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Summary 

The change to temperature concentrated solar power needs good receiver designs. This 

work shows a model of a free falling particle receiver. The model is made up of 40 parts and it 

looks at how heat moves through radiation, convection and the movement of falling particles. 

When we compare this model to data we see that it is very accurate with a small error of only 

1.18% for the temperature of the particles. We also did a study to see what factors are most 

important. We found that how well the particles absorb heat is the most important thing, 

followed by the amount of heat and the rate at which the particles move. 

Our analysis shows that we can get high thermal efficiencies, up to 84.5% when we use 

a lot of heat. We found some things, like how wind outside can change when the system starts 

to work from 0.5 to 0.8 megawatts per square meter. We also found that when the particles are 

around 500 micrometers in size they start to behave.The study also shows that there is a 

balance to be found where the best performance comes from using particles rather than 

making them too hot. Finally we made some maps that show how efficient the system can be 

when we use amounts of particles and this can help us design better systems using computers 

and optimization techniques with a fixed temperature of 1073.15 Kelvin. Concentrated solar 

power systems, like these can be very useful and high temperature concentrated solar power 

systems need designs so we need to keep working on concentrated solar power and high 

temperature concentrated solar power systems. 

 

 

KEYWORDS: Free falling Particle Receiver; 1D Modeling; Concentrated Solar 

Power (CSP); Operability Threshold; Thermal Efficiency. 
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  ملخص

ٝتطيب اىتذ٘ه إىٚ اىطاقت اىشَسٞت اىَشمضة بذسجت اىذشاسة تصََٞاث جٞذة لأجٖضة الاستقباه. ٝ٘ضخ ٕزا اىؼَو 

جضءًا ٗٝتْاٗه مٞفٞت تذشك اىذشاسة ػبش الإشؼاع  04َّ٘رجًا ىجٖاص استقباه اىجسَٞاث اىساقطت بذشٝت. ٝتنُ٘ اىَْ٘رج ٍِ 

 قٞق ىيغاٝت ٍغ خطأ صغٞش. ػْذٍا ّقاسُ ٕزا اىَْ٘رج باىبٞاّاث ّشٙ أّٔ دٗاىذَو اىذشاسٛ ٗدشمت اىجسَٞاث اىَتساقطت

فقط ىذسجت دشاسة اىجسَٞاث. مَا أجشْٝا دساست ىَؼشفت اىؼ٘اٍو الأمثش إَٔٞت. ىقذ ٗجذّا أُ ٍذٙ قذسة  1.18 % قذسٓ

 جسَٞاث.اىجسَٞاث ػيٚ اٍتصاص اىذشاسة ٕ٘ اىشٜء الأمثش إَٔٞت، ٝيٞٔ مَٞت اىذشاسة ٍٗؼذه تذشك اى

ػْذٍا ّستخذً اىنثٞش ٍِ اىذشاسة.  50.8ٝ٘ضخ تذيٞيْا أّٔ َٝنْْا اىذص٘ه ػيٚ مفاءة دشاسٝت ػاىٞت تصو إىٚ %

 MW/m² 0.8إىٚ  4.8ىقذ ٗجذّا بؼض الأشٞاء، ٍثو مٞف َٝنِ ىيشٝاح اىخاسجٞت أُ تتغٞش ػْذٍا ٝبذأ اىْظاً فٜ اىؼَو ٍِ 

فإّٖا تبذأ فٜ اىتصشف. ٗتظٖش اىذساست أٝضًا أّٔ َٝنِ   µm 500جسَٞاث د٘اىٜ. ىقذ ٗجذّا أٝضًا أّٔ ػْذٍا ٝبيغ دجٌ اى

إٝجاد ت٘اصُ دٞث ٝأتٜ أفضو أداء ٍِ استخذاً اىجسَٞاث بذلاً ٍِ جؼيٖا ساخْت جذًا. ٗأخٞشًا، قَْا بإػذاد بؼض اىخشائط 

اػذّا فٜ تصٌَٞ أّظَت أفضو اىتٜ ت٘ضخ ٍذٙ مفاءة اىْظاً ػْذٍا ّستخذً مَٞاث ٍِ اىجسَٞاث، ٕٗزا َٝنِ أُ ٝس

. َٝنِ أُ تنُ٘ أّظَت اىطاقت اىشَسٞت K 1073.15باستخذاً أجٖضة اىنَبٞ٘تش ٗتقْٞاث اىتذسِٞ بذسجت دشاسة ثابتت تبيغ 

اىَشمضة، ٍثو ٕزٓ، ٍفٞذة ىيغاٝت، ٗتذتاج أّظَت اىطاقت اىشَسٞت اىَشمضة راث دسجاث اىذشاسة اىؼاىٞت إىٚ تصََٞاث، ىزىل 

ٍ٘اصيت اىؼَو ػيٚ أّظَت اىطاقت اىشَسٞت اىَشمضة ٗأّظَت اىطاقت اىشَسٞت اىَشمضة راث دسجاث اىذشاسة  ّذتاج إىٚ

 اىؼاىٞت.
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General Introduction 

Falling Particle Receivers (FPR) technology represents the cornerstone of third-generation 

concentrated solar power plants (Gen3 CSP), designed to surpass the thermal limitations of 

conventional heat transfer media such as molten salts. These systems are capable of operating 

at temperatures exceeding 800–900°C, enabling their integration with advanced 

thermodynamic cycles such as the supercritical carbon dioxide (sCO₂ ) cycle. Moreover, FPR 

systems allow direct thermal energy storage for up to 16 hours, contributing to a reduction in 

the Levelized Cost of Energy (LCOE) to approximately $0.056 per kilowatt-hour. However, 

the physical processes governing particle receiver behavior are inherently complex, involving 

strong interactions between radiation heat transfer, particle dynamics, and convective heat 

losses — interactions that remain challenging to model accurately and efficiently. 

The primary objective of this study is to develop and validate a one-dimensional (1D) 

thermal model capable of predicting the thermal and optical performance of falling particle 

receivers with sufficient accuracy and minimal computational cost. Specifically, the study 

aims to: define the operational boundaries of the receiver by mapping the minimum heat flux 

and particle absorptance required to reach the target outlet temperature of 800°C; investigate 

the influence of particle diameter on the optical behavior of the curtain. For the latter 

objective, the study investigates how variations in particle size influence radiation transport 

within the particle curtain, particularly the transition from a radiation-blocking (optically 

thick) regime to a more transparent (optically thin) regime. In addition, the model’s ability to 

account for environmental perturbations, such as wind-induced convective losses, is assessed 

through the integration of correction coefficients derived from high-fidelity CFD simulations. 

To achieve these objectives, the study adopts a reduced-order modeling approach based on 

solving the conservation equations of mass, momentum, and energy along the vertical axis of 

particle fall. The fall path is discretized into 40 uniform sections, a resolution shown to 

provide a stable and accurate mathematical solution within a computation time of only a few 

minutes. The optical properties of the particle curtain, including absorptance, transmittance, 

and reflectance, are evaluated as functions of particle diameter, volumetric fraction, and 

curtain thickness. The model is further extended to incorporate setpoint-controlled operation, 

in which the particle mass flow rate is dynamically adjusted to compensate for fluctuations in 

incident solar radiation. Validation is carried out by comparison against benchmark Monte 

Carlo Ray Tracing (MCRT) simulations and high-resolution CFD results. 
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The developed one-dimensional model demonstrated good predictive capability, with mean 

relative errors of 1.18% for particle temperature and 2.97% for particle velocity, while the 

back-wall temperature showed a larger deviation of 9.11% due to simplified heat transfer 

assumptions. The predicted outlet temperature reached 1046.2 K, with deviations below 2% 

compared to reference models, and the receiver efficiency was predicted as 0.845. 

The parametric analysis showed that receiver performance is strongly governed by thermal 

and optical interactions. A transition in mass-flow behavior occurred around 150–250 kg/s, 

where efficiency approached 0.82–0.83 at high heat flux conditions. The minimum heat flux 

required for operation ranged from 0.48–0.55 MW/m² under no-wind conditions and 

increased to 0.70–0.82 MW/m² under wind conditions. In addition, a critical particle 

absorptivity of 0.57–0.58 and a critical particle diameter of approximately 480–500 μm were 

identified, beyond which the curtain shifted from an optically thick to an optically thin regime, 

causing significant efficiency degradation and loss of operability. These findings enabled the 

definition of an operability boundary separating feasible and non-feasible operating regions. 

The present thesis is structured in three main chapters. The first chapter of the dissertation 

provides a detailed literature review of the FPR technology and existing modelling 

approaches. The second chapter is dedicated to the mathematical formulation and the 

numerical implementation of the 1D thermal model . The third chapter is on model validation 

and parametric analysis, including optical properties, operability limits and wind correction, 

and discusses the implications of the findings for receiver design. Finally, the work ends with 

a general summary and perspectives for future research. 
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1.1. Introduction  

This unit reviews previous research and studies on the development of solid particle 

receiver (SPR), from one-dimensional mathematical models to advanced numerical modeling 

(CFD), which demonstrated the ability of these systems to operate efficiently at temperatures 

exceeding 1073.15-1173.15 K. The literature has focused on developing advanced designs, 

such as centrifugal receivers and fluidized beds, to reduce thermal stresses by up to 73% 

compared to conventional systems [1]. 

 Previous studies have also examined the impact of environmental factors, especially 

wind, and the role of particle properties (such as the durability of CARBO) in reducing 

convection losses. Taken together, this research concludes that optimizing solar field 

distribution with long-term thermal storage systems can reduce the cost of energy (LCOE) to 

approximately $0.056 per kilowatt-hour [2], achieving the desired economic goals of third-

generation solar power plants. 

1.2. One-dimensional thermal modeling 

Direct studies of one-dimensional thermal modelling have shown high accuracy, with a 

coefficient of determination of 0.996 in windless conditions. A 1D model for free falling 

particle receivers has been developed and a good agreement with computational fluid 

dynamics (CFD) simulations is found. Results show that high-absorptivity particles such as 

CARBO achieve maximum efficiency levels, whereas low-absorptivity particles such as sand 

cannot operate efficiently at heat fluxes less than 0.5 MW/m²) Fig. 1-1.( [3]. 

 

Figure 1-1 : Thermal performance of the heat receiver under different mass flow rate [3]. 
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Moreover, the opaque sand and CARBO barriers were determined to have high 

absorptance levels, 0.75 and 0.97 respectively. The fast analytical model showed a small error 

margin of only 0.048 . This indicates that the effectiveness of the particle curtain is highly 

dependent on the thickness and solids volume fraction of the particle curtain [4]. The results 

are useful to perform accurate and fast thermal simulations of advanced concentrating solar 

power systems (Fig. 1-2). 

 

Figure ‎1-2 : Curtain optical properties (absorptance, reflectance and transmittance) as a 

function of solids volume fraction and dimensionless thickness for particle absorptivity [4]. 

 

Closely related to this, key elements such as the receiver and the primary heat 

exchanger (PHX) were simulated using 1D models with high physical fidelity in specialised 

software. The model used the specific properties of CARBO HSP particles, with the heat 

capacity specified as a temperature dependent variable. The results showed that increasing the 

mass flow rate enhances the solar absorption and, therefore, the total technical efficiency of 

the system [5]. 
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Finally, 1D models were coupled with artificial neural networks (ANNs) to simulate 

the behaviour of particles at ultra-high time resolution. This model has a correlation 

coefficient of 0.994 with complex physical models. And also allows to predict the outlet 

temperatures between 1048.15 K to 1073.15 K [6]. The results included an analysis of the 

dynamic behaviour to control the flow of particles, stable performance under varying weather 

conditions (Fig. 1-3). 

 

(a) Outlet temperature of the particle  

                     from the FPR               (b) FPR thermal efficiency 

 

Figure ‎1-3: The comparison of plant dynamics for selected variables in summer between 

SolarTherm and EES [6]. 

1.3. Advanced numerical and CFD modeling 

Advanced numerical models i.e. CFD, CFD-DEM and MCRT have been used for the 

validation of the accuracy of 1D models. Laboratory experiments on a 2.5 MW prototype have 

shown that particle temperatures above 1173.15 K are achievable, with temperature increases 

of about    250 K in a single pass. Moreover, the computational fluid dynamics model was 

validated with experimental data with less than 10% error and proved that receiver efficiency 

is significantly increased with high mass flow rates and particle curtain opacity [7]. This 

successful verification is a fundamental pillar for the development of future commercial scale 

designs (Fig. 1-4).                       
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                            (a)                                                 (b)                                              (c) 

Figure ‎1-4 : (a) Simulated wall incident radiation, (b) particle tracks colored by temperature, 

(c) gas flow colored by velocity  [7]. 

 

Building on these validation models, a model integrating the discrete element method 

and computational fluid dynamics (CFD-DEM) with a Monte Carlo approach was developed 

to examine solar particle receiver performance. Notable results indicate that increasing the 

particle mass flow rate from 0.5 kg/s to 7.2 kg/s enhances thermal efficiency from 25.71% to 

60.17% [8]. It was also found that using particles with a diameter of 300 µm produces four 

times the absorptivity compared to particles with a diameter of 1000 µm. (Fig. 1-5). 
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 Monte Carlo Ray Tracing (MCRT) is accurate but slow. Serdar Hicdurmaz et al 

devised a faster alternative: a reflection model for particle beds in a centrifugal solar particle 

receiver (CentRec) that eliminates expensive MCRT simulations. The model predicted 

reflection loss (~1.6%) and absorbed power distribution accurately while cutting computation 

time from 11 hours to 9 minutes. They measured reflection characteristics across incidence 

angles from 0° to 85°,    (Fig. 1-6) [9]. 

 

Beyond speed improvements, researchers also looked at efficiency through operating 

strategies and environmental factors. The free-fall receiver hit 83% efficiency at 400 MW 

solar input. Three serial recirculation cycles pushed efficiency above 92% by cutting  

Figure 1-5 : Thermal performance of the heat receiver under different mass flow rates [8]. 

Figure 1-6 : Schematic view of the centrifugal receiver [9]. 
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Figure 1-8: the measured wind direction [11].  

 

reflection losses from 10% to 2.2%. Wind speed mattered too: at 15 m/s, efficiency 

dropped to 84% from 89%   (Fig. 1-7) [10]. 

1.4. Heat transfer mechanism and external factor 

A study of heat transfer and loss mechanisms found that external winds significantly 

affect efficiency. In simulations, advection losses reached 25.4%, while all other losses stayed 

below 10% (Fig. 1-8). South winds improved efficiency at a 1MW receiver a correlation that 

points to one clear priority: controlling wind-driven heat loss matters far more than anything 

else (Fig. 1-9) [11]. 

 

 

Figure ‎1-7 :  Relative losses at different recirculation strategies [10]. 

 

 

Figure 1-9 : the measured wind speed. [11]. 
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Figure 1-10 : Thermal Loss Distribution Across Various Experimental Conditions [12].  

Furthermore, the effect of wind direction was found to be stronger compared to its 

speed (up to 15 m/s), resulting in convection losses of 25.4 percent. These losses can be 

minimized to achieve 90% efficiency if these losses are minimized, noting that particle 

diameters of 350 μm or more do not significantly change convection losses (Fig. 1-10) [12]. 

 

A study Lindsey Yue et al found that quartz caps for falling particle receivers lead to 

increased radiation losses because temperatures reached 1483.15 K. At 500 K, efficiency 

decreased from 83% to 75% with full coverage. However, at 873 K, efficiency improved from 

71% to 75%, as the cover reduced wind-induced convection losses enough to compensate 

(Table 1-1) 
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Table ‎1-1 : Thermal power values of interest. [13] 

 No 

coverage, 

  = 500 K 

Half 

coverage, 

  = 500 K 

Full 

coverage, 

  = 500 K 

No 

coverage, 

  = 873 K 

Half 

coverage, 

  =873 K 

Full 

coverage, 

  = 873 K 

     
source 

117 kW 

     
hood 

aperture 

111 kW 

     
receiver 

aperture 

100 kW 93 kW 87 kW 101 kW 95 kW 89 kW 

           92 kW 87 kW 83 kW 78 kW 74 kW 80 kW 
 

 

Comparisons of systems in the process of designing showed that utilizing several 

stages increases the system’s efficiency by reducing convective losses of heat and increasing 

opacity of curtains more effectively than the free-fall receiver. Thus, the yearly energy 

efficiency of a five-stage system amounted to 75.3%, outperforming the efficiency of the free-

fall receiver (72.0%) (Fig. 1.11) [14]. 

 

Figure ‎1-11 : On-design results of the different configurations considered [14]. 
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Finally, it was experimentally established that utilization of intelligent recirculation 

allows maintaining high receiver efficiency even at low-load conditions (reaching 90% for full 

loads and 67% at 20% loads). The proposed innovation allows reaching an annual energy 

efficiency from solar radiation to electricity at approximately 24%, heating particles above 

1173.15 K (Fig. 1-12) [15]. 

 

Figure ‎1-12 : Thermal efficiency of the face-down receiver design for different loads and 

recirculation patterns [15]. 

1.5.  Advanced receiver technologies and particle properties 

The first set of experiments aimed at investigating the energy conversion processes in 

individual particles inside a counterflow CO₂  solar receiver, whereby a "Z-number" 

parameter was used to determine the appropriate particles (having Z > 1). In the radiation 

control operating regime, the receiver proved its efficiency with a thermal efficiency above 

0.5, with optimal temperatures of particles being 1110 K, and solar intensities at 304 kW/m² 

[16] (Fig. 1-12). 

Figure 1-13 : Modeling of radiative/heat transfer of a single particle [16]. 
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In an additional study, computer modeling was conducted to investigate small ceria 

particles (under 500 µm), which showed that the surface chemical reaction plays a key role in 

determining the speed of the reduction process. The high thermal demands required for this 

reaction led to substantial heat losses through radiation, making up 60-75% of the total solar 

energy input (Fig. 1-14) [17]. 

 

For tackling efficiency concerns, optimized designs were created, which could operate 

at a theoretical efficiency of 85.1% at experimental temperatures of 1053.15 K. This 

confirmed that certain design considerations could be used to significantly lower the primary 

convective loss rate, by more than 10 percentage points. Moreover, it was observed that 

CARBO particles had outstanding durability, experiencing only 1% decline in their 

absorptance over 10,000 cycles     (Fig. 1-15) [18]. 

Figure 1-14 : Evolution of curtain temperature 𝑇𝑝, degree of reduction 𝑑𝑠 and 𝑑𝑏, and 

partial pressure 𝑃𝑂2
 of oxygen along the fall path. [17]. 
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Figure ‎1-15 : Advective losses for the G3P3 FPR at various wind speeds, wind 

directions, and angles of attack [18]. 

 

Evaluating these discoveries in the real world, on-sun testing of falling particle 

receivers revealed that these systems could attain outlet temperatures of close to 1073.15 K. 

The efficiency level measured in these tests ranged between 60% to 90% at experimental 

conditions where highly concentrated solar fluxes of around 1000 kW/m² were recorded at a 

mass flow rate of 11 kg/s  (Fig. 1-16) [19]. 

 

 

Figure ‎1-16 : Plot of receiver efficiencies for on-sun StAIR (multistage) tests including free-

falling tests and a theoretical maximum efficiency (solid black line) at 923.15 K [19]. 
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Discussing the efficiency of alternate methods like fluidized bed systems, 3D 

numerical simulation demonstrated that particle temperatures could increase to 1645.34 K in 

just 10 seconds. Also, guide plates were discovered to improve the average temperature by 

3.70% (Fig. 1.17). Furthermore, it was found that an increase in radiation intensity could boost 

temperatures from 1706.26 K to 1872.03 K (Fig. 1-18) [20]. 

 

Figure ‎1-17 :Comparison of the particle 

average temperature in a heat absorber with 

the guide plate and without the guide plate 

[20]. 

 

Figure ‎1-18 : Variation of the average 

particle temperature with time under 

different solar radiation intensities [20]. 

 

Building further on this approach, a counter-flow fluidized bed receiver design was 

developed that proved capable of attaining heat transfer coefficients from the bed to wall of 

more than 1000 W/m²K. It provided for solar intensities greater than 200 kW/m² on the cavity 

walls while keeping the external wall temperatures below 1223.15 K, forming the basis of 

systems capable of handling particle exit temperatures beyond 1023.15 K (Fig. 1-19) [21]. 
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Figure ‎1-19 : Schematic and photographic section of a fluidized bed particle receiver inside a 

narrow channel for concentrated solar power applications [21]. 

 

 

In tandem with these advances in thermal efficiency, numerical analysis of the flow 

dynamics in fluidized bed systems (FBPSR) showed that an increase in gas velocity increases 

the heat transfer coefficient from 1288 to 1696 W/m²K. In particular, it demonstrated that 

fluidized bed systems could effectively minimize thermal stress by 73% in comparison with 

conventional molten salt systems  (Fig. 1-20) [1]. 

 

Figure ‎1-20 : Effects of flow rates on the wall-to-bed HTC [1]. 

 

Lastly, experimental results proved that adding particles to the receiver increases the 

air exit temperature by more than 55% in comparison with air-only systems. The addition of 

particles resulted in increased heat transfer coefficients, rising from 5–10 W/m².K in air-only 

systems to 29.5–67.9 W/m².K with particles used (Fig. 1-21) [22]. 
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1.6. Economic analysis and LCOE optimization  

It is shown from the economic analysis that particle receiver systems could be 

optimized in such a way that they achieve a minimum LCOE of 0.056 $/kWh. The optimal 

values for achieving this include a solar multiple of 3, concentration ratio of 2500 and storage 

duration of 16 hours, together with optimizing the size of solar fields in order to increase 

energy output and reduce costs (Table 1-2) [2]. 

 

Like-wise, Kevin J. Albrecht et al. proved that a minimum LCOE can be achieved at 

solar multiples near 2.5 and more than 14 hours of storage for approximately $0.0592/kWh. It 

was also proven by them that the costs of the particles above $1/kg make it impossible to meet 

the economic objectives. They pointed out that particle loss rates must be controlled strictly 

due to technical reasons (Table 1.3) [5]. 

Table ‎1-2 : A free-falling particle receiver system's ideal setup parameters to attain the 

lowest LCOE [2]. 

Parameter Value 

Solar multiple 3 

Storage equivalent hours 16 hours 

Tower height 250 m 

Concentration ratio 2500 
 

Figure 1-21 : Gas temperature evolution versus height for the nominal case 2 (U =0.6 

m/s, Hb=0.2 m) and the case 1 without particles (only air U =0.6 m/s) [22]. 
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Table ‎1-3 : Anticipated cost allocation in relation to design of experiments objectives [5]. 

Metric Target  Baseline 

Receiver Cost      ) 150 95.63 

Storage Cost       ) 15 17.76 

Heat Exchanger Cost (    ) 150 175.00 

Power Cycle Cost (    ) 600 600.00 

Receiver Efficiency 90  85.7  

Power Cycle Efficiency 55  50.2  

Capacity Factor 69  71  

LCOE (     ) 0.06 0.0592 
 

 

Furthermore, results obtained through system modeling show that a multi aperture 

receiver configuration along with external thermal storage could lead to electricity generation 

at $56.03/MWh. The system operates on particles heated up to 4413.48  K to run a super-

critical carbon dioxide (sCO2) cycle which increases annual thermal efficiency to 87.3% for 

the receiver with a 226m tower (Fig. 1-22) [6]. 



Chapter 1: Literature review   

20 

 

 

Figure ‎1-22 : Conceptual overview of the G3P3 particle CSP system model [6]. 

 

Within the discussion on innovative designs, Ye Wang et al. highlighted that multi-

aperture systems demonstrate a 6% advantage in terms of reducing costs in comparison with 

the single aperture system. In particular, such a system allows obtaining the lowest costs of 

less than $60/MWh, based on optimal parallel system configuration with a tower height of 

205.9 m and 12.62 h of storage with the use of particles at different temperatures (Fig. 1.23) 

[23]. 
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Figure ‎1-23 : Side-by-side comparison of the annual efficiency performance and cost 

breakdown, for each aperture arrangement [23]. 

   

Concerning power cycle efficiency, researchers noted that the most economical cycle 

is the supercritical carbon dioxide (sCO2) cycle. Such a solution is characterized by the 

highest efficiency (37%), which is about 10% higher in comparison with the conventional 

steam power cycle. At the same time, to make a power cycle economically competitive, it is 

necessary to lower costs related to sCO2 components by 30-50% (Fig. 1.24) [24]. 

 

Figure ‎1-24 : Economic and energetic performance of all simulated variants [24]. 

 

Louis F. González-Portillo et al., relying on advanced modeling tools, also concluded 

that it is possible to attain the LCOE level of 0.056 $/kWh. This value is lower than the 

threshold set for Generation III (below $0.06/kWh). An optimal design includes a tower height 

of 250 m,  thermal storage of 16 hours, and highly absorbent CARBO HSP particles heated to 

1073.15 K (Fig. 1.25) [25]. 
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Furthermore, the development of optimal models for concentrating solar power peaker 

plant helped achieve a bid price of only 0.03 $/kWh. This is through minimizing the size of the 

system along with lowering the capital cost by 32%. The system uses a tower height of 184 

meters and a storage time of 14.68 hours (Fig. 1.25) [26]. 

 

 

 

The current research trend involves innovations that seek to minimize the operational 

cost of electricity and make it simple to operate under very high temperatures above 1073.15 

K. They involve studies on particle flow and heat transfer inside the receivers and reactors of 

solar energy [27].  

 

Figure 1-25 : Diagram of particle CSP system coded in EES [25]. 

Figure 1-26 : The conceptual system-level model of particle-based CSP plant in 

SolarTherm [26]. 
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1.7. Conclusion 

Alternatively, studies have shown the importance of environmental factors and 

material properties on system performance, where researchers have identified external wind as 

a major challenge resulting in significant convection losses up to 25.4%. Thus, smart 

recirculation strategies and multi-stage designs have been developed to improve efficiency 

levels to >90%. The studies show that researchers have been able to reach ambitious economic 

targets by combining optimised operating parameters such as a 250m tower height and 16-

hour storage, and durable, high-absorptivity particles such as CARBO. This implies reducing 

the levelized cost of energy (LCOE) to approximately $0.056/kWh, thereby establishing a 

robust foundation for sustainable, commercial-scale solar power plants . 
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2.1 Introduction: 

Free-falling particle receivers have emerged as a promising technology for next-

generation concentrated solar power (CSP) systems due to their ability to operate at high 

temperatures, enable direct thermal energy storage, and integrate efficiently with advanced 

power cycles. These advantages make them particularly suitable for high-efficiency and 

dispatchable solar energy applications. 

However, the physical behavior of particle receivers involves complex interactions 

between radiative heat transfer, particle motion, and convective losses within the cavity. High-

fidelity numerical approaches such as CFD and CFD–DEM simulations provide detailed 

insight into these mechanisms, but their high computational cost limits their use in preliminary 

design, parametric studies, and system-level optimization. 

In this context, reduced-order models, and in particular one-dimensional (1D) 

formulations, provide an effective alternative by capturing the dominant physical phenomena 

while significantly reducing computational requirements. When properly calibrated and 

validated, such models can offer reliable predictions of key performance indicators, including 

particle temperature evolution, wall temperature, and overall receiver efficiency. 

The objective of this chapter is to develop and analyze a 1D optical–thermal model of a 

free-falling particle receiver. The model integrates recent advances in the characterization of 

radiative properties of particle curtains and incorporates fitted correlations derived from CFD 

benchmarking studies. The governing equations for mass, momentum, and energy 

conservation are formulated and solved using a discretized approach along the falling 

direction. 

Special attention is given to the validation of the model against high-fidelity CFD 

results, as well as to the identification of the key parameters controlling receiver performance. 

The outcomes of this chapter provide a solid foundation for subsequent parametric analyses 

and optimization studies. 
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2.2. One dimensional model of the particle receiver  

The operation of a free-falling particle receiver involves complex interactions between 

solar radiation, particle motion, and heat transfer processes within the cavity. At the system 

level, a field of heliostats concentrates solar radiation onto a central receiver, where solid 

particles are released from the top and fall under gravity, forming a curtain that absorbs the 

incoming energy. As the particles descend, they are progressively heated through radiative 

absorption while simultaneously exchanging heat with the surrounding environment and the 

cavity walls. 

To analyze this system efficiently, the physical configuration is simplified into a one-

dimensional (1D) model along the falling direction (y), as illustrated in Fig. 2-1. This 

reduction is based on the assumption that the dominant gradients occur along the vertical 

direction, while variations in the transverse directions can be neglected in a first 

approximation. Within this framework, the main physical mechanisms are retained, including 

solar radiation absorption by the particle curtain, radiative exchange with the back wall, and 

heat losses to the ambient. 

As shown in Fig. 2-1, the real receiver configuration is first translated into a simplified 

representation where the particle curtain is treated as a continuous medium interacting with an 

incident radiative flux and a surrounding environment. The governing conservation equations 

for mass, momentum, and energy are then formulated along the y-coordinate. To solve these 

equations numerically, the domain is discretized into a finite number of control volumes along 

the curtain height. In this study, the receiver is divided into 40 sections, while a reduced 

discretization with 9 sections is illustrated in the figure for clarity. A sensitivity analysis 

revealed that increasing the number of discretization sections beyond 40 results in negligible 

changes in the predicted receiver efficiency, with variations below 0.1 percentage points. This 

confirms that the chosen spatial resolution provides an appropriate balance between 

computational efficiency and numerical accuracy. Overall, the 1D formulation captures the 

essential physics of the free-falling particle receiver while significantly reducing 

computational cost, making it well suited for validation studies, parametric analyses, and 

subsequent optimization work. 

The main objective is to calculate the outlet temperature of the curtain and the thermal 

efficiency of the receiver. The model follows the same techniques as previous 1D models of 

particle receivers [1] [2]. The main novelty relies on fitting some specific parameters to adjust 
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the model outputs to agree with results obtained with CFD from Mills et al. [3]. Another 

significant novelty is the integration of the radiation behavior in particle curtains found in 

recent investigations [4] 

The main equations are described together with the value of the main parameters and 

the model  assumptions. Note  that the equations  are written  in  their  differential  form,  but  

the  1D  model  solves  discrete equations for the different sections. The software Engineering 

Equation Solver (EES) [5] is used to solve the equations. 

The receiver is modeled as a vertically discretized free-falling particle curtain under 

steady-state conditions. All governing equations are formulated locally along the vertical 

coordinate y, following the same physical decomposition adopted in recent benchmark studies. 

 
Figure ‎2-1 :. Schematic of the concentrated solar power system and free-falling particle 

receiver, together with the corresponding simplified 1D model and its spatial 

discretization (illustrated with 9 sections; 40 sections used in this study) [6]. 
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The 1D model's inputs are compiled in Table 2-1. While solar radiation, mass flow 

rate, and aperture area are modified in this study, many of the factors in Table 1 are constants. 

The beginning conditions for the top of the curtain are the particle inlet temperature and the 

inlet particle volume fraction. 

Table ‎2-1: Input parameters for the 1D model [6] 

Parameter Value Reference 

Aperture aspect ratio, AR 1 [7] 

Back wall emissivity,    0.8 Assumed 

Back wall thickness,     0.05 m Assumed 

Back wall conductivity,    0.2 W·m⁻¹·K⁻¹ Assumed 

Back wall heat transfer coefficient         10 W·m⁻²·K⁻¹ Assumed 

Particle diameter,    350 μm [7] 

Particle specific heat capacity,    1.2 kJ·kg⁻¹·K⁻¹ [8] 

Particle conductivity,    2 W·m⁻¹·K⁻¹ [8] 

Particle density,    3550 kg·m⁻³ [8] 

Particle absorptivity,    0.9 [4] 

Curtain emittance,    0.9 [9] 

Ambient temperature,       20 °C Assumed 

Solar radiation,       To be analyzed — 

Mass flow rate,  ̇ To be analyzed — 

Aperture area,     To be analyzed — 

Particle inlet temperature,   (y=0) 615 °C [10] 

Inletparticle volume fraction,   (y=0) 0.6 [11] 

 

It is possible to get the same level of efficiency from the 1D model as from CFD by 

using a linear regression model to fit the values of the advection heat transfer coefficient 

      , the wind factor      , and the view factor      . The first step is to change the values 

of         and       so that they work when there is no wind. Then, you can adjust the wind 

factor      . Table 2-2 shows the constants that were found for the fit. 
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Table ‎2-2 : Coefficients for the 1D model from the CFD fitting [5]. 

Constant Value Constant Value 

A −12331 F 178.7 

B 1.949 G 134.3 

C 0.7002 H 27.49 

D 0.2370 I 0.9 

E 0.0089   

 

Notes: 

 Constants A–C → Nusselt corrélation (Eq. 18) 

 Constants D–H → wind factor (Eq. 19–20). 

 Constant I → view factor       (Eq. 21). 

Table 2-3 sets up a high-power benchmarking environment to test the 1D model's 

ability to make accurate predictions against high-fidelity CFD simulations. The large aperture 

and high heat flux work together to simulate solar concentration on a commercial scale. The 

high mass flow rate keeps the curtain opaque enough to maximise thermal absorption. The 

simulation isolates the basic ways that heat moves inside the core model by setting the wind 

speed to zero. This lets us compare the physics of the core model without any outside factors. 

 

Table ‎2-3 : Simulation conditions for the comparison between 1D and CFD models.[5]. 

Parameter Value 

Aperture area 144 m² 

Heat flux 1.38 MW·m⁻² 
Mass flow rate 885.5 kg·s⁻¹ 
Wind speed 0 m·s⁻¹ 
Wind direction 0° 
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2.3 Governing Equations 

Mass Conservation: The particle mass flux along the curtain is defined by the 

combination of   ,    ,   , and   , its invariance with y denotes a stable regime. Because 

there is no accumulation, the mass flow rate stays constant throughout the system. 

 
 (    )     )      ))

  
                                                                                                        (2-1) 

  : Particle volume fraction. 

    : Curtain thickness. 

  : Particle densitt. 

  : Particle velocity. 

Momentum Conservation: While acceleration is driven by the gravitational term g, 

momentum transmission is governed by the velocity   . This effect is scaled by the parameters 

   and    , resulting in motion that is solely driven by gravity. 

 
 (       )     )    

2  ))

  
     )     )                                                           (2-2) 

g: Gravity. 

Energy Conservation of the Particle Curtain: The thermal energy carried by 

particles is represented by the enthalpy   , which changes as a result of radiation exchange 

between g and j. Convective losses to the surrounding environment are also taken into 

consideration by the term     
 . 

 
 (       )     )      )    ))

  
           )            )           )           )  

    
   )                                                                                                                          (2-3)       

  :  Particle enthalpy. 

          )  Incident Solar Irradiance. 

          ): Front-Side Curtain Radiosity. 

         )  Back-Side Curtain Irradiance. 

         ): Back-Side Curtain Radiosity. 
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   )  Advective Heat Loss. 

Incident Solar Irradiance: The sun energy received at the front surface is represented 

by the incident flux q′′ solar, which warms the particles directly. It is thought to be uniform, 

giving the curtain a steady temperature input. 

          )      
                                                                                                      (2-4) 

    
  Solar heat flux. 

Front-Side Curtain Radiosity: While    and   regulate reflection and transmission, 

the particle temperature    controls emission through   . The way radiation is dispersed at the 

front surface is determined by these optical characteristics. 

          )       [     
   )    (    )          )    (    )         )]             (2-5) 

    particle temperature. 

    Curtain emittance. 

   Curtain transmittance. 

  : Particle absorptivity. 

Back-Side Curtain Irradiance: Radiation from the wall, which is determined by its 

temperature   , reaches the particular curtain. A radiative coupling is created between the 

particles and the wall as a result of this interaction. 

         )      )                                                                                                          (2-6) 

   Wall radiosity. 

Back-Side Curtain Radiosity:    determines the emission, and    and    control the 

scattering effects at the back. This controls the cavity's energy redistribution. 

         )       
   )    (    )         )    (    )                                         (2-7) 
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The optical properties of the particle curtain (    ,   ,   ), including reflectance and 

transmittance, are computed using the analytical model proposed by Gonzáles-Portillo et al. 

(2021a). A concise description of this model is provided in the annexes to facilitate 

understanding. 

Curtain Thickness Evolution: Particle dispersion during the fall causes the 

thickness     to grow with y. This expansion influences radiative behavior and changes the 

local concentration   . 

     )       )                                                                                                   (2-8) 

Advective Heat Loss from the Curtain: Convective heat transfer is driven by the 

temperature differential between      and   . The degree of heat loss to the environment is 

determined by the coefficient         

    
   )        (    )      )                                                                               (2-9) 

       Ambient temperature. 

        Advection heat transfer coefficient. 

Back-Wall Energy Conservation: As    changes along y, the conductivity 

   controls heat diffusion inside the wall. The thermal balance is regulated by    
  and 

radiative exchange via    and   . 

 

  
(  

     )

  
)      )      )     

   )                                                           (2-10) 

                              

    Wall irradiance. 

   
   Convective heat flux. 

Back-Wall Irradiance: The emission   , returning from the particle curtain, 

determines the incident radiation   . This contact causes the wall to heat up and connects it to 

particle activity. 

    )           )                                                                                                      (2-11) 
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Back-Wall Radiosity: The amount of radiation that comes from the wall depends on 

its temperature    and emissivity   . Some of the incoming radiation   is also reflected, 

which adds to the total radiosity. 

    )       
   )       )    )                                                                         (2-12) 

                    

                     

Back-Wall Convective Loss: Conduction resistance is determined by the wall 

thickness (   ) and conductivity (  ), while convection is determined by        . They work 

together to figure out how much heat is lost because of the difference in temperature with 

    . 

   
   )  (

 

       
 

   

  
)
  

     )      )                                                             (2-13)                                    

                                                   

                          

Inlet Particle Velocity: The speed    comes from the force of gravity acting on the 

height   . This shows that potential energy is being turned into kinetic energy without being 

lost. 

      )  √                                                                                                        (2-14) 

                          

Effective Free-Fall Height: The constant term changes the scaling, and the parameter 

   shows the height of the system. This relationship establishes the effective drop height that 

affects   . 

   
  

  
                                                                                                                (2-15) 

                  

Particle Mass Flow Rate: The mass flow rate  ̇ is based on the density   , the 

velocity   , and the concentration of particles   . The flow is fully defined by the geometric 

parameters     and   . 

 ̇        )        )         )                                                          (2-16) 
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 ̇                 

                  

Advective Heat-Transfer Coefficient: The wind factor       changes the base 

coefficient         . This shows how airflow from outside helps convective heat transfer. 

             (                       )  

                 (           )     (               )                                                (2-17) 

                   

                                

                     

                      

                   

                                                   

Nusselt–Reynolds Correlation: The Reynolds number Re tells you what kind of flow 

it is, and the constants A, B, and C are based on real-world data. The Nusselt number Nu that 

comes out of this tells you how strong the convection is. 

                                                                                                                 (2-18) 

                   

                    

A, B, and C: Empirical Nusselt correlation constants. 

where A through C are constants to be fitted and Re is the Reynolds calculated with the 

curtain height as the characteristic length, the velocity at the bottom of the curtain and the 

average temperature between air and curtain. 

Wind Speed Correction: The wind speed       , controls how strong the external 

flow is, and     adds geometric effects. Both parameters affect how       makes heat losses 

worse. 

        (    √   )                                                                               (2-19)  
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Wind Direction Correction: The angle       tells you which way the wind is 

blowing, and the parameters F, G, and H shape the response. This function shows how the 

direction of something affects convective losses. 

       )   
 (

|       |  

 
)
2

                                                                                           (2-20) 

Curtain–Cavity View Factor : The factor       shows how visible surfaces are from 

each other in three-dimensional space. It controls how much radiation is exchanged in the 

cavity. 

                                                                                                                                (2-21) 

                   

                           

2.4 Conclusions 

In this chapter, a comprehensive one-dimensional optical–thermal model for a free-

falling particle receiver has been developed and analyzed. The model is based on the 

conservation equations of mass, momentum, and energy, formulated along the vertical 

direction and discretized into finite sections to ensure numerical stability and accuracy. 

The integration of advanced optical modeling, based on the work of González-Portillo 

et al., allows the representation of radiative interactions within the particle curtain with 

improved realism. In addition, the calibration of key parameters such as the advective heat 

transfer coefficient, wind factor, and view factor through CFD-based fitting enhances the 

predictive capability of the model.  

The validation framework, based on benchmark conditions representative of large-

scale CSP operation, demonstrates that the 1D model is able to reproduce the main physical 

trends observed in high-fidelity simulations. Despite its simplified formulation, the model 

captures the essential coupling between particle dynamics, radiative heat transfer, and thermal 

losses. 

The discretization analysis confirms that the use of 40 sections provides an appropriate 

balance between computational efficiency and solution accuracy, with negligible impact on 

predicted efficiency beyond this resolution. 
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Overall, the developed model constitutes a reliable and computationally efficient tool 

for the analysis of particle receiver performance. It is particularly well suited for parametric 

studies, sensitivity analyses, and system-level investigations where fast evaluation is required. 

Further developments can enhance the accuracy and applicability of the model. In 

particular, the inclusion of multidimensional effects, such as non-uniform solar flux 

distributions and lateral particle dispersion, would improve the representation of real receiver 

conditions. Coupling the model with optical simulations (e.g., ray tracing) would allow the use 

of realistic flux maps instead of uniform irradiation assumptions. 

Additionally, refining the treatment of convective heat transfer, especially under 

varying wind conditions, and incorporating temperature-dependent material properties would 

improve prediction accuracy. Finally, the model can be extended toward system-level 

integration and optimization, including coupling with power cycles and the application of 

advanced optimization or machine learning techniques to accelerate receiver design. 

Appendix A. Optical properties 

Curtain Reflectance: The optical properties of transmittance and reflectance depend 

on the y coordinate because the volume fraction and the thickness of the curtain change along 

the y coordinate. González-Portillo et al. (2021a) came up with the model that was used in this 

study to figure out transmittance and reflectance. This is a summary of the model to help you 

understand the whole 1D receiver model better. 

The reflectance is computed as the aggregate of probabilities associated with the 

reflection of a radiation beam, resulting in: 

   (     
      )

2

  
(

 

        
 

      

         )2
))

       )
2  

       )2
                                     (2-22) 

                                    

                                

                               

                              

l: Virtual cube side length. 
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   and    are the chances that a radiation beam will bounce back and hit a side, 

respectively.    is the chance that a beam will hit a particle, and    is the number of layers in 

the curtain. We find the probabilities   ,   , and   , which are: 

Backward Scattering Probability: Probability of backward reflection when radiation 

hits a particle. 

   
    

 
                                                                                                                       (2-23) 

Side Scattering Probability: Probability of side reflection. 

   
    

 
                                                                                                                       (2-24) 

Projected Surface Fraction: Projected particle surface fraction per layer. 

   (
 

 
  √ )

2

 
                                                                                                            (2-25) 

Number of Particle Layers: The number of layers   , is equal to the thickness of the 

curtain th, divided by the side of a virtual cube that holds one particle l:  

   
   

 
                                                                                                                        (2-26) 

 Particle Volume Fraction: The side of this virtual cube l is defined by the following 

equation, which connects this side to the particle volume fraction    and the particle diameter 

  .                                                           

   
 

 
 (    )

 

  
                                                                                                               (2-27) 

                      

                                   ) 

The transmittance is calculated as the sum of probabilities that a radiation beam has to 

be transmitted, which is: 

                                                                                                                    (2-28)  

                       . 
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Where: 

        )
                                                                                                              (2-29) 

          )
  

      )
2

  
(

 

        
 

      

         )2
)                                                   (2-30) 

   = (      
     )

2

  
(

 

        
 

      

         )2
))

 

     )
  

     )
2          )

2     

   
2    )2

                

(2-31) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2: Analysis of 1D Particle receiver model 

 

41 

 

References: 

 

  

[1] Oles, Andrew S., and Gregory S. Jackson. "Modeling of a concentrated-solar, 

falling-particle receiver for ceria reduction." Solar Energy 122 (2015): 126-147.  
https://doi.org/10.1016/j.solener.2015.08.009 

[2] Röger, Marc, et al. "Face-down solid particle receiver using recirculation." (2011): 

031009.  https://doi.org/10.1115/1.4004269 
[3] Mills, Brantley H., et al. "Design evaluation of a next-generation high-temperature 

particle receiver for concentrating solar thermal applications." Energies 15.5 

(2022): 1657.   https://doi.org/10.3390/en15051657 
[4] González-Portillo, Luis F., et al. "Analysis of optical properties in particle 

curtains." Solar Energy 213 (2021): 211-224.   

https://doi.org/10.1016/j.solener.2020.11.012  

[5] Klein, Sanford A., and F. L. Alvarado. EES: Engineering equation solver for the 

Microsoft Windows operating system. F-Chart software, 1992.  

[6] González-Portillo, Luis F., et al. "Benchmark and analysis of a particle receiver 1D 

model." Solar Energy 255 (2023): 301-313.  

 https://doi.org/10.1016/j.solener.2023.03.046 

[7] Mills, Brantley, et al. "Modeling the thermal performance of falling particle 

receivers subject to external wind." Energy Sustainability. Vol. 59094. American 

Society of Mechanical Engineers, 2019.  https://doi.org/10.1115/ES2019-3913 

[8] Ho, Clifford K., Brantley Mills, and Joshua M. Christian. "Volutric particle receiv-

ers for increased light trapping and heating." Energy Sustainability. Vol. 50220. 

American Society of Mechanical Engineers, 2016. 

 https://doi.org/10.1115/ES2016-59544 

[9] Gobereit, Birgit, et al. "Assessment of a falling solid particle receiver with 

numerical simulation." Solar Energy 115 (2015): 505-517. 

  https://doi.org/10.1016/j.solener.2015.03.013 

[10] Albrecht, Kevin J., Matthew L. Bauer, and Clifford K. Ho. "Parametric analysis of 

particle CSP system performance and cost to intrinsic particle properties and 

operating conditions." Energy sustainability. Vo l. 59094. American Society of 

Mechanical Engineers, 2019.  https://doi.org/10.1115/ES2019-3893 

[11] Ho, Clifford K., et al. "Characterization of particle flow in a free-falling solar 

particle receiver." Journal of Solar Energy Engineering 139.2 (2017): 

021011.   https://doi.org/10.1115/1.4035258 

https://doi.org/10.1016/j.solener.2015.08.009
https://doi.org/10.1115/1.4004269
https://doi.org/10.3390/en15051657
https://doi.org/10.1115/ES2019-3913
https://doi.org/10.1115/ES2016-59544
https://doi.org/10.1115/ES2016-59544
https://doi.org/10.1115/1.4035258


Chapter 3 : Results and discusion 

 

 

 

 

  

 

  

 Results and CHAPTER 3 .

discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 : Results and discusion 

 

43 

 

3.1 Introduction 

Free-falling particle receivers represent a promising technology for next-generation 

concentrated solar power systems due to their ability to operate at very high temperatures, 

enable direct thermal energy storage, and integrate efficiently with advanced power cycles 

such as supercritical CO₂  systems. However, the complex interaction between radiative heat 

transfer, particle dynamics, and thermal losses makes their analysis challenging. 

While high-fidelity numerical approaches such as CFD and CFD–DEM simulations 

provide detailed insight into the underlying physical mechanisms, their significant 

computational cost limits their applicability in preliminary design, parametric studies, and 

system-level optimization. In this context, reduced-order models, and in particular one-

dimensional formulations, offer an attractive alternative by providing rapid predictions while 

retaining the dominant physical behavior. 

The objective of this chapter is to evaluate the performance of a one-dimensional 

particle receiver model through validation and parametric analysis. The model is first validated 

against reference one-dimensional and CFD results to assess its accuracy. Subsequently, a 

comprehensive parametric study is conducted to investigate the influence of key operating and 

design parameters, including mass flow rate, heat flux, particle absorptivity, and particle 

diameter. 

Special attention is given to identifying the operability limits of the receiver and 

understanding the coupling between optical absorption and thermal losses. The results aim to 

provide both physical insight and practical guidelines for the design and operation of high-

temperature particle receivers. 

3.2 Results and discussion 

This section presents the performance analysis of the developed one-dimensional 

particle receiver model under various operating and design conditions. The results are first 

validated against the reference data to assess the accuracy and reliability of the 

implementation. Subsequently, a parametric study is conducted to investigate the influence of 

key variables, including incident heat flux, aperture area, wind conditions, particle 

absorptivity, and particle diameter, on the receiver efficiency and thermal behavior. The 
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analysis aims to identify the dominant mechanisms governing performance and to provide 

physical insight into the coupled radiative and convective processes within the particle curtain. 

3.2.1 Model validation 

The accuracy of the implemented one-dimensional (1D) particle receiver model is 

assessed by comparison with the reference results reported in the original study for a 

representative benchmark case [1]. The selected operating conditions correspond to an 

aperture area of 144 m², an incident heat flux of 1.38 MW/m², a particle mass flow rate of 

885.5 kg/s, and no wind. These conditions are consistent with those used for both the 1D and 

CFD simulations in the reference work. 

3.2.1.1 Local profiles validation  

Figures 3-1 to 3-4 present the main local variables predicted by the 1D model along the 

curtain height, including the incident heat flux, particle temperature, particle velocity, and 

back-wall temperature distributions. The results are compared with extracted CFD data from 

the reference study, and quantitative error metrics are evaluated in terms of RMSE and mean 

relative deviation. 

Figure 3-1 shows the incident heat flux distribution. The 1D model predicts a nearly 

uniform flux of approximately 1.35–1.40 MW/m², consistent with the imposed radiative 

boundary condition. The comparison with CFD data yields an RMSE of 0.118 MW/m² and a 

mean relative deviation of 7.85%, indicating good agreement despite the simplified 

assumption of uniform irradiation. 

Figure 3-2 presents the particle temperature evolution. The temperature increases 

monotonically from about 880 K at the inlet to approximately 1040 K at the outlet, closely 

following the CFD average profile. The agreement is excellent, with an RMSE of 12.04 K and 

a relative error of only 1.18%, confirming that the 1D model accurately captures the energy 

balance along the curtain. 
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Figure ‎3-1 : Heat  flux  distribution  for  the  

detailed  CFD  simulation  and  the 1D model 

[1]. 

  

 

Figure ‎3-2 : Curtain temperature along the 

curtain height for CFD and 1D model [1]. 

 

 

Figure 3-3 illustrates the particle velocity profile. The predicted velocity follows the 

expected free-fall behavior, increasing from approximately 4–5 m/s to 16–17 m/s along the 

curtain height. The agreement with CFD data is very good, with an RMSE of 0.38 m/s and a 

relative deviation of 2.97%, demonstrating the reliability of the simplified momentum 

formulation. 

Figure 3-4 shows the back-wall temperature distribution. The wall temperature 

increases progressively along the curtain height due to radiative exchange with the heated 

particles, reaching approximately 1020–1030 K at the outlet. The deviation with respect to 

CFD data is more pronounced, with an RMSE of 99.42 K and a relative error of 9.11%. This 

discrepancy is attributed to the simplified treatment of radiative and convective heat transfer in 

the 1D model, particularly the neglect of multidimensional effects and detailed fluid–structure 

interactions. 
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Figure ‎3-3 : Falling velocity along the 

curtain height for the CFD and the 1D 

models [1] 

 

 

Figure ‎3-4 : Back  wall  temperature  as  a  

function  of  curtain  height  for  CFD  and 1D 

model [1]. 

Overall, the quantitative comparison demonstrates that the 1D model reproduces the 

dominant physical behavior of the system with good accuracy. The agreement is particularly 

strong for particle temperature and velocity, while larger deviations are observed for wall 

temperature due to modeling simplifications. These results confirm that the model provides a 

reliable and computationally efficient tool for the analysis and preliminary design of particle 

receivers. 

Table ‎3-1 : Quantitative validation of the 1D model against CFD data (Figs. 3-1,3-4) 

Variable RMSE Mean relative error 

(%) 

Agreement level 

Incident heat flux 0.118 

MW/m² 

7.85  Good 

Particle temperature 12.04 K 1.18  Excellent 

Particle velocity 0.38 m/s 2.97  Very good 

Back-wall 

temperature 

99.42 K 9.11  Acceptable 

The results summarized in Table 3.1 confirm that the 1D model provides accurate 

predictions for the main flow and thermal variables, with particularly strong agreement for 

particle temperature and velocity, while the slightly higher deviation in wall temperature 

reflects the simplified treatment of heat transfer at the wall. All deviations remain below 10%, 

which is considered acceptable for reduced-order modeling of high-temperature particle 

receivers. 
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3.2.1.2 Global performance validation 

To further assess the accuracy of the model, the main global performance indicators 

are compared with both the 1D and CFD results reported in the reference study. Table 3.2 

summarizes the outlet particle temperature, receiver efficiency, and maximum back-wall 

temperature. 

The predicted outlet temperature (1040.6 K) shows a deviation of +1.32% relative to 

the reference 1D value (1027 K) and remains in very close agreement with the CFD result 

(1043 K), with a deviation of only −0.23%. Similarly, the receiver efficiency is predicted as 

0.8151, corresponding to a deviation of −1.20% compared to the 1D reference (0.825) and 

−1.68% relative to the CFD result (0.829). 

The maximum back-wall temperature is slightly underestimated compared to the 1D 

model (−0.72%), indicating good agreement in terms of global thermal behavior. However, a 

larger deviation is observed when compared to the CFD result (−22.35%), where significantly 

higher peak temperatures are predicted. 

This discrepancy is expected and can be attributed to the inherently different modeling 

approaches. The CFD simulation captures multidimensional effects, including localized 

radiative flux concentration, non-uniform particle distribution, and complex flow structures, 

which lead to higher local peak temperatures. In contrast, the present 1D model relies on 

averaged properties and neglects lateral gradients, resulting in smoother temperature profiles. 

Overall, the results demonstrate that the present implementation reproduces the 

reference 1D model with high accuracy and provides reliable predictions of the global 

performance metrics of the receiver. 

Table ‎3-2 : Validation against 1D and CFD reference results [1]. 

Metric 1D CFD Present 

model 

Δ vs 1D 

(%) 

Δ vs CFD 

(%) 

Outlet 

temperature (K) 

1027 1043 1046.2 +1.8689 +0.30622 

Receiver efficiency  0.825 0.829 0.8451 2.4358 1.9416 

Maximum back-

wall temperature (K) 

1030 1317 1027.7 -0.22292 -21.966 
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The validation confirms that the simplified assumptions of the 1D model, including the 

free-fall velocity formulation and the use of averaged thermophysical properties, are sufficient 

to capture the dominant physical mechanisms governing receiver performance. Despite 

neglecting multidimensional effects such as lateral heat transfer, particle dispersion, and 

turbulence, the model provides accurate predictions of both global performance indicators and 

temperature levels along the receiver height. The observed discrepancies remain within 

acceptable engineering accuracy and are primarily attributed to numerical discretization, 

property evaluation methods, and convergence criteria. Therefore, the validated model can be 

confidently used for parametric studies and optimization analyses, particularly in the context 

of system-level design and performance assessment. 

3.2.2 Parametric analysis of receiver performance  

The performance of the particle receiver was investigated through a comprehensive 

parametric analysis, considering the influence of mass flow rate, incident heat flux, particle 

absorptivity, and particle diameter. The results are presented in Figs. 3-5,3-8. 

3.2.2.1 Influence of Mass Flow Rate 

Figure 3-5 illustrates the variation of outlet temperature and receiver efficiency as a 

function of particle mass flow rate for representative operating conditions. 

At low mass flow rates (ṁ < ~100 kg/s), the outlet temperature increases sharply and 

reaches a maximum of approximately 1573.15–1623.15 °C, indicating strong overheating due 

to limited thermal capacity. In this regime, the receiver efficiency remains low (η < 0.3) 

because a significant portion of the absorbed energy is lost through radiation and convection at 

elevated temperatures. 
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As the mass flow rate increases, the outlet temperature decreases and approaches the 

imposed operating level, while efficiency increases rapidly. A transition (knee point) is 

observed around: 

 ṁ ≈ 150–250 kg/s  

Beyond this range, the efficiency stabilizes and reaches asymptotic values of: 

 η ≈ 0.82–0.83 for high heat flux conditions.  

 η ≈ 0.42–0.45 for low heat flux conditions.  

This behavior reflects the balance between energy absorption and heat losses and is 

consistent with classical thermal receiver theory, where increasing mass flow enhances heat 

extraction and reduces surface temperature, thereby limiting radiative losses. Similar trends 

have been reported in the literature for particle-based solar receivers, confirming the validity 

of the present model. 

3.2.2.2 Influence of Heat Flux, Aperture Area, and Wind Speed  

Figure 3-6 presents the receiver efficiency as a function of incident heat flux for 

different aperture areas and wind conditions. 

A distinct operability threshold is observed for all configurations. Below a critical heat 

flux, the receiver is unable to reach the imposed outlet temperature (1073 K), resulting in zero 

efficiency. The threshold values are approximately:  

 
Figure ‎3-5 : Inlet temperature, outlet temperature and receiver efficiency as a function of mass 

flow rate for two different heat fluxes. Aperture area =144 m2 and no wind conditions. 
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 q'' ≈ 0.48–0.55 MW/m² (no wind)  

 q'' ≈ 0.70–0.82 MW/m² (v = 10 m/s)  

The presence of wind significantly shifts the threshold toward higher flux values, with 

an increase of approximately:   Δq'' ≈ +0.25–0.30 MW/m²  

This shift is attributed to enhanced convective heat losses at higher wind speeds. 

Above the threshold, the efficiency increases rapidly and then gradually approach an 

asymptotic regime. At high heat flux (q'' ≈ 2 MW/m²), the efficiency reaches: 

 η ≈ 0.88–0.90 for A_ap = 25 m², v = 0 m/s  

 η ≈ 0.84–0.87 for larger apertures  

 

Figure ‎3-6 : . Receiver efficiency calculated with 1D model as a function of thermal heat  flux  

for  different  aperture  areas  and  wind  velocities  (wind  direction = 315◦). 

The influence of aperture area is moderate, with larger apertures exhibiting slightly 

lower efficiencies due to increased radiative and convective losses. The overall trends, 

including the existence of a minimum flux threshold and the sensitivity to wind conditions, are 

in strong agreement with previously reported results for high-temperature solar receivers. 

3.2.2.3 Influence of Particle Absorptivity (Fig. 3-7) 

Figure 3-7 shows the variation of receiver efficiency as a function of particle 

absorptivity for different heat flux levels. 
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At high heat flux (2 MW/m²), the receiver operates over the entire absorptivity range. 

The efficiency increases monotonically from: η ≈ 0.58 at α = 0.2 to η ≈ 0.90–0.91 at α = 1.0  

At intermediate heat flux (1 MW/m²), a similar trend is observed, with efficiency 

increasing from: 

 η ≈ 0.46 to η ≈ 0.82  

At low heat flux (0.5 MW/m²), a pronounced threshold behavior appears. The receiver 

becomes operational only above a critical absorptivity: 

 α_threshold ≈ 0.57–0.58  

Below this value, the efficiency is zero, indicating that the absorbed energy is 

insufficient to overcome thermal losses. Above the threshold, efficiency increases sharply to 

approximately: 

 η ≈ 0.33–0.35,  

and then gradually rises to:            η ≈ 0.58 at α = 1.0  

This non-linear behavior highlights the critical role of optical absorption under low-

flux conditions. Such threshold phenomena have been widely reported in the literature and are 

characteristic of systems operating near the balance between absorbed energy and thermal 

losses. 
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Figure ‎3-7 : Receiver efficiency calculated with 1D model as a function of particle 

absorptivity for different heat fluxes. Aperture area = 144 m
2
. 

3.2.2.4 Influence of Particle Diameter  

Figure 3-8 presents the variation of receiver efficiency and average transmittance as a 

function of particle diameter. At high heat flux (2 MW/m²), the efficiency remains nearly 

constant: 

 η ≈ 0.87–0.89  

while transmittance remains negligible (τ ≈ 0), indicating an optically thick regime. At 

intermediate heat flux (1 MW/m²), efficiency decreases slightly with increasing diameter: 

 η ≈ 0.79 → 0.78,  

while transmittance remains low (τ < 0.05). 

At low heat flux (0.5 MW/m²), a critical diameter is observed: d_crit ≈ 480–500 µm. 

Below this value, efficiency decreases gradually from: η ≈ 0.61 to η ≈ 0.36. 

At the critical diameter, a sharp drop to zero efficiency occurs, corresponding to loss of 

operability. This transition is accompanied by a rapid increase in transmittance: τ ≈ 0.45–0.48. 

This behavior indicates a transition from an optically thick to an optically thin regime, 

where a significant fraction of the incident radiation escapes without being absorbed. Similar 
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trends have been reported in previous studies on particle receivers, confirming that particle 

size plays a crucial role in controlling optical thickness and overall efficiency. 

 

Figure ‎3-8 : Receiver efficiency calculated with 1D model as a function of particle diameter 

for different heat fluxes. Aperture area = 144 m² 

While Fig. 3-8 analyzes the influence of particle diameter under specific operating 

conditions, a more comprehensive understanding of receiver performance requires examining 

the combined effects of incident heat flux and particle absorptivity. This is achieved in Figs. 3-

10 and 3-11, where the receiver behavior is mapped under setpoint-controlled operation in a 

two-dimensional parameter space. 

3.2.2.5 Combined Influence of Heat Flux and Particle Absorptivity 

under Setpoint-Controlled Operation 

Figures 3-10 and 3-11 present the receiver behavior under a constant outlet 

temperature of 1073.15 K, where the particle mass flow rate is dynamically adjusted to satisfy 

the thermal setpoint. Figure 3-10 shows the resulting efficiency map, while Fig. 3-11 provides 

the corresponding mass flow rate required to maintain this condition. 

A well-defined operability boundary is observed in both figures, located in the low 

heat flux–low absorptivity region. Below this boundary, the absorbed solar energy is 

insufficient to reach the imposed temperature, and no feasible mass flow rate exists. The 

boundary occurs around q'' ≈ 0.5–0.6 MW/m² for absorptivity values near α ≈ 0.55–0.60, 

which is consistent with the threshold identified in the one-dimensional analysis. 
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Above the operability limit, the efficiency increases with both heat flux and 

absorptivity. At low heat flux, efficiency is highly sensitive to absorptivity, rising from nearly 

zero to about 0.5–0.6 as α approaches unity at q'' ≈ 0.5 MW/m². At higher heat flux levels 

(above 1.5 MW/m²), the receiver operates efficiently over the entire absorptivity range, with 

efficiencies exceeding 0.8 and approaching 0.9 for high absorptivity values. In this regime, the 

influence of absorptivity becomes less pronounced, as the available solar input dominates 

thermal losses. 

Figure 3-11 reveals the corresponding operational requirement. The mass flow rate 

increases strongly with heat flux, from approximately 100–200 kg/s near the operability 

boundary to more than 1000 kg/s at 2 MW/m². At a given heat flux, higher absorptivity allows 

for higher mass flow rates, as improved absorption enhances the energy transferred to the 

particles. 

The comparison between Figs. 3-10 and 3-11 highlights a key trade-off: regions of 

high efficiency are associated with high mass flow rates, indicating that optimal performance 

is achieved by processing a larger particle flow rather than overheating a smaller one. 

Together, these figures define the feasible and efficient operating domain of the receiver and 

provide a practical design map linking performance and operational requirements. 

 

 

Figure ‎3-9 : Receiver efficiency map versus 

heat flux and particle absorptivity at constant 

outlet temperature (1073.15 K). 

 

Figure ‎3-10 : Mass flow rate required to reach 

1073.15 K versus heat flux and particle 

absorptivity. 
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3.2.2.6 Operability Boundary and Feasible Operating Domain  

The operability limits of the receiver are further clarified in Figs. 3-12 and 3-13, where 

the operability boundary is superimposed on the efficiency and mass flow maps derived from            

Figs. 3-12 and 3-13. This boundary represents the minimum particle absorptivity required to 

achieve the imposed outlet temperature of 800 °C for a given incident heat flux, and therefore 

defines the feasible operating domain of the receiver. 

A clear separation between non-operable and operable regions is observed. Below the 

boundary, corresponding to low heat flux and low absorptivity, the absorbed solar energy is 

insufficient to satisfy the thermal setpoint, and no feasible solution exists. Above the 

boundary, the receiver operates successfully, with the particle mass flow rate adapting to 

maintain the prescribed outlet temperature. 

The boundary exhibits a strongly nonlinear behavior. At low heat flux levels, 

particularly around q'' ≈ 0.5 MW/m², relatively high absorptivity values (α ≈ 0.55–0.60) are 

required to sustain operation. As the heat flux increases, the minimum required absorptivity 

decreases rapidly, reaching values close to α ≈ 0.2–0.25 for heat fluxes above 1.5 MW/m². 

This trend reflects the progressive dominance of the available solar input over radiative and 

convective losses as the heat flux increases. 

The consistency between Figs. 3-12 and 3-13 confirms the robustness of the boundary 

definition. The same curve separates feasible and infeasible regions in both the efficiency and 

mass flow representations, demonstrating that the operability limit is an intrinsic property of 

the receiver energy balance, independent of the chosen performance metric. 

From a design perspective, the operability boundary provides a powerful tool for 

selecting appropriate material and operating conditions. It directly links the required particle 

optical properties to the available solar flux, and shows that improving particle absorptivity 

significantly enlarges the feasible operating domain, particularly under low-flux conditions. 

Conversely, at high heat flux, the system becomes less sensitive to absorptivity, and efficient 

operation can be achieved even with moderate optical performance. 
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Overall, Figs. 3-12 and 3-13 synthesize the combined effects of optical absorption, 

solar input, and thermal constraints into a single design-oriented representation, enabling a 

clear identification of both the feasible operating region and the optimal performance zone of 

the receiver. 

 

Figure ‎3-11 : Receiver efficiency map with 

operability limit (1073.15 K). 

 

Figure ‎3-12 : Mass flow map with operability 

limit (1073.15 K). 

  

3.3 Conclusions  

This chapter presented the validation and parametric analysis of a one-dimensional 

model for a free-falling particle solar receiver. The model demonstrated very good agreement 

with reference one-dimensional and CFD results, with deviations generally within a few 

percent for key performance indicators such as outlet temperature and receiver efficiency. This 

confirms that the simplified formulation captures the dominant physical mechanisms 

governing receiver behavior while maintaining a significantly lower computational cost. 

The parametric study revealed that receiver performance is governed by a strong 

coupling between thermal and optical effects. The incident heat flux was identified as the 

primary parameter controlling the operability threshold, with minimum flux levels required to 

overcome radiative and convective losses. Particle absorptivity plays a critical role in 

determining the efficiency, particularly near the operability limit, where insufficient 

absorption leads to complete loss of functionality. Particle diameter was shown to control the 
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optical thickness of the curtain, with a transition from optically thick to optically thin regimes 

leading to sharp efficiency degradation. 

The analysis under setpoint-controlled operation further highlighted the existence of a 

well-defined operability boundary, separating feasible and infeasible operating conditions in 

the heat flux–absorptivity space. This boundary was shown to be independent of the chosen 

performance metric and represents an intrinsic property of the receiver energy balance. In 

addition, a clear trade-off was identified between efficiency and mass flow rate, indicating that 

high-performance operation requires processing larger particle flows rather than increasing 

particle temperature. 

Overall, the results demonstrate that the developed 1D model is a reliable and efficient 

tool for performance evaluation and preliminary design of particle receivers. The generated 

parametric maps and operability boundaries provide valuable guidance for selecting suitable 

operating conditions and material properties, and constitute a solid basis for future 

optimization and integration studies. 

Despite the good agreement with reference results, several extensions can further 

improve the model and expand its applicability. First, the incorporation of multidimensional 

effects, such as lateral radiative exchange, particle dispersion, and non-uniform flux 

distributions, would allow a more accurate representation of real receiver conditions. In 

particular, coupling the present model with ray-tracing simulations would enable the use of 

realistic flux maps instead of uniform heat flux assumptions. 

Second, the integration of advanced heat transfer mechanisms, including detailed 

convective correlations and turbulence effects, would improve the prediction of thermal losses, 

especially under wind conditions. The inclusion of temperature-dependent thermophysical 

properties and particle size distributions would also enhance model fidelity. 

Third, the model can be extended toward system-level integration, including coupling 

with power cycles (e.g., sCO₂  Brayton cycles) and thermal energy storage systems. This 

would allow direct evaluation of global performance indicators such as overall efficiency and 

levelized cost of energy. 

Finally, the low computational cost of the present model makes it particularly suitable 

for optimization and artificial intelligence applications, such as surrogate modeling, machine 
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learning-assisted design, and multi-objective optimization of receiver geometry and operating 

conditions. These approaches represent a promising direction for accelerating the design and 

deployment of high-temperature particle receiver technologies. 
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General conclusion 

falling solid particle receivers (SPR) are an important technology for next-generation 

concentrating solar power (CSP) systems. They can work at high temperatures over 1073 K 

and they can store thermal energy directly. They can also work with power cycles like 

supercritical CO2. However these systems are complex. Involve a lot of interactions between 

heat transfer and particle motion. This makes it hard to do fidelity Computational Fluid 

Dynamics (CFD) simulations without using a lot of computer power. This research wants to 

develop and analyze a one- 1D) optical–thermal model** that is fast and reliable. It can be 

used for design and parametric studies. 

The study simplifies the receiver’s configuration into a 1D model along the vertical falling 

direction (y). It assumes that the important changes happen vertically. The researchers solved 

equations for mass, momentum and energy numerically. They divided the domain into 40 

sections using Engineering Equation Solver (EES. This balance between accuracy and speed is 

optimal. The model uses advances in characterizing the optical properties of the particle 

curtain, like reflectance and transmittance. It also uses correlations derived from CFD 

benchmarks to adjust the advective heat transfer coefficient and wind factors. The model takes 

into account the evolution of curtain thickness during the fall and radiative exchange between 

the curtain, back wall and aperture. 

The researchers checked the models accuracy against reference CFD data under operating 

conditions. The conditions were a heat flux of 1.38 MW/m² and an aperture area of 144 m². 

The results showed that the model is very accurate. The mean relative error was only 1.18% 

for particle temperature. 2.97% For falling velocity. The model predicted a thermal efficiency 

of 84.5% which is very close to complex simulation results. This confirms that the 1D model 

can capture the physical mechanisms despite its simplifications. 

The analysis found a "operability threshold". Under no-wind conditions the receiver needs 

a heat flux of 0.5 MW/m² to reach the target temperature. If there are winds of 10 m/s the 

threshold increases to 0.8 MW/m². This is because of increased losses. Particle diameter is an 

important factor. A critical diameter of 480–500 µm marks the transition from an thick to an 

optically thin regime. This results in an efficiency drop. Particle absorptivity is also very 

important. It is the driver of efficiency. Efficiency rises from 0.58 to 0.91 as absorptivity 

increases from 0.2 to 1.0 under high-flux conditions. Falling solid particle receivers (SPR) are 

really important, for generation **concentrating solar power (CSP) systems. 
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This study shows that using one- modeling, which is supported by accurate correlations is a 

good way to make high-temperature concentrated solar power technologies available faster. 

This method is also cost efficient. The use of temperature concentrated solar power 

technologies can help reduce the cost of energy and contribute to global sustainability. 

Temperature concentrated solar power technologies are important for reducing the Levelized 

Cost of Energy and achieving global sustainability goal. The study confirms that relying on 

one- modeling is an effective pathway, for high-temperature concentrated solar power 

technologi. 
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