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a b s t r a c t

The potential use of the small scale linear Fresnel reflectors in building applications can help European
Union countries meet their sustainable development goals. 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
urban applications. This paper presents the analysis of the effects of the longitudinal inclination of the
rows of mirrors and/or the absorber tube on the performance of small scale linear Fresnel reflectors. The
effect of three parameters (i.e. energy absorbed by the absorber tube, energy area ratio, and primary cost)
is evaluated for five cities in European Union. Different combinations of longitudinal tilt angles 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 energy area ratio, and the primary cost. The comparison of the configurations provided insight
into how latitude impacts on the results. It will be demonstrated that the energy absorbed by the
absorber tube increase strongly with longitudinal tilt angles, and the primary cost increases weakly with
longitudinal tilt angles, while the energy-to-area ratio decreases.

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

Buildings account for nearly 40% of the European Union0s final
energy consumption and 36% of its CO2 emissions [1]. International
Energy Agency predicts that if no energy efficiency improvements
are carried out in the building sector, energy consumption might
increase by 50% in 2050 [2].

Promotion of low energy buildings and zero energy buildings
are considered as one of energy efficiency policy tools in European
Union. The European Commission promotes an overall reduction in
the CO2-emission levels for the building sector of 88%� 91%,
compared to 1990 levels, by 2050 [3].

The Energy Efficiency Directive [4] includes a requirement for
member states to develop long-term renovation strategies for their
national building stocks. One of important aspects is use of solar
energy [1]. Solar energy is the main source of the earth0s energy.
This helps to reduce both energy consumption and greenhouse gas
emissions. Solar energy collectors can be used in active solar sys-
tems [5]. Active solar systems contain one or various collectors to
heat the water, which is then used in domestic water heating, and
spaces heating. Solar concentrating collectors are one of the
effective alternatives for the building sector. For example, the
parabolic trough collectors ([6,7]) and the small scale linear Fresnel
reflectors (SSLFRs).

The possibility of using an SSLFR for conversion of solar energy
in urban areas has been explored in recent years. For example: in
domestic water heating: [8e10]; in the heating/cooling systems of
buildings: [11e13]; in the absorption of cooled air Solar-GAX cycle:
[14]; in the absorption cooling system [15]; in daylighting systems
[16]. Besides, the small scale linear Fresnel reflectors are among the
cheapest solar energy concentration technologies [17].

Some of the main differences among large scale linear Fresnel
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A Reflector area (m2)
Effective area of the absorber tube (m2)
Primary cost of the assembly (V)
Primary cost of the foundation (V)
Primary cost of the fixes structure (V)
Primary cost of the mobile structure (V)
Primary cost of the movement system (V)
Primary cost of the mirrors system (V)
Primary cost of the secondary reflector system (V)
Total primary cost (V)
Primary cost of the tracking system (V)
Cleanliness factor of the glass
Cleanliness factor of the mirror

D Diameter of the absorber tube (m)
Direct Normal Irradiance (W =m2)

d Separation between two consecutive mirrors (m)
E Annual total energy (MWh)

energy-to-area ratio (MWh =m2)
f Height of the receiver (m)

Incidence angle modifier
L Reflector length (m)

Length of the mirrors (m)
Length of the single absorber tube (m)
Left length of the single absorber tube (m)
Right length of the single absorber tube (m)
Total illuminated length of the absorber tube (m)
Left illuminated length of the absorber (m)
Right illuminated length of the absorber (m)

n Number of mirrors at each side of the central mirror
Ordinal of the day (day)

W Mirror field width (m)
Width of the mirrors (m)
Width illuminated on the absorber by the i-th by mirror (m)
Absorptivity of the absorber tube
Angle between the absorber tube and the horizontal plane (o)
Angle between the mirror axis and the horizontal plane (o)
Optical efficiency (%)
Zenith angle of the Sun (o)

l Latitude angle (o)
m Angle between the reflected ray and the normal to the NS axis (o)
r Reflectivity of the primary mirrors
t Transmissivity of the glass
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reflectors lie on them having a multiple absorber tube or single-
absorber tube, the mirrors being curved or flat, the tracking sys-
tem design, etc [18]. All these designs have in common that the
rows of mirrors and the absorber tube are parallel to the horizontal
plane. However, the SSLFR has some flexibility in this regard: their
design allows the rows of mirrors to individually rise and descend
on the horizontal plane [19] and change the longitudinal inclination
of the rows of mirrors and/or the absorber tube can b [20e22].
Other designs combine simultaneously these previous works [23].

The location of the absorber tube with respect to the longitu-
dinal centre of the mirror axis and its relationwith the longitudinal
inclination of the rows of mirrors and/or the absorber tube, has
been studied in Ref. [21]. With the length of the absorber tube
constant, the variation of the longitudinal position of the absorber
tube leads to decreases of up to 80% in the energy produced [22].
This is due to the increase in end loss and reflected light loss [24]. In
order to compute the longitudinal position and length of the
absorber tube we will use the algorithm proposed in Ref. [21] to
determine the optimal values of the longitudinal position and
length of the absorber tube. This algorithm allows the optimization
of the position and length of the absorber tube based on the lon-
gitudinal 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. The optimal values for the longitudinal position and
length of the absorber vary for each geographical location [22], and
are related directly with the longitudinal tilt angle of the rows of
mirrors and the longitudinal tilt angle of the absorber tube.

The installation of SSLFR in urban applications depends on two
fundamental aspects: the European standards and the available flat
roof area.

� European Union legislation is a major driver in the use of energy
from renewable sources in new and renovated buildings.
Directive 2009/28/EC [25] implements the promotion of the use
of energy from renewable sources. The Commission Commu-
nication established a policy framework for climate and energy
in the period from 2020 to 2030 [26]. And the Directive 2018/30/
EC [27] establishes numerous requirements concerning the use
of renewable energy in new and renovated buildings. The
required minimum amount of energy is calculated depending
on the climate zone.

� For the local energy production, the roofs of buildings are the
optimal location. Besides, the total floor area of residential
buildings is around 19 billion (m2) in the EU [28]. Single family
houses represent two thirds of the residential floor space. But
the building components (such as chimneys, elevator machine
rooms, fans and plumbing vents) reduce the available roof area.
Several studies have shown this reduction which ranges from
21% [29] to 30% [30]. The available area is one of the main
limiting factors of the local energy production in buildings [31]
and is, thus, a critical parameter.

In this paper we study the effects of the longitudinal tilt angle of
the rows of mirrors and the longitudinal tilt angle of the absorber
tube in terms of energy absorbed by the absorber tube, surface
required for installation, and the primary cost. These parameters
were calculated based on MATLAB codes especially developed for
this study. For the sake of comparison, 5 European geographic lo-
cations were studied, in order to evaluate the impact of the latitude
in the results.

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.

Nomenclature
2. Considerations of an SSLFR

2.1. Components

A small scale linear Fresnel reflector, as shown in Fig. 1, consists
of parallel rows of stretched mirrors (primary reflector system (3)),
that track the sun0s daily movement along a single axis (trans-
mission system (5) and tracking system (6)), concentrates direct
solar beams onto the focal line of an absorber tube (secondary
reflector system (4)). The secondary reflector system (see Fig. 2) is
composed of: absorber tube (8), receiver cavity (9), insulation (10),
and glass covering (11). The absorber tube (8) is encased in the
receiver cavity (9) to reduce convective heat losses and specially
coated so as to increase the absorption capability of the incident
solar radiation. The receiver cavity (9) is sealed with a glass cover
(11) and silicon rubber beading. The concentrated solar energy is
transferred through the absorber tube (8) into some thermal fluid
capable of maintaining liquid state at high temperatures. The sec-
ondary reflector system (4) sits at an appropriate height above the
primary reflector system (4). The rows of mirrors (7) are mounted
on a mobile structure (2) which allows keeping themwith a certain



Fig. 1. SSLFR parts.

Fig. 2. Secondary reflector system.

Fig. 3. Photograph of an SSLFR prototype.
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longitudinal inclination with respect to the horizontal plane. The
mobile structure (2) and the secondary reflector system (3) are
supported by the fixed structure (1). Fig. 3 shows a photograph of
an SSLFR prototype. See Ref. [32] for a more detailed information on
a small scale linear Fresnel reflector.

The following assumptions are made in the present study:

(i) Mobile structure. The mobile structure forms an angle bM
with the horizontal plane. We do not consider possible
misalignments.

(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 and all have the
same length and width. Given the uniform distribution of the
reflected solar rays (due to the flat geometry of the mirrors),
the sun shape does not affect the incoming to the receiver
cavity solar irradiance [33].

(iii) Secondary reflector system. The secondary reflector system
forms an angle ba with the horizontal plane. A single
absorber tube is used. We consider that all the solar irradi-
ance that reaches the aperture of the cavity is going to be
directed on the absorber tube.

(iv) Transmission systems: tracking errors and misalignment are
not considered.

(v) Tracking system. The primary reflector systems are perfectly
tracked so as to follow the apparent movement of the Sun.

(vi) We consider that SSLFR is perfectly aligned in a North-South
orientation.
(vii) The area required for the SSLFR installation may not exceed
10 (m2), and derived from this assumption, the values of bM
and ba are between 0 and certain angle l.
2.2. Basic parameters

Figs. 4 and 5 show the schematics of a small scale linear Fresnel
reflector. To be clearer, some important parameters are presented
in these figures. These can be divided into transversal (see Fig. 4)
and longitudinal parameters (see Fig. 5) [20]. The transversal ones
are: the number of mirrors at each side of the central mirror (n), the
mirror width (WM), the separation between two consecutive mir-
rors (d), the height of the receiver (f), the diameter of the absorber
tube (D), positionwith respect to the central mirror (Li), tilt (bi), and
the angle between the vertical at the focal point and the line con-
necting the centre point of each mirror to the focal point (ai). The
Fig. 4. Schematic front view.



Fig. 5. Schematic side view.
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longitudinal parameters are: themirror length (LM), the total length
of the single absorber tube (La), the left length of the single
absorber tube (Lla), the right length of the single absorber tube ( Lra),
the angle between the mirror axis and the horizontal plane (bM),
and the angle between the absorber tube and the horizontal plane
(ba).
3. Parameters used for the comparison

Obviously, an increase in the length of the absorber tube would
increase the absorbed energy, but also the area needed for instal-
lation. In some scenarios the available area is a critical parameter.
Therefore, we will divide the study into two cases: (i) the available
area is not a critical parameter, and (ii) the available area is a critical
parameter. The evaluation of each of the configurations is carried
out bymeans of the annual energy absorbed by the absorber tube, if
the available area is not a critical parameter. If the available area is a
critical parameter the evaluation will include the energy-to-area
ratio (EAR). As the economic aspect is very important for the
commercialization of these solar concentrators, the primary cost
will also be studied. These parameters are defined as follows.
Fig. 6. Deduction of the parameters lla and lra :
3.1. Energy absorbed by the absorber tube

The total annual energy absorbed by the absorber tube is
calculated as:

E ¼
X365
nd¼1

2
4 ð24

0

 X2,n
i¼0

DNInd ðTSÞ,hopt,IAFndi ðTSÞ,And
effiðTSÞ

!
dTS

3
5 (1)

where: DNI is the direct normal irradiance; 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), (see equation (2)); IAFi measures the variation in
the optical performance of an SSLFR for varying ray incidence an-
gles, by the i-thmirror; Aeffi is the effective area of the absorber tube
of the i-th mirror which is actually illuminated; TS is the solar time;
n is the number of mirrors at each side of the central mirror, nd is
the ordinal of the day. hopt can be calculated as:
hopt ¼ðr,CImÞ,
�
t,CIg,ab

�
(2)

In equation (1), Aeffi has a strong dependence on the longitudinal
tilt angles, bM and ba. Aeffi can be calculated as:

Aeffi ¼ Lai,la; 0 � i � 2n (3)

The term Aeffi is proportional to the total illuminated length of
the absorber tube (la) and the length of the circumference illumi-
nated on the absorber tube by the i-th mirror (Lai). The value of la is
given by:

la ¼ lla þ lra (4)

where lla is the left illuminated length of the absorber, and lra is the
right illuminated length of the absorber (see Fig. 6). These param-
eters can be calculated as:

lla ¼ x0 þ LM
2 cosbM

cosba
(5)

lra ¼
LM
2 cosbM � xf

cosba
(6)

In the sign conventionwe have adopted, lengths from the centre
of the mirror to the left are considered positive, and those to the
right, negative. x0 and xf are auxiliary parameters:

x0 ¼
h
f þ LM

2 ½sinbM � cosbM tanba�
i
tanð2bM � qzÞ

1þ tanba tanð2bM � qzÞ (7)

xf ¼
h
f þ LM

2 ½cosbM tanba � sinbM�
i
tanð2bM � qzÞ

1þ tanba tanð2bM � qzÞ (8)

A deduction of these equations can be consulted in Ref. [21].
The value of Lai is given by (see Fig. 7):



Fig. 7. Deduction of the parameter Lai:

A. Barb�on et al. / Renewable Energy 143 (2019) 1581e1593 1585
Lai ¼

8>>><
>>>:

pD
2

if Wai cosai >D

D arcsin
�
Wai

D

�
if Wai cosai �D

(9)

whereWai is the illuminated width on the absorber tube by the i-th
mirror is given by:

Wai¼WM½cosbi ± sinbi tanai�; 0 � i � 2n (10)

The sign ± must be adopted according to the following criteria:
� for the left side, and þ for the right side. A deduction of these
equations can be consulted in Ref. [20].
3.2. Energy-to-area ratio

The energy-to-area ratio (EAR), which is expressed inMWh =m2=

year, is commonly used to compare SSLFR for urban applications
[34]. The EAR is obtained by dividing the annual total energy
absorbed by the absorber tube in Megawatt hours by area required
for the SSLFR installation in square meters. The EAR is expressed as
follows:

EAR ¼ E
A

(11)

The reflector area can be calculated as:

A¼W,L (12)

whereW is the mirror field width, and L is the reflector length. The
mirror field width can be calculated as (see Fig. 4):

W ¼2,n,ðWM þ dÞ þWM (13)

And the reflector length can be calculated with the following
relations (see Fig. 5):
L¼

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

LMcosðbMÞ if

2
6666664

LlacosðbaÞ�
1
2
LMcosðbMÞ

&

LracosðbaÞ�
1
2
LMcosðbMÞ

3
7777775

LlacosðbaÞþ
1
2
LMcosðbMÞ if

2
6666664

LlacosðbaÞ>
1
2
LMcosðbMÞ

&

LracosðbaÞ�
1
2
LMcosðbMÞ

3
7777775

1
2
LMcosðbMÞþLracosðbaÞ if

2
6666664

LlacosðbaÞ�
1
2
LMcosðbMÞ

&

LracosðbaÞ>
1
2
LMcosðbMÞ

3
7777775
(14)

The optimal choice of values Lla and Lra has already been studied
in detail in Ref. [21]; they dependence strongly on the longitudinal
tilt angles, bM and ba.

3.3. Primary cost

The authors [32] developed a detailed SSLFR cost model
including the primary cost of each SSLFR component and subsys-
tem. The total primary cost CT of an SSLFR is given by the sum of the
individual costs of the eight components:

CT ¼CFS þ CMS þ CMoS þ CMiS þ CSRS þ CTS þ CA þ CF (15)

where CFS is the primary cost of the fixed structure (V), CMS is the
primary cost of the mobile structure (V), CMoS is the primary cost of
the mirrors system (V), CMiS is the primary cost of the movement
system (V), CSRS is the primary cost of the secondary reflector
system (V), CTS is the primary cost of the tracking system (V), CA is
the primary cost of the assembly works (V), and CF is the primary
cost of the foundation (V). The primary cost equation for each
element and its relation with the parameters of an SSLFR can be
consulted in Ref. [32].

4. Results and discussion

The aim of this section is to estimate the effect of the angle
between the mobile structure and the horizontal plane (bM), and
the angle between the secondary reflector system and the hori-
zontal plane (ba) on various parameters like the annual energy
absorbed by the absorber tube, the energy-to-area ratio, and the
primary cost. These parameters are analyzed for several geographic
locations, and compared with the configuration C1, used in large-
scale LFRs, where the mobile structure and the secondary
reflector system form an angle of 0+ with the horizontal plane.

The climate where the building is located will affect the local
energy production. Besides, according to the European Union
legislation commented upon in the Introduction, it is interesting to
make this study in different countries of the European Union. The
conclusions can be extrapolated to other countries. In the report
[43] (See Table 16.) the European countries are grouped in 5 Eu-
ropean climate zones based on global radiation, heating degree-
days, cooling degree-days and cooling potential by night ventila-
tion. The cities are selected according to several election criteria:



Table 2
Parameters constants used in the study.

Parameters Value

Number of mirrors
at each side of the central mirror 12 [21,22]
Mirror width 0:06(m) [21,22,36]
Separation between two consecutive mirrors 0.024 (m) [20e22]
Diameter of the absorber tube 0.0486 (m) [21,22]
Height of the receiver 1.5 (m) [21,22,36,37]
Mirror length 2.0 (m) [20,22]
Concentration ratio 9.83 [20,22]
Aperture width of the cavity 0.186 (m) [22]
Reflectivity of the mirrors 0.94 [40]
Cleanliness factors of the mirror 0.96 [41]
Cleanliness factors of the glass
covering the secondary absorber 0.96 [41]
Transmissivity of this glass t ¼ 0:87 if ai � 20+ ,

t ¼ 0:85 if 20o � ai � 30o [42]

Table 3
Optimization of the length and position of the absorber tube.

Configuration C1

Lla Lra La

Almeria �0.037 �2037 2.00
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each city must belong to a different climate area and the latitude
has to be different enough to allow a meaningful analysis. In this
study, five cities are considered. Table 1 shows the geographic
characteristics of the cities under study.

In order to carry out this work, specific software has been
developed in MATLAB code. The developed code incorporates
modules which use a discretization of 10min to calculate: direct
normal irradiance, variation in the optical performance, longitu-
dinal position, effective area of the absorber tube by the i-th mirror
that is actually illuminated. The shading, blocking, end loss effects,
and end reflected light loss were also taken into account. A derived
database and system integrating data (PVGIS) [35] were used to
estimate the solar irradiance.

The parameters of the SSLFR listed in Table 2, remain constant in
this study.

Table 3 shows the parameters: La, Lla, and Lra, for the C1 config-
uration, in Almeria, Rome, Budapest, Berlin, and Helsinki, respec-
tively. These values have been calculated using the algorithm
proposed in Ref. [21].

With the sign convention that we have adopted, lengths from
the centre of the mirror to the left are considered positive, and
those to the right, negative.

All the comparisons are being done based on the configuration
C1, typical for large-scale linear Fresnel reflectors.
Rome �0.329 �2.329 2.00
Budapest �0.586 �2.586 2.00
Berlin �0.865 �2.865 2.00
Helsinki �1.343 �3.343 2.00

Table 4
Annual energy absorbed by the absorber tube (MWh).

Configuration Almeria Rome Budapest Berlin Helsinki

C1 6.37 4.25 2.40 2.23 1.50
4.1. Effects on the annual energy absorbed by the absorber tube

Table 4 shows the annual energy absorbed by the absorber tube
in Almeria, Rome, Budapest, Berlin, and Helsinki, respectively. As
expected, the maximum annual energy absorbed by the absorber
tube happens in Almeria, where the direct normal irradiance is
largest.

Figs. 8e12 show the percentages, with respect to configuration
C1, of the annual energy absorbed by the absorber tube in Almeria,
Rome, Budapest, Berlin and Helsinki, respectively.

When the secondary reflector system is at an angle of ba ¼ 0+

with respect to the horizontal plane, and themobile structure is at a
specific angle with respect to the same horizontal plane, an in-
crease in bM decreases the energy absorbed by the absorber tube
down to a minimum value and then increases it up to bM ¼ l.

The idea is based upon equations (4)e(8) for the particular case
of ba ¼ 0+. In equation (1) E, the total annual energy absorbed by
the absorber tube is proportional to And

effiðTSÞ, and this area is directly
proportional to la ¼ lla þ lra, which is the sum of the left and right
illuminated length of the absorber. So, if we consider ba ¼ 0+ in
equations (5) and (6) and substitute x0 and xf with the values ob-
tained from equations (7) and (8), we get:

la ¼ lla þ lra ¼ LMsinðbMÞtanð2bM � qzÞ þ LMcosðbMÞ (16)

The zenith angle of the sun (qz), is usually written as the com-
plementary of the height angle of the sun (qz ¼ p

2� aS). Bearing in
mind that the maximum value of the height angle of the sun (aS) is
aS max ¼ p

2� ðl� dÞ, we have that the minimum value of the zenith
angle of the sun at solar noon is qzmin ¼ p

2� aS max ¼ l. So, if we
Table 1
Cities under study.

Zone Cities Latitude Longitude Altitude

Zone 1 Almeria (Spain) 36o5000700N 02o2400800W 22 (m)
Zone 2 Rome (Italy) 41o5303000N 12o3004000E 52 (m)
Zona 3 Budapest (Hungary) 47o2905200N 19o0202300E 111 (m)
Zone 4 Berlin (Germany) 52o3102700N 13o2403700E 37 (m)
Zone 5 Helsinki (Finland) 60o1001000N 24o5600700E 26 (m)
represent la (16) as function of bM ; for bM2½0; l� we get a function
with a minimum.

Theminimumvalue is reached at different angles bM , depending
on the localization of the SSLFR. These minimum values are 80:39%,
85:17%, 89:32%, 93:69%, 93:03%, at Almeria, Rome, Budapest, Berlin
and Helsinki, respectively. That is, the inclination of just the mobile
structure produces first a decrease and then an increase of the
annual absorbed energy by the absorber tube.

Table 5 shows the maximum annual energy absorbed by the
absorber tube in Almeria, Rome, Budapest, Berlin, and Helsinki,
respectively. These results show positive effects of the longitudinal
inclination of the mobile structure and the secondary reflector
system on the annual energy absorbed by the absorber tube. They
show also the effect of latitude on the results.

As we said previously, when the secondary reflector system
forms an angle ba ¼ 0+ with respect to the horizontal plane, the
energy absorbed by the absorber tube is represented by a curve
which presents a minimum value. This is true for all locations
(latitudes).

However, when the angle ba is not zero, the situation is
different. We see in the locations with the higher latitude (Buda-
pest, Berlin and Helsinki), that when ba is greater than 50% of l, the
energy reaches a maximum instead of a minimum. This maximum
is obtained for different values of bM . In places with less latitude,
such as Almería or Rome, the effect is not so noticeable.

4.2. Effects on the EAR

Table 6 shows the EAR, for C1 configuration, in Almeria, Rome,



Fig. 8. Comparison annual absorbed energy, in Almeria.

Fig. 9. Comparison annual absorbed energy, in Rome.

Fig. 10. Comparison annual absorbed energy, in Budapest.



Fig. 11. Comparison annual absorbed energy, in Berlin.

Fig. 12. Comparison annual absorbed energy, in Helsinki.

Table 5
Maximum annual energy absorbed by the absorber tube.

bM (% of l) ba (% of l) E (% of C1)

Almeria 10 90 173.95
Rome 10 70 148.55
Budapest 20 70 156.11
Berlin 100 0 167.93
Helsinki 100 0 177.35

Table 6
EARðMWh=m2Þ:

Configuration Almeria Rome Budapest Berlin Helsinki

C1 1.01 0.64 0.32 0.28 0.15

Table 7
EARmaximum ðMWh=m2Þ:

Configuration Almeria Rome Budapest Berlin Helsinki

bM ¼ l

2
; ba ¼ l

1.44 1.15 0.71 0.76 0.63
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Budapest, Berlin, and Helsinki, respectively. As expected, the
greatest EAR happens in Almeria, where the direct normal irradi-
ance is largest.

The maximum EAR values are obtained for bM ¼ 50% of l, ba ¼
100% of l, at all geographic locations. Table 7 shows the EAR, for
bM opt and ba opt , in the cities under study.

The maximum value of EAR is obtained at Almeria because it is
the location with the most direct horizontal irradiance. Compared
to Helsinki, it receives more than quadruple the direct horizontal
irradiance. However, the value of EAR is not quadruple due to the
effect of latitude: the greater the latitude the longer the absorber
tube without an increase of the surface needed for installation of



Fig. 13. Comparison EAR, in Almeria.

Fig. 14. Comparison EAR, in Rome.

Fig. 15. Comparison EAR, in Budapest.



Fig. 16. Comparison EAR, in Berlin.
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the SSLFR. Although Budapest receives 105:73% the direct hori-
zontal irradiance of Berlin, the effect of latitude makes the EAR be
greater at Berlin.

Figs.13e17 shows the percentages, with respect to configuration
C1, of the EAR, in Almeria, Rome, Budapest, Berlin and Helsinki,
respectively. Notice in these figures that the positive effects of the
longitudinal inclination of the mobile structure and the secondary
reflector system on the EAR are greater at the locations with greater
latitude.
4.3. Effects on the primary cost

Figs. 18e22 show the percentages, with respect to configuration
C1, of the primary cost, in Almeria, Rome, Budapest, Berlin and
Helsinki, respectively. As we see, modifying the longitudinal incli-
nation of the mobile structure and the secondary reflector system
with a low increase of the primary cost a high increase of the
Fig. 17. Comparison
energy is achieved.
By way of example, a comparison of the combination of bM and

ba for which the greatest energy is obtained, is shown in Table 8.
Another interesting comparison is for the combination of bM and ba
providing the maximum EAR. These results are shown in Table 9.
5. Conclusions

In this study we analyze the effect of the longitudinal tilt angle
of the rows of mirrors and the longitudinal tilt angle of the absorber
tube on the performance of small-scale linear Fresnel reflectors at
five European locations. Different combinations of bM and ba are
analyzed and compared with the typical configuration of a large-
scale linear Fresnel reflector.

We perform (to our knowledge, for the first time) the study of
the effect of the inclination on three parameters: absorbed energy,
energy-to-area ratio, and primary cost. We remark that in all
EAR, in Helsinki.



Fig. 18. Comparison primary cost, in Almeria.

Fig. 19. Comparison primary cost, in Rome.

Fig. 20. Comparison primary cost, in Budapest.



Fig. 21. Comparison primary cost, in Berlin.

Fig. 22. Comparison primary cost, in Helsinki.

Table 8
Combination of bM and ba providing the maximum annual energy.

bM (% of l) ba (% of l) Primary cost (% of C1) E (% of C1)

Almeria 10 90 123.59 173.95
Rome 10 70 114.05 148.58
Budapest 20 70 116.97 156.11
Berlin 100 0 118.37 167.93
Helsinki 100 0 112.10 177.35

Table 9
Combination of bM and ba providing the maximum EAR.

bM (% of l) ba (% of l) Primary cost (% of C1) EAR (% of C1)

Almeria 50 100 104.18 142.54
Rome 50 100 106.27 179.60
Budapest 50 100 108.53 219.82
Berlin 50 100 111.18 272.30
Helsinki 50 100 116.24 412.76
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climate areas the inclination provided by our method increases the
absorbed energy and the energy-to-area ratio. Regarding the pri-
mary cost, we are able to evaluate the impact of the inclination on
the cost and to relate the cost with the improvement in absorbed
energy or energy-to-area ratio.

Another noticeable improvement with respect to the previous
literature is the implications for urban applications of the SSLFR.
The area required for the SSLFR installation is an important aspect
to be considered; therefore, we have divided the study into two
possible scenarios: the available area is not a critical parameter (the
energy absorbed by the absorber tube is evaluated), and the
available area is a critical parameter (the energy-to-area ratio is
evaluated). In both cases, the primary cost was evaluated and
compared.
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Next we summarize the main qualitative and quantitative con-
clusions of our study:

- An SSLFRwith a longitudinal tilt angle of the rows of mirrors and
a longitudinal tilt angle of the absorber tube shows good results
in annual energy, and energy-to-area ratio.

- The combinations of bM and ba for which the maximum annual
energy are obtained do not match those for which the EAR is
maximum. The choice of either combination depends on the
available surface.

- With a reduced increase of the primary cost one gets a high
increase in the annual energy. The best results are obtained at
the place with greatest latitude (Helsinki).

- When the secondary reflector system forms an angle of ba ¼ 0+

with the horizontal plane and the mobile structure forms a
specific angle with the horizontal plane, increasing bM causes
first a decrease in the energy absorbed by the absorber tube up
to a minimum value and then an increase until bM ¼ l.

- The combinations of bM whose longitudinal tilt angle allow that
the reflected rays by the mirrors in the longitudinal direction be
always vertical at solar noon, throughout the year, reduce
significantly the area required for SSLFR installation, showing
improvements in the five cities.

- The best EAR outcome is obtained for the combination bM ¼ l
2,

ba ¼ l. The greatest EAR value is obtained at Almeria, as it is the
location receiving the most direct horizontal irradiance.
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