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ARTICLE INFO ABSTRACT

Handling editor: . This paper investigates the optimal design of linear Fresnel collectors using a two-objective optimization strategy
aimed at maximizing annual energy efficiency while minimizing the specific direct cost of the solar field. The
analysis then compares Pareto- optimal solutions for non-uniform designs (where geometric parameters such as
width, shift, and radius vary) with solutions for variable radius configurations (constant width and shift).
Additionally, the study evaluates whether the curvature radius can be effectively decoupled from other opti-
mization parameters. The results in this paper show that non-uniform designs generally provide greater cost-
effectiveness, particularly in certain regions of the objective space. While some areas show negligible differ-
ences between configurations, others distinctly favor non-uniform designs, although the differences are not
significant and are reduced as the number of mirrors in the primary field increases. Furthermore, an analysis
through dimensionless parameters highlights clear trends among the Pareto solutions. The investigation also
reveals that predefined curvature radius criteria, such as the sun reference or Iparraguirre’s model, yield out-
comes nearly identical to optimization-based solutions for both uniform and non-uniform configurations.
Consequently, curvature radius can be decoupled from other design parameters, significantly reducing compu-
tational complexity without compromising performance. The insights presented are valuable for advancing cost-
effective designs of linear Fresnel collectors. Nevertheless, the conclusions rely on a simplified cost model,
highlighting the need for more comprehensive cost modeling. However, developing such detailed models re-
mains challenging due to limited operational data stemming from the low commercial maturity of linear Fresnel
technology.
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edges of the primary field.

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 mirror performs a single-axis tracking 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.

A geometric model of the LFC is illustrated in Fig. 1. The primary
field has n mirrors, each one defined by three parameters: w;, m;, and «; —
width, position, and curvature, respectively, with i = {1, 2, ---, n}.
Moreover, s; stands for the shift between two primaries, the distance
between the center of neighboring mirrors, so thats; = m; - m; 1. The
gap, g, between mirrors stands for the empty space, meaning g; =
s - (wi+ w; 4 1)/2. Then, W, = [F;, Fy] stands for the primary field
width, given by the Euclidian distance between points F; and F,, the
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Usually, primary mirrors can be flat (x; = 0), parabolical (x; varies
along the mirror width) or cylindrical (x; is constant). A previous work
[3] shows that parabolic and cylindrical mirrors are indistinguishable
from the receiver perspective for a fair range of design conditions. Thus,
only cylindrical ones are hereafter considered since they are simpler to
design and cheaper to manufacture. In this sense, the parameter «; is
replaced by R;, which stands for the curvature radius of the ith primary
mirror, a more common geometric parameter. For convenience, flat
mirrors are then defined by R = 0.

The model in Fig. 1 shows that the receiver is located at a height Hg
above the primary field, a position that coincides with the center of the
absorber, which in this case has a tubular shape. The receiver also
comprises a secondary optics of aperture size given by W;, displaced
from the tube center a height h;, and whose profile is defined by the
shape function z(x). At the secondary optic aperture midpoint is located
the point F, the aim-point of the primaries to perform the tracking
procedure needed to follow the apparent movement of the sun.

In the context of Solar Thermal Electricity (STE), the linear Fresnel
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Nomenclature

Latin characters

[A,B] Euclidian distance between points A and B

Auws Absorber tube surface area [m?]

Anpet Concentrator mirror (reflective) aperture area [m?]

F Primary mirrors tracking point. The aim (focus) at the
receiver

F1,F, Primary field edge points

g Gap between two neighboring mirrors [m]

hs Height difference between absorber and secondary optic
aperture [m]

Hg Receiver height [m]

Lnin Flux intensity threshold at the absorber [W/m?]

m Horizontal (x-axis) position of a primary mirror [m]

M Center point of a primary mirror.

n Number of mirrors in a primary field [-]

Npop Number of individuals in a population [-]

Ta Evacuated tube absorber radius [m]

Teo Evacuated tube glass cover outer radius [m]

Ty Evacuated tube glass cover inner radius [m]

R Curvature radius of a primary mirror [m]

s Shift (distance between center points) between two
neighboring mirrors [m]

w Primary mirror width [m]

w, Primary field width [m]

Wi Secondary optic aperture width [m]

x Decision vector

Greek characters

r Direct specific cost of a linear Fresnel solar field [€/m?]

or Longitudinal incidence angle [°]

Ors Longitudinal-solar incidence angle [°]

Or Transversal incidence angle [°]

K Curvature profile of a primary mirror

Omu Standard deviation of the (zero mean) Gaussian mutation
operator

1 Filling factor of a linear Fresnel configuration: 7; =
2wi/Wp

T2 Shape factor of a linear Fresnel configuration: 7, =
W,/2Hg

3 Pitch factor of a linear Fresnel configuration: 73 = s/w

Abbreviations

CAPEX Capital Expenditures

CEC Compound Elliptical Concentrator

DEAP Distributed Evolutionary Algorithm in Python

ECF Energy Collection Factor [-]

EW East-West

LFC Linear Fresnel Collector

NS North-South

NSGA-II Elitist Non-dominated Sorted Genetic Algorithm

OPEX Operational Expenditures

Indexes

h Hour index

i General counting index for the mirrors in a primary field
k General counting index

technology is having difficulties reaching a state of maturity. In part
because of its lower optical efficiency when compared to competing
technologies, such as parabolic troughs and central receiver systems
[4-8]. The lower efficiency is mainly caused by geometrical character-
istics that affect its optical performance. For this reason, related studies
deal with geometric designs to find a way around such efficiency
problems. On the one hand, optical losses are well-known: cosine effect,
shading, blocking, spillage, and end-losses [9]. On the other hand, the
number of geometric variables that can be manipulated is large, and the

concentrator simplicity imposes a few restrictions to the design of so-
lutions. Indeed, the literature regarding the linear Fresnel collector
design is vast, although diffuse in approaches, methods, and results.
Solutions developed to enhance the optical performance include the
proposition of new conceptions of concentration such as the compact
design [9], the etendue-match approach [10], the use of catoptric pri-
maries [11], a tilted primary field [12,13], simultaneous multiple sur-
faces design [14], dual asymmetric receiver [15], beam-down design
[16], and, more recently, an aplanatic approach [17]. Although
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Fig. 1. A geometric model of the Linear Fresnel Collector (LFC). The figure illustrates the main parameters in an LFC concentrator and exemplifies the case of a
receiver composed of a Compound Elliptical Concentrator (CEC) secondary optic and an evacuated absorber tube.
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presenting promising results, disadvantages also arise such as the
addition of more geometric parameters, so that optimum designs for
each one of these new conceptions are new problems. In this work, only
the standard LFC shown in Fig. 1 is considered to show the related gains,
even though the concepts developed could equally well be used together
with the refereed alternative solutions.

In short, the literature concerning the standard linear Fresnel col-
lector comprises studies analyzing particular optical losses to propose
design criteria on how to calculate some decision variables [18-24]. It
also comprises studies that take the approach of an optimization prob-
lem [25-31], where decision variables, constraints, and objective
functions are defined, and then parametric analysis [31], gradient-based
methods [25] or computational intelligence tools [26-30] are used as
search heuristics to determine optimum set of variables.

In general, results from these works are not in accordance, and the
comparison is not easy: the dimensions (sizing) vary due to different
applications and constraints. They comprise different primary field
configurations; single [25,27,28] and multi-objective [26,30] ap-
proaches defined by a wide range of objective functions based on
different metrics [23,26-28] and cost models [22,25,26]; performance
computations comprise instantaneous [29], daily [26,28,32], and
annual [22,23,25,27,30,31] analyses.

Nevertheless, some dimensionless parameters can be defined to be
used as a comparison basis and, thus, different works can be confronted.
One parameter is the filling factor, 7; = Zw;/W,, which stands for a
packing measure of the primary field — higher filling factors means
denser fields. Another is the shape factor, 75, here defined as 7y =
W, /2Hg, used to represent an overall proportionality metric width and
height of the concentrator. The last, 3, is the pitch factor, defined by the
pitch-to-width ratio, so that 73 = s/w.

A summary of reported optimum parameters is presented in Table 1.
This selection includes studies that provide enough design data to
calculate the dimensionless parameters but does not represent an
exhaustive review of the literature. As shown, the reported parameters
vary significantly across the different studies. This variability can
reasonably be attributed to differences in geographic location and col-
lector orientation [30,31], which influence the distribution of solar
incidence angles and the availability of sunlight. Additionally, distinct
optimization objectives — such as maximizing optical efficiency, mini-
mizing land use, or reducing costs — contribute to variations in the
resulting geometries, as noted by Montes et al. [23]. While the literature
cannot support broad generalizations, it does offer valuable insights.

The majority of studies deal with uniform primary fields (all mirrors

Table 1

Solar Energy 300 (2025) 113852

have the same width and curvature radius, and are evenly spaced)
[27,28,30-33]. Normally, studies that tackle non-uniform configura-
tions does it by an analytical pre-design [19-21] in which some vari-
ables are calculated based on design criteria and only few of them are
treated as decision variables to be optimized by the search heuristic — a
strategy to reduce the number of variables and simplify the problem.
Evidence suggest that primary field with non-uniform configurations
of width and shift do not significantly increase energy collection
[19-21,25]. Some results [19-21] are based on an analytical pre-design,
which constrains the search space and might lead to local optima
(biased) results. Another [25] used the cost-energy ratio as the objective
function to be minimized, transforming a two-objective problem (cost
and efficiency) into a single objective one - a strategy that can lead to
only a single Pareto solution and difficulties a more general assessment.
On the one hand, it is strikingly that different studies through different
approaches have found that these non-uniform designs do not have a
significant impact on performance in comparison to the uniform design.
On the other hand, most of these studies do not include an economic
model and only consider energy collection [19-21]. Another previous
work [24] verified that the collected energy per unit of reflective area
was lower for their non-uniform shift proposition. Only Boito and Grena
[25] have included a cost model, but a rather simple and linear one.
Thus, a reasonable research question to be further investigated rises:

e are non-uniform designs of width and shift more cost-effective than
variable-radius designs (with constant width and shift)?

Regarding the curvature radius design of the primary mirrors, the
different studies concerning the optimal radius [18-21,34,35] holds a
fundamental underlying hypothesis that, of course, might not be true
and should be verified: they assume the curvature radius as a decoupled
variable that can be optimized in a step after other geometric parameters
(such as mirrors widths and pitches, receiver height, among others) —
only Boito and Grena [25] include the curvature radius in the optimi-
zation routine with the other decision variable — their results indicate
that different configurations of curvature radius (uniform or non-
uniform) have a meager impact on the other geometric parameters.
Then, the following research question is established:

e can the curvature radius be decoupled from other decision variables
in design optimization?

In line with this strategy, instead of identifying a single optimal

Dimensionless parameters reported regarding linear Fresnel collector optimal designs. The listed studies represent a non-exhaustive selection of relevant proposals in
the literature. Selection was mainly based on the availability of data to calculate dimensionless parameters.!

Reference Location Orientation Configuration Zwi/Wp W, /2Hg s/w
Nixon and Davies [22] E72.65°, N23.22° NS C-W & V-§ & C-R 0.647 0.865 var
Montes et al. [23] E2.36°, N37.11° NS C-W & C-S & V-R 0.720 1.000 1.405
Sharma et al. [31] E76.95°, N8.48° NS C-W & C-S & C-R 0.616 1.160 1.65
EW 0.826 0.865 1.22
E72.63°, N23.07° NS 0.581 1.229 1.75
EW 0.728 0.982 1.39
W1.6°, N38.27° NS 0.548 1.305 1.86
EW 0.623 1.147 1.63
Boito and Grena [25] Not reported NS C-W & C-S & C-R 0.832 1.502 1.21
C-W & V-S & C-R 0.836 1.497 var
C-W & C-S & V-R 0.828 1.603 1.127
V-W & V-S & V-R 0.829 1.661 var
Moghimi et al. [26] Do not Apply Do not Apply C-W & C-S & V-R 0.968 0.718 1.034
Cheng et al. [27] E115.90°, N23.45° EW C-W & C-S & C-R 0.510 0.649 2.000
Ajdad et al. [28] W8.0°, N31.62° NS C-W & C-S & C-R 0.786 0.639 1.297
Ahmadpour et al. [32] E48°18/, N38°12' Not reported C-W & C-S & C-R CBC CBC CBC
Lopez-Ntnez et al. [29] W99.23°, N18.54° Not reported C-W & V-S & C-R CBC CBC var

In the “Configuration” column, C and V refer to constant and variable geometric settings, respectively, and W, S, and R refer to width, shift, and radius of primary
mirrors, respectively — thus, C-W stands for constant width, while V-R stands for variable radius. In the “Orientation” column, NS and EW refer to North-South and East-
West, respectively. CBC refers to parameters that cannot be calculated due to missing data in the original paper.
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solution, this work aims a theoretical exploration to provide additional
insights into the generalization of the design problem. The primary goal
is to deepen the understanding of the more subtle aspects of this problem
by introducing meaningful simplifications that reduce it to its most
essential form or at least clarify how a simplified design affects optical
performance.

To address these questions, this study adopts a multi-objective
optimization approach, focusing on energy efficiency and cost, as opti-
cal, thermal, and economic factors are essential for evaluating overall
performance. This approach enables a comprehensive assessment of
different geometric configurations through the analysis of trade-offs
between the objectives, as reflected in the resulting Pareto solutions.
Accordingly, the structure of this work is as follows. Section 2 outlines
the methodology, defining decision variables, performance models, and
objective functions that link a specific geometric configuration to key
metrics, such as annual useful energy efficiency and the direct specific
cost of the linear Fresnel collector. Finally, this section introduces an
evolutionary algorithm used to solve the global optimization problem.
Section 3 presents the optimization results and discusses each of the
previously defined research questions. Lastly, Section 4 presents the
conclusions and suggests directions for future research.

2. Materials and methods
2.1. Overview and decision variables

Fig. 1 presents a geometric model for the standard Linear Fresnel
Collector (LFC). Among all geometric parameters some are considered as
decision variables to be optimized, while others are defined by con-
straints of the problem.

The context of solar thermal electricity application refers to high-
temperature heat generation (>400 °C) [36,37], and the use evacu-
ated tubes [38] is a practical constrain due to its low thermal losses
under such conditions [39,40]. Commercial availability imposes a re-
striction on the size of these tubes, and, here, the 70 mm diameter
evacuated tube [38] is defined as the absorber element — the smallest
option, which leads to higher concentration and lower thermal losses.
The geometric characteristic of this tube are presented in Table 2: rq
refers to the absorber tube radius, while ry, and ry; stands for the outer
and inner glass cover radius, respectively.

The receiver in Fig. 1 comprises a secondary optic. Here, an edge-ray
CEC (Compound Elliptical Concentrator) is considered as the secondary.
It has the lowest possible gap between the optic and the absorber — that
is, the cusp point touches the outer glass cover of the absorber tube. This
CEC geometry is a consequence of the other parameters and does not add
new parameters to the model shown in Fig. 1. Moreover, this edge-ray
CEC design yields a secondary optic that simultaneously maximizes ef-
ficiency, flux uniformity, and tolerance to optical errors [41]. Thus, the
aim of this study concerns mainly the primary field and receiver posi-
tion. A detailed explanation of the CEC edge-ray design can be found in
other publications [41,42].

By considering these constraints regarding the receiver, the design of
a linear Fresnel collector relates to the definition of the following geo-
metric parameters: width, position, and curvature radius (w, m, and R,
respectively) of the n primary mirrors, and the receiver height (Hg). In
this sense, a non-uniform configuration is defined by the following de-
cision vector: X = {n,{w;,my,R1}, -, {Wn,my, R, },Hg}, which involves

Table 2

Evacuated tube geometric characteristics [38]. r, refers to the absorber tube
radius, while rg, and ry stands for the outer and inner glass cover radius,
respectively.

rq[m] Tgo[m] Tgi[m]

0.035 0.0625 0.0595
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3n + 2 decision variables. A uniform configuration is defined by X =
{n,w,s,R,Hg}, which has only five decision variables. Of course, it is also
possible to consider uniform and non-uniform settings for only partic-
ular parameters such as w and R, for example. Moreover, a symmetric
design also leads to a significant reduction in the number of geometric
parameters to be defined.

2.2. Performance models

The performance of a linear Fresnel collector can be evaluated under
three aspects. One is the optical component, which represents the en-
ergetic input on the system. The thermal aspect evaluate the production
of useful heat by assessing the thermal losses, while the economical
aspect gives a metric of the cost of produced energy. Here, the power
block computations that account for the heat-to-electricity conversion
are not considered because it would be a common factor among all
different configurations.

Energy efficiency computations must consider an annual time frame
to account for all incident solar irradiation at a particular location. To
reduce the total computation time of ray-tracing simulations other au-
thors have define surrogate models for an annual analysis: Abbas and
Martinez-Val [21] compute only twelve representative days (the 21st of
each month); Cheng et al. [27] and Men et al. [30] have considered four
representative days (solstices and equinoxes); others simply consider a
daily average [26,28,32] or just instantaneous values [29]. In this work,
an actual annual analysis is carried out.

2.2.1. Energy efficiency model

Here, the useful energy efficiency is calculated by a steady-state
model that accounts for the absorbed energy (optical input) above a
threshold of flux intensity on the absorber (heat losses). This analysis is
based on hourly averages to compute the annual yield.

To this end, the optical performance of each configuration is
computed by an analytical method [43], avoiding time-consuming ray-
tracing simulations. The method determines the flux at a flat receiver,
representing the aperture of the secondary optic. For each configuration,
defined by a decision vector X, an edge-ray CEC secondary is designed,
and the flux at its aperture, a flat target of width W; located h; below the
tube center, is computed. Moreover, the aim-point of the primary mir-
rors for the tracking procedure is the mid-point of this flat target. While
W; and h; vary across configurations, the CEC is consistently designed
using the edge-ray technique, ensuring a tailored secondary optic for
each case.

Additional optical losses occur after the concentrated flux enters the
secondary optic aperture. These include reflections at the secondary
surface, transmission losses through the glass cover, and the absorptivity
of the absorber tube. Moreover, some rays may undergo multiple re-
flections and transmissions or may exit the receiver without being
absorbed. All of these effects are collectively represented by the “optical
efficiency of the receiver”, defined as the ratio of absorbed flux to the
flux entering the secondary aperture.

The methodology assumes that this optical efficiency remains
approximately constant despite changes in transversal and longitudinal
incidence angles, and across different edge-ray CECs. These assumptions
are based on the idea that the receiver’s optical efficiency primarily
depends on fixed characteristics of the system — namely, the secondary
optic reflectivity, glass cover transmissivity, and absorber absorptivity —
which remain unchanged across all configurations evaluated in this
comparative study.

Thus, it is assumed that the receiver (comprising the edge-ray CEC
and evacuated tube) does not contribute to differences in useful effi-
ciency between configurations, and that the flux at the aperture is suf-
ficient to identify the configuration with the higher yield.

This optical model computes the efficiency for a particular incidence
direction based on transversal and longitudinal incidence angles, 6 and
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01, respectively. The optical characterization determines the optical ef-
ficiency for an incidence range in which 6, € [0, 85'] and 6r €

[-85, 85 for asymmetric primary fields or 0r € [0, 85| for sym-
metric primary fields. At 6 or 07 equals to 90°, the efficiency is set to
zero. The annual analysis is based on hourly data of a typical meteoro-
logical year taken from the PVGIS application program interface [44].
For each of the 8760 h of the year, sun azimuth and zenith are calculated
by a solar position algorithm [45] and then converted to transversal and
longitudinal incidence angles, 67 and 0y, respectively.

In this work, the Energy Collection Factor (ECF), as shown in Eq. (1),
is the metric used to represent the amount of useful energy efficiency
produced by a particular geometric configuration, in the meaning that
ECF = ECF(X).

+
ECF = 276:01 [WT(Q’;")"//L ('925)'12' Aner — Imin'Aabs]
- 8760 A @
N2k — 115 Anet

In Eq. (1), the optical efficiency for a particular incidence direction is
computed by the factorized approach [46], and a better approximation
is achieved by using the longitudinal-solar incidence 6,5 [47,48]. The
terms 7, and #, stands for the transversal and longitudinal optical effi-
ciencies of this factorized approach, respectively, while 7, is the optical
efficiency at normal incidence. Moreover, this analysis considers con-
ditions of sunshape and optical errors of state-of-the-art mirror panels
[19], as shown in Table 3.

In the yield model shown in Eq. (1), the thermal losses are included
by Imin and the positive sign (+). The first represents a threshold of flux
intensity, which together with the latter means that only the flux at the
absorber above a particular threshold is computed as useful heat. The
terms Ap, and Ags represent mirror and absorber areas of the linear
Fresnel configuration. Furthermore, I}, stands for the direct normal (or
beam) irradiance, and h is an index that ranges for each of the 8760 h of
the year.

Abbas et al. [20] argues for Iy = 25.0 kW/m? to reach tempera-
tures higher than 400 °C, but this data comes from studies that account
for non-evacuated receivers, which implies considerable higher thermal
losses. For an evacuated receiver operating at temperatures of 560 °C,
modelling and experimental works [39,49,50] indicate thermal losses
per unit of absorber surface up to 5.0 kW/m? for a 70 mm diameter
absorber tube. Thus, this work considers I; = 5.0 kW/m2 — the
absorber flux intensity threshold necessary to overcome thermal losses
and produce useful heat.

2.2.2. Cost model

A geometric cost model relates parameters shown in Fig. 1 to a metric
of the direct specific cost of the linear Fresnel concentrator, I', given in
units of €/m? of mirror aperture area. Therefore, I is a function of the
geometric settings, and one can write I' = I'(X).

The functional relationship used in this work for ' follows the
equations proposed by Mertins [51], but in a more generalized formu-
lation to include variations of the decision vector other than the simple
uniform configuration. Mertins’ model was also used in the work carried
out by Moghimi et al. [26] but with a modification to account for a
multi-tube receiver.

Here, I is given by Eq. (2), where cp, cq, C, and c, refers to mirror,
gap, elevation, and receiver cost factors, respectively. Moreover, w and g
stands for the width and gap of a primary mirror, respectively, Hg is the

Table 3
Models of sunshape and optical errors considered for the optical analysis of a
linear Fresnel geometric configuration.

Sunshape Optical errors
Profile Pillbox Gaussian
Size 4.65 mrad 5.0 mrad
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receiver height, and i is an index used to range for all n mirrors in the
primary field.

n-1
I e S omit Y Coigitce(Hr + 4.0)+¢ (@)
Zi —1Wi ! i=1
To develop the cost factors that comprise I', Mertins [51] used
empirical data from the SOLARMUNDO project, scale relationships, and
logarithmic averages to project values of ¢y, c, c., and c, at a target size.
The mirror cost factor, ¢, represents the cost of the mirror per unit of
length, and accounts for the reflective material, driving motors, tracking
system, controllers, assembly, etc. Then, for a mirror width w, the cor-
responding mirror cost factor ¢, is calculated as shown in Eq. (3), where
wo and cpo are the reference size and cost, respectively, and f,, is the
scale factor, as given in Table 4.

fm
Cm = Cmo (K) (3)

Wo

The gap cost factor, c,, represents the cost of the distance between
two mirrors per unit of length. It relates to the distance between two
neighbor mirrors when they are in a horizontal position. It is reasonable
to assume that a higher gap increases cost as its uses more structuring
material. For a gap g, the cost factor ¢, is determined by Eq. (4), where g,
and ¢y are the reference size and cost, respectively, and f, is the cor-
responding scale factor, as shown in Table 4.

fe
¢ = Co <é£0> @

The elevation cost factor, c,, relates with the receiver mounting at a
height Hg. It is given per unit of length and unit of elevation, thus in
€/m?. It follows a similar approach than in the cases of ¢, and ¢,, but
based on the absorber tube diameter, d,, and a variable scale factor, f,,
also a function of d,, as in shown in Eq. (5). The reference size and
elevation cost factor reported by Mertins [51] were for a tube diameter
of 0.219 and a cost of 19.8 €/m?, respectively.

d fe(da)
_ 2 a
c.=19.8 €/m (0.219 m) 5)

f. is calculated as given by Eq. (6), a logarithmic average of the three
elevation subsystems shown in Table 5, where k is an index to range for
all these subsystems.

fek
fe =
In (O;;_gm>

The receiver cost factor, c,, relates with the absorber tube, coatings,
welding and construction, assembly and transportation. It is given per
unit of length, thus in €/m. As in the case of c., it considers d, as the
scaling parameter and also a variable scale factor, as shown in Eq. (7).
The reference size and receiver cost factor reported by Mertins [51] were
for a tube diameter of 0.219 and a cost of 654.0 €/m, respectively.

©

d, fr(da)
¢ = 654.0 €/m (m> 7

f, is calculated as given by Eq. (8), a logarithmic average of the six

Table 4

Mirror and gap cost factors for the SOLAMUNDO linear Fresnel collector [51].
Cmo 30.5 €/m o0 11.5 €/m?
Wo 0.5m £ 0.01 m

I 1 fe 1
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Table 5

Reference costs and scaling factors of elevation subsystems [51].
Elevation subsystem fer cx[€/m?]
Construction 1.4 14.2
Transportation and packing 1 0.9
Assembly 1 4.6

receiver subsystems shown in Table 6, where k is an index to range for all
these subsystems.

frk
f =
In (o;;_gm>

For this work, the mathematical models from Egs. (2)-(8) were
implemented in Python and yield the exact same cost as reported by
Mertins [51] for a reference case: 99.2 €/m?.

Here, it is important to highlight some aspects regarding this cost
model. I is a metric of the solar field specific direct cost, a component of
the engineering procurement and construction costs. Thus, it does not
include other factors such as land, site preparation, storage, power
block, among others that sums up the power plant Capital Expenditures
(CAPEX) [52]. The influence of the curvature radius (values and non-
uniform configurations) on I' is not included. On the one hand, usually
R > w and mirrors are almost flat, leading to negligible additional cost
due to the use of more reflective material (which occurs in parabolic
trough collectors). On the other hand, some additional steps in the
manufacturing process of bent mirrors [53] can indeed lead to increase
in costs. Moreover, non-uniform configurations regarding w and R can
have an influence on the Operational Expenditures (OPEX) due to the
need for more spare parts, which are not included here. In this sense, the
presented cost model assumes negligible effects on OPEX, an assumption
that might not be true. However, further analysis of how non-uniform
configurations affect CAPEX and OPEX lies beyond the scope of this
work.

It should be noted that I" does not represent the energy cost of a solar
plant as typically defined by the Levelized Cost of Electricity (LCOE). An
LCOE-based analysis would require consideration of additional factors
beyond the definition of an optimal geometric configuration and the
corresponding solar field specific direct cost, including plant sizing,
thermal storage, balance of plant, power block performance, and
comprehensive annual electricity production and cost assessments
(CAPEX and OPEX) of the whole plant [52]. Such an analysis lies beyond
the scope of this work.

Lastly, the reported values are from 2009 and should be corrected by
inflation. However, from a comparison point-of-view, the functional
relationships within the model are more important than the current
monetary values. For this reason, the base values of this model were not
corrected up to today’s inflation.

®

2.3. Optimization approach

2.3.1. Problem definition
Considering the performance metrics presented in Section 2.2, the

Table 6

Reference costs and scaling factors of receiver subsystems [51].
Receiver subsystem frk ¢ x[€/m]
Absorber tube 2 116.2
Selective coating 0.9 56.6
Welding 0.7 116.4
Construction 1.4 136.5
Transportation and packing 0.6 26.4

Assembly 0.6 112.6
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aim is to find a decision vector which simultaneously yields the highest
ECF and lowest I'; that is, the objectives are to find maximum efficiency
and minimum cost. This optimization problem is defined in Eq. (9),
where ECF and I are the objective functions that relates the performance
of a geometric configuration defined by the decision vector X.

{ max ECF(X) ©

min ['(X)

A general decision vector X = {n, {wy,my,R;}, -+, {Wn, My, Ry}, Hg}
corresponds to a full non-uniform configuration and its size is a function
of n, the number of mirrors comprising the primary field. Usually in the
literature [19,20,25,27,30,33], n is fixed and the other parameters are
decision variables to be optimized by the search heuristic since find the
optimum X with changing number of decision variables is a quite hard
task. Here, two sizes of primary fields are addressed: n = 12 and
n = 25.

As reported by many works [8,20,21,31], the East-West (EW)
orientation have a lower annual efficiency than the North-South (NS)
case. For this reason, only the NS orientation is considered in this work,
and geometric configurations are assumed to be symmetric, so that, for
example, {wy,m;,R1} = {wn, —my, R,}. Moreover, it is easier to work
with the gap, g, as a decision variable instead of mirror position or shift
(m or s), as it makes unnecessary to account for feasible solutions that
must obey a shift large enough for two neighboring mirrors to not
collide. Then, X is a function of w, g, R, and Hg, where these variables are
subjected to bounds as given by Table 7.

For this matter, different configurations of primary field must be
defined in order to address the research questions established in Section
1 (Introduction). First, the NUN case refers to a full non-uniform setting,
where each mirror has particular values of w, g, and R, and all of them
are subjected to the optimization routine. The VAR refers to the case of a
primary field in which mirrors have constant values of width and gap (w
and g) but with a variable radius (R), and all of them are subjected to the
optimization routine. The NUN-sunRef is denominated by a non-uniform
configuration in which w and g are subjected to optimization but R is
calculated as given by the sun reference criteria [19]. UN defines a full
uniform configuration, a geometric setting in which the primary field is
defined by constant values of w, g, and R, all of them are subjected to the
optimization routine. The UN-IpaRef stands for a configuration in which
the primaries have constant values of w, g, and R, but only the first two
are subjected to the optimization routine, while R is calculated by the
criteria proposed by Pulido-Iparraguirre et al. [54].

Moreover, computations for ECF vary depending on a selected
location since the annual distribution of beam irradiance and incidence
angles change from one place to another. In this work, Evora (Portugal)
is considered for the calculations, though it can be replicable to any
other location. Evora general data is presented in Table 8.

2.3.2. Search algorithm
The problem defined in Eq. (9) relates to an unconstrained multi-
objective optimization [55,56]. Both ECF and I' must be simulta-

neously optimized, and instead of a single optimum decision vector, X ,

a set of optimal solutions, {217 i;v}, the so-called Pareto solutions,
should be determined to represent the trade-off between objectives. In
this context, evolutionary algorithms, as are stochastic population-based
methods, are a proven strategy to determine the Pareto front of optimum
solutions [57].

In this work, the evolutionary algorithm starts by generating a
random population of Nj, individuals — each individual is a candidate

Table 7

Decision variables bounds for the optimization search.
Hg[m] wlm] glm] R[m]
[4.0, 20.0] [0.2, 2.0] [0, 2.0] [0, 100.0]
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Table 8

Location data used for energy efficiency analysis, based on typical meteoro-
logical year data (2006-2016) from PVGIS. Solar angles are computed hourly for
Evora, Portugal.

Location Latitude Longitude

dalh

2229.2 kWh-m2.year!

Evora (Portugal) 38.53° —8.0°

solution defined by a decision vector. This population is evaluated and
the corresponding fitnesses are defined by the objective functions (ECF
and I'). An offspring of Ny, individuals (children) is produced from the
population by parents (mate) selection, followed by crossover and mu-
tation. From the poll of individuals given by the union of population and
offspring (size 2Njp), Npop individuals are selected (survivors selection)
to form a new population, to then produce a new offspring and so on
[58,59]. This cycle repeats itself until a stopping criterion is satisfied,
and the Pareto solutions are then sorted from the final population. A
flow diagram of this evolutionary process is presented in Fig. 2.

This evolutionary search heuristic was implemented based on the
DEAP (Distributed Evolutionary Algorithm in Python) framework [60].
An individual (candidate solution) is coded as a list of real numbers
between 0 and 1 (genes) and is decoded to the decision variable space
(subjected to the bounds shown Table 7) to fitness evaluation. The se-
lection mechanisms are based on dominance and crowding distance
following the elitist Non-dominated Sorted Genetic Algorithm (NSGA-II)
[61].

A solution B dominates another solution C if B is not worse than C in
all objectives and B is strictly better than C in at least one objective. If
neither B dominates C nor C dominates B, they are considered non-
dominated. NSGA-II sorts the population into non-dominated fronts to
rank solutions. The first non-dominated front consists of solutions that
are not dominated by any other solution in the population — these are
given rank 1. The second front (rank 2) holds individuals that are only
dominated by those in the first front, and subsequent fronts contain

Population

Fitness Parents
Evaluation Selection
T No

Yes

Stop criteria
satisfied?

Pareto
solutions

Population
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solutions that are dominated by previous ones. The crowding-distance is
a metric used to maintain diversity in the population by estimating the
density of solutions surrounding a particular individual. It quantifies
how close a solution is (in the objective space) to its neighbors within a
non-dominated front. Therefore, high crowding distance means that a
solution is in a sparse region (likely to be selected), while low crowding
distance means that the solution is in a dense region (less chance of
being selected).

Parents selection considers a tournament of two individuals
randomly selected from the population. First, they are compared based
on dominance — wins the individual which dominates the other, i.e., the
one with the lowest rank. If they are non-dominated, wins the individual
with higher crowding distance. Survivor selection is based on a combi-
nation of non-dominated sorting and crowding distance to ensure both
convergence and diversity. First, individuals in the pool (population and
offspring) are ranked into non-dominated fronts, where solutions in
lower-ranked fronts (better Pareto-optimal solutions) are prioritized for
selection. If the number of individuals in selected fronts exceeds the
population size, the last front is sorted based on crowding distance,
which measures how isolated a solution is in objective space. Solutions
with higher crowding distance are preferred to maintain diversity. This
ensures that the next generation retains high-quality and well-
distributed solutions along the Pareto front.

Due to the computational cost of ECF evaluations, Npys = 200 and the
stopping criteria is a number of 400 (four hundred) generations, divided
into two steps of 200 generations, each one with different settings of the
same evolutionary operators: two-point crossover and (zero mean)
Gaussian mutation. As shown in Table 9, there are probabilities for both
crossover and mutation to take place, and oy, refers to the standard
deviation of the Gaussian mutation operator. The first 200 generations
runs with the evolutionary operator eoA, while the last 200 generations
runs with eoB.

Further details about NSGA-II can be found in the works by Deb [57]
and Eiben and Smith [59], while DEAP documentation has more

|

Crossover

.

Mutation

e ——

Fitness
Evaluation

Survivors
Selection

Fig. 2. Flowchart of the evolutionary optimization process. A population of candidate solutions is iteratively evolved through selection, crossover, and mutation.
Fitness is evaluated at each step, and survivors form the next generation. The process repeats until stopping criteria are met, yielding Pareto-optimal solutions.
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Table 9

Evolutionary operators used across two 200-generation phases: eoA (first half)
and eoB (second half). Parameters include crossover and mutation probabilities,
and 6y, the standard deviation of the Gaussian mutation.

Evolutionary Crossover probability Mutation probability Omu
Operators

eo0A 0.8 0.40 0.2
eoB 0.5 0.25 0.1

information on the evolutionary operators.
3. Results and discussion
3.1. Non-uniform configurations analysis

Results from previous works [19-21,25] highlighted that the non-
uniform configuration might not be cost-effective, as it yields a
slightly higher efficiency than a variable radius design but may imply
more costs, which leads to a reasonable question: is the non-uniform
design (NUN) more cost-effective than the variable radius (VAR) case?
To this end, this section presents a comparison of NUN and VAR opti-
mum geometries.

Fig. 3 shows a comparison of optimal solutions for optimization
problem defined in Section 2.3.1, considering cases where the primary
field is composed of (a) n = 12 and (b) n = 25 mirrors. As seen, the
Pareto fronts clearly show a trade-off between efficiency (ECF) and cost
(I) — as efficiency increases, costs rise significantly, showing an
asymptotic behavior in all cases. The red dashed lines indicate the
maximum efficiency, EC , and minimum cost, ™", achieved within
each case. Therefore, many solutions have quite the same cost but with
slightly increasing efficiencies; other solutions have practically the same
efficiency but with highly increasing costs; then, there are solutions
presenting a smoother trade-off between these asymptotic cases.

In general, Fig. 3 shows that NUN (blue points) and VAR (orange
points) configurations have similar trends. Previous works [19-21,25]
have found a meager difference between non-uniform and variable
radius designs, as it is shown in Fig. 3 for a wide region of the objective
space. However, this figure also shows that in a region, for a particular
value of efficiency, non-uniform designs have a lower cost than variable
radius designs (or a higher efficiency for a reference cost). Moreover,
these results indicate that the difference between non-uniform and
variable radius is more noticeable for a primary field with fewer mirrors,
and as the number of mirrors increases, the benefit of the fully non-
uniform design diminishes.

In short, results in Fig. 3 indicate that non-uniform designs are more
cost-effective solutions, however, the performance difference is reduced
as the number of mirrors in the primary field increases. In the theoretical
limit case of a large number (n— o) of tiny mirrors (w—dw), there would
be no differences between these configurations.

Fig. 4 provides a geometric perspective of the Pareto solutions in
Fig. 3 by plotting two dimensionless parameters: filling factor, 7; =
Zw;/W,, and shape factor, 7o = W,/2Hg. Each point corresponds to a
different geometric configuration, meaning that a direct comparison
between solutions is complex, especially for non-uniform designs where
mirror parameters vary individually. Despite this complexity, the scatter
plots reveal two clear trends that apply to both configurations: a set of
trivial solutions where 7; is approximately 1, and a more structured
trend for the remaining data points.

The trivial solutions, where 7; ~ 1, result from primary fields with
minimal spacing between mirrors (g &~ 0). In these cases, 7y varies
significantly, reaching extreme values, particularly in the variable
radius configuration. When disregarding these high 7, cases, a second
trend emerges, showing that the shape factor tends to remain below an
upper bound, specifically 72 < 1. Additionally, the results indicate that
for comparable 7; values, the variable radius design generally exhibits

FlTlHX
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higher 7; values than the non-uniform cases. This suggests that while
allowing radius variation provides flexibility, it also leads to larger
primary field width relative to receiver height, which could introduce
practical design constraints.

To understand how dimensionless parameters influence the Pareto
solutions, Fig. 5 presents scatter plots relating efficiency (ECF) and cost
(I) to geometric characteristics for the case n = 12. As observed in
Fig. 5a and Fig. 5d, efficiency and cost generally decrease as 77 in-
creases. However, when 7; approaches 1, I stabilizes while ECF con-
tinues to decline. This trend reflects the behavior observed in Fig. 3a,
where these trivial solutions (g ~ 0) lead to an asymptotic horizontal
limit. The trivial cases for variable radius configurations correspond to a
pitch factor, 73 = s/w, so that 73 = 1, as shown in Fig. 5c and Fig. 5f.
Additionally, as s/w increases, both ECF and I increase, indicating that
designs with larger pitch-to-width ratios tend to be more efficient but
also more expensive.

The shape factor, 72, impacts efficiency and cost in distinct ways.
Fig. 5b illustrates that efficiency decreases as the shape factor increases,
meaning that more elongated fields relative to receiver height nega-
tively affect optical performance. However, the relationship between 7,
and cost is more complex, as seen in Fig. 5e. There are two obvious
trends: one set of solutions shows small variations in 5 but significant
cost differences, which correspond to the vertical asymptotic trend
observed in Fig. 3a. Another set of solutions maintains nearly constant
costs while 7z, increases, representing the horizontal asymptotic
behavior seen in Fig. 3a. This suggests that while some geometric vari-
ations lead to notable cost changes, others have minimal impact,
depending on how mirror proportions are optimized relative to field
layout.

Furthermore, considering now a metric for the specific cost of en-
ergy, E = I'/(ECF->_1I;), Fig. 5 shows that zy, 72, and 73 affect E
similarly as I'. That is, E decreases as 7; increases, and the opposite occur
as n3 and 7 increase. Minimum values of E in Fig. 5 are 0.078 and 0.08
€/kWh for NUN and VAR configurations, respectively, meaning that the
full non-uniform case (NUN) yields a specific cost of energy 2.56 %
lower than the variable radius configuration (VAR). This result agrees
well with the impact of non-uniform settings regarding width and shift
found by Boito and Grena [25] for an analogous metric.

Overall, these results highlight that increasing z; leads to cost re-
ductions but with efficiency penalties, particularly for trivial solutions.
The pitch factor, 73 = s/w, directly influences both objectives, with
higher values leading to more efficient but expensive configurations.
Meanwhile, the shape factor, 3, primarily affects efficiency, with cost
dependencies varying across different design configurations. These in-
sights reinforce the need for careful optimization of geometric param-
eters to balance cost and efficiency.

3.2. Curvature radius analysis

The currently approaches to design the curvature radius of primary
mirrors [19,20,34,35] have an underlying assumption that such decision
variable can be optimized in a step after the others (w, s, Hg). This
assumption leads to the question: can the curvature radius be decoupled
of other decision variables in design optimization?

To verify such a hypothesis, Fig. 6 presents a Pareto front comparison
between two non-uniform configurations. One (NUN) have all primary
mirror parameters (w, g, and R) subjected to optimization. The other
configuration (NUN sunRef) is similar to the first one but now the cur-
vature radius (R) is determined by the sun reference criterion [19,35]
instead of being subject to optimization. Results are presented for two
sizes of primary fields, (a) n = 12 and (b) n = 25, following a similar
structure to the previous case. These results show that the two config-
urations produce nearly identical Pareto fronts, for primary fields with
12 and 25 mirrors, Fig. 6a and Fig. 6b, respectively, suggesting that
determining the curvature radius by the sun reference criterion does not
substantially alter the cost-efficiency trade-off.
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Fig. 3. Pareto Fronts of optimal solutions for non-uniform (NUN) and variable radius (VAR) designs, considering geometries for primary fields with (a) 12 and (b)
25 mirrors.
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Fig. 4. Dispersion plots of dimensionless parameters showing the correlation between filling (z;) and shape (72) factors, for (a) n = 12 and (b) n = 25. Each dot

represents a Pareto solution shown in Fig. 3.

On the other hand, while the objective space analysis provides in-
sights into the trade-offs between efficiency and cost, it does not reveal
how different design variables contribute to these optimal solutions. In
this sense, Fig. 7 presents the frequency distribution of decision vari-
ables for all Pareto solutions in Fig. 6a (n = 12), comparing the NUN and
NUN sunRef configurations and providing insights into the distribution
of key geometric parameters. It reveals strong similarities between NUN
and NUN-sunRef configurations. The observed frequency trends high-
light that design parameters remain across both configurations while
maintaining comparable performance. These results highlight the
effectiveness of the sun reference criterion in approximating optimized
solutions.

This curvature design analysis can also be done regarding uniform
configurations. As previously stated, the UN case defines a full uniform
configuration, in which all decision variables (w, g, and R) are subjected
to the optimization routine. The UN-IpaRef stands for a uniform
configuration in which R is calculated by the criteria proposed by
Pulido-Iparraguirre et al. [54] instead of subjected to the optimization
routine. The comparison between UN and UN-IpaRef is presented in
Fig. 8. These results shows that the two configurations produce nearly
identical Pareto fronts, for primary fields with 12 and 25 mirrors, Fig. 8a
and Fig. 8b, respectively, suggesting that determining the curvature

radius by Iparraguirre’s criterion does not substantially alter the cost-
efficiency trade-off.

Regarding to the design space, Fig. 9 shows that UN and UN-IpaRef
designs produce Pareto solutions with similar frequency distribution of
geometric parameters. The higher differences are seen for the curvature
radius R. Nevertheless, these differences does not have a major impact
on performance, as both designs yield the same Pareto front. Of course,
some small differences can be attributed to the stochastic nature NSGA-
II in determining the decision variables of candidate solutions.

In short, the results presented in this section corroborates the hy-
pothesis that the curvature radius can be decoupled from the optimi-
zation routine. This statement implies simplifying the linear Fresnel
design problem, as a lower number of decision variables can be used
without converging to local optimal solutions.

4. Conclusions

This work addressed the optimal design problem for linear Fresnel
collectors by employing a two-objective optimization approach. The
optimization was based on maximizing annual energy efficiency, while
minimizing the specific direct cost of the solar field. The analysis
compared Pareto-optimal solutions of different design configurations,
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Fig. 5. Dimensionless parameters versus objective functions for both non-uniform (NUN) and variable radius (VAR) designs for primary fields with n = 12 mirrors. It
shows how dimensionless parameters affect the specific cost of energy, E = I'/(ECF-Y_I;), in figures (g), (h), and (i).

N

(a) n =12 (b) n =25
180
.« NUN b
350 . - !
NUN-sunRef 1 160
300 i
CE ECF™ax — (0.488 / i =2
= 250 —
2 120 ECF™ax — 0.487
3 200
—~ 100 rmin — 65-69
150
['min = 70,33 80
100 P
0.2 0.3 0.4 0.5 0.1 0.2 0.3
ECF ECF

— O e —

Fig. 6. Pareto solutions for two non-uniform configurations. The NUN-sunRef considers the curvature radius by the sun reference criterion instead of subjected to the

optimization algorithm.



A.V. Santos et al.

100

80

60

40

20

20

B NUN
#0% NUN-sunRef

0.0 0. 1.0

g [m]

Solar Energy 300 (2025) 113852

1500

1000

1000
800
600
400

200

R [m]

Fig. 7. Frequency distribution of decision variables for all Pareto solutions of NUN (blue) and NUN sunRef (green) configurations, for the case in which n = 12
mirrors. The histograms present terms of receiver height (Hg), mirror width (w), mirror gap (g), and curvature radius (R). (For interpretation of the references to
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Fig. 8. Pareto solutions for two uniform configurations. The UN-IpaRef considers the curvature radius by Pulido-Iparraguirre’s [54] criterion instead of subjected to

the optimization algorithm.

particularly evaluating the cost-effectiveness of non-uniform designs
(varying width, shift, and radius) relative to variable radius configura-
tions (constant width and shift), and exploring whether the curvature
radius can be effectively decoupled from other design variables.

The results obtained demonstrate that non-uniform designs can
indeed be more cost-effective solutions. In certain regions of the objec-
tive space, differences between Pareto solutions for these two configu-
rations are minimal, even excluding trivial cases. However, other
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regions indicate a clear cost advantage for non-uniform designs over
variable radius cases. Additionally, Pareto solutions display consider-
able geometric diversity but also reveal identifiable trends when eval-
uated through dimensionless parameters.

The analysis of curvature radius suggests that predefined design
criteria on non-uniform and uniform configurations (such as sun refer-
ence or Iparraguirre’s model) yield solutions nearly identical to those
obtained via optimization. Thus, curvature radius can effectively be
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Fig. 9. Frequency distribution of decision variables for all Pareto solutions of UN (blue) and UN-IpaRef (orange) configurations, for the case in which n = 25 mirrors.
The histograms presents terms of receiver height (Hg), mirror width (w), mirror gap (g), and curvature radius (R). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

decoupled from other optimization variables without significantly
compromising performance. Given the computational demands associ-
ated with optimization routines, these criteria represent practical al-
ternatives for determining the curvature radius of mirrors while
preserving optimal cost-performance.

It is worth noting that, by definition, Pareto solutions show the trade-
off between the objectives, meaning that all of them are somehow
equivalent and there is no single optimal solution. Therefore, the se-
lection of a single case of a Pareto front ultimately depend on the user’s
choices, criteria, and considerations, and on what they value most. The
results presented in this work provide insights into this design problem,
establishing boundaries and limits but do not definitively determining
the “best” solution.

These findings have implications beyond academic research, not
only contributing new insights into the design problem but also offering
practical tools and strategies for the optimization of linear Fresnel col-
lectors. The marginal advantage of non-uniform designs is observed only
within a specific range of the objective space, suggesting that under
certain constraints — such as efficiency, cost, or other design criteria — the
cost-effectiveness of this approach may be comparable to that of
variable-radius designs, which involve a significantly simpler geometric
configuration. Furthermore, decoupling the curvature radius from the
optimization process streamlines the procedure by substantially
reducing the number of decision variables involved. By presenting
simplified yet robust design methodologies, these results enables engi-
neers and designers to make informed decisions with reduced reliance
on computational resources, particularly when establishing an initial,
near-optimal geometric configuration as a basis for detailed engineering
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design subjected to subsequent cost optimization.

On the other hand, the assessment presented in this work assumes
that the optical efficiency of the receiver remains approximately con-
stant despite variations in transversal and longitudinal incidence angles,
as well as across different edge-ray CECs. In other words, the ratio of
absorbed flux to the flux entering the secondary aperture is considered
invariant under these conditions, making the aperture flux a sufficient
metric for identifying the configuration with the higher yield. This
simplification represents a key modeling assumption which, while use-
ful, may not hold in all cases and therefore requires validation — a subject
to be addressed in future research.

Additionally, it should be noted that the findings and discussions in
this paper rely on the cost model outlined in Section 2.2.2. This model
excludes considerations such as the impact of curvature radius and ef-
fects of various non-uniform configurations on direct specific const of
the solar field, as well as on capital and operational expenditures — a
clearly defined limitation within the scope of this work. Consequently,
alternative cost models might yield different conclusions regarding the
established research questions.

Therefore, developing more comprehensive and accurate cost
models for linear Fresnel collectors is essential for a deeper assessment
of geometric configurations and to verify hypotheses regarding the
simplification of design problems — another subject to be addressed in
future research. Nevertheless, given the currently limited commercial
maturity of linear Fresnel power plants, the scarcity of data presents a
substantial challenge to advancing such models.
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