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André Santos a,*, Diogo Canavarro a, Camilo A. Arancibia-Bulnes b, Pedro Horta a,  
Manuel Collares-Pereira a
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A B S T R A C T

This work presents a comparison of secondary optics for linear Fresnel collectors with a single absorber tube. The 
Compound Parabolic Concentrator (CPC) is indicated as the better secondary in different studies and under 
assessments including efficiency and flux uniformity, although it was never compared to the Compound Elliptical 
Concentrator (CEC) and to a recently proposed aplanatic design. Moreover, CPC geometries resulting from 
stochastic optimization needs to be confronted with theoretical edge-ray designs to evaluate the necessity of this 
optimization procedure. The ensuing ray-tracing results indicate that when the efficiency is the sole objective, 
CPC optimum geometry highly diverge from the edge-ray design, presenting a better efficiency but far lower 
performance in terms of flux uniformity and acceptance. In a two-objective problem involving efficiency and flux 
uniformity, optimum geometries for the CPC get closer to the edge-ray designs, particularly if the later considers 
the same gap size. Indeed, the gap size emerges as an important decision variable to play with the trade-off 
between the optical efficiency and flux uniformity. Comparison between CPC and CEC edge-ray designs shows 
that both optics in practice relate to a trade-off between optical efficiency and acceptance – the CPC presents a 
higher acceptance, the CEC has higher efficiency, whilst results of flux uniformity are practically the same. 
Regarding the aplanat design, it performs poorly in terms of acceptance angle compared to edge-ray designs, 
although outperforms them both in flux uniformity, and is outperformed by the CEC in terms of efficiency.

1. Introduction

The Linear Fresnel Collector (LFC) is a solar concentrator technology 
mainly used for thermal applications. It is composed of a primary field of 
reflectors slightly elevated from the ground whose purpose is to reflect 
(and concentrate) the incident sunlight on a fixed linear receiver located 
above the primaries [1,2]. Each heliostat has a single-axis tracking 
mechanism to follow the Sun’s daily movement. The receiver has an 
absorber element to convert the reflected radiation to thermal energy, 
transferring it to a heat transfer fluid.

The receiver can also contain a secondary optic, whose shape is 
related to the absorber’s [3]. Usually, a trapezoidal secondary is asso
ciated with a multi-tube absorber, while Compound Parabolic Concen
trator (CPC) is associated with a single tube [4].

Previous studies have highlighted that secondary optics enhance the 
overall performance of LFCs [5–7]. In the case of high-temperature 

(>400 ◦C) applications such as solar thermal electricity [8,9], an evac
uated tube [10] is the main absorber element due to its low thermal 
losses under such conditions [11,12]. Thus, this work considers sec
ondary optic designs for LFCs with a single absorber tube, which could 
be encapsulated by a concentric (evacuated) glass cover. In this context, 
the literature comprises several propositions and a few comparison 
studies of secondary optics.

The Compound Parabolic Concentrator (CPC) is an optic proposed by 
Feuermann and Gordon [5] as a secondary for LFCs. This concentrator is 
an essential finding by Welford and Winston [13] in the development of 
the principles of Non-Imaging Optics (NIO) [14] – an ideal solution for a 
radiative source infinitely large at an infinite distance. Oomen and 
Jayaraman [15] took further developments for linear receivers [16,17]
to present simple equations for the case of tubular absorbers. Later, 
Chaves [18] stated that this optic comprises involutes and macro focal 
parabolas – analytical plane curves derived from the edge-rays principle.

Grena and Tarquini [19] presented the Parabolic Wings Concentrator 
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(PWC) as a secondary optic to achieve a more homogeneous flux dis
tribution on the absorber. The Simultaneous Multiple Surfaces (SMS) 
design by Canavarro et al. [20] encompasses the primary and secondary 
optics simultaneously without considering pre-defined shapes – it ad
vances from a starting point to define both reflectors. Balaji et al. [21]
have compared secondary optics presenting parabolic and involute 
profiles: efficiency and flux distribution results indicate that the former 
performs better.

Canavarro et al. [22] proposed an asymmetric secondary composed 
of involutes, V-grooves, and macro focal ellipses – the Compound 
Elliptical Concentrator (CEC) [18] – for LFCs with an asymmetric pri
mary field. This design applies the edge-ray principle as referred above 
in the context of a finite radiative source at a finite distance.

Prasad et al. [7] have presented the Segmented Parabolic Concen
trator (SPC) as the secondary optic. In this case, one symmetrical side of 
a parabola is split into two pieces, and the one farther away from the 
tube is then rotated. The authors compared this design to a Trapezoidal 
Secondary Concentrator (TSC) and a CPC to find the one presenting 
higher flux circumferential homogeneity and optical efficiency levels. At 
first, when primary mirrors have a fixed aim-line – the center of the 
absorber tube – the CPC optic presented better performance. However, 
with a variable aim-line (in the vertical direction), the SPC marginally 

outperforms the CPC, with the TSC being far worse than the previous 
two.

Zhu [23] proposed an adaptative design to define a secondary optic. 
This approach does not assume a pre-defined shape (involute, parabolic, 
trapezoidal, etc.) but adapts the surface contour step-by-step to yield the 
highest optical efficiency. Based on a starting point, this design defines 
the local slope that maximizes the fraction of the incoming flux from the 
primary field reflected towards the absorber tube. The next contour 
point is defined by advancing a tiny step in the direction given by the 
local slope, advancing up to the absorber symmetry axis.

Hack et al. [24] presented a comparison study of four secondary 
optics: the Adaptative Secondary Concentrator (ASC) proposed by Zhu 
[23], the CPC optic [15], the Trapezoidal Secondary Concentrator 
(TSC), and the Parabolic Wings Concentrator (PWC) proposed by Grena 
and Tarquini [19]. The results indicate that the ASC has the highest 
optical efficiency, marginally outperforming the CPC, and the others 
(PWC and TSC) are far worse than the previous two optics.

On the other hand, Hack’s study [24] does not include metrics 
regarding flux circumferential uniformity or a fair range of the decision 
variables involved in the design of those secondaries, which might 
cloudy the optimum conditions.

To address these issues, Abbas et al. [25] presented a comparison of 

Nomenclature

Latin characters
d distance between two neighbor primary mirrors [m]
hs secondary optic height from the tube center [m]
k aplanatic optic design parameter [-]
na

rays number of final light rays striking the absorber [-]
ra absorber tube radius [m]
rgap gap size (or gap radius) [m]
rgo radius of the glass outer cover [m]
qi flux density in the circumferential bin of index i [W/m2]
qray power carried by each light ray [W]
s aplanatic optic design parameter [-]
w primary mirror width [m]
Aabs absorber tube surface area [m2]
Anet primary field mirror (net) area [m2]
F1,F2 the edge-points of the primary field
HR absorber tube height [m]
L concentrator length (in the longitudinal direction) [m]
NA aplanatic optic design parameter [-]
Nbins number of circumferential bins in which the absorber is 

divided [-]
Qabs absorbed flux in the receiver [W]
T1,T2 the edge-points of the absorber tube
Wa aplanat primary optic aperture width [m]
Wp primary field aperture width [m]
Ws secondary optic aperture width [m]

Greek characters
α absorptivity of the absorber tube [-]
β LFC optic acceptance half-angle [degrees]
β annual average value of β [degrees]
δq circumferential flux non-uniformity index [-]
δq annual average value of δ [-]
η LFC optical efficiency [-]
η annual average value of η [-]
θa CPC optic acceptance half-angle [degrees]
θe angular aperture defined by the intersection of edge-rays 

[degrees]

θmax maximum opening angle of a CPC secondary optic 
[degrees]

θL longitudinal incidence angle [degrees]
θT transversal incidence angle [degrees]
μq average flux density at the absorber [W/m2]
ρp primary reflector reflectivity [-]
ρs secondary reflector reflectivity [-]
σo standard deviation of the overall Gaussian optical error 

[mrad]
σq standard deviation of the circumferential flux distribution 

[W/m2]
σs standard deviation of a Gaussian slope error [mrad]
σsp standard deviation of a Gaussian specular error [mrad]
σsun standard deviation of a Gaussian sunshape [mrad]
σt standard deviation of a Gaussian tracking error [mrad]
Δrg distance between glass outer cover and secondary optic: 

rgap − rgo [m]
Δsun half-width of a pillbox sunshape [mrad]

Abbreviations
ASC Adaptative Secondary Concentrator
AOC Aplanatic Optic Concentrator
CAP Concentration Acceptance Product
CEC Compound Elliptical Concentrator
CPC Compound Parabolic Concentrator
DPC Double Parabolic Concentrator
DNI Direct Normal Irradiation
EW East-West
LFC Linear Fresnel Collector
MCRT Monte Carlo Ray-Tracing
NS North-South
PWC Parabolic Wings Concentrator
NA Numerical Aperture of an aplanat optic
NIO Non-Imaging Optics
RMS Root mean square
SMS Simultaneous Multiple Surfaces
SPC Segmented Parabolic Concentrator
TMY Typical Meteorological Year
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three secondary technologies: the CPC optic [15], the Adaptative Sec
ondary Concentrator (ASC) [23], and the Segmented Parabolic 
Concentrator (SPC) presented by Prasad et al. [7]. Results indicate that 
the best choice relies on the CPC and ASC optics, depending on con
straints of minimum flux and flux homogeneity – the CPC achieves 
higher efficiencies when higher homogeneity is required; the ASC has 
better results when homogeneity and minimum flux are not strong 
constraints. Indeed, since the authors considered a fixed aim line for the 
primary mirrors tracking, these results agree with the findings of Prasad 
et al. [7], where the CPC outperforms the SPC. Furthermore, the authors 
highlighted that ASC and CPC optics have similar shapes.

Bellos et al. [26] did not propose a secondary optic design but used 
Bezier polynomials to parametrize an already-existent optic. Then, the 
manipulation of the control points of the Bezier curve is used to search 
for an optic with the highest optical efficiency at normal incidence.

Vouros et al. [27] presented a secondary optic design similar to Zhu’s 
[23]. Instead of a point-by-point design, Vouros’ approach is based on 
the sequential definition of the center point and the tilt of small flat 
segments to define the optic contour. Since these segments are tiny 
compared to absorber tube size, a reasonable assumption is to simplify 
them as points and the tilts as the local slopes – as in Zhu’s method. 
Furthermore, Vouros’ design determines the tilt of a segment by sam
pling reflected rays from the primary field and calculating the tilt which 
maximizes the number of rays that strike the receiver after a second 
reflection – a kind of ray-tracing approach; Zhu’s method determines the 
local slope as the one which maximizes the fraction of the incident in
tensity profile intercepted by the receiver. Thus, both works handles the 
same design method by different but analogous approaches.

Other works have optimized secondary optics using search algo
rithms coupled with Monte Carlo Ray-Tracing (MCRT) simulations 
[28–32] to determine the decision variables that yield the highest 
performance.

Cheng et al. [28] have used Particle Swarm Optimization (PSO) to 
find optimum geometric parameters of a CPC that maximizes an annual 
metric of optical efficiency of the LFC. Men et al. [29] optimized CPC 
secondaries through a multi-objective genetic algorithm search that 
accounts for optical efficiency and flux uniformity.

Ajdad et al. [30] studied the optimum geometric parameters of a 
secondary optic whose one symmetrical side is composed of a vertical 
parabola facing down the primary field – the Double Parabolic 
Concentrator (DPC) – by a PSO algorithm. Ahmadpour et al. [31] opti
mized the DPC by different computational intelligence methods to 
achieve the geometric settings that yield the highest daily average op
tical efficiency on a summer day in Ardabil (Iran). Beltagy [32] used 
univariate parametric analysis to evaluate the settings of decision vari
ables of the DPC optic that would maximize its optical efficiency at 
normal incidence. In the end, the author found that a CPC achieves 
better results than the optimum DPC.

Recently, Souza et al. [33] extended the work of Gomes et al. [34] to 
propose the aplanatic LFC. This design comprises an Aplanatic Optic 
Concentrator (AOC) as the secondary optic and geometric parameters of 
the primary field. The authors evaluated the design space regarding 
aplanatic decision variables to achieve the geometric settings with the 
highest intercept factor (i.e., optical efficiency).

Although the literature comprises a fair number of different sec
ondary optics and comparative analyses between some of them were 
presented, it is still possible to identify open subjects that need further 
discussion.

Literature results indicate that TSC, PWC, SPC, and DPC secondaries 
fall compared to the CPC and ASC optics, whether in optical efficiency or 
flux homogeneity. Vouros’ design [27] is analogous to the ASC proposed 
by Zhu [23], and other studies [24,25] highlight that CPC and ASC 
secondaries have practically the same profiles and the same perfor
mance. All of these proposed secondary optics add decision variables to 
the optimum design problem of LFCs, and an optimum set needs to be 
found to evaluate them properly – the exceptions are designs following 

the edge-rays principle for CPC and CEC.
In this sense, the CPC stands as the main secondary optic design. 

Optimum CPC geometries were determined by search heuristics [28,29], 
which does not necessarily obey the edge-ray principle. On the other 
hand, not using this principle implies adding more decision variables to 
the optimum design problem. Furthermore, the AOC and CEC designs 
were never compared to it. The SMS optic can be discarded since it ac
complishes a very distinct design for the primary field.

Regarding to the comparison metrics, annual metrics of some studies 
[25,28,29] are surrogated models that consider the average of some 
representative days, instead of the distribution of incidences throughout 
the whole year. Other works [30,31] are based on daily averages.

Although optical efficiency is an important performance metric, low 
circumferential flux homogeneity is an issue in real operation since it 
can cause the failure of evacuated tubes, damaging the vacuum seal and 
leading to higher thermal losses. Results of previous works indicate a 
trade-off between efficiency and flux uniformity [7,25,29]. A more ho
mogeneous flux distribution can also be achieved by a more suitable aim 
line than the absorber center [7,35]. Nevertheless, these previous 
comparison studies [7,25,29] did not comprise acceptance results, a key 
metric to assess the influence of different secondary optics on the 
concentrator tolerance to optical errors [18].

Considering the above discussion, the following research questions 
are proposed to be addressed in this work:

• How far are CPC and CEC edge-ray secondaries to the optimized CPC 
cases reported in the literature?

• How far are CPC and CEC edge-ray secondaries to the AOC?

To answer these questions, this work presents a comparison study 
based on annual average metrics of optical efficiency, flux uniformity, 
and acceptance, outputs of ray-tracing simulations and typical meteo
rological year hourly data. Thus, it is structured as follows. Section 2
presents the design of the analyzed secondary optics, as well as the main 
geometric model for the linear Fresnel concentrator. Then, Section 3
defines the analysis methods, comparison metrics, and approaches used 
throughout the study. Section 4 presents and discusses the results 
regarding the comparison of the different secondary optics. Finally, 
Section 5 presents conclusions and perspectives for future research 
activities.

2. Analyzed secondary optics

2.1. Geometric model

Fig. 1 illustrates the basic geometric model of a linear Fresnel col
lector with a single encapsulated absorber tube used throughout this 
work. It presents the primary field of reflectors in a horizontal position, 
where its edge points are marked as F1 and F2, so that the width of the 
primary field is represented by Wp. The absorber tube (the red circle), 
whose radius is denominated by ra, can be encapsulated by a concentric 
glass cover (the blue circle) whose outer radius is given by rgo.

Fig. 1 shows that the absorber tube is located above the primary field 
at a particular height, here denominated by HR. Usually, the center of 
the absorber defines the symmetry line of the concentrator, such that 
mirrors in the left side are equal to mirrors on the right side. Further
more, this figure also shows the three geometric parameters related to 
the primary mirrors: w, d, and R, which stands for the width, the distance 
(the shift, or pitch) between neighboring mirrors, and the cylindrical 
curvature radius, respectively. Lastly, a length in the longitudinal plane 
is always considered to define the spatial geometry.

As shown in previous studies, parabolic and cylindrical primary 
mirrors are indistinguishable from the receiver perspective for a broad 
range of geometric conditions regarding the linear Fresnel collector 
[36]. Thus, here only cylindrical mirrors are addressed, which are 
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essentially equivalent to parabolic mirrors, where the curvature radii of 
the former are twice the focal lengths of the later: R = 2f , where f 
stands for the parabola focal length.

2.2. Non-imaging optic designs

Non-Imaging Optics (NIO) designs have been widely used as sec
ondary optics for linear Fresnel collectors [5,20,22]. In general, these 
designs are based on the edge-ray principle, which states that if rays 
from the edges of the source (the primary field) are reflected onto the 
edges of the receiver (the absorber tube), all other in between rays will 

also reach the receiver [14,18].
Fig. 2 illustrates the edge-ray design of the Compound Parabolic 

Concentrator (CPC) and the Compound Elliptical Concentrator (CEC) as 
secondary optics for a Linear Fresnel Collector (LFC) with a single 
absorber tube – fundamentally, these optics are defined by the edge-rays 
(green lines) from the primary edges, F1 and F2, to the absorber edges, 
the tangent points T1 and T2, as shown Fig. 2a.

As shown in Fig. 2b, an edge-ray secondary optic is composed of 
involute and conic sections. A macro focal parabola is the conic of a CPC 
secondary, whilst a macro focal ellipse is the conic of a CEC optic.

The CPC design is fully defined by the absorber tube radius, ra, the 

Fig. 1. Basic geometric model for a linear Fresnel Collectors with a single encapsulated absorber tube. The figure illustrates a transversal plane of the concentrator 
with the corresponding geometric parameters. The absorber tube (the red circle) radius is represented by ra, whilst the outer radius of the concentric cover (the blue 
circle) is represented by rgo, which are located at a height HR above the primary mirrors. The primary field is composed of Nm mirrors, has edge-points in F1 and F2, 
and comprises a total width given by Wp. Primary mirrors width and curvature radius are given by w and R, respectively, and the distance between (the center of) two 
neighboring mirrors is represented by d. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Non-Imaging Optics (NIO) designs as the secondary optics of a Linear Fresnel Collector (LFC) with a tubular absorber. It shows (a) the edge-ray principle: rays 
from the edges of the primary field, F1 and F2, to the edges of the absorber tube, the tangent points T1 and T2; and (b) details regarding of the secondary optic: a 
macro focal parabola is the conic of a CPC secondary, whilst a macro focal ellipse if the conic of a CEC optic.
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gap size, rgap, and the angular aperture defined by the edge-rays, θe, 
which becomes its acceptance half-angle – thus, the secondary mirror 
reflects tangentially to the receiver, all rays that are parallel to the edge 
rays so defined, i.e., the primary field is modeled as an infinitely large 
source at an infinite distance. In the case of a CEC optic, the design is 
fully defined by ra, rgap, and the edge-points of the primary field, F1 and 
F2 – thus, it models the primary as a finite source at a finite distance, and 
all rays leaving F1 and F2 will reflect tangentially to the absorber [18]. 
Here, equations for involute and corresponding conics of CPC and CEC 
optics are not shown to present a more clean and concise text. However, 
these equations, as well as the design procedure, are detailed by Winston 
[17] and Chaves [18].

Fig. 2b shows an important geometric parameter: rgap, the gap size 
(or gap radius). In theory, both CPC and CEC optics can be designed to 
touch the tube, i.e., rgap = 0. However, to avoid thermal short-circuits 
(the absorber heats up) and due to practical conditions of an absorber 
with a glass cover, a gap is imposed between the secondary optic and the 
tube: rgap ≥ rgo > ra. Alternatively, one can define Δrg = rgap - rgo to 
rule the gap size. Of course, higher gaps mean more optical losses, so 
that a simple choice is to consider the lowest possible value: Δrg = 0.

Oommen and Jayaraman [15] presented a set of simple equations for 
the CPC optic, functions of ra, rgap, and the acceptance half-angle, θa. 
Although this model was not presented as a secondary optic design for 
an LFC, many studies have used it with this purpose 
[24,25,28,29,32,35,37,38].

In this sense, Oommen’s model [15] was used considering θa, rgap, 
and a third parameter, the maximum opening angle, hereafter referred 
to as θmax, as decision variables to be optimized [28,29]. That is, this 
design does not necessarily follow the edge-ray principle: the value of θa 
may differ from that of θe, with θmax representing a measure for the 
truncation of the CPC optic – in a non-truncated case (full open optic), 
θa + θmax = 270◦.

Fig. 3 presents a validation of the implemented models for these non- 
imaging optic designs. Fig. 3a shows Oommen’s model [15] by repro
ducing the geometry reported by Qiu et al. [38], where ra = 0.035 m, 
HR = 8.0 m, rgap = 0.0625 m, θa = 56◦, and θmax = 193.09◦

(3.37 rad) – as can be seen, the implemented functions yield an optic 
with Ws = 0.295 m and hs = 0.07 m, which match the reported data. 
Furthermore, Fig. 3b shows a comparison of Chaves’s [18] and Oom
men’s models [15] for the same design conditions, where ra =

0.035 m, rgap = 0.0625 m, θa = θe = 60◦, and a full opened optic, i. 
e., θa + θmax = 270◦ (3π/2) – as seen, both models yield the same 
contour.

2.3. Aplanatic design

Gomes et al. [34] have analyzed a fair range of the linear aplanatic 
design parameters (s, k, and, NA) that yield higher efficiency (intercept 
factor). Then, Souza et al. [33] extended this previous analysis to pro
pose an aplanat linear Fresnel geometry with high concentration and 
high optical efficiency (intercept factor): the authors found that the 
optimum aplanat decision variables are {s,k,NA} = { − 2.25,− 0.1,1.0}, 
considering an absorber tube of ra = 0.012 m, and primary aplanatic 
optic with a total aperture, Wa, of 1.9925 m – these aplanat primary and 
secondary optics are illustrated in Fig. 4a.

The determination of the linear Fresnel primary field from these 
primary and secondary aplanat optics is as follows. First, the aplanat 
primary is divided into twelve equal-width segments at the aperture 
plane. The center of each segment (depicted as blue dots in Fig. 4a) 
corresponds to a point in the aplanat secondary, as defined by the 
aplanat equations [34]. Next, center of each segment is projected onto a 
horizontal plane while maintaining the direction of the line connecting 
them to their corresponding point in the aplanat secondary – these 
points in the secondary serve as the tracking points for the primary 
mirrors, as illustrated in Fig. 4b. The green lines connect the center of 
the primary mirrors to the corresponding tracking points at the aplanat 
secondary optic. Although the primary mirrors are very close in Fig. 4a, 
a verification was done: the distance between two neighboring mirrors is 
enough for them not to collide in their tracking procedure. Finally, the 
curvature radius of each primary is defined by a zenithal reference 
design [39], which assumes normal incidence as the design position.

This process of constructing a segmented and horizontal linear 
Fresnel primary field from a continuous aplanat primary optic yields a 
uniform configuration in terms of width (meaning all primaries have the 
same width) but a non-uniform configuration in terms of curvature 
radius and distance between neighboring mirrors (each primary having 
its specific values).

3. Materials and methods

3.1. Overview

Ray-tracing is the most appropriate optical method for evaluating 
LFCs with a secondary optic since it can account for the complex optical 
phenomena (multiple reflections and transmission, as well as total in
ternal reflection) that might occur in the receiver. In this work, ray- 
tracing simulations are carried out with SolTrace [40], and a Python 

Fig. 3. Validation analysis regarding the implemented models for non-imaging optic designs. Figure (a) shows a geometry based on the data reported by Qiu et al. 
[38] – it yields a CPC aperture width of 0.295 m and located 7.93 m above the primary field. Figure (b) compares the CPC designs presented by Chaves [18] and 
Oommen and Jayaraman [15].
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library is used for automating script writing [41].
A transversal plane (bi-dimensional) model is considered. That is, the 

longitudinal effects are neglected, and a range of transversal incidence 
angles, θT , is considered in the optical characterization. In this sense, 
θT ∈ [0◦, 85◦] since only symmetric cases are addressed.

This optical characterization determines three performance metrics 
as functions of θT: optical efficiency, flux uniformity, and acceptance. 
The first one gives the conversion rate of incident sunlight into absorbed 
flux; the second represents an issue in real operation since low unifor
mity can cause the failure of evacuated tubes, damaging the vacuum seal 
and leading to higher thermal losses. The acceptance gives a metric of 
the concentrator tolerance to optical errors such as tracking and mis
alignments, an important factor in long-term energy collection, opera
tion, and maintenance. Instantaneous and averaged metrics are defined 
in Section 3.2.

Moreover, annual average values of these metrics are calculated 
based on hourly data of a Typical Meteorological Year (TMY) taken from 
the PVGIS Application Program Interface [42]. For each one of the 8760 
h of the year, sun azimuth and zenith are calculated by a solar position 
algorithm [43] and then converted to transversal and longitudinal 
incidence angles, θT and θL, respectively, considering North-South (NS) 
and East-West (EW) orientations for the concentrator.

3.2. Evaluation metrics

The optical efficiency, η, is defined as shown in Eq. (1), where Qabs is 
the flux absorbed in the receiver, defined as the product between the 
number of absorbed rays, na

rays, and the power carried by each ray, qray, 
outputs of a ray-tracing simulation; Ib is the Direct Normal Irradiance 
(DNI), always considered as 1000 W/m2, and Anet is the mirror aperture 
area (the sum of the product between mirror width, w, and length, L). 

η =
Qabs

Ib⋅Anet
=

qray⋅na
rays

Ib⋅
∑

w⋅L
(1) 

Of course, η is a function of θT and one can write η = η(θT). Thus, an 
annual averaged value of efficiency, η, is defined in Eq. (2), where h is an 
index that ranges for each of the 8760 h of the year. 

η =

∑8760
h = 1η(θh

T)⋅I
h
b⋅Anet

∑ 8760
h = 1Ih

b⋅Anet
(2) 

The circumferential flux uniformity is measured by the non-uniformity 
index, represented by δ, as defined in Eq. (3): higher values of δq 

mean lower flux uniformity, and vice-versa. 

δq =
σq

μq
(3) 

In Eq. (3), μq is the average flux density in the absorber, as given by Eq. 
(4): the ratio of the absorbed flux in the receiver, Qabs, and absorber area, 
Aabs. 

μq =
Qabs

Aabs
(4) 

Then, σq represents the standard deviation of the circumferential flux 
distribution. In SolTrace, the circumferential width of the absorber tube 
is divided into bins, here represented by Nbins, and σq is calculated by a 
discrete approach, as given by Eq. (5), where qi represents the flux 
density in a circumferential bin of index i. 

σq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
Nbins

∑Nbins

i = 1
(qi − μq)

2

√
√
√
√ (5) 

In this work, Nbins = 150 for all simulations. In fact, qi represents the 
average of the longitudinal bins: qi =

1
Ny-bins

∑Ny-bins
j = 1 qij where y refers to the 

direction of the longitudinal width of the absorber tube (divided in 
Ny-bins), and qij is the flux intensity in a bin of index ij. In this work, 
Ny-bins = 150 for all simulations.

Of course, δ is a function of θT and one can write δq = δq(θT). Thus, 
an annual averaged value of non-uniformity index, δq, is defined in Eq. 
(6), where h is an index that ranges for each of the 8760 h of the year. 

δq =

∑8760
h = 1δq(θh

T)⋅I
h
b⋅Anet

∑8760
h = 1Ih

b⋅Anet
(6) 

The acceptance of a linear Fresnel collector, as in non-ideal concentra
tors, is not based on geometric relations but on ray-tracing analysis since 
the transmission-acceptance curve does not follow the step-shaped 
function of ideal concentrators [18].

Thus, the acceptance half-angle, β, is calculated based on the off-axis 
incidence, here denominated by ψ , for which the concentrator collects 
90 % of the on-axis flux [18]. Hence, the primary field is positioned for a 
particular transversal incidence θT, and then the absorbed flux is 
calculated for off-axis incidences (θT ± ψ) but without further tracking, 
as illustrated in Fig. 5a.

The off-axis incidences for which the absorbed flux is 90 % of the on- 
axis flux (ψ = 0) are ψ+ and ψ-, as shown in Fig. 5b. Therefore, β is 
calculated as given by Eq. (7). 

Fig. 4. The aplanat linear Fresnel concentrator proposed by Souza et al. [33]. Figure (a) shows primary and secondary aplanats for {s,k,NA} = { − 2.25, − 0.1,1.0}, 
and a primary width Wa = 1.9925 m, as well as the horizontal primary field constructed from the aplanat optics – the width of the primary field is larger than the 
value of the aplanat primary. Figure (b) shows a close look at the receiver and illustrates the tracking points of the primary mirrors.
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β =
ψ+ − ψ-

2
(7) 

Of course, β is a function of θT and one can write β = β(θT). Thus, an 
annual averaged value of acceptance, β, is defined in Eq. (8), where h is 
an index that ranges for each of the 8760 h of the year. 

β =

∑8760
h = 1β(θh

T)⋅I
h
b⋅Anet

∑8760
h = 1Ih

b⋅Anet
(8) 

3.3. Convergence analysis of traced rays

This section aims to determine the number of ray intersections to be 
traced to achieve convergence of the flux distributions. Thus, it was 
defined an LFC geometry with 132.8 m2 of aperture area (16.56 m × 8.0 
m) and a CEC secondary optic, as depicted in Table 1.

This convergence analysis of traced rays considers the settings pre
sented in Table 2, where Δsun stands for the half-width of a pillbox 
sunshape. ρp and ρs refers to the reflectivity of primary and secondary 
optics, respectively. α and τ refers to the absorption of transmission 
coefficients of the absorber tube and glass cover, respectively. σsp and σs 

refers to the standard deviation of Gaussian profiles of the specular and 
slope errors, respectively.

Fig. 6 shows optical efficiency and circumferential uniformity index 
results for this convergence study. As can be seen, results converge very 
well for a number of intersections greater than 1.0 × 106. Moreover, 
the size of the 99 % confidence interval (three standard deviations) re
mains relatively constant beyond this value.

Therefore, based on the results shown in Fig. 6, a density of 9413 ray 
intersections per square meter of aperture area ( 1.25 ×

106 ÷ ​ 132.8 ​ m2), and a seed number of 123 to ensure reproduc
ibility, is then defined for all further simulations. Moreover, a minimum 
number of ray intersections of 2.0 × 105 is also considered to avoid 
simulations with very few rays.

4. Results and discussion

4.1. Non-imaging optics secondaries

This section analyzes non-imaging designs proposed as secondary 
optics of the linear Fresnel solar concentrator. Thus, it compares CPC 
and CEC edge-ray designs [18] to geometries resulting from optimiza
tion routines that attribute decision variables to the secondary optic 
geometry that follows Oommen’s formulation [15] of the CPC optic. 
Section 2.2 details the design of these optics.

Two optimization studies use the CPC optic geometry parameters as 
decision variables in the optimization routine: Cheng et al. [28] and Men 
et al. [29]. In the first study, particle swarm optimization was used to 
find the set of decision variables that maximizes a surrogated model of 
annual averaged optical efficiency; as for the last, a genetic algorithm 
was used as the search heuristic to determine the Pareto front of solu
tions which simultaneously maximizes surrogated models of annual ef
ficiency and circumferential flux homogeneity – both studies consider 
the same optical properties, sunshape model, and optical errors, which 
are shown in Table 3.

The optimum geometry reported by Cheng et al. [28] for the case of a 
cylindrical primary field is hereafter denominated as Cheng’s optic, and 
the corresponding geometric data is presented in Table 4. This geometry 
considers a distance between the absorber tube and outer cover radius of 
0.0225 m. Therefore, rgap = ra + 0.0225 + Δrg, where Δrg was sub
jected to optimization within the range of [0.01,0.1] [28]. The reported 
value for rgap by Cheng et al. [28] is not feasible since it would give 
Δrg = -0.0125 ​ m. Thus, a minimum value of gap size is here consid
ered for Cheng’s optic, i.e.,Δrg = 0.01 m.

Fig. 5. Acceptance analysis for a Linear Fresnel Collector (LFC). Figure (a) illustrates the primary field positioned for a particular transversal incidence (θT = 0), as 
well as the on-axis (green lines) and off-axis rays (dashed blue lines) for that position. Figure (b) shows the transmission-acceptance curve, i.e., how the normalized 
flux, T, varies with the off-axis incidence, ψ – the positive and negative off-axis incidences for which T(ψ) = 0.9 are ψ+ and ψ-, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Linear Fresnel geometry used in convergence study. The primary field has a 
uniform width and shift, but a non-uniform curvature design (zenithal refer
ence). The receiver comprises a SHOTT like evacuated tube, a CEC secondary 
optic, and glass cover thickness of 0.003 m.

Nm Wp w d R ra rgo rgap HR

16 16.56 0.75 1.054 var* 0.035 0.0625 0.0625 7.2

*The curvature radius of the primary mirrors follows the zenithal reference 
design defined by Abbas and Martínez-Val [39]. Thus, the value is variable and 
depends on the mirror.

Table 2 
Optical settings considered in the convergence analysis of traced rays.

ρp ρs α τ Δsun σsp σs

0.95 0.95 0.96 0.98 4.65 3.0 2.0
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Fig. 7 illustrates the Cheng’s optic detailed in Table 4, and edge-ray 
designs of CPC and CEC optics are also shown in Fig. 7b – all secondary 
optics are designed with a minimum value for rgap. Δrg = 0.01 m is the 
lowest value considered by Cheng et al. [28]. Furthermore, the tracking 
point of each primary mirror is the center of the secondary optic 
aperture.

In Fig. 7b, the optimum geometry of the secondary optic reported by 
Cheng et al. [28] significantly deviates from the two edge-ray designs: 
CPC and CEC. Cheng’s optic features a narrower aperture width and 
distinctly fails to align with the edge-rays originating from the primary 
field (green lines). Comparatively, the other two secondary optics – CPC 
and CEC – exhibit considerable similarity, differing mainly in their conic 
sections (macro focal parabola versus macro focal ellipse).

Fig. 8 presents the result of ray-tracing simulations for the optics 
depicted in Fig. 7. Cheng’s optic demonstrates superior optical efficiency 
compared to the edge-ray designs, as shown in Fig. 8a. However, when 
evaluating circumferential flux uniformity and acceptance, Cheng’s 
optic emerges as the least favorable design, as illustrated in Fig. 8b and 
Fig. 8c, respectively. These performance variations are consistent across 
the entire range of transversal incidences. It is worth noting that Cheng’s 
optic was optimized solely to maximize annual efficiency and did not 
consider any other objectives.

Fig. 9 presents the annual averaged values of the three metrics pre
sented in Fig. 8, showcasing CPC and CEC relative variations concerning 
Cheng’s optic, with reference to TMY data from Jiexi County (N23.45◦, 
E115.90◦) [28]. The higher optical efficiency of Cheng’s optic primarily 
stems from the shading caused by the receiver on the primary field: 
larger secondary optics, such as CEC and CPC, cast more shade for the 

same incidence angle. Another factor impacting efficiency relates to hs 
(refer to Fig. 2), the height of the secondary optic: in Cheng’s optic, more 
rays directly strike the absorber compared to the other two secondaries, 
as the aperture center is closer to the absorber, resulting in a lower 
average number of reflections. This phenomenon is evident in the 
circumferential flux uniformity, as depicted in Fig. 8b: Cheng’s optic 
exhibits markedly inferior performance. Regarding acceptance, Cheng’s 
optic fares poorly (as shown in Fig. 9), likely due to its smaller aperture 
size compared to the other two. However, aperture size alone does not 
entirely dictate acceptance results, as the differences between CPC and 
CEC are not as significant (as seen in Fig. 7b), yet their acceptances vary 
(as shown in Fig. 9). Thus, the match of the secondary optic profile with 
the primary optic also plays a crucial role in determining acceptance 
results.

The study conducted by Men et al. [29] is a multi-objective optimi
zation aiming to simultaneously maximize annual surrogated models of 
optical efficiency and circumferential flux homogeneity. Consequently, 
the Pareto front of solutions was determined – the Pareto front repre
sents the trade-offs between the different objectives, where improving 
one objective can only be achieved at the expense of worsening at least 
one other objective. Then, the TOPSIS algorithm was used to select a set 
of 36 recommended geometries from the Pareto solutions. These rec
ommended solutions are henceforth referred to as Men’s optic, followed 
by the corresponding index number from the original work. For 
example, Men’s optic #1 denotes the recommended solution indexed as 
1 in the research conducted by Men et al. [29].

Upon an initial analysis of these recommended geometries, it be
comes clear that all of them refers to non-truncated CPC optics, given 
that θa + θmax = 270◦ for all cases. Among these recommended ge
ometries, Men’s optic #31 exhibits the highest disparity between edge- 
rays aperture angle and the CPC acceptance angle, θe and θa, respec
tively (see Fig. 2): θa − θe = 7.71◦. However, it is worth noting that 
this geometry is optimized for a location with a latitude of 75◦, which 
lacks practical relevance. Therefore, for the purpose of this discussion, it 
is only considered locations with a latitude lower or equal than 45◦.

In this sense, Men’s optic #15 is the one which shows the higher 
deviation: θa − θe = 6.27◦. Its corresponding geometric data is pre
sented in Table 5. In this case, a distance between absorber and outer 
cover radius of 0.0225 m, so that rgap = ra + 0.0225 + Δrg, where Δrg 

Fig. 6. Sensitivity analysis concerning the number of ray intersections to be traced. It shows how the results of the optical efficiency and circumferential uniformity 
index (both at normal incidence) vary in terms of the number of ray intersections. A total of 50 (fifty) simulations were carried out for each value of desired in
tersections so that the black squares represent the average value, and the red bars represent a 99 % confidence interval (±three standard deviations). All these ray- 
tracing simulations were carried out with the seed number in the trace configurations set as − 1 to pseudorandom computation using the current CPU clock time. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3 
Optical settings considered by Cheng et al. [28] and Men et al. [29]. σt and σs 

refers to the standard deviation of Gaussian profiles of the tracking and slope 
errors, respectively. *The tracking error is only considered for the primary 
mirrors. ϯThe slope error is considered for both primary and secondary 
reflectors.

ρp ρs α τ Δsun σt* σs 
ϯ

0.92 0.95 0.96 0.95 4.65 0.5 2.5

Table 4 
Geometric parameters of the optimum configuration reported by Cheng et al. [28], henceforth referred to as Cheng’s optic. It was considered a glass cover thickness of 
0.003 m.

Nm Wp w d R ra rgo rgap HR θa θmax

25 12.25 0.25 0.50 24.75 0.1 0.1225 0.1325 9.49 66.29◦ 183.69◦
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was optimized within the range of [0.01,0.1] [29].
In Fig. 10a, CPC and CEC secondary optics designed for Men’s optic 

#15, based on the edge-rays principle, are also depicted. These two 
optics adhere to the minimum gap size: rgap = 0.0825 m, meaning 
Δrg = 0.01 m, which is the smallest value considered by Men et al. 
[29]. For this condition, interestingly, CPC and CEC edge-ray geometries 
essentially overlap and closely resemble each other. However, it’s 
evident that Men’s optic #15 does not match with the edge rays from the 
primary field, as illustrated in Fig. 10a.

Fig. 11 presents ray-tracing results for the optics in Fig. 10a. The 
performance of CPC and CEC largely overlaps, aligning with expecta
tions from their contour (refer to Fig. 10b). Both of these optics 
outperform Men’s optic #15 in terms of efficiency and acceptance re
sults, although they are surpassed in flux uniformity.

In Fig. 12, CPC and CEC annual average values of optical efficiency, 
non-uniformity index, and acceptance half-angle are presented as rela
tive variations with respect to Men’s optic #15. These calculations are 
conducted considering the TMY data from Evora (N38.53◦, W8.00◦) and 
the optical characterization data in Fig. 11.

In Fig. 12, variations are not high as in the previous case (refer to 
Fig. 9), aligning with the closer profiles shown in Fig. 10b. In this sce
nario, the edge-ray designs exhibit higher efficiency and acceptance but 
demonstrate lower performance in flux uniformity, as indicated by the 
higher non-uniformity index. On the one hand, CPC and CEC optics 
feature smaller values for secondary optic aperture and gap, which helps 
in reducing optical losses and enhancing efficiency. Conversely, the 
higher value of hs (see Fig. 2) increases the average number of reflections 
and consequently reduces efficiency. Moreover, it becomes evident that 
the size of the secondary optic aperture has a lesser effect on acceptance 
compared to the optic profile: Men’s optic #15 exhibits the lower 
average acceptance despite having the larger aperture. Additionally, 
while the gap size contributes to increased losses and reduced efficiency, 
it also contributes to improved flux uniformity.

In fact, when considering edge-ray designs with the same gap size as 
in Men’s optic #15 (refer to Table 5), CPC and CEC optics align even 
more with it, as illustrated in Fig. 10b: geometry profiles are now even 
closer to each other.

Fig. 13 shows metrics average values for the optics illustrated in 
Fig. 10b. Efficiency and flux uniformity results are now closer. However, 
on the contrary, the acceptance differences are now more pronounced, 
driven by the larger apertures of the CPC and CEC secondaries compared 
to Men’s optic #15 in addition to the already matching optic profile.

These previous finding highlight how edge-ray designs draw nearer 
to a Pareto solution of a bi-objective optimization problem considering a 
flux uniformity metric alongside an optical efficiency objective, as it can 
be seen from Cheng et al. [28] to Men et al. [29]. Indeed, the results in 

Fig. 7. Linear Fresnel Collector optimum geometry reported by Cheng et al. [28] (see Table 4). It illustrates (a) the general view of the primary field, absorber tube, 
glass cover, and edge-rays – the primary field has a uniform configuration and is shown at a horizontal position; (b) a close look at the receiver, with different 
secondary optics designs: CPC and CEC relate to edge-rays designs defined in Section 2.2, and Cheng’s optic refers the reported optimum geometry.

Fig. 8. Results of (a) Transversal optical efficiency, (b) Circumferential uni
formity index, and (c) Acceptance half-angle as functions of θT , the transversal 
incidence angle, for Cheng’s optic and corresponding CPC and CEC edge-ray 
secondary optics (see Fig. 7). The optimum geometry reported by Cheng 
et al. [28] is denominated as Cheng’s optic (see Table 4).
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Fig. 12 indicate that edge-ray designs are not dominated by Men’s optic 
#15 (a Pareto solution) and can become even more closely aligned, as 
depicted in Fig. 13, when the same gap radius is used for all secondary 
optics. Furthermore, edge-ray designs offer an additional advantage in 
acceptance, signifying higher tolerance to optical errors.

An intriguing observation from analyzing Men’s recommended so
lutions is that although geometric parameters of the primary field vary 
within a reasonable range, the corresponding CPC geometry does not 
significantly deviate from an edge-ray. The case with the highest devi
ation, Men’s optic #15, was here analyzed, where θa − θe = 6.27◦.

The case with the lowest difference is Men’s optic #4, where θa −

θe = 0.46◦. Now, simulation results for the CPC edge-ray design and 
the reported optimum geometry practically overlap when they have the 
same rgap, as shown in Fig. 14b. Thus, only the gap size, denoted by rgap, 
emerges as an important decision variable in the edge-ray design to 
balance efficiency, flux uniformity, and acceptance – a higher gap means 
lower efficiency but higher values of circumferential uniformity and 
acceptance.

Furthermore, considering the optimal geometries reported by Cheng 
et al. [28] and Men et al. [29], the previous results indicate that non- 
truncated (full open) CPC optics play a crucial role in achieving higher 

Fig. 9. Annual average values of optical efficiency, non-uniformity index, and acceptance half-angle of CPC and CEC secondary optics as the relative difference to 
Cheng’s optic (see Fig. 7). Cheng’s annual average metrics of efficiency, non-uniformity, and acceptance are (0.636, 1.309, 1.019◦) and (0.673, 1.303, 1.016◦) for 
NS and EW-mountings, respectively. Furthermore, it considers TMY data from Jiexi County (N23.45◦, E115.90◦) [28].

Table 5 
Geometric parameters of an optimum configuration reported by Men et al. [29]. It shows the geometric parameters of recommended solution #15, denominated as 
Men’s optic #15. A glass cover with a thickness of 0.003 m was considered.

Nm Wp w d R ra rgo rgap HR θa θmax Latitude

25 31.43 0.71 1.28 47.14 0.05 0.0725 0.11 14.95 52.81◦ 217.19◦ [30◦ ,45◦)

Fig. 10. Receiver details of different secondary optics for Men’s optic #15 (see Table 5). In Figure (a), CPC and CEC edge-ray designs have the minimum possible gap 
size (rgap = 0.0825 m), a value lower than of Men’s optic #15 (rgap = 0.11 m). In Figure (b), CPC and CEC edge-ray designs have the same gap size of Men’s optic 
#15 (rgap = 0.11 m).
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levels of circumferential flux uniformity.
It is worth noting that the optimal geometries reported by Men et al. 

[29] comprise a subset of the Pareto front selected by the TOPSIS al
gorithm. Consequently, not all Pareto solutions were reported, implying 
that the CPC edge-ray designs might be part of the optimal solutions 
from the Pareto front but not selected by the TOPSIS.

4.2. Aplanat optic comparison

Considering the aplanat linear Fresnel geometry showed in Fig. 4, 
CPC and CEC edge-ray secondary optics were designed for a comparison 
analysis, as shown in Fig. 15. For this matter, a gap size was considered 
so that rgap/ra = 1.786 – the ratio of outer cover radius and absorber 
radius in standard PTR®70 evacuated tubes [10] and Δrg = 0. How
ever, to follow Souza et al. [33], a glass cover was not included in the 
simulations. The geometric data for the optics in Fig. 15 are shown in 
Table 6.

Fig. 15a shows a general view of the aplanat LFC, and the edge-rays 
from the primary field to the absorber tube. As detailed in Fig. 15b, the 
designed CPC and CEC optics are quite close, and both significantly 
diverge to the aplanat secondary. Moreover, the aplanat presents a 
larger aperture, as well as far bigger gap. It is important to highlight that 
whilst in CPC and CEC cases the tracking point is the secondary aperture 
center, the aplanat case has a specific tracking procedure, as shown 
previously discussed regarding Fig. 4.

Fig. 16 presents simulation results for the optics shown in Fig. 15. As 
seen, the CPC and CEC fairly surpass the aplanat optic in terms of 
acceptance for the whole range of θT, but the CEC is superior also in 
terms of efficiency. These results indicate that average values for 
different locations only impact the magnitude of the differences but not 
in determining which secondary optic is better. On the other hand, flux 
uniformity results show that the best optic depends on θT. Furthermore, 
the data on CPC and CEC follow previous results: the first outperforms 
the latter in acceptance, while it is surpassed in efficiency and present 
approximately the same flux uniformity results.

Fig. 17 displays the averaged values of the optical characterization 
data from Fig. 16, utilizing TMY data for Evora (N38.53◦, W8.0◦). It is 
evident that the CPC optic exhibits a slight disadvantage in efficiency 
compared to the Aplanat optic (3.0 % lower), while the CEC optical 
efficiency is nearly 8.0% higher. In this case of Evora, both CPC and CEC 
show higher levels of non-uniformity compared to the Aplanat, 
approximately 6.0% and 7.0%, respectively. Notably, both edge-rays 
optics demonstrate superior acceptance results, aligning with the 
finding from Fig. 16.

Fig. 11. Results of (a) Transversal optical efficiency, (b) Circumferential uni
formity index, and (c) Acceptance half-angle as functions of θT, the transversal 
incidence angle, for Men’s optic #15 and corresponding cases with CPC and 
CEC edge-ray secondary optics, considering that edge-ray designs have the 
minimum possible gap size, as shown in Fig. 10a.

Fig. 12. Annual average values of optical efficiency, non-uniformity index, and acceptance half-angle of CPC and CEC secondary optics as the relative difference to 
Men’s optic #15 (see Fig. 10a). It averages results from Fig. 11, considering the TMY data from Évora (N38.53◦, W8.0◦). Men’s optic #15 annual average metrics of 
(efficiency, non-uniformity, and acceptance) are (0.49, 0.319, 0.276◦) and (0.522, 0.315,0.276◦) for NS and EW-mountings, respectively, and are considered as the 
base values.
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Hence, the results depicted in Fig. 17 shows that the aplanat optic 
generally surpasses edge-ray designs only in terms of flux uniformity. In 
this scenario the specific tracking procedure proposed by Souza et al. 
[33] aligns primary mirrors with the aplanat secondary optic, thereby 
ensuring that a larger portion of the absorber is illuminated. Qiu et al. 
[35] have demonstrated that employing a suitable aiming strategy can 
enhance flux uniformity without significantly sacrificing efficiency. 
Conversely, CPC and CEC edge-ray designs utilize the standard aiming 
strategy, complicating the illumination of the top of the absorber tube.

The evident advantage of CPC and CEC optics in acceptance implies a 

greater tolerance to optical errors, which is a crucial factor in long-run 
operation and maintenance of solar concentrators. Furthermore, it is 
worth noting that edge-ray designs require only a single decision vari
able to be determined – the gap size (or radius), denoted as rgap. This can 
even be simplified by opting for the minimum feasible gap. Hence, edge- 
rays designs represents a more straightforward and simpler approach.

On the contrary, the aplanat linear Fresnel design analyzed here 
stems from a prior optimum search in the decision variable space 
involving s, k, and NA, as outlined by Souza et al. [33]. Consequently, 
any alteration in one parameter (e.g., the absorber tube radius) would 

Fig. 13. Annual average values of optical efficiency, non-uniformity index, and acceptance half-angle of CPC and CEC secondary optics as the relative difference to 
Men’s optic #15 when design with the same gap size: rgap = 0.11 m (see Fig. 10b). It averages optical characterization results, considering the TMY data from Évora 
(N38.53◦, W8.0◦). Men’s optic #15 annual average metrics of (efficiency, non-uniformity, and acceptance) are (0.49, 0.319, 0.276◦) and (0.522, 0.315, 0.276◦) for 
NS and EW-mountings, respectively, and are considered as the base values.

Fig. 14. A comparison of Men’s optic #4 and CPC edge-ray design for (a) the minimum gap radius and (b) the condition of the same gap radius. It shows simulation 
results of transversal optical efficiency (η), Circumferential non-uniformity index (δq), and Acceptance half-angle (β) as functions of θT , the transversal inci
dence angle.
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lead to new optimum search for s, k, and NA, which is not the case with 
the edge-ray design method.

4.3. Further analysis on energy collection

The impact of a lower value of averaged annual efficiency, η, on 
energy collection is direct since this metric represents how much of the 
incident energy is collected. However, flux non-uniformity, δq, and 
concentrator acceptance, β, have impact on collector reliability and 
energy collection during long-term operation.

Issues with flux uniformity can result in thermal stress that damages 
absorbers and may even lead to the failure of evacuated tubes, 
compromising the vacuum seal and causing higher thermal losses. 
Additionally, the heat transfer fluid can only absorb a maximum flux 
density without deteriorating its properties. The concentrator accep
tance plays a significant role as continuous and long-run operation in
troduces errors on the optical system.

While the impact of lower uniformity on energy collection is evident, 
accurately quantifying the value is challenging without reliable opera
tional and maintenance models and a metric for circumferential uni
formity as a safety benchmark. On the other hand, a straightforward 
analysis demonstrates how lower acceptance mean a decrease in energy 
collection.

The overall optical error is here denominated by σo, and is computed 
by the convolution of all errors [3]: σo

2 = 4σt
2 + 4σs

2 + σsp
2. The 

overall error (e.g., refer to Table 3 and Table 6) considered for perfor
mance computations is a kind of an idealization as it is constant and do 
not vary in time to capture the long-run operational issues, i.e., annual 
analyzes considers a fixed value of σo. The operation introduces errors 
beyond those gathered in σo due to further tracking deviations, soiling 
leading to more non-specular reflection, misalignments related to 
erection, mechanical bending, and wear, among other factors.

These additional errors are here represented by Δσo, and the final 
total optical error, σ*

o, is then given by σ*
o

2
= σo

2 + Δσo
2. Thus, Δσo 

represents a measure of the deterioration of the optical system.
Fig. 18 shows the impact of Δσo on the annual averaged efficiency, η, 

as Δσo varies up to 25 mrad, for Cheng and the Aplanat cases. Here, Δη 
stands for the relative difference of annual averaged efficiency of edge- 

rays designs to Cheng’s (refer to Fig. 7) and the Aplanat (refer to Fig. 15) 
optics. Thus, for example, in Fig. 18a, for the CPC curve (in orange), 
Δη = (ηCPC ​ - ηCheng )/ηCheng.

Fig. 18a shows that as Δσo increases, Δη drops. Thus, as expected, 
CPC and CEC edge-ray designs present a higher tolerance to errors. 
Indeed, as the additional error achieves a value of 15 mrad, the CEC 
design has the same efficiency as Cheng’s optic – 20 mrad for the CPC 
design. For conditions beyond these values, edge-ray designs have a 
higher value of annual averaged efficiency the Cheng’s optic (Δη > 0).

In the case of Fig. 18b, the Aplanat comparison, Δη drops as Δσo 
increases. However, the values of Δσo for which Δη = 0 are now 
different. Indeed, the CEC starts with a higher efficiency (Δη > 0), as 
expected from the data in Fig. 17, and this difference increases with Δσo. 
For the CPC design, it has the same efficiency as the Aplanatic optic 
(Δη = 0) at Δσo = 5.0 mrad, and higher efficiencies beyond it. These 
results agree with the data in Fig. 17: since the Aplanatic optic has a far 
lower acceptance than CPC and CEC designs, it experiences a more 
pronounced reduction in the efficiency as the optical errors conditions 
increases.

From another perspective, what do additional optical errors mean in 
real operating conditions? Specifically, how much operating time results 
in an additional error of 5.0 mrad on the tracking system? How many 
millimeters of misalignment in the receiver position correspond to an 
error of 20.0 mrad? Unfortunately, according to the authors knowledge, 
there are no studies that provide a general correlation between these 
factors.

On the other hand, it is possible to run further simulations to assess 
the relation between an error in the receiver position (in both x and z 
axes – refer to Fig. 7 and Fig. 15) to the corresponding variation of 
annual optical efficiency. The ensuing results of these simulations are 
presented in Fig. 19 for Cheng’s and Aplanat comparisons. In Fig. 19a, in 
the case of the CEC curves (in green), Δη = (ηCEC ​ - ηCheng)/ηCheng.

In general, Fig. 19 shows that analyzed optics are far more sensitive 
to an error position in the x axis (horizontal) than in the z (vertical). In 
Fig. 19a, misalignments in the x axis of 0.2 m introduces losses such that 
the annual efficiency of the CEC becomes higher than that of Cheng’s 
optic (Δη > 0), and values higher than it are needed for the CPC to 
become more efficient than Cheng’s optic – a corresponding error 

Fig. 15. A comparison of the aplanat linear Fresnel collector with CPC and CEC edge-ray secondary optics. It shows (a) the geometry general view and (b) the details 
of the receiver with the different secondary optics (CPC, CEC, and the aplanat secondary).

Table 6 
Geometric data and optical properties of the aplanat linear Fresnel. σsun represents the standard deviation of a Gaussian sunshape, in mrad, as considered in the analysis 
carried out by Souza et al. [33].

Nm Wp w d R ra rgap HR σsun ρp ρs α

12 2.094 0.166 var* var** 0.012 0.214 2.142 9.0 0.95 0.95 0.95

*The distance between the primary mirrors vary as given by the aplanat primary field design detailed in Section 2.3. ** The curvature radius of the primary mirrors 
follows the sun reference design proposed by Abbas and Martínez-Val [39] – thus, the value is variable and depends on the mirror.
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position in the axis z does not produces the same effect. Conversely, an 
error position of 0.2 m does not seem a reasonable condition related to 
best practices of EPC (Engineering, Procurement, and Construction) 
companies.

In the case of the Aplanat comparison, Fig. 19b, the break-even 
values of error position (Δη = 0) are significantly lower than that of 
Fig. 19a, where a misalignment in the axis x higher than 0.01 m turns the 
CPC into a more efficient optic than the Aplanat case – the CEC stars 
(error position of zero) being a more efficient case. Considering the error 
position in the z-axis, values above 0.04 m stablishes a conditions for 
which the CPC is more efficient than the Aplanat optic – these values are 
now closer to best practices of EPC companies.

In general, the results of this sections illustrate how the higher 
tolerance to optical errors of edge-rays designs have a further impact on 
collector reliability and energy collection during long-term operation. 
Furthermore, this higher tolerance to errors means that using cheaper 
materials and manufacturing methods does not significantly impact the 
performance of CPC and CEC edge-ray designs. Consequently, despite 
their lower efficiency, edge-ray designs might be more cost-effective 

solutions, i.e., have lower cost of generated energy. Unfortunately, to 
the best of the authors’ knowledge, there are no studies that provide 
models to relate materials and manufacturing methods to a metric of the 
resulting optical errors and the concentrator cost, making this cost- 
energy assessment possible. Developing such models is, of course, 
beyond the scope of this paper.

5. Conclusions

This work analyzes secondary optics for Linear Fresnel Collectors 
(LFCs) with a single absorber tube, and shows comparison based on 
averaged annual metrics of optical efficiency, flux uniformity, and 
acceptance angle, outputs of ray-tracing simulations and typical mete
orological year hourly data.

The literature review indicates that the Compound Parabolic 
Concentrator (CPC) [15] is the main alternative – a winner optic in 
different comparison studies and under assessments including efficiency 
and flux uniformity. On the other hand, the Compound Elliptical 
Concentrator (CEC) [22] and a recently proposed Aplanat Optic 
Concentrator (AOC) [33] emerged as secondaries never compared to the 
CPC. Moreover, CPC optimum geometries reported in a couple of studies 
[28,29] were confronted to theoretical edge-ray designs [18] to better 
understand if the CPC geometry really needs to be subjected to opti
mization when used as an LFC secondary optic.

The results presented in Section 4.1 compares different non-imaging 
secondary optic designs. Regarding the difference between optimized 
CPC geometries and edge-ray designs, the developed results indicate 
that when optical efficiency is the sole objective to be maximized, as in 
Cheng et al. [28], these two design approaches strongly diverge: the 
inclusion of the CPC geometry in the set of decision variables to be 
optimized yields a concentrator with higher efficiency than the edge-ray 
design, but flux uniformity and acceptance are far lower.

In the case of a two-objective optimization based on optical effi
ciency and flux uniformity, as in the study conducted by Men et al. [29], 
results in Section 4.1 show that these two design approaches approxi
mate more than in the case of the efficiency as the sole objective. First, 
an analysis of the optimum geometries reported by Men et al. [29] shows 
that all of them refer to non-truncated (full open) CPC optics – as it is 
done in the theoretical edge-ray design. Then, the practical case with the 
higher deviation in terms of CPC acceptance angle shows that even in 
this case the two design approaches yield similar secondary optics, and 
even more alike when designed with the same gap size. Indeed, the gap 
size emerges as an important decision variable to play with the trade-off 
between the optical efficiency, flux uniformity, and acceptance.

The approach of defining CPC geometric parameters as decision 
variables to be optimized by the search heuristic adds more decision 
variables to the optimization problem. On the contrary, the edge-rays 
design does not further complicate the optimization and even presents 
a clear advantage in the acceptance results.

The results in Section 4.1 show that maximizing efficiency and flux 
uniformity yields a geometry close to an edge-ray design. Thus, a 
reasonable hypothesis is that the inclusion of an acceptance objective in 
the optimization routine would lead to edge-ray solutions for the CPC 
secondary optic – a subject for future research.

In Section 4.2, a comparison of the AOC and (CPC and CEC) edge-ray 
designs was presented. The results indicate that the AOC performs 
poorly in terms of acceptance, however, it presents higher flux unifor
mity than CPC and CEC and higher efficiency than the CPC. The aplanat 
decision variables presented by Souza et al. [33] were optimized for a 
specific value of tube radius, so that a new value (e.g., the 0.035 mm of 
standard evacuated tubes) would lead to a new search in the aplanat 
design space. On the contrary, the edge-ray designs are analytical so
lutions, functions of the tube radius, and no further search is needed, 
simplifying the design problem.

Finally, the comparison results between CPC and CEC edge-ray de
signs shows that both optics relate to a trade-off between optical effi

Fig. 16. Results of (a) Transversal optical efficiency, (b) Circumferential uni
formity index, and (c) Acceptance half-angle as functions of θT, the transversal 
incidence angle. It considers the case reported by Souza et al. [33] and sec
ondary optic edge-ray designs (CPC and CEC) for the reported optimum apla
nat geometry.
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Fig. 17. Relative differences in annual average values of optical efficiency, non-uniformity index, and acceptance half-angle for the optics shown in Fig. 15. It 
averages results from Fig. 16, considering the TMY data from Evora (N38.53◦, W8.0◦), and shows the relative differences between CPC and CEC secondaries to the 
Aplanat optic (see Fig. 15). The Aplanat optic annual average metrics of {efficiency, non-uniformity, and acceptance} are {0.534, 0.572, 0.441◦} and {0.584, 0.566,
0.438◦} for NS and EW-mountings, respectively, and are considered as the base values.

Fig. 18. Relative difference of annual averaged efficiency, Δη, as function of additional optical errors, Δσo. It shows the relative differences of CPC and CEC edge- 
rays to (a) Cheng’s optic and (b) Aplanat optics. In Figure (a), for the CPC curve (in orange), Δη = (ηCPC ​ - ηCheng )/ηCheng; in Figure (b), for the CEC, Δη =

(ηCEC ​ - ηaplanat)/ηaplanat. This figure shows results for only an NS orientation, as the EW results are quite similar and are not presented here due to conciseness. The 
results presented in this figure are based on ray-tracing simulations carried out considering the optical settings defined in Table 3 and Table 6. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 19. Relative difference of annual averaged efficiency, Δη, as function of receiver position error in both x and z axes. It shows the relative differences of CPC and 
CEC edge-rays to (a) Cheng’s optic and (b) Aplanat optics. In Figure (a), for the CPC curve (in orange), Δη = (ηCPC ​ - ηCheng )/ηCheng; in Figure (b), for the CEC, Δη =

(ηCEC ​ - ηaplanat)/ηaplanat. This figure shows results for only an NS orientation, as the EW results are quite similar and are not presented here due to conciseness. The 
results presented in this figure are based on ray-tracing simulations carried out considering the optical settings defined in Table 3 and Table 6. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ciency and acceptance, as represented by η and β, respectively – the CPC 
presents the higher β, whilst the CEC has higher η. In terms of flux 
uniformity, as represented by δq, the optics do not significantly deviate. 
Furthermore, as the geometric concentration factor increases, the con
tour of CPC and CEC optics practically overlaps and, consequently, yield 
even closer performances.

Concerning to open subjects to be addressed in future works, one is 
the search for the optimum aplanat decision variables for commercial 
standard evacuated tubes for high-temperature applications (e.g., the 
one with a tube radius of 0.035 m). Another topic is an assessment of the 
similarities between CPC/CEC and Zhu’s adaptative design – it has been 
reported that both optics have a similar shape, although the underlying 
reasons and the conditions for it have not been fully exploited.
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