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a b s t r a c t

The sizing of a small-scale linear Fresnel reflector directly influences its primary cost as well as the
annual energy output and, hence, its financial attractiveness. In addition, the area required for its
installation is a critical parameter in most of the applications. This paper presents the analysis of the
effects of the longitudinal movement on the performance of small-scale linear Fresnel reflectors. Our
design, patented in year 2017, shows to be really innovative when compared to the existing designs
shown in the literature. The three-movement option marks the novelty of the design. The effect of three
parameters (i.e. energy absorbed by the absorber tube, primary cost, and reflector area ratio) is evaluated
for two locations in Europe. Different configurations are analyzed and compared with the typical
configuration of a large-scale linear Fresnel reflector. Numerical simulations were carried out using a
MATLAB code to calculate the energy absorbed by the absorber tube, the primary cost, and the reflector
area ratio. The comparison of the configurations provided insight into how latitude impacts on the re-
sults. It will be demonstrated that both the energy absorbed by the absorber tube and the primary cost
increase with longitudinal movement, while the reflector area ratio decreases.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Concentrated Solar Power (CSP) is called to be a firm candidate
for providing the majority of the renewable energy [1,2], and it can
make a significant contribution to international commitments [3].
There are many possible configurations for CSP, such as the para-
bolic dish, linear Fresnel reflector (LFR), parabolic trough and cen-
tral receiver. The LFRs have proven to offer a good solution due to
their simplicity, robustness and low capital cost [4].

In the European Union (EU) households, heating and hot water
alone account for 79% of total final energy use and cooling is a fairly
small percentage of total final energy use [5]. Various types of solar
concentrating collectors can be used for this purpose, for example
the parabolic trough collectors [6,7] and the small-scale linear
Fresnel reflectors (SSLFR). The SSLFRs have a lower efficiency
(higher influence of the incidence angle and the cosine factor),
lower maintenance (easier access for cleaning), lower structural
bayon@uniovi.es (L. Bay�on),
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requirements (rows of mirrors aremounted close to the ground and
wind loads are substantially reduced), and a lower cost than the
parabolic trough collectors [8].

There are numerous possible applications for the SSLFRs. These
applications are mainly for industrial processes [9e11], low-
temperature heat demand with high consumption rates: domes-
tic water heating [12e14], heating/cooling of living space [15e17],
and in the absorption of the cooled air in a Solar-GAX cycle [18].
There are also other applications, such as desalination [19], and
daylighting systems [20].

A linear Fresnel reflector its characterized by: (i) the configu-
ration of a ‘conventional’ central LFR, (ii) the use of stretched rows
of mirrors, (iii) mirrors to reflect the sunlight to the focal line of an
absorber tube, (iv) an absorber tube that runs longitudinally above
the rows of mirrors located at a common focal line of the mirrors,
(v) the absorber tube is specially coated so as to increase its capacity
to absorb the incident solar radiation, (vi) the absorber tube is
covered by a cavity receiver to reduce convective heat losses, (vii)
the cavity receiver is sealed within the glass cover, (viii) rows of
mirrors are located at the base of the SSLFR, and (ix) concentrated
solar energy is transferred through the absorber tube into some
thermal fluid capable of maintaining the liquid state at high
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Nomenclature
A Reflector area (m2)
AM Mirror field area (m2)
Aeffi Effective area of the absorber tube (m2)
CA Primary cost of the assembly (V)
CF Primary cost of the foundation (V)
CFS Primary cost of the fixes structure (V)
CMS Primary cost of the mobile structure (V)
CMiS Primary cost of the movement system (V)
CMoS Primary cost of the mirrors system (V)
CSRS Primary cost of the secondary reflector system (V)
CT Total primary cost (V)
CTS Primary cost of the tracking system (V)
CLg Cleanliness factor of the glass
CLm Cleanliness factor of the mirror
D Diameter of the absorber tube (m)
DNI Direct Normal Irradiance (W=m2)
d Separation between two consecutive mirrors (m)
f Height of the receiver (m)
IAF Incidence angle modifier
L Reflector length (m)
LM Length of the mirrors (m)
La Length of the single absorber tube (m)
Li Position of i� th mirror (03 i3 n) (m)

Lla Left length of the single absorber tube (m)

Lra Right length of the single absorber tube (m)
n Number of mirrors at each side of the central mirror
Q Total power absorbed (W)
W Mirror field width (m)
WM Width of the mirrors (m)
Wai Width illuminated on the absorber by the i-th by mirror (m)
ab Absorptivity of the absorber tube
ai Angle between the vertical at the focal point and the line connecting the

centre point of each mirror to the focal point (o)
aS Height angle of the Sun (o)
ba Angle between the absorber tube and the horizontal plane (o)
bi Tilt of i-th mirror (o)
bM Angle between the mirror axis and the horizontal plane (o)
gS Azimuth of the Sun (o)
d Declination (o)
hopt Optical efficiency (%)

ql Longitudinal incidence angle (o)
qt Transversal incidence angle (o)
qz Zenith angle of the Sun (o)
l Latitude angle (o)
r Reflectivity of the primary mirrors
t Transmissivity of the glass
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temperatures.
In large-scale and small-scale linear Fresnel reflectors, the rows

ofmirrors can be rotated on the north-south axis, so as to follow the
sun's daily movement (elementary movement), in a way that they
always reflect the sunlight on to the absorber tube. In large scale
linear Fresnel reflectors the size of the rows of mirrors and the
absorber tube does not permit any configuration allowing the
modification of its position. These components are not provided
with longitudinal movement. However, due to their dimensions
some prototypes of small-scale linear Fresnel reflectors, allow
certain movements which intend to enhance the energy absorbed
by the absorber tube. For example, Dai et al. [21] describes three
types of simultaneous movements: the elementary movement, the
East-West translation of the entire reflector field according to the
relative position of the Sun, and the rotation of a secondary
reflector located in the receiver. Barbon et al. [22,23], also describes
three types of simultaneous movements: the elementary move-
ment, the East-West axis rotation of the mirror row, and the East-
West axis rotation of the absorber tube. Zhu et al. [24], proposes
a prototype with East-West orientation including both a reflective
surface that forms a parabola and a receiver, which can move along
the axial axis. Zhu et al. [25], also presents another prototype ori-
ented in the East-West direction and rotated around the horizontal
North-South axis, which has the possibility to adjust the tilt of the
entire collector, according to the solar height.

The design proposed in Barbon et al. uses the movement of the
mirror flied tominimize the end loss and the reflected light loss. On
the other hand, Dai et al. [21], applies a translational movement to
approach the same results. However, the design proposed in Bar-
bon et al., reduces the required area for SSLFR installation. This is a
key aspect of the design as, the roofs of the urban buildings are a
logical location of the SSLFRs. In this case, the available area is a
critical parameter. Moreover, it is necessary to take into account the
building components (such as chimneys, elevator machine rooms,
fans and plumbing vents). The building components reduce the
available roof area for the SSLFR installation to a figure between 21%
[26] and 30% of the roof real area [27]. The available roof area has in
fact been identified as one of the main limiting factors in achieving
zero energy buildings, especially for taller buildings [28].

Some other patented designs use other movements, apart from
the elementary movement, in order to enhance the energy absor-
bed by the absorber tube [29,30].

In this paper we study the effects of the longitudinalmovements
in terms of energy absorbed by the absorber tube, primary cost, and
surface required for installation. These parameters were calculated
based onMATLAB codes especially developed for this study. For the
shake of comparison, several geographic locations and configura-
tions were studied, in order to evaluate the impact of the latitude in
the results.

The analysis includes several configurations with longitudinal
movements, to be compared with the classic large-scale LFR. We
show the way the annual obtained energy and the required area
vary as a function of the design parameters. We also study the
primary cost, as we consider it to be a key factor when choosing the
most beneficial option. The paper shows how some configurations
based on the longitudinal movement significantly reduce the
required area for the SSLFR installation, while increasing the ob-
tained energy, and thus, showing a remarkable increase of our
SSLFR design over the classic designs.

The paper is organized as follows. The components, parameters,
and configurations of the SSLFR are described in Section 2. In Sec-
tion 3, the parameters used in the comparative analysis are pre-
sented. Numerical simulations are presented in Section 4 for
different configurations of the SSLFR. Finally, Section 5 summarizes
the main contributions and conclusions of the paper.
2. Technical considerations of an SSLFR

2.1. SSLFR components

The proposed SSLFR, designed with Autodesk Inventor as shown
in Fig. 1, is composed of six main blocks: a fixed structure (1),
mobile structure (2), primary reflector system (3), secondary
reflector system (4), transmission systems (5) and tracking system
(6). The primary reflector system is composed by multiple mirrors
mounted on specially designed frames (7). The secondary reflector
system (see Fig. 2) is formed by: absorber tube (8), cavity receiver
(9), isolation (10), and glass covering (11). A prototype with these
characteristics has been manufactured in a vocational training
school (CIFP-Mantenimiento y Servicios a la Producci�on) in La
Felguera, Asturias, Spain. A patent application for this prototype has
been filed with the Spanish Patent and Brand Office [29].

The position of the mirrors and the absorber of the SSLFR can be
adjusted using three different movements: Mirror Movement,
movement of the secondary reflector system, and movement of the
mobile structure. Fig. 3 shows the simplified schematic of these
movements.



Fig. 1. SSLFR parts.

Fig. 2. Secondary reflector system.
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Mirror movement, the mirrors can be rotated on the north-
south axis, so as to follow the sun's daily movement. This move-
ment requires 2,nþ 1 movement units. Movement of the mobile
structure, the mirror row can be rotated on the east-west axis.
Movement of the secondary reflector system, the receiver can also
be rotated on the east-west axis. These movements require 2
additional movement units.

Each movement unit (see Fig. 4) includes: two bearings, two
bearing supports, two shafts, a pinion gear, and the proportional
part of the roller chain. Selected elements are as follows. Standard
bearing type FAG 7205 B.TVP. Standard pinion gear with 19 tooth,
step 3=8”, module 3 (mm), and thickness 5 (mm). The bearing
support consists of an 82.5 (mm) diameter stainless steel tube with
a 20 (mm) wall thickness, and a 78� 28� 5 (mm) stainless steel
plate. The shaft consists of a 25 (mm) diameter carbon steel bar
with a length of 150 (mm). The chain is a standard single strand,
riveted, 6 (mm) size, roller chain.
The tracking algorithm can be implemented in a controller
based on a Raspberry Pi 3, due to its low cost, compact size,
compatibility and easy interfacing. The Raspberry Pi 3 is a single
board computer based on a 900MHz quad-core ARM Cortex-A7
CPU, with 1 GB RAM, 40 GPI/O pins, 4 USB ports, Full HDMI port,
Ethernet port, and a Micro SD card slot. A total of three stepper
motors and drivers are required, since the position of the mirrors
and the absorber of the SSLFR can be adjusted using three different
movements. Each driver supplies appropriate control signals and
supply voltage to the associated stepper motor. The system requires
additional sensors such as: wind sensor, encoder, limit switches.

The assumptions made in this study are as follows:

(i) Mobile structure. In this system, the tracking error and
misalignment are not considered.

(ii) Primary reflector system. The pivoting point of each mirror
coincides with the central point of the mirror; hence, it is
always focused on the central point of the absorber tube. The
mirrors are flat and specularly reflecting. The mirrors have
the same length and width.

(iii) Secondary reflector system. A single absorber tube is used.
(iv) Transmission systems. The tracking error and misalignment

are not considered in these systems.
(v) Tracking system. The mobile structure, secondary reflector

system, and primary reflector system are perfectly tracked so
as to follow the apparent movement of the Sun.
2.2. SSLFR parameters

Fig. 5, Fig. 6 and Fig. 7 show the simplified schematics of a
generic SSLFR. The accurate calculation of an SSLFR requires the
precise identification of parameters specific to the solar concen-
trator under study. In order to do that, the angle of incidence of the
solar radiation is separated into two projection planes (see
Ref. [31]). This consideration divides the analysis into transversal
and longitudinal studies [22]. In addition, it defines two angles that
will be significant for the design of the SSLFR: the transversal
incidence angle (qt) and the longitudinal incidence angle (ql). The
transversal incidence angle (qt) is defined as the angle between the
vertical and the projection of the sun vector on the East-West plane
(the plane orthogonal to the absorber tube), and the longitudinal
incidence angle (ql) is defined as the angle between the vertical and
the projection of the sun vector on the North-South plane. These
angles are required to calculate the parameters of the SSLFR. These
definitions are valid when the SSLFRis aligned horizontally and the
absorber tube aligned in the North-South orientation. The relative
position of the Sunwith respect to the SSLFRis determined using the
known Solpos algorithm [32]. The parameters associated with each
study are shown below.

The parameters used in the transversal study are as follows: n is
the number of mirrors at each side of the central mirror (the total
number of mirrors of the SSLFR is 2nþ 1), WM is the mirror width,
d is the separation between two consecutive mirrors, D is the
diameter of the absorber tube, and f is the height of the receiver.
From these parameters the following are obtained: Li is the position
with respect to the central mirror of the i� th mirror (0 � i � n), bi
is the mirror tilt of i� th mirror (0 � i � n), ai is the angle between
the vertical at the focal point and the line connecting the centre
point of each mirror to the focal point (0 � i � n), and Wai is the
illuminated width on the absorber tube by the i� th mirror.

The parameters used in the longitudinal study are: bM is the
angle between the mirror axis and the horizontal plane, ba is the
angle between the absorber tube and the horizontal plane, qz is the



Fig. 3. Schematic of the three movements of an SSLFR.

Fig. 4. Movement unit.
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zenithal solar angle, LM is the mirror length, La is the total length of

the single absorber tube, Lla is the left length of the single absorber

tube, and Lra is the right length of the single absorber tube (La ¼ Lla þ
Lra).

By relating some of the parameters listed above, one can
determine which parameters will be used for the design, i.e: mirror
field width (W), mirror field area (AM), reflector length (L), and
reflector area (A).
The mirror field width can be calculated as:

W ¼ 2,n,ðWM þ dÞ þWM (1)

The mirror field area can be calculated as:

AM ¼ W,LM (2)

The reflector length can be calculated with the following
relations:

L ¼

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

LMcosðbMÞ if

2
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LlacosðbaÞ �
1
2
LMcosðbMÞ
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2
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3
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1
2
LMcosðbMÞ þ LracosðbaÞ if

2
6666664

LlacosðbaÞ �
1
2
LMcosðbMÞ

&

LracosðbaÞ>
1
2
LMcosðbMÞ

3
7777775

(3)

The reflector area can be calculated as:



Fig. 5. Schematic top view of an SSLFR.

Fig. 6. Schematic front view.
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A ¼ W,L (4)
2.3. SSLFR configurations

It is necessary to define some configurations that allow us to
perform an adequate analysis. In order to define the configurations
we have evaluated if the mobile structure and the secondary
reflector system have longitudinal movement or not. With these
premises one can obtain several combinations. These consider-
ations are also interesting to analyze the effect of the latitude on
this study. Using the prototype, a high number of configurations
can be studied, for the relative position between the primary
reflector system and the secondary reflector system. Table 1 shows
7 designs of possible configurations.

As it can be seen in Table 1, when working with the configura-
tion C1, not the mobile structure neither the secondary reflector
system have longitudinal movement and they are parallel with the
horizontal plane. This configuration will be used as a basis for
future comparisons as it is used in large-scale linear Fresnel re-
flectors. In the configurations C2, C3, and C4, the design ensures that
for any time of the day the rays reflected by the mirrors in the
longitudinal direction are always vertical to the tube, varying the
angle of incidence on the absorber tube for each of these configu-
rations. When working in C2, the secondary reflector system has



Fig, 7. Schematic side view.

Table 1
Configurations under study.

Configuration Mobile structure Secondary reflector
system

bM(�) Motion ba(�) Motion

C1 0 No 0 No
C2 qz=2 Yes qz=2 Yes
C3 qz=2 Yes l No
C4 qz=2 Yes 0 No
C5 l� d Yes l� d Yes
C6 l� d Yes l No
C7 l� d Yes 0 No

Table 2
Influence of mobile structure movement on LM .

Configuration Mirror length bMmin(�) Day Solar time

C2, C3, C4
LM ¼ LC1M

cosðbMminÞ
qz=2 June 21 st 12:00

C5, C6, C7
LM ¼ LC1M

cosðbMminÞ
l� ð23:45Þ June 21 st No influye
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the same longitudinal movement as the mobile structure. In C3, the
secondary reflector system is not provided with longitudinal
movement and forms an angle of l with the horizontal plane. On
the other hand, in C4, the secondary reflector system is parallel to
the horizontal plane and it is not provided with longitudinal
movement. The configuration that obtains better total obtained
energy, keeping the SSLFR parameters constant, is configuration C2
[23].

The design of a single axis polar solar tracker is used as the base
configuration, inspiring the values in configuration C5. These
trackers rotate on an axis oriented in the North-South direction at
an axial inclination equal to the latitude of the place, sometimes
corrected by means of the declination. Thus, the axis of rotation of
the system is parallel to the Earth axis. A single axis polar solar
tracker can reach efficiencies of over 96% compared to systemswith
two axes. Changing some parameters of the base configuration, the
configurations C6 and C7 are obtained. In C5, the secondary reflector
system and the mobile structure have the same longitudinal
movement. In configurations C6 and C7 there is no longitudinal
movement on the secondary reflector system. In C6 the secondary
reflector system forms an angle of l with the horizontal plane.
Finally, in configuration C7 the secondary reflection system is par-
allel to the horizontal plane.

There is a major difference between configurations C2, C3, and
C4 and configurations C5, C6, and C7. In the first group, the move-
ment occurs throughout the day, while in the second group the
movement is performed once a day.

Other configurations have been studied and discarded due to
the low energy obtained.

The longitudinal movement of the mobile structure influences
on the mirror length. It is interesting to know the value that LM can
take for each configuration, in order to compare it with the mirror

length of the configuration C1, L
C1
M . To obtain this value, the mini-

mum values of angle between the mirror axis and the horizontal
plane, bMmin, need to be calculated. Table 2 shows these values
(see Fig. 5).

Also, the longitudinal movement of the mobile structure or/and
the secondary reflector system have influence on of the length and

position of the absorber tube (La, Lla, L
r
a). The algorithm proposed by

Ref. [23] can be used for an appropriate determination of optimal

values of La, Lla, and Lra. This algorithm allows the optimization of
the position and length of the absorber tube based on the
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longitudinal design. The method is based on a geometrical algo-
rithm that minimizes the area between two curves, minimizing the
end loss and reflected light loss, which are now taken into
consideration.
3. Parameters used for the comparison

In other to perform an adequate comparative analysis the rele-
vant parameters have to be identified and defined to assess each of
the suggested configurations. These analyses are based on config-
uration C1, as it is the typical configuration of a large-scale linear

Fresnel reflector. For this reason, it is considered that LC1M ,WM , d and
n, remain constant.

The available area for the installation of the SSLFR divides the
study into two cases: (i) the available area is not a critical param-
eter, and (ii) the available area is a critical parameter. The evaluation
of each of the configurations is carried out by means of the annual
energy absorbed by the absorber tube and the primary cost, if the
available area is not a critical parameter. If the available area is a
critical parameter the evaluation will include the reflector area
ratio. These parameters are defined as follows.
3.1. Energy absorbed by the absorber tube

The power absorbed by the absorber tube of an SSLFR can be
calculated as [33]:

Q ¼
X2,n

i¼0

DNI,hopt,IAFi,Aeffi (5)

where these parameters are:

(i) DNI is the direct normal irradiance.
(ii) hopt is the total optical yield, which is calculated considering

the reflectivity of the mirrors (r), the cleanliness factors of
the mirror (CIm) and of the glass covering the secondary
absorber (CIg), the transmissivity of this glass (t), and the
absorptivity of the material of which the absorber tube is
made (ab). Although some of these parameters, especially t,
should change with the angle of incidence (see Ref. [34]), in
this study they are considered constant for simplicity (see
Refs. [35,36]). These values are: r ¼ 0:94 (see Ref. [34]);
CIm ¼ CIg ¼ 0:96 (see Ref. [37]); t ¼ 0:87 if ai � 20+, t ¼ 0:85
if 20o � ai � 30o (see Ref. [38]).

(iii) IAFi considers the variation in the optical performance of an
SSLFR for varying ray incidence angles, by the i-th mirror
[33].
Table 3
Primary cost.

Element Cost

Fixed structure CFS ¼ WFS,kSt

Mobile structure CMS ¼ WMS,kSt þ
Movement system CMoS ¼ ð2,nþ aÞ,
Mirror system CMiS ¼ ð2,nþ 1Þ,
Secondary reflector CSRS ¼ WAT,kAT þ
Tracking system CTS ¼ a,kMD þ kC

Assembly CA ¼ ð2,nþ aÞ,kA
Foundation CF ¼ VF,kF

where CFS is the primary cost of the fixed structure (V), CMS is the primary c
system (V), CMiS is the primary cost of the movement system (V), CSRS is the p
of the tracking system (V),CA is the primary cost of the assembly works (V), a
are proposed to be defined as the sum of the material, the labor and tooling
(iv) Aeffi is the effective area of the absorber tube by the i-th
mirror that is actually illuminated [33].
3.2. Primary cost

The methodology proposed by Ref. [39] will be applied in order
to obtain the primary cost. Following the steps of thatmethodology,
the study of the primary cost has been divided into the following
elements: fixed, mobile structure, movement system, mirror sys-
tem, secondary reflector system, tracking system, assembly, and
foundation. The primary cost equation for each element is listed in
Table 3 [39].

The total primary cost CT of an SSLFR is given by the sum of the
individual costs of the eight components listed above:

CT ¼ CFS þ CMS þ CMoS þ CMiS þ CSRS þ CTS þ CA þ CF (6)

3.3. Reflector area ratio

The reflector area ratio is defined as the ratio between the area
required for the SSLFR installation (m2) and the annual energy
absorbed by the absorber tube (MWh):

RAR ¼ A
E

(7)

4. Results and discussion

In this section, the results of a large number of numerical sim-
ulations, that were performed using a MATLAB code are presented.
The aim is to estimate the effect of the longitudinal movement on
various parameters like the annual energy absorbed by the
absorber tube, the primary cost, and the reflector area ratio. These
parameters are analyzed for several geographic locations and
configurations.

All the calculations are based on a sub-hourly distribution of the
direct normal irradiance for each specific geographic location:
Almeria (Spain), with latitude 36o5000700

N, longitude 02o2400800
W

and altitude 22 (m) and Berlin (Germany), with latitude
52o3102700

N, longitude 13o2403700
E and altitude 37 (m). A derived

database and system integrating data (PVGIS) [40] were used to
estimate the solar irradiance. Numerical simulations were per-
formed using a MATLAB code. The developed code incorporates
sub-routines, discretized every 10min, to calculate: DNI, mirror
Lrail,k
R

kMoU

kMiU

ACR,kCR þ AI,kI þ AGC,kGC þ WSRSS,kSt þ APC,kPC þ Lshaft SRS,k
shaft SRS

þ kSe

ost of the mobile structure (V), CMoS is the primary cost of the mirrors
rimary cost of the secondary reflector system (V),CTS is the primary cost
nd CF is the primary cost of the foundation (V). Several cost parameters
cost. The rest of parameters can be consulted in Ref. [39].
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position, IAF , Lai, and la. The shading, blocking, and end loss effects
were also taken into account.

The seven configurations described in this paper were consid-
ered for this analysis (see Table 2). The parameters listed in Table 4
(see Refs. [22,23,33] [24,25,39]), remain constant in all the
configurations.

Table 5 shows the values of bMmin and mirror length for all the
configurations (see Table 2). It is remarkable that, for the same
available length (2.00m), configurations C2, C3, C4 and C5, C6, C7
allow the use of longer mirror lengths due to the longitudinal
movements, which leads, as discussed later, to a notable increase of
the energy obtained.

The longitudinal position and length of the absorber tube are
two critical parameters for the design of an SSLFR. Using non-
optimal values leads to decreases of up to 80% in the energy pro-
duced [33]. Therefore, in an SSLFR the longitudinal optimization is
essential. The longitudinal optimization involves the calculation of
the optimal values of the total length, left length, and right length of

the absorber tube (La, Lla, and Lra respectively). The algorithm pro-
posed by Ref. [23] will be used to determine the optimal values of

La, Lla, and Lra. This algorithm allows the optimization of the position
and the length of the absorber tube based on the longitudinal
design. This method is based on a geometrical algorithm that
minimizes the area between two curves, thereby minimizing the
end loss and reflected light loss, which are now taken into
consideration. Table 6 presents the values obtained by the opti-
mization of the length and position of the absorber tube (with the
sign convention adopted, lengths from the centre of the mirror to
the left are considered positive, and those to the right, negative).
This table shows the influence of the longitudinal movement on the
parameters, and how La increases or decreases. An increase in La
leads to an increase of the area required for the SSLFR installation
and the primary cost.
Table 4
Parameters constants used in the study.

Parameters Value

n Number of mirrors at each side of the central mirror 12
WM Mirror width 0.06 (m)
d Separation between two consecutive mirrors 0.024 (m)
D Diameter of the absorber tube 0.0486 (m)
f Height of the receiver 1.50 (m)
W Mirror field width 2.076 (m)

Table 5
Mirror length for all the configurations.

Configuration Almeria Berlin

bMmin(�) LM (m) bMmin(�) LM (m)

C1 0 2.00 0 2.00
C2, C3, C4 6.69 2.01 14.53 2.07
C5, C6, C7 13.39 2.05 29.07 2.29

Table 6
Optimization of the length and position of the absorber tube.

Configuration Almeria Berlin

Lla Lra La Lla Lra La

C1 �0.037 �2.037 2.00 �0.865 �2.865 2.00
C2 1.005 �1.005 2.01 1.035 �1.035 2.07
C3 1.190 �1.190 2.380 1.524 �1.524 3.048
C4 0.953 �0.953 1.906 0.927 �0.927 1.854
C5 1.897 �0.152 2.050 2.309 0.019 2.29
C6 1.912 �0.166 2.078 2.319 0.021 2.298
C7 2.394 �0.194 2.589 3.857 0.049 3.807
In configuration C4, the longitudinal movement of the mobile
structure leads to an approximate decrease in 5% and 8% of La, in
Almeria and Berlin, respectively. On the other hand, in configura-
tion C3, the longitudinal movement of the mobile structure leads to
an increase of approximately a 20% and 53% of La, in Almeria and
Berlin, respectively. The influence of the latitude of the geographic
location is very remarkable when working with this configuration.
The comparison of these two configurations shows the influence of
the inclination of the secondary reflector system in the way La in-
creases. In configuration C2, the two longitudinal movements lead
to similar results to those obtained with configuration C1, but with
the lengths centered with respect to the SSLFR centre. In C2, C3, and
C4 increasing the latitude does not modify the displacement of the
absorber tube, as the latitude has no impact on the longitudinal
movement.

In configuration C7, the longitudinal movement of the mobile
structure implies an increase in La of approximately a 30% and a
90%, in Almeria y Berlin, respectively. When working with these
configurations the influence of the latitude of the geographic
location under study is very remarkable. In configuration C6, the
longitudinal movement of the mobile structure leads to an incre-
ment of approximately 4% and 15% in La, for Almeria y Berlin,
respectively. Comparing these results, it is clear that the secondary
reflector system inclinations has influence in the way La di-
minishes. In configuration C5, having two longitudinal movements
gives similar results to those obtained in the configuration C6.
Finally, in C5, C6, and C7 as the latitude increases the absorber tube
suffers a displacement in the South direction, due to the de-
pendency of the longitudinal movement on the latitude.

Table 7 shows the annual energy absorbed by the absorber tube
and the reflector area ratio, for each configuration, in Almeria and
Berlin.

In Table 8 the primary costs are displayed, in percentage terms
with respect to the base ones of configuration C1, for each config-
uration, in Almeria and Berlin. As the cost parameters significantly
vary depending on the manufacturing country, they are repre-
sentedwith respect to the results of C1 for each geographic location,
for the sake of comparison. The parameters considered for this
analysis are presented in Ref. [39]. The increase in the primary cost
of all the configurations with respect to the primary cost of C1, can
be explained as: (i) an increase in the primary cost of the mirror
system due to the increase in the length of the mirror, (ii) an
Table 7
Annual energy and RAR.

Configuration Annual energy ðMWhÞ RAR ðm2=MWhÞ
Almeria Berlin Almeria Berlin

C1 8.17 4.12 0.77 1.94
C2 9.53 5.68 0.43 0.73
C3 10.30 7.25 0.40 0.57
C4 8.80 5.12 0.47 0.81
C5 7.43 5.75 0.79 1.09
C6 7.83 6.16 0.67 0.81
C7 8.44 7.54 0.83 1.33

Table 8
Primary cost.

Configuration Almeria Berlin

C1 100.00 100.00
C2 110.69 112.10
C3 110.09 119.10
C4 104.16 104.12
C5 111.69 116.07
C6 106.26 108.42
C7 112.63 126.16
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increase of the primary cost of the secondary reflector system due
to the increase of the length of the absorber tube and thus an in-
crease of the rest of components, (iii) an increase in the primary
cost of the tracking system due to the implementation of longitu-
dinal movements, and (iv) an increase in primary cost of the
movement system due to the inclusion of longitudinal movements
(although point (iv) can be neglected).
4.1. Effects on the annual energy absorbed by the absorber tube and
primary cost

In this study the available area is not a critical parameter. The
comparison is being done based on the configuration C1, typical
configuration for large-scale linear Fresnel reflectors.

Fig. 8 shows the percentages, with respect to configuration C1, of
the annual energy absorbed by the absorber tube and primary cost,
for each configuration, in Almeria.

Configurations whose longitudinal movements allow the rays
reflected by the mirrors in the longitudinal direction to be always
Fig. 8. Comparison with conf

Fig. 9. Comparison with con
vertical for any time of day (C2, C3, C4), show better annual energy
results with a moderate increase on the primary cost. As it can be
seen, the best behavior is obtained in configuration C3. Comparing
the results obtained for configurations C3 and C4, shows the influ-
ence of the secondary reflector system inclination on the annual
energy obtained. As the inclination increases the total annual en-
ergy increases, so does the primary cost in a moderate pace.

The configurations whose longitudinal movements depend on
the latitude, (C5, C6), show worse results than the configuration C1,
however C7 shows slightly better results. The worst behavior is
shown when two longitudinal movements are allowed (configu-
ration C5). The differences in the results of C6 and C7, are based on
the influence of the secondary reflector system inclination on the
design. An increase on the inclination of the secondary reflector
system implies a decrease of the annual energy, and the primary
cost.

Fig. 9 shows the results for each configuration in Berlin. Once
again, the results of configuration C1 have been taken as the base. In
configurations C2, C3, C4 the longitudinal movement positively
iguration C1, in Almeria.

figuration C1, in Berlin.
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affects the annual energy results, with a notable increase in primary
cost. These configurations verify that, for any time of the day, the
rays reflected by the mirrors in the longitudinal direction are al-
ways vertical. In terms of annual energy, the best results are ob-
tained for C3, but this configuration also has the highest primary
cost of these group. The inclination of the secondary reflector
system allows to obtain greater amounts of annual energy, with a
higher primary cost. This is the main difference between the con-
figurations C3 and C4.

The longitudinal movements have positive effects on the annual
energy when working with configurations C5, C6 and C7 as well,
where the movements depend on the latitude. Configuration C7
obtains the best results for the annual energy, with the biggest
primary costs. C5 shows the worst behavior, even though it allows
two longitudinal movements. In these cases the increase of the
inclination of the secondary reflector system, implies a decrease of
the annual energy, and the primary cost. The influence of the
inclination can be seen by comparing the results of C6 and C7.

The configurations that allow two longitudinal movements
(configuration C2 and C5) do not obtain better results of the annual
energy and they imply an increment in primary cots. The best
behavior is obtained for configuration C3, both in Almeria and
Berlin. The configurations whose longitudinal movements depend
directly on the latitude obtain better results as the latitude of the
geographic location increases.

4.2. Effect on the area required for SSLFR installation

There are situations where the available area is the critical
parameter for the installation of the SSLFR [41]. For the sake of the
comparison, the results of each configuration are compared with
those of configuration C1, typical configuration of a large-scale
linear Fresnel reflector. Fig. 10 shows, the reflector area ratio, for
each configuration, in Almeria and in Berlin, expressed as the
percentage with respect to C1.

The area required for the SSLFR is significatively reduced when
working with configurations whose longitudinal movements allow
the reflected rays by the mirrors in the longitudinal direction to be
always vertical, for any time of day (C2, C3, C4), showing better
results in Berlin than in Almeria. Regardless of the location,
configuration C3 shows the best behavior. The differences between
the results C3 and the second-to-best configuration (C4) reflect how
Fig. 10. Reflecto
the inclination of the secondary reflector system influences the
required area. As the inclination of the secondary reflector system
increases, less area is required for the SSLFR installation.

Both in Almeria and in Berlin, the worst results are obtained
when working with configurations where the longitudinal move-
ments depend on the latitude (C5, C6, C7). As it can be seen in Fig. 10
the results are notably worst in Almeria, where C7 shows the worst
performance of all the configurations. Configurations C6 and C7,
reflect how the inclination of the secondary reflector system affect
the results. An increase in the inclination on the secondary reflector
system leads to a decrease in the required installation area, both in
Almeria and in Berlin.

5. Conclusions

The aim of the present study was to analyze the effect of the
longitudinal movement on the performance of small-scale linear
Fresnel reflectors at two European locations. Different configura-
tions were analyzed and compared with the typical configuration
of a large-scale linear Fresnel reflector. The available area for SSLFR
installation divides the study into two possible scenarios: the
available area is not a critical parameter (the energy absorbed by
the absorber tube and the primary cost are evaluated), and the
available area is a critical parameter (the reflector area ratio is
evaluated).

The analysis has shown that the configurations that have two
longitudinal movements (configuration C2 and C5) do not show
good results of annual energy and they increase the primary cots,
both in Almeria and in Berlin.

In Almeria, the longitudinal movements have a positive influ-
ence in the annual energy, with a moderate increase of the primary
cost for the configurations whose longitudinal movements ensure
the rays reflected by the mirrors in the longitudinal direction are
always vertical for any time of day. The configurations whose lon-
gitudinal movements depend on the latitude show worse results
than the typical configuration of a large-scale linear Fresnel
reflector.

On the other hand, in Berlin, the longitudinal movements show
a positive influence in the annual energy, but they imply a notable
increase of the primary cost. The configurations whose longitudinal
movements depend on the latitude also show good results for the
annual energy absorbed, with a notable increase of the primary
r area ratio.
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cost.
In the configurations without longitudinal movement in the

secondary reflector system, the inclination of the secondary
reflector system has a noticeable effect on the results. The analysis
shows that increasing the inclination of the secondary reflector
system leads to an increase of the annual energy, with a moderate
increase of the primary cost, in Almeria. On the contrary, in Berlin,
this increase implies a considerable increase of the annual energy
and the primary cost.

The results of this study indicate that, in terms of the energy
absorbed by the absorber tube and the primary cost, the best
behavior is obtained for configuration C3, in Almeria and Berlin. The
analysis has shown that the configurations whose longitudinal
movements depend on the latitude, have better results for
geographic location with greater latitude.

The analysis has shown that in the configurations whose lon-
gitudinal movements allow that the reflected rays by the mirrors in
the longitudinal direction are always vertical for any time of day,
the longitudinal movement reduces significantly the area required
for SSLFR installation, with better results in Berlin than in Almeria.
On the contrary, the configurations whose longitudinal movements
depend on the latitude, show worst general results both in Almeria
and in Berlin, being the results in Almeria notably worst. On this
regard, the best behavior is obtained for configuration C3 as well,
for both locations.
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