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Abstract 

Beam-down concentrating solar systems consist of two successive reflections. 
Compared to the conventional concentrated configurations, there are two 
concentrators, and the receiver is on the ground level. In the present study, a 
beam-down linear Fresnel reflector is investigated in optical terms. The 
collector is a conventional flat plate receiver. Two different secondary 
concentrators are examined and compared based on their optical performance. 
Both the secondary concentrators are hyperboloidal, intending to enhance the 
optical performance. The first concentrator examined has a parabolic shape. 
The second concentrator examined consists of flat segments, which are 
designed based on the parabolic profile of the previous parabolic secondary 
concentrator, aiming to reduce the configuration’s construction cost. The major 
objective of this work is to conduct an optical analysis of the proposed 
configurations and calculate the optical performance, the incident angle 
modifier, and the intercept factor for various incident angles. The maximum 
value for optical efficiency was calculated at 68.6% and refers to the flat-
segmented design, a promising value for a concentrating solar system. 

Keywords: Beam-down linear Fresnel reflector; Flat-segmented secondary 
reflector; Parabolic secondary reflector; Optical investigation 

1. Introduction 

The energy issue is one of the most important problems humanity must 
address immediately. The rapid technological development, combined with the 
continuous increase in world population, has led to an increase in the demand 
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for energy production. Renewable energy sources can be the key factor to face 
and solve this issue [1]. Among all renewable energy sources, solar energy is 
considered the most effective in dealing with sustainability and environmental 
issues. For many years now, solar energy has been exploited in several different 
practical uses for residential [2] and industrial needs [3], and also for electricity 
generation [4] or useful heat production [5]. Concentrated Solar Power (CSP) 
systems are utilized in the process for the production of useful heat for all 
temperature levels, from lower to higher [6]. Over the last few years, an 
innovative CSP has been under investigation, known as the beam-down (BD) 
CSP technology. Some key differences exist among those. The two main 
differences between BD and conventional CSP are that the BD design always 
has at least one extra concentrator, and the receiver is placed on the ground 
[7]. Due to this configuration, there are some important advantages compared 
to the conventional CSP. At first, the receiver remains stable without rotating or 
moving. Additionally, the safety levels and reliability of these systems are 
enhanced. This applies because the receiver is located on the ground and, as a 
result, the exploitation of chemical reactors or fluidized beds is more feasible. 
Also, pumping demand is significantly reduced, as well as the length of the 
piping configuration. Moreover, the system’s total height is reduced, which 
leads to less construction material and wind loads [7]. As a result, the total 
constructive cost of BD systems compared to conventional CSP is reduced, and 
at the same time, the reliability is increased. There is some research reported 
in already existing studies referring to the BD systems. Xu et al. (2022) [8] 
modeled a BD solar dish with a fixed secondary concentrator, and the overall 
efficiency’s maximum value was 79.0%, whereas Mokhtar et al. (2014) [9] 
estimated the overall performance of a BD solar tower at 28.0%. Taramona et 
al. (2022) [10] investigated a BD linear Fresnel concentrator (BDLFR) with a flat 
secondary concentrator to reduce the total cost. Considering this briefly 
presented literature review, this study investigates a BDLFR with a hyperboloid 
secondary concentrator integrated with a flat plate receiver. Two different 
secondary concentrators are examined, one with a parabolic contour and one 
with a flat-segmented parabolic shape. To our knowledge, there is no other 
study with a similar comparison for BD secondary concentrators. 

2. Materials and Methods 

In this section, the basic design specifications regarding the proposed BDLFR 
system are presented. Additionally, a basic mathematical modeling for the 
simulation process is also presented. The shape of the secondary concentrator 
is hyperboloidal to enhance the system’s optical performance. Initially, its 
shape is parabolic, but later, it is replaced with consecutive flat concentrators, 
the arrangement of which follows the parabolic profile previously examined. 
The receiver is flat, and it is assumed to be a black body with an absorptance 
value equal to one. The design of the proposed BDLFR configuration has been 
done in the design environment of SolidWorks, and the optical investigation is 
conducted using the SolidWorks Flow Simulation studio [11]. The number of 
solar rays used was equal to 3∙106, whereas the total number of cells was 
2.57∙106. These numbers were selected after a simple sensitivity analysis 
conducted in the software environment. The convergence criterion was the 
value of the absorbed by the plate heat, and it was selected at 0.001 W. The 
design of the secondary concentrator aims to achieve the highest possible 
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optical performance. The direct normal irradiation’s value for the simulations 
was selected to be equal to 1000 W/m2, a typical value for simulations regarding 
solar concentrating systems [12]. The selected incident angles in the 
transversal direction to be examined in this work vary from 0° to 45° with a 
computational step of 5°, whereas the corresponding values for the 
longitudinal direction vary from 0° to 60° with the same computational step. 

2.1. Design specifications of the primary mirror field 

After defining the main design specifications of the main solar field, the 
secondary concentrator can be designed. The secondary concentrators have to 
be tailor-made for a selected primary linear Fresnel reflector. The main solar 
field is comprised of flat linear Fresnel concentrators. These concentrators 
reflect the solar rays to reach the secondary concentrator. This concentrator 
does not have to be located at the primary field focal point by default, but it can 
be located at a higher or lower height. These concentrators are free to rotate 
so that they follow the sun’s path. The solar beam that reaches out the furthest 
concentrator, which is the most distant from the solar field’s center, after being 
reflected symmetrically, must reach the secondary concentrator [13]. The first 
row of concentrators is placed as close to the central point of the solar field as 
possible, taking into consideration the placement of the receiver and the 
shading effect due to the secondary concentrator. The primary concentrators 
are placed equidistant. Regarding the orientation of the main solar field, it is 
chosen to be North-South. Also, an East-West tracking mechanism is utilized to 
follow the position of the sun. In the examined configuration, there are 28 
equidistant flat primary concentrators, and the gap between two concentrators 
is (Dprim) 0.30 m, except for the closest concentrators to the solar field’s central 
point, where their distance (Dcen) is 1.20 m. Thus, there is sufficient space to 
place the flat plate receiver, whose width (Wr) is equal to 0.90 m. Each primary 
concentrator has a width (Wprim) of 16 cm, and its thickness (tprim) is 0.02 m. Each 
concentrator’s reflectance (ρprim) is 0.94 [14]. The focal length (Fprim) is equal to 
2 m. The total field’s width (W) is 9 m, and its total length (L) is 8 m. The slope 
angle of the primary concentrators can be calculated with the same equations 
as for the conventional linear Fresnel concentrators [12]. 

2.2. Design specifications of the beam-down parabolic secondary reflector 

The secondary concentrators’ contour can be ellipsoidal, hyperboloidal, or flat. 
The flat concentrator leads to lower construction costs, but the hyperboloidal 
or ellipsoidal concentrator leads to higher optical performance. The main 
advantage of the hyperboloidal over the ellipsoidal shape is that the total 
height of the configuration could be lower, which further reduces the overall 
construction cost [7]. Due to the placement and the location of the secondary 
concentrator, the receiver or part of it, and some of the primary concentrator 
rows are shaded during specific hours of the day. In this work, a hyperbolic 
secondary concentrator is used to enhance the system’s overall optical 
performance. Initially, the geometry of the secondary concentrator has a 
continuous parabolic shape. Thus, the receiver is fully shaded during the solar 
noon. The optimal dimensions of the parabolic secondary concentrator arise as 
a result of the optimization procedure for optimal optical efficiency for a zero-
incident angle. The three design parameters are the secondary concentrator 
focal length (d1), the secondary concentrator aperture (d2), and its height from 
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the ground (d3). The secondary concentrator’s reflectance (ρsec) is equal to the 
primary’s one. The length of the parabolic secondary concentrator is equal to 
the solar field’s length. The final values of the three design specifications of the 
parabolic secondary concentrator are presented in Table 1 and are concluded 
after various simulations. Figure 1 depicts the examined BDLFR system for the 
parabolic secondary concentrator. 

Table 1. The main design specifications of the parabolic secondary reflector. 

Specification’s description Sigh Magnitude 
Secondary mirror’s focal length d1 1.85 m 
Secondary mirror’s aperture d2 2.30 m 
Secondary mirror’s height from the ground d3 1.35 m 

 

Figure 1. The examined BDLFR configuration with the parabolic secondary reflector. 

2.3. Design specifications of the beam-down flat-segmented secondary 
reflector 

Based on the parabolic profile of the hyperboloid secondary concentrator 
presented in section 2.2, a new, novel flat-segmented secondary concentrator is 
designed. The main goal of this design is to reduce even more the construction 
cost of the total configuration [10]. The novelty of the proposed design is that the 
flat concentrators are not placed at an equivalent height from the ground, but 
they are arranged on the parabolic profile that was presented in the previous 
section. Thus, this design combines the advantage of higher optical performance 
that the hyperboloid secondary concentrator provides compared to the flat one, 
and simultaneously the lower construction cost that the flat concentrators 
present over the hyperboloid concentrator. Additionally, the gap between the left 
and right sides of the flat-segmented secondary concentrator allows the direct 
normal irradiation to directly reach the receiver when a zero-incident angle 
occurs. Thus, for the hours of the day close to the solar noon, direct normal 
irradiation falls on the receiver without being reflected twice. To address both 
phenomena, the concentrated and non-concentrated solar irradiation falling 
upon the receiver’s surface, a specific simulation approach has been followed 
where the non-reflected solar rays did not suffer the reflectance losses. As a 
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result, when both incident angles are zero, the BDLFR system with the flat-
segmented secondary concentrator presents a slightly enhanced optical 
performance compared to the parabolic design. 

In the proposed design, the number of flat segments of the flat-segmented 
secondary concentrator is equal to the number of primary concentrators. Each 
of the flat secondary concentrators is designed to symmetrically reflect the 
solar rays being initially reflected from their corresponding primary 
concentrator. More specifically, the solar rays that reach the central point of a 
primary concentrator, after being reflected symmetrically, are redirected 
towards the center of the corresponding flat secondary concentrator, and 
being reflected symmetrically for a second time, they reach the receiver. The 
furthest concentrator of the main solar field corresponds to the furthest 
concentrator of the flat-segmented secondary concentrator. Figure 2 presents 
the fundamental characteristic of the flat-segmented secondary concentrator 
described previously. The three design parameters of the flat concentrators are 
their width (Wflat), their coordinates in the x-axis (xflat) and y-axis (yflat), as well 
as their slope angle (ψflat). The design parameters that refer to the flat-
segmented secondary concentrator are illustrated as indexed symbols in the 
aforementioned figure. The flat-segmented secondary concentrator’s length is 
equal to the solar field’s length. The first concentrator, whose index number is 
one, is the most distant concentrator from the solar field’s central point. The 
data refer only to one side of the secondary concentrator, since for the other 
side, the data are completely symmetrical. The thickness of every flat secondary 
concentrator is equal to 5.0 mm. The width of flat secondary concentrators 
increases as the concentrator is closer to the center of the field. Figure 3 depicts 
the examined BDLFR system with the flat-segmented secondary concentrator. 
The flat secondary concentrators do not move or rotate. 

 

Figure 2. The one-to-one design process for the flat-segmented secondary 
reflector. 
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Figure 3. The examined BDLFR configuration with the flat-segmented secondary 
reflector. 

2.4. Mathematical background for the optical investigation of the BDLFR 
system 

The incident angle modifier (IAM) is a function of the optical efficiency. The 
optical efficiency of the BDLFR system strongly depends on the incident angle 
(θ). The incident angle can be distinguished into two components. The first one 
regards the longitudinal direction (θL), which is the incident angle’s projection 
on a parallel plane to the length of the solar field. The second one regards the 
transversal direction (θT), which is the incident angle’s projection on a parallel 
plane to the width of the field. The maximum optical performance occurs when 
both these angles’ values are zero. The IAM, which strongly depends on both 
these incident angles, is given by the following equation. 

𝐼𝐴𝑀(𝜃𝑇 , 𝜃𝐿) =
𝜂𝑜𝑝𝑡(𝜃𝑇,𝜃𝐿)

𝜂𝑜𝑝𝑡(𝜃𝑇=0,𝜃𝐿=0)
                                             (1) 

The intercept factor between the secondary and the primary reflectors (γ1) is 
computed by the following equation as the amount of solar irradiation rays that 
finally reach the surface of the secondary concentrator (NRsec) over the amount 
of solar rays that have initially fallen on the primary concentrators’ surfaces 
(NRprim). 

𝛾1 =
𝑁𝑅𝑠𝑒𝑐

𝑁𝑅𝑝𝑟𝑖𝑚
                                                          (2) 

The intercept factor between the receiver and the secondary concentrator (γ2) 
is computed as indicated in the following equation, as the amount of solar 
irradiation rays that manage to hit the receiver’s surface (NRr) over the amount 
of solar irradiation rays that have reached the secondary concentrator. It is 
important to clarify that the NRr refers only to the solar rays reflected from the 
secondary reflector. The solar rays falling directly on the receiver without being 
reflected first are excluded. It has to be mentioned that this methodology 
neglects the energy carried by each specific solar ray, which varies depending 
on various aspects such as the reflection losses due to imperfect reflections. 

𝛾2 =
𝑁𝑅𝑟

𝑁𝑅𝑠𝑒𝑐
                                                            (3) 

The optical performance of the total system (ηopt) is computed by multiplying 
the receiver’s absorptivity (αr), the reflectance of both the primary and 
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secondary concentrators (ρprim and ρsec, respectively), the two aforementioned 
intercept factors (γ1 and γ2, respectively), and the incident angle modifier (IAM) 
based on the following equation. 

𝜂𝑜𝑝𝑡 = 𝛼𝑟 · 𝜌𝑝𝑟𝑖𝑚 · 𝜌𝑠𝑒𝑐 · 𝛾1 · 𝛾2 · 𝐼𝐴𝑀                                         (4) 

However, in the present work, the optical efficiency can be computed by using 
the equation right below, as the quotient of the total absorbed heat flux (Qabs) 
and the available solar energy (Qs). 

𝜂𝑜𝑝𝑡 =
𝑄𝑎𝑏𝑠

𝑄𝑠
                                                             (5) 

The total absorbed heat flux from the receiver is the main output from the 
simulation process and includes both the absorbed heat from the reflected rays 
due to the reflectors of the solar field and the directly absorbed heat from the 
direct normal irradiation falling directly on the surface of the receiver. The 
available solar energy (Qs) is computed by the following equation as the direct 
normal irradiance (Gb) multiplied by the primary concentrator field net 
aperture area (Aa). 

𝑄𝑠 = 𝐴𝑎 · 𝐺𝑏                                                          (6) 

The net aperture area of the primary mirror field (Aa) can be computed using 
the equation below, by multiplying the total primary concentrators (Nprim), their 
total length (L), and their width (Wprim). 

𝐴a = 𝑁𝑝𝑟𝑖𝑚 · 𝑊𝑝𝑟𝑖𝑚 · 𝐿                                                  (7) 

Finally, it is useful to define the ratio (λ) for any parameter (i) of the flat-
segmented secondary reflector against the respective parameter for the 
parabolic secondary reflector, as the equation below suggests, to compare the 
performance of these two designs for the BD reflector. 

𝜆𝑖 =
𝑃𝑎𝑟𝑎𝑚𝑡𝑒𝑟 𝑖 𝑜𝑓 𝑓𝑙𝑎𝑡−𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑒𝑑 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟

𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑖 𝑜𝑓 𝑝𝑎𝑟𝑎𝑏𝑜𝑙𝑖𝑐 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟
                               (8) 

3. Results 

After defining the final arrangement of the primary field, an optimization 
procedure for the final dimensions of the parabolic secondary concentrator is 
conducted. The optical analysis of the parabolic design precedes the optical 
analysis of the flat-segmented design since the second one depends on the 
parabolic profile of the first one. The final shape of the secondary concentrator 
is one of the highly important parameters in the total design process of the 
BDLFR system. For the optimization procedure, both θT and θL were set to be 
zero, whereas the value of the solar irradiation was 1000 W/m2. These are 
common values for optical analysis of CSP based on the relevant literature [12]. 
The optimal values for the three design specifications of the parabolic 
secondary concentrator, which can be found in Table 1, were extracted after 
numerous simulations for various combinations of them. These values are the 
result of an optical analysis for achieving the maximum possible performance, 
in optical terms, for the proposed BDLFR system. After concluding their final 
values, an optical analysis where two of these parameters remain constant, and 
the third varies, is conducted. Figure 4 presents the deviation of the optical 
efficiency against the three design specifications of the parabolic secondary 
concentrator. 
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(a) 

  
(b) (c) 

Figure 4. Optical efficiency (ηopt) against parabola’s design parameters for the parabolic secondary reflector. (a) 
Focal length; (b) aperture; (c) and height from the ground.  

As illustrated in Figure 4, the maximum optical performance for the parabolic 
secondary reflector is equal to 64.7%. This value occurs when the parabola’s 
focal length is equal to 1.85 m, the net aperture area is equal to 2.30 m, and the 
parabolic secondary concentrator’s height is equal to 1.35 m. The primary 
mirror field’s focal length is equal to 2.0 m. Thus, a total reduction of 32.5% of 
the total height of the configuration in comparison with the theoretical 
corresponding conventional LFR system is achieved. As a result, a significant 
construction cost reduction is feasible, due to the fewer materials needed for 
the supportive equipment, as well as for the pumping system. It is also 
interesting to observe that, for values of the aperture width of the parabolic 
secondary concentrator between 2.60 m and 2.85 m, and 3.20 m and 3.45 m, 
the optical performance of the system does not fluctuate. Each of these is 
roughly equivalent to the gap between two consecutive concentrators of the 
primary field. This phenomenon is expected since when the aperture of the 
parabola increases in these ranges, it only affects the gap between two 
consecutive concentrators. 

Figure 5 depicts (γ1), (γ2), (ηopt), and (IAM) for various values of (θT) for the 
parabolic secondary concentrator. It is observed that all of these factors are 
reduced as θL increases. When the value of θL is lower than 20°, γ1 decreases as 
the value of θT rises. On the contrary, if θL gets a value higher than 20°, γ1 
increases as θT increases. When θL equals 20°, the γ1 remains approximately the 
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same for every θT, and its value is 86.2%. The maximum value of γ1 is equal to 
97.1%, whereas the minimum value is 47.5%. The value of γ2 increases as θT 
rises. The maximum value of γ2 is equal to 100%, whereas the minimum value 
is 38.4%. For the ηopt and the IAM, if θL is lower than 20°, then the lower the θT 
value, the higher their values. However, if the θL is greater than 20°, the lower 
the θT, the lower their values. The maximum value of ηopt is equal to 64.7%, 
whereas the minimum value is equal to 9.0%. The maximum value for the IAM 
is equal to 1.00, whereas the minimum value is equal to 0.14. It has to be 
mentioned that the maximum values are observed when both θT and θL are 
equal to zero, and the minimum values are observed when θT and θL are equal 
to 0° and 60°, respectively. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Optical performance indicators against (θL) for various values of (θT) for the parabolic secondary reflector; 
(a) intercept factor between the secondary and primary reflectors (γ1) (b) Intercept factor between the receiver and the 
secondary reflector (γ2); (c) optical efficiency (ηopt); (d) and incident angle modifier (IAM). 

Figure 6 illustrates the same optical indicators but for the flat-segmented 
secondary concentrator. The same observations that occurred for the parabolic 
secondary concentrator also apply to the flat-segmented secondary 
concentrator. The maximum value of γ1 is equal to 92.3%, whereas the 
minimum value is equal to 45.4%. The maximum value of γ2 is equal to 100%, 
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whereas the minimum value is equal to 37.8%. For the ηopt, the maximum value 
is equal to 68.5%, and the minimum value is equal to 10.8%. The optical 
performance is enhanced by 6.0%. Finally, for the IAM, the maximum value is 
equal to 1.00, whereas the minimum value is equal to 0.16. Generally, it is 
observed that the flat-segmented design presents a higher maximum value for 
optical efficiency, despite the fact that the maximum value of γ1 is higher in the 
parabolic design. This result is very promising since the flat-segmented design 
can combine optical performance and cost reduction for the BDLFR 
configuration. The reason that the optical performance is higher for the flat-
segmented design, especially when the value of θT is small, is that direct normal 
irradiation directly reaches the receiver, which is not fully shaded in this design. 
Additionally, these solar rays do not suffer optical losses due to the double 
reflection from both the primary and secondary concentrators. 

  
(a) (b) 

  

(c) (d) 

Figure 6. Optical performance indicators against (θL) for various values of (θT) for the flat-segmented secondary 
reflector; (a) intercept factor between the secondary and primary reflectors (γ1); (b) intercept factor between the receiver 
and the secondary reflector (γ2); (c) optical efficiency (ηopt); (d) and incident angle modifier (IAM). 

Figure 7 depicts the variation of the ratio (λ) for all four examined optical 
indicators for various θT, against θL. It can be observed that the value of γ1 is 
lower for the flat-segmented design since the available area for reflections is 
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reduced due to the gap between the two sides of the secondary concentrator. 
When the value of θL is less than 15°, the value of γ2 is approximately the same 
for both designs. However, there is no constant profile for the variation of γ2 
for greater values of θL. For the ηopt, it is observed that if θT is less than or equal 
to 20°, the ηopt for the flat-segmented design is greater than for the parabolic 
design of the secondary concentrator. This is because solar rays directly reach 
the top surface of the receiver, increasing the absorbed heat. For values of θT 
greater than 20°, the difference is insignificant. For high values of θT and θL, the 
ηopt of the parabolic design is slightly higher, but the difference is too small to 
be considered. For the IAM, when the value of θT is equal to or greater than 20°, 
the IAM for the parabolic contour is higher than the IAM for the flat-segmented 
shape. For lower values of θT, the greater the θL, the value of IAM is enhanced 
for the flat-segmented design compared to the parabolic one. 

  
(a) (b)  

  
(c) (d) 

Figure 7. Ratio (λ) of the intercept factor between the secondary and primary reflectors (γ1). (a) intercept factor 
between the receiver and the secondary reflector (γ2); (b) optical efficiency (ηopt); (c) and incident angle modifier (IAM); 
(d) against the (θL) for various values of (θT) for the parabolic secondary reflector compared to the flat-segmented 
secondary reflector. 

Figure 8 depicts the heat flux distribution on the absorptance plate of the 
receiver for both incident angles equal to zero. Some of the primary mirrors are 
not shown for the convenience of the reader, so that the color scale is easier to 
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read. The maximum heat flux for the parabolic secondary concentrator is 25888 
W/m2, while the maximum heat flux for the flat-segmented secondary 
concentrator is 21982 W/m2. This means that, since the total absorbed heat is 
greater for the flat-segmented design, the heat flux is more evenly distributed 
on the surface of the absorber. As a result, there are fewer hot spots on the 
surface of the receiver, which reduces the thermal stresses and increases the 
reliability of the receiver, and consequently the system. 

  

(a) (b) 

Figure 8. Heat flux distribution on the surface of the receiver for (a) the parabolic and (b) the flat-segmented 
secondary reflector. Note: Some primary mirrors are hidden for a clearer illustration of the contour’s color scale. 

4. Discussion 

In this work, a BDLFR system is investigated in optical terms. Two different 
secondary concentrators coupled with a flat plate receiver are examined, a 
parabolic and a flat-segmented. For the parabolic secondary concentrator, the 
maximum γ1 is 97.1%, the maximum γ2 is 100%, the maximum IAM is 1.0, and 
the maximum ηopt is 64.7% when both θT and θL are equal to zero. The minimum 
γ1 is 47.5%, the minimum γ2 is 38.4%, the minimum IAM is 0.14, and the 
minimum ηopt is 9.0% when θT is equal to zero, and θL is equal to 60°. For the 
flat-segmented secondary concentrator, the maximum γ1 is 92.3%, the 
maximum γ2 is 100%, the maximum IAM is 1.0, and the maximum ηopt is 68.6% 
when both θT and θL are equal to zero. The minimum γ1 is 45.4%, the minimum 
γ2 is 37.8%, the minimum IAM is 0.16, and the minimum ηopt is 10.8% when θT is 
equal to zero, and θL is equal to 60°. The γ1 of the flat-segmented design is less 
compared to that of the parabolic design for every incident angle. This is 
because of the existing gap between the two sides of the flat-segmented 
concentrator, which reduces the available area for the reflected solar rays to 
reach its surface. However, this gap is beneficial for the overall optical 
performance of the proposed system. The γ2 of the parabolic design is 
approximately the same as γ2 of the flat-segmented design. This is because the 
flat secondary concentrators are arranged based on the profile of the parabolic 
design, whose profile was designed to ensure the maximum possible 
concentration of solar irradiation rays on the absorptive receiver’s surface, 
aiming to increase the maximum optical performance. When θL is less than 15°, 
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γ1 is approximately the same for both designs. For greater values of θL, there is 
not a direct correlation between γ1 of these two designs. The IAM of the 
parabolic design is higher than that of the flat-segmented design when θT is 
greater than 20°. For θT less than or equal to 10° and θL greater than 20°, the 
IAM of the flat-segmented design is better than that of the parabolic design. As 
can be seen, the optical efficiency of the flat-segmented design is better, 
considering the overall optical efficiency, although it has a lower performance 
considering the rest of the optical evaluation indexes. This is because, for small 
incident angles, an important quantity of solar rays directly reaches the 
absorptive surface of the receiver without suffering from reflective optical 
losses. It is observed that for lower θT values and for higher θL values, the 
enhancement in the optical performance of the flat-segmented design 
improves more over the parabolic one. The optical performance of the 
parabolic design overcomes that of the flat-segmented design only for very 
high incident angle values. As a result, the optical performance of the flat-
segmented design is better. It has to be mentioned that this study does not 
address the extra shading losses added to the system because of the 
supportive structure. Also, the misalignment issue while placing the secondary 
reflector is equally important as for the mirrors of the primary field, and special 
attention must be given. Regarding the overall construction cost of the 
secondary reflector, it is obvious that the construction of the flat-segmented 
reflector is significantly lower compared to the parabolic. This is because flat 
metal sheets are easy to find on the market, and do not require excessive 
mechanical processes for modifying their shape, which are expensive, 
especially if high accuracy is mandatory. However, the construction of the 
supportive structure is more likely to be of higher cost for the flat-segmented 
due to the need to add extra supportive elements. 

5. Conclusions 

In this work, a novel BDLFR system is proposed, and the optical analysis of this 
system is conducted, intending to calculate the intercept factors, the optical 
performance, and the IAM variation for various values of the incident angles in 
both the longitudinal and the transversal direction. Firstly, a parabolic 
secondary concentrator is proposed and analyzed. Based on the parabolic 
profile, a new novel flat-segmented secondary concentrator is being proposed, 
aiming to further reduce the construction cost of the system. The most crucial 
conclusions of this work are listed below: 

• The BDLFR system presents a lower total height in comparison with the 
respective theoretical LFR for the same main solar field. The reduction of 
the total height of the proposed system was estimated at 32.5%, which 
reduces the materials needed for the supportive equipment and the 
pumping system. 

• The (ηopt,max) of the flat-segmented design is equal to 68.6%. Compared to 
the corresponding maximum value for the parabolic design, this value is 
6.0% enhanced. 

• The heat flux is more evenly distributed on the receiver’s surface when the 
flat-segmented secondary concentrator is diploid. Thus, the thermal 
stresses are reduced, and the reliability of the system is increased. 
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For future study, a thermal analysis has to be conducted since the optical 
analysis alone presents some limitations, such as neglecting the thermal losses, 
which are crucial for CSP. A thermal analysis, including a computational fluid 
dynamics analysis for the receiver to calculate conduction, convection, and 
radiation losses, will allow the calculation of the thermal performance of the 
system. Also, a technoeconomic analysis of both proposed configurations could 
be useful to estimate the exact cost reduction between the LFR and the BDLFR 
systems, as well as between the parabolic and the flat-segmented secondary 
concentrator. 
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