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1. Introduction
In CSP applications, Beam-Down optics (BD) can
play a major role in the future decarbonized energy
scenario. The presence of a ground-mounted receiver
avoids moving the working fluid from the tower up
to the power block and therefore decreases the ther-
mal and pumping losses. The BD optic is composed
mainly of the heliostat field, a Secondary Reflector
(SR), a possible tertiary concentrator, and a receiver.
Two different foci characterize the system optic, an
upper one that coincides with the aim point of the
heliostat field, and a lower one that corresponds to
the entrance of the tertiary concentrator, generally a
Compound Parabolic Concentrator (CPC), or if it’s
not the case, directly with the receiver aperture as
shown in Figure 1.
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gaseous working fluid for the power cycle (i.e., pressurized sCO2) to 
extract heat directly from the receiver-storage module to increase the 
overall efficiency of CST plant. 

1.2. Beam-Down System: Concept and Optics 

The beam-down receiver (BDR) concept is based on Cassegrain re-
flectors, which are often used in telescopes and radio antennas to locate 
the final focal point on the same plane as the primary reflector. In case of 
concentrated solar energy, a beam-down receiver can be placed on the 
ground, on the same plane that the heliostat field. This is enabled by 
replacing the receiver at the top of the tower with a secondary reflector, 
which redirects concentrated radiation onto the ground-mounted 
receiver, close to the base of the tower. This design was originally pro-
posed in 1988 by Stern et al. [13], but it was not until early 2000 when 
the optics of this device were analyzed by Segal and Epstein [14]. They 
studied two reflector alternatives, an ellipsoid (concave) and a hyper-
boloid (convex) reflector, concluding that the hyperboloid provides the 
best optical efficiency for both small (<10 MWth) and large solar fields 
(more than 10 MWth). In theory, BDRs can achieve high concentration 
ratios and correspondingly higher thermal efficiencies. Thus, although 
their optical efficiency is slightly lower, BDRs benefit from their simpler 
tower structure, less parasitic pumping energy consumption, and the 
ease of maintenance of the ground-mounted receiver. 

A solar field with a BDR has three main components, as shown in 
Fig. 1: a) A heliostat field (HF, the primary optical element), b) a hy-
perboloid reflector (HB, the secondary optical element), and c) a tertiary 
optical element (in this case a CPC array). In this design, the heliostats 
point toward a focal point located at the top of the tower (F1). A hy-
perboloid sheet mounted on the tower intercepts these rays and reflects 
them to the ground, into the second focal point (F2), where the final 
optical device is located. The image reflected on the second focal point is 
larger than the original image located in F1. This is called the magnifi-
cation factor, a phenomenon which reduces the overall concentration 
ratio and potential operation temperature. To mitigate this, a tertiary 
optical element can be placed at the second focal point to reconcentrate 
the radiation and redirect it toward the solar receiver. Although several 
types of concentrators have been proposed for this final device, their 

optimal shape and size is not yet clear. In this work, an array of smaller 
concentrators is proposed, using CPCs with polygonal aperture, as pro-
posed by [15]. This approach effectively reduces the mirror surface area 
and increase the concentration ratio without excessive height. Although 
such a CPC array has been proposed in the prior literature [16], the 
geometric parameters of it have not been comprehensively compared 
with respect to the overall BDR optical efficiency. To address this gap, 
this work will compare five different proposed configurations, ranging 
from a single CPC to a 7 CPCs cluster, which are evaluated based on their 
optical efficiency and radiation flux homogeneity in the receiver surface. 

Since 2011, the Masdar Institute (now a part of KAUST) has been 
testing a beam-down system in the UAE [17], which is comprised of 
280.7 m2 of heliostats and reaches a nominal heat input power of 100 
kWth. At this site, the so-called CSPonD (Concentrated Solar Power on 
Demand Demonstration) beam-down concept was tested to determine 
its optical performance. The CSPonD was found to achieve a concen-
tration ratio of up to 600 and an optical efficiency ranging from 55% to 
77% (for a temperature range of 250–550 ◦C and an zenith between 0◦ to 
60◦) [18]. This system was coupled with a (600 kWh) molten salt storage 
tank [18,19], which would reportedly enable an up to 50 MWe plant to 
achieve a LCOE of ~0.1 USD/kWh [20], and an overall thermal per-
formance in the range of 24–28% (using an idealized Carnot cycle) [21]. 
Another experimental BDR test facility is located at the University of 
Miyazaki (Japan), which also has a 100 kWth nominal power output, but 
with a 176 m2 primary mirror area. Their system, built in 2012, uses an 
ellipsoid mirror to reflect radiation into a 1300 × 1300 mm2 CPC final 
optic receiver for thermochemical water splitting [22]. They have 
reached an experimental maximum radiation flux of 500 kW/m2. 
Finally, the Yumen Xinneng plant in China, is the first commercial beam- 
down CSP plant, with a capacity of 50 MWe using 15 modular beam- 
down tower modules [23]. The company aims to further this concept 
in subsequent installations to reduce the levelized cost of energy by 30% 
for larger plants, up to 200 MW. These experiences show that this 
technology is feasible and can have different applications, from elec-
tricity generation to thermochemical processes. 

The optics of BDRs have been studied analytically by several authors. 
Segal and Epstein [14] analyzed the magnification factor of BDRs, which 
was defined with respect to the ratio fv = zv/zf , where zv, zf are the focus 
and vertex heights of the secondary reflector. Based upon this, the 
optimal range for fv was found to be 

(
0.7 < fv < 0.75

)
, so the magnifi-

cation factor is lower than 1.5 and the expected thermal performance is 
around 80%. An additional study from the same authors [24] found that 
a BDR system with a tertiary (CPC) receiver can utilize a solar field area 
up to up 76,320 m2 (using 2,120 heliostats of 36 m2 each at a 35% of 
ground use percentage). This effectively places an upper bound on the 
size of the plant since it limits the thermal power of a BDR to ~50 MWth. 
In a 2008 study by the same authors [25], several parameters were 
analyzed for their influence on the magnification factor and the image 
size in the final receiver. This analysis considered the hyperboloid ec-
centricity (which is an alternative parameter to the vertex ratio, fv), the 
size of heliostats, and the size of a single CPC concentrator. A BDR ef-
ficiency of ηBDR = 92% was found for a small solar field with a radius of 
2zf . Wei et al. [26] presented ray tracing equations for a BDR and 
simulated a 31-heliostat solar field for different dates through the year, 
obtaining overall optical efficiencies in the range of 41–64%. However, 
these analyses employed analytic equations which depend on several 
simplifying assumptions, such as worst-case scenario for image distor-
tions, perfect reflective surfaces, or limited number of heliostats. 
Therefore, the available approaches in literature are unable to analyze 
more complex geometries (such as different CPC arrays) or obtain 
realistic radiation flux distributions. 

To properly assess the optical efficiency of beam-down receivers, the 
entire optical path must be modelled. The Monte Carlo ray tracing 
(MCRT) method was chosen as it has shown to be very effective for 
evaluating the interaction between complex optical geometries without 

Fig. 1. Main components of a beam-down receiver (BDR)-solar field tower. In 
blue, main components, in red main energy losses, in black, main geometric 
parameters. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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Figure 1: Beam down optic [39].

The secondary reflector considered in this work was
of hyperbolic shape. As reported in the literature,
it guarantees higher optical performances concerning
the elliptical one [43].
A circular two-sheet hyperboloid is generally ex-
pressed by the simplified canonic form in Equation 1.

x2

a2
+

y2

a2
− z2

b2
= −1 (1)

Considering a two-sheet hyperboloid, an important
parameter utilized in a BD system to identify one
specific surface among the infinite ones is the eccen-
tricity, defined as Equation 2.

e =
FocDist/2 + b

FocDist
(2)

Where FocDist, as shown in Figure 1, is the distance
between the upper and the lower focus and b is the
semi-minor axis.
The value of eccentricity for a two-sheet hyperboloid
is always greater than one. As the eccentricity in-
crease, as shown in Figure 2, the hyperboloid crushes
to half of the focal distance, and its radius increase
to catch the farthermost light point coming from the
heliostat field.
Another important geometric parameter to consider
in designing BD systems is the CPC entrance ac-
ceptance angle, measured from the CPC longitudinal
axis. If the ray incidence angle θi is higher than the
maximum one allowed by the CPC, θmax, the ray will
be rejected and so won’t be collected by the receiver.
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Figure 2: 3D representation of hyperboloid at differ-
ent eccentricity values.

The theoretical 3D Concentration Ratio (CRcpc,3D)
of the CPC can be evaluated as Equation 3.

CRcpc,3D =
1

(sin θmax)2
(3)

Following geometrical consideration, the higher will
be the secondary reflector eccentricity, the higher
will be the maximum incidence angle into the CPC
aperture, and so the lower the concentration ratio.

Current installed BD optic solar fields are made out
of a circular surrounded pattern.
This work aims at investigating the possibility of
generating an asymmetrical heliostats field, so to
exploit the most performing area of the site, in terms
of cosine, at latitudes far from the equator.
Furthermore, it was chosen to perform the analysis
for a 50 MWth, at receiver aperture, solar field at a
latitude of 25◦ North. Nevertheless, the presented
algorithm can be applied to any latitude and design
power.
It was proven that the most optical performing
area of the solar site in conventional solar tower
systems, is strongly influenced by the shadow of the
hyperboloid and that the replacement of mirrors in
that part of the field, with farther ones less shaded,
can increase the annual optical performance.
On the other hand, the farther heliostat selection
is limited by the geometry of the CPC, and there-
fore an optimization methodology is presented, to
maximize the annual optical-thermal performance of
the system at different eccentricity values and aim
point heights, in order to find the best solar field
configuration.
Moreover, a 1D thermal model for the SR is lastly
presented to roughly assess the temperature dis-
tribution at the secondary reflector surface and
possible configurations to limit the silver reflective
film temperature to its maximum operating value.

2. Methodology
2.1. Heliostat field creation
A possible heliostats field configuration can be the
one of a radial staggered. Two main parameters iden-
tify the disposition of the mirrors, the azimuthal dis-
tance ∆Az and the radial displacement ∆R. The de-
sign considered has the main advantage of easy block-
ing heliostat individuation. In order to generate the
heliostats field in Matlab, the campo code developed
by Collado et al. [13], was utilized. Furthermore, the
DELSOL3 correlation was considered for the radial
spacing between rows [22]. The heliostats were as-
sumed made out of one facet, rectangular, and with
a dimension of 5x5 m.

2.1.1 Heliostat performance

Different types of losses take place in the ray path
from the sun towards the receiver and so an optical
efficiency can be defined for each i-mirror.
The latter, in the case of a BD system, is presented
as Equation 4.

ηopt,i = ρhelio · ρSR · ηcos,i · ηS&B,i · ηint,i · ηs,SR,i (4)

New terms like ρSR (SR reflectivity) and ηs,SR (SR
shadow efficiency) appear in the BD applications,
concerning solar towers, due to the presence of a sec-
ondary reflector.

Shadowing and Blocking (S&B) The S&B per-
formance evaluation was implemented in Matlab uti-
lizing the Sassi method [40], as shown in Figure 4.
This type of loss, as the cosine one, is sun position-
dependent and related to the reciprocal position of
the i-mirror over the one of the K-neighbours.
For this reason, the S&B efficiency is the most ener-
givourous in terms of computational time.

Figure 3: Shading and blocking heliostats selection.

Nevertheless, the radial staggered configuration guar-
antees easy blocking mirrors individuation. Taking
into consideration a generic i-heliostat, three block-
ing k-heliostat can be easily found, two in front on
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the first inner row, named shoulders, and one directly
in front in the second inner row, named nose. This
is not strictly true for heliostat living in the first row
(missing direct nose and shoulder association) or the
second row of a new compressed row (missing the
nose). The arrangement of the mirrors is changed and
the identification of the interfering heliostat has to
be made by distances consideration. The same pro-
cedure was utilized for possible shadow candidates.
The only difference is that blocking selection is based
on the aiming vector of the i-heliostat −→ai , while for
shadowing the sun vector pointing at the i-heliostat
at a given sun position, −→si , is considered.
Let’s consider a vector

−→
ti , that can be either −→ai for

blocking performance or −→si and a i-heliostat defined
by its normal vector −→ni such that −→si +−→ai = −→ni.
It’s possible to calculate a length of interaction for
the i-heliostat, as shown in Figure 3, that represents
the farthest mirror projection point onto the ground
in a 2D plane by solving the system of a straight line
passing from the highest point of the heliostat and a
plane at z = 0, as presented in Equation 5.

Lint =

(
hi +

DM
2 sin θ

)
·
√
t2x + t2y

tz
+DM cos θz (5)

Where DM is the mirror diagonal, hi the installation
height and θz the zenit angle of −→ni. If a heliostat lies
at a distance smaller than the interaction one, it can
possibly interfere with the i-mirror considered.

Figure 4: Shadowing and blocking performance eval-
uation. Interfering heliostats number as Figure 3.

Intercept factor The intercept efficiency was as-
sessed by generating a random distributed number of
rays on the mirror surface, intersecting them with the
secondary reflector, and bouncing them on a selected
CPC geometry. All the ray bounces consider optical
error perturbation as Table 1.
Due to the presence of a CPC, the intercept efficiency
was evaluated as the number of rays that fall inside
a specific CPC inlet radius with an incidence angle
lower than the maximum one, over the total number
of generated rays.

Property Value [mrad] Description
σsun 4.1 Sun shape error
σslopef 1.53 Heliostats field slope error
σspecf 0.2 Heliostats field specularity error
σslopeh 1.53 Hyperboloid slope error
σspech 0.2 Hyperboloid specularity error

Table 1: Values of sun shape, slope and specularity
errors considered. Values from default SolarPILOT
configuration.

Hyperboloid shadow Another loss introduced by
a BD system with respect to a conventional solar
tower is the one relative to the shadow formed by
the secondary reflector. This effect cannot be ne-
glected, especially for a high value of eccentricity, so
when the hyperboloid is bigger, squeezed at half of
the focal distance.
Given a sun position and a i-mirror with normal n̂i,
several rays are randomly generated onto the inclined
heliostat surface. Nevertheless, in this case, a part of
the heliostats can be already shadowed or blocked
by other interfering heliostats. To not overestimate
the SR shadow performance, the random rays con-
sidered are only the ones laying on the free mirror
surface. So, the generated rays, with sun direction
defined by ŝi are then intersected with an infinite hy-
perboloid. The shadow performance was then evalu-
ated as Equation 6.

ηs,SR,i = 1− Nin

Ntot
(6)

Where Nin is the number of rays that fall inside the
given hyperboloid shape while Ntot is the total num-
ber of rays generated on the heliostat surface.

2.1.2 SR section creation

Nowadays existent beam down solar application
makes use of a circular field of heliostat and so circu-
lar secondary reflector. To unconstrain the shape of
the hyperboloid, the field was divided into sections.

Figure 5: Section division methodology.
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As shown in Figure 5, a section is defined as a circu-
lar sector of the field bounded by two angles. Every
k-section is then formed by J-rows that are the max-
imum number of rows present in a field bounded by a
minimum and maximum solar site radius. Every row
of the field will be called a j-row, so every subsection
can be defined by a combination (k, j). The number
of sections must be even, bounded between the min-
imum value of 2 and the maximum one defined by
the azimuth distance between two heliostats in the
first row. The field was then divided into K-sections
of equal azimuth range 360◦/K. A common j-row
hyperboloid shape was considered, defined by a min-
imum and maximum radius, rj and Rj and azimuth
angle extension, ∆Az. These three characteristics
were obtained by the intercept factor calculation pre-
sented before. For each i-heliostat it’s possible to as-
sess a circular sector of the hyperboloid based on the
minimum and maximum radius, rk,j,i and Rk,j,i, and
the azimuth angle extension ∆Azk,j,i, from a random
bunch of ray generated at the inclined heliostat sur-
face. For each (k, j)-subsection is then possible to
evaluate rk,j , Rk,j and a ∆Azk,j of the hyperboloid
as the minimum and maximum values among all the
I-heliostat present in the (k, j)-subsection. A com-
mon value of rj and Rj was selected as the minimum
and maximum radius found among all the K-section
of a certain j-row of the field. The angle extension,
on the other hand, was selected as the maximum one
between all the (K · J)-subsections. The final sec-
ondary reflector shape is then the union of all the K
circular sectors.
In this work, a number of sections equal to 12 were
considered in order to limit the superposition of a
slice of hyperboloid to the axis of symmetry of the
adjacent k-section.

2.1.3 Design field performance

In order to build a 50 MWth, at receiver aperture,
solar field at a given latitude, a Matlab model was
built. The first task computed by the program is the
radial staggered field layout between the minimum
and maximum radius of the field selected. Then the
sun position at the chosen design day is evaluated.
The first best efficient (k, j)-subsection is considered
and inserted into the field. The selection criteria is
based on the mean DNI annual weighted cosine and
intercept efficiency of every subsection. The choice
acts on half of the field to obtain regularity on the
final field layout and faster computational time. The
subsection selection continues till the design power is
reached. Subsequently, the secondary reflector shape
is created and the shadow efficiency for the chosen
mirrors is performed, so a new field instant power.
If the latter is higher than the design one, the pro-
gram performs the shadowing and blocking efficiency
for each mirror, otherwise, the subsection selection
continues. Again, the new power is compared to the

selected one and the iterative process continues till
the target is reached.

2.1.4 Receiver thermal losses

The ray path concludes at the receiver aperture where
a Heat Transfer Fluid (HTF) is heated up and either
stored or used as a hot source in a bottom power
cycle. The CPC, if present, was considered a per-
fect reflector. Following the NREL Gen3 road map
[33], a particle receiver was assumed. The radiative
heat transfer will only consider the particles absorbed
power, their emission, and reflection. It was assumed
that the HTF act as a grey opaque body, with hemi-
spherical emissivity equal to 0.9 [51]. The convective
loss is mainly gravity-driven since the wind is limited
to reduce material loss. Furthermore, this model as-
sumes that if the CPC is built on an array configura-
tion, each tertiary concentrator has its own receiver.
Finally, the overall system efficiency, ηsys, can then
be evaluated as Equation 7.

ηsys = ηopt · ηth (7)

Where ηth is the receiver thermal efficiency.

2.1.5 Clear sky model

A DNI clear sky model was utilized to evaluate the
annual performances of a solar field. Considering ev-
ery hour of the year, the annual field performance
simulation can be computationally expensive. In-
stead, just a subset of hours can be assessed with
sufficient accuracy [46]. For that reason, it was de-
cided to simulate the field at every 15th of each month
of the year. The day hours were selected such that
the sun elevation is higher than 15◦ [26].

2.1.6 SR shadow optimization

The SR shadow sensibly affects the annual optical
field efficiency, as shown in Figure 6.

Figure 6: Annual clear sky DNI weighted efficiency
(cosine and hyperboloid shadow) at ground level. Hy-
perboloid (red line) with eccentricity equal to 4.
Aim point equal to 100 m. Latitude of 25◦ N.
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The inner field part reaches annual cosine and sec-
ondary reflector shadow efficiency below 40%.
So, a Matlab optimization procedure was built aim-
ing to maximize the overall optical efficiency at a
given CPC geometry. Starting from the design so-
lar field created, a new possible best efficient (k, j)-
subsection is considered. The field is step by step
thinned out, from the inner rows to the outward ones,
of the worst annual efficient subsection till again the
design power is reached. If the annual optical per-
formance increases, a new optimized configuration is
found. The iterative process continues till a maxi-
mum ηopt,ann is attained.

2.1.7 Annual system optimization

The increased optical performances caused by the an-
nual shadow optimization cannot neglect the thermal
receiver ones. Higher CRcpc,3D and lower inlet ra-
dius, Rcpc, of the CPC can sensibly boost the thermal
efficiency, but on the other hand limit the selection
of farthermost, less shaded, heliostats due to low in-
tercept factor. Moreover at low eccentricity values,
the error amplification effects cause a bigger ground
image, but, on the other hand, higher CRcpc,3D. The
opposite trend holds for high eccentricity values.
So an overall system optimization was proposed for
an eccentricity values range from 1.5 to 4, aim point
height equal to 100 m and 120 m, and receiver tem-
perature of 750 ◦C [33].
The design DNI was considered equal to 1 kW/m2.
First and foremost, a plausible CPC geometry needs
to be found at every eccentricity and aim point
height. These characteristics were established by an-
alyzing the ground image of a simplified surrounded
field configuration. An intercept value of 99% was
considered, determining both Rcpc and maximum ac-
ceptance angle. Table 2 summarized the CPC geom-
etry found for an aim point equal to 100 m.

e [-] 1.5 2 2.5 3 3.5 4
Rcpc [m] 18.2 11.2 9.2 8.4 8.0 8.1

CRcpc,3D [-] 6.92 4.15 2.90 2.35 1.80 1.75

Table 2: Surrounded field configuration CPC geom-
etry. Aim point equal to 100 m.

Then, at a given eccentricity and aim point height,
the base CPC geometry is varied, reducing and in-
creasing the starting values of both CRcpc,3D and
Rcpc by a selected interval dimension. Every new
configuration is assessed, and the iterative process
continues till the first CPC geometry that maximizes
the annual system efficiency is found.

2.1.8 Techno-economic ananlysis

A techno-economic model was built in order to justify
system performance results also in terms of Levelized

Cost Of Heat (LCOH). The LCOH evaluated consid-
ers constant annual energy production and Opera-
tion and Maintenance (O&M) cost over the lifetime
chosen (25 years) [2]. The procedure is based on a
before-tax-revenues approach, so no tax and no fi-
nancing were considered. With these assumptions,
the LCOH can be evaluated as Equation 8 [44].

LCOH =
I · FCR

E
+

O&M

E
(8)

Where I is the overnight investment, FCR is the
Fixed Charge Rate, E is the annual thermal energy
output. In order to compare the results with the liter-
ature, the same clear sky system annual performance
was considered, but the energy produced will be given
by an averaged annual DNI of 7 kWh/day/m2 and
365 days of annual operation. The tower cost was
considered equal to the one found for a solar tower,
but in this case, the installation height was taken
equal to the one attained by the hyperboloid ver-
tex point. Furthermore, the same specific cost of the
heliostats was considered for the secondary reflector
mirror facets. Since no articles were found regard-
ing the cost of the CPC, the receiver cost has been
increased by 10%.

Lifetime 25 years [2]
DNI 7 kWh/day/m2 [35]
Discount rate 9 % [2]
O&M 0.023 e/kWhth [2]
EPC & Cont. 40% of the investment [4]
Field cost 9100 e/acre
Tower cost 2.73 · 106 e0.0113 TH e
Receiver cost 113 (1+10%) e/kWth [33]
Heliostat cost 132 e/m2

Table 3: Beam down optic LCOH evaluation assump-
tions. Field, tower and heliostat cost from SolarPI-
LOT default values.

2.2. SR thermal model
A 1D thermal model of the hyperboloid was built to
assess the temperature distribution on the SR. As
figured in Figure 9, the heat flux can reach levels up
to 18 kW/m2.

Figure 7: SR heliostats radiation heat flux at aim
point equal to 120 m and eccentricity of 3.
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Highly reflective surfaces are generally made by a thin
silver film covered with glass in order to avoid the
fouling degradation effect. An example of the solar
film is the one proposed by 3MTM, called Solar Mirror
Film 1100. The type of glass utilized by the Weiz-
mann Institute of science is the SCHOOT Borofloat
33 [5]. It can be modeled as a semi-transparent grey
body across most of the spectrum, while an opaque
grey body in the other. The downwards facing part
of the hyperboloid is then completed as the union
glass-silver facets. Moreover, the maximum operat-
ing temperature is imposed by the silver surfaces, 65
◦C, since the glass one is 450 ◦C [17][41].
The upward-facing surface, on the other hand, has
to dissipate the high thermal flux coming from the
heliostats field and the direct sun radiation. Two dif-
ferent configurations were individuated by the Weiz-
mann Institute, a sandwich configuration, in which
two silver-glass modules are stick one to each other,
or an aluminium finned one, in order to increase the
heat transfer area on the upper part of the hyper-
boloid. Furthermore, two other configurations were
added to this work. If fins are not installed, only
the aluminium fin support was considered and the
solution can be comparable to the one of the sand-
wich type. Moreover, the latter configuration can be
further improved with the installation of dry cooling
technology. A heat contribution is withdrawn from
the upward-facing surface to limit the operating value
of the silver temperature.
The nature of the heat transfer is of a convective,
conductive, and radiative type. For simplicity, the
hyperboloid was treated as a horizontal flat surface
with a unitary view factor on both sides, respectively
with the ground and the sky.

Radiative heat transfer Following the Fresnel re-
fraction law and the Snell law, the reflectivity of a
glass surface facing air for normal incoming radiation
can be evaluated as Equation 9 [18].

ρg =

(
ng − 1

ng + 1

)2

(9)

Where ng is the refractive index of the glass and it’s
considered constant among the spectrum. The ef-
fective radiative properties of the glass can be pre-
dicted by an analytical ray-trace approach. So, the
absorbance property of the glass in the glass trans-
parent band, αT

g , can then be evaluated thanks to
Equation 10.

αT
g =

(1− τg)(1− ρg)(1 + ρsτg)

1− rgρsτ2g
(10)

Where τ is the transmittance and ρ is the reflectiv-
ity and the subscript g refers to the glass, while s to
the silver surface. Furthermore, it was assumed that
half of the contribution acts on the outer glass sur-
face while the other half is on the silver surface.

The silver absorbance property in the glass transpar-
ent band can then be performed as the non-reflected
part of the radiation at the lower glass side.

αT
s =

τg(1− ρs)(1− rg)

1− rgρsτ2g
(11)

In the glass transparent band, the net contribution on
the glass surface is equal to the absorbed incidence ra-
diation and the emission in that spectrum. However,
the latter factor is negligible since the emissivity is
close to zero in the considered wavelength range. On
the other hand, the silver surface it’s opaque and so
its net contribution it’s pure of absorption and emis-
sion type. The latter can again be neglected due to
its high reflectivity value.
Furthermore, in the opaque glass spectrum, the net
contribution on the outer glass surface is given by
the difference between the absorption of the incident
radiation and emission as a grey body. The net ra-
diative contribution on the silver surface is zero.

Convective heat transfer The convective heat
transfer phenomena can be of a free or forced type.
The strength of natural convection is mainly gov-
erned by buoyancy expressed by the Grashof number
GrL while the forced convection is characterized by
the Reynolds number ReL, with L a characteristic
length. When GrL/Re2L ≪ 1, the forced convection
dominates and the opposite for GrL/Re2L ≫ 1. If the
two dimensionless numbers are comparable we have
a mixed convection process. In this case, the heat
transfer coefficient can be roughly estimated as the
maximum one between both [38]. The free convec-
tion is strictly dependent on the plate orientation and
inclination. In the finned configuration, two differ-
ent surfaces participate in the convective dissipation,
namely the aluminium horizontal support and the fin
extension. The convective heat loss from a fin can be
evaluated considering the differential equation solu-
tion for a non-isothermal fin with an adiabatic tip.
The fin height, H, was considered equal to 50 cm in
order to limit the product mH at 3 at stagnant air
condition. Where m =

√
2h/ktf , with h the natural

convective heat transfer coefficient, k the aluminium
conductivity and tf the fin thickness.

Energy balance Four nodes were identified in ev-
ery configuration. In the sandwich one, the two outer
glass surfaces and the two silver ones. In the finned
or not finned configuration, are the outer downward
facing glass surface, the silver surface, the inner and
outer upward-facing metal surface. The temperature
solution can then be performed by solving the heat
transfer balance at each of the four nodes.
For the cooled configuration, the silver temperature
was set to its maximum limit, and the refrigeration
power was estimated.
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3. Results
3.1. Heliostat field creation
The best heliostats field configuration was found at
eccentricity equal to 2, in both aim point simulations.
For tower height equal to 100 m, the annual system
efficiency of the optimized configuration settles down
to 59.32%, the product of annual optical efficiency
of 68.45%, and annual thermal efficiency of 86.67%.
The system performance increases by 1.90% relative
to the base configuration. The Rcpc settles down to
a value of 11.2 m while the CRcpc,3D is 3.65.
At the aim point equal to 120 m, the increased cosine
and thermal performances (caused by a higher CPC
concentration ratio) boost the overall solar field sys-
tem efficiency to a value of 61.07%.
Starting from the base configuration the CPC in-
let radius reduces in every simulation, as a trade-off
between thermal and intercept performances. The
CRcpc,3D follows the same trend as a balance between
optimized hyperboloid shadow, cosine, and intercept
efficiency.
At low eccentricity (e<2.5), the optimized CPC ge-
ometry differs a lot from the base configuration. Er-
ror amplification effect causes too big ground image
and although the CRcpc,3D obtained was higher with
respect to bigger eccentricity values, the optimization
sensibly reduces the intercept factor aiming at better
thermal performances.

Figure 8: Relative percentage optical, thermal, and
system annual efficiencies increase from base to opti-
mized configuration. Aim point equal to 120 m.

The same consideration can be made at a high eccen-
tricity value (e>3), where the CRcpc,3D is strongly
limiting the thermal receiver performance. The hy-
perboloid shadow efficiency, at an aim point equal
to 100 m, reaches a value of 90% in the base con-
figuration and eccentricity equal to 4. The field is
optimized by selecting farther heliostats so to set-
tle down this value around 95%. The CPC inlet ra-
dius is reduced as a trade-off of decreased intercept
and boosted thermal performances. Nevertheless, the
field optical performance is almost constant while the
thermal efficiency increase over 4% relative to the

base case. The overall annual efficiency attains the
highest variation, compared to other eccentricity val-
ues, with a 5% relative increase with respect to the
base case.
At eccentricity equal to 3, the optimization is almost
field-driven. The CPC geometry slightly changes and
so do the thermal performances. On the other hand,
the field optical efficiency is boosted, passing from
65.30% to 67.11% at an aim point equal to 100 m,
mainly driven by a 3.5% relative SR shadow efficiency
increase.

Figure 9: Optimized heliostats field configuration at
eccentricity equal to 3 and aim point equal to 120 m.

In every configuration, the annual field optimization
reduces the hyperboloid area. The highest variation
is obtained at eccentricity equal to 3 and aim point
equal to 120 m, with a reduction of around 1000 m2.
The overall field concentration ratio, at eccentricity
equal to 2, reaches a value of 749.6 at aim point equal
to 100 m and 827.8 at 120 m.
The best techno-economic configuration is found for
eccentricity equal to 3 and an aim point of 120 m with
an LCOH of 57 e/MWhth. The eccentricity value of
2 and the same aim point height, namely the best
field configuration found in terms of annual system
performance, is affected by higher tower costs. The
tower height at the best techno-economic configura-
tion decreases from 94 m to 85 m. At an aim point
equal to 150 m, the tower cost increase does not jus-
tify the better field performances and the LCOH is
the highest at every eccentricities.
The annual thermal energy produced by the best
techno-economic configuration is 100.85 TWhth.
These results are comparable to what was presented
by Ali Hussaini et al. for a 50 MWth conventional so-
lar tower in Nigeria (latitude of 12.4◦). They found
an LCOH around 36 e/MWhth, but the design DNI
was taken equal to 670 kW/m2 and so a higher reflec-
tive area is attained with an annual thermal genera-
tion of 150.77 TWhth, assuming an annual averaged
DNI of 5.5 kWh/day/m2 and aim point equal to 100
m [2]. Moreover, also the mean DNI annual system
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efficiencies are comparable, 59.49% obtained by the
beam down optimization and 54.80% for the solar
tower. Nevertheless, the lower design DNI value con-
sidered for the conventional solar tower application
can sensibly reduce the annual performances.

3.2. SR thermal model
For heliostats radiation heat flux over 7 kW/m2 and
stagnant air, no configuration is valuable to limit
the silver temperature under its maximum operating
value. As shown in Figure 10, a cooling technology
needs to be adopted.

Figure 10: Secondary reflector possible configuration
to limit the silver temperature at 65 ◦C. Dashed iso-
line represent the refrigeration power.

The metal configuration performs better than the
sandwich one in both cases, namely with and with-
out fins. Due to the high reflectivity and conductivity
of aluminum, the upward-facing surface dissipation is
favored both in terms of radiative and convective heat
transfer.
The results are influenced by the characteristic length
considered, namely 1 m. Nevertheless, considering a
characteristic length of 50 m, the relative error on the
results is lower than 10% on the silver temperature.
So, the analysis can be considered a good first value
in analyzing the secondary reflector behavior per me-
ter square of surface.
At the aim point equal to 120 m, the overall refrig-
eration heat is 4.54 MW and 5.38 MW, respectively
at eccentricity equal to 2 and 3. By increasing the
silver limiting operation temperature to 150 ◦C, the
latter values settle down at 2.63 MW and 2.74 MW.

Q̇refr [MW]
Tsilver,lim

65 ◦C 100 ◦C 150 ◦C
e = 2 4.54 4.18 2.63
e = 3 5.38 4.99 2.74

Table 4: Refrigerant power in order to keep the silver
temperature under its limiting condition.

4. Conclusions
A 50 MWth BD optimized solar field was presented.
The results were presented for 25◦ N of latitude, but
the algorithm can be applied to any solar site.
Starting from a simplified surrounded field configura-
tion, a first CPC geometry was found and the optical
and thermal performances were assessed at different
eccentricity and aim point values. An annual opti-
mization model was built as a compromise between
the CPC geometry and the SR shadow performance.
The receiver temperature was assumed to equal 750
◦C. The best BD configuration in terms of LCOH was
found at eccentricity equal to 3 and an aim point
of 120 m. In this case, the optimization is mainly
optical driven, caused by a 3.5% relative percentage
increase in the annual shadow hyperboloid efficiency
concerning the surrounded field configuration. The
field shape becomes slightly asymmetric, and north-
oriented, resulting in an annual optical efficiency of
65.08% and a thermal of 87.96%. The CPC inlet ra-
dius settles down to a value of 7.9 m and the CRcpc,3D

is 2.50. The number of the mirror reduces from 2755
to 2654 and the same trend is followed by the SR area
which decreases by 12% relative. The annual energy
produced is 100.85 TWhth at averaged annual DNI
of 7 kWh/day/m2. The LCOH settles down at value
of 57 e/MWhth.
Furthermore, a 1D SR thermal model was presented.
Different SR configurations were studied, namely the
sandwich, the finned or not one, and the possibility of
dry cooling technology. At the best techno-economic
configuration, if the silver temperature is limited to
65 ◦C, 45% of the hyperboloid surface needs to be
cooled down. If the silver temperature limit can be
increased up to 150 ◦C, this value reduces to 14%.
In the latter case, the fin configuration occupies an-
other 14%, the not finned one the 22.5 %, and in the
remaining part a sandwich configuration can be uti-
lized.
The model presented lacks of accurate analysis in the
receiver thermal behaviour and CPC optic. In this
sense, a suitable configuration of particle receivers
needs still to be directly associated and the ther-
mal model deeply assessed. Moreover, an accurate
approach for the CPC transmissivity efficiency can
be accompanied in order to improve the accuracy of
the intercept efficiency calculation. Scaling up beam
down solar system needs to take into account the
thermo-mechanical stress on the hyperboloid surface.
So, a 3D thermal model needs to be considered in
order to properly analyze the heat flux distribution.
The design power will then be a compromise between
the refrigeration heat, material utilized and energy
produced.
The number of each reference used in the text refers
to the bibliography of the thesis.
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