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Abstract  
Concentrated solar power technologies are gaining more attention in the last two decades in order to replace the 
conventional power technologies and reduce their environmental impact. Among the developed concentrating 
technologies, parabolic trough solar collector and solar tower are the most mature and dominant technologies. As part 
of the continuous development of these technologies, significant efforts have been deployed to predict and improve 
their performance, and therefore reduce their cost and make them more competitive. In this context, numerous 
analytical and numerical studies have been developed and presented in the literature. This review aims to summarize 
the state-of-the-art modeling approaches used to simulate, predict and evaluate the optical, thermal and dynamic 
performance of high-temperature solar thermal collectors. The review includes the different analytical and ray tracing 
models used to determine the non-uniform flux on the receiver aperture. Energy balance models are also presented as 
simple and easy computational models suitable to predict the thermal performance at a reasonable time and 
computational cost, whereas Computational Fluid Dynamic models are more convenient to study the details of the 
coupled fluid flow and heat transfer in the internal and external flow. The review also includes dynamic models such 
as the lumped capacitance models which are used to simulate the dynamic characteristics of the heat transfer fluid and 
interaction with the solar receiver under transient conditions. The dynamic behavior of the whole solar plant using 
different codes is examined. Furthermore, different features and capabilities of those approaches are also analyzed and 
compared. Finally, the use of numerical modeling in the development of new designs and assessment of the use of 
nanofluids is discussed. In summary, this work presents a comprehensive review of the existing numerical models and 
could serve as a guideline to develop new models for future trends in concentrating solar technologies.   
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Highlights: 
 

x Modeling approaches used for concentrating solar collectors are reviewed. 
x Optical modeling is essential to determine the solar flux distribution. 
x Computational fluid dynamic models are more convenient for detailed flow analysis.  
x Dynamic models are used for transient and power plant simulations.  
x New trends in performance enhancement using new designs and nanofluids are discussed. 

 
Keywords: Concentrating solar power; Optical models; Thermo-fluid models; Dynamic models; Novel designs; 
Nanofluids 
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List of Abbreviations 

CFD        Computational fluid dynamics 

CRS        Central receiver systems  

CSC        Concentrating solar collectors 

CSP         Concentrated solar power  

CV           Control volume  

DES         Detached eddy simulations  

DNI         Direct normal irradiance 

DNS        Direct Numerical Simulation 

DSG        Direct steam generation  

FVM        Finite volume method  

HCE        Heat collector element  

HTF         Heat transfer fluid  

LBM        Lattice Boltzmann method  

LEC         Levelized electricity cost  

LES         Large eddy simulations 

LFR         Linear Fresnel reflector  

MCRT     Monte Carlo Ray tracing  

PEC         Performance evaluation criterion  

PSO         Particle swarm optimization 

PTC         Parabolic trough collector 

RANS     Reynolds Averaged Navier-Stokes 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

1. Introduction 

In the current context of increasing energy demand and related environmental concerns, solar energy 
appears to be one of the most efficient and effective solutions in the sustainable development [1]. 
Additionally, solar energy is the most abundant renewable source of energy available on earth in both 
direct and indirect forms. Only 0.1% of this energy can be used to generate four times the total world 
consumption capacity at an efficiency of 10% [2]. In practice, solar energy can be harnessed in two 
different ways: direct electricity conversion using photovoltaic technology, or indirectly through thermal 
conversion using solar thermal energy systems. In solar thermal applications, the incoming radiation is 
absorbed by a solar collector as heat and then transferred to the heat transfer fluid (HTF). Solar collectors 
can be classified into two main categories: low-temperature for non-concentrating collectors and high-
temperature for concentrating collectors.  
Concentrated solar power (CSP) technologies are emerging solutions that concentrate the solar radiation 
to produce high-temperature thermal energy. Nowadays, CSP systems are used in various applications 
such as heating, process heat, chemical process, and mostly in electricity production. CSP has the 
advantage of promising cost-effective investment, as well as the easy coupling with storage solutions and 
other renewable energy sources [3, 4]. Among the different technologies that can be used in the solar field 
of CSP plants, both parabolic trough collectors and solar towers are occupying an important market 
position due to their lower operating costs, higher efficiency and flexibility to scale up in large power 
plants [5]. According to these advantages, it is estimated that CSP plants could produce as much as 7% of 
the world global electricity by 2030, and 25% by 2050 [6]. Recently, new CSP projects in Australia and 
Dubai announced a record low tariffs of electricity below 0.07 USD per kWh which could mark the 
commercial breakthrough of CSP [7].       
In order to compete with conventional sources of energy, CSP technologies have experienced significant 
research and development efforts [8, 9]. To this end, various challenges are addressed to develop new 
designs, materials, heat transfer fluids and, processes to increase the thermal efficiency and reliability 
over multiple thermal cycles. In this context, the modeling of these systems is a powerful tool to predict 
the complex system behavior and make these technologies more mature technically and economically. 
Several modeling approaches are presented in the literature to analyze, optimize, and enhance the 
performances of concentrating solar collectors (CSCs). These models studied the optical and thermal 
performances under operating conditions, as well as the wind effect and dynamic evolution under variable 
external conditions. Although some authors have reviewed new designs [10], materials [11], and heat 
transfer fluids (HTF) [12] employed for CSC technologies, the review of numerical modeling approaches 
used to simulate such systems is limited. 
Up to the knowledge of the authors, there is only one review study [13] that discussed the modeling and 
simulation developed to characterize the performance of parabolic trough technology. However, there is a 
lack of a comprehensive study that summarizes the state-of-the-art modeling approaches used to 
investigate the performance of the dominant CSP technologies (parabolic trough and solar tower). 
Furthermore, little attention has been given to compare the attributes and applicability of such approaches 
in the development of new designs and processes.    
This review aims to examine the numerical modeling approaches used in the recent literature to simulate 
the main two commercial CSP technologies: parabolic trough and central receiver systems (CRS). A 
comparison between the different models used is presented and the attribution of each model is also 
discussed. Furthermore, the use of numerical modeling in the development of new designs and 
assessment of the use of nanofluids is examined to suggest the future trends in CSP technologies. 
 

2. Overview of high-temperature solar collectors 

Currently CSP technologies have gained a great interest in their applicability and economic feasibility for 
electricity generation. CSP technologies are mainly divided into two categories according to the way they 
are focusing the solar radiation: i) line-focusing systems and ii) point focusing systems [14]. In the 
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former, the system tracks the sun in one direction (one-axis tracking) such as the case of parabolic trough 
collectors (PTC) and linear Fresnel reflector (LFR), whereas in the latter the sun tracking occurs in two 
axes, as in the case of central receiver systems or parabolic dishes (see Figure 1). Parabolic trough solar 
collectors and central receiver systems are the most developed CSP technologies occupying important 
positions in the market due to higher efficiencies and lower operating costs [9]. 

 
Figure 1. Classification of concentrated solar power technologies. 

Parabolic trough solar collector is a line focus technology that uses a parabolic reflector to concentrate the 
beam radiation on the collector axis. The governing equation of a PTC profile in the (x,y) coordinates as a 
function of the focal length f of the parabola can be expressed as 
                                                   (1) 
An evacuated receiver is placed on this focal line to absorb the concentrated solar energy and convert it 
into thermal energy that will be transferred through a heat transfer fluid to the thermodynamic cycle. The 
receiver consists of a metal tube coated with selective layers and a glass envelope to minimize the heat 
losses. Synthetic thermal oil is commonly used as HTF in PTC solar plants whereas other HTFs such as 
water/steam, molten salts and pressurized gases are emerging [15, 16]. A one axis tracking system is used 
to follow the sun throughout the day and maximize the radiation collection. The continuous development 
and the reduced cost made this technology more attractive to other applications such as industrial process 
heat, desalination, domestic water heating and space heating [13, 17]. 
Solar tower or also called central receiver systems is a point focus technology that uses several sun-
tracking mirrors (heliostats) to concentrate the sunlight onto a fixed receiver located at the top of the 
tower. This point-focused technology uses dual-axis tracking system to track the sun for each heliostat, 
and a working fluid is circulated on the receiver to absorb the concentrated solar radiation. Solar tower 
can achieve higher temperature levels than parabolic trough because of its higher concentration ratio. 
Depending on the design of the tower, different heat transfer fluids such as water/steam, air or molten salt 
can also be used with this technology [18, 19].  

3. Review of different design and modeling approaches  
 
With the continuous advances in numerical methods and computing power, numerical modeling and 
simulation of high-temperature solar collectors have played an important role in the prediction, 
optimization, and improvement of the global performances of such devices. Moreover, a proper model 
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Figure 2. Different model categories investigated in this paper. 

can provide a wealth of information on CSC performance without the need to build expensive and time-
consuming facilities.   
Mathematical models of CSC started in the early 90s with the development of CSP technologies (see for 
instance [20, 21]). These early models were developed for both the operation of the CSP plant [19] and 
the modeling of the parabolic trough [17], and were upgraded in the following years. These models can be 
classified into three main modeling areas: i) Optical models which describe the optical characteristics of 
the concentrator and solar receiver, ii) thermo-fluid models which estimate the useful gain and thermal 
losses from the solar receiver as well as the thermal performance under different conditions considering 
the wind effects,  and iii) Dynamic models that simulate the transient behavior of the solar receiver and 
evaluate the overall dynamic performance of the solar plants. Figure 2 shows the different model 
categories investigated in this paper.  
 

 
 

 
 
3.1. Optical modeling   
 
Concentrating technologies employ a concentration system which is designed to increase the solar flux 
reaching the solar receiver. This process of photo-thermal conversion is characterized by a main 
parameter, so-called concentration ratio. This parameter is generally defined in two different ways: in 
terms of the radiation that reaches the receiver with respect to the incident radiation, or geometrically as 
the ratio of the collector aperture to the absorber area. This last one is also called geometric concentration 
ratio. 
In order to estimate the absorbed solar radiation on the CSCs, various optical models have been 
developed in the literature with different levels of complexity. The outcome of these optical models is 
necessary to evaluate, optimize and predict the optical characteristics and performance of the CSCs.  
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Simplified optical models, such as those proposed by Duffie and Beckman [20], assume a uniform solar 
flux around the receiver and depends mainly on the optical characteristics of the  different components. 
The absorbed radiation per unit of aperture is given as  
                                                         (2) 
Where     is the direct normal irradiance, ρ is the specular reflectance of the concentrator, τ is the 
transmittance of the glass, α is the absorbance of the absorber, γ is the intercept factor and K is the 
incidence angle modifier. The optical properties are normally function of the incidence angle, and can be 
evaluated at a normal incident angle while the deviation to the actual incident angle should be considered 
in the so-called incidence angle modifier. The latter is defined as the ratio of the efficiency at a given 
angle of incidence (T) to the efficiency at normal incidence. As it depends on the geometry and the optics 
of the system, functions for this parameter for different concentrators have been reported in the literature 
(see Table 1).  

 
Table 1. Incidence angle modifier for different concentrators. 

Concentrator Incidence angle modifier  Reference 
LS-2                                          

                                         
 

    [21] 

LS-3                                  
                                  

   [22] 

Eurotrough                                         
        

 

[23, 24] 

 
The intercept factor is the fraction of the reflected radiation reaching the receiver surface and includes all 
optical errors, i.e. receiver shadowing, tracking errors, dirt, etc. The simplified model proposed by Duffie 
and Beckman [20] can be applied to all concentrators and configurations without taking into consideration 
the variation of the solar distribution with the position.  
However, in practice, concentrating solar receivers are subject to non-uniform solar flux, which may 
affect the optical characteristics and temperature distribution around the receiver. Therefore, many 
authors have investigated the solar flux distribution in CSCs [25, 26].  
According to the state of the art, several published works have been devoted to study the heat flux 
distribution and optical performances of PTCs, either by considering the non-uniform heat flux 
distribution  [27],  by means of analytical solutions [28] and also taking into account focus and tracking 
errors [29]. The schematic of the involved components in the optical modeling of PTC is shown in Figure 
3. 
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Figure 3. Schematic of optical modeling of PTC. 

Initially, the majority of proposed models used mathematical/statistical approaches [30, 31] to evaluate 
the intercept factor and study the effect of the different optical errors that may occur; such as tracking, 
displacement, mirror specularity, and slope errors. 
Jeter et al. [32] presented a pioneer analytical model to evaluate the concentrated radiant flux and optical 
characteristics of a PTC considering the imperfections of the different optical properties. These kinds of 
models are based on convolution approaches and require complicated mathematical derivations but less 
computational time. 
Recent published works are based on the statistical Monte Carlo Ray tracing (MCRT) methods which are 
more flexible in modeling non-ideal optics compared to the simplified models [25, 33]. The principle of 
ray tracing methods is to randomly generate a large number of rays/photons, and track their paths from 
one surface to another considering the sun shape and optical effects [26]. The rays/photons are then 
counted through their hitting positions on the CSC components. Consequently, the non-uniform 
distribution of the absorbed solar radiation on the absorber/glass tube can be determined and eventually 
coupled to a thermal model. The optical efficiency of the PTC system is then calculated as the ratio 
between the statistical absorbed solar radiation to the total solar radiation received on the collector 
aperture.  
 He et al. [34] developed a MCRT model to track the photons in their pathways from the parabola to the 
absorber tube considering the sun shape. The model was validated with the analytical results of Jeter [32] 
and integrated into a Computational Fluid Dynamics (CFD) model. Cheng et al. [35, 36] proposed a 
home-made unified code based on MCRT model to simulate different types of concentrating solar 
collectors. They showed that the solar flux distribution is symmetrical in the cross section and non-
uniform in the azimuthal direction. The model is later coupled to a 3D finite volume method (FVM) to 
study the relation between the geometric parameters of the reflector and the focal shape on the 
performance of the PTC [37]. The same model [38] is coupled with a population-based particle swarm 
optimization (PSO) algorithm to optimize the geometric characteristics. Although the computational cost 
is quite expensive, the model was proven to be feasible and give accurate results.  
Liang et al. [25] compared MCRT model with two ray tracing models combined with FVM. They 
observed that the runtime and computational effort for the proposed modified ray tracing models were 
improved by 40 to 60%.  
Hachicha et al. [39] developed a novel optical model based on a combination of finite volume and ray 
tracing methods to project the sun shape on the absorber surface. A numerical-geometrical methodology 
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is applied to discretize the PTC domain and optic cone into control volume and control angles, 
respectively. A typical solar flux distribution around an LS3 parabolic trough is shown in Figure 4.  

 

Figure 4. Typical flux distribution around an LS3 parabolic trough [40]. 

MCRT method has not only been used for studying the effects of geometrical parameters, such as 
aperture width, focal length, and absorber diameter, on the optical performance of a PTC [41-43], but  it 
has also been useful for another kind of concentrator devices such as cavity receivers [44] and parabolic 
dishes [45]. 

In the particular case of central receiver systems, the optical modeling is an important step to determine 
the solar flux concentration through a tower-heliostat field system, and optimize the design of the CRS 
power plants [26]. One of the main purposes of optical modeling in CRS is to determine the image of the 
solar disk on the focal plane considering the different defects encountered in the solar facility. The optical 
modeling of solar tower involves the investigation of optical properties of reflector materials, the heliostat 
geometry, tracking algorithm, and receiver influence on the concentration and energy yield. The main 
parameters that may affect the optical efficiency of CRS systems are: cosine effect, shading effect, 
blocking, atmospheric attenuation and receiver spillage [19]. The optical modeling includes different 
parameters of both heliostat and receiver geometry.  
The optical analysis in CRS is essential in both pre-design and design phases, and can be useful to 
determine a cost-optimized solution for the solar field layout. In Figure 5, a typical solar flux density 
observed in a multi-tube cavity receiver is shown. The solar flux distribution in this kind of systems 
exhibits a non-uniform behavior. Due to the point-focusing system, the maximum flux is measured at the 
center of the cavity to decrease towards the margin. This uneven distribution affects the solar flux 
received by each tube, the larger irradiation being in the middle part to decrease towards the tubes end. By 
using the kind of analysis shown in Figure 5, it is possible to detect problems with the focus strategy. For 
instance, by performing the optical analysis of the cavity receiver, Qiu, Y et al. [46] recommended the use 
of a multi-point focus strategy instead of the traditional one-point strategy in order to make more 
homogenous the solar flux which leads to an increase of the optical efficiency of the system. 
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Figure 5. Typical solar flux distributions in a multi-tube cavity receiver [46]. (License number: 4492630801860) 

 
Moreover, the prediction of the flux density distribution on the heliostat field with high accuracy is 
essential in the design phase of the heliostat field [47, 48] and is commonly used for the optimization of 
the solar field layout for CSP plants such as in PS10 [49] or DAHAN [50, 51]. The most important 
strategies for optical modeling of CRS are divided in two categories, the flux distribution prediction and 
the heliostat field optimization, as shown in Figure 6. The first category refers to the codes and models 
capable of accurately simulating the solar flux distribution reaching the receiver from the heliostat field. 
The second category includes the parametric analysis and optimization of the heliostat field which may 
help to reduce the energy costs and improve the heliostat field layout.       

               
Figure 6. Most important strategies for optical modeling of CRS: (left) flux distribution prediction (right) heliostat 

field optimization 
 
Besides the great importance in modeling the complex solar field in CRSs and its optical performance, 
CRS optical models may allow the integration with optimization algorithms and overall plant models.   
In the literature, several codes and algorithms for the optical modeling of CRS systems are presented in 
[26, 52, 53]. These codes can be classified into three groups:  
i) Codes that use statistical approaches based on convolution/expansion techniques or MCRT like 
HELIOS [54], MIRVAL [55], FIAT LUX [56] and SolTrace [57], STRAL [47], TONATIUH [58] and 
others. 
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ii) Codes that use simplified optical models to reduce calculation time with an emphasis on the design and 
optimization of the whole CRS system like the University of Houston Codes (UHC), (WIN)DELSOL 
[59] and HFLCAL [60] 
iii) Codes that use a detailed analysis of the optical performance with an optimization of the overall 
system like SCT [61] or SENSOL [62] or Raytrace3D [53].  
These codes include different modules and functionalities that can be used to study heliostat field layout, 
heliostat tracking and representation of both facet and receiver geometry. In terms of accuracy, the first 
and third categories are more accurate for predicting the flux distribution in the heliostat-receiver system, 
while the second one is more recommended for techno-economic assessment of the CRS technology. A 
comparison between three codes from each category is shown in table 2.  
 

Table 2. Comparison between different optical codes: DELSOL, SolTrace and Raytrace3D. Adapted from [53]. 

 
3.2. Thermo-fluid modeling 
 
The thermo-fluid modeling of high-temperature solar thermal systems is essential to simulate, control and 
optimize the thermal performance of concentrating receiver collectors. Two main approaches are 
developed in the literature for the analysis and prediction of thermo-fluid characteristics of concentrating 
solar collectors. The first approach is commonly used in the prediction of the thermal losses and 
temperature variation without solving the fluid dynamics, and it is based on energy balance [63, 64]. The 
second approach provides more details on the fluid flow behavior by solving the governing mathematical 
equations using CFD [65, 66]. 
 
3.2.1. Energy balance models 
 
Energy balance models focus on the prediction of thermal performances of the CSCs and their receivers. 
They usually include the optical losses and thermal losses, together with the boundary conditions of the 
concentrator, i.e. weather conditions which include direct normal irradiation (DNI), ambient temperature, 
wind velocity, sky temperature, etc.,   and receiver geometrical conditions. The governing energy balance 
equation applied to a control volume (CV) can be expressed in a general form as  

Main features DELSOL SolTrace Raytrace3D 
Type of tool optimization Performance 

analysis 
Performance analysis 
optimization 

Considered subsystem overall plant optical subsystem  optical subsystem 
Calculation method Hermite polynomial 

expansion/convolutio
n 

MCRT MCRT 

Contribution of each 
loss 

Yes No Yes 

Accuracy Increases with field 
size 

Accurate for one 
heliostat 

Accurate for one facet of a 
heliostat 

Optimized 
components 

Heliostat boundary, 
field layout, tower 
height, receiver size, 
storage capacity 

Not available field layout (tower height, 
heliostat 
geometry, facet curvature, 
receiver size) 

Optimization criteria Cost criteria with 
optional 
flux/land constraints 

Not available geometrical concentration, 
flux density, 
(plant energy production, 
LEC) 
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                                           (3) 
where e is the total energy rate within the CV, Q is the rate of heat added to CV  and W is the net of work 
done on the CV. This equation needs to be applied over each part of the CSC and coupled with the optical 
model in order to determine the useful energy gains, thermal losses and optical losses. In order to simplify 
the analysis, the heat losses coefficient concept can be used to include the different losses (by radiation 
and convection, mainly) between the solar receiver and the surroundings[20, 67]. The useful energy gains 
equation under such conditions is expressed as  
                                                          (4) 
In the above equation, Aa represents the solar field aperture, Ar is the receiver area, and Tr and Ta are the 
receiver and ambient temperature, respectively. In a similar way to a flat-plate collector, the above 
equation can be also expressed in terms of the fluid temperature at the inlet of the concentrator Ti as 
                                                       (5) 

Where FR is the heat removal factor given as 

       
    

               
    

                                          (6) 

The heat removal factor depends on the heat transfer fluid heat capacity, the mass flow rate and the 
collector efficiency factor  F’ which can be evaluated as  

       
 
  

 
  

   
    

    
      

  
 
                                                     (7) 

The collector efficiency factor represents the heat exchanged between the receiver wall and the fluid, thus 
it depends on the thermal conductivity of the tube k and the fluid kf, the heat transfer coefficient inside the 
receiver tube hf , and the inner and outer diameter of the receiver Di and Do. 
In the case of PTC, the energy balance equations are determined by conserving the energy at each surface 
of the surface cross section. The absorbed solar radiation by the absorber tube is conducted through the 
tube and eventually transferred to the heat transfer fluid by convection. The remaining heat is lost by 
convection and radiation inside the annular zone. The thermal energy reaching the glass tube will also be 
lost to the environment by convection and radiation. Figure 7 shows a schematic of the different heat 
fluxes interacting in the PTC heat transfer model.    

 
Figure 7. Heat fluxes interaction in the cross section of a PTC.  

 

Various PTC energy balance models have been proposed in the literature and can be classified into two 
main categories: one dimensional models assuming uniform temperature distribution around the solar 
receiver and multi-dimensional models considering the nonuniformity of the solar flux distribution. In the 
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first category, the fluid domain can be solved as 0 D general model or 1D simplified model whereas in the 
second category the fluid domain is usually solved in 1D model. The first category is a simple and less 
time-consuming approach but does not provide enough information on the azimuthal variation of the 
temperature for the different components of the solar receiver. The latter category is more accurate and 
appropriate to study the effect of realistic energy flux on the optical and thermal behavior of the heat 
collector element (HCE) and thus more time-consuming. Moreover, it is essential to determine the 
temperature gradients around the HCE as well as to predict the thermal stresses and bending which should 
be kept under safe limits [68, 69]. In table 3 a summary of different models encountered in the literature is 
shown. 

Table 3. Summary of different energy balance models for PTCs from the literature. 

Reference Fluid model Azimuthal 
radiation 

Bracket 
losses 

Thermophysical 
properties 

Radiative 
properties 

[63] 1D no yes variable variable 
[70] 1D no no variable constant 
[71] 1D no yes constant constant 
[72] 0D no yes constant constant 
[39] 1D yes no variable constant 
[73] 1D no yes variable variable 
[74] 1D yes yes variable constant 

 
 

Discretized thermal models are the most common in thermal modeling of PTC. They are divided into one-
dimensional (1D) and multidimensional models depending on the discretization strategy of the HCE. 1D 
models consist in discretizing the HCE along the axis direction and solving the governing energy equation 
as shown in Figure 8. The solar flux absorbed on the solar receiver can be either determined based on 
simplified optical models or considering an azimuthal heat flux radiation distribution as discussed in 
section 3.1. 

 
Figure 8. 1D model of HCE discretized on the axial direction [71]. 

 
Forristall [63] developed a comprehensive 1D model to study the effect of different design parameters 
and operating conditions on the PTC performance. He also compared 1 D and 2 D models under uniform 
solar flux condition and observed that the 1D model underestimates the heat losses for longer receivers 
when compared to the 2D model. Following Forristall [63], other authors [70-73, 75] used similar 
approaches in their 1D models, for instance, Garcia-Valladares and Velázquez [70] presented a model for 
a single-pass and double-pass parabolic trough collector. Padilla et al. [71] also added the effects of the 
thermal radiation losses between neighboring surfaces; Kalogirou [72] considered also all modes of heat 
transfer in each element of the collector. Yilmaz and Söylemez [73] improved the model with 
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comprehensive calculations of all the factors that affects the optical efficiency of the collector. Liang et at. 
[74] compared different 1D models under different heat transfer assumptions. They concluded that the 
thermal performance of PTC is predicted with good accuracy and less computational time using 1D 
models.    
In order to take into consideration the variation of the thermal characteristics of the PTC in the azimuthal 
direction, a multidimensional discretization strategy needs to be implemented. In multidimensional 
models (2D and 3D), the HCE is discretized in both azimuthal and longitudinal directions considering the 
circumferential variation of the solar flux. The energy balance equation (Equation 3) is normally applied 
to the different components of the HCE. It is noted that the fluid side can be treated as 1D in energy 
balance models or 3D using a CFD model that will be discussed in section 3.2.2.  
Some 2D models [76] have been developed using a uniform heat flux. In such cases, the fluid is 
discretized in 2D in the cross-flow direction and symmetry conditions in the axial direction are imposed. 
Moreover, the outer glass surface is considered isothermal. Such kind of models cannot be used for 
predicting the performance of the PTC due to the unrealistic boundary conditions but can be useful for 
studying the variations on the heat transfer coefficients inside the tube.   
Other authors [77, 78] compared the uniform and non-uniform heat flux models and concluded that the 
uniform heat flux models can be used quickly to determine the PTC performance despite the under-
prediction of the thermal losses. 
Most of the multidimensional models considered the non-uniform heat flux distribution to simulate the 
heat transfer in the solar receiver. Hachicha et al. [39] presented a detailed thermal model based on energy 
balance, and coupled with an optical model to determine the temperature distribution around the solar 
receiver. It was noted that the circumferential temperature profile around the HCE was following the 
same trend of the non-uniform solar flux. Wang et al. [79] coupled a 2D model with a 3D optical model 
considering the nonuniformity of the energy flux density and the radiation of the side plates.  
Energy balance-based models use various assumptions and correlations to estimate the different heat 
transfer mechanisms throughout the PTC components. Conduction and radiation heat transfer through the 
HCE can be treated using the basic laws and analytical formulations [80, 81]. However, appropriate 
correlations should be used to estimate the convection heat transfer coefficients. The heat transfer 
between the inner absorber tube and the HTF is due mainly to forced convection which could be either 
single-phase or two-phase. Most of the commercial PTC plants are using synthetic oil as HTF and 
therefore the majority of PTC models are based on single-phase flow approximation. A review of the 
correlations used to determine the heat transfer coefficient between the HTC and tube-receiver is given in 
[82]. The most commonly used correlation for turbulent flow in single-phase flow condition is the 
Gnielinski correlation [83] where Nusselt number is given as follows 
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2(1.82log(Re) 1.64)Gnif � �                                      (9) 
 
Figure 9 shows the modeling results from different approaches (see table 3) in comparison with the 
experimental results for the LS2 collector. In the figure, the thermal performance obtained with the 
different models for both air and vacuum in the annulus is plotted. In general, the different levels of 
modeling yield similar results and deviations from the experimental data are within the error bars of the 
measurements. Out of these results, the numerical data of Garcia-Valladares et al. [70] and Liang et al. 
[74] deviate from the experiments, especially at low temperatures. These deviations might be due to the 
assumption of constant optical properties, i.e. independent on the temperature. In fact, as the model 
complexity increases, the accuracy in the boundary conditions and fluid model selection get more relevant 
to the results. Thus, appropriate conditions have to be carefully prescribed in order to obtain accurate 
results. 
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From the analysis of the foregoing, it can be concluded that 1D models can better be used for fast results 
although the over-prediction of the efficiency and under-prediction of heat losses increase with the length 
of the receiver. 2D models show a good compromise between numerical simplicity, accuracy, and fast 
computation. This level of modeling also allows to study influence of the variation of both optical and 
thermophysical properties with temperature. One-dimensional fluid models with the azimuthal 
distribution of the solar radiation offer the possibility of analyzing the effects on uneven heat and 
temperature distribution along the receiver circumference on the different parts of the HCE and the PTC 
performance. Moreover, these models enable the possibility, coupled with a finite-element model for solid 
elements, of analyzing the thermal stresses due to the heat flux variations. The use of multidimensional 
models for the fluid side, due to the high computational cost, are only justified if the objective is to study 
the impact of specific modifications in the heat collector element to improve the heat transfer such as 
those that will be discussed in section 5.1 (see also  [84]).  

 
Figure 9. Comparison of different models for the PTC with experiments from [21] for Cermet coating. Solid line 
vacuum in annulus and dashed line air in annulus. KAL12 [72], GAR09 [70], FOR03 [63], PAD11 [71], YIL14 

[73], HAC13 [85], LIA15 [74]. 
 

The concept of two-phase flow is mainly applied in direct steam generation (DSG) when water/steam is 
used as HTF.  In such situation, the hydrodynamic analysis and the flow patterns are more complex and 
should be evaluated according to a flow pattern map. Odeh [86], based on the flow maps defined by Taitel 
and Dukler [87] for two-fluid flows in horizontal tubes, defined a model for evaluating the flow pattern 
distribution along the absorber tube of a PTC. In Figure 10, an example of the flow patterns identified by 
Odeh et al. [86] for a 54 mm diameter pipe is represented. In general, the flow in the absorber can be 
stratified, annular, dispersed, bubble or intermittent (slug or plug). The heat transfer on the fluid side 
depends on the flow patterns, thus different correlations for the heat transfer coefficient has to be used in 
order to properly predict the temperature distribution along the receiver tubes. Different DSG models 
have been introduced to study the thermo-hydraulic process under two-phase flow and different flow 
pattern maps. For instance, Serrano-Aguilera et al. [33] introduced a simple model developed for working 
with 3D temperature distributions in the solid parts of the PTC; Hachicha et al. [40] extended their 
thermo-hydraulic model for single-phase flow [39] to DSG using the flow patterns proposed by Odeh et 
al. [86] ; Odeh et al. [88] proposed a simplified model based on the absorber wall temperature accounting 
for the different fluid phases; Elsafi [89] used a different flow pattern map initially developed for 
refrigerants in small diameter pipes. All these models were developed, validated and tested aiming at the 
design and optimization of a DSG loop for a CSP plant.  
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Figure 10. Example of flow pattern map in a HCE for DSG. Adapted from [86]. 

 
The thermal analysis of Central Receiver solar Systems can also be based on energy balances and depends 
on the geometry of the receiver (tubular or volumetric) as well as the heat transfer fluid (water, molten 
salt, air, etc.). The tubular central receiver system is the most common CRS technology and was  first 
implemented in the early 1980s [18]. Both external and cavity type receivers can be implemented in 
tabular receivers (see Figure 11). 

 
Figure 11. Schematic of a tubular external (left) and cavity (right) solar receiver [18].  

 
Similar to PTC technology, CRS thermal models include the solar flux distribution on the receiver 
surface, convective losses and radiative losses from different elements of the solar receiver. Several 
models are presented in the literature (see for instance the comprehensive reviews by Behar et al. [19] and 
Pitot de la Beaujardiere and Reuter [90]) to study the thermal performances of central receiver systems. 
Most of these models focus on the estimation of thermal losses and optimizing the size of different 
components. The modeling of CRSs needs to consider numerous geometric and optical parameters. 
Steady state energy balance models can provide the designer with an easy-to-use tool with low 
computational time. Under steady state conditions, the general equation of the useful energy can be 
expressed as follows 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

                                                 (10) 

where the total heat loss             includes convective, radiative and conductive heat losses. Clausing 
[64] presented an analytical energy balance model to study the convective heat loss from a large cavity 
receiver. He concluded that thermal losses are mainly affected by the air temperature inside the cavity and 
the the cavity inclination, while the influence of wind on thermal losses is minimal. James and Terry [91] 
proposed a steady state thermal model to study the thermal performance of different geometric 
configurations of the cavity receiver system. They concluded that the concentrator rim has a great effect 
on the power profile without a significant difference in the thermal efficiency. Li et al. [92] developed a 
global steady state thermal model of 100 kWt molten salt cavity receiver considering a uniform incident 
flux. They also studied the influence of different design parameters on the thermal performance.  
At the same time, the modeling of volumetric receivers is a complex process where fluid flow and heat 
transfer in porous structures need to be studied. Most of the published models are based on a multi-
dimensional approach coupling the non-uniform flux with the CFD approach. Early models were based 
on a simple one-dimensional approach. Krirbus [93] proposed a one-dimensional mathematical model to 
study the flow and energy transfer through a volumetric absorber. He highlighted the restriction and 
failure mechanisms due to the high flux and flow related constraints. Bai [94] investigated the thermal 
performance of a silicon carbide porous media receiver based on a one-dimensional physical model. It 
was found that SiC has good thermal properties that lead to the increase of air outlet temperature. 
A common assumption in most of the previous energy balances is a uniform heat distribution on the walls 
of the receiver, which is not reflecting the realistic non-uniform profiles. Therefore, to better understand 
the fluid flow and heat transfer under non-uniform concentrated solar flux condition, the complex coupled 
heat transfer should be investigated further using multi-dimensional CFD models.  
 
3.2.2. CFD models 
 
In the last decades, advances in numerical modeling have become possible due to the development of 
supercomputers and numerical techniques. CFD  models are based on solving the Navier-Stokes and 
energy equations by using numerical techniques that provide detailed information on the heat transfer and 
fluid flow phenomena. Numerical simulations based on CFD algorithms are generally conducted through 
three main steps: i) pre-processing, ii) solver and iii) post-processing. The breakdown of these steps is 
shown in Figure 12. 
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Figure 12. The main steps of CFD simulation process. 

 
CFD simulations can be used to investigate new designs, analyze existing designs, and optimize the 
operating conditions for high-temperature solar collectors. 
In PTC technology, CFD models have been used to analyze the fluid flow and heat transfer behavior of 
the solar receivers, as well as the wind flow around the full collector. In practice, the fluid flow inside the 
absorber tubes in CSP applications is under highly turbulent flow conditions. Therefore, turbulence 
models are usually implemented to solve the governing Navier-Stokes equations. Cheng et al. [95] used a 
CFD model to estimate the convection heat transfer between the HTF and the inner absorber tube, 
integrating the results of the optical model at the outer surface of the absorber tube. A k-ε two-equation 
turbulence model with a wall function was coupled with the MCRT optical model.    
He et al. [34] presented a CFD model, also based on a k-ε two-equation turbulence model and coupled 
with a MCRT optical model. The model was validated with LS-2 collector tube, with an average relative 
error less than 2%. The authors also investigated the influence of different geometric concentration ratios 
and rim angles on the efficiency of the PTC. They concluded that with the increase in concentration 
ratios, the shadows effect become weaker, while the increase in the rim angle produces a lower value of 
the maximum heat flux. A similar methodology was used by Mwesigye et al. [85] with similar objectives. 
They showed that low rim angles produce low-temperature differences across the HCE circumference, 
with a trend to reduce these differences as the rim angle increases. Roldan et al. [96] used the commercial 
CFD package ANSYS Fluent to calculate the temperature profile and thermal stress around the absorber 
tube for superheated steam. They showed that the thermal gradient increases with the increase of direct 
solar radiation and higher steam temperature. CFD studies using non-uniform thermal boundary have also 
been useful for the analysis of natural and mixed convection, due to the heat flux profile [97, 98], the use 
of supercritical CO2 as HTF [99] or the impact of the uneven flux density on the thermal stresses in PTCs 
[100].   
All the previous CFD studies have been performed under single-phase condition. However, according to 
the literature, the adopted correlations used to estimate the heat transfer coefficient in the fluid lead to 
acceptable results [33, 82]. The main benefits of using CFD in HTF modeling is the investigation of the 
complex two-phase flow conditions [101, 102]  and/or novel absorber designs [103-107]. On the other 
hand, CFD has proved to be a powerful tool to predict the wind loads around the PTC and the effect on 
the performance of the solar plants. Most of the aerodynamic models  to study the wind loads on an 
isolated PTC under different configurations and wind speeds are  based on Reynolds Averaged Navier-
Stokes (RANS) turbulence models [108-111]. Hachicha et al., in several papers [85, 112, 113], proposed 
large-eddy simulations (LES) to predict the fluid flow and heat transfer around a parabolic trough solar 
collector for different orientations and two typical wind speeds. They concluded that the fluid flow and 
heat transfer behavior is a strong function of the pitch angle which may affect the stability and the overall 
efficiency of the collector. Figure 13 shows the resultant flow structures around the collector at different 
pitch angles using LES.  
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Figure 13. Wind flow around parabolic trough for different pitch angles using LES model [113]. (License number: 

4492640292759). 
 
Mier-Torrecilla et al. [114] used LES based on a lattice Boltzmann method (LBM) to simulate the wind 
loads in a model-scale, full-scale and array of PTCs. They showed that the wind loads, and the pitching 
moment are maximum for the exterior modules and vary remarkably along a row. Andre et al. [115] 
performed a LES  with both lattice Boltzmann and finite element methods to estimate the wind loads on 
an isolated parabolic trough collector with time-varying inlet boundary condition. They observed low 
sensitivity of the numerical results with the modeling approaches. 
CFD models have also been used by numerous authors to simulate the thermo-hydraulic behavior of CRS 
as well as the wind loads on heliostats. Prakash et al. [116] proposed a CFD model to study the 
convective losses occurring from a solar cavity receiver made up of a helical coil tube at different fluid 
inlet temperatures and receiver inclinations. The predicted results were compared to the experimental data 
with a maximum deviation of 14%. They found that the convection heat loss increases with the mean 
receiver temperature and decreases with the inclination.   
Various CFD models [117-120] studied the thermo-hydraulic performance of tubular receivers under a 
non-uniform flux. The heat flux distribution around the solar receiver is usually obtained using an optical 
code (see section 3.1) and then integrated to the CFD model. Rodriguez-Sanchez et al. [66] compared 
simplified thermal models with CFD simulations for molten salt tubular receiver. They concluded that the 
simplified models lead to similar results to those of CFD simulations with a fast and simple way.  
In volumetric receivers, the complex coupled heat transfer problem in porous structures is widely solved 
using CFD approach. Thermal radiation also plays an important role in heat transfer due to the high-
temperature environment [121]. Some CFD models [122-124] focus mainly on the investigation of 
thermal performance and study of the effect of different geometric parameters and operating conditions. 
Other models [125-127]  are more oriented towards the study of novel designs and configurations.     
Besides, several CFD models have been developed to study the thermal performance of falling particles 
receivers which show high potential in achieving high temperatures up to 1000°C [128]. Multiple 
configurations and designs were investigated using CFD models and can be classified according to the 
way of heating: directly [129-131] or indirectly [132, 133]. 
In addition, aerodynamic modeling in central receiver systems is essential to simulate the heat losses from 
the solar tower as well as the stability of the heliostat and the optical performance under windy 
conditions. As the temperature of the solar receiver gets higher than the ambient temperature, a significant 
amount of energy is lost to the surrounding by conduction, convection and radiation. Although in these 
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receivers conduction losses can be considered rather small, heat losses by radiation and convection are 
complex and need to be studied.  
A review on the research studies on thermal losses from cavity receiver is presented in [134].  In order to 
consider the effect of wind, CFD models have been developed to study and predict the heat losses by 
natural [135-137], forced [116, 138]  and mixed convection[139, 140]. Roldan et al. [141] proposed a 
CFD model to investigate the thermal efficiency of an open volumetric receiver under wind and return-air 
conditions. They showed that thermal performance is more affected with wind at higher magnitude and 
direct incidence direction.  
At the same time, the aerodynamic modeling of heliostat plays an important role in the prediction of the 
wind effects on the stability and optical performance. Various CFD models have been developed to study 
the wind effect on heliostat and photovoltaic trackers as they are similar cases. Most of the published 
models are based on RANS models [142, 143], while other authors[144-146] recommended the use of 
more suitable turbulence models such as LES and detached eddy simulations (DES) to well capture the 
fluid structures around the heliostat.     
 
 3.3. Dynamic models 
 
In all the previous modeling approaches, steady-state conditions are assumed for the sake of simplicity. 
However, in practice CSCs are under transient conditions as the weather conditions are changing with 
time and the effect of startup and shutdown does not allow the long operation under steady conditions. 
Dynamic models can be categorized into two main areas depending on the considered system: i) transient 
flow models dealing with the transient behavior of the HTF and ii) plant performance models focusing in 
the transient characteristics of the solar plant.  
In PTC technology, various dynamic models have been published [147, 148] to predict the thermal and 
overall performances under transient conditions. Transient flow models are proposed to study the effect of 
unsteady parameters for both single-phase and two-phase flow. Numerous studies proposed are based on 
lumped capacitance models mainly one dimensional [149-151] and few multidimensional models [152].     
Other scholars [153, 154] presented transient models to simulate the complex transient behavior of DSG 
in PTC and predict the thermal instabilities in DSG loops.  Moreover, the transient simulation of the 
dynamic performance of the plant has been the subject of other works using different software tools such 
as; TRNSYS [155], Modelica [156], and SAM [157]. Such models are very useful to evaluate the 
dynamic performance, plant operation strategies and assess new ideas and configuration in the design 
phase. 
Similarly, dynamic models for CRS technologies can also be classified into two main categories: lumped 
capacitance models and plant performance models. The lumped capacitance models [158-161] are 
devoted to predicting the dynamic characteristics and thermal losses without considering the simulation of 
the whole plant. The majority of dynamic models in CRS focused on the modular modeling of the whole 
solar plant to determine the output power. Various simulations tools have been used to simulate the whole 
CRS plant such as ; TRNSYS[162] , SOLERGY[163], MODELICA [164] and STAR-90[158]. Most of 
these models were coupled with optical codes to determine the flux maps on the receiver.   
 

4. Attributes and applicability of the modeling approaches 
 
Numerical modeling is an important tool to design, simulate and optimize different components of CSCs. 
This tool is not only used to study and analyze the performance of existing solar plants but can be also 
explored to design and optimize new CSP projects. However, experimental works remain essential to 
validate and test the various practical aspects of proposed models.    
The aforementioned modeling approaches have been analyzed and compared in order to assess their 
predictive capabilities and suitable application for each approach. In this section, the main merits and 
demerits of these modeling approaches are discussed, highlighting the applicability and effectiveness for 
the current and future CSC applications. 
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Optical models: It is obvious that optical modeling is crucial in CSC where the flux is not uniform due to 
the optics of the different concentrator components. The use of accurate and efficient optical models that 
can deal with the non-uniform flux distribution, but also take into account optics and tracking errors is of 
major importance. Such a tool is not only required for the detailed analysis of the optical performance but 
also in system design and optimization. Moreover, the output of the optical modeling is essential to 
understand the temperature distribution and therefore the thermal performance of CSCs. This can be 
achieved by integrating both optical and thermal models in a comprehensive modeling strategy. For this 
purpose, it is a common practice to assume the optical properties independent to temperature and consider 
the optical modeling as a pre-processing to the general performance model. 
In general, the analytical/simplified models give accurate results with less computational time, although 
the mathematical complexity of such models makes them not very practical in certain cases. These 
models includes several optical parameters as a function of the concentrator configuration in order to 
determine the optical performance of CSC systems. However, this modeling approach is mainly used for 
simple geometry and may have some errors due to incomplete description of reflective surfaces and sun 
shape properties [26]. 
Ray tracing techniques and the optical codes are more preferred in the optical modeling with more 
flexibility to be integrated into a general thermal model. These models are more appropriate to accurately 
study the three-dimensional optical effects when various optical errors, due to reflector curvature, mirror 
qualities and tracking errors, are present [53, 165]. Besides, ray tracing models are more feasible and 
reliable to study and optimize new CSC designs with non-ideal optics [25]. This approach is commonly 
used in commercial and scientific works as well as various software tools such as SolTrace, Tonatiuh, 
DELSOL, Raytrace3D. However, the computational time required by these computer-based tools is quite 
significant and depends on the development of computer technology.    
 
Thermo-Fluid models: The main objective of thermo-fluid models is to study the steady thermal 
performance of CSCs under different operating conditions and the possible improvements that can be 
made. Energy balance models are simpler and faster models since they deal with solving the energy 
equations only. In such cases, empirical correlations are used to estimate the heat transfer on the HCE. 
Depending on the way of discretizing the HCE, energy balance models are classified into one dimensional 
and discretized models. One dimensional models are limited as they cannot consider the non-uniformity 
of the heat flux. Despite this fact, these models could be employed to quickly evaluate the integral heat 
transfer performance of CSCs with a good proximity to experimental results [78, 166].      
On the other hand, discretized models are more time consuming but more suitable to simulate the non-
uniform temperature distribution. These models are more recommended for evaluation of the thermo-
hydraulic behavior for long absorber tubes especially when the pressure drop and the non-uniform effects 
are prominent. Nevertheless, the use of discretized models is also beneficial in case of two-phase flow due 
to the interaction between the non-uniform heat flux and two phase flow that lead to higher complexity 
level.     
In complex geometries and designs purposes, CFD is more appropriate to model the coupled fluid flow 
and heat transfer present in CSC. Taking the advantages of the advances in computer technology, these 
models are well suited to simulate, analyze and optimize new designs as well as to assess the practical 
limits.  
Both internal and external flow around the CSC can be predicted using CFD models with adequate 
turbulence models for high Reynolds numbers. RANS models are more suited in CSC modeling for 
industrial applications, as they need less computational time than advanced models (LES, DES, DNS). 
However, in order to capture the detailed flow structure and to understand the main transfer mechanisms 
present, advanced models are required.  
CFD models are usually time-consuming models especially in complex geometries. In PTC applications, 
CFD modeling is very useful to study the different techniques of performance enhancement but also to 
examine the thermal stress around the HCE.   
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On the other hand, CFD simulation is more challenging in the case of CRS where different length scales 
may be present. Despite of this, CFD modeling has a potential capability in modeling porous structures 
and free-falling receivers where the thermo-hydraulic behavior is more complex.  
In general, energy balance models can be more practical, less time consuming and suitable for an easy 
decision-making on the initial design, whereas CFD models are interesting for design and optimization of 
CSCs.  
 
Dynamic models: This approach is used to assess the thermal performance of CSCs under transient 
conditions, taking into consideration the various fluctuations from the startup to the shutdown. It is also of 
great use to develop control strategies and optimize the thermodynamic cycle as well as the thermal 
energy system. These models can be divided in two categories depending on the component or full system 
perspective: lumped capacitance and plant performance models.    
The simplified lumped capacitance models are mainly used to determine the dynamic behavior of the 
HTF and the resultant heat transfers of the CSC. Such models are more appropriate to predict the dynamic 
variation of CSC characteristics and controllability strategies under different flow conditions. Such 
models become more relevant in case of two-phase flow, which is highly affected by the dynamic 
conditions throughout the different stages of the solar field. Moreover, they are less time consuming and 
provide a reasonable prediction of the transient behavior.  
However, they are not capable of assessing the interaction of the solar receiver with the other components 
and evaluating the dynamic performance of the whole solar plant. For such needs, it is recommended to 
use plant performance models, which can be used in the operational and design phase to assess the use of 
new designs. These models are more appropriate for the study and evaluation of the plant performance 
from a process dynamics point of view. For that reason, they could be easily integrated in a 
comprehensive life-cycle analysis to assess the techno-economic feasibility of CSP plants. Most of these 
models used software tools (TRNSYS, Modelica, SOLERGY) that integrate the various components of 
the solar plants, coupled with optical codes. Using these platforms, it is possible to evaluate the final 
energy output of the whole solar plant for performance prediction and optimization. One of the important 
features of these models is the flexibility to integrate the TES system as well as hybridization of the solar 
plant with other energy sources.   
In order to provide a guideline for the modeling of high temperature solar collectors, the above model 
approaches have been compared in terms of different selection criteria. Table 4 shows the main 
characteristics and level of difficulty of the studied models for evaluating the performance of existing and 
novel designs of CSC systems.     

 

Table 4. Comparison of the studied models based on selection criteria and level of difficulty. 

Characteristics/ 
Criteria 

Optical Models Thermo-Fluid Models Dynamic Models 
Analytical/ 
simplified 

Ray 
tracing 

Energy 
balance 

CFD Lumped 
capacitance 

Plant 
performance 

Mathematical 
model 

Average Complex Simple Complex Simple Complex 

Accuracy Average to 
High 

High 
 

Average to 
High 

High Average to 
High 

Average to 
High 

Computational 
time 

Low High Low High Low High 

Modularity Difficult Yes Yes Difficult Difficult Yes 
Considering 
non-uniform 
flux 

Difficult Yes Yes Difficult Difficult Yes 
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Adaptability 
for new designs 

Difficult Yes Difficult Yes Yes Difficult 

Adaptability 
for plant 
simulation 

Difficult Yes Yes Difficult Difficult Yes 

                 
 

5. New trends in performance enhancement 
 

Based on the aforementioned modeling approaches, new techniques of performance enhancement have 
been studied in the literature [10, 18, 167] to operate the CSCs at a higher temperature and higher 
efficiency. These techniques can range from modifying the solar collector design to changing the heat 
transfer fluid properties by using nanofluids[167].  In such situations the heat transfer enhancement can be 
evaluated based on the well-known Nusselt number Nu. Moreover, the friction factor f needs to be 
determined in case of a pressure drop penalty which leads to an increase of the pumping power. In both 
cases, the numerical results supported the hypothesis of performance enhancement with respect to a 
reference case, which can be evaluated using the performance evaluation criterion (PEC) [168]. 

    
   
   

 

  
  

 
                                   (11) 

Where     and    represent the Nusselt number and friction factor of the reference case. 
Alternative techniques also aim to reduce the cost of investment and operation as well as to improve the 
environmental impacts of CSCs. However, the technical feasibility and experimental validation are 
needed to move these techniques towards the full commercial scale.        
 

5.1. New designs  
 
Many authors proposed novel designs [10] to improve the optical and thermal performance of PTC 
technology.  Significant efforts were made to modify the shape of heat collector elements using internal 
fins, dimples and other geometrical changes. Other works [169, 170] have been focused on introducing 
flow inserts and turbulators which enhance the turbulence intensity and promote the increase of the 
effective heat transfer area. However, many of these techniques lead to an increase in pressure loss, and 
therefore to higher required pumping power and more complex hydraulic installation.  
Most of these studies are based on CFD modeling to have a good insight into the fluid flow and heat 
transfer,  and understand the thermo-hydraulic performance of the enhanced design. Other authors used 
energy balance models and available empirical correlations for a quick assessment. Table 5 summarizes 
the most relevant numerical studies using new techniques of enhancement for PTC technology.  
Additionally, new designs of central receiver system have been proposed based on numerical models to 
replace the conventional tubular receivers. Various enhancement techniques proposed for PTC technology 
have also been studied for tubular receivers where a higher degree of turbulence is induced by enlarging 
the effective heat transfer area and generating secondary/swirl flow. In addition, emerging particle, gas 
and liquid based technologies are investigated, and new modifications have been evaluated based on 
numerical modeling. Selected numerical models of innovative designs are given in Table 6. The outcome 
of these studies is of great interest for the development of CSC technology, but more experimental works 
with an emphasis on the durability and large-scale implementation are still needed.  
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Table 5. Summary of the numerical models adapted for new PTC designs. 
 

Reference Novel design  Increase Models Tools 
Modification Working 

fluid 
Heat 
transfer 

Friction 
factor 

PEC ηth Approaches 
(optical/thermo-
fluid) 

Properties 

[171] Wall 
detached 
twisted tape 
inserts 

Syltherm 
800 

1.05–
2.69 

1.6-
14.5 

- 10
% 

MCRT/CFD Turbulence 
model: 
Realizable 
k-ε  

SolTrace/ANSYS 

[172] Twisted tape  Water 3%  26 - 9% Simplified/1D 
energy balance 

Empirical 
correlations 
for Nu  

In house code 

[173] Helical 
screw-tape 
inserts 

Dowther
m A 

6  23  - - MCRT/CFD Turbulence 
model: SST 
k–ω  

Matlab/ANSYS 

[107] Louvered 
twisted-tape 
inserts 

Behran 
oil 

37%-
150% 

72%-
210% 

- - Simplified/CFD Turbulence 
model: RNG 
k-ε  

ANSYS 

[174] Twisted tapes 
with six twist 
ratios 

Molten 
salt 

250% 120% - - Simplified/CFD Turbulence 
model: RNG 
k-ε  

ANSYS 

[105]  Perforated 
plate 

Syltherm 
800 

8-
133.5% 

1.4-95 - 8% MCRT/CFD Turbulence 
model: 
Realizable 
k-ε  

SolTrace/ANSYS 

[175] Wavy-tape 
inserts 

Syltherm 
800 

261%-
310% 

382-
405% 

2.11 - MCRT/CFD Turbulence 
model: 
Realizable 
k-ε  

ANSYS 

[176] Unilateral 
longitudinal 
vortex 
generators 

Syltherm 
800 

50% 88% 1.18 - MCRT/CFD Turbulence 
model: 
Realizable 
k-ε  

ANSYS 

[177] Dimpled 
receiver 

Thermino
l VP-1 

1-21% 1-34% - - MCRT/CFD Turbulence 
model: 
Realizable 

ANSYS 
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k-ε  
[103] Metal foam Water/ste

am 
10-12 
times 

400-
700 
times 

1.5 - MCRT/CFD Turbulence 
model: 
Standard k-ε  

ANSYS 

[178] Asymmetric 
outward 
convex 
corrugated 
tube 

D 12 oil 59% 30% 1.48 - MCRT/CFD Turbulence 
model: 
Realizable 
k-ε  

ANSYS 

[179] Porous rings Syltherm 
800 

37%     - - - Simplified/CFD Turbulence 
model: RNG 
k-ε  

ANSYS 

[180] Converging-
diverging 
tube 

Thermino
l VP-1 

37% 106% - 4.5
% 

Simplified/CFD Empirical 
correlations 
for Nu  

Solidworks 

[181] Internal 
longitudinal 
fins 

Syltherm 
800 

65% 50% - 0.82
% 

Simplified/CFD Turbulence 
model: 
Standard k-ε  

Solidworks 

[104] Internal 
helically 
finned tube 

Syltherm 
800 

- 50% - 3% Simplified/CFD Turbulence 
model: RNG 
k-ε  

ANSYS 

[182] Sinusoidal 
absorber tube 

Syltherm 
800 

45-
63% 

40% 1.35 - MCRT/CFD Turbulence 
model: SST 
k-ω  

Tonatiuh/ANSYS 

[183] Wire coil Water 2.28      - - - CFD Turbulence 
model: 
Standard k-ε  

ANSYS 

 
 
 
 
 
 
 
 
 

Table 6. Summary of the numerical models adapted for new CRS designs. 
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Reference Novel design  Models Tools Remarks 

Modification Working 
fluid/medium 

Approaches 
(optical/ 
thermo-fluid) 

Properties 

[184] helically 
coil/wire, 
twisted tape 
insert, and 
dimpling for the 
tubular gas 
receiver 

Air , CO2, He Simplified/Energ
y balance 

3D model In house code An optimum PEC of 2.1 could be 
achieved with the dimpled tube. 

[185] Use heat pipe for 
cavity receiver 

Molten salt Simplified/CFD 3D laminar 
flow 

ANSYS Increase of 1% in receiver efficiency 
respect to the molten salt receiver. 

[119] hexagonal 
pyramid-shaped 
elements 

Molten salt Simplified/CFD Turbulence 
model: 
Standard k-ε  

ANSYS Thermal efficiency of the new receiver 
reached 91.2% at an incident power of 
1MW/m2.  

[186] Jet impingement Molten salt MCRT/CFD Turbulence 
model: SST k-
ω and LES 

SolTrace/Ansys Convection heat transfer increases as 
the flow accelerate away from the 
stagnation point. 

[187] Recirculating 
flow solid 
particle solar 
receiver 

Air and 
micron size 
Bauxite 
Al2O3 
particles 

Simplified/CFD Discrete 
particle 
model, Do 
radiation 
model and 
RNG k-ε 
turbulence  

ANSYS An increase of 30% in thermal 
efficiency is observed compared to 
vortex flow receiver. 

[131] Particulates flow 
through a porous 
medium 

Air with 
fracking sand 

Simplified/CFD Eulerian-
Eulerian tow-
fluid model 

ANSYS Using ordinary particulate a temperature 
of 1000 °C can be achieved. 

[188] Several panels of 
bayonet tubes 

Molten salt Simplified/Energ
y balance 

2D model 
Empirical 
correlations  

In house code The maximum film temperature and the 
maximum wall temperature decreased 
by 84 °C and 100°C, respectively. 
Thermal efficiency increases by 2%. 

[189] Three different 
geometry shapes 

Air MCRT/CFD Turbulence 
model: 

ANSYS The conical achieved the highest 
thermal efficiency of about 77.05%. 
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of receiver: 
cylindrical, 
conical and 
spherical 

Standard k-ε  

[190] Annular 
reticulate porous 
ceramic bounded 
by two 
concentric 
cylinders 

Air MCRT/Energy 
balance 

2D FVM 
Rosseland 
approximation 

MATLAB The novel receiver achieved an outlet 
air temperature of 1000° C and thermal 
efficiency of 78% at concentration ratio 
of 3000 suns. 

 
 
 
5.2 Use of nanofluids in CSCs  

 
Thermophysical properties of the HTF are enhanced using suspended nanoparticles. The addition of nanoparticles results in increased heat 
transfer coefficient, improved thermal conductivity, as well as reduced thermal boundary layer thickness, and therefore enhancing the 
thermal efficiency of CSCs [191]. Solid nanoparticles ( 1-100nm) suspended in conventional fluids is an alternative method for increasing 
the heat transfer rate due to their higher thermal conductivities [192]. Drawbacks such as clogging, sedimentation, and high-pressure drop 
are prevented due to the small size of the nanoparticles [193]. This new class of heat transfer fluid was first introduced [194, 195] nearly 
two decades ago, and since then much research has been carried out in this field to either study or enhance its properties. Nanofluids are 
mainly characterized into two groups of metallic (Al, Fe, Ag, Cu) and non-metallic (Al2O3, TiO2, Fe2O3, CNTs, graphene, and 
hybrid/composite) nanofluids [196]. Addition of small weight fractions of the nanoparticles to the conventional fluids results in enhanced 
thermophysical properties. 
Numerous studies have been reported using nanofluids as HTF for PTC both numerically and experimentally [84]. The experimental 
results reported by the authors showed that the stability and thermal conductivity of the nanofluids depend strongly on the volume fraction, 
pH and duration of sonication time [197]. Some researchers used surfactants as a stabilizing agent to stabilize the nanofluids for CSP 
collectors [198]. However, it has already been reported widely in the literature that using surfactant can stabilize the nanofluids at a lower 
temperature, but at a higher temperature, they melt due to their lower melting temperature, and therefore resulting in sedimentation of the 
nanofluid [192]. 
In addition, many scholars [199, 200] developed various numerical models to investigate the use of different combinations of 
nanoparticles and base fluids for possible performance enhancement. Recent numerical studies reported using nanofluids in PTC 
technology are presented in Table 7. It is clear from these studies that energetic and exergetic efficiencies using both the mono and hybrid 
nanofluids are favorable and would result in making PTCs a more competitive and sustainable energy technology [201]. However, using 
high volume fractions of nanoparticles might result in poor thermal characteristics due to the reduced zeta potential value of the 
nanofluids, that results in sedimentation of the nanoparticles. Most of the studies reported for these systems have not taken into 
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consideration the stability of nanofluids for a long period, which is crucial for using nanofluids as HTF. More studies using hybrid 
nanofluids are recommended to be further investigated both numerically and experimentally. The detailed exergoeconomic analysis is also 
recommended, to show the usefulness of nanofluids in these systems at all range of temperatures. New trends in using nanofluid combined 
with the passive method and in porous absorber media are considered as promising future studies for heat transfer enhancement.  

 
Table 7. Summary of the numerical models adapted for PTC with nanofluids. 

 
Reference Nanofluid Increase Models Tools 

Base fluid Nanoparticle Heat 
Transfer 

Friction 
factor 

PEC ηth Approaches Properties 

[202] Thermal oil MWCNT 15% - - 0.5% Simplified/energ
y balance  

2 D and 
uniform flux 

Matlab 

[203] Synthetic oil Al2O3 14% - - - MCRT/CFD Turbulence 
model: 
Standard k-ε  

Ansys 

[204] Water CuO, Al2O3 28%-
35% 

50% - - Simplified/CFD Turbulence 
model: RNG 
k-ε  

Gambit/ANSYS 

[205] Therminol 66 Al2O3 56% 6 times 1.25 - Simplified/CFD Turbulence 
model: RNG 
k-ε  

ANSYS 

[206] Therminol  
VP-1 

Cu 32% - - 12.5
% 

MCRT/CFD Turbulence 
model: 
Realizable k-ε  

SolTrace/ANSYS 

[207] Therminol  
VP-1 

Ag, Cu, 
Al2O3 

7.9%, 
6.4%, 
3.9% 

- - 13.9|
% 

MCRT/CFD Turbulence 
model: 
Standard k-ε  

ANSYS 

[208] Therminol  
VP-1 

SWCNT 234% - - 4.4% MCRT/CFD Turbulence 
model: 
Realizable k-ε  

SolTrace/Ansys 

[209] Syltherm 800 Al2O3 - - - 1.2% MCRT/CFD Turbulence 
model: k-ω  

SolTrace/Ansys 

[210] Syltherm 800 Al2O3 - - - 10% MCRT/CFD Curve fitting 
used for the 
flux 
distribution 

ANSYS 
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Turbulence 
model: 
Standard k-ε  

[180] Thermal oil Al2O3 9% 5% - 4.25
% 

Simplified/CFD Turbulence 
model: 
Standard k-ε  

Solidworks 

[169] Syltherm 
800, Molten 
salt 

CuO 40% 40% - 1.54
% 

Simplified/CFD Turbulence 
model: 
Standard k-ε  

Solidworks 

[211] Water/ 
60EG:40W 

Ag-MgO, 
Al2O3-Cu, 
GO-Co3O4 

14% 23% - 5% Simplified/CFD Laminar flow 
subjected to 
constant heat 
flux is 
considered 

Fortran 

[212] Water CuO, Al2O3, 
SiC 

29%, 
19%, 
16% 

- - 13.91
% 

Simplified/Ener
gy Balance 
model 

Solar flux is 
uniform 
Empirical 
correlation are 
used  

Matlab 

[213] Synthetic oil CuO, Al2O3, 
TiO2 

32-83% - - 1.64
% 

Simplified/dyna
mic 

1D unsteady 
model 

Matlab 

[214] Synthetic oil Al2O3 - - - 14.3
% 

MCRT/CFD Turbulence 
model: RNG 
k-ε  

SolTrace/ In 
house code 

[201] Syltherm 800 Al2O3, TiO2, 
Al2O3-TiO2 

178%   1.8%  Simplified/ 
Energy balance 
model 

Empirical 
correlations 
are used for 

Nu 

EES 
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There is a gap in the literature in the area of using nanofluids as HTF numerically and experimentally in solar 
towers, this limitation could be due to the large amount of nanoparticles that would be required for such 
systems as well as the cost of the experimental setup for validation purposes. Nevertheless, nanofluids have 
been investigated in volumetric receivers for high-temperature applications. Some authors proposed the use of 
nanofluids for direct steam generation at high solar concentrations. Jin et al. [215] performed experimental 
and numerical studies on the use of gold nanoparticles in a cylindrical receiver at a concentration ratio of 220 
suns. A photothermal efficiency of 80.3% was obtained for 12.75 ppm of gold nanoparticles [215]. There is 
still a lack of strict experimental proof and well-established mechanism analysis for a solar steam generation 
[216, 217]. Other authors introduced the use of nanofluid in  direct absorption volumetric receivers which are 
beamed with concentrated sunlight and directly absorbed with the nanofluid [218] or molten salt with 
nanoparticles [219]. Using nanofluids in these systems may reduce the temperature difference between the 
fluid and the receiver surface, due to the higher surface area of the nanoparticles [220, 221] and higher 
thermal conductivity  which results in improved heat transfer mechanism [221, 222].  
Some researchers suggested the use of micro/nano particles in volumetric absorption solar collectors [220, 
223]. Energy balance, CFD and dynamic models are used to simulate the combined radiative and convective 
heat transfer phenomena inside particle-based receivers [224]. Despite the multiple features of such models, 
the optimal design of volumetric solar flow receiver is not fully clear [225]. Selected numerical studies of 
nanofluid-based volumetric receivers are summarized in table 8.  
 
Table 8. Literature review of numerical studies of nanofluid-based volumetric receivers.  
 

Reference Nanoparticles 
/Basefluid 

Model approaches and 
properties 

Tools Remarks 

[226] Mono disperse 
cobalt oxide in 
nitrate salt 

Energy balance 
model/Discrete Ordinate 
Method for spectral 
radiation 

In house 
code 

The increase of volume, 
particle diameter or film 
width lead to an increase 
of the thermal efficiency. 
 

[227] Carbon particles 
(0.5 µm) in air  

3D energy balance model 
including radiative transfer 
equation 

In house 
code 

The results are fairly 
independent to the 
particle size and large 
temperature gradients 
observed in case of 
oxidation. 

[228] Aluminum, 
copper, graphite 
and silver 
nanoparticles in 
Therminol VP-1  

Energy balance equation 
/1D radiation transport 
equation 
 

In house 
code 

The efficiency is 
improved by 5 to 10% 
using nanofluid. 
A yearly gain of $3.5 
million could be added 
for a 100MWe nanofluid 
solar tower. 

[229] Micron size 
Bauxite metallic 
particles  in air 

CFD model / discrete 
model and RNG k-ε model 
Discrete ordinate method 
is used for radiation 
modeling 

ANSYS The thermal efficiency is 
enhanced by 2 times with 
recirculating the air and 
particle mixture. 
 

[230] Graphene 
dispersed in 
[HMIM]BF4 

1D dynamic model 
(lumped capacitance) with 
radiative transfer equation  
 

MATLAB The thermal efficiency of 
increases with solar 
concentration and 
receiver height but 
decreases with graphene 
concentration. 
Thermal efficiency of 
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70% is obtained for 
0.0005% of graphene 
under 20 solar 
concentration and 600K. 

[231] Carbon-coated 
nanoparticles (28 
nm) in 
Therminol VP-1 

1D dynamic model 
(lumped capacitance) 
including radiative transfer 
equation 
Finite difference scheme 
and Runge-Kutta method 
are used for the transient 
solution 

In house 
code 

System efficiency 
exceeds 35% for solar 
concentration above 100 
and nanofluid height 
above 5 cm. The design 
can be well suited for 
down beam CSP systems. 

[217] Graphitized 
carbon black, 
carbon black, and 
graphene 
suspended ( 0.5 
wt.%) in water 

1D dynamic model 
(lumped capacitance) 
including radiative transfer 
equation  
 

COMSOL A maximum vapor 
generation efficiency of 
69% is reported at 10 
suns using nanofluid 

 
Based on the literature review, there is a need to increase the efficiency of direct solar vapor 
generation process at higher solar concentration for the technology to be more applicable and cost 
effective. There is also a need to further work on numerical modeling for these systems and more 
parametric studies should be carried out to fully understand the coupled radiative and heat transfer 
mechanisms. Some of the future recommendations in this direction are as follows: 

x More economical studies on the use of nanofluids in CSCs are required.  
 

x There is a need for developing new numerical models especially for CRS technology  
 

x Studies are needed to show nanofluids effect in the CSCs regarding corrosion and erosion when used 
as HTF. Careful design of the systems are needed due to the toxicity of nanofluids.  

 
6. Conclusions  

 
A review of the various modeling approaches adopted to simulate the most dominant CSP technologies, i.e. parabolic 
trough and central receiver systems is presented in this paper. These modeling approaches provide a powerful tool to 
simulate and predict the different optical, thermal and dynamic performances of CSCs as well as to assess novel 
designs and possible improvements. The modeling of such collectors offers a unique opportunity to study existing 
installations and new improvements under realistic conditions with a low-cost strategy compared to experimentation. 
Nevertheless, experimental studies remain essential to test the validity and capability of these modeling approaches.   
From the reviewed studies, it is found that the modeling of CSCs can be classified into three main categories: optical, 
thermo-fluid and dynamic. The first category refers mainly to the estimation of the realistic non-uniform flux around 
the high-temperature receivers. Ray tracing models are shown to be more appropriate to determine the optical 
characteristics and to optimize the optical characteristics of new designs where the analytical solution cannot be easily 
applied. The second category includes different modeling strategies which aims to determine the thermo-hydraulic 
performance of CSCs under different operating conditions. Depending on the required level of accuracy energy 
balance and CFD models can be selected in this category. The energy balance models are simple and can be used as a 
quick evaluation tool for CSC technology with reasonable accuracy. However, CFD models are more convenient to 
study new/complex designs and elaborate detailed flow analysis at the expense of a higher computational cost. Both 
internal and external flows can be studied using CFD tools where wind conditions can alter the overall performance of 
these collectors. The last category involves the assessment of the CSCs under the transient condition and its 
implication for the whole power plant. It is concluded that lumped capacitance models are more suitable to study the 
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dynamic behavior of the solar receiver, whereas the plant performance models can give an insight on the evolution of 
the whole solar plant under variable operating conditions.  
In addition to that, numerical modeling is also a key element in studying new trends of CSP technologies including 
innovative designs and use of nanofluids. These techniques have shown promising results in enhancing the thermal 
performance of the CSCs which could have a major impact in reducing the levelized cost of electricity in CSP plants. 
However, there is still a need to conduct further research to validate these techniques at large scale and investigate the 
life cycle analysis. The use of nanofluids in PTC technology has been widely discussed in the literature but some 
drawbacks such as the long-term stability and corrosion need to be further studied. Moreover, environmental and 
exergoeconomic analysis could also help to evaluate the usefulness of nanofluids at higher operating temperatures. 
Unlike PTC, the numerical studies on the use of nanofluid in CRS are mainly focused on volumetric receivers. Steam 
generation and direct absorption solar collectors at high concentrations are hot topics for the potential use of 
nanofluids in CRS technology. Nevertheless, more numerical models and experimental validations are needed to 
justify the applicability and cost-effectiveness at large scale. 
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