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Volumetric solar receivers perform a critical role in high-efficiency concentrated solar power systems, where
effective absorption and conversion of concentrated solar radiation directly determine overall performance.
This study presents a fully coupled pore-scale modeling framework that integrates Monte Carlo ray tracing
with direct hydrothermal simulations on silicon carbide (SiC) and alumina (Al,O;) ceramic foam geometry
acquired by computed tomography scans. The approach accurately captures radiative propagation, absorption
distribution throughout the porous structure and subsequent fluid flow and heat transfer processes — all
without resorting to empirical closure relations.

A detailed parametric analysis examines the influence of parabolic dish concentrator parameters — rim
angle, focal length, aperture radius, axial misalignment error and surface slope error — on the spatial
distribution of solar flux and angle of incidence at a target probe surface (receiver entrance section). Results
show that higher rim angles produce more intense but compact focal spots with wider angular dispersion, while
even small misalignments (6,/f ~ 0.006-0.008) or surface slope errors rapidly degrade uniformity, increase
optical spillage and promote non-uniform heating.

Pore-scale simulations further reveal the impact of these radiation field variations and absorber material
choice on receiver performance. Compared to silicon carbide, alumina foams exhibit lower optical efficiency
due to poorer absorptivity but superior conversion of absorbed power to useful heat owing to reduced thermal
conductivity limiting front-surface losses. Pyromark-coated alumina foam combines high absorptivity with low
conductivity, yielding the highest optical and thermal efficiencies, elevated outlet temperatures and enhanced
volumetric effect. Findings confirm that stronger volumetric heating does not necessarily improve thermal
efficiency and highlight key design trade-offs for optimizing volumetric receivers.

1. Introduction

The IPCC’s 6th Assessment Report (2023) states that limiting global
warming to a 1.5 °C requires immediate and deep greenhouse gas
emission reductions across all sectors [1]. In response to this challenge,
a global transition to sustainable energy systems is underway, which is
most evident in the power sector [2].

The transition to a low-carbon economy is expected to substantially
increase the demand for energy storage to address the intermittency of
renewable sources [2]. Concentrating solar power (CSP) systems with
thermal energy storage capacity offer a promising solution by storing

solar energy as heat and enabling dispatchable electricity generation
even at night or during cloudy periods. The CSP systems, such as
parabolic dish collector and solar tower systems, use solar receivers to
convert concentrated solar radiation into thermal energy [3]. Among
the different CSP technologies, parabolic dish collectors are particularly
noteworthy as they achieve the highest solar-to-electric conversion
efficiency — with a maximum reported value of 31.25% [4] — and
high concentration ratios [5]. These systems represent an important re-
search area for high-temperature applications and decentralized energy
solutions.
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Nomenclature

Agper Concentrator aperture area, m>

CR Flux (optical) concentration ratio, —

CR* Normalized flux concentration ratio, —

CR, Geometrical concentration ratio, —

f Concentrator focal length, m

p Pressure, Pa

gas Total power absorbed by the heat transfer
fluid, W

g Concentrated solar power at the receiver
aperture section, W

a2 Total concentrated solar power absorbed by
the receiver, W

recloss Radiative power loss from the receiver, W

Giot Total concentrated solar power, W

q’ Concentrated solar flux, Wm™2

q Solar flux incident on the concentrator
surface (direct normal irradiation), W m=2

r Radial position on the target probe surface,
m

Ryper Concentrator aperture radius, m

Feore Focal spot core radius, m

Finax Focal spot maximum radius, m

T Temperature, K

Greek symbols

Uity Optical spillage loss factor, —

AT Temperature difference, K

5r Axial offset value between the target probe
surface and the concentrator focal plane, m

€ Emissivity, —

€ap Apparent emissivity, —

Hop Optical efficiency, —

fth Thermal efficiency, —

", Overall efficiency, —

Q Relative radiative power loss from receiver,

1) Solar half-angle, mrad

Yeim Concentrator rim angle, °

Peone Concentrator reflectivity, —

oy Surface slope error, mrad

0; Angle of incidence, °

Subscripts

0 centerpoint

avg average

eff effective

front absorber front (irradiated) section

gas fluid

max maximum

min minimum

out receiver outlet section

rear absorber rear section

sol solid

sur receiver surface

theo theoretical

Solar receivers suffer from significant heat losses, making improved
designs a key research priority. In this sense, volumetric receivers have
emerged as particularly promising class, widely applied in focal-point
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of concentrator systems [3,6]. Current research has explored different
porous structures, ranging from random packed beds to highly ordered
honeycomb monoliths and open-cell foams [7]. Recent advances even
include 3D-printed lattices with gradual porosity, designed to optimize
the volumetric effect by tailoring the radiation penetration depth to the
local heat transfer requirements [8,9]. Volumetric receivers materials
consist of a permeable porous structure — typically ceramic — that
allows deep penetration of concentrated solar radiation into its volume
(volumetric effect). Ceramics are preferred over metals due to their
resistance to oxidising atmospheres, high melting point, low thermal
expansion and excellent thermal shock resistance, which make them
more suitable for high-temperature applications [10]. In the case of
metal foams, the outlet temperatures reach in range 800-1000 °C [6],
while in ceramics, such as silicon-infiltrated silicon carbide (SiSiC) or
pure silicon carbide (SiC), it is possible to reach a maximum of 1200 °C
and 1500 °C [6], respectively.

The absorbed energy is transferred by convection to a heat transfer
fluid (HTF) that flows through the porous structure at atmospheric or
pressurized conditions. In open volumetric receivers the air is com-
monly used due to its abundance, negligible global warming potential
(GWP) and stability at high temperatures [11,12]. Alternatives such as
CO, could also be used, as they offer higher heat capacity at elevated
temperatures [11]. The high outlet temperature of the HTF allows it
to be integrated into industrial process heat supply or conventional
thermodynamic cycles (Rankine, Brayton, combined or Stirling), thus
replacing fossil-fuel heat sources [3,6,13].

However, achieving optimal thermal performance requires careful
selection of the foam’s microstructural parameters, as these strongly
influence the convective heat transfer between the porous absorber and
the HTF. The pore diameter directly affects temperature distribution:
smaller pores increase specific surface area [14], thus enhancing ther-
mal efficiency [14,15], but raise pressure losses [16,17] and the risk
of local overheating [15]. Higher porosity promotes deeper radiation
penetration [18,19], reduces reflection losses [20,21] and improves
temperature uniformity [16], which is essential to prevent structural
damage. Cell density and strut thickness also determine specific sur-
face area, thereby influencing convective heat transfer and pressure
losses [22,23]. Therefore, optimal receiver design requires maximizing
solar absorption and heat transfer while simultaneously controlling
pressure drop and thermal gradients.

To accurately predict these competing effects and maximize over-
all performance, the modeling approach must capture both radiative
transfer and fluid flow within the porous structure.

For this purpose, two main approaches have been suggested in the
literature: the surface approach and the volumetric effect approach [3].
While the surface approach considers absorption only at the front
section of the receiver, the volumetric effect approach more accurately
reflects the physical phenomenon, by accounting for the penetration
and continuous absorption of incident solar radiation throughout the
porous structure. The volumetric effect, allows the higher temperatures
of the absorber to be moved into the porous matrix, thus preventing en-
ergy losses through thermal emission to the surrounding environment
and improving energy conversion efficiency [3,8,16].

The most common volumetric approach has been applied through
the modified P1 approximation [24-27], the discrete ordinates method
[28,29] or through exponential laws [20,30]. Alternatively, the vol-
umetric approach using Monte Carlo ray tracing (MCRT) techniques
can be implemented in a fully coupled procedure that directly tracks
radiation from the solar disk to the within walls of the receiver.

Radiative heat transfer within porous media has been extensively
investigated using MCRT approaches, which resolve radiation interac-
tions with solid domain at the pore-scale. Several studies [31-33], have
demonstrated that radiation propagates through the void phase until it
encounters the solid matrix, where it undergoes partial absorption and
reflection — commonly modeled using specular or diffuse approaches
— leading to multiple successive interactions. This framework enables
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the characterization of absorption, scattering, and transmission phe-
nomena arising from the complex morphology of porous structures.
The modeling of detailed porous geometries in MCRT involves not only
a trade-off between accuracy and computational cost, but also signif-
icant challenges associated with the explicit representation of highly
complex pore-scale structures. To address this, voxel-based MCRT algo-
rithms [34] discretize the domain into a binary (solid/void) grid, by-
passing complex surface reconstruction and simplifying ray-geometry
interactions to efficient sequential voxel stepping. This approach avoids
intensive intersection tests and achieving speed-ups of approximately
90 times, while maintaining close agreement with classical MCRT
results. Alternatively, when pore-scale resolution is too costly, stochas-
tic radiation models [35] and equivalent porous media approxima-
tions [10,36] — volume-averaging and continuum approaches — are
used, representing the structure as a participating medium rather than
deterministic surfaces. However, these macroscopic models require the
estimation of effective properties [32,37], which capture the underlying
pore-scale physics.

Modeling volumetric receivers involves two interconnected aspects:
first, the absorption of solar radiation within the porous structure [38,
39], and second, the coupling of this radiation absorption with fluid
flow [10,36]. This coupling is typically achieved by modeling solar
radiation absorption separately — commonly using MCRT methods
— and then incorporating it as a heat source term in the energy
conservation equation.

Indeed, the absorption of radiation in porous media is a complex
problem due to the interaction between the morphological character-
istics of the intricate porous structure and its optical properties. To
address this challenge, numerous studies have been applied in litera-
ture, ranging from 1D continuous models [40-43] to fully distributed
and discrete 3D models at pore-scale [18,21,44,45]. However, the most
common modeling approach has been based on the formulation of local
thermal non-equilibrium (LTNE) with 2D or 3D volume averaging [10,
30,36,46,47].

The continuum models include a source term in the momentum
conservation equation that represents the effect of the porous media
and this term depends on the geometry of the porous material and fluid
flow conditions [10,47].

In case of local thermal equilibrium approach, only a single energy
equation is used for both phases, which means that the fluid and solid
temperatures are the same at each location (is equivalent to assume
an infinite convective heat transfer coefficient [42,48]) and the effect
of high temperature gradient at the front surface of the volumetric
absorber are neglected.

Whereas the local thermal non-equilibrium approach solves at least
two coupled energy equations, one per phase. The heat transfer rates
between solid and fluid phases dominates the energy transport in
porous media and these strongly rely on the application of external cor-
relations for the evaluation of convection heat transfer coefficients [3,
24,49]. The convection heat transfer coefficient significantly affects the
accuracy of the theoretical model under LTNE conditions [30] and, at
same time, several conflicting correlations have been proposed in the
literature to represent them, but each of these has limitations [24].

In contrast, the pore-scale simulation solves the continuity, momen-
tum and energy equations directly within the reconstructed geometry
— typically obtained via X-ray computed tomography. By resolving
all transport mechanisms within the microstructure, this framework
eliminates the need for external empirical correlations [3,45] — such
as prescribed heat transfer coefficients, permeability correlations and
extinction coefficients —, allowing effective properties to emerge natu-
rally from the fully resolved pore-scale solution. Although computation-
ally demanding, pore-scale methods provide detailed physical insights
when properly coupled with accurate radiative transfer modeling.

In this sense, some studies have applied pore-scale modeling ap-
proaches to investigate the complex thermo-fluid processes occurring
within porous volumetric solar receivers. These works have focused on
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resolving the coupled mechanisms of radiative, conductive, and con-
vective transport within the porous absorber, thus providing detailed
insights into the interaction between the solid structure and the heat
transfer fluid [18,21,50]. Based on this detailed physical description,
pore-scale simulations have also been used to analyze how the mor-
phological characteristics of the foam — such as pore size, porosity,
and structural topology — influence key performance indicators, in-
cluding pressure losses, temperature distribution, and overall thermal
efficiency of volumetric receivers [22,51]. Other studies have employed
tomography-based reconstructed geometries to derive macroscopic cor-
relations, such as Nusselt number correlations, and to assess the impact
of geometrical parameters on convective heat transfer [52]. These
developments have also made it possible to evaluate the validity of
conventional continuum approaches, thereby revealing the limitations
of the volume-averaging models — widely applied in the literature —
for predicting receiver performance [53].

At the same time, some investigations have extended pore-scale
analyses to include the role of optical properties and radiation absorp-
tion within the intricate porous absorber. Some of them analyzing dif-
ferent strategies to control optical properties in order to enhance energy
absorption and overall efficiency [29,45]. In addition, experimentally
validated pore-scale studies have demonstrated that these approaches
are capable of accurately predicting the behaviour of high-temperature
and high-efficiency volumetric solar receivers [54].

This work applies a fully coupled modeling framework to charac-
terize the performance of a parabolic dish solar collector equipped
with an open volumetric ceramic foam receiver. This approach di-
rectly integrates surface heat source (power per surface) distributions
— obtained from MCRT — with fully resolved pore-scale conjugate
heat transfer simulations performed on real ceramic foam geometry
acquired by computed tomography scans. In this study, solar flux
distributions predicted through MCRT are consistently mapped onto a
3D discrete representation of the foam, enabling detailed hydrothermal
simulations that resolve the complex solid—fluid interactions within
the porous structure. A dedicated data management strategy is imple-
mented to ensure coherent and accurate coupling between the optical
and hydrothermal models while addressing the intrinsic morphological
complexity of the receiver.

Extending our previous work [3], a comprehensive parametric anal-
ysis is performed to assess the influence of key concentrator parameters
— including rim angle, focal length, aperture radius, axial receiver
misalignment, and surface slope errors — on the spatial distributions
of solar flux and incidence angle at the focal plane. These geometrical
and optical parameters are tested to characterize the optical, thermal,
and global efficiencies of the different receiver systems, while a novel
perspective is proposed to characterize the volumetric effect. Finally,
the performance of different absorber materials, such as silicon carbide
and alumina, is compared alongside the benefits of applying selective
coatings.

The paper is organized as follows. Section 2 describes the physical
model of the parabolic dish concentrating solar collector, including
the receiver geometry and solar resource characterization. Sections 3
and 4 details the mathematical and numerical models, covering the
coupled Monte Carlo ray tracing and pore-scale hydrothermal models,
along with boundary conditions, thermophysical properties and optical
assumptions. Section 5 presents and discusses the results: first, the influ-
ence of concentrator geometrical and optical parameters on solar flux
and incidence angle distributions; second, a comprehensive parametric
study evaluating the effects of these parameters and absorber material
variations on overall receiver optical and thermal performance. Finally,
Section 6 summarizes the main findings and provides recommendations
for future volumetric receiver design improvements.
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2. Physical model — concentrating solar collector

Fig. 1 illustrates the concentrating solar collector physical model
considered in this study. The full collector model is composed by
the concentrating solar collector system and the solar model. The
collector system is composed by two main components: the parabolic
dish concentrator and the volumetric solar receiver. The parabolic dish
harnesses and redirects direct solar radiation to a small focal region
where the receiver front (irradiated) section is located. The volumetric
solar receiver absorbs the solar radiation provided and augmented by
the parabolic dish and transfers the corresponding energy by a forced
convection regime to a heat transfer fluid that is provided at the
receiver front section.

The parabolic dish geometry is fully defined by stating two of the
following parameters: focal length (f), aperture radius (Raper), and rim
angle (y,i). These parameters are related with each other according
to Eq. (1) [55,56].

o1 &)

Raee ™ 2an (%20

Additionally, the optical (and thermal) performance of a parabolic dish
collector is dependent on other parameters, such as the concentrator
surface slope error, alignment errors between the parabolic dish and the
receiver front section — axial offset (6 f) —, reflectivity of the absorber
structure surface (absorber material and coating) and housing structure.
(Other parameters also play a role in the overall collector performance
namely the concentrator surface reflectivity, the dimensions of the
receiver aperture section in relation to the geometrical and optical
parameters of the parabolic dish, the reflectivity of the tubular housing
structure, the absorber internal pore structure, the location of the
absorber structure in tubular housing structure.)

Fig. 2 presents the physical model of the volumetric solar receiver
unit. The volumetric solar receiver is comprised by a ceramic open-
cell porous foam cylindrical absorber structure, the heat transfer fluid
(atmospheric air) — that flows through the intricate internal porous
foam structure — and a tubular housing structure where the absorber
is fixed to confine the heat transfer fluid. The diameter and length of
the absorber structure are equal to 25 mm and 20 mm, respectively,
and consistent with laboratory-scale receivers commonly used in ex-
perimental validation studies. Its geometrical characteristics, listed in
Table 1, are representative of commercially available ceramic foams
employed in high-temperature volumetric receiver applications. (The
reconstruction process of this foam structure from a real sample is
reported elsewhere [57].) The tubular housing structure is 30 cm long

Outlet Heated Fluid “
¥ X v

Receiver
-

Rim Angle (tyim)

Solar Half Angle (w)

Focal Lenght (f)

Aperture Radius

(Raper) Parabolic Dish
i taper)

Fig. 1. Schematic representation of the concentrating solar collector physical
model.
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[Volumetric Receiver| [Ceramic Foam |

Fig. 2. Physical model of the volumetric solar receiver unit.

Table 1

Geometrical parameters of the open-cell foam solar absorber.
Parameter Value
Cell density, n (ppi) 10
Porosity, ¢ (%) 83
Specific surface area, a,, (m™!) 669
Strut diameter, d,, (mm) 0.7
Pore diameter, d, (mm) 4.8

pore

and holds the absorber in place at the middle of the structure — the
absorber front section is 5 mm distant from the tubular opening section
(receiver front section). The thickness of the tubular housing structure
is neglected.

The solar flux model adopted in this work assumes a pillbox distri-
bution according to which the solar radiative intensity is uniform across
the solar cone with an half-angle equal (w) to 4.65 mrad [58]. The solar
half-angle determines the degree of collimation of the incident direct
solar rays. Different values for the direct normal irradiation (DNI) are
considered in this study with the value of 1000 W m~2 being considered
the reference. (DNI quantifies the intensity of beam solar radiation
measured perpendicular to the direction of propagation of solar rays.)

3. Mathematical models

The receiver thermal performance evaluation is obtained through
the solution of the receiver hydrothermal model. The receiver hy-
drothermal model solution requires the concentrated solar heat flux
distribution on the surface of the receiver internal porous structure. The
concentrated solar heat flux distribution within the receiver structure is
computed in the framework of the collector solar flux (optical) model
taking into account the solar model characteristics and geometrical
and optical parameters of the solar collector system. Moreover, the
collector solar flux model application allows to evaluate the collector
optical performance. The collector solar flux and receiver hydrothermal
mathematical models are described in this section.

3.1. Collector solar flux model

The solar flux model uses the Monte Carlo ray tracing method,
widely applied in concentrated solar energy research. The method
employs individual tracking of a large number of rays coming from
the solar disk. Rays undergo reflection on the concentrator surface
until they are either absorbed by the receiver or escape the domain.
Upon hitting a particular collector surface, absorption or reflection
is determined stochastically based on local optical properties and a
random number generator [59,60].

3.2. Receiver hydrothermal model

The receiver hydrothermal model is comprised by a set of fluid flow
and energy governing equations that are solved directly in the recon-
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structed discrete three-dimensional porous receiver geometry. The cur-
rent receiver model does not require and rely on unsuitable externally-
derived correlations and effective thermophysical properties and geo-
metrical parameters as the widely applied volume-averaging modeling
approach. Highly reliable receiver hydrothermal performance char-
acterization is expected with direct pore-scale models. The primary
constraint on the widespread application of this class of models is the
need for detailed acquisition and digital reconstruction of the porous
geometry, together with the high computational cost of solving the
governing mathematical equations.

3.2.1. Governing equations

The steady-state governing equations, derived under the assump-
tions of laminar flow, and negligible body forces and volumetric energy
sources, are presented in Egs. (2)-(5). These equations correspond,
respectively, to the continuity equation, the momentum balance equa-
tion, and the energy conservation equations for the fluid and solid
domains.

V-(pv)=0 2
V-(pv®VvV)=V- -0 3
V-(pEV) =V - (V- 06) = V- (=kg VTy) ()]
V - (=ky VT,) =0 %)

In these equations, p, v, o, E, k, and T are the fluid density,
velocity vector, stress tensor, total fluid energy per unit mass, thermal
conductivity, and temperature, respectively. The subscripts gas and sol
refer to the receiver gaseous and solid phases, respectively. The stress
tensor is defined in Eq. (6), where p denotes the pressure and T the
viscous stress tensor, as given by Eq. (7), with u representing the
dynamic viscosity of the fluid.

c=-pl+T (6)

T=u[Vv+ (Vv - % (V-1 @

The total fluid energy per unit mass is related with the fluid specific
enthalpy (h) according to Eq. (8).

E=h+ivp2-2 ®)
2 p

Air within the receiver void (pore) volume is assumed to be trans-
parent [61] (non-participating) in radiative heat transfer — the receiver
heat transfer fluid neither emits, absorbs, nor scatters radiation [49,61].
Accordingly, the net radiation (surface-to-surface) method [62] is used
to compute the net radiative heat flux between receiver surfaces and
the external environment.

3.2.2. Thermophysical properties

Temperature-dependent thermophysical properties are considered
due to the large temperature range expected in the receiver operation.
Air density is calculated by applying the ideal gas law — see Eq.
(9), where p and T correspond to the absolute pressure (Pa) and
temperature (K), respectively.

p(kgm™) u

T 287.04T,,,
Air dynamic viscosity is evaluated by using Sutherland’s law that is
given by Eq. (10), with fluid temperature expressed in kelvins [63].

©)

1.4535 x 1076115

gas
Typs + 1104
Air specific heat and thermal conductivity at atmospheric pressure

conditions are evaluated with Egs. (11) and (12), respectively, where

u(kgm™'s7!) = (10)
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temperatures are expressed in kelvins [3]. These equations are valid
over the temperature range 250-1600 K.

¢ (T kg™ K™) = 24422 % 1071°T - 9.6767 x 107/ T, +
13251 X 10T, = 5.3090 X 107 Ty + 1.0703 x 10°

gas

Wm™ K™) =3.4288 x 1071173 - 9.1803 x 107872 +
gas gas (12)
1.2940 x 1077, — 5.2076 x 107

The absorber thermal conductivity is evaluated with Eq. (13)
and Eq. (14) depending on the actual absorber material under consider-
ation — silicon carbide (SiC) and alumina (Al,0;), respectively — and
considering temperatures given in degrees Celsius. The thermal con-
ductivity correlations for SiC and Al,O; presented in Eq. (13) and Eq.
(14) were derived experimentally and are valid along the temperature
range of 0-2000 °C [64] and 20-1800 °C [65], respectively.

52000 X exp(—1.24 X 1075T,)

an

K (

kg Wm™ K1 13
sol (W™K Toy + 437 13
15360 X exp(~0.002T,
kg Wm™' K1) = 5.85 + exp( so1) (14)
: T +516

3.2.3. Boundary and interface conditions

The computational domain of the receiver hydrothermal model is
bounded by the inlet section, outlet section, and lateral wall. The
computational model inlet (outlet) section is extended 0.5D (3D) up-
stream (downstream) the physical inlet (outlet) section presented in
Section 2 — D corresponds to the diameter of the receiver external
(lateral) surface. The additional fluid region upstream the absorber
(foam) front section acts as a fluid entrance (developing) region to
avoid the application of unsuitable (non-physical) fluid inlet conditions
near the absorber front section. The additional fluid region down-
stream the absorber structure is required to avoid velocity and pressure
fluctuations and backflow issues in the numerical solution.

At the inlet section of the computational domain, uniform veloc-
ity and temperature distributions are imposed — equal to 0.1 ms™!
and 300K, respectively. At the outlet section, zero gauge pressure is
imposed and fully developed temperature profiles (negligible axial tem-
perature gradient) is assumed. (Atmospheric pressure corresponds to
the reference temperature.) No-slip and impermeable boundary condi-
tions are applied to the velocity field and the receiver internal surfaces
— interface between the heat transfer fluid and the absorber and
receiver lateral wall. Moreover, the receiver lateral wall (cylindrical
surface) is adiabatic — heat transfer is not observed through the re-
ceiver lateral surface towards the receiver external region. (The lateral
wall of the extruded (additional) inlet fluid region does not correspond
to a physical surface. Accordingly, slip (frictionless) and adiabatic
boundary conditions are applied, and the wall is treated as radia-
tively transparent (transmissivity equal to one) to allow radiative heat
transfer between the receiver and the surrounding surfaces.) For the
heat transfer fluid at direct contact with the receiver tubular (lateral)
surface, a second-type (Neumann) boundary condition is applied — see
Eq. (15). In Eq. (15), n is the boundary unit normal vector and qé;l
and ¢ correspond, respectively, to the concentrated solar radiation
flux — determined in the framework of the solar collector model —
and thermal (long-wave) radiation exchange within the receiver and
between the receiver components and the surrounding environment.

(kgas Vs - 1) + g5+ = 0 as

At the interface between the heat transfer fluid and the absorber
solid region, conjugate heat transfer conditions given by Egs. (16) and
(17) are considered.

"
int

(ksolVTsol : n) = qé;t +q,.,+ (kgasVTgas : n) (16)

Tgas = Tsol (17)
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3.3. Optical and radiative properties

All collector surfaces are modeled as opaque, gray [3] and with
wavelength-independent properties. Under this set of assumptions,
Kirchhoff’s law of thermal radiation establishing that the total hemi-
spherical solar absorptivity (a) is equal to the total hemispherical
thermal emissivity (e) [62].

Although the emissivity of silicon carbide foam can vary in range
0.93-0.96 [11], a value of 0.93 was adopted for this study, which is in
agreement with the results presented in the literature [3]. Regarding
to emissivity of alumina foam it was set to 0.65 — well-below the
corresponding value of 0.93 for SiC. The emissivity of alumina was
calculated with the expression reported in Ref. [66] for a tempera-
ture of 1000K (about the average solid temperature expected during
operation).

The emissivity of the outer surface of the receiver structure was
set at 0.30. This value aligns with parameters typically employed in
previous studies [3,26,36], and represents a low-emissivity surface to
mitigate radiation losses to the surrounding environment.

Unless otherwise stated, the concentrator surface reflectivity (p.n.)
was set at 0.90 [3,36,42,67] and it has been assumed to be independent
of incidence angle. This assumption, which is valid for specular reflec-
tion, is consistent with approaches adopted in previous studies [33,61,
68,69].

4. Numerical models
4.1. Collector solar flux model

The open-source MCRT software Tonatiuh is applied for calculating
the solar irradiation absorbed by the collector surfaces. The procedure
employed for computing the absorbed solar flux distribution on the
irradiated receiver surfaces was previously described and validated
in Ref. [3], where a detailed ray-number independence analysis was
conducted by comparing simulations with increasing numbers of traced
rays against a reference solution obtained with 100 million rays. This
analysis demonstrated that, for 80 million rays, the relative error in the
total absorbed solar power on the receiver surfaces was approximately
0.006%, while the maximum local distribution error along the absorber
axial direction remained below 5%, with the highest deviations con-
fined to regions subjected to negligible absorbed solar flux near the
absorber outlet section.

The reliability of the MCRT approach adopted in this study was
established in Ref. [3] by comparing the obtained flux distributions and
flux concentration ratio against theoretical benchmark data. The results
showed that the model accurately captures the spatial distribution
and peak concentration ratios, providing a validated optical input for
subsequent hydrothermal model simulations.

The grid-mapping strategy adopted in the present work follows the
same approach detailed in Ref. [3], wherein each boundary cell face of
the pore-scale fluid flow and heat transfer model is geometrically asso-
ciated with a specific surface element in the MCRT model, guaranteeing
a consistent and conservative transfer of heat flux distributions between
the optical and hydrothermal models. This one-to-one correspondence
between the optical and CFD (computational fluid dynamic) meshes
avoids the need for interpolation schemes and ensures the spatial
coherence of the coupled framework.

4.2. Receiver hydrothermal model

The receiver mathematical model is numerically solved through
the commercial software STAR-CCM+. The integrated CAD modeling
functionalities of the software are used for both mesh generation and
computational domain discretization.

The governing Navier-Stokes equations are solved using the built-
in segregated flow solver based on the SIMPLE algorithm. The energy
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conservation equation is solved with a segregated solver to determine
the temperature distribution in the fluid phase, employing second-
order upwind spatial discretization for convective terms. The heat
transfer between fluid and solid phases in the porous receiver struc-
ture is handled through a conjugate heat transfer formulation. This
approach is essential as it accounts for the distinct governing equations
of each phase while simultaneously computing temperature and heat
flux distributions at the phase interfaces without the need for externally
specified convection coefficients.

The net radiation method available in STAR-CCM+ is used to ac-
count for thermal radiation heat transfer. View factors are calculated
using a deterministic Monte Carlo approach based on ray tracing,
and a ray-number independence analysis was performed to ensure
the accuracy of the computed view factors. The radiation and energy
equations are iteratively coupled until both temperature and radiative
source terms converge below specified tolerances — all residuals falling
below a threshold of 1x 10~® —, ensuring a consistent treatment of the
large temperature gradients arising within the porous structure.

A mesh independence study was also conducted for the pore-scale
simulations to guarantee that the numerical results are independent of
the spatial discretization. As detailed in Ref. [3], the adopted refine-
ment level ensures a high geometrical accuracy, with relative errors
for porosity and specific surface area below 0.15%. Furthermore, the
mesh convergence analysis for the hydrodynamic behavior showed
that mean and maximum velocity magnitude errors remained below
0.012% and 0.070%, respectively. It is important to emphasize that all
reported relative errors were calculated using the results from the most
refined mesh case (comprising about 32 million cells) as the reference.
These results confirm that the selected mesh resolution provides an
accurate representation of the ceramic foam’s complex structure and
fully resolves the flow field and thermal gradients. Additional details
can be found elsewhere [3].

Regarding the reliability of the CFD approach, the close agreement
observed in Ref. [3] for both hydrodynamic and thermal parameters
against reference data reinforces the suitability of pore-scale model
predictions.

5. Results and discussion

The effect of parabolic dish collector geometrical and optical pa-
rameters are investigated at two different levels: firstly, at the receiver
aperture section level in Section 5.1; and secondly, at the receiver
whole-system level in Section 5.2. Moreover, at the receiver whole-
system level the effect of different absorber ceramic materials and
the application of a high-solar absorptivity coating is investigated
(Section 5.2). At the receiver aperture section the distribution of con-
centrated solar flux and angle of incidence is analyzed in detail. At the
receiver system level, the concentrated solar flux is analyzed on the
internal absorber porous surface as well as the gas and solid tempera-
tures and integral performance parameters such as optical, thermal and
overall efficiencies.

5.1. Role of concentrator parameters on the concentrated solar flux and
incident angle distributions at the receiver aperture section

In order to investigate the role of parabolic dish collector geomet-
rical and optical parameters on the distribution of concentrated solar
flux and angle of incidence, a target probe disk surface was employed.
The target probe disk surface has a radius of 2.5 x 1072 Ryper and was
uniformly discretized along the radial direction with 50 annular disks
each one defined by an inner radius and outer radius — resulting
in a radial spacing of 5 x 107* R,,. The probe surface is normal to
and centered on the parabolic dish symmetry axis and is located at a
specified distance (6,) from the concentrator focal plane. The geometry
of the parabolic dish concentrator is fully defined by stating two of the

following parameters: focal length (f), aperture radius (Raper), and rim
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angle (y,i,,)- The distance between the probe surface and the parabolic
dish focal plane (5 f) — axial alignment error — and the concentrator
surface slope error (o,) are important sources of geometrical and optical
errors in concentrating solar collector systems. Axial alignment errors
may result from prolonged (long-term) collector operation or improper
installation. The slope error of a concentrator surface leads to angular
deviations from the specular reflection direction due to local geometri-
cal imperfections of the concentrator surface caused by manufacturing
and installation processes.

The angle of incidence of an individual ray striking on the target
probe surface is computed according to Eq. (18), where /i and 0; are
unit vectors normal to the probe surface and collinear with the ray path
between the concentrator and the probe surface (defined towards the
concentrator), respectively. For each control annular disk surface, the
resulting angle of incidence (6,) is the average of the angle of incidence
for all rays striking the control annular disk surface.

6;; = cos™! (171 -r'i) (18)

For the current conditions, dimensional analysis shows that the local
flux (optical) concentration ratio (concentrated solar flux normalized
by the solar heat flux, CR = ¢/’ /q/") and the local incident angle are
functions of the following four non-dimensional groups: r/R,
(or Ryper/f), 0, and 6/ f.

For the parametric analysis presented in this section (Section 5.1),
the dish surface is considered a perfectly reflective surface — ideal
surface with no absorption losses (p = 1) — with no geometrical defects.
In Section 5.1.1, to investigate the role of geometrical dish parameters
(f> Ryper> and w;i,), the probe surface is placed at the concentrator focal
plane and no concentrator optical (non-specular reflection) errors are
considered — i.e., 5, = 0 and o, = 0. For different rim angles, the effect
of the surface slope error is investigated at the focal plane (5, = 0) in
Section 5.1.2 and the effect of the axial alignment error is investigated
neglecting the surface slope error (¢, = 0) in Section 5.1.3.

aper 2 Yrim

5.1.1. Effect of concentrator geometrical parameters

For different parabolic dish rim angles, Figs. 3(a) and 3(b) present
the profiles of normalized (flux) concentration ratio (CR* =
CR/CR(r = 0)) and angle of incidence, respectively, as a function of
radial position normalized by the aperture radius (r/Rype; = r:per) and
focal length (r/f = r;). These profiles reveal how the concentrated
solar radiation and angle of incidence vary from the center to the
periphery of the target probe surface.

In Figs. 3(a) and 3(b), normalized concentration ratio and incident
angle profiles exhibit a characteristic pattern with the corresponding
focal spots at the target probe surface consisting of two regions: (i)
a central core region (r < r,.), where the normalized concentration
ratio and incident angle are uniform — equal to about 1 and 6
respectively; and (ii) a peripheral (tail) region (r . < 7 < rpa)
characterized by a sharp normalized concentration ratio drop to zero
and an incident angle increase to a maximum value (6, ,,,,)-

Fig. 4(a) presents the radius of the focal spot core region (r..)
and the maximum radius of the focal spot (r,,,) normalized by the
parabolic dish aperture radius and focal length for different rim angles.
Fig. 4(b) show the centerpoint concentration ratio (CR(r = 0)) and
minimum, maximum and average angles of incidence (6; iy, 0; max> and
0; ave) for different rim angles. (The average incident angle is defined as
a weighted mean of the local incident angles with the local normalized
concentration ratios — 6,,, = [,6,CR*dA/ [, CR*dA.)The values
presented in Figs. 4(a) and 4(b) were obtained with MCRT simulations
and based on theoretical calculations — according to Egs. (19)-(22)
adapted from [70]. Particularly, Eq. (22) was obtained neglecting
shadowing effects by the probe surface on the concentrator surface.

i,min>

r
_core = tan (@) (19)
( f )then ¢

< "max > _ 2 tan(w)
f theo B (1 + COS(Wrim)) COS(Wrim)

(20)

Energy Conversion and Management 365 (2026) 121694

Dimensionless radial position, r/f x 10* ()

L 00 0.5 1.0 15 2.0 2.5 3.0
* 1.0 T T T T T T
% : m— Bottom axis :
. L = Top axis i
2 08F B
el [ ]
=
— + 4
o [ ]
S 0.6 B
+~ . 4
=
= [ ]
+ L 4
g 0af ]
=
g [ ]
o L 4
g 02 ]
N L ]
= [ ]
E 0.0l ‘ ‘
g 0.0 0.5 1.0 1.5 2.0 2.5
Dimensionless radial position, 1/ Rupe X 10% (=)
Dimensionless radial position, r/f x 10> ()
0.0 0.5 1.0 1.5 2.0 2.5 3.0
80 " T " T " T " T " T "
o | ]
Sy
o
o
=
(]
<
ks
=
[y
5] ]
2
e T }
= I s/ ]
0 L L L P L L P L L P L L P L L P |
0.0 0.5 1.0 1.5 2.0 2.5

Dimensionless radial position, r/ Ry x 10% (-)
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si (Wrim)
CR r=0=——- 2D
theo( ) tan2 (w)
sin (29 i ) — 2W,imCOS (2W,;
(gi,min)thco = ei,theo (I‘ - O) - ( nm) rim ( nm) (22)

4 — 4cos? (Wyim )

Figs. 3(a)-3(b) and 4(a) show that as the parabolic dish rim angle
increases, the central core radius (r.) and the maximum focal spot
radius (r,,) vary differently depending whether the rim angle increase
is being promoted by a decrease in the focal length or an increase in
the aperture radius — see Eq. (1). If the rim angle increase is being
supported by a decrease of the focal length (constant R,,), the central
core radius decreases — rye/Ryper de€CTreases upon increasing yii, —
while the maximum focal spot radius decreases for low rim angles to
45° — but less sharply than r .. / Rype; — and then increases. Thus, for a
particular concentrator aperture radius, the geometrical concentration
ratio observed without optical spillage (CR?OSplll = Ayer/ Atocal spor =
Riper /r2...) is maximum — approximately equal to 11562.030 — for a
rim angle equal to 45°. On the other hand, if the rim angle increase is
being supported by an increase of the aperture radius (constant f), the
central core radius remains constant — r.,,./f ~ 5x 1073 — while the
maximum focal spot radius increases monotonically with the rim angle.
In any case, as the concentrator rim angle increases — as the focal
length decreases or the aperture radius increases —, the extent of the
focal spot peripheral (tail) region (r,« — 7o) iNcreases continuously.

max core
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Consequently, the transition from high to low heat flux values spans
over a wider radial distance, resulting in smoother profiles. Moreover,
the fraction of the total power reflected by the concentrator that hits the
focal spot core region (g, / ;) increases as the rim angle decreases —
for instance, this fraction is about 56% and 87% for a rim angle equal
to 60° and 30°, respectively.

Fig. 4(b) shows that the centerpoint concentration ratio increases
with the concentrator rim angle. If the rim angle increase is achieved
by increasing the aperture radius the total power at the target probe
surface (q,,) increases — see Eq. (23), where both the centerpoint
concentration ratio and the integral increase with the aperture radius
according to Figs. 3(a) and 4(b).

rmz\X
Gior = 27¢" CR(r = 0) / CR*rdr 23)
0

Alternatively, if the rim angle increase is obtained by reducing
the focal length, the total power at the target probe surface remains
constant — the increase observed in the centerpoint concentration ratio
is compensated by a decrease in the integral of Eq. (23). Therefore,
the total power at the target probe surface is fully dictated by the
concentrator aperture area taking into account that spillage losses and
solar radiation blockage effects are negligible. (Shadowing losses are
estimated less than 0.1% of the total power that would be harvested
by an unblocked concentrator based on the ratio between the areas of
the probe surface and concentrator surface.)

Figs. 3(b) and 4(b) show that the minimum, maximum and average
incident angles are determined by the concentrator rim angle. As the
concentrator rim angle increases, the local incident angles also increase.
Particularly, the maximum incident angle increases at a higher pace
with the rim angle than the minimum and average incident angles. Con-
sequently, the difference between the minimum and maximum incident
angles also increases with the rim angle. The maximum incident angle
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— observed at the edge of the focal spot (r = r,,,) — corresponds to
about the rim angle. For low rim angles (below about 30°), the average
incident angle is approximately equal to the minimum incident angle —
this evidence is observed because the fraction of the total power hitting
the focal spot tail region is low and the maximum incident angles are
not significantly different than the minimum incident angles.

For higher rim angle values, the concentrator surface becomes more
curved and deeper and the concentrator areas furthest from the center
have a steeper angles of inclination, which forces the rays to converge
towards the probe surface from wider angles. Consequently, rays hit
the target probe surface with a much great angular dispersion and the
local incident angles increase. However, for lower rim angle values,
the concentrator has a smaller curvature (flatter geometry) and the
rays reflected from the concentrator surface follow trajectories that are
approximately parallel to the concentrator axis, and consequently, in-
cident angles at the probe surface are smaller. Therefore, for lower rim
angles the concentrated solar radiation becomes more perpendicular to
the focal plane and the collimated incident radiation (CIR) assumption
— broadly applied in the literature [21,36,71,72] — becomes more
suitable.

5.1.2. Effect of surface slope error

For different (and typical) concentrator surface slope error values,
Figs. 5(a) and 5(b) present the profiles of normalized concentration
ratio and angle of incidence, respectively, as a function of the dimen-
sionless radial position (r/ R, ) while Fig. 6 presents the concentration
ratio at the center of the target probe surface and the minimum,
maximum, and average incident angles.

In these figures, three concentrator rim angle values (30°, 45°, and
60°) are considered and geometrical errors — such as axial misalign-
ment of the probe surface in relation to the concentrator focal plane
(6, # 0) — are negligible. For the three rim angles, as the surface slope
error increases, the focal spot core region — within which CR* and 6;
are constant — vanishes. The focal spot core region becomes negligible
for a surface slope error greater or approximately equal to 1 mrad —
this evidence is particularly noticeable in the normalized concentration
ratio profiles. An increase in the surface slope error leads to a smoother
and more gradual drop of the normalized concentration ratio profiles
along the radial direction as well as an increase in the irradiated area
— roore decreases rapidly towards zero and r,,,, increases progressively.
Therefore, an increase in the surface slope error has a significantly
negative impact on the concentrator performance. Such an increase in
Fmax UpON increasing the surface slope error inevitably leads to optical
spillage losses for a target probe surface of reduced dimensions — for
the target probe surface dimensions under consideration and a surface
slope error of 4 mrad, the optical spillage loss factor account to 32.6%,
11.3%, and 7.4% for a rim angle of 30°, 45°, and 60°, respectively.
(The optical spillage loss factor corresponds to the fraction of the
power reflected by the concentrator that is lost by spillage from the
receiver aperture section.) For fixed target probe surface dimensions
and concentrator surface slope error, existent spillage losses tend to
increase as the concentrator rim angle decreases. As the surface slope
error is increased the centerpoint concentration ratio decreases — such
decrease is particularly remarkable from 1 to 3 mrad (see Fig. 6). This
evidence is in line with the fact that the total power provided by the
concentrator is constant for a particular concentrator aperture radius
and r,, (or focal spot total area) increases with the surface slope error.
(The surface slope error is responsible for scattering the reflected solar
radiation over a larger focal spot region at the cost of a decrease of the
local concentration ratios at the inner focal spot region.) Moreover, the
relevance of the actual rim angle value on the centerpoint concentra-
tion ratio becomes lower for higher surface slope error values — note in
Fig. 6 that the difference between the centerpoint concentration ratios
for the three rim angles under consideration decreases as the surface
slope error increases.
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Figs. 5(b) and 6 show that as the surface slope error increases,
the minimum incident angle (centerpoint incident angle) increases
marginally whereas the maximum incident angle — observed at the
edge of the focal spot (r = r,,) — shows a pronounced decline. The
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slight increase in the minimum incident angle arises because larger
surface slope errors cause peripheral regions of the concentrator to
contribute to the radiation intercepted at the center of the target probe
surface. As a result, the incident angle profiles become more uniform
(flatter) upon increasing the surface slope error, since the difference
between the maximum and minimum incident angles decrease. (For a
rim angle of 45°, the incident angle profiles range from 28.7° to 44.7°
for the perfectly specular reflective surface condition and from 29.0°
to 32.7° for a surface slope error equal to 4 mrad.) Moreover, for a
given surface slope error, lower rim angles result in a smaller difference
between the maximum and minimum incident angles — considering a
surface slope error of 4 mrad, the difference between 6, ,,,,, and 6, ., is
about 0.5°, 3.7°, and 12.3° for a rim angle equal to 30°, 45°, and 60°,
respectively (see Fig. 6). For the cases with negligible spillage losses —
cases with high rim angles and low surface slope errors — the average
incident angle show a slight decrease with the surface slope error.

5.1.3. Effect of axial alignment error

The effect of axial misalignment between the concentrator focal
plane and the location of the target probe surface is herein investigated
considering different axial offset values nondimensionalized by the
concentrator focal length (6 5 /f) for three different concentrator rim
angles (30°, 45°, and 60°). Figs. 7(a) and 7(b) present the profiles of
normalized concentration ratio and angle of incidence, respectively,
as a function of the dimensionless radial position (r/R,) while Fig.
8 presents the concentration ratio at the centerpoint of the target
probe surface and the centerpoint, maximum, and average incident
angles. For the rim angles considered in Figs. 7(a)-7(b) and 8, positive
and negative dimensionless axial offset values of equal magnitude
(6 I /f) produced similar results. (A positive (negative) axial offset
corresponds to an axial displacement of the target probe surface away
from (towards) the concentrator along the optical axis.)

As the dimensionless axial offset value increases, the focal spot
core region shrinks and the focal spot tail and total regions extend
over a larger area — L.e., rere/ Ryper decreases and ry,, /R, increases.
For each concentrator rim angle, the focal spot core region vanishes
(reore/ Raper — 0) for the (critical) dimensionless axial offset value from
which the centerpoint concentration ratio begins to drop — see Fig. 8
according to which the centerpoint concentration ratio features a very
modest but consistent increase upon increasing the dimensionless axial
offset value and then shows a pronounced decrease above the critical
value. (The critical value corresponds to the dimensionless axial offset
value for which the centerpoint concentration ratio is maximum.) The
critical value separates a moderate defocusing regime — observed for
low dimensionless axial offset values — from a severe dispersion regime
with residual concentration that is registered for high offset values.
Moreover, Fig. 8 shows that the critical dimensionless axial offset value
increases as the rim angle decreases — the focal spot core region is
preserved over a larger axial offset range for lower concentrator rim
angles. Therefore, in Figs. 7(a) and 7(b), the focal spot core region is not
observed for dimensionless axial offset values equal or above 8x 1073 at
rim angles of 45° and 60°, and equal or above 12x1073 at the lowest rim
angle considered. In fact, Fig. 8 indicates that the critical dimensionless
axial offset value lies in the range 6-7 x10~3 and 7-8x10~3 for rim
angles of 60° and 45°, respectively, and at approximately 10 x 10~ for
a rim angle equal to 30°.

The slight increase of the centerpoint concentration ratio that is
observed as the dimensionless axial offset value is increased up to
the critical value (see Fig. 8) suggests that the optimal position for
the target probe surface to maximize solar flux concentration is not
at the concentrator focal plane. This is because the determination of
the geometrical concentrator focal plane does not take into account
the effect of the solar half-angle. The actual solar concentration ratio
distribution is influenced by the finite angular extent of the solar disk
which justifies the observed deviation between the ideal geometrical
focus and the position that effectively maximizes the concentration
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ratio. The increase in the centerpoint concentration ratio — in relation
to the value observed with negligible axial misalignment error — upon
increasing the dimensionless axial offset value is more pronounced for
lower concentrator rim angles.

Fig. 8 shows that above the critical dimensionless axial offset value
the centerpoint concentration ratio profiles for different rim angles
merge into a single profile meaning that the centerpoint concentration
ratio becomes independent of the actual rim angle value. A similar
conclusion is drawn from Figs. 7(b) and 8 for the centerpoint incident
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angle: above the critical value the centerpoint incident angle becomes
independent of the actual rim angle value and the centerpoint in-
cident angle profiles merge into a single descending curve with the
dimensionless axial offset. The centerpoint incident angle decreases
with the dimensionless axial offset value because the centerpoint of
the target surface becomes unreachable by rays from outer regions of
the parabolic dish — rays that would contribute to an increase in the
centerpoint incident angle. Fig. 7(b) shows that for small to medium
rim angle values, as the dimensionless axial offset value is increased
a local minimum incident angle begins to be registered at the edge
of the focal spot core region (r ~ r,.) and progresses towards the
target probe surface centerpoint. For dimensionless axial offset values
higher or equal to the critical value, local angles of incidence decrease
consistently upon increasing the dimensionless axial offset and the
minimum incident angle is observed (exclusively) at the centerpoint of
the target surface.

The maximum incident angle — that is consistently observed at the
edge of the focal spot region (r = r,,) — shows a slight decrease
with the dimensionless axial offset due to optical spillage. Since in-
creasing the dimensionless axial offset value the minimum incident
angles decreases at a higher rate than the maximum incident angle,
the difference between the maximum and minimum incident angles
increase with the dimensionless axial offset value. The average incident
angle is independent of the dimensionless axial offset value as long
as optical spillage losses are negligible because it is dictated by the
concentrator geometry (rim angle) and the orientation between the
concentrator focal plane and surface target plane — that has been held
constant (parallel) in this study.

While no significant differences were observed in the previous
results (Figs. 7(a)-7(b) and 8) computed with positive and negative
dimensionless axial offset values of equal magnitude (not shown), this
symmetry does not hold for all rim angle values. Fig. 9 presents nor-
malized absorbed power profiles for different rim angles as a function
of the dimensionless axial offset magnitude for positive and negative
axial offset values.

For large rim angles, normalized absorbed power profiles corre-
sponding to negative and positive axial offset values remain nearly
overlapping even for relatively large 6,/ f magnitude values, indicating
a reduced sensitivity to the axial misalignment direction. As the rim
angle decreases, the profiles tend to overlap only for very small ,/f
magnitude values, showing an approximately symmetric response in
this range in relation to the concentrator focal plane — see Fig. 9.
However, as 6,/f increases for smaller rim angles, this overlap pro-
gressively vanishes, and the asymmetry becomes more pronounced. In
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and positive and negative dimensionless axial offset values.
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particular, negative offset values systematically yield higher normalized
absorbed power values compared to the positive offset values for the
same dimensionless axial offset magnitude, indicating that moving the
receiver towards the concentrator is less penalizing in terms of power
loss by spillage than shifting it beyond the focal plane.

The asymmetric behaviour observed for the absorbed power at two
equal target probe surfaces that are equally distant from the concen-
trator focal plane but in opposite directions is due to the effect of the
solar half-angle. (If the incident radiation were strictly aligned with
the concentrator axis — negligible half-angle (collimated radiation)
— such asymmetric behaviour would not be observed and absorbed
power profiles for positive and negative axial offset values for the
same rim angle would overlap with each other.) Furthermore, pro-
files corresponding to positive (or negative) dimensionless axial offsets
become similar for comparable values of the solar half-angle to rim-
angle ratio (w/y,in,), as this ratio represents an additional governing
dimensionless parameter that quantifies the relative importance of
optical and geometrical contributions in determining the concentrator
performance. As the ratio w/y,;, increases (similarly, as the rim angle
decreases for a constant solar half-angle), differences in the absorbed
power between positive and negative axial offset of equal magnitude
become more pronounced. Contrarily, for large rim angles (low @/,
ratios) the geometrical scale clearly dominates the optical behaviour,
rendering the contribution associated with a non-negligible solar half-
angle relatively secondary in defining the flux distribution at the target
probe surface.

5.2. Role of concentrating solar collector parameters and materials on
collector optical and receiver hydrothermal performance

In order to evaluate the role of collector geometrical and optical
parameters and absorber and coating materials on the collector perfor-
mance, a reference collector system is herein adopted. The reference
collector system is defined by a concentrator aperture radius of 0.2 m
and a focal length of 3m. The concentrator reflectivity is set to 0.9,
while surface slope and axial alignment errors are assumed to be
negligible. The absorber consists of an uncoated SiC foam structure.

According to Table 2, the effect of the concentrator focal length,
concentrator aperture radius, concentrator surface slope error, and
collector axial alignment error can be assessed by comparing the results
of systems A, B, C, D and E, respectively, against the results of the
reference system. The effect of the absorber material and coating
application can be investigated with the results of systems F, G, and
H and the results of the reference system.

For each collector system comprising a change in a particular ge-
ometrical or optical collector parameter in relation to the reference

Table 2
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system, two solar system sets are defined: collector-solar systems Y-1
and Y-2, where Y is any of the systems A, B, C, D, and E. For systems
Y-1, a particular solar flux value (DNI) at the concentrator surface
(¢)) is defined in such a way that the total absorbed power by the
receiver unit (qué) matches the value registered for the reference case.
Consequently, any performance difference observed between System
Y-1 and the reference configuration can be attributed exclusively to
variations in the concentrated solar flux distribution and the incident
angle distribution at the receiver aperture section. For Systems Y-2,
the same solar flux value at the concentrator aperture as that con-
sidered for the reference system (1000 W m~2) is applied. Therefore,
the performance of Systems Y-2 becomes simultaneously dependent on
the distributions of concentrated solar flux and incident angle at the
receiver aperture as well as on the total absorbed power by the receiver
unit.

Regarding the absorber materials, besides uncoated SiC foam con-
sidered for the reference system, uncoated Al,O; foam, and Pyromark-
coated Al,0; and SiC foams were considered — see collector systems F,
G, and H, respectively, in Table 2. The thermal conductivity of alumina
is lower than that of silicon carbide (about 71% and 78% lower at 300
and 1300K, respectively). The emissivity of Al,O; for calculations was
set equal to 0.65 — well-below the corresponding value of 0.93 for SiC.
Due to the Al,O; low solar absorptivity, a highly absorptive Pyromark
paint is commonly applied onto the walls of Al,O; solar absorbers [73].
The emissivity of the Pyromark paint corresponds to 0.95 [73]. The
thickness of the paint layer is neglected and, consequently, the absorber
pore (void) volume and the intrinsic solid thermal conductivity of the
foam are equal to the values of the reference case scenario.

5.2.1. Receiver optical performance

Optical results are presented in Figs. 10-12. For each collector-solar
system under consideration, Fig. 10 presents the concentrated solar flux
distribution on absorber walls normalized by the maximum observed
flux value for each system.

Figs. 11 and 12 present optical performance parameters — optical
spillage loss factor, apparent emissivity, optical efficiency, and the
relative contribution of three different receiver surface sets on the
receiver total absorbed concentrated solar power. The optical spillage
loss factor, apparent emissivity, and optical efficiency are evaluated
with Egs. (24), (25), and (26), respectively. (In the absence of relevant
optical transmission and shadow losses, the optical efficiency is also
given by the product e (1 = i) €ap-)

aper

qrec (24)

=1-
1
Pconc q;, Aaper

aspil
tot
_ _frec (25)

€, -
p aper
Arec

Collector geometrical and optical parameters, absorber materials and coatings, and direct normal irradiance considered for different system. Collector-solar system

1 corresponds to the reference system for the current investigation.

Collector and solar systems

1 2 3 4 5 6 7 8 9 10 11 12 13 14

(Ref)) (A-1) (A-2) (B-1) (B-2) (C-1 (C-2) (D-1 (D-2) (E-1) (E-2) (P (©) (H)
Collector
Conc. focal length, f 3.0 1.0 1.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
(m)
Conc. aperture radius, 0.2 0.2 0.2 0.8 0.25 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ryper (m)
Conc. surface slope — — — — — 2 2 — — — — — — —
error, o, (mrad)
Collec. axial alignment — — — — — — — -0.05 -0.05 +0.05 +0.05 — — —
error, éf/f -)
Receiver
Absorber material SiC SiC SiC SiC SiC SiC SiC SiC SiC SiC SiC Al,O4 Al,O4 SiC
Absorber coating — — — — — — — — — — — — Pyromark Pyromark
Solar System
DNI, ¢ (Wm™2) 1000 803.69 1000 64.37 1000 2447.63 1000 1262.30 1000 1383.65 1000 1000 1000 1000
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Fig. 10. Normalized concentrated solar flux distribution on the absorber walls.
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"
4 Aaper

Nop = (26)

In these equations, gjee and ¢'% correspond to the total concen-
trated solar power at the receiver aperture section (receiver power-
on-aperture) and the total concentrated solar power absorbed by the
receiver unit, respectively.

The optical performance parameters are independent of the incident
solar flux irradiation value at the concentrator aperture which is in
full agreement with previous studies (see Ref. [67]). Therefore, optical
performance results presented in Figs. 11 and 12 for Systems Y-1 are
equally valid for Systems Y-2 — i.e., both systems have the same optical
performance. (An exception is observed for systems B-1 and B-2, as they
do not share identical geometrical parameters.)

Fig. 11 shows that a significant decrease of the concentrator focal
length — by a factor of 3 (from the reference system to system A-1)
— improves the optical efficiency, while an increase in the aperture
radius, surface slope error or axial alignment error results in a deterio-
ration of the optical efficiency. For such changes in collector parameters
in relation to the reference values, the optical efficiency reveals to be
mainly susceptible to optical spillage losses — note in Fig. 11 that
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Fig. 12. Contribution of different receiver surfaces to the total absorbed solar
power.

for each system the variation of the spillage loss factor in relation to
the reference system supports the variation of the optical efficiency in
accordance, while the apparent emissivity — that controls reflection
losses from the receiver unit — remains almost constant and, conse-
quently, with no significant influence on the optical efficiency change.
The effect of each varied optical and geometrical parameter on the
optical spillage loss factor is in full agreement with the corresponding
effect of each parameter on the concentrated solar flux distribution at
the receiver aperture section observed in Section 5.1. Since spillage
losses are insignificant for system A-1 — as expected according to
the corresponding concentrated solar flux distribution on the absorber
walls (see Fig. 10 —, its optical efficiency (r,Op ~ 87.1%) becomes
limited by the optical reflection performance of the concentrator sur-
face (peone = 0.9) and the apparent absorption characteristics of the
receiver surfaces (eﬂp ~ 97.2%). (Optical transmission losses were found
negligible for all systems due to the absorber high extinction volume —
this is in line with a negligible concentrated solar flux observed for all
absorber structures particularly near their rear sections in Fig. 10.) The
results for systems with axial alignment errors (Systems D and E) show
that positive and negative axial offset values of equal magnitude in
relation to the concentrator focal plane lead to different (asymmetric)
receiver power-on-aperture values which is fully consistent with results
presented in Section 5.1.3 — receiver power-on-aperture is higher for
System D (negative axial offset value) for which the optical spillage loss
factor is lower in relation to System E. The similar apparent emissivity
value observed independently of the collector geometrical and optical
parameters (concentrator focal length, aperture radius, and surface
slope error and collector axial alignment error) means that the shape
of the concentrated solar flux and incident angle distributions at the
receiver aperture does not play a significant role on the ratio between
the total absorbed power and receiver power-on-aperture. Nevertheless,
it is worth noting that owing to the highly complex and intricate
absorber porous structure, the receiver aperture apparent emissivity for
the reference system and systems A-1 to E-1 (approximately equal to
0.975) is higher than the intrinsic SiC surface emissivity which supports
the solar radiation entrapment effect.

Although systems A-1 to E-1 were devised to absorb the same total
solar power at the receiver unit, Fig. 12 shows that the contribution of
each set of receiver surfaces to absorb solar radiation is not equal for
every system. This evidence demonstrates that the contribution of each
receiver surface set to the total absorbed power becomes dependent
on the shape of the radial solar flux profile and direction distribution
of incident solar beams at the receiver aperture. Independently of
the system under consideration, the absorption of concentrated solar
power is predominantly observed at the absorber internal surfaces —
ca. 78.0%-80.8% of the total power absorption takes place in the
internal absorber volume. The concentrated solar power absorbed at
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the receiver tubular surface accounts for the lowest share — about
0.1%-3.8%. Due to the characteristics of the concentrated solar flux
and incident angle distributions at the receiver aperture for System A-
1 (the focal spot is concentrated at the central region of the absorber),
the receiver tubular surface absorbs a negligible fraction (about 0.1%)
of the total power. For System B-1, the higher contribution of the
lateral wall to the total absorbed power in relation to the corresponding
contribution observed for the reference system is justified by the fact
that an increase in the concentrator aperture area leads to an increase
in the receiver local incident angles — see Section 5.1.1. (The estimated
local incident angles for System B-1 are approximately fourfold higher
than those associated with the reference parameters while the shape
of the solar flux profile at the receiver aperture section is similar for
the reference system and System B-1.) For the effect of the surface
slope error (system C-1), a similar contribution of each receiver surface
collection in absorbing concentrated solar radiation in relation to the
reference system is observed. Slight differences are observed between
results of Systems D-1 and E-1 even though the distance at which the
receiver aperture section is located from the concentrator focal plane
are the same. This is in line with the differences reported in Fig. 11 and
in Section 5.1.3.

Regarding the optical performance obtained for different absorber
and coating materials, Fig. 11 shows that the optical spillage loss
factor for Systems F, G, and H is equal to the value observed for
the reference system. This is because the optical spillage loss factor
is determined by the optical and geometrical features of concentrator
and receiver aperture which were held constant for such systems —
the optical spillage loss factor is not influenced by optical properties
and geometrical characteristics of the receiver internal volume. (Optical
spillage and concentrator absorption losses do not play any role in the
optical efficiency change that is observed while replacing the absorber
material because these losses are accounted for prior (upstream) the
solar radiation impingement onto the absorber structure surfaces.) As
such, the optical efficiency for Systems F, G, and H varies exclusively
due to changes in apparent emissivity. An alumina absorber structure
(System F) is incapable of absorbing the same concentrated solar load
as a silicon carbide absorber due to its poorer effective optical proper-
ties — ¢, (F) ~ 0.856 vs. €,, (Ref.) ~ 0.975. A Pyromark-coated absorber
foam (Systems G or H) features the highest apparent emissivity value
— approximately equal to 0.981 which is slightly higher than the value
registered for an uncoated SiC foam (0.975) — and, consequently,
the highest optical efficiency (70.51%). The highest variation from
the intrinsic emissivity to the apparent emissivity value was observed
for alumina (0.650 to 0.856) suggesting that the solar radiation en-
trapment effect is more expressive for lower intrinsic absorber surface
emissivities.

Fig. 12 indicates that for an alumina absorber (System F), the
fraction of power absorbed at the front absorber surface is lower than
that observed for a silicon carbine absorber or a Pyromark-coated
absorber. Since reflected radiation from the absorber front section
contributes to increase the relevance of the tubular receiver surface, the
contribution of the tubular receiver surface to the total absorbed power
is expected to be higher for an alumina absorber than for silicon carbine
or Pyromark-coated absorbers — see Fig. 12. The internal absorber
surfaces play a more relevant relative role in radiation absorption
for alumina than for SiC or Pyromark-coated foams. For an alumina
absorber, solar radiation absorption takes place over a longer portion
of the porous structure due to multiple beam reflections (more reflec-
tion events are expected at lower surface emissivities) and the highly
complex porous structure that will eventually absorb the radiation but
in an extended porous volume.

5.2.2. Receiver hydrothermal performance
Combined collector optical and receiver hydrothermal results are
presented in Figs. 13-15. Particularly, Figs. 13(a)-(b) present the total

absorbed power (q;‘e’;), the relative emission losses (£2) — fraction
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Fig. 13. Total solar absorbed power, relevance of heat (re-emission) losses in
relation to the total absorbed power, and thermal efficiency for systems of
similar receiver power-on-aperture (a) and systems of equal solar flux value
at the concentrator aperture (b).

of the total absorbed power that is lost by radiative emission from
the receiver unit to the surroundings —, and the collector solar-to-
thermal energy conversion efficiency — shortly, thermal efficiency (5,
— for each system. The relative emission losses and the thermal effi-
ciency are computed according to Egs. (27) and (28), respectively. In
Egs. (27)-(28), drecoss AN Gays (= 612 — Grec1oss) are the total radiative
power loss from the receiver unit to the external surroundings and the
total power transferred to the heat transfer fluid by convective heat
transfer between the receiver inlet and outlet sections, respectively.
(The thermal efficiency is also given by the product ¢, (1 - £2).)

Grec,loss
rec
Ggas
Nth = aper (28)

rec

Fig. 14 presents absorber surface temperatures for each system. (For
clarity, distinct temperature intervals are considered for different sets
of systems.)

Figs. 15(a)-(b) present absolute temperature differences between
the values observed for each system and the values registered for
the reference system. For ease of visualization, Figs. 13(a) and 15(a)
consider systems featuring a similar receiver power-on-aperture value
(about 90 W) — Systems Y-1, F, G, and H —, while Figs. 13(b) and 15(b)
consider systems with an equal solar flux value at the concentrator
aperture (Systems Y-2).

According to Fig. 13(a), Systems A-1 to E-1 exhibit higher power
losses than the reference system. Thus, the power transferred to the
heat transfer fluid is lower for Systems A-1 to E-1 than for the reference
system. Since the apparent emissivity value is similar for Systems A-1
to E-1 and for the reference system (see Fig. 11), the thermal efficiency
for Systems A-1 to E-1 is lower than the thermal efficiency observed for
the reference system.
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Fig. 14. Absorber surface temperature distributions for each collector—solar
system.

Particularly for System A-1, the concentration of solar radiation
observed at the central portion of the irradiated absorber section (see
Fig. 10) leads to a local high temperature region (local overheating)
which contributes to an increase in radiative heat losses in relation to
the reference system — note that the maximum absorber temperature
for System A-1 is about 300K higher than for the reference system
(see Figs. 14 and 15(a)). However, it is worth noting that a small
decrease in the concentrator focal length from the reference value
keeping constant the total absorber power by the receiver unit may
not result in a meaningful difference on the receiver hydrothermal
performance. This is true provided that the decrease is sufficiently
small such that optical spillage losses remain present, thereby ensuring
a relatively uniform concentrated solar flux distribution across the
receiver aperture section — see Figs. 3(a) and 4(b) according to which
a decrease in the focal length (i.e., an increase in the rim angle) reduces
the size of the central core region (r.,. decreases) while maintaining
an approximately constant solar flux within this region.
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Fig. 15. Temperature differences between each collector—solar system and the
reference system: (a) systems of similar receiver power-on-aperture; and (b)
systems of equal solar flux value at the concentrator aperture. For the reference
system, the average rear solid temperature is 1153.6K, the maximum solid
temperature is 1169.7K, the average outlet gas temperature is 1152.7K, and
the average front solid temperature is 1132.4K.

The lower power values transferred to the heat transfer fluid for
Systems A-1 to E-1 in relation to the value registered for the reference
system are in full agreement with the lower outlet gas temperatures for
Systems A-1 to E-1 that are observed in Fig. 15(a) (4T,yg_gasou < 0)-
The thermal performance of systems B-1 and C-1 is much more similar
to the performance of the reference system than the performance of
system A-1, D-1 and E-1, as it can be concluded in Figs. 14 and 15(a)
and by comparable relative power loss and thermal efficiency values in
Fig. 13(a). The results for system B-1 in relation to the reference system
results suggest that the incident solar radiation angle plays a minor (less
relevant) role on the receiver thermal performance. This conclusion
is in agreement with past research [36] that applied a continuum
approach — not discrete as in this work — for MCRT model simulations
of concentrated solar radiation transport along the absorber structure.

Regarding Systems Y-2, particularly, in the case of System B-2, a
concentrator aperture radius equal to 0.25m was considered — rather
than the value considered for System B-1 — to avoid excessive and
physically unrealistic temperatures.

Considering a constant DNI value (reference and Y-2 systems), Fig.
13(b) shows that the total absorbed power increases by decreasing
the concentrator focal length or increasing the concentrator aperture
radius and decreases upon increasing the concentrator surface slope
error or the collector axial alignment error. These trends are in agree-
ment — and could be anticipated — with the solar flux values at
the concentrator surfaces required for systems A-1 to E-1 to keep
the total absorbed solar power constant and equal to the reference
system (see the last row of Table 2). The increase of the total absorbed
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power upon decreasing the focal length is due to a reduction of optical
spillage losses — see Fig. 11. Increasing the concentrator aperture area
increases the power collected and reflected by the concentrator and,
consequently, the power absorbed by the receiver unit even though the
optical spillage loss factor increases — see Fig. 11. The increase of the
concentrator surface slope error or collector axial alignment error leads
to an increase of optical spillage losses and a reduction of the total
absorbed power. Reducing the focal length not only increases the total
absorbed power, but also concentrates the focal spot towards the center
of the absorber, resulting in a highly non-uniform solar flux distribution
at the receiver aperture, and consequently across the internal surfaces
of the receiver — see Fig. 10. On the other hand, an increase in the
concentrator aperture radius, surface slope error, or axial alignment
error primarily affects the total absorbed power, while preserving a
relatively uniform flux distributions at the receiver aperture.

Since the receiver unit (and its operating conditions) as well as
the solar system definitions (DNI) are the same for the concentrating
collector systems under consideration, a concentrator parameter change
promoting an increase in the total absorbed power leads to an increase
in the relative heat losses and a decrease in the thermal efficiency, even
though the power transferred to the heat transfer fluid is higher (higher
outlet fluid temperatures — see Fig. 15(b)).

For the same concentrating collector system, an increase in the
solar flux irradiation (DNI) leads to a simultaneous increase in the
total absorbed power, relative heat losses, and receiver temperatures
(compare systems Y-1 and Y-2 in Figs. 13(a), 15(a), 13(b), and 15(b)).
The thermal efficiency decreases as the solar flux irradiation increases
because the heat losses — driven by radiative (re-emission) heat trans-
fer — become more relevant at higher temperatures. Nevertheless, it
is noteworthy that an increase of the solar flux irradiation may still
represent an opportunity to increase the collector thermal efficiency
if the receiver hydrodynamic and thermal operating conditions were
adjusted accordingly — for instance, if a higher heat transfer fluid mass
flow rate were fed into the receiver.

Regarding the hydrothermal performance obtained for different
absorber and coating materials, Fig. 13(a) shows that an uncoated
alumina absorber leads to a lower total absorbed power in relation
to an uncoated SiC absorber — as could be anticipated by the cor-
responding apparent emissivity values. Strikingly, alumina features a
more efficient conversion of absorbed power into useful power than for
SiC. An uncoated alumina absorber (System F) dissipates approximately
6 percentage points less power per unit of absorbed power compared
to an uncoated SiC absorber (reference system). For the same total ab-
sorbed power observed for Systems G and H (Pyromark-coated foams),
alumina allows a more energy conversion efficient operation than sili-
con carbide. Consequently, a Pyromark-coated alumina absorber shows
a higher thermal efficiency than Pyromark-coated SiC absorber. The
improved energy conversion efficiency provided by alumina absorbers
is due to the lower thermal conductivity of the absorber material that
prevents the heat transfer from the internal walls towards the absorber
entrance surfaces that are directly exposed to the upstream ambient
environment.

Despite exhibiting lower relative heat losses, the uncoated alumina
absorber (System F) delivers less power to the heat transfer fluid
due to its substantially lower total absorbed solar power compared to
the reference case. As a result, System F attains a lower outlet gas
temperature and thermal efficiency than the reference system (see Fig.
15(a)). In contrast, the Pyromark-coated alumina absorber (System G)
achieves both higher total absorbed solar power and lower relative
power losses. This combination leads to greater useful power output
and, consequently, a higher outlet fluid temperature and thermal effi-
ciency values than those of the reference system (see Figs. 13(a) and
15(a)).

Fig. 15(a) shows that for Systems F and G the difference between
the average outlet gas temperature and the average front solid temper-
ature is even higher than such a difference observed for the reference
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system (AT,ys_gasout = ATavg—solfront > 0)- These results indicate that
the volumetric effect — commonly assumed present when the ratio
Tove—gas,out/ Tave—sol front > 1 [12,74] — becomes more pronounced with
an alumina absorber. (The ratio T,,_gas out / Tave—sol front 1S @pproximately
equal 1.05 and 1.04 for System F and System G, respectively, and
about 1.02 for the reference system.) System F presents simultane-
ously an enhanced volumetric effect and a lower thermal efficiency in
comparison with the reference case. This outcome is consistent with
previous studies showing that enhancing the volumetric effect does
not necessarily translate into higher receiver thermal efficiency [12,
75]. The volumetric effect and the thermal efficiency are independent
volumetric solar absorber parameters.

The volumetric effect in a volumetric solar absorber is consid-
ered to occur when the actual (measured) radiative power loss from
the receiver (through the front section towards the surroundings)
is lower than the radiative power loss that would result if the re-
ceiver surfaces were at the (average) outlet gas temperature. The ratio
Tye—sasout / Tave—sol front> cOmmonly used in the literature to assess the
presence of the volumetric effect, is generally a reliable indicator. In
this work, the volumetric effect was concluded to be present in all
systems considered, as the ratio T,y,_gas out /Tave—sol frone WaS greater than
unity. However, for some systems the ratio is only marginally above
one, which makes the assessment of volumetric effect less clear. This
occurs, particularly, for System C-2 due to a negligible temperature
difference of about 2 K between the average outlet gas temperature and
the average front solid temperature.

Fig. 16 presents the radiative power loss observed for SiC, Al,O3,
and Pyromark-coated foams for different effective receiver surface
temperatures — all receiver surfaces were at the same (effective)
temperature.

In Fig. 16, each solar—collector system under consideration is pre-
sented as a point (represented by a symbol) stating the corresponding
actual values for the average gas temperature at the outlet section
and the radiative power loss. Since each point is located below the
line that represents the corresponding absorber material/coating —
i.e., the actual power loss is lower than the power loss that would be
observed for a similar receiver with an effective temperature equal to
the average outlet gas temperature —, all systems verify the presence
of the volumetric effect. The most expressive volumetric effect extent is
observed for Systems F, G, and B-2 — these systems lose approximately
21.3%, 19.4%, and 17.4%, respectively, less power than the power they
would lose if their surfaces were at the corresponding average outlet
gas temperature. The volumetric effect is less expressive for Systems

— 100 T T T T T T T T T i T T
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Fig. 16. Operating regimes for SiC, Al,O;, and Pyromark-coated foams, with
shaded regions indicating the presence of the volumetric effect. Each symbol
represents a specific solar—collector system.
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E-2, D-2, and A-1 with, respectively, 8.2%, 9.6%, and 10.3% lower
power losses in relation to the power losses that would be observe if
the corresponding surfaces were at the corresponding average outlet
gas temperatures.

Alumina is not recognized as a primary choice for the absorber
material — as SiC commonly is — mainly because of its weak solar
absorptivity. However, the results show that the thermal conductivity
of alumina is more appropriate to prevent heat losses than that of
SiC. According to the results of system G, absorber materials with
a higher solar absorptivity (thermal emissivity) and a lower thermal
conductivity have benefits on every performance indicator herein ana-
lyzed — total absorbed power, relative power loss, average outlet gas
temperature, and optical and thermal efficiencies, and the presence of
an expressive volumetric effect. Nevertheless, other technical parame-
ters come naturally into play for the selection of a suitable absorber
material which were not addressed in this study, namely those related
with the structure mechanical and material chemical stabilities that
become relevant to ensure a receiver long service life with minimal
maintenance assistance while operating at high performance standards.

5.2.3. Global system performance

The overall (global) collector efficiency allows to simultaneously
take into the collector optical and thermal performance. The overall
efficiency is computed according to Eq. (29). (The overall efficiency is
also given by the product pyon. (1 — agyn) Min-)

Agas
q"A

s “laper

n, = = Nop(1-2) (29

Fig. 17 presents the overall collector efficiency for each collector—
solar system under consideration.

The overall efficiency is governed by a sensitive balance between ge-
ometrical concentration, optical quality, and material response, rather
than by any single parameter in isolation. Although reducing the focal
length (Systems A-1 and A-2) yields the highest overall efficiency
values, outperforming the reference system value, this apparent im-
provement must be interpreted cautiously: the increased concentration
can intensify local heat flux peaks, potentially promoting localized
overheating and accelerating the thermo-mechanical degradation of the
ceramic foam. The increased overall efficiency values registered for
Systems A-1 and A-2 in relation to the reference value were observed
due to the relevant increase in the optical efficiency for such systems
in relation to the optical efficiency registered for the reference system
— see Fig. 17. In contrast, an increase in the concentrator aperture
radius (Systems B-1 and B-2), concentrator surface slope error (Systems
C-1 and C-2), and collector axial alignment error (Systems D-1/E-1 and
D-2/E-2) results in poorer overall performance, mainly due to optical
spillage that strongly penalizes the optical efficiency in these cases.
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Fig. 17. Overall efficiency for each collector—solar system.
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Moreover, when comparing Systems C-1/D-1/E-1 with Systems C-2/D-
2/E-2, a higher overall efficiency is observed for the latter systems
due to lower relative power losses, which result from the lower total
absorbed power. Systems A-1 and B-1 present higher overall efficiency
values than A-2 and B-1, respectively, mainly because Systems A-2 and
B-2 present higher relative power losses than Systems A-1 and B-1,
respectively. (The optical efficiency for System B-2 is slightly higher
than that for System B-1 (70.01% vs. 67.96%) but such higher value is
not sufficient to compensate the higher relative power losses observed
for System B-2, and consequently, System B-2 has a lower overall
thermal efficiency than System B-1.)

With respect to absorber materials and Pyromark coating applica-
tion, replacing SiC (reference system) with Al,O; (System F) results in
a slight decrease in overall efficiency driven by the reduction observed
in thermal efficiency — note that the spillage loss factor is independent
of the receiver material and coating, and consequently, the overall
efficiency varies in accordance to the variation of thermal efficiency.
Applying a Pyromark coating onto the surfaces of a SiC foam absorber
(System H) or a Al,O; foam absorber (System F) leads to an increase
in overall efficiency. Among the different combinations of absorber
materials with or without coating application, the Pyromark-coated
Al,0; foam (System F) shows the highest overall efficiency.

Altogether, the results demonstrate that the system performance is
strongly sensitive to the optical quality of the concentrating system,
but also that the configurations delivering the highest overall efficiency
may not necessarily represent the most robust or durable operating
condition.

6. Conclusions and final remarks

This study applies a fully coupled pore-scale modeling framework
that integrates Monte Carlo ray tracing with direct hydrothermal simu-
lations on reconstructed ceramic foams — acquired by computed tomog-
raphy scans — to evaluate the performance of parabolic dish concentra-
tor equipped with an open volumetric receiver. By resolving radiation
transport, absorption, fluid flow, and conjugate heat transfer directly
within the real porous geometry, the applied methodology eliminates
reliance on empirical closure correlations and provides detailed physi-
cal insight into the coupled thermo-optical behaviour of the volumetric
receiver.

The results demonstrate that concentrator geometrical and optical
parameters strongly govern the spatial distribution of concentrated
solar flux and, consequently, receiver thermal performance. Higher rim
angles generate more compact and intense focal spots but widen the
incidence angle distribution and produce peripheral flux tails. Small
axial misalignments (6,/f ~ 0.006-0.008) significantly deteriorate
flux uniformity and increase spillage losses, while surface slope errors
broaden the focal region and reduce optical efficiency. These findings
highlight the importance of stringent alignment and reflector surface
quality in maintaining high optical performance.

At the receiver level, a clear trade-off between optical concentration
and thermal efficiency was identified. Lower focal lengths increase
absorbed power but intensify non-uniform heating, elevating local solid
temperatures and radiative losses. Similarly, increasing the aperture
radius also leads to higher absorbed power, but it does not necessarily
result in more pronounced non-uniform heating. Importantly, stronger
volumetric heating (Tyys ou/Torin > 1) does not necessarily translate
into higher thermal efficiency.

Absorber material analysis reveals that thermal conductivity plays
a critical role in performance optimization. Although SiC foam ex-
hibits higher intrinsic absorptivity, Pyromark-coated alumina foam
demonstrate superior conversion of absorbed power into useful ther-
mal output due to reduced heat conduction towards exposed surfaces.
The combination of high absorptivity and low conductivity, achieved
with Pyromark-coated alumina, provides the best overall performance,
yielding higher outlet temperatures and improved thermal efficiency.
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These results emphasize that maximizing solar absorption alone is
insufficient. Therefore, optimal design requires balancing absorptivity,
thermal conductivity, and flux distribution.

Overall, the study identifies key design trade-offs governing high-
temperature volumetric receivers and provides quantitative guidance
for optimizing concentrator geometry, material selection, and operating
conditions. The developed framework offers a robust tool for advancing
next-generation concentrated solar power systems capable of deliver-
ing high-temperature heat for dispatchable electricity generation and
industrial process applications.
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