temperature-dependent J-V measurements in a wide range of temperatures varying between 25 -400 • C, conducted by Perl et al. on III-V solar cells [START_REF] Perl | Measurements and modeling of iii-v solar cells at high temperatures up to 400 • C[END_REF].

PV cells arrangements

The practical implementation of a large-scale HT PV module typically requires tens of thousands of PV cells (in our case study 80 000 cells) to be interconnected. This is particularly challenging in the light of the strong illumination gradient one may expect (Figure C.7). In this chapter, we choose to study the opposite configuration, which is a parallel-series (PS) arrangement because it is easy to construct compared to existing solar interconnections, namely total cross tied (TCT) connection where an additional parallel connection is conducted between the strings and economical [START_REF] Suneel | Modeling, simulation, and performance analysis of pv array configurations (series, series-parallel, bridge-linked, and honey-comb) to harvest maximum power under various partial shading conditions[END_REF]. More importantly, this configuration was inspired by previous works but applied for a large-scale PV receiver [START_REF] Hamza | Modeling and optimizing of non-imaging disc concentrator (nidc) photovoltaic system performance under non-uniform illumination[END_REF][START_REF] Pan | A novel rotational symmetry (rs) connection approach for dense-array concentrator photovoltaic (da-cpv) modules[END_REF]. For that, we will start with a brief description of the series and parallel interconnections, then move on to the introduction of the proposed PS-block arrangements.

Series interconnection

Cells connected in series are linked along a single path so that the same current flow through them. The total power in such an array is lower than the sum of the individual power ratings of each cell. The main reason for that is that in a series configuration, performances are severely affected if the cells are not equally illuminated, as shown in 

Parallel interconnection

Cells connected in parallel are linked to show the same voltage, conversely to the series configuration. Thus the effect of parallel wiring is that the resulting voltage in the combination stays almost the same as for a single unit (cell or panel) while the currents add up.

Block interconnection

Looking at the concentration distribution of cells in Figure C.9 it can be noticed that corner cells are subject to a very low solar concentration ratio because of the aiming point strategy. As array current will follow the lowest-performing PV cell's current behaviour in a series-connected assembly, the cells at the corner will contribute to a higher current mismatch that causes power losses. Therefore, by adopting a parallel connection between the cells inside a block better overall performance may be achieved as current mismatch is no longer an issue and voltage mismatch has a less important impact. Besides, a parallel connection is simpler than the series case as no bypass diodes are involved. Once the blocks are accounted for using the entire cells, a series connection is applied between blocks to form a complete HT-PV receiver with an increased output voltage. As a result, bypass diodes will be placed between the blocks connected in series with the neighbouring blocks, thus, allowing for cost reductions as the number of blocks is less relevant. • The process of reducing current mismatch losses starts with identifying the maximum short-circuit current density of the PV receiver, denoted J sc, max and defined in Eq. (C.4) as the sum of short-circuit current densities when no interconnection is assumed between the cells.

• Then for a given block number determine the J sc, lim that can be identified as J sc, max per the number of blocks (Eq. (C.5)). • For the no interconnection scheme, the power output is extracted individually from the cells. An unpractical configuration that helps identify the effectiveness of the proposed arrangement and its ability to approach a perfect case study. The next step is to choose values for the number of blocks with an output current density that should approximate the value of the J sc, lim .

• Each block contains a different number of cells due to the non-uniform flux density distribution over the receiver (i.e. blocks located at the centre of the receiver will include fewer cells). For the sake of simplicity, we will describe the procedure by considering the connection of two blocks. The generalization to the general case of l series blocks is straightforward. The two blocks will contain approximately 40 000 cells connected in parallel until the target current density value is reached. For example, when considering the simple-point strategy, the first block will account for 40 147 cells whilst the second will account for the remaining number of cells to find the 80 000 cells used to cover the entire effective area of the PV receiver (i.e. 39 853 cells). Given the two I-V curves, we combine them by summing the output voltages to obtain the overall I-V characteristic of the entire receiver. The difference between the J sc, lim and the block output current density increases with the increasing number of blocks, e.g. 0.32% with two blocks to 10% with 10 000 blocks. Thanks to the presence of bypass diodes, the weakest of the two blocks (i.e., the one with the lowest current density output) do not constrain the current density of the strongest one; rather, when the current density gets larger than the value that can be produced by the weakest block the latter gets bypassed and only the strongest block produces power.

• At first, we only considered the connection of cells located in the same column, i.e. a block accounts for cells located in the same columns when the entire column has been connected in parallel we move to the neighbouring column until we reach the Making the choice to connect cells from the inside towards the outside results in an ineffective coverage rate of the receiver area. Figure C.12 illustrates the distribution of 10 000 blocks over the PV-receiver effective area using the two bloc interconnection schemes under the simple aiming strategy.

• For the snail interconnection scheme, an important portion of the outer contour of the receiver, represented by the dark-blue color and highlighted with the magenta box, is not covered with cells which will result in a more important power loss in contrast to a smaller number of blocks.

• 

Future works

The results presented here do not answer the questions discussed at the beginning of this chapter: it is only a preliminary study to understand the behaviour of the HT hybrid plant under a particular set of operating conditions. For this reason, several perspectives are offered below, some of which are being investigated by my supervisors:

☞ A simple-aim point distribution may guarantee the best output performance in terms of power output, but it encapsulates a large number of problems that only make it difficult to predict the future of this hybrid technology under these conditions. The effectiveness of a system and its ability to provide power for long-duration should be more important than offering the best performance for only a short period. Therefore, a multi-aim point may present a more appropriate solution for this technology. The use of SolarPILOT allowed for a proper identification of the flux density distributions over a central receiver considering different aiming strategies and offset values, which was practical given the limited time we had to conduct this study. However, a detailed description using more complicated techniques to study the impact of the multi-aiming strategy on the flux distribution and the heliostat field operation should be conducted [START_REF] Speetzen | Dynamic aiming strategy for central receiver systems[END_REF][START_REF] Zeng | Real-time heliostat field aiming strategy optimization based on reinforcement learning[END_REF][START_REF] Zhu | Heliostat field aiming strategy optimization with post-installation calibration[END_REF][START_REF] Ghirardi | Heliostat layout optimization for load-following solar tower plants[END_REF][START_REF] Oberkirsch | Gpu-based aim point optimization for solar tower power plants[END_REF]. ☞ The first model developed considered a variable flux density distribution and a constant operating temperature of 400 • C. However, temperature varies significantly with varying flux density values as mentioned by Ju et al. [START_REF] Ju | Thermal and electrical performance of the dense-array concentrating photovoltaic (da-cpv) system under non-uniform illumination[END_REF]. Therefore, the evaluation of the impact of the operating temperature needs to be assessed to understand the correlation between the two parameters and their impact on the energy production in general and variations of the I-V behaviour as well as the heat transfer properties in particular. ☞ The consideration of a constant value of series resistance throughout the receiver area is not a valid assumption; in the work of Algora et al. [START_REF] Algora | Influence of series resistance on guidelines for manufacture of concentrator p-on-n gaas solar cells[END_REF], it was demonstrated that the value of series resistance is strongly correlated with the illumination level and its value appears to decrease significantly with increasing sunlight concentration. Once the detailed description of the HT approach is done, the results generated should be used as input parameters for the electrical model that describes the annual output performance of this technology under variable weather conditions and with an integrating storage unit. This step will allow for precise quantification of the impact on the whole plant operation and not only on the PV receiver.

Introduction

Les énergies renouvelables devraient prendre de plus en plus d'importance dans les prochaines années, car on estime que leur coût continuera à baisser, devenant ainsi compétitif par rapport aux autres sources d'énergie. En outre, les énergies renouvelables ont la valeur ajoutée d'être des sources d'énergie propres et inépuisables, ce qui en fait d'excellentes solutions pour réduire l'impact environnemental de la production d'énergie et donc plus susceptibles d'atteindre des émissions nettes de dioxyde de carbone nulles d'ici 2050 pour donner au monde une chance de limiter l'augmentation de la température mondiale à 1,5 Parmi les différentes énergies renouvelables, l'énergie solaire est appelée à jouer un rôle fondamental, avec deux types d'énergie qui se complètent parfaitement : les centrales photovoltaïques et les centrales solaires à concentration. D'une part, la technologie photovoltaïque est une technologie mature, avec un développement technologique plus important ainsi qu'un prix bas. D'autre part, la technologie de l'énergie solaire concentrée fournit des systèmes de stockage fiables et éprouvés, qui peuvent assurer en partie une production d'énergie stable, indépendamment de l'intermittence du rayonnement solaire de jour comme de nuit, facilitant ainsi son intégration dans le réseau électrique. Par conséquent, l'hybridation de ces deux technologies peut permettre à la centrale d'être entièrement gérable en donnant la priorité à l'utilisation d'une technologie moins coûteuse comme le photovoltaïque pendant les heures d'ensoleillement, tandis que la centrale à concentration stocke l'énergie produite pendant ces heures dans son système de stockage d'énergie thermique, pour l'utiliser lorsqu'il n'y a plus de rayonnement solaire. Ainsi, l'augmentation de la capacité de la centrale à produire de l'électricité en continu, 24 heures sur 24, lui permettrait de fournir de l'énergie au réseau en agissant comme une centrale de base classique.

De nombreuses approches d'hybridation ont été développées au cours des quatre dernières années, dans cette thèse nous nous intéressons à l'étude des systèmes hybrides dits « compact » en étudions deux configurations compact : 1) la stratégie hybride haute température (HT), qui désigne un système à couplage thermique dans lequel la chaleur dissipée par les cellules solaires est récupérée à l'aide d'un collecteur thermique collé à l'arrière des cellules PV (cette approche est également connue sous le nom de système de récupération de chaleur perdue) [START_REF] Ju | A review on the development of photovoltaic/concentrated solar power (pv-csp) hybrid systems[END_REF][START_REF] Ju | A review of concentrated photovoltaic-thermal (cpvt) hybrid solar systems with waste heat recovery (whr)[END_REF] et 2) l'approche de fractionnement spectral du faisceau (SBS), qui fait appel à la famille de systèmes impliquant le fractionnement spectral du rayonnement entrant, lequel est redirigé soit vers les cellules PV, soit vers le récepteur thermique, en fonction de sa longueur d'onde [START_REF] Ju | A review of the concentrated photovoltaic/thermal (cpvt) hybrid solar systems based on the spectral beam splitting technology[END_REF][START_REF]Bluesolar: The first pv technology with integrated thermal energy storage[END_REF]. L'objectif de ce travail est de clarifier la position des centrales compactes par rapport aux technologies conventionnelles, en développant un modèle physique précis des principales stratégies hybrides compactes, basé sur leur intégration dans une centrale solaire réelle, et en évaluant l'énergie annuelle des centrales au lieu du rendement de conversion. Ce résumé rassemble les résultats les plus importants de cette étude. Le corps du travail et les résultats complets peuvent être trouvés dans la version anglaise. Les principales caractéristiques de THEMIS (localisation géographique et position de l'héliostat) sont introduites dans le modèle optique pour calculer la position du soleil tout au long de l'année à différentes instants ainsi que les pertes optiques du champ de l'héliostat en utilisant Eq. (D.1) [START_REF] Liu | Optimization study of thermal-storage pv-csp integrated system based on ga-pso algorithm[END_REF].

η hel = ρ η tra cos θ η sh η blo η spil (D.1)

La principale perte d'énergie dans le champ de l'héliostat de THEMIS provient : de la réflectivité de l'héliostat qui prend deux valeurs différentes selon le système considéré (cf. Eq. (D.2)), les pertes par effet cosinus, et enfin les pertes par ombrage et par blocage qui ont été estimées à l'aide du logiciel SolarPILOT [START_REF] Michael | Solarpilot: A power tower solar field layout and characterization tool[END_REF]. 

Résultats et discussion

Les premiers résultats obtenus permettent de tirer un certain nombre de conclusions:

☞ Si la supériorité des centrales compactes hybrides sur les centrales CSP conventionnelles restait incertaine, le modèle actuel tend à confirmer que cette famille d'approches hybrides présente systématiquement un rendement énergétique supérieur à celui de leurs homologues purement solaires thermiques (l'écart entre les centrales compactes hybrides et les centrales CSP conventionnelles ayant tendance à se creuser sensiblement avec l'augmentation de l'efficacité PV) (cf. 

Méthodologie

L'objectif principal des technologies de stockage est de permettre une production continue pour couvrir soit 1) un profil d'électricité de base (c'est-à-dire une production d'électricité constante indépendante de la demande d'électricité), soit 2) une électricité de suivi de la charge (la puissance électrique générée par la centrale hybride est modulée en fonction de la demande d'électricité). Pour ce faire, deux stratégies de fonctionnement ont été étudiées :

• Stratégie 1 (S1): Priorité à la production PV: Le premier schéma de fonctionnement des deux centrales hybrides est basé sur la fourniture d'une demande électrique donnée P load (constante ou variable). Nous supposons que l'électricité PV surproduite ne peut pas être stockée (pas de stockage électrochimique, pas de possibilité de stocker l'électricité PV excédentaire sous forme de chaleur dans la cuve de stockage thermique à l'aide d'une résistance électrique). Par conséquent, l'électricité PV est prioritaire sur le réseau électrique par rapport à la production d'électricité CSP et stockage, qui fonctionne comme une sauvegarde du PV.

• Stratégie 2 (S2): Minimiser l'énergie perdue : Par rapport à la première stratégie de répartition, une résistance électrique est intégré aux centrales hybrides. La résistance électrique convertit l'énergie PV excédentaire (autrement rejetée) pour produire de la chaleur. La chaleur est ensuite absorbée par le fluid de transfer et stockée dans le réservoir chaude. La résistance électrique fonctionne comme une nouvelle ressource thermique pour le stockage, ce qui est bénéfique pour la flexibilité et la capacité de répartition des systèmes hybrides. Technologies solaires avec stockage : quelle technologie dans quel lieu ?

Résultats et discussion

Dans ce chapitre, nous proposons de répondre à la question de savoir si les centrales hybrides compactes peuvent ou non atteindre la meilleure performance de production avec un certain niveau de garantie d'approvisionnement, en considérant différents profils de demande (profil constant et profil variable à certains des endroits sélectionnés), et les conditions de la ressource solaire. Dans ce contexte, cinq combinaisons technologiques sont comparées : la centrale hybride 1S, la centrale hybride HT, une centrale CSP-TES, une centrale PV-BESS avec batteries lithium-ion et une centrale PV-TES.

Méthodologie

Pour comparer les différentes technologies solaires, le même modèle multiphysique développé dans Matlab a été utilisé avec quelques modifications. L'ajout d'une partie concernant le dimensionnement de deux centrales PV conventionnelles à l'aide de l'Eq. (D.7), ainsi que l'étude des centrales PV avec stockage thermique et électrochimique.

P pv (i) = M mod A pv η inver f lpv G inc (i) η pv (i) (D.7)
Le modèle a besoin d'une série de paramètres techniques pour évaluer la performance de chacune des technologies solaires en plus de la production énergétique annuelle de chaque composant: le facteur de capacité, le facteur de demande et la probabilité de perte de puissance.

• Facteur de capacité (CF): c'est le rapport entre l'énergie électrique effectivement injectée sur le réseau et l'énergie théorique fournie par la centrale fonctionnant en continu à la puissance nominale de pointe, sur une année (cf. Eq. (D.8)) [START_REF] Allan R Starke | Multiobjective optimization of hybrid csp+ pv system using genetic algorithm[END_REF].

CF = Q act 8760 P pb (D.8)
• Le facteur de demande (DF): c'est le rapport entre l'énergie électrique produite par la centrale et l'énergie demandée par le réseau électrique (cf. Eq. (D.9)).

DF =

Q act 8760 P load (D.9)

• La probabilité de perte de puissance électrique (LPSP): proposée pour décrire la fiabilité de l'alimentation électrique des différentes centrales, et est définie comme la fraction du temps pendant laquelle la centrale n'est pas en mesure de satisfaire la demande de la charge (cf. Eq. (D.10)). , respectivement à Bokpoort. Avec un profil de charge variable, les gestionnaires de réseau sont obligés de mettre hors ligne ou de remettre en ligne rapidement la centrale pour équilibrer l'offre et la demande. Cependant, cette opération devient rapidement coûteuse car elle présente un risque d'altération de la durée de vie des turbines et peut entraîner des pénalités financières si les opérateurs de la centrale ne peuvent pas garantir la demande seconde par seconde. Plus important encore, la prise en compte d'un profil de charge variable rend la gestion de la tension et de la fréquence plus difficile [START_REF] Veyrenc | Conditions and requirements for the technical feasibility of a power system with a high share of renewables in france towards[END_REF]. 
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Conclusions

Le présent travail consiste en une étude détaillée sur la combinaison de systèmes photovoltaïques et des centrales solaire concentrée en une centrale hybride compact. Les objectifs de ce travail étaient de déterminer (1) si une centrale hybride compact PV-CSP est plus viable qu'une centrale CSP conventionnelle, (2) identifier l'impact d'une stratégie particulière de répartition du stockage sur les paramètres de performance des centrales hybrides compactes, et (3) comprendre où en sont aujourd'hui les centrales hybrides compactes par rapport aux centrales solaires conventionnelle intégrant des systèmes de stockage thermique et électrochimique.

Nous avons abordé ces objectifs en plusieurs étapes. Tout d'abord, une revue complète de la littérature a été réalisée afin de bien comprendre comment les deux types de technologies (PV et CSP) fonctionnent dans une configuration autonome et hybride, suivie d'une analyse de ce que représente l'hybridation de ces deux technologies, tant sur le plan technique que pratique, afin de pouvoir tirer parti des avantages de chacune. Deuxièmement, un nouveau modèle multiphysique a été développé. Les principales améliorations qui ont été apportées concernent les hypothèses, à savoir la description détaillée des pertes optiques du champ solaire, la variation du rendement des cellules avec la variation de la température ambiante et de la vitesse du vent, l'utilisation de données météorologiques sur site, et la description des principaux paramètres physiques. Ensuite, deux centrales hybrides compactes ont été évaluées, la centrale 1 soleil et la centrale haute température. Dans un premier temps, l'analyse s'est limitée à l'évaluation de la production annuelle d'énergie des centrales hybrides, puis l'étude a été étendue en considérant différents paramètres de performance, à savoir le facteur de capacité de la centrale, la probabilité de perte d'alimentation électrique et la quantité d'énergie rejetée.

Les systèmes hybrides compactes PV-CSP peuvent effectivement surpasser la production d'une centrale solaire à tour. Néanmoins, l'écart entre les deux centrales hybrides compactes et la centrale à tour solaire autonome tend à se creuser considérablement avec l'augmentation du rendement PV. L'utilisation d'une stratégie de stockage qui permet de récupérer le surplus de PV (S2), s'est avérée bien adaptée à la centrale hybride 1S, car elle augmente la productivité globale de la centrale tout en maintenant une bonne réponse à la demande électrique, en particulier pour les profils de demande à faible varition le long de l'année. D'autre part, aucune différence significative n'a été notée sur la production annuelle globale de la centrale hybride HT avec les deux stratégies de répartition car l'excès de PV de cette centrale hybride est limité. Ce comportement différent a entraîné des valeurs de ratio de récupération différentes pour les deux centrales hybrides compactes.

Quel que soit l'emplacement considéré, la centrale hybride 1S présente la production d'énergie maximale la plus élevée par rapport aux centrales CSP et PV convention-nelles. Cependant, dans les endroits où la ressource solaire est élevée (DNI > 2500 kWh/m 2 /an), la centrale hybride 1S reste la solution la moins optimale, puisqu'elle subit les pertes d'énergie les plus importantes avec un maximum de 70% à Antofagasta, contre 44% avec la centrale à PV avec trackeur + TES.

Abstract

Solar energy represents a promising solution to meet future energy demands in an era of depleting fossil fuel sources. However, solar energy faces two main challenges: grid instability and intermittency. To overcome these drawbacks, a large number of combinations of solar technologies have been studied over the years. In this thesis, we propose to focus on the hybridization of PV and CSP technologies into one compact system. Therefore, the objective of this thesis is to go beyond general descriptions and assumptions to study the annual energy production of two compact hybrid systems, one-sun and high-temperature plants. To answer these questions, a detailed electrical, thermal, and optical model is developed to analyze the dynamic output characteristics of the hybrid plants, based on realistic input parameters of a large-scale solar tower plant in Targassonne, France. We demonstrate the superiority of the two compact hybrid plants over stand-alone technologies. The addition of a thermal energy storage system in the compact plants has the advantage of making the energy production independent of the solar resource, which allows for better control of the plant and longer production time. We also investigate the extent to which weather conditions and demand profiles are likely to affect the capacity of compact PV-CSP hybrid systems. Keywords: Photovoltaic system, Concentrating Solar Power plants, Compact hybridization, numerical modeling. L'énergie solaire représente une solution prometteuse pour répondre aux besoins énergétiques futurs à une époque où les sources de combustibles fossiles s'épuisent. Cependant, l'énergie solaire est confrontée à deux principaux défis : l'instabilité du réseau et l'intermittence. Pour surmonter ces inconvénients, un grand nombre de combinaisons entre les technologies solaires ont été étudiées au fil des années. Dans cette thèse, nous proposons de nous concentrer sur l'hybridation des technologies PV et CSP en un seul système compact. L'objectif de cette thèse est donc d'aller au-delà des descriptions et des hypothèses générales pour étudier la production énergétique annuelle de deux systèmes hybrides compacts, les centrales à un soleil et à haute température. Pour répondre à ces questions, un modèle électrique, thermique et optique détaillé est développé pour analyser les caractéristiques dynamiques de sortie des centrales hybrides, sur la base de paramètres d'entrée réalistes d'une centrale solaire à tour à grande échelle à Targassonne, en France. Nous démontrons la supériorité des deux centrales hybrides compactes par rapport aux technologies autonomes. L'ajout d'un système de stockage d'énergie thermique dans les centrales compactes a l'avantage de rendre la production d'énergie indépendante de la ressource solaire, ce qui permet de mieux contrôler la centrale et d'allonger le temps de production. Nous étudions également dans quelle mesure les conditions météorologiques et les profils de demande sont susceptibles d'affecter la capacité des systèmes hybrides compacts PV-CSP.

Keywords: Système Photovoltaique, Solar à concentration, hybridation compact, modélisation numérique.
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Figure 2 :

 2 Figure 2: Cost evolution of PV and CSP solar plants between 2010 and 2021. The fossil fuel cost range is highlighted in grey [2].

Figure 3 :

 3 Figure 3: Cerro Dominador non-compact PV-CSP hybrid plant located in Northern Chile with a peak power of 210 MW [2].
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Figure 1 . 1 :

 11 Figure 1.1: Incoming and outgoing solar radiation from the sun, with a representation of the solar radiation components [3].

  = DN I cos(θ z ) + DHI (1.1) 1 Concentrated solar power plants CSP plants produce electrical power by first converting the sun's DNI component into high-temperature heat. Using an important number of mirrors that follow the sun's course to collect and direct energy into either a line focus (see Figures 1.2(a) and 1.2(c)) or a point focus (see Figures 1.2(b) and 1.2(d)) receiver. The heat is then channelled via a heat transfer fluid (HTF) (e.g. water, thermal oil, molten salt,.

Figure 1 . 2 :

 12 Figure 1.2: Illustration of the four main CSP technologies: (a) PTC (Noor I Ouarzazate, Morocco 160 MW capacity and 3.5 h TES), (b) SPT (PS10 at Seville, Spain 10 MW), (c) LFR (Rajasthan Sun Technique Energy, 100 MW) and (d) PD (tested at Albuquerque, New Mexico).

Figure 1 . 3 :

 13 Figure 1.3: (a) A fixed-tilt flat plan PV plant [4], (b) a single-axis tracking plant [5].

Figure 1 . 4 :

 14 Figure 1.4: A CPV power plant with a close look to a module that consists of many solar cell receivers and housing with electrical connections [6, 7].

  Figure 1.5(b).

Figure 1 . 5 :

 15 Figure 1.5: (a) A bifacial PV plant using Si solar cells [8], (b) schematic of a bPV cell technology [9].

Figure 1 . 6 :

 16 Figure 1.6: PV with mirrors located on the edges of the module to increase the production [10].

Figure 1 . 8 :

 18 Figure 1.8: Evolution of different cell technologies efficiencies [13].

Figure 1 . 10 :

 110 Figure 1.10: Loss mechanisms in a solar cell. e -, h + , E v , E c and E g denote electrons, holes, the valence band, conduction band and bandgap energies, respectively [21].

Figure 1 . 11 :

 111 Figure 1.11: Equivalent electric circuit of an: (a) ideal solar cell, (b) a solar cell with parallel to the p-n-junction shunt resistor and in series resistor and (c) a solar cell based on a two-diode model.

Figure 1 . 13 :

 113 Figure 1.13: Effect of parasitic resistances on the J-V characteristic of a solar cell: (a) series resistance (R sh =Cst.), (b) shunt resistance (R s =Cst.).

Figure 1 . 15 :

 115 Figure 1.15: Main mechanisms for TES using: (a) sensible heat storage, (b) latent heat storage, and (c) thermochemical heat storage [23].

Figure 1 .

 1 Figure 1.16: A Schematic of a CR CSP plant with: (a) a direct two-tank molten salt TES system[START_REF] Kaiyuan | Thermofluidics of sulfur-based thermal energy storage[END_REF], and (b) a solid particle system with TES and fluidized bed[START_REF] Calderón | High temperature systems using solid particles as tes and htf material: a review[END_REF].

Figure 1 .

 1 Figure 1.19: (a) The operating principle of Li-ion batteries during charging and discharging cycles [25]. (b) Schematic of a standalone hybrid PV-PHS system [26].

Figure 1 . 20 :

 120 Figure 1.20: Classification of different solar hybridization techniques.

Figure 1 .

 1 Figure 1.21: South-Africa's largest renewable energy project Redstone CSP project, adjacent to the 75 MW and 96 MW PV solar power projects successfully developed and implemented by SolarReserve [27].

Figure 1 . 23 :

 123 Figure 1.23: Experimental test platform with mounted PVT collectors with a close look into the front-facing cross-sectional view of PVT collector [29].

Figure 1 . 25 :

 125 Figure 1.25: Classification of the SBS PV-CSP hybrid systems: (a) concentrated sunlight is channeled by the nanofluid inside the thermal collector located in the middle of the PTC, (b) SBS Retrofit Installed and On-Sun at the University of Tulsa, and (c) PVMirror prototypes being tested on tracker with a schematic description of the splitting spectrum principle.

Figure 1 . 26 :

 126 Figure 1.26: Example of two combined systems: (a) The HEATS receiver using light pipes to direct the effective energy within the PV cell bandgap [31]. (b)The tCPV/T hybrid system, were sunlight is concentrated by the paraboloidal mirror on the 2axis tracker and directed to the hybrid receiver. There, the tCPV module converts a portion of the high-energy photons to electricity and LT heat, while transmitting IR wavelengths to a thermal receiver, where it is absorbed and converted to HT heat[START_REF] Daniel S Codd | Solar cogeneration of electricity with high-temperature process heat[END_REF].

Figure 1 .

 1 Figure 1.27: (a) A sketch of a PV+TES hybrid plant using molten salt as a HTF [33], (b) Variation of the specific costs of three different technologies with the TES duration, with consideration of different cost scenarios [34].

Figure 1 . 28 :

 128 Figure 1.28: Schematic description of three different technologies operating at very high temperatures: (a) the AMADEUS unit located at the top of the SPT with a close-up view of the individual unit where the heated Si exchanger with the PCM and the TPV unit[START_REF] Datas | Molten silicon storage of concentrated solar power with integrated thermophotovoltaic energy conversion[END_REF], (b) very much inspired by the AMADEUS project with the additions of TIPV unit[START_REF] Ramos Cabal | Solar photovoltaic power-to-heat-to-power energy storage[END_REF], (c) conceptual layout of a utility-scale TPV system. The red and white arrows on the pipes indicate the flow path for charging (red) and discharging (white) TES[START_REF] Hamid | Thermophotovoltaics: a potential pathway to high efficiency concentrated solar power[END_REF], and (d) another integration of the TPV system, using electricity from any source to be converted to heat via joule heating, which is then transferred to Si[START_REF] Amy | Thermal energy grid storage using multi-junction photovoltaics[END_REF].

Figure 1 . 29 :

 129 Figure 1.29: Innovative approaches for a full utilization of the solar spectrum: (a)Illustration of the LSP concept. The red-shifted PL emission is then coupled to a PV cell with a matching bandgap, while the residual heat (at 530 • C) is stored and transferred to a heat engine[START_REF] Haviv | Luminescent solar power-pv/thermal hybrid electricity generation for cost-effective dispatchable solar energy[END_REF], (b) Sketch of full-spectrum solar energy utilization system with a schematic diagram of the cascade utilization of sunlight[START_REF] Fang | Thermodynamic evaluation of a concentrated photochemicalphotovoltaic-thermochemical (cp-pv-t) system in the full-spectrum solar energy utilization[END_REF], and (c) Illustration of the molecular and phase-change hybrid. The hybrid consists of a MSM and a L-PCM separated by a silica aerogel to maintain the necessary temperature difference[START_REF] Kashyap | Full spectrum solar thermal energy harvesting and storage by a molecular and phase-change hybrid material[END_REF].

  Figure 2.1. A single heliostat is composed of nine modules (i.e. a set of mirrors): eight main modules of 3.62 m × 1.79 m, and one module of 2.46 m × 0.83 m filling the central gap left by the tracking system, as shown at the bottom right of Figure 2.1. The solar tower has height of 100 m, the receiver is located 86 m above the ground, and its dimensions are set equal to 4 m × 2 m. Table2.1 lists the most important characteristics of THEMIS plant considered in this study[START_REF] Baker | Characteristics of current solar central receiver projects[END_REF][START_REF] Ferriere | In-situ measurement of concentrated solar flux and distribution at the aperture of a central solar receiver[END_REF][START_REF] Mr Rodríguez-Sánchez | Development of a new method to estimate the incident solar flux on central receivers from deteriorated heliostats[END_REF].

Figure 2 . 1 :

 21 Figure 2.1: THEMIS CR plant with a close look at the receiver at the top of the tower and one of the heliostat in the solar field.

Figure 2 . 2 :

 22 Figure 2.2: Schematic description of the 1S hybrid approach with a close look at a PV heliostat entirely covered with highly reflected GaAs solar cells (dimension in mm).

Figure 2 . 3 :

 23 Figure 2.3: Schematic of the HT hybrid approach with a close look at the PV receiver entirely covered with solar cells (represented by the small blocks separated with white lines). The different contour color represent the concentration level over the receiver varying between 20 to 1500 suns.

Figure 2 . 4 :

 24 Figure 2.4: Schematic diagram of the multiphysics model used to assess the annual energy output of the three solar technologies.
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 25 Figure 2.5: Hourly (a) DNI, (b) GHI, and (c) DHI for the whole year of 2018 in Targassonne.

Figure 2

 2 Figure 2.6: (a) Schematic description of the main optical losses of the heliostat field, (b) SolarPILOT plot showing THEMIS heliostat field overall efficiency.
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 27 Figure 2.7: The sun course at Targassonne described as the variation of the elevation angle as a function of the azimuth angle at 253 different data-points over the year 2018. Eleven days for eleven months out of the twelve and considering 23 different moment each day, that represent different hours during the same day.
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 28 Figure 2.8: Measured spectral reflectance of GaAs solar cell (blue: cell reflectivity [42], red: power absorbed by PV, green: power sent to CSP).

Figure 2 . 9 :

 29 Figure 2.9: Annual cumulative energy production for the two hybrid approaches & the conventional CSP plant, considering the pessimistic, realistic, and optimistic operation scenarios all at a constant temperature of 400 • C.

Figure 2 .

 2 [START_REF] Traxle | Solar ridge concentrator tracking system traxle[END_REF] show the energy fluxes associated with the two-hybrid

Figure 2 . 10 :

 210 Figure 2.10: Annual cumulative energy production for the two hybrid approaches, considering the realistic operation scenario, and for two different cell technologies.

Figure 2 . 11 :

 211 Figure 2.11: Annual cumulative energy production for the two hybrid approaches & the conventional CSP plant, in the realistic operation scenario, and for different temperature of the HTF.

Figure 2 .

 2 Figure2.12 shows the electric energy output production of the three strategies investigated here, as a function of the DNI value and over a year, in Targassonne.

  P P V,1S P CSP,HT P P V,HT P CSP,conv.

Figure 2 . 12 :

 212 Figure 2.12: Variation of the power output with the DNI for the three strategies considered.

  Figure D.4 shows the three components of the solar irradiance, DNI, GHI and DHI, using two time steps 5 min (Figures 2.13

  (a) and 2.13(b)) and 60 min (Figures 2.13

  (

Figure 2 . 13 :

 213 Figure 2.13: Solar irradiance components at two different days a clear-sky day (April 17 st ) and a cloudy day (June 17 st ) with two time resolutions: (a) and (c) 5 min, and (b) and (d) with 60 min.

Figure 2 . 14 :

 214 Figure 2.14: Daily power output variation and DNI profile for the two hybrid strategies considering a time resolution of 60 min, for a clear-sky day (April 17 th ): (a) and (b), and for a cloudy day (June 17 th ): (c) and (d).

Figure 2 . 15 :

 215 Figure 2.15: Schematic description of the two case studies for the description of the impact of shading losses on the PV power production of the 1S hybrid strategy.

Figures 2. 16

 16 Figures 2.16(a) and 2.16(b) show the daily PV power output (left axis) and the difference between the ideal and real power production (right axis) during two days, April 17 th and June 17 th , respectively. Regardless of the type of day considered, at the beginning and end of the day, the absolute difference is negligible. For example, for a clear-sky (Figure2.16(a)), the absolute power difference varies from 3.84% in the early hours of the morning to 4.2% at the end of the day. As the sun rises, the power difference between the real and ideal case studies becomes more significant, resulting in the emergence of three peaks for both days.

  Figures 2.16(a) and 2.16(b) show the daily PV power output (left axis) and the difference between the ideal and real power production (right axis) during two days, April 17 th and June 17 th , respectively. Regardless of the type of day considered, at the beginning and end of the day, the absolute difference is negligible. For example, for a clear-sky (Figure2.16(a)), the absolute power difference varies from 3.84% in the early hours of the morning to 4.2% at the end of the day. As the sun rises, the power difference between the real and ideal case studies becomes more significant, resulting in the emergence of three peaks for both days.

( a )

 a April 17 th (b) June 17 th
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 216 Figure 2.16: Daily PV power output variation and the for the 1S hybrid strategy considering a time resolution of 60 min and the realistic operation scenario, for: (a) a clear-sky day (b) and a cloudy day.

Figure 3 . 1 :

 31 Figure 3.1: THEMIS original heliostat field layout accounting 201 heliostats (left graph) and the enhanced layout accounting 116 heliostat (right graph) (the red dot represents the location of the solar tower).

Figure 3 .

 3 Figure 3.2 provides a schematic description of the conventional CR plant considered in this study with the three main components:

Figure 3 . 2 :

 32 Figure 3.2: Schematic of a conventional CR plant with integrating two-tank direct TES.

  Figures 3.
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 3 

Figure 3 . 3 :

 33 Figure 3.3: Schematic description of the two-compact hybrid plants integrated with a two-tank direct TES: (a) HT, and (b) 1S.

  I b : Direct irradiance on the inclined PV plane (W/m 2 ) I d : Diffuse irradiance on the inclined PV plane (W/m 2 ). I ref l : Reflected irradiance on the inclined PV plane (W/m 2 ).

Figure 3 . 4 :

 34 Figure 3.4: Hourly estimates of GHI from Solcast and PVGIS compared to measured data at Targassonne. The regression line is shown in black, with results in the form of y =a x; R is the correlation coefficient.

Figure 3 .

 3 Figure 3.5 is similar to Figure 3.4, but for DNI data. The two plots reveal much more scatter around the diagonal than in Figure3.4, which could be expected because DNI is more sensitive to cloudiness and aerosols than GHI[START_REF] Sengupta | Best practices handbook for the collection and use of solar resource data for solar energy applications[END_REF]. Additionally, as the prediction of DNI values is conducted indirectly from the GHI values, inaccurate estimation of a parameter can strongly affect the output results. Solcast displays less scatter than PVGIS with a relatively improved correlation parameter (about 0.85 vs, 0.66 respectively). The shape of the regression line is discussed in more detail in section 6 of the Appendix.

Figure 3 . 5 :

 35 Figure 3.5: Hourly estimates of DNI from Solcast and PVGIS compared to measured data at Targassonne. The red line shows y =x curve, along which each data point should ideally be perfectly aligned with.

Figure 3 . 6 :

 36 Figure 3.6: Simplified HT PV-CSP hybrid model, containing the four components of the plant.The input to the system is the amount of power impinging the receiver from the solar field (green arrow). The output is the electrical power released directly from the PV receiver into the electrical grid and the output power from the PB unit (red arrow). The blocks are connected by the power flows between them. The excess energy branch represents the energy that is discarded from the system when it cannot be stored or used for power generation.

Figure 3 . 7 :

 37 Figure 3.7: Flowchart of the operational strategy DS1 of the 1S hybrid plant. The initial conditions regarding the load demand are highlighted in blue, the yellow colors indicates the operation of the PB and finally orange color is associated with the TES SOC evaluation.

  rec

Figure 3 . 8 :

 38 Figure 3.8: Simplified 1S PV-CSP hybrid model, containing the four plant components.

Figure B. 5

 5 Figure B.5 shows a detailed flowchart describing the operation mode of the HT hybrid plant. It can be noticed that when the PV output is above P load , priority is for PV as for the DS1. In this case, the energy impinging the receiver P avai (Eq. (3.8)) is used to charge the hot tank. However, instead of dumping the overproduced PV electricity, it can be converted into heat via the EH without losses (i.e. conversion efficiency of 100%). Thus, a condition is added to verify the SOC of the TES system. If the hot tank is not fully charged, P pv, dum is used for charging the hot tank; otherwise, the PV surplus will be curtailed (Eq. (3.15)).

PFigure 3 . 9 :Figure B. 6

 396 Figure 3.9: Simplified CSP conventional model, containing the four plant components.

5. 1 . 1

 11 Figures 3.10 and 3.11 show the daily power generation of the 1S and HT hybrid plants, respectively for January 13 th , 2018 in Antofagasta (CL) using five different time steps. Both hybrid plants operate to provide a base demand of 0.7 MWe with 10 MWh t of TES. • Figure 3.10 shows that the variability of the maximum PV output of the 1S hybrid plant (purple curve) is reduced as the time step increases, due to the significantly reduced variability of shading losses, as the sun position is averaged at every time step. This results in less fluctuating PV output during the early hours of the day when using small time steps between 5 and 30 minutes (Figures 3.10(a), 3.10(b), 3.10(c) and 3.10(d)), which shift the CSP contribution after sunset with a 60-minute time resolution.

(a) 5

 5 min (b) 10 min (c) 15 min (d) 30 min (e) 60 min

Figure 3 . 10 :Figure 3 . 11 :

 310311 Figure 3.10: Operation profile of the 1S plant at Antofagasta January 13 th , 2018 for different time steps: (a) 5 min, (b) 10 min, (c) 15 min, (d) 30 min, and (e) 60 min.

  Figure B.14(a)), while minor differences can be noticed during clear-sky days (see Figure B.14(b)).

  Figures 3.13 and 3.14 illustrate the power flow in the two compact PV-CSP hybrid plants with TES, including the power output of the PV and CSP sections, the overall hybrid plant output, the hot tank SOC, and the unmet power for four consecutive days (March 20 th -23 rd , 2018) in Andheri (IN) (Figure3.12), with the two dispatch strategies considered to provide a baseload demand of 0.5 MWe with 20 MWh t of TES.

Figure 3 . 12 :

 312 Figure 3.12: Solar resource components during four successive days (March 20 th -23 rd , 2018) at Andheri.

Figure 3 . 13 :

 313 Figure 3.13: Dispatchability of the 1S hybrid plants considering a baseload profile of 0.5 MWe during four successive days (March 20 th -23 rd , 2018) at Andheri with a 20 MWh t TES using the two dispatch strategies: (a) DS1 and (b) DS2.

Figure 3 . 14 :

 314 Figure 3.14: Dispatchability of the HT hybrid plants considering a baseload profile of 0.5 MWe during four successive days (March 20 th -23 rd , 2018) at Andheri with a 20 MWh t TES using the two dispatch strategies: (a) DS1 and (b) DS2.

Figure 3 .

 3 Figure 3.15 illustrates the annual energy production of the two-hybrid plants and for the 15 locations selected with the two dispatch configurations, for a baseload demand of 0.5 MWe with 20 MWh t of TES.

Figure 3 . 15 :

 315 Figure 3.15: Annual total generation (left axis) and relative differences (right axis) using the two dispatch strategies in the selected locations for the: (a) 1S, and (b) HT hybrid plants for a baseload of 0.5 MWe with 20 MWh t of TES.

Figure 3 . 16 :

 316 Figure 3.16: Monthly CSP production implementing DS1 and DS2 approaches, and the relative difference on the monthly production of the two-hybrid plants at Abu Dhabi: (a) 1S, and HT.
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  (a) and 3.19(b)).

Figure 3 . 18 :

 318 Figure 3.18: Monthly dumped energy of the PV and CSP subsections of the two-hybrid plants: 1S (left plot), HT (right plot), using the two dispatch strategies at Abu Dhabi for a baseload demand of 0.5 MWe and a 20 MWh t of TES: (a) DS1, and (b) DS2.

Figure 3 . 19 :

 319 Figure 3.19: Monthly dumped energy of the PV and CSP subsections of the two-hybrid plants at Abu Dhabi for a baseload demand of 1 MWe and a 20 MWh t of TES: (a) DS1, and (b) DS2.

Figure 3 .

 3 Figure 3.20 shows the annual energy dumped from the two-hybrid plants at the 15 locations. The use of the DS2 within the 1S hybrid plant results in less energy curtailments regardless of location (Figure 3.20(a)). As mentioned earlier, no significant difference can be observed between the two dispatch strategies with the HT hybrid plant (Figure 3.20(b)).

Figure 3 . 20 :

 320 Figure 3.20: Annual dumped energy (left axis) and relative differences (right axis) using the two dispatch strategies in the selected locations to supply a baseload demand of 0.5 MWe with 20 MWh t of TES for the: (a) 1S, and (b) HT hybrid plants.

Figure 3 . 21 :Figure 3 . 22 :

 321322 Figure 3.21: Recovery ratio of the 1S hybrid plant at the selected locations considering the DS2.

Figure 3 . 23 :

 323 Figure 3.23: Variation of the recovery ratio with increasing TES capacity for different P load values of the 1S plant at: (a) Ghan, (b) Seville, and (c) Jülich.

Figure 3 . 24 :

 324 Figure 3.24: The instantaneous capacity of the solar salt in the hot tank at three locations and for the 1S (left graph) and HT (right graph) hybrid plants for two baseload demands with 12 MWh t during six successive days (January 1 st -6 th , 2018).

  Between 12 and 20 MWh t the recovery ratio increases according to a staircase function due to the sudden decrease in the amount of energy recovered from the PV receiver, from 0.134 MWh to 0.09 MWh, respectively. The two steps in Figure3.25, can be justified by the quasi-constant variation in the amount of PV rejected after recovery (see FigureB.28) due to the charging priority of the hot tank, which translates into a continuous linear decrease of thermal energy curtailments since the hot tank is being charged efficiently with surplus energy from the solar field. For the 1S hybrid plant, the thermal losses experience a nearconstant variation for high storage capacities (see FigureB.29), which explains the lack of any steps for the variation in the recovery ratio (Figure3.23).

Figure 3 . 25 :

 325 Figure 3.25: The variation of the η recov ratio with increasing TES capacity for different P load values of the HT plant at: (a) Ghan, (b) Seville, and (c) Jülich.

Figure 3 . 26 :

 326 Figure 3.26: The variation of excess PV definitely dumped P pv, def dum as a function of TES capacity at the three locations to supply a baseload demand of 0.4 MWe.

Figure A. 1 .

 1 Values are found between -180 and 180 • .

Figure 4 . 1 :

 41 Figure 4.1: Schematic description of the conventional PV plant integrated with TES.

Figure 4 . 2 :

 42 Figure 4.2: Schematic description of a conventional PV plant with BESS using Li-ion.

Figure 4 .

 4 3 depicts the power dispatch strategy and key components of a PV-TES plant.

Figure 4 . 3 :

 43 Figure 4.3: Simplified PV with TES model, containing the four plant components.

Figure B. 7

 7 Figure B.7 shows a flowchart describing the operation of a PV-TES plant. The operation modes considered in this work follow the steps below:

Figure 4 .

 4 4 illustrates the main power flows associated with the operation of a PV-BESS plant.

Figure 4 . 4 :

 44 Figure 4.4: Simplified PV with BESS model, summarizing the main power flows.

Figure 4 . 5 :

 45 Figure 4.5: Monthly average values of the normalized electric load at ten locations.

Figure 4 . 6 :

 46 Figure 4.6: Comparison between estimated global irradiance on a tilted surface using Solcast database and Eq. (4.2) at two different locations: (a) Targassonne (FR) and (b) Phoenix (USA).

  Figures 4.7(a) and 4.7(b) show the PV output power of fixed-tilt and single-axis tracking plants, respectively. Validations were done considering the operation of the plant in January the 1 st at Antofagasta (CL) and Porto Nacional (BR). The validation figures show good agreement in general regardless of the location.

  Single-axis tracking plant

Figure 4 . 7 :

 47 Figure 4.7: Comparison between the proposed model and PVsyst output power for the two PV plants at January the 1 st : (a) Fixed-tilt and (b) single-axis tracking.

  and shown in the array loss diagram in Figure B.15. The addition of the losses highlighted in red (Figure B.15) corresponds to a total loss of 4%, which may explain the additional difference.

Figure 4 . 8 :

 48 Figure 4.8: The mean fraction of direct irradiation used by a conventional CSP and HT hybrid plant and diffuse and direct irradiation of the 1S hybrid plant for the 15 locations.

Figure 4 . 11 :

 411 Figure 4.11: The maximum potential (light colors) and actual (dark colors and dashed bars) annual electricity production of the seven solar technologies for the 15 locations for a baseload demand of 0.2 MWe using 10 MWh t TES and 4.2 MWhe BESS capacities.

Figure 4 . 12 :

 412 Figure 4.12: The maximum potential (light colors) & actual (dark and dashed colors) electricity production of the seven solar technologies considering two baseload demands of 0.2 and 1 MWe at three locations: (a) Ouarzazate, (b) Abu Dhabi and (c) Jülich.

Figure 4 .

 4 Figure 4.13 illustrates the demand factor (DF) for the three locations mentioned above, with three different storage capacities and two baseload demands.

Figure 4 . 13 :

 413 Figure 4.13: Variation of the DF of the seven solar technologies for three values for the storage capacity with the consideration of two baseload demand values (0.2 MWe left graph) and (1 MWe right graph) at: (a) Ouarzazate, (b) Abu Dhabi, and (c) Jülich.

  , 4.15 and 4.16 present the variation of the different performance parameters as a function of a wide range of P load and the TES capacity values in Ouarzazate for the seven solar plants.

Figure 4 . 14 :

 414 Figure 4.14: Annual energy production, CF, LPSP and the annual dumped energy the receiver and the PV subsystem of the two hybrid plants and the conventional CSP plant in Ouarzazate.

Figure 4 . 15 :

 415 Figure 4.15: Annual energy production, CF, LPSP and the annual dumped energy the receiver and the PV subsystem of the two conventional PV plants integrating TES system in Ouarzazate.

Figure 4 . 16 :

 416 Figure 4.16: Annual energy production, CF, LPSP and the annual dumped energy the receiver and the PV subsystem of the two conventional PV plants with integrating BESS system in Ouarzazate.

Figure 4 . 18 :

 418 Figure 4.18: Dispatchability of the seven solar plants considering a baseload profile of 0.5 MWe for two selected days (January 8 th and 9 th , 2018) at Antofagasta with a TES capacity of 14 MWh t and a BESS capacity of 6 MWhe.

Figures 4 .

 4 Figures 4.18(d) and 4.18(e) show the dispatchability of the PV+TES plant, with both types of PV mounting systems. With fixed panels, the PV plant only maintains maximum power for a few hours around noon, and the TES system complements the production after sunset until the TES is completely discharged (Figure4.18(d)). In contrast, the PV production with tracked panels results in more intensive use of the PV power generation throughout the day by supplying the load while charging the hot tank with the excess PV, resulting in extended use of the TES. This difference is more relevant at highly irradiated locations such as Antofagasta due to the increase in PV production, which will result in the availability of more energy to charge the TES system. Under similar conditions, the single-axis PV+TES plant provides an additional 244 MWhe energy for the storage in Antofagasta, compared to 16 MWhe in Jülich.Finally, Figures 4.18(f) and 4.18(g) shows the operation of the PV-BESS plant with the two PV configurations. During sunlight hours, both PV mounting systems, fixed-PV (Figure4.18(f)) and 1axis PV (Figure4.18(g)) provide the net power demand as for PV+TES plants while charging the BESS with excess PV energy. After sunset, the BESS is discharged at a minimum rate to provide the baseload. The BESS unit covers a greater amount of operation during the night compared to the TES system.

Figures 4 .

 4 Figures 4.19 illustrates the dynamic performance of the seven solar plants, operating as load tracking plants in Antofagasta under conditions identical to those of the aforementioned case study (Figure4.18). Minor differences are noted for the 1S hybrid plant, where the demand was fully met since less power was required early in the morning of January 9 th (0.43 MWe instead of 0.5 MWe) as shown in Figure4.19(a). The conventional CSP plant experiences a similar situation (Figure4.19(c)) during the first hours of operation January 9 th . For the HT hybrid plant, we notice that the TES discharge less quickly during the early morning hours under a tracking load profile (Figure4.19(b)), as the electrical demand is 12% lower than in the case of a baseload demand. Finally, no significant difference can be noted for the conventional PV plants with both storage systems using a tracking load strategy as shown in Figures 4.19(d), 4.19(e),4.19(f) and 4.19(g).

Figure 4 . 19 :

 419 Figure 4.19: Dispatchability of the seven solar plants considering a load tracking strategy during two successive days at Antofagasta with 14 MWh t for the TES system and 6 MWhe for the BESS.

Figure 4 . 20 :

 420 Figure 4.20: Monthly excess PV implementing the two load case scenarios (left axis), and the load profile (right axis) at four locations of the 1S hybrid plant with 14 MWh t TES capacity. The black line shows the baseload demand of 0.5 MWe.

Figure 4 . 21 :

 421 Figure 4.21: Annual total generation (left axis) and relative difference (right axis) using the two demand strategies in ten locations for the: (a) 1S, and (b) HT hybrid plants with 14 MWh t TES capacity.

Figure A. 2 :

 2 Figure A.2: Measured spectral reflectance of AlInGaP solar cell (blue: cell reflectivity [44]) and calculated fraction of solar spectrum (red: fraction of solar spectrum absorbed by PV, green: fraction sent to CSP).

3. 1 Figure B. 5 :

 15 Figure B.5: Flowchart of operational strategy DS2 of the HT hybrid plant. In blue the initial conditions regarding the load demand, yellow conditions related to the operation of the PB and finally orange for verifying the SOC of the TES.

Figure B. 6 :

 6 Figure B.6: Flowchart of the operational strategy of a conventional CSP plant.

Figure B. 9 :

 9 Figure B.9: Photo of meteo station with 2 Kipp & Zonen pyranometers CMP6 (GHI, DHI) and a Kipp & Zonen CH1 pyrheliometer (DNI) at THEMIS CR plant.

  Figure B.11 we plotted the probability density estimate of the solar component as a function of measured irradiance, using the two SDBs. From the distribution of the density estimate, it can be noticed that the distribution of DNI values is very large at the origin with both SDBs (see Figure B.11), thus dictating the trend of the regression line distribution.

Figure B. 11 :

 11 Figure B.11: Probability density estimates of the hourly estimates of DNI from Solcast and PVGIS compared to measured data at Targassonne. Yellow data points at the origin represent the highest probability density estimate of DNI values.

Figure B. 12 :

 12 Figure B.12: Probability density estimates of the hourly estimates of DNI from Solcast and PVGIS compared to measured data at Targassonne.

Figure B. 13

 13 Figure B.13 shows that Solcast SDB present a less scattered distribution of GHI data points than PVGIS. To maintain a representative number of data points, the filter was only applied to DNI values and not DHI and GHI.

Figure B. 13 :

 13 Figure B.13: Probability density estimates of the hourly estimates of GHI from Solcast and PVGIS compared to measured data at Targassonne.

Figure B. 14

 14 Figure B.14 shows the time variation of the DNI at Targassonne and Antofagasta over a day characterized by a highly variable solar resource (Figure B.14(a)) or a clearsky day (Figure B.14(b)). It can be noticed that increasing the time resolution reduces the amplitude of the instantaneous variations of the DNI at both locations. Increasing the time resolution from 5 min to 60 min leads to a slight reduction of the daily resource at Targassonne which induces a slight decrease in electrical production from CSP and hybrid plants at this location.

( a )

 a Figure B.14: Variation of estimated DNI resource using Solcast for different time resolutions during: (a) highly variable solar resource days (January 1 st , 2018 at Targassonne and January 2 nd , 2018 at Antofagasta) and (b) clear-sky day (June 19 th , 2018 at Targassonne and January 1 st , 2018 at Antofagasta).
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  PVSyst loss diagramThere are distinctive sorts of field losses that help in analysing the various losses that are to be encountered while installing PV plants or constraints to be considered as depicted in FigureB.15. 

Figure B. 15 :

 15 Figure B.15: Example of loss diagram simulated by PVSyst at Porto Nacional (Brazil).

Figure B. 18 :Figure B. 21 :Figure B. 23 :Figure B. 25 :

 18212325 Figure B.18: Annual PV and CSP+TES contribution of the two-hybrid plants located in Ouarzazate.

Figure B. 26 :Figure B. 27 :

 2627 Figure B.26: Recovery ratio of the HT hybrid plant at the selected locations considering the DS2 to supply a variable load demand.

Figure B. 28 :

 28 Figure B.28: The variation of excess PV definitely dumped P pv, def dum as a function of TES capacity at two locations of the HT hybrid plant to supply a baseload demand of 0.5 MWe.

Figure B. 29

 29 Figure B.[START_REF] Widyolar | Experimental performance of an ultra-lowcost solar photovoltaic-thermal (pvt) collector using aluminum minichannels and nonimaging optics[END_REF] shows the variation of the excess thermal energy curtailed via the hybrid plants with increasing storage capacity. It can be noticed that surplus thermal energy of the 1S hybrid plant becomes constant at very high storage capacities. On the other hand, the HT hybrid plant with 20h TES capacity still does not reach the constant variation range.

Figure B. 29 :

 29 Figure B.29: The variation of excess thermal energy as a function of TES capacity for the two hybrid plants to supply a baseload demand of 0.5 MWe.

  Figure B.30(a)), Fixed-PV + BESS (Figure B.31(a)) and 1axis-PV + BESS (Figure B.31(b)), respectively . The relative difference observed in the case of the two PV configurations with integrating TES system is 2.92% and 2.73% in Seville (Figure B.30(b)) and (Figure B.30(c)), respectively.

  Figure C.1). The heliostat field enhancement is achieved by selecting a geometrical arrangement of the solar field that minimizes optical losses and improves flux homogeneity at the receiver without changing the properties of the other components of the solar plant (i.e. tower, receiver, etc.). The improved heliostat configuration has 116 heliostats (Figure C.3(d)) compared to 201 (Figure C.2) for the original field. effective because the outer heliostats will induce higher optical losses (as depicted in Figures C.3(a) and C.3(b)) as a direct consequence of the high cosine losses (Table

  Figure C.3(b)) without the twelfth row at the end of the field (Figure C.3(d)).

Figure C. 3 :

 3 Figure C.3: Overall heliostat field efficiency obtained March 21 st at noon with three heliostat field layouts: (a) 150, (b) 135, (c) 118, and (d) 116 heliostats.

  Figure C.5(a)). This strategy leads to a large heat flux at the centre of the receiver (exceeding 1300 kW/m 2 ) and large flux gradients towards the edge of the receiver, as illustrated in Figure C.6(a). This strategy causes the least spillage, as all heliostats point towards the centre of the receiver as depicted in Figures C.5(a) and C.6(a).

Figure C. 5 :

 5 Figure C.5: Map showing the number of heliostats represented by the size of the dots aimed at (a) the centre of the receiver, (b) distributed heliostat aim points with an offset value of 1.8, (c) a distribution with heliostat aiming at the edges of the receiver with an offset value of 1 and 0 (d). The large dot size corresponds to the number of heliostats, with greater numbers corresponding to larger dot size, and the colour of the dots indicates the mean distance of heliostats focused at a given coordinate.

  Five different flux distributions associated with five different offset values were calculated on March 21 st at noon (Figure C.7), and the main optical losses of the heliostat field are summarized in Table C.2.

Figure C. 7 :

 7 Figure C.7: Concentration level over each cell at the center using different aiming strategies.

FigureFigure C. 8 :

 8 Figure C.8: Simulated I-V and P-V curves of two cells located at the edge (red) and centre (blue) of the HT-PV receiver under two different aiming strategies: (a) simple, and (b) multi.

Figure C. 9 :

 9 Figure C.9: Different interconnection patterns studied: (a) the ideal case study where no interconnection is considered between the thousands of cells (unrealistic and unpractical cell configuration), (b) linear connection scheme between the blocs. The cells located on the same line are connected and (c) snail connection scheme.

J sc, max = 200 ro=1 400 co=1J 1 )

 2004001 Figure C.10: A flowchart to explain the main steps for an optimized block configuration.

  J sc, lim (Figure C.11). The second block arrangement consists of connecting cells from the inside towards the outside following the flux density contour display, this configuration also called snail interconnection (Figure C.11).

Figure C. 11 Figure C. 11 :

 1111 Figure C.11 better illustrates the difference between a linear and snail interconnection scheme, considering two bloc values, 10 (Figure C.11(a)) and 1000 (Figure C.11(b))under the two illumination distributions, i.e. multi and simple aiming strategies. For the snail configuration, the closer we are to the centre of the receiver, the fewer cells are connected within a bloc to reach the target current.Simple aiming, snail connection

  For the linear interconnection, only the right edge of the receiver does not have solar cells (magenta box in Figure C.12).

  Figure C.12: Distribution of 10 000 blocks over the receiver using the two bloc interconnections with the simple-aiming strategy.

☞

  It may be interesting to study different configurations with varying PV receiver sizes and compare them to the original configuration, i.e. 100% coverage rate of the receiver (Figure C.13). One of the main challenges of this study may be related to the interest in hybrid generation, so the coverage rate should be significant to justify the use of a PV receiver on the top of a solar tower; otherwise, it is only a conventional central receiver with a limited PV output.

Figure C. 13 :

 13 Figure C.13: Schematic distribution of the PV receiver with different coverage rate, represented by the grey bloc. The surrounding area is covered with a thermal collector.

Figure C. 14 :

 14 Figure C.14: The consideration of the bloc interconnection from the outside towards the inside in two configurations: (a) linear scheme, and (b) snail scheme between the blocs.

1 .

 1 DESCRIPTION DES SYSTÈMES APPENDIX D. SUMMARY IN FRENCH Évaluation énergétique des systèmes compacts PV-CSP 1 Description des systèmes 1.1 L'approche 1 soleil Les miroirs conventionnels utilisés dans le champ solaire sont remplacés par des héliostats PV comprenant un réflecteur arrière, ce qui permet aux photons sous-bande interdite d'être réfléchis sur le récepteur thermique (cf. Figure D.1).

Figure D. 1 :

 1 Figure D.1: Description schématique de l'approche hybride 1S avec une vue d'un héliostat PV entièrement recouvert de cellules solaires GaAs (dimension en mm).

1. 2 LFigure D. 2 :

 22 Figure D.2: Schéma de l'approche hybride HT avec une vue de près du récepteur PV entièrement recouvert de cellules solaires (représenté par les petits blocs séparés par des lignes blanches).

2Figure D. 3 :

 3 Figure D.3: Diagramme du modèle multiphysique utilisé pour évaluer la production énergétique annuelle des trois technologies solaires.

P

  V (λ)f (λ)dλ 2500 250 f (λ)d(λ) ρ HT = ρ CSP = ρ M ir (D.2) Combiné avec le DNI, la puissance optique envoyée sur le récepteur par chaque héliostat pour les deux centrales hybrides ainsi que pour la centrale conventionnelle THEMIS peut être calculée à l'aide des Eq. (D.3). rec, 1S (t) = N hel i=1 η hel, 1S (t) S hel DN I(t) P rec, HT (t) = P rec, CSP (t) = N hel i=1 η hel, M ir (t) S hel DN I(t) (D.3) Les données météorologiques mesurées au sol (rayonnement global (GHI), température ambiante et vitesse du vent) sont utilisées comme données d'entrée dans le modèle électrique afin d'obtenir la température des cellules T c pour la stratégie 1S, y compris le rayonnement direct (DNI) et diffure (DHI) nous permettent d'obtenir la puissance PV générée (cf. Eq. (D.4)).

Figure D. 4 (

 4 a)).

Figure D. 4 :Figure D. 5 :

 45 Figure D.4: La production annuelle d'énergie cumulée pour les deux approches hybrides et la centrale CSP en considérant différents : (a) scénarios, (b) technologies de cellules, (c) température du HTF.

La Figure D. 6 Figure D. 7 :Figure D. 8 :

 678 Figure D.7: Ratio de récupération de la plante hybride 1S aux endroits sélectionnés en considérant le S2.

7. 2

 2 Impact d'un profil de demande électrique variable À titre d'exemple de la performance de la combinaison de technologies, la Figure D.9 illustre la dispatchabilité des deux centrales hybrides ainsi que la centrale PVfixe avec stockage thermique sur deux jours consécutifs, les 8 th et 9 th janvier, avec une disponibilité solaire relativement bonne, à Antofagasta. Le calcul suppose une demande de base de 0,5 MWe, 14 MWh t de TES et 6 MWhe de BESS. Dans les Figures D.9(a), D.9(b), et D.9(c), la ligne violette représente la production PV, dont une fraction est envoyée sur le réseau électrique, le reste étant soit stocké dans le TES, soit rejetée.

Figure D. 9 :

 9 Figure D.9: Dispatchabilité des deux centrales hybrides ainsi qu'un centrale PV-fixe avec du stockage thermique en considérant une stratégie de suivi de charge pendant deux jours successifs à Antofagasta avec 14 MWh t pour le système TES.

Figure D. 10 :

 10 Figure D.10: Dispatchabilité des trois centrales solaires en considérant une stratégie de suivi de charge pendant deux jours successifs à Antofagasta avec 14 MWh t pour le système TES.

Figure D. 11 :

 11 Figure D.11: Production annuelle totale (axe de gauche) et différence relative (axe de droite) en utilisant les deux stratégies de demande dans dix endroits pour les centrales hybrides : (a) 1S, et (b) HT centrales hybrides avec une capacité TES de 14 MWh t .
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Table 1 .

 1 1: Comparative table of technical parameters of CSP technologies [46-48].

	CSP technology	CR	PTC	PD	LFR
	Concentration ratio	600 -1000	50 -90	1000 -3000 35 -170
	HTF operating	300 -1200	150 -400	300 -1500 150 -400
	temperature ( • C)				
	Thermal efficiency (%)		30 -40		
	Optical efficiency		Medium	High	Low
	Annual solar-to-electric 20 -35	15	20 -35	8 -10
	efficiency (%)				
	Annual CF (%)	55 (10h TES) 25 -28 (no TES) 25 -28	22 -24
			45 (7h TES)		
	Grid stability	High with	Medium to high	Low	Medium
		large TES	TES or hybr.		
	LCOE ($/kWh)	0.2 -0.29	0.26 -0.37	-	0.17 -0.37

Table 1 .

 1 2: Record efficiency of dual junction solar cells under AM1.5 illumination[START_REF] Ehrler | Photovoltaics reaching for the shockley-queisser limit[END_REF].

	Tandem materials combination Bandgaps (eV) η (%) η SQ (%)
	GaInP/GaAs	1.95/1.42	32.8	40.4
	PSCs/Si	1.70/1.12	29.2	44.1
	PSCs/PSCs	1.82/1.27	24.2	40.9
	PSCs/CIGS	1.70/1.13	24.2	43.6
	GaAs/Si	1.42/1.12	32.8	-

Table 1 .

 1 3: General characteristics of different ESSs.

	ESS		Volumtric Lifetime Levelized Typical	Refs.
			Energy		Cost of	Response
			density		Storage	time
					(LCOS)	
			(Wh/L)	(years)	($/kWh)	
		PHS	0.5 -1.5	30 -60	5 -100	3 -10 min [141]
	Mechanical	FES	20 -80	15 -20 1000 -5000 ms	[141]
		CAES	3 -12	20 -40	400 -1000 10 min	[176]
		Li-ion	80 -150	14 -16	194 -242 ms	[177]
	Electrochemical	FlowB	16 -60	5 -20	150 -1000 ms	[177, 178]
							[143]
		Lead-acid 50 -80	5 -15	200 -400 min -h	[178]
		SHS	0.02 -0.03	5 -15	0.1 -10		[145]
	Thermal	LHS	0.05 -1	10 -20	10 -50		[145]
		TCES	0.5 -1	20+	8 -100		[145, 179]
	Chemical	Hydrogen 500 -3000	5 -20	1 -15	s	[143, 180]

Table 1 . 4 :

 14 Summary of works related to existing non-compact PV-CSP hybrid plants.

	Ref.	Locations	Plant Capacity CSP techno. TES CF	LCOE
			(MW)		(h)	(%) ($/MWh)
	[73]	Morocco	300	PTC	14	92.4	109.00
	[67]	Chile	130	CR	14	90.34	77.22
	[206]	China	273	PTC	-	-	55.50
	[76]	South-Africa	130	PTC	14	88	121.00
	[64]	Chile	210	CR	17.5	88	124.6
	[70, 207] Chile	270	CR	13	-	52.59
	[69]	Chile	50 -150	CR PTC	14.7 89.9 14.1 81.8	152.10 123.20
	[208]	Chile	-	CR	11.7	-	118.78
	[209]	China	10	CR	16	-	140.00
	[210]	Morocco	800	CR	-	-	70.00

Table 1 .

 1 5: List of recent works conducted on SBS hybrid systems using a wide variety of PV cell technologies and filtering techniques.

	Year Ref. PV Cell	Filtering	CSP	T HT F T cell η P V η th.	η hyb.	η conv.
			technology	technique	technology ( • C)	( • C) (%) (%)	(%)	(%)
			c-Si			355			-	23 'η P V + η th. elec '	22 'PV'
		[239]	CdTe GaAs	Dichroic	PTC	385 365	40	-	--	22 'η P V + η th. elec ' 29 'η P V + η th. elec '	18 'PV' 23 'PV'
			InGaP			405			-	27 'η P V + η th. elec '	19 'PV'
	2018	[223] Si [259] c-Si GaAs	Nanofluid Nanoparticles	PTC	200 300 305	-108 11.7 64 -76.5 110 17.9 53	80.8 'η P V + η th. ' 75.7 'η P V + η th. ' 70.9 'η P V + η th. '	62 'PV/T' -
		[44]	InGaP	PV cells	PTC	600	40	5.8 52.6	22.6 'η '
		[222] Si	Gold & ITO particles + fluid	PTC	110	50	5	61	66 'η P V + η th. '	-
		[201] InGaP/GaAs	Suspended particles	PTC	600	30	4	69	19 'η P V + η th. elec '	-
		[260] InGaP/InGaAs/Ge Nano-fluid	PTC	167	25	15.4 75.9	20.5	17.8 'CPV/T'
	2019	[261] Si [262] c-Si	Beam filter Multi-layer Ge/Nb 2 O 3	PTC CLFR *	265 334	-30	24.2 54.5 'η T C ' 21.6 19.73	31.2 26.7 'η P V + η th. elec ' 25 'CPV' 25 'PV'
		[263] Si	Ag/CoSO 4 -1	LFR	-	25	5.3 53.1	58.4 'η P V + η th. '	15.9 'CPV'
		[264] p-Si	Dichroic	-	-	36	18.5 4.2	22.7	18.5
		[265] c-Si	Multi-layer	CLFR	300	30	21.1 18.07	25.8 'η P V + η th. elec ' 24.5 'CPV'
		[245] m-Si	Nanofluid	PTC	200	25	33.7 75.5 'η chem ' 36.3	25.9 'CPV'

P V + η th. elec ' 14 'PV' InGaP/GaAs 9.1 45.9 23.7 'η P V + η th. elec ' 23 'PV

Table 1 .

 1 6: List of recent works conducted on SBS hybrid systems (continued).

	Year Ref. PV Cell	Filtering	CSP	T HT F T cell	η P V η th.	η hyb.	η conv.
	technology technique	technology ( • C)			

Table 2 . 1 :

 21 THEMIS power plant input parameters of the model.

	Heliostat field	
	Number of Heliostats N hel	107
	Heliostat reflective area, S hel	53.7 m 2
	Mirror reflectivity, ρ M ir	0.9 [287, 290-297]
	Central Receiver	
	Area, S rec	8 m 2
	Operating temperature, T rec	400 • C
	Absorptivity, α	0.95
	Surface emissivity, ε	0.9
	Convective heat loss coefficient, h conv	10 W/m 2 K [298]

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 Hours of the day (h) GHI (W/m²)

  • 30N, 2 • E) considering different time resolutions. THEMIS plant is located in a region

		1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24					
		50	100	150	200	250	300	350
					Days of the year		
		1 2 3 4 5 6 7 8 9					
		50	100	150	200	250	300	350
					Days of the year		
					(b) GHI		
	Hours of the day (h)	1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 24 23 22 21 20 19					
		50	100	150	200	250	300	350
					Days of the year		

Hours of the day

(h) DNI (W/m²) (a) DNI DHI (W/m²) (c) DHI

Table 2 .

 2 2: The mean shading loss and relative difference between SolarPILOT values and the interpolation function over the whole heliostat field (data: year 2018).

		SolarPILOT Interpol. Funct Relative difference (%)
	March 5 th	0.845	0.844	0.12 %
	May 10 th	1.000	1.000	0.00 %
	July 20 th	1.000	1.000	0.00 %
	November 15 th	0.972	0.965	0.72 %
	April 21 st	1.000	1.000	0.00 %
	May 5 th	1.000	1.000	0.00 %
	January 10 th	0.984	0.983	0.10 %
	March 15 th	0.827	0.829	0.24%
	October 20 th	1.000	1.000	0.00 %
	August 25 th	1.000	1.000	0.00 %
	February 20 th	1.000	1.000	0.00 %
	September 28 th	0.973	0.975	0.21 %
	September 15 th	0.995	1.000	0.50 %

Table 2

 2 

	Parameters GaAs [136]	GaP [309]	InP [309]
	E g (0 K) (eV)	1.519	2.350	1.424
	α β ′ (K) ′ (eV/K)	5.405 × 10 -4 5.771 × 10 -4 3.63 × 10 -4 204 372 162
	P (eV)	-	0.65	

.3 summarizes a set of parameters used to identify the bandgap energy of different alloy composition based on GaAs, GaP and InP.

Table 2.3: Bandgap parameters of the cell technologies used in the HT hybrid approach.

Table 2 .

 2 4: Main parameters of the PV cell used in the 1S hybrid approach.

	Reference operating conditions GaAs	InGaP
	Temperature coeff. of power, β ref	-0.08 (%/K) [311]	-0.02 (%/K) [44]
	Reference temperature, T ref	25 • C	
	U= 5.67 + 3.86 V wind		
	τ α	0.8 [217]

Table 2 . 5 :

 25 Summary of the ζ SQ values considered in this work for the two hybrid strategies investigated, considering GaAs solar cells. 1S approach ζ SQ, 1S η P V, exp Reference η P V, SQ Reference

	Optimistic scenario 0.9	29.3%	[102]
	Realistic scenario	0.76	25.1%	[103]
	Pessimistic scenario 0.7	22.8%	[103]
				33.3%	[316]
	HT approach	ζ SQ, HT η P V, exp Reference
	Optimistic scenario 0.9	29.7%	"
	Realistic scenario	0.65	21.45% "
	Pessimistic scenario 0.4	13.2%	[116, 225]

Table 2 . 6 :

 26 The calculated values, reported in Table2.6 show a good agreement with the experimental measurement performed by Perl et al. in similar conditions[START_REF] Ee Perl | Identification of the limiting factors for high-temperature gaas, gainp, and algainp solar cells from device and carrier lifetime analysis[END_REF]. Validation of the electrical model under 400 • C and 500 suns.

	Parameter Cell technology Model Experimental [317] Deviation
	V oc (V)	GaAs AlGaInP	0.655 0.67 0.92 0.93	2.3% 1.1%

• C.

Table 2 .

 2 1. A minimum DNI value is required, set at 300 W/m 2[START_REF]'évaluation du rendement scolaire. Technology roadmap solar thermal electricity[END_REF], along with positive values of the sun elevation, 2. A minimum thermal power is required for the turbine to operate, set at 30% of the receiver thermal power available at Spring equinox (see Eq. (2.27)), March 21 st 2018 at noon [319]. P mim pb, 21M arch = 0.3 P nom pb, 21M arch (2.27) where, P nom pb, 21M arch is the nominal thermal power available at the PB on March 21 st 2018, given as follows: P nom pb, 21M arch = η pb P th utile, 21M arch (2.28) where P th utile, 21M arch is expressed using Eq. (A.7). Table 2.7 summarizes different values of power calculated on March 21 st 2018 at noon for both hybrid technologies and the standalone CSP plant, more details are given in Appendix A. As can be seen, the size of the turbine is highly dependent on the amount of energy impinging the receiver. As a result, the turbine of the 1S strategy is the smallest since more than half of the energy output available for the heliostat field is first used by the PV heliostats, and only the remaining fraction can be converted effectively into heat at the top of the tower. 7: The different power output computed March 21 st 2018 at noon.

		1S	HT Conven. CSP
	P rec, 21M arch (kW)	1920		4967
	P th utile, 21M arch (kW) 1743 4312	4685
	P nom pb, 21M arch (kW) 650 1607	1746
	P mim pb, 21M arch (kW) 195 482	524

  and (2.31):

	P CSP, 1S (t) =	2 3	η Carnot η th (t) P rec, 1S (t)	(2.30)
	P CSP, CSP (t) =	2 3	η	

Carnot η th (t) P rec, CSP (t)

(2.31) 

.11 3.19 3.22 2.88 3.10 3.16

  • C, and assuming a realistic operational scenario (the numerical values for the other operational scenarios being reported in TableA.3).

	32.05 73% 73% 73% 45% 39% 34%	2.34	2.52
		55%	61% 66%
	27% 27%	27%	

Table 3 .

 3 1: Design parameters of the CR subsystem plant and PB.

	CSP plant	HTF	
	Number of heliostats N hel	116	
	Heliostat field total reflective area (m 2 )	6079	
	Design receiver temperature ( • C)	400	560
	Design condition DNI (W/m 2 )	950	
	Power block		
	Gross power output (MWe)	1	
	Minimum output condition	30 %	
	Nominal thermal efficiency	37.2 % 42.8 %

Table 3 .

 3 Medium irradiation: This category accounts mainly for locations with moderate DNI values (Figure B.3) ranging from around 1400 to less than 2400 kWh/m 2yr (Table3.2). 2: Meteorological data for the 15 selected locations.

	Very high irradiation

• Low irradiation: This category accounts low DNI distribution (< 1400 kWh/m 2yr) as shown in Figure B.4.

Table 3 . 3 :

 33 Summary of the main characteristics of the two solar databases.

	Database	Solcast [335]	PVGIS [330]
	Temporal resolution (min) 5, 10, 15, 30, 60 60
	Spatial resolution (km)	1 -2	4 -6
	Availability of the data	2007 -to date	2005 -2016
	Components	GHI, DNI, DHI I b , I d , I ref l
		EBH , GTI	
	Coverage	Global	Europe, Africa,
			Middle East
	EBH: Direct Horizontal Irradiance (W/m 2 ).	
	GTI: Global Tilted Irradiance (W/m 2 ).	

Table 3 .

 3 4: Statistical indicators for the hourly GHI and DNI irradiation values.

		Mean irradiance	MBE	MBE RMSE RMSE
		(W/m 2 )	(W/m 2 ) (%) (W/m 2 )	(%)
	GHI					
	Measured	181	-	-	-	-
	Solcast	184	2	1	62	34
	PVGIS	220	38	21	139	77
	DNI					
	Measured	227	-	-	-	-
	Solcast	192	-34	-15	141	62
	PVGIS	159	-68	-30	223	98

  gr (i) =

	8760		
		P pv, gr (i) δt	(3.22)
	i=1		
	8760		
	Q csp, gr (i) =	P csp, gr (i) δt	(3.23)
	i=1		
	8760		
	Q T ES, gr (i) =	P T ES, gr (i) δt	(3.24)
	i=1		
	8760		
	Q BESS, gr (i) =	P BESS, gr (i) δt	(3.25)
	i=1		

Table 3 .

 3 7: Annual total energy and relative differences with respect to 5 min results using different time steps for the two-hybrid and the standalone CSP plant at Antofagasta (CL).

	Technology	Time step	Annual generation (MWh) Relative difference (%) PV CSP Hybrid PV CSP Hybrid
		min	1125 2556	3681	-	-	-
		min	1122 2556	3678	0.24% 0.00% 0.07%
	HT	min	1126 2559	3684	0.06% 0.10% 0.09%
		min	1139 2572	3712	1.27% 0.64% 0.83%
		min	1164 2605	3769	3.43% 1.92% 2.38%
		min	2442 1386	3828	-	-	-
		min	2439 1385	3824	0.14% 0.03% 0.10%
	1S	min	2445 1386	3831	0.12% 0.01% 0.08%
		min	2472 1391	3862	1.21% 0.37% 0.91%
		min	2516 1401	3917	3.02% 1.12% 2.33%
		min	-3811	-	-	-	-
		min	-3808	-	-	0.08%	-
	Standalone CSP	min	-3815	-	-	0.10%	-
		min	-3842	-	-	0.81%	-
		min	-3897	-	-	2.24%	-

Table 3 . 8
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	Technology	Time step	Annual generation (MWh) Relative difference (%) PV CSP Hybrid PV CSP Hybrid
		min	531 1594	2124	-	-	-
		min	531 1593	2124	0.03% 0.04% 0.02%
	HT	min	531 1593	2123	0.01% 0.06% 0.04%
		min	530 1591	2121	0.08% 0.19% 0.16%
		min	519 1581	2099	2.23% 0.82% 1.17%
		min	1993 713	2705	-	-	-
		min	1993 713	2706	0.04% 0.01% 0.02%
	1S	min	1994 711	2706	0.08% 0.17% 0.01%
		min	1996 709	2705	0.17% 0.53% 0.02%
		min	1991 693	2684	0.08% 2.79% 0.79%
		min	-2099	-	-	-	-
		min	-2098	-	-	0.03%	-
	Standalone CSP	min	-2097	-	-	0.09%	-
		min	-2093	-	-	0.30%	-
		min	-2060	-	-	1.86%	-

: Annual total energy and relative differences with respect to 5 min results using different time steps for the two-hybrid and the standalone CSP plant at Targassonne (FR).

Table 3 .

 3 9: Variation of simulation time with increased time step.

	Time step Simulation time
	5 min	7h 6min 3s
	10 min	3h 6min 7s
	15 min	2h 2min 18s
	30 min	57min 2s
	60 min	27min 30s

Table 3 .

 3 10: Daily total production March 21 st , 2018 at Andheri for a baseload demand of 0.5 MWe with 20 MWh t for the TES system.

	Hybrid	DS1	DS2
	technology Q		

Table 4 .

 4 1: Main parameters of both conventional PV plant.

	Reference operating conditions	
	Cell technology	mono-Si
	Temperature coeff. of power, β ref	-0.35 (%/K) [338]
	Area of the PV module, A pv	2 m 2
	Number of fixed PV modules, M mod, f ix	3050
	Number of single axis PV modules, M mod, 1axe	3040
	η inver	0.978 [73, 206, 217, 218, 325]
	η P V, exp	20.5% [103]
	f lpv	0.9

Table 4 . 2 :

 42 Annual energy production of a fixed-tilt PV plant located in Porto Nacional (BR) and the relative difference between PVsyst and our model.

	f lpv	Annual energy generation (MWh)
		PVsyst Model Relative difference (%)
	0.93	1629	1619.5	0.58 %

Table 4 . 3 :

 43 Comparison between the annual G inc irradiance estimated using Solcast and the theoretical expression (Eq. (4.2)) at two different locations Targassonne and Phoenix.

		G inc (kWh/m 2 -yr) Relative difference (%)
	Locations	Solcast Eq. (4.2)	
	Targassonne (FR)	1716	1663	3%
	Phoenix (USA)	2325	2377	2%

Table 4 .

 4 4 summarizes the main input parameters simulated via PVsyst at the two locations.

Table 4 .

 4 4: Main parameters of the conventional PV plant used for validation.

	Locations	M mod A pv (m 2 )	η (%)
	Porto Nacional 2500 2.061 Antofagasta 2470	19.42 % 19.69 %
	Figures 4.7		

Table 4 .

 4 5: Comparison between model output energy generation and PVsyst output of the two PV conventional plants considering different locations.

	PV technology Locations	Annual energy generation (MWh)	
			PVsyst	Model	Relative difference (%)
	Fixed-tilt	Porto Nacional Antofagasta	1629 2480	1598 2452	1.89% 1.14%
	Single-axis	Porto Nacional Antofagasta	1935 2953	1804 2895	6.78% 1.96%

Table 4 .

 4 6: The yearly maximum electricity generation of the five solar technologies at the 15 selected locations.

			Maximum annual electricity generation (MWh)
	Location	CSP	1S		HT	PV F ix PV 1axis
			PV CSP Hybrid PV CSP Hybrid
	Antofagasta	5182 4018 1769 5787 1164 4241 5405	3096
	Ghan	4417 3622 1473 5095	990 3645 4635	2669
	Bokpoort	4298 3566 1430 4996	965 3549 4514	2658
	Ouarzazate	4833 4017 1648 5665 1089 3962 5051	2580
	Phoenix	4357 3730 1463 5192	981 3591 4572	2387
	Tamanrasset	4128 3818 1385 5204	930 3404 4334	2518
	Seville	3463 3257 1139 4396	778 2871 3649	2120
	Abu Dhabi	3114 3355 992	4347	698 2610 3308	2260
	Porto Nacional 2235 2548 686	3234	501 1890 2391	1984
	Quito	1855 2515 574	3089	419 1572 1991	2020
	Boston	2393 2523 778	3302	539 1995 2534	1719
	Targassonne	2302 2655 740	3395	519 1928 2447	1847
	Lanzhou	2338 2680 768	3448	527 1943 2470	1896
	Andheri	2375 2756 767	3522	533 1983 2516	1870
	Jülich	1877 2190 593	2783	424 1582 2006	1487

Table 4 .

 4 7: Percentage of energy curtailments of the seven solar approaches at the selected locations.

		Percentage of energy curtailments (%)	
	Location	CSP 1S HT Fixed-PV	1Axis-PV
				TES BESS TES BESS
	Antofagasta	66	70 68	45	56	44	54
	Ghan	62	66 64	41	49	36	46
	Bokpoort	61	65 63	41	50	35	45
	Ouarzazate	65	70 67	41	47	34	42
	Phoenix	62	67 64	39	46	30	39
	Tamanrasset	60	67 62	40	46	32	41
	Seville	56	62 58	37	43	25	35
	Abu Dhabi	47	60 50	38	41	24	32
	Porto Nacional	34	48 38	36	39	18	28
	Quito	28	47 32	36	39	17	29
	Boston	49	56 52	35	38	21	30
	Targassonne	45	55 49	35	38	20	29
	Lanzhou	49	56 53	37	39	23	28
	Andheri	45	57 48	36	38	19	25
	Jülich	45	53 48	33	36	19	27

Table 4 .

 4 8: Unit-less load parameter at the selected locations for a baseload of 0.5 MWe.

	Location	8760 i=1 Electrical load(i) (MWh)	W
	Antofagasta	7.74E+07	1.77E+04
	Ghan	7.15E+07	1.63E+04
	Bokpoort	1.30E+08	2.97E+04
	Phoenix	1.02E+08	2.34E+04
	Seville	2.55E+08	5.81E+04
	Porto Nacional	5.54E+08	1.27E+05
	Quito	2.30E+07	5.24E+03
	Boston	1.23E+08	2.82E+04
	Targassonne	4.76E+08	1.09E+05
	Lanzhou	2.14E+11	4.88E+07

5

  MWe with 14 MWh t TES capacity. Location PV gen CSP gen PV dum CSP dum PV gen CSP gen PV dum CSP dum

			Baseload			Tracking-load	
			(MWh)			(MWh)	
	Antofagasta 1868	1962	689	442	1932	1940	669	448
	Ghan	1888	1794	398	259	1882	1769	432	275
	Bokpoort	1854	1667	467	306	1823	1579	585	359
	Phoenix	1815	1808	482	284	1840	1807	451	291
	Seville	1736	1525	274	164	1853	1476	260	165
	Porto Nac.	1591	1098	7	4	1641	1080	3	2
	Quito	1571	961	24	12	1613	944	25	12
	Boston	1454	1076	172	97	1523	1041	168	103
	Targassonne 1587	1066	143	81	1580	1024	194	104
	Lanzhou	1496	1126	168	87	1481	1090	227	107

Table 4 .

 4 10: Annual performance of the HT hybrid plant at the selected locations for a baseload demand of 0.5 MWe with 14 MWh t TES capacity.LocationPV gen CSP gen PV dum CSP dum PV gen CSP gen PV dum CSP dum

			Baseload			Tracking-load	
			(MWh)			(MWh)	
	Antofagasta 1156	2448	6.56	1776	1160	2501	3	
	Ghan	990	2442	0.46	1195	982	2438	7	
	Bokpoort	965	2345	0.62	1193	941	2273	21	
	Phoenix	979	2300	1.55	1280	961	2355	12	
	Seville	778	2055	0.13	810	778	2138	0.2	728
	Porto Nac.	501	1822	0.00	69	501	1829	0.00	63
	Quito	419	1455	0.00	118	418	1459	0.06	114
	Boston	539	1516	0.51	476	535	1551	3	442
	Targassonne	519	1535	0.09	393	516	1509	2	418
	Lanzhou	526	1460	1	481	509	1430	11	512

Table 4 .

 4 11: Target range for baseload demand and TES capacity for a LPSP below 10% at the 15 locations and the different solar plants.

	Location				Solar power plants		
						PV + TES		PV + BESS
			1S	HT	CSP Fixed 1Axis Fixed 1Axis
	Antofagasta Ghan Bokpoort	P load ≤ 0.5 ≤ 0.4 ≤ 0.5 TES ≥ 14 ≥ 12 14 0.3 P load ≤ 0.4 ≤ 0.3 10 TES ≥ 12 ≥ 11 P load 0.3 TES 9 11 10	0.2 ≥ 6 0.2 6 7		0.2 ≥ 5 0.2 6 7	≤ 0.3 ≤ 0.4 4.2 5.9 0.2 0.3 3 4.7 0.2 3 3
	Ouarzazate	P load TES	9	0.3 11	10	7		10	0.2	3	3
	Phoenix	P load TES	9	0.3 12	11	8		10	0.2	3	3
	Tamanrasset	P load TES	9	0.3 13	13	9		0.2 7		3	0.3 5.1
	Seville	P load TES	0.3 12	13	13	20	0.2	14		3.8	5.1
	Abu Dhabi	P load TES	9	0.3 11	10	7		10	0.2	3	3
	Porto Nacional	P load TES	7	16	16	0.2 5		7		3.4	3.4
	Quito	P load TES	7	20	20	0.2 20		9		3.4	3.4
	Boston	P load TES	15			0.2	20			
	Targassonne	P load TES	12			0.2	20			
	Lanzhou	P load TES	13			0.2	20			
	Andheri	P load TES	15			0.2	20			
	Jülich	P load TES				0.2 20				

Table A .

 A 2 summarizes the effective values of the Shockely-Queisser coefficients considered for AlInGaP solar cells.

Table A . 2 :

 A2 Summary of the ζ SQ values considered in this work for the two hybrid strategies investigated using AlInGaP as a cell technology.

	One-sun approach ζ SQ,1S η P V,exp Reference
	Optimistic scenario	0.82	22%	[102]
	Realistic scenario	0.76	20.4% [103]
	Pessimistic scenario	0.7	19%	[103]
	HT approach	ζ SQ,HT η P V,exp Reference
	Optimistic scenario	0.82	22.14% "
	Realistic scenario	0.6	16.2% "
	Pessimistic scenario	0.35	9.5%	"

Table A .

 A 3 summarizes the annual energy output of the two hybrid plants and for the conventional CSP plant. Table A.3: Variations of the annual energy output of the plants considered, for different scenarios of cell efficiency (PV) and temperatures.

	3 Flowchart of the different solar technologies		
					Temperature ( • C)	
				300	400	500
		Energy output (GWh)	Cell technology	Pess Real Opt Pess Real Opt Pess Real Opt
		PV	GaAs AlGaInP 1.50 1.63 1.76 1.50 1.63 1.76 1.50 1.63 1.76 2.16 2.34 2.77 2.16 2.34 2.77 2.16 2.34 2.77
	1S	CSP	GaAs AlGaInP	0.77 1.17	0.86 1.32	0.88 1.39
		Heat	GaAs	0.45	0.56	0.71
		losses	AlGaInP	0.42	0.53	0.69
	HT	PV CSP	GaAs AlGaInP 0.53 0.90 1.23 0.50 0.86 1.18 0.47 0.81 1.10 0.81 1.32 1.83 0.74 1.19 1.66 0.66 1.07 1.49 GaAs 1.79 1.63 1.47 2.07 1.90 1.73 2.25 2.08 1.92 AlGaInP 1.88 1.76 1.66 2.16 2.03 1.90 2.33 2.19 2.07
	CSP Conv. CSP		2.05	2.34	2.52
	HT CSP Conv.		Heat losses	0.99	1.09	1.25

Table C . 2 :

 C2 Main optical parameters of the proposed heliostat field layout using the multi-aiming strategy on March 21 st at noon with consideration of different offset values.

		Offset values "k"		
	Field performance	Simple 2.5	2	1.8	1.5	1
	Mean field spillage efficiency (%) 84.09 79.91 75.99 73.74 69.14 60.52
	Mean field optical efficiency (%)	64.93 61.71 58.67 56.94 53.39 46.74

  P P V, 1S (t) = 1S η 1S (t) [P dir (t) + P dif (t)] (D.4) La puissance solaire directe frappant chaque héliostat PV individuel ainsi que la puissance solaire diffuse interceptée par chaque héliostat à un moment donné t est donnée par [314] (cf. Eq. (D.5)). La puissance optique délivrée au récepteur est ensuite utilisée une dernière fois pour calculer les pertes thermiques. La sortie du modèle thermique, combinée à la puissance envoyée sur le récepteur, est utilisée comme entrée pour quantifier les différentes puissances générée par la turbine de chaque centrale (cf. Eq. (D.6)). Carnot η th (t) P rec, 1S (t) Carnot η th (t) P rec, CSP (t) Carnot [η th (t) P rec, CSP (t) -P P V, HT (t)]

		N hel	
		i=1 ζ SQ,        P P dif (t) = 2 [1 + cosβ(t)]	S hel DHI(t)	(D.5)
	                    	P CSP, 1S (t) = η P CSP, CSP (t) = 2 3 2 3 η P CSP, HT (t) = 2 3 η (D.6)

dir (t) = S hel cosθ(t) η blo (t) η sh (t) DN I(t)

3.11 3.19 3.22 2.88 3.10 3.16 2.05 2.34 2.52

  

	3.01 72% 73% 3.19	3.63 76% 26% 39% 49% 3.39 2.81 3.10	2.34	3.19 73%	2.95 55%	3.10 39%	2.88 30%
			74%	61% 51%	
	28%	27% 24%					61%	70%
								27%	45%
			(a)					(b)
			73% 73% 73%	45%	39% 34%
						55%	61% 66%
			27% 27%	27%		
							(c)

  est que de 4%, tandis que le gain énergétique le plus élevé (7%) est observé dans des sites comme Quito et Porto Nacional (54% et 64% respectivement. Contrairement à la centrale hybride 1S, cela ne peut s'expliquer par la nature de la ressource solaire utilisée puisque la centrale HT et les centrales CSP conventionnelles utilisent uniquement la ressource DNI.

= 8760 i=1 t un, i (P avai < P load ) 8760 i=1 t 0, i (D.10) relatif n'

The CF is defined as the ratio between the electrical energy output over a year to the electrical energy output calculated assuming the plant is operating continuously at its nominal power.

The LCOE is equal to the sum of all the cost incurring during the lifetime of the project divided by the units of energy produced during its lifetime[START_REF] Hernández | Csp electricity cost evolution and grid parities based on the iea roadmaps[END_REF].

1 sun = 1000 W/m 2 = 1 kW/m 2

Fraction of incident sunlight that the surface reflects. Varies with spectral and angular distribution of light.

T cell : cell temperature, η P V : efficiency of PV subsystem in the hybrid configuration, η hyb : the overall efficiency of the hybrid system, η conv. : efficiency of a conventional PV or CSP system, c-Si: Crystalline-silicone, p-Si: Polycrystalline-silicon, m-Si: multicrystalline-silicon, WSF: wavelength-selective filter, FL: Fresnel Lens.

The land is slightly sloping, between 6 and 18 • , ideal for a tower plant.

Solar Position Algorithm: first introduced in[START_REF] Meeus | Astronomical algorithms.(2dedition.) willmann[END_REF] and later revised in[START_REF] Reda | Solar position algorithm for solar radiation applications[END_REF], achieves uncertainties in the range of ±0.0003 • for the time period from year 2000 to 6000[START_REF] Reda | Solar position algorithm for solar radiation applications[END_REF].

A software package developed by the NREL to generate solar field layouts and characterizes the optical performance of CSP tower systems.

SITES CHARACTERISTICS

LOSS OF POWER SUPPLY PROBABILITY APPENDIX B. INTEGRATION OF TES TO THE SOLAR . . .

(a) Line connection (b) Snail-connection

DESCRIPTION DU MODÈLE

Pour mettre en évidence l'avantage de l'approche S2 par rapport à l'approche S1, les Figures D.7 et D.8 montrent les modifications du taux de récupération (η recov ) en fonction de P load et de la capacité de stockage pour les centrales hybrides 1S et HT, respectivement. Nous observons que le ratio η recov augmente avec l'augmentation de P load et de la capacité de stockage, variant de manière plus significative pour la centrale hybride 1S que pour l'approche HT.
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Summary

This chapter provided at first a brief overview of solar radiation components commonly used for power generation. Then the focus was on describing the operating principle of two main solar technologies, PV and CSP. A detailed up to date review of both technologies was provided. Since the 1980s, both PV and CSP technologies have improved in conversion efficiency and cost. However, the lack of dispatchability that accompanies both solar technologies present an Achilles' heel against the wide integration of solar technologies. With the recent launch of the net-zero emission policy, the world is now mostly directed into combining different solar technologies and energy storage technologies to highly increase the share of solar electricity in the grid, and expand power production beyond daylight. This chapter also contained a short introduction to new concepts using solar technologies in some uncommon configurations that seem rather unrealistic to present; however, all commercial plants started decades ago with ideas that seemed unpractical and highly complicated. From the literature review focused on previous research on the topics related to the present work, it can be said that there is a lack of studies that specifically explore the compact integration of PV-CSP hybrid plants considering large-scale plants under ground measured meteorological conditions.

Chapter 3

Compact PV-CSP hybrid plants integrating TES using two dispatch priorities

In this chapter, the behaviour of the two compact hybrid technologies integrating TES systems will be assessed using two dispatch strategies controlled by solar resource availability and TES status. The output performances of these systems will be studied under different weather conditions, considering constant load demand profiles over a full year of operation and using satellite data. Calculations are performed using the multiphysic model presented in chapter 2.

Chapter 4

Solar technologies with storage systems: which technology in which location?

In this chapter, the behaviour of the two compact hybrid technologies will be assessed and compared to three conventional solar technologies integrating energy storage systems (TES and BESS). The impact of different weather conditions on the performances of the solar technologies will then be evaluated, by considering constant load and variable load demand profiles along a whole year of operation and using high accuracy satellite-based data. Calculations are performed using the model presented in the previous chapter.

☞ Finally, future efforts should focus on model improvement through increased fidelity, reduced computational load, and additional capabilities. Our initial multiphysics model used a one to five-minute time resolution for weather data, which we have had to increase to hourly time steps. However, solar resource transients occur on the scale of minutes or even seconds, such as a cloud passing over the heliostat field. While modelling the annual performance of a CSP system to the nearest minute is quite challenging with current computational resources, or at least tedious for design iteration, we can investigate and understand how these performance degradations due to transients impact the predicted production at the 10-or 15-minute time scales.

Appendix A

Useful parameters for energy evaluation 1 Sun position

The sun's position in the sky at any moment relative to an observer on Earth is defined by three angles:

• The solar elevation angle is the angle between the sun's rays and the horizon ( • The zenith angle is the angle between the vertical and the line to the sun, that is, the complement to the elevation angle [START_REF] Beckman | Solar engineering of thermal processes[END_REF]:

• The solar azimuth angle is the angle between the horizontal projection of the sun's rays and geographic due south, shown in To identify the minimum power needed to power a turbine a number of steps were followed. First March 21 st , 2018 at noon is selected to identify the amount of power available at the inlet receiver for the 1S and HT (the optical power impinging the receiver being the same for the HT and the conventional SPT plant. 2 Solar irradiance at the selected locations [START_REF] Traxle | Solar ridge concentrator tracking system traxle[END_REF]), yet the relative of difference is the highest at 0.70%; however, it is of high relevance for a better description of shading and blocking losses of the entire heliostat field with the interpolation function. Meanwhile, the relative difference can be seen to increase with decreasing latitude as the solar path across the sky occurs at higher elevations, and the system operates further off-axis. 

Antofagasta

DNI resource at different locations

Loss of Power Supply Probability

In the purpose of simplifying the reading of Chapter 4, the focus has been on identifying the different sets of performance parameters of the seven solar approaches at one site, namely Ouarzazate. Here, we summarize the variation of the LPSP of the seven solar plants at the 15 selected locations with increasing load demand and storage capacities. 

Appendix C

First investigations conducted to better understand the future that awaits the development of the HT PV-CSP hybrid systems Non-uniform flux density distribution over conventional solar receivers is a source of crucial problems in CR power plants, (e.g. local hot spot, thermal stress,. . . ). Consequently, variations of the flux density distribution over the HT PV-CSP receiver formed via the interconnection of thousands of high-efficiency III-V solar cells may lead to significant reduction in the current and voltage outputs and though in the maximum power output. To assess this problem, in this appendix, we try to answer some critical questions in the process: 1) Can we maintain a high degree of flux uniformity on a HT-PV receiver without degrading the plants overall optical efficiency? 2) To what extent conventional interconnection schemes can enable the highest output performances? 3) Can we approach a good balance between uniform flux distribution, optimized interconnections, highest output power and lowest Joule heat losses with thousands of cells? Using SolarPILOT and having access to the original heliostat field layout of the THEMIS CR plant, we simulated the optical efficiency of the overall heliostat field (Figure C.2). It is worth mentioning that in Chapter 2, the study used the current layout of the heliostat field, which has only 107 heliostats fully covered with mirrors, while the other heliostat positions were either uncovered with mirrors or discarded to install a supervision room. As can be seen in Figure C.2, the lowest optical efficiencies are mainly due to heliostats located at both edges and the outer part of the field. Therefore, considering a configuration where both these heliostats are removed at the same time will improve the overall optical efficiency heliostat field, but of course will lower the overall solar power impinging the receiver. Since we have an improved heliostat field layout for the CR plant, we investigated whether works in the literature dealing with the optimization of electrical interconnection schemes for large CPV receivers operating under non-uniform illumination distributions were suitable for our case study. To date, research work on CPV receivers under non-uniform flux distribution is quite tiny [START_REF] Hamza | Modeling and optimizing of non-imaging disc concentrator (nidc) photovoltaic system performance under non-uniform illumination[END_REF][START_REF] Lokeswaran | Design and analysis of dense array cpv receiver for square parabolic dish system with cpc array as secondary concentrator[END_REF][START_REF] Pan | A novel rotational symmetry (rs) connection approach for dense-array concentrator photovoltaic (da-cpv) modules[END_REF][START_REF] Yew | Performance study of crossed compound parabolic concentrator as secondary optics in non-imaging dish concentrator for the application of dense-array concentrator photovoltaic system[END_REF][START_REF] Chee-Woon | Performance optimization of dense-array concentrator photovoltaic system considering effects of circumsolar radiation and slope error[END_REF][START_REF] Siaw | A comprehensive study of dense-array concentrator photovoltaic system using non-imaging planar concentrator[END_REF][START_REF] Siaw | A systematic method of interconnection optimization for dense-array concentrator photovoltaic system[END_REF] in comparison to flat PV plants. Based on the estimated or measured flux distribution (and temperature in some studies), the interconnection scheme between the cells is systematically modified and optimized to minimize the current mismatch losses in each parallel connection. This step typically involves sorting the PV cells by current intensity and building the series strings (i.e. the electrical interconnection of several cells in series is referred to as a string in the PV field) in that order. The different methods differ mainly in 1) the metric used for the sorting and 2) the flexibility along with the feasibility of the final configuration. Most of the proposed configurations were based on dividing the whole CPV receivers into a few identical and symmetrical parts according to the flux density distribution. In [START_REF] Pan | A novel rotational symmetry (rs) connection approach for dense-array concentrator photovoltaic (da-cpv) modules[END_REF], the authors proposed a quartered rotational symmetry (QRS) connection, where a 6 × 6 array was divided into four symmetrical groups. Inside each group, CPV cells were connected in parallel to minimize current mismatch losses and the groups were connected in series to increase the overall voltage output. This configuration offered the best conversion efficiency and power output compared to conventional series-parallel (SP) connections. The QRS configuration was implemented by Hamza et al. [START_REF] Hamza | Modeling and optimizing of non-imaging disc concentrator (nidc) photovoltaic system performance under non-uniform illumination[END_REF] with a relatively larger PV array of 8 × 8 and demonstrated the improvement of the conversion efficiency by at most 25% in comparison to the SP connections. The QRS interconnection laid out inspiration for a suitable interconnection scheme for our case study that implies the use of a very important number of cells in the range of thousands and not only hundreds, as reported in the above-mentioned works.

Model description

To estimate the performance of the HT PV-CSP hybrid approach, one should develop an optical/electrical coupled model aiming at predicting the maximum power output at the outlet of a HT PV-receiver, a sketch of which is depicted in Figure C.4. The solar plant parameters, including the heliostat field layout and the CR characteristics (receiver area and operating temperature given in Table 2.1), are used as an input in the optical model to generate the flux density distribution on the receiver using SolarPILOT. The output of the optical model is fed as input to the electrical model to 1) identify the concentration level on each of the thousands of cells used to entirely cover the effective area of the receiver using cells of 1 cm 2 and 2) compute the HT -PV receiver electrical output using the 2D equivalent circuit model of a GaAs solar cell. Finally, several cell interconnections are considered between the thousands of cells to obtain the current-voltage (I-V) and power-voltage (P-V) characteristics at the output of the HT -PV receiver for two different flux density distributions. The maximum power output is obtained applying a set of equations (vide infra) describing the main performance parameters investigated in this study. The aforementioned steps are used for a constant operating temperature of the HT-PV receiver and a variable flux density distribution. This assumption can be assured by varying the flow rate of the HTF following behind the cells.

Multi-aiming strategy

To lower the peak flux density on the receiver, distributed aiming, also known as the multi-aiming technique can be applied. The aiming points in this study are determined by the "Image-size Priority" option in SolarPILOT. The logic of this aiming strategy is to ensure the most homogeneous flux distribution possible (see Appendix D La production potentielle maximale d'énergie de la centrale hybride 1S dépasse celle des quatre autres technologies solaires (Tableau D.1). Cette supériorité de l'approche 1S s'explique par sa capacité à exploiter une plus grande fraction de la ressource solaire, grâce à sa capacité à utiliser le rayonnement diffus. La production maximale d'électricité de la centrale hybride HT dépasse celle d'une centrale CSP classique de 5 % en moyenne sur les 15 sites. Cette augmentation est liée à la contribution supplémentaire du récepteur PV à la production globale de la centrale HT. La contribution du CSP étant inférieure à celle de la centrale CSP classique (Tableau D.1), en raison de la faible température de fonctionnement du récepteur PV (400 • C au lieu de 560 • C), il en résulte une faible efficacité de conversion du PB et donc une production CSP plus faible. En particulier, l'amélioration annuelle de l'énergie varie différemment selon les sites sélectionnés. Par exemple, dans les sites présentant des fractions directes plus élevées, comme Antofagasta ou Ouarzazate (89% et 84%, respectivement), le gain énergétique
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