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Optimized design of a Linear Fresnel Reflector for solar process heat applications
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Abstract

Heat demands in industrial processes represent a high rate of the thermal energy consumption that could
be directly delivered by a concentrated solar thermal technology. Linear Fresnel reflectors are a promising
example of this kind of technology. This paper presents an innovative and optically optimized design of
linear Fresnel collector for solar process heat applications. An in-house ray trace code was employed to
evaluate different geometrical options of the solar collector over conventional concepts, aiming to
maximize its optical performance and tackle the inherent weakness of this concentrating solar technology
when it is compared to other type of concentrators. Geometrical modifications accomplished in the
optimization process include the tilt of the concentrator and receiver, the receiver displacement and the
concentrator rotation along with the optimization of other relevant parameters. As a result, a significant
upgrade of the monthly power on the receiver was achieved, with an average enhancement ranging from
2% to 61%, compared to a standard linear Fresnel collector without the proposed modifications. This
result provides a more homogenous thermal power profile delivered along the year, which is an important

requirement to place the technology in the spotlight.

Keywords: concentrating solar thermal technology, linear Fresnel reflector, ray trace code, optimized
optical performance, incidence angle.

Nomenclature

Acronyms

CPC  compound parabolic concentrator
CSR  circumsolar ratio

DNI direct normal irradiance

DSG  direct steam generation

1AM incidence angle modifier

LFR linear Fresnel reflector
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NAP  normalized accumulated power
O&M operation and maintenance

PTC  parabolic-trough collector

RTC  ray trace code

Symbols

0 internal power of the fluid (W)
0, power transferred to the fluid (W)

Nopto°  PeaK optical efficiency of the LFR

Nopt optical efficiency of the LFR

V] mean value of the gaussian distribution
(rad)
A transversal area of the tube (m?)

Cp specific heat capacity of the fluid

(kJ/kg-K)
D inner diameter of the tube (m)
dz receiver displacement (m)

Gpa solar irradiance impinging in the

absorber (W/m)

H receiver height (m)

L length of the receiver (m)

m flow rate (kg/s)

Re Reynolds dimensionless number

% velocity of the fluid (m/s)

s east-west concentrator rotation angle
©)

y tracking angle (°)

AT temperature gain of the fluid (K)

n overall efficiency

Subscripts
opt optimum

set set

oL

Or

S

SS

angle of incidence (°)
longitudinal angle of incidence (°)
transversal angle of incidence (°)

tilt angle of the reflectors and receiver
©)
kinematic viscosity of the fluid (m?%s)

density of the fluid (kg/m?)

standard deviation of the Gaussian
distribution (rad)

Buie’s sunshape profile

angular spherical coordinate
azimuthal spherical coordinate
circumsolar ratio

Buie’s sunshape variable
Buie’s sunshape variable
cumulative distribution function

sequence of uniformly distributed

random numbers

unitary vector pointing at the incoming

ray direction
direction of the reflected ray

normal vector to the mirror surface

Zero

relative to sunshape
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1. Introduction

World energy consumption has constantly increased over the past century, mostly related with the
electricity and petroleum derivatives demand (IEA 2016). One of the main reasons to move from fossil
fuels to renewable energies, and in particular to solar energy, is the indisputable climate change which is
causing the major environmental problem worldwide faced so far (Azofra et al. 2014). This issue has
promoted international agreements against pollution (European Comission 2017) altogether with tax
reduction or subsidies for those who comply with the regulations (REN21 2016). In addition, renewable
energies present an economic certainty in contrast to the instability of fossil fuel price, due to limitations
in supply capacity alongside its dependence on the international scenario along the lifetime of operation
(Corona et al. 2016).

Industries, including both those related to the procurement of goods and products and indirect uses
through cogeneration, consume nearly 30% of the total energy demanded worldwide (IEA 2016).
Industrial processes require thermal energy in several temperature ranges. In order to specify which solar
technology fits to a given process, it is useful to identify its temperature level (Vannoni, Tobergte, and
Curtis 2013). For the purpose of this work, attention is paid to processes in the range of temperatures
between 100 °C and 400 °C. About 30 % of the total industrial heat demanded is required at temperatures
below 100 °C and 27% at temperatures below 400 °C (Werner and Constantinescu 2006). Other
applications that require thermal energy in this temperature range are desalination (Garcia-Rodriguez and
Blanco-Galvez 2007), refrigeration by double effect absorption chillers (Tierney 2007) or electricity
production through organic Rankine cycles (Freeman, Hellgardt, and Markides 2015). Certainly, this is a
significant rate of thermal energy consumption that could be directly supply by a concentrated solar

thermal technology.

The solar technology suitable for these temperatures is linear focusing collectors, i.e., parabolic-trough
collectors (PTCs) and linear Fresnel reflectors (LFRs). It has been found that LFR technology presents
some significant advantages compared with PTC (Sahoo, Singh, and Banerjee 2012; Sait et al. 2015).
First, the costs of the optical components are lower in LFR, according to the nearly flat shape of the
mirrors (Boito and Grena 2016) and also to the absence of metal-glass welds in the receiver tubes,
because in most of the designs the receiver tubes are partially covered with a secondary reflector and the
need of an evacuated atmosphere around the receiver is not considered. Although, it is worth to mention
that the metal-glass welds commented above are not commonly incorporated to PTCs typically designed
for low temperature process application near 200 °C, which use non-evacuated glass-enveloped tubes
(Millioud and Dreyer 2008; NEP Solar 2018). In addition, as the receiver in LFR is fixed (contrarily to
the case of PTC), it does not use flexible hoses or ball joints between adjacent collectors at the points
where the distribution pipe meets the start and end of the collector. As a consequence, lower operation
and maintenance (O&M) costs for LFR plants are required (Haberle et al. 2002). On the other hand, the

main disadvantage of LFR compared with PTC, is the lower optical efficiency, explained by the
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transversal component of the radiation impinging the receiver tubes, which increases when the Sun is far
away from the zenithal position. In a lower level, slight optical errors due to the larger distance between
the mirrors and the focal point contribute to decrease the optical performance (Abbas 2017; Abbas et al.
2013).

LFR is compiled of an array of flat or nearly flat primary reflectors and a receiver. The primary reflectors
track the Sun along the daytime reflecting the direct solar beams. The rays reflected impinge on the
receiver, which remain fixed. The energy absorbed by the receiver is transferred to the working fluid
flowing through it. Due to the fact that the total area of the primary reflectors is larger than the area of the
receiver that collects the reflected radiation, the concentration phenomenon takes place proportionally to

the rate of these two areas (Qiu et al. 2015).

A small group of LFR’s designs oriented to work in the range of temperature required by industrial
processes has been developed and main characteristics and performance results published. Among those
designs, the one accomplished by the German company Industrial Solar (lately named PSE AG) (Héberle
et al. 2006) has been used in several emblematic projects, as the solar/gas cooling plant at the Engineering
School of Seville (Spain) (Bermejo, Pino, and Rosa 2010). This facility provides the 75% of the energy
feeding a double-effect LiBr + water absorption chiller of 174 kW nominal cooling capacity. Other
initiative that uses the Industrial Solar collector is the commercial direct steam generation (DSG) project
constructed in Jordan (M. Mokhtar et al. 2015) to provide saturated steam for process heat. The design
mentioned consists of a standard conception with slightly curve mirrors tracking the Sun, while the
receiver is integrated by an evacuated receiver tube model PTR® 70 by SCHOTT and a secondary
compound parabolic concentrator (CPC) made of aluminum reflectors. Both the receiver and the reflector

are in individual horizontal planes and the collector is north-south oriented.

Another LFR that is worth mentioning, is the one accomplished by the Spanish company Inersur (Inersur
2017) which provides the energy required in a local slaughterhouse. Although the design does not present
any particular innovation, it is one of the few commercial projects for industrial processes currently on
operation. One additional interesting development come from a Spanish company named Solatom
(Solatom 2017). This design presents an improvement consisting on an easy-mounting and easy-transport
collector which is integrated in a container able to be placed in the required facilities, by unfolding the
lateral walls to give place to the structure of the LFR. There are also a few prototypes under development,
whose purpose is more focused on the validation of mathematical models than devoted to commercial
systems (G. Mokhtar, Boussad, and Noureddine 2016; Wang et al. 2017; Y. Zhu et al. 2017).

Most of the above mentioned projects are part of the group of standard and conventional designs from the
optical point of view. This brings as a consequence the existence of persistent disadvantages concerning
the optical performance: (a) variability of the energy production along the day and year due to the relative
position of the Sun related to the reflection surface; (b) energy production decrease for locations far away

from the equator; (c) reduction in the effective surface of reflection due to blocking and shadows.

Some prototypes can be found on the literature that incorporates certain geometrical modifications
oriented to enhance the optical behavior of the collector. Dai describes three simultaneous types of

movements: the elementary of the mirrors tracking the Sun, east-west translation of the entire reflector

4



77
78
79
80
81
82
83
84
85
86
87

88
89
90
91
92
93

94

95
96

97

98
99
100
101
102
103

field according to the relative position of the Sun, and rotation of a secondary reflector located in the
receiver (Dai et al. 2012). Zhu proposes a design east-west oriented, which has the possibility to adjust
the tilt of the entire collector, agreeing to the solar height (Y. Zhu et al. 2017). Also, Zhu shows another
prototype with east-west orientation, including both a reflective surface that forms a parabola and a
receiver, which is able to move along the axial axis to compensate the end losses (Yanging et al. 2016).
This last modification is also proposed by Barbon (Barbon, A., Barbon, N., Bayon 2016). Finally, Nixon
presents a design that allows mirrors to individually rise and descend on the horizontal plane (Nixon and
Davies 2016). It is important to note that in all the cases mentioned above, geometric modifications with
respect to the conventional design of LFR are applied individually. However, the design presented in this
work combines simultaneously several of the previous modifications, as well as integrates some

innovative improvements.

One of the main approaches to boost this technology is to improve the optical efficiency but avoiding a
significant increase in the final costs. Following this purpose, this study is focused on the development of
an innovative LFR design, aiming to compensates, as much as possible, the optical weakness inherent to
the LFR technology. The optical parameters were evaluated and optimized through the use of an optical
model performed by an in-house ray trace code (RTC). Numerical results of the increase of performance

achieved are presented.

2. Methodology

This section includes the steps followed, in the present work, to simulate the optical behavior of the LFR

with the aim of optimizing its performance.
2.1 Ray trace code description

The implementation of an in-house RTC is relevant at the time of carrying out optimization procedures,
which entails a vast number of optical simulations for the different geometrical parameters describing the
arrangement of the optical system in the LFR. In this work, a trade-off approach was followed to achieve
an efficient code from the computational point of view, whereas accurate results are needed to select the
optimum optical configuration resulting from a global optimization task. The flowsheet of the code is

shown in Fig. 1.
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Fig. 1. Flowsheet scheme of in-house ray trace code.

A three-dimensional model (developed in the Matlab® software environment) based on a stochastic
approach was followed, where the sunshape distribution concerning the direction of the incoming solar
rays is taken into account by means of the Buie’s sunshape profile (¢), (Buie, Monger, and Dey 2003;

Buie, Dey, and Bosi 2003), equations (1) and (2), with a constant circumsolar ratio (CSR) value of 0.2

c0s(0.3269)
for 0 < Y4 < 4.65 mrad,

$ () =1 cos(0.3089,;) @
e for 94 > 4.65 mrad
where y and x are two parameters which depend on the circumsolar ratio, y defined.
y = 2.2In(0.52y) x*** - 0.1
k= 0.9In(13.5y) y %3 )

The equation (3) describes the percentage of the solar energy content in the solar disk, depending on the

angular displacement in spherical coordinates (9 and ¢):

J-OZT[ foﬁss ¢(19) Sln(‘ﬁ)dﬁd(p
I [7mex 3(9) sin(9) d9dep

Fs(0ss) = (3)
where F,; is the cumulated distribution function of the rays according to Buie’s sunshape. 9, is the radial
angle value associated to each ray and 9,,,, Stands for the radial extent of the sun (i.e. solar disk and the

whole sun aureole).

Monte Carlo method was used to generate the initial bunch of rays before reaching the reflector surface. It
defines the position of the initial ray within the aperture plane along with its direction according to the
sunshape profile, which in turns include the radial angle of the ray respect to the sun position. To feed the
Monte Carlo algorithm, a uniformly distributed random sequence of numbers was generated. Particularly
the Mersenne Twister algorithm (Matsumoto and Nishimura 1998) was applied to generate all the
incoming rays. The code was implemented aiming to reproduce the pattern of emitting power within the
solar disk. It means that the radial angle value associated to each ray follows a particular probability

distribution related to the aforementioned sunshape profile, allocating to each ray the same amount of
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radiant energy.

Monte Carlo methods evaluate the inverse of the cumulative distribution function (F;31) from a uniformly
distributed random sequence of numbers so that 0 < X < 1. Provided that the same amount of power is
associated to each ray and the sunshape distribution is axial-symmetric, the obtained sequence of angles
(9,s) reproduces the sun sunshape profile. The azimuthal angle ¢ is equidistributed from 0 to 27 and 9

depends on the sunshape according to the equation (4):

Fsgl(x) = Vs (4)

Some assumptions from geometric optics were imposed to trace the path of rays in the air, where
atmospheric extinction is neglected due to the short distances between the primary reflectors and the
receiver. According to the particular position and tilt of mirrors, the path of the incoming rays is checked
in case of shadows induced by adjacent mirrors prior to reflection. The primary mirrors considered are
silvered glass type. In this case, Snell’s Law is applied to model specular reflection without taking into
account effects of refraction at the interface of glass layer on mirrors. As detailed in equation (5), the
normal vector to the mirror surface is 7 whereas v; stands for the unitary vector pointing at the incoming

ray direction and ¥, to the respective direction of the reflected ray.

Non-specular effects should be included when addressing reflection, under realistic working conditions.
These effects are mainly the consequence of small-scale slope errors (surface waviness) on the mirror
surface as well as reflector geometrical errors (Given and Bannerot 1986). To model such sort of
phenomena, the reflected vector was deviated a particular angle. The determination of this angle, 9,,., of
radial deviation is performed by means of a stochastic algorithm, according to equation (6). The non-
specular deviation of the energy reflected was considered as a normal distribution with null mean value
(u=0 mrad) and a characteristic standard deviation (o,,.=0.002 mrad). The implemented model, takes

advantage of the analytical-defined description of the geometry of each mirror.
der = F5*(X) = |—202 In(1 - X) (©)

This asset enables a fast computation of the local normal vector to the reflector surface as well as the

reflection point corresponding to each ray.

The trajectory of the reflected rays is checked to detect blockage by adjacent reflectors. Also, the
intersection of the straight lines representing the rays’ path with the 3D surface describing the neighbor
mirrors is calculated. The analytical description of the reflector surface makes it possible to obtain such
intersection points efficiently. As a result, blocked rays are ruled out. The intersection of the reflected
rays with the receiver, which was selected as a multitube configuration (as described in section 3.2.1), is
also based on the analytical description of each absorber tube as a cylinder (bounded in the axial
direction). This final set of intersection points is used to work out the concluding histogram which in

turns provides the concentrated flux distribution on each absorber tube of the receiver.

It is worth mentioning that this sort of problem can be solved partially as a consequence of the
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superposition principle. Having on goal the implementation of a modular code which is capable of
working in memory-limited computers, the RTC algorithm is launched for each mirror, where the
particular concentrated flux profile of each absorber tube is calculated based on the solar rays reflected by
a single mirror. The final concentrated solar irradiance profile for each absorber tube is the result of
overlaying the contribution of all the mirror facets in the system. At the same time, the overall optical
efficiency of the system can be found from a relatively reduced number of rays launched by the
algorithm, what enables a suitable tool (fast code) to seek the optical arrangement which maximizes the
optical efficiency of the systems for a specific position of the sun. In line with this, a three-dimensional
modeling of the optical system is essential to analyze all the relevant effects and particular features of the

innovative system under study.

Several simulations were done with the RTC described to achieve an optimized design of a LFR. As
reference case, the code was run by using the meteorological data and the Sun position of the Plataforma
Solar de Almeria (Almeria, southern Spain). The data from a meteorological year were utilized, sampling
the average direct normal irradiance (DNI) every five minutes for the 365 days of the year. The objective
of these simulations was to maximize the energy impinging on the receiver along the year, and the

geometry of the LFR that achieves this maximum was selected as the optimal design.
2.1.1 Ray trace code validation

The results accomplished by the in-house RTC were contrasted with trustworthy ray trace software in
order to confirm that every phase of the RTC is correct. The selected control software is Tonatiuh, a
simulation tool aiming to create an open source, cutting-edge, accurate, and easy to use Monte Carlo ray
trace for the optical simulation of solar concentrating systems (Blanco et al. 2009). This software is still
being developed by the National Renewable Energy Centre of Spain (CENER) with the former
collaboration of the University of Texas at Brownsville (UTB), and the support of the National
Renewable Energy Laboratory (NREL).

A simulation was carried out using the same environment parameters and collector geometry. The
comparison is done with the results of the flux density in each tube of the receiver, considering a

configuration of the receiver integrated by six parallels absorber tubes.

For the sake of a clearest explanation, only one tube out of the six has been presented (Fig 2). The flux
density is showed in four different perspectives, in order to highlight the optimum agreement in the whole
tube. The top image of each view responds to the in-house RTC and the bottom image to Tonatiuh
software. Four views of the flux density in the receiver tube are showed in Fig.2. Top left picture is the
isometric perspective of the flux, while in the top right box a lateral view of the flux in the tube can be
seen, highlighting how precise is the match between both simulations. In the bottom left box, the up view
of the flux in the tube is presented, and finally the front perspective of the flux in the angular position
appears on the bottom right box. There is a satisfactory match in terms of flux density values and the
distribution of the flux across the tube between both simulation tools. Even so, it is significant that the in-
house RTC achieve a smoother shape than Tonatiuh, with smaller amount of rays and fewer computing

time.
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Fig. 2. Comparison between two simulation tools, Tonatiuh (top) and in-house RTC (bottom). Top left:

isometric view. Top right: lateral view. Bottom left: up view. Bottom right: front view.

2.2 Optimization of the LFR components

It is worth emphasizing the components of the LFR that are relevant in the operation. They are the
concentrator and the receiver. The design procedure together with technical approached adopted is

presented in this section.
2.2.1 Concentrator design

This section comprises a description of the methodology accomplished to select and design the optical
concentrator of the LFR, focusing on the shape, number and width of mirrors as well as the tilt and

rotation of the concentrator.

Before detailing the different steps followed to optimize the LFR it is worth mentioning that the optical
efficiency of a tracking solar collector and in particular of a LFR varies with the sun position. For this
Collector design, it is function of the incidence angle, including both components: longitudinal and
transversal (G. Zhu 2013). The incidence angle modifier (IAM) depends also on both components of the

incidence angle and modifies the optical efficiency as follows:
Tlopc(Gr, 0,) = Nopto° 1AM (6r,6,) )

where 1,,,,, °is the peak optical efficiency of the LFR that depends on the optical parameters (reflectance,
transmittance, absorptance and intercept factor of the components of the LFR) and the 1AM can be
factorized into two individual functions for computational convenience (IAM(6;,6,) = IAM(6;) -
IAM(6,)). In PTC, the transversal component of the incidence angle is 0° or quite close to 0° because the
receiver rotates with the concentrator, which makes IAM (6;) to be 1 or close to 1 in this type of solar
tracking collectors. However, in the case of LFR collectors, the transversal component vary along the day,

what reduces the optical efficiency of LFRs compared to PTCs.
A comparison of the IAM between a standard LFR configuration and the one with the improvements
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proposed in the following sections was carried out. By varying the transversal component of the sun
position related with azimuth angle from sunrise (90°) to sunset (270°) and longitudinal component
attached to zenith angle (0° in the zenith), the power impinging in receiver was obtained for every

possible combination of both angles. Later, all values were normalized resulting in the global IAM.
2.2.1.1 Shape of primary mirrors

With respect to the primary reflectors, flat, parabolic and cylindrical shapes were analyzed. The image
reflected by flat mirrors on the receiver is slightly wider than the mirror width due to the sunshape effect.
However, in this specific case it is approximately equivalent because the distance traveled by the reflected
rays from the mirrors to the receiver is quite small (only few meters) and consequently the final width of
the image at the receiver surface will not be considerably increased. For this reason, the optimal width for
flat shaped mirrors should be nearby to the width of the receiver. If this condition was not established and
wider mirrors were used, the reflected image would certainly be wider than the receiver and several rays
will miss the target, which is known as an overflow effect. It is worth highlighting here that flat mirrors
do not concentrate solar radiation by themselves, since the reflecting surface area is the same as the

receiving area. In this case the concentration is achieved by the group of mirrors aiming to the same point.

In case of using parabolic mirrors, the image reflected tends to converge to the focal point of the parabola,
reflecting a beam of rays whose width is lower than the receiver width. In order to increase the power
impinging on the receiver, wider mirrors could be considered without the limitation found in flat shaped
mirrors. Wider mirrors imply more solar radiation collected in the reflector aperture, which leads to raise
the concentration factor of the LFR. In addition, the height of the receiver over the lines of mirrors must

be adjusted in order to fit the image reflected to the target.

Cylindrical shaped mirrors, which present quite similar optical behavior to parabolic shaped mirrors, are a
suitable alternative solution from a practical and economical perspective because they involve an easier
and cheaper manufacturing process. The main characteristic of cylindrical mirrors is the radius of
curvature, which is twice the focal length of parabolic shaped mirrors for the same receiver height
(Abbas, Mufoz, and Martinez-Val 2012). A higher radius of curvature involves a smoother geometrical
profile, which entails a significant advantage for the manufacturing of the concentrator because it may be
accomplished with thin glass mirrors glued over a cylindrical preformed pattern, which is quite feasible to
achieve. In this work, several simulations were accomplished to compare the power impinging on the

receiver for flat, parabolic and cylindrical alternatives.
2.2.1.2 Number and width of mirrors

Having on goal the collection of the maximum power in the receiver, the selection of the number and
width of mirrors is not a trivial issue. More and wider mirrors imply a larger reflecting surface, which
leads to higher rate of solar radiation collected in the aperture of the LFR. As a consequence, the power
maximization cannot be the only design criterion to find the optimum number and width of mirrors. An
economical approach combined with practical and technical aspects of the industrial facility, where this
system will be installed, is the best strategy to follow. For example, each mirror configuration involves an

optimum receiver height, which must be suitable for the facility characteristics as well. Consequently,
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these two parameters could be selected for every specific demand using the RTC developed in this work.
2.2.1.3 Concentrator tilt

A significant innovation, from the optical point of view, presented in this work in comparison with
traditional reflectors is that the plane containing the axial axes of the mirrors is not parallel to the
horizontal plane, in contrast to conventional linear Fresnel systems available. The tilt in the north-south
direction is defined by the angle 4, represented in Figure 1. This tilt noticeably reduced the optical losses
due to the longitudinal angle of incidence, &, which is the angle that forms the longitudinal component of
the Sun's rays with the normal to the plane of the collector aperture. This angle depends on the relative
position of the Sun with respect to the collector and thus it is a function of the location, time and day
(Huang, Li, and Huang 2014). An additional advantage provided by the reflectors tilt, is that the path of
the reflected rays that imping on the receiver is shorter compared with the path of reflected rays from
horizontal reflectors. Consequently, the dispersion phenomenon of the rays because of the sunshape
distribution and the scattering effect on the mirrors is reduced. Altogether with the fact that the density of
energy contained in the rays bundle increases thanks to the shorter path of the rays. Therefore, the
optimum tilt was calculated to minimize the annual optical losses for each location (i.e., it depends on
latitude). Nevertheless, due to technical limitations, such as accessibility and cost of the structure, it is

advisable to establish a trade-off solution.

Fig. 3. General scheme of the optimized LFR.
1: West reflector surface. 2: East reflector surface. 3: Receiver. A: tilt angle of the reflectors and receiver.
f: angle of the east-west rotation. dz: receiver displacement

It is also important to remark that the axial axis of the absorber tubes must always be parallel to the axes
of rotation of the reflector, which means that the receiver is also tilted an angle equal to 1. In this sense,
the distance between an individual mirror and the receiver remains constant along the longitudinal axes of
the collector. This is a condition imposed by the fact that the tracking angle, y, of each mirror depends on
the distance between the mirror and the receiver and, consequently, if this distance was not constant it
would be necessary to have different y for each single mirror at the same time, which is a very difficult

task to accomplish in the practice.
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2.2.1.4 Concentrator rotation

The set of reflectors is composed of an even number of them, in such a way that half are located at the
east of the receiver while the other half are located in the west side, and both sets are supported by two
separate structures. Each reflector has an independent tracking control on a single axis (which is the same
as the axial axis of the reflector) to follow the Sun along the day, whose degree of freedom is the tracking

angle, y (see Fig. 4). In conventional LFRs these tracking axes are contained in the horizontal plane.

In this design, each set of mirrors are able to individually rotate with respect to the central axis of the
concentrator, with an angle g named as the east-west concentrator rotation angle (see Fig. 4 and 5). The
angle g of the east set of reflectors (Beas) is not linked to the angle of the west group (Buyesy), SO their drives
are independent. The independency of movement between the two sets of reflectors responds to the Sun
position, i.e., if the Sun is on the west side of the receiver only the east set of reflectors starts to rotate into

angle Beast > 0 while the east side stay in the position in which S5 = 0 (see Fig. 4).

\ \'7\\. N ~ v east_\,

Fig. 4. Representation of angles 5 and y in the transversal plane of the collector.
The rotation of each set of mirrors according to the angle £ involves two different enhancements in terms
of optical performance. First, it reduces the cosine factor, which is due to the transversal incidence angle,
6+, formed by the transversal component of the incidence rays, I, and normal vector of the reflector
surface, n (see Fig. 5). The former is due to the inclination adopted by the reflectors when the set of them
has rotated in an angle S > 0 (y, in Fig. 5), compared with the inclination if there had not been rotation at
all (y, in Fig. 5). For an identical Sun position, the angle & differs in the two cases (61, and 6r), being
smaller when a § > 0 is adopted (that is, 67, < 61 ,), which implies a higher optical efficiency. Secondly,
the effect of blocks and shadows by neighboring reflectors is attenuated thanks to this rotation. As a
consequence, the power impinging on the receiver away from the solar noon is higher than in
conventional LFRs. In this way, the daily distribution of thermal power production is more homogeneous
and does not drastically decay out of the solar noon. Similarly to the effect found with the concentrator tilt
(i.e. 4 angle), the rotation of the concentrator through the  angle leads to a narrower path of the reflected

rays, which is positive in terms of system’s optical efficiency.
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Fig. 5. Representation of the influence of § angle in 6r.

2.2.2 Receiver design

This section includes the guidelines followed to select the receiver configuration along with the
description of the different steps devoted to find the optimal point strategy, the height of the receiver, the

axial displacement of the receiver and the criterion adopted to determinate the length of the collector.
2.2.2.1 Receiver configuration

The methodology applied to select the proper receiver configuration consisted on performing a thorough
literature revision to analyze the advantages and disadvantages of the two main existing designs. A
considerable number of the LFR designs agreed in using a receiver composed by a single tube with a
secondary reflector (Selig 2011; Bernhard, Laabs, and Lalaing 2008) (see Fig. 6 left). Some of the largest
LFR thermal plants employ this configuration (Morin et al. 2011). This design could be conceived with a
second glass tube surrounding the metal one and vacuum between them, or just a single steel tube with a
flat glass cover closing the secondary reflector cavity and sealing the receiver from outside weathering
conditions (Montes et al. 2016).

On the other hand, other designs conceive an innovative approach based on a trapezoidal cavity with a
multitube absorber (see Fig. 6 right). This design includes an array of parallels tubes. The target area of
the multitube receiver is considerably larger than the area of the single tube receiver. This leads to
enhance the possibility of an incoming ray to imping on the desired tubes without a second reflection.
However, the former characteristics of the multitube receiver leads to a lower concentration ratio
compared to single tube receiver. Regarding the additional reflection taking place in the secondary
reflector of the single tube concept, this phenomenon decreases the energy in the reflected rays due to the
energy absorption of the secondary mirror. The main advantages of trapezoidal cavity with multitube
absorber are a higher efficiency in the optical and thermal process and a more flexible design leading to

simpler control of the flow through the tubes (Abbas, Mufioz, and Martinez-Val 2012).

In both configurations the upper and laterals walls are thermally insulated to avoid heat losses (see Figure
6 item 1). In this configuration the absorber tube or tubes are covered by the cavity and consequently a
thermocline phenomenon of the air is promoted. The glass cover (see Figure 6 item 5) is facing down and
so the glass allows the incoming radiation passing through it and imping in the tubes, while minimize the

convection heat losses from the inside of the receiver to the exterior, causing a greenhouse effect.
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Fig. 6. Receiver configuration. Left: Single tube with secondary reflector. Right: Trapezoidal cavity with
multitube absorber. 1: Isolation recovery. 2: Secondary reflective surface. 3: Steel tube. 4: Working fluid.
5: flat glass cover.

2.2.2.2 Length of the reflectors and the receiver tubes

To calculate the length of each LFR unit, and consequently of the receiver length, a thermal balance was
performed in Matlab® environment, having on goal a high Reynolds number, equation (8), to assure there

is turbulent flow inside the absorber tubes.
Re=v-D/v (8)

where Re is Reynolds dimensionless number, v is the velocity of the fluid in (m/s), D is the inner

diameter of the tube in (m) and v is the kinematic viscosity of the fluid in (m%s).
Later the flow rate of the fluid is determinate by equation (9):
m=v-p-A 9)

where i is the flow rate in (kg/s), p is the density of the fluid in (kg/m®) and A is the transversal area of
the tube in (m?).

Finally, the thermal balance, equation (10), was accomplished by matching the internal power (Q))
gained, considering the increment of temperature previously set, and the power transferred to the fluid

(Q,) through the tube walls, coming from the impinging radiation in the absorber.

Qi =m-c, AT
Qr = Gb,a n-L (10)
Qier

where Q; is the internal power of the fluid in (W), ¢, is the specific heat capacity of the fluid in (kJ/kg/K)
and AT is the temperature gain of the fluid in (K). Q, is the power transferred to the fluid in (W), G, is
the solar irradiance impinging in the absorber (delivered by the RTC) per unit length of receiver in
(W/m), n is the overall efficiency and L is the length of the receiver necessary to collect the power/energy

that yield in the temperature gain previously established.

An increase of 20 °C in the temperature of the heat transfer fluid (in this case pressurized water) was set

as the second criterion to determine the length. This thermal gain was imposed to minimize the
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temperature relative errors when carrying out the experimental test campaign to characterize the thermal
performance of the LFR prototype. The accuracy of the measurement instruments was also considered at

the time of setting the temperature difference in the LFR.

2.2.2.3 Point strategy

Considering the transversal plane of the receiver, the image formed by reflected rays has a significant
relevance in the overall performance of LFR. Due to the fact that this particular receiver is not a singular
aiming point, but a group of tubes, every tube should be irradiated homogeneously. This means that a
homogeneous solar flux should be maintained so that hot spots, which could lead to thermal stress in the
tube material, can be avoided. Two point strategies were analyzed with the in-house RTC simulation to

address this issue along with the concentration ratio.
2.2.2.4 Receiver height

The distance from the mirrors plane to the receiver, H, was established by maximizing the power
delivered to the receiver. A set of calculations for different receiver heights, fixing the rest of parameters
and derived from the corresponding focal length, was carried out to study the relationship among the
different geometrical parameters and to find the combination that yields an optimum receiver height, Hyy:.
Additionally, a stochastic approach was included in the model simulating the deviation of rays caused by

mirrors aberrations. The longer distance traveled by the rays, the more manifest this phenomenon is.
2.2.2.5 Receiver axial displacement

A key headway in relation to the setting of the receiver consists on moving northward the absorber tubes
a certain distance, dz, (see Fig. 3) in the same direction as the marked by their axial axis. This axial
displacement is defined from an origin (O’ in Fig. 3), which is the point of intersection between the axial
axis of the absorber tubes and a plane perpendicular to these axes, which cut to the reflectors plane at its
southern end. This shift allows a significant reduction of the geometrical collector end losses. As the solar
rays are coming from the south most of the year, they are reflected with northern component and cannot
be absorbed by the receiver north end, as a result of its finite length. The design considers a fixed
displacement to tackle this issue, avoiding moving devices to change the displacement dz according to the
Sun position, which would entail a higher cost. This implies that the optimal value for the parameter,
dzop, is the result of a global optimization process performed with the RTC and ensures constructive

simplicity of the receiver bracket.

3. Results

This section presents the results of the simulation carried on by the Monte Carlo RTC with the aim of
maximizing the energy impinging on the receiver along the year. These simulations deliver the optimal
value of the variable inquired that achieves this maximum, such as the tilt of the concentrator and
receiver, Aoy, the east-west concentrator rotation, Soy, the height of the receiver, Hyy, , and the receiver
displacement, dz,y. In addition, other important design parameters are addressed, such as the shape of the

primary mirrors, the receiver configuration, the collector length and the point strategy.

As reference case, the initial configuration of the LFR for this study was stablished following the
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considerations previously detailed. This configuration consisted of 12 mirrors of 0.28 m wide, separated

0.14 m between them. From this starting point, the rest of features were optimized using the RTC.

3.1 Concentrator optimization

3.1.1 Shape of primary mirrors

As first step, a comparison of the power impinging on the receiver was performed between cylindrical
and flat shaped mirrors (see section 2.2.1.1). An increase in the mirror width delivered an increment of
the power in the receiver for both options, until mirrors reach the same width of the receiver. For mirror
width higher than the receiver width, the increase of this parameter leads to directly enhance the power
for the cylindrical shape. However, the flat shape does not respond with the same behavior because of the
overflow effect previously explained. According to these results, the cylindrical shaped mirrors are
preferred instead of flat shaped mirrors. Adding this result to the theoretical comparison between flat and
parabolic mirrors reported in section 2.2.1.1, it can be concluded that flat mirrors are not suitable and may

be dismissed.

Once the cylindrical shaped mirrors are preferred against parabolic ones due to economic reasons (see
section 2.2.1.1), the next steps consist of selecting the proper radius of curvature form them. From an
optical point of view, every mirror has a singular focal distance to the receiver, which leads to a different
radius of curvature for each mirror. Manufacturing different preformed patterns with every radius of
curvature certainly increases the cost of the LFR. An iteration process was performed with the goal of
maximizing the power impinging in the receiver while using one single radius of curvature for all mirrors.
At each iteration, a specific radius of curvature was employed for all mirrors, which was changing from
the focal distance of the farthest mirrors from the receiver to the focal distance of the nearest one. It was
established that the radius of curvature of the farthest mirror delivers the best results. In addition, it was
concluded that the impinging power in the receiver for this particular configuration (i.e. the radius used
for all the mirrors is the one corresponding to the farthest one) is similar to the power achieved when

every mirror has its own specific radius (with an average difference of 2%).

3.1.2 Concentrator tilt, A

The purpose was to find the optimal tilt, 4, of the reflective surface and the receiver in the north-south
direction. Fig. 7 shows the RTC results for the yearly normalized accumulated power (NAP) as a function
of the tilt, 4, at the location considered for the case study, which is Tabernas desert in southern Spain
(Latitude = 37.1°N, Longitude = 2.35°W), resulting a value of Ao, equal to 25.8°. According to a
geometrical approach, Aqy should be in the neighboring of the latitude where the facility will be erected.
However, as it can be seen in Fig. 7, Aqy differs from the latitude of Tabernas-Almeria, because the
optimization was performed taking into consideration the whole-year conditions. The influence of the
time of the year when the Sun is near of the zenith leads to a lower value of 1.y, yielding a more

horizontal tilt of the plane containing reflectors’ axes.
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Fig. 7. Normalized Accumulated Power impinging on the receiver vs. reflector tilt, 4.

The value of Aoy found implies that the northern side of the collector will be 5 m higher than the southern
side (considering the collector length calculated in section 3.2.1). This represents a difficult in terms of
accessibility for cleaning and maintenance altogether with and extra mechanical stress on the supporting
bearings as a consequence of the axial component of the weight. In order to minimize these setbacks, the
selected / is smaller than the optimal. The settled value of A is the one that allows an easily access to the
northern end of the collector and significates less efforts for the mechanical components. With this goal, 1
was fixed to Ase; = 8.6°, which still represents an important improvement in terms of optical performance,

and means only 2 m of difference in height on the north-south axis.

As stated in the section 2.2.1.3., 6, takes a major relevance in terms of the optical performance of the
collector. It was considered to be useful addressing the impact of the tilt in the reflective surface to
represent this phenomenon by comparing the three configurations, i.e., ep, Aset and horizontal tilt, 4o, for

one representative day of every month of the year (see Fig. 8).
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Fig. 8. Average longitudinal component of the incidence angle along a year for different reflector tilts
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If Aopt is considered (see Fig. 8), 6, presents the smallest values for almost all the year, except for the
month in which the Sun position is near of its zenith (that is, June and July). In these months the
incidence angle raises its absolute value as a consequence of the pronounce tilt of the reflector surface.
Nevertheless, in the months of January to May and August to December Ao represents a significant
improvement in terms of optical performance. With respect to A, the behavior of 6, shows smaller value
compared to 4o during the whole year, although not as effective as Aoy for the periods from January to
May and August to December. In addition, due to the reducer tilt compared with Ay, As: does not have the

disadvantage of the months of June and July.

As it was mentioned in section 2.2.1.3., another enhancement provided by the tilt of the reflective surface
is the shrink of the path of the reflected rays leaded from the mirrors to the receiver. As expected, it can
be seen in Fig. 9 that the smallest distance traveled for the rays is reached with 1,y The main outcome of
this analysis is the predominant effect in the reduction of the path with the reflector tilt, for the months
with the highest 6. (from January to March and from October to December). In these months the
shrinking is more noticeable, which yields the homogenization of the optical performance along the

whole year.
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Fig. 9. Average distance traveled by the reflected rays from the mirrors to the receiver along the year for
different reflector tilts (Ao, Aset aNd Zopt).

3.1.3 East-west concentrator rotation,

The optimum angle for the east-west concentrator rotation, foy, is the result of a calculation performed by
the RTC at every change in the Sun position along the day. The code automatically computes & (which is
the angle of incidence, composed by the transversal and longitudinal incidence angles, 6r and 6,) between
every reflector contained in the rotated set of mirrors and the incoming Sun ray, and then select the oy
that find the average minimal @ at the given conditions. The influence of the east-west concentrator
rotation in the NAP by months can be seen in Fig. 10, both for S, and f, (that is, horizontal). When Sy
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is adopted, the power impinging on the receiver is higher with respect to the cases without rotation. This
modification implies an increment of 8.1% in the NAP. As it was detailed in section 2.2.1.4, this
improvement is the result of the reduction of blocks and shadows between mirrors and the decrease of

cosine factor related to the decrease of the ¢ in an average of 7.4% along the year (see Fig. 11).

In particular, the blocks and shadows effect could be accurately described by the amount of rays that are
impinging in the receiver. This accounting was performed for several sun positions with high incidence
angle, which are those for which the modification was designed. For example, comparing with a standard
LFR design, the results showed an increment in the number of rays of 3% when the zenith angle of the
sun is 60° and azimuth is 95°. If zenith angle is 80° and azimuth is 110°, the number of rays increases

about 60%, (zenith is 0° in upper position and azimuth is 0° in the North).
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Fig. 10. Comparison of monthly normalized Fig. 11. Comparison of monthly average incidence
accumulated power for two concentrator rotation angle for two concentrator rotation values (8, and
values (foand Bopy). Bont)-

3.2. Receiver optimization
3.2.1 Receiver configuration and collector length

The final receiver configuration selected was based on the information collected from the literature
revision performed. A trapezoidal cavity with a multitube absorber and a glass window design presents
the best optical performance and operational conditions in terms of flow control alongside the simplicity
of the receiver assembly. After considering several configurations (ranging from 2 to 8 tubes), the design
chosen incorporates six parallels tubes. This design is flexible and allows restricting the flow to central
tubes, if radiation is lower than a certain value, in order to maintain a stable operating temperature. A
central metallic structure, aligned in a north-south direction, holds the receiver. These metallic tubes
(stainless steel or aluminum) are covered in its outer surface with a selective coating, which increases the
absorption of concentrated sunlight and at the same time reduces heat losses on its surface by radiation to
environment. All tubes are installed in parallel, so that its axial axis belongs to the same plane. The
distance between the centers of two adjacent tubes is exactly twice of their outer radios. In this way, these
contiguous tubes are in contact to avoid the concentrated radiation passing through this plane without
intercepting them.
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In line with the methodology explained in section 2.2.2.2, it has been considered as a design criterion a
high Reynolds number, Re=4000, related with turbulent flow and a temperature increase of 20°C.
Additionally, a conservative value of overall efficiency was set, #=0.6 according to literature (Abbas,
Montes, and Rovira 2016),finally the fluid properties at the working temperature where obtain from
(Incropera et al. 2011). As a result of the former thermal balance, a total collector length of 10 m is

proposed for this particular LFR design.

3.2.2 Point strategy

This section contains the simulation results considering two different point strategies, central point
strategy or individual point strategy. Fig. 12 shows the image form by the rays if every mirror would
point to the central position of the receiver. In this approach, the rays are concentrated in the central tubes,
leaving the external tubes with no rays at all. As it was explained in section 2.2.2.3, this point strategy
leads to generate hot spots that are counter-productive to the overall performance of LFR and may

damage the absorber materials.
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Fig. 12. Rays impinging on receiver following a central point strategy.

On the contrary, if an individual point strategy is taken into account, a group of mirrors aims exclusively
at a specific tube or group of tubes. In this case, the image formed by the rays is noticeably
homogeneously distributed, as expected. As it can be seen in Fig. 13, the power flux in the receiver is
more uniform when this strategy is applied in comparison with the central point strategy. In this figure,
the red lines represent those rays missing the receiver (that can be corrected by modifying the target of the
external mirrors). The point strategy assumed in this case is based on a trade-off between the

concentration ratio and flux distribution.
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3.2.3 Receiver height, H

Several simulations were done to compute the optimum receiver height, Hqy, by maximizing the power
delivered to the receiver. Fig. 14 shows the NAP along the year for several heights of the receiver for a
previously settled collector tilt, A It can be clearly seen from the numerical results that there is one
specific value in which the power is maximized for this particular configuration, Ho,=2.3 m. However,
there is certain flexibility to determinate Hgy, which might be adapted to the facility characteristics
without jeopardizing the collected power. In this particular case, there is a range from 1.9 m to 2.5 m in

which the behavior is relatively similar, implying just a variation less than 1%.

When the receiver is placed below the Hqy, blocking and shadows become predominant. Consequently,
fewer rays reach the receiver, and therefore the impinging power is reduced. On the contrary, in case of
locating the receiver above the optimal position, a higher rate of rays miss the target because the effect of

sunshape becomes noticeable when the distance traveled by reflected rays increases.
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Fig. 14. Normalized accumulated power impinging on the receiver versus receiver height.
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3.2.4 Receiver displacement, dz

The objective of the receiver displacement to the north direction in the longitudinal axis of the receiver
tubes (Fig. 3) is to intercept the rays that do not normally find the end of the receiver due to the Sun
position. Fig. 15 shows the optimal displacement, dz, that yields to maximize the NAP impinging in the
receiver along the year, for the three values of reflector tilt 2 under consideration. For these three cases,
the increase of dz from zero yields to a higher NAP because the length of the tube displaced is collecting
the reflected rays that were missed at the collector end if no displacement were applied. This increase
reaches a maximum at dzoy, corresponding to the length of the tube that compensates in average the end
losses along the year. For larger dz, the NAP decreases because the added receiver length at the collector
end is useless in the collection of the reflected rays, while the energy is being missed at its beginning.
Also, dzyy is smaller when 2 increases due to the decrease of the longitudinal component of the reflected
rays when the normal component of the reflective surface is higher. The value of dz,y is 0.5 m when the
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Fig. 15. Normalized accumulated power impinging on the receiver versus the receiver displacement, dz,
for different reflector tilts (Ao, Aset and Aopt).

3.3 Contribution of the modifications to the final design

To visualize the contribution of each improvement proposed in this work, a comparison with a standard
configuration is done, taking into account Ag, dzp and f,. Table 1 summarizes the characteristics of the
standard design of LFR considered and the final design of the LFR set during the optimization process

described.

Table 1. Summary of modifications to the standard LFR configuration accomplished after the
optimization process

Parameter Standard Optimized
LFR LFR
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Number of mirrors [m] 12 12

Width of the mirrors [m] 0.28 0.28

Length of the mirrors [m] Not defined 10

Receiver height, H [m] Not defined 2.3

Concentrator tilt, 1 [°] 0 8.6

Receiver displacement, dz [m] 0 0.5

East-west concentrator rotation, S[°] 0 Adjusted  with
sun position

3.3.1 Power production

Fig. 16 presents a bar graph with the monthly NAP for the different cases. The blue bars are the results
for the standard design. The behavior along the year is the expected for a solar thermal collector, i.e., the
trend of power production follows the accumulated DNI over the collector plane’, which is also indicated
in the graph. As can be observed, the month of July present an exceptional low DNI compared with the
month of August and September, which is also reflected in the power production. In red color, the
contribution of the north-south tilt of the reflective surface and receiver, A, is shown. This is the most
relevant advantage in terms of gained power. The displacement of the receiver, dz,y is added to the
previous contribution with the green bars. This adaptation takes importance for the months with higher
incidence angles (from January to April and from September to December), while its contribution in the
rest of the year is less relevant. Finally, in yellow color the contribution of the east-west rotation of the
reflective surface, fop is incorporated to the previous contributions. This one is the second in relevance

and its performance along the year is quite steady.

“The most remarkable finding in this work, from the optical point of view expressed in terms of the NAP,
is that the combination of all the modifications leads to homogenize the annual optical performance of the
collector. This means that the increment of the power is most noticeable for the months with higher
incidence angle. In particular, Fig. 16 shows that the increment of the NAP, compared to the optical
performance of the collector without any of the modification performed is 61% in December and 53% in
January and November, considering all the improvements proposed. On the other hand, those months
with smaller incidence angle only present a slightly improve in the NAP, i.e., 8% in May, 2% in June and
5% in July. Considering the yearly contribution of each modification, the increment in NAP is 12.2% due
t0 Aser, When dzop is added raise up to 15.7% and finally, thanks to the incorporation of Sy, the total
enhancement of the NAP is 22.4%.

"It has been used a data set of a meteorological year collected at the Plataforma Solar de Almeria.
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Fig. 16. Monthly distribution of the NAP for every modification and monthly accumulated DNI.

3.3.2 Incidence angle modifier

This section emphasizes the impact of the improvements to the design proposed in terms of the optical
behavior, by comparing the 1AM considering the modifications proposed with respect to the basis
configuration of the collector. Fig. 17 shows the IAM for a standard design, which means Ao, dzy and po,
while Fig. 18 presents the IAM for a LFR with the optimization of the key parameters explained above
(Asetr dzopt and Popr). It might be observed in both figures, that when sun altitude decreases (zenith
increases) a noticeable reduction of the 1AM is achieved while the change of the 1AM when the

transversal angle (azimuth) is moved is significantly smoother.

It can be remarked that for the standard configuration (see Fig. 17) the IAM reaches its maximum of 1 for
the combination of 180° azimuth and 0° zenith. This is the expected behavior when a horizontal surface is

receiving radiation from the Sun at its upper position (0° zenith and noon).

With respect to the optimized LFR design (see Fig. 18), the influence of these modifications is clear in
terms of the displacement of the maximum 1AM, reaching the higher value of 1 for 180° azimuth and 15°
zenith. As Jg was set at 8.5°, it could be expected that the maximum IAM takes place when the zenith
angle is A However, the influence of the receiver displacement, dzyy, involves that the maximum IAM
appears when zenith angle is higher than the expected one. This could be explained by the fact that for
perpendicular interaction between the Sun and the collector, the rays that impinge in the south area of the
LFR aperture will miss the receiver, because this was displaced northern. And thus, the optimal position

is reached when the Sun is lower and reflected rays have some south component.
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Comparing both figures, the impact of the modifications applied is noticeable because higher IAM values
are achieved in the optimized configuration for every Sun position. The former leads to emphasize the

advantages of the propose LFR design related to the optical performance.
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Fig. 17. 1AM for the standard parameters, Ao, dz, Fig. 18. 1AM for the optimized parameters, A,
and o dzoptand Popt

Finally is worth to mention that the proposed design has been accept into the patent process, the
registration number is PCT/ES2018/070059.

4, Conclusions

An innovative linear Fresnel collector to supply heat in industrial processes is designed and optimized for
the location of the Plataforma Solar de Almeria (Spain), by using an optimization tool based on optical
ray-trace technique. The improvements incorporated to the new design of collector provide significant
advantages over conventional LFRs. It is a compact and unique design with fixed collector length, so that
the system is fully scalable if it is needed higher thermal power than the provided by a single module.
Although the results presented are particular for the case study considered, the concept proposed is

feasible in a wide range of geographical latitudes.

The proposed configuration of LFR comprises different geometrical modifications. First, the shape of the
primary mirrors was stablished as cylindrical. This involves higher concentration ratio compared with flat
mirrors, besides cylindrical mirrors are easier to be manufactured than parabolic ones. It was proved that
a tilt in the receiver and concentrator improves the optical performance related with the influence of the
incidence angle. A suitable tilt was found, taking into consideration an optimum value and some technical
constraints. Another innovation was in east-west concentrator rotation system, which leads enhanced
optical efficiency because shadowing and blocking effects are reduced. The optimum rotation that
maximizes the normalized accumulated power impinging on the receiver of the LFR was calculated.
Relative to the receiver, it was chosen a trapezoidal cavity with multitube absorber configuration. The
aiming strategy followed was the one named differential point, which delivers a homogenous solar flux
on the receiver and avoid hot spots. The optimal receiver height that maximizes the accumulated power
was found. This is the only parameter that does not need an accurate adjustment because it involves
similar optical behavior for a wide range of values of receiver heights. Finally, it was demonstrated that

the receiver displacement counteracts the effect of end losses, existing an optimum value.
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The set of changes proposed in this work results in an important increase in the optical performance of the
collector along the whole year and, consequently, in the thermal power delivered to any industrial
process. The most relevant advantage in terms of power gained is the tilt of the collector and receiver.
The improvement is more significant in the months with lower Sun altitude, which causes a more
homogeneous power along the year. All this progress was backed up for the noticeable improvement of

the optical performances related with the IAM.
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