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H I G H L I G H T S

• Star-shaped receivers for solar tower plants are comprehensively analyzed.
• Three materials are compared for star receiver tubes: 740H, H230, and 800H.
• Thermomechanical performance and costs are compared to external receivers.
• For a Gemasolar-like solar field, the star receiver leads to 10 % LCOH reduction.
• Optimized solar field and star receiver leads to 75 % lower CAPEX and 30 % lower LCOH.
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A B S T R A C T

Star-shaped receivers represent a novel receiver concept to increase performance and reduce cost of solar tower 
plants, boosting the competitiveness of these renewable and dispatchable power production technology. This 
article presents a comprehensive analysis of star-shaped receivers, which, due to their unique geometry, provide 
lower optical and thermal losses, increased lifetime, and reduced construction and maintenance costs. The article 
describes methodologies for assessing optical and thermal performance, pressure drop, creep-fatigue lifetime, 
wind load, and capital and operating costs of star receivers. Specifically, optical analysis is performed using ray- 
tracing simulation tools while tailored numerical models are implemented in MATLAB to investigate thermal, 
mechanical and economic aspects. The proposed methods allow to estimate the maximum receiver size that can 
withstand wind loads for a given location and optimize the design of this innovative receiver through a con
strained parametric procedure based on Levelized Costs of Heat (LCOH) minimization. Results show that the cost 
of the star receiver can be up to 75 % cheaper than the corresponding Gemasolar-like cylindrical receiver with 
the same design thermal power. This cost reduction results from the adoption of fewer number of tubes and less 
expensive material as 800H instead of H230. Overall, the optimal plant configuration has a higher thermal 
energy collected by around 5 % annually, resulting in a 30 % reduction in LCOH with respect to Gemasolar-like 
cylindrical receiver case.

1. Introduction

Unlike intermittent renewable power plants such as photovoltaic and 
wind, Concentrated Solar Power (CSP) and integrated with Thermal 
Energy Storage enables renewable energy production in a dispatchable 
and flexible manner [1,2]. This makes CSP a promising technology, 
especially in regions with high renewable energy penetration which 
experience curtailment or low energy prices during peak renewable 
production hours [2]. Solar Tower (ST) is the CSP technology with 

higher cost reduction potential [3] and one solution to make this tech
nology more competitive with other renewable systems is to enhance 
performance and reduce costs associated with the receiver, that is a key 
component of ST plants. Indeed, the receiver cost represents roughly 15 
% of total plant capital cost [4] and 20–40 % of the energy incident on 
the receiver is lost due to thermal losses [5]. External cylindrical re
ceivers represent the state-of-the-art for solar tower systems. Such re
ceivers have one main inherent disadvantage: because the tubes are 
radiated from only one side, they operate with substantial temperature 
differences along the circumference that generate significant thermal 
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stresses. To prevent such stresses from leading to component failure, 
receivers need to be irradiated with limited thermal fluxes, the 
maximum value of which is generally considered to be 1 MW/m2 in 
accordance with the main literature [6,7] and manufacturers’ best 
practices [8]. Being able to irradiate the receiver with higher heat fluxes 
would allow to reduce its size, and thus thermal losses and cost, keeping 
the same thermal input. The most intuitive solution to achieve this is to 
act on the main cause of thermal stresses, namely asymmetric tube 
irradiation. In this context, star-shaped receivers, an innovative concept 
proposed by Sandia National Laboratories in 2014, represent a 

promising solution to overcome cylindrical receivers limitations, as they 
are designed to have tubes irradiated on both sides [9]. A three- 
dimensional representation of this receiver type, in its three-rays 
configuration, is shown in Fig. 1.

In addition to allowing the above-mentioned irradiation of tubes 
from both sides, the star-shaped receiver, compared with the conven
tional cylindrical one, has a number of other advantages: first is the 
reabsorption effect (also called light-trapping effect), by which the ra
diation reflected by tubes is redirected toward the other rays and 
absorbed by other tubes instead of being lost in the environment, hence 

Nomenclature

Symbols
A Area [m2]
chelio Heliostats specific cost [€/m2]
cland Land specific cost [€/m2]
csi Site specific improvement cost [€/m2]
C Cost [€]
Cf Force coefficient [− ]
CsCd Structural factor [− ]
D Diameter [m]
Dtt Distance between adjacent tubes [m]
dayeq Number of eq. days in one year [− ]
f Force per unit length [N/m]
F Force [N] / View factor [− ]
H Height [m]
k Factor for tubes mutual influence [− ]
ṁ Mass flow rate [kg/s]
N Number [− ]
Nd,y Number of identical days per year [− ]
Np Number of panels [− ]
Ntp Number of tubes per panel [− ]
Ntr Number of tubes per ray [− ]
Ny Number of years
p Pressure [Pa]
Q Thermal energy [Wh]
Q̇ Thermal power [W]
R Thermal resistance [W/m2K]
St Pitch between adjacent tubes [m]
Sy Yield strength [MPa]
t Time [s]
th Tube thickness [− ]
T Temperature [K]
Tsurr Equivalent Surrounding Temperature [K]
v Velocity [m/s]
z Axial coordinate [m]

Greek symbols
αc Tube coating absorptance [− ]
Δp Pressure drop [bar]
ε Emissivity [− ]
η Efficiency [− ]
ρ Density [kg/m3]
ρsup Support coating reflectivity [− ]
σz Axial stress [MPa]

σUTS Ultimate Tensile Stress [MPa]

Acronyms
AR Aspect Ratio
CAPEX Capital EXpenditure
CSP Concentrated Solar Power
HTF Heat Transfer Fluid
KPI Key Performance Indicator
LCOE Levelized Cost Of Electricity
LCOH Levelized Cost Of Heat
OPEX Operating EXpenditure
PB Power Block
SF Solar Field
UTS Ultimate Tensile Strength

Subscripts
amb Ambient
adj Adjacent
av Average
conv Convective
el Electric
ext External
i Axial element
int Internal
j Circumferential element
max Maximum
min Minimum
next Next circumferential volume
opt Optical
out Outlet
p Panel
prev Previous circumferential volume
rad Radiative
rec Receiver
rr Ray-to-ray
stt Solar-to-thermal
t Tube
th Thermal
tow Tower
vol Volume

Superscripts
des Design
T Thermal
y Yearly
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reducing reflective losses and increasing the effective solar absorptance. 
Second, view factors toward the environment are lower, thus reducing 
radiative losses. Third, with tubes being irradiated on both sides, tubes 
number can be halved maintaining the same irradiated surface, there
fore significantly decreasing receiver cost compared to the cylindrical 
one.

The main drawback of the star configuration is related to the me
chanical load due to the wind action on receiver structure: differently 
from a cylindrical receiver, which is back supported by the central tower 
providing stability and mechanical resistance, the star configuration 
exposes the entire surface to the environment without any back support.

In the 2014 study from Sandia National Laboratories [9], thermal 
performances of star receivers were investigated along with those of 
other fractal-like designs which take advantage of the light-trapping 
effect, at both meso (tubes shape) and macro (receiver geometry) 
scale. They showed how meso-scale finned geometries can improve the 
effective solar absorptance compared to flat surfaces, thanks to their 
capacity to trap the light. The impact was greater in case of materials 
with solar absorptance lower than 0.9. Such result, obtained through 
numerical models, was confirmed by experimental tests on corrugated 
samples of low absorptance material. They assessed how a star config
uration can lead to lower radiative heat losses, due to reduced local view 
factors toward the environment. Furthermore, a greater concentration 
ratio can be obtained reducing the optical aperture, while maintaining 
the same exposed surface area and irradiance. At the macro scale a 
reduction of radiative heat losses up to 50 % and an improvement of 
thermal efficiency up to 10 % were achieved, considering SolarTwo 
cylindrical receiver as reference. However, they have not considered the 
reduction of the optical efficiency due to a smaller optical intercept area 
and the thermal analysis was performed in a simplified way, maintain
ing constant surface temperatures.

Such results were validated in further studies by Christian et al. 
[10,11] who analyzed three different configurations: vertical, horizontal 
and radially finned flat receivers. They proved how all the novel con
figurations have higher thermal efficiency compared to a flat plate 
receiver at same exposed surface, due to higher effective solar absorp
tance and lower radiative loss.

Puppe et al. [12] conducted a techno-economic analysis of different 
solar tower receivers, including a star receiver configuration. They 
claimed the star receiver achieved a 13 % lower LCOE compared to the 
reference solar tower, based on an upscaled version of Solar Two plant 
and with updated costs estimation. This result is due to the lower cost of 
tower and receiver, together with higher solar to electric efficiency. It is 
worth noticing that an LCOE reduction of 11.7 % was also achieved with 
an improved version of the reference case, which has higher solar to 
electric efficiency, lower receiver cost and lower self consumptions.

Wang et al. [13] investigated optical performances of five fin-like 
receivers, three with vertical fins and two with horizontal fins, while 
comparing them with a reference Gemasolar-like cylindrical receiver, 

keeping same solar field and same tubes size and number. The optical 
efficiency also includes reflective losses. They optimized each of the five 
receiver geometries, in terms of number of fins and internal support 
diameter and then selected the most performing one: a vertical finned 
receiver with six fins and small support, very similar to a star geometry. 
It achieves the highest optical efficiency equal to 63.9 %, 3.2 % higher 
than the cylindrical one. However, the heat flux is nonuniform, with an 
extremely high peak value equal to 3830 kW/m2. This flux can be 
reduced by more than 40 % through the use of a multi-aiming point 
strategy, at the expense of the optical efficiency which slightly 
decreases.

Considering these results, a further study by Wang et al. [14] con
ducted a thermal analysis of a vertical finned receiver, whose perfor
mances were again compared with those of an external cylindrical 
receiver at fixed external diameter, assuming SolarTwo plant as a 
reference. First, the key geometric parameters of the fin-like receiver, 
including the fin number and inner diameter, are optimized with the 
unique constraint of the external diameter while the number of tubes 
can vary. The optimization was aimed at achieving the highest thermal 
efficiency without considering any additional cost related to a bigger 
receiver, since they affirmed that it accounts for a small percentage of 
the total cost and thus more tubes can be employed. The optimal 
configuration proved to be the one with an inner support diameter of 1 
m and twelve fins (and almost double number of tubes), achieving a 
maximum thermal efficiency (including reflective losses) of 87.3 %, 
which is 3.7 % higher than that of the reference cylindrical receiver. This 
result is determined by a strong reduction of reflective losses while 
radiative and convective losses were instead higher due to the much 
larger exposed area. Compared to the previous study, the flux distribu
tion is more uniform with a lower peak value: 442 kW/m2 and 720 kW/ 
m2 for finned and cylindrical receiver respectively. The analysis was 
only based on thermal efficiency and the resulting optical efficiency was 
not reported, even though they stated that cylindrical receiver has a 
higher intercepted power due to lower spillage losses.

Binder et al. [15] investigated the lifetime of a three rays star 
receiver compared with that of a reference cylindrical receiver. Different 
cases were evaluated, varying wall thickness, mass flow rate and radi
ation intensity. This receiver arrangement halves the number of tubes 
compared to the reference cylindrical one, maintaining same exposed 
surface and approximately halving the cost. They designed the receiver 
with an inner supporting structure and pylons attached to the external 
side of the last tube of each ray, as well as with an upper roof and a 
proper tower connection. Additionally, three horizontal structures along 
receiver height are included, in order to withstand wind loads, which 
becomes more critical as the tubes diameter decreases. Results showed 
that double-sided irradiated tubes increase lifetime by a factor of 5–12 
(depending on the load case) compared with one-sided irradiated tubes, 
thanks to the reduced temperature gradient between front and rear part 
of tubes. Thus, receiver cost can be further decreased by using a cheaper 
material with lower mechanical performances, preserving an acceptable 
lifetime. Alternatively, higher local flux densities can be reached at fixed 
material. Furthermore, they highlighted that particular attention should 
be paid to the aiming strategy, as front and back side of tubes should be 
irradiated as homogeneously as possible since a difference in radiation 
intensity will decrease tube’s lifetime.

Different studies have been published demonstrating star receiver’s 
potentialities, though concentrating on only one or few aspects. How
ever, to the author’s knowledge no studies have been published per
forming a comprehensive analysis of star receivers, assessing optical and 
thermal performances, receiver pressure drop, creep-fatigue lifetime, 
wind load impact and capital and operating costs. Moreover, no studies 
were found in literature comparing performance and cost of star-shaped 
receivers with those of state-of-the-art external cylindrical receivers to 
demonstrate, through the adoption of techno-economic KPI such as the 
Levelized Cost of Heat (LCOH), the advantages of this innovative 
configuration. This study aims at filling this literature gap, analyzing 

Fig. 1. Three rays star receiver 3D representation.
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with a comprehensive approach star receivers design and operation and 
achieving three main objectives: i) estimate the maximum receiver size 
that can withstand the wind load under typical operating conditions; ii) 
develop a methodology to optimize from a techno-economic point of 
view the design of a star receiver; iii) compare performance and costs of 
the star receiver with those of a conventional cylindrical one.

2. Methodology

The three objectives of this work are achieved through the following 
approach: 

• the maximum receiver size that can withstand the wind load is 
evaluated through a simplified methodology described in Section 
2.1, considering different tubes materials and diameters as well as 
different values of receiver aspect ratio (i.e., ratio between receiver 
height and external diameter). The application of such simplified 
methodology and the obtained results are described in Section 3.

• the techno-economic optimization of the star receiver design, for a 
given solar field and location, is performed through a parametric 
approach and using the LCOH as Key Performance Indicator (KPI) to 
identify the optimized receiver configuration. The analysis begins 
with the solar field generation and the optical analysis to assess the 
heat flux maps on each receiver tube. A reference cylindrical receiver 
is considered to generate the solar field that is then used for the 
receiver design optimization. The heat flux maps on each investi
gated receiver configuration are used as input of the receiver thermal 
model, that provides as main outputs HTF mass flow rate, thermal 
efficiency and tube temperature distribution. The methodology 

continues with the hydrodynamic analysis to assess the HTF pressure 
distribution and a creep-fatigue analysis aimed at estimating the 
receiver lifetime. Lastly, an economic analysis is performed to eval
uate the LCOH of each investigated receiver design.

• the optimized configuration of star receiver obtained through the 
approach summarized in the previous point, is then compared from a 
techno-economic point of view to state-of-the-art external cylindrical 
receivers.

The methodology proposed to achieve these three objectives is 
schematically represented in Fig. 2. This study focuses on one particular 
configuration of star receiver, which is characterized by three rays (or 
fins) separated by an angle of 120◦ and has the hydraulic configuration 
suggested by Binder et al. [15] (see Fig. 3). Three rays are chosen 
because, when considering a reference cylindrical receiver with iden
tical tube dimensions, they enable a reduction in the number of tubes by 
half maintaining the same exposed surface and almost the same receiver 
diameter. The receiver can be oriented either due North or due South, 
meaning that one of the three rays is directed in the North or South 
direction. The hydraulic configuration is illustrated in Fig. 3: HTF flow 
splits in two flow paths before entering from bottom in the two East and 
West directed rays, thus these are the first two rays in which the fluid 
simultaneously flows. When the two flow paths exit from each of the first 
two East-West rays, they mix before entering in the third and last ray. 
The first two rays have three panels in series while the third one has only 
two panels due to its larger mass flow rate.

Fig. 2. Scheme of the methodology proposed for the techno-economic optimization of star receivers design.
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2.1. Wind load

The star receiver is a structure strongly subjected to the wind action 
since it is placed at a relevant altitude on top of the solar tower (more 
than 100 m height), where the wind velocity is significantly high, and – 
differently from conventional cylindrical receivers - the rays must 
withstand this load without any back support. The proposed method to 
assess the wind action on the receiver consists of two steps: evaluation of 
the force generated by the wind is evaluated, and then calculation of the 
stresses generated inside the structure by the wind force. The method 
requires as input the receiver characteristics (i.e., tubes material, length, 
diameter and thickness and distance between adjacent tubes), its oper
ating temperature, and the wind velocity, and it allows to assess whether 
a given receiver design is able to withstand the wind load or not.

The wind force acting on the receiver is evaluated considering each 
ray independently and applying the guidelines provided by EUROCODE 
standard [16] for a structure consisting of many adjacent cylindrical 
bodies with a certain air gap between them, thus similar to a star 
receiver ray. To apply such guidelines each ray is treated as if it were 
alone without the influences of the others. In detail, the wind force is 
provided by Eq. (1) where ρ is the air density at ambient temperature 
and pressure, v is the wind velocity at receiver’s height,1 Dext,t is the 
receiver tubes outer diameter, Hrec is the receiver height (i.e., the tubes 
length), k is a factor accounting for the mutual influences between 
adjacent tubes equal to 1.15 for the investigated geometry,2 CsCd is the 
structural factor that accounts for the dynamic response of the structure, 
and Cf is the force coefficient for vertical cylinders. 

F = k⋅CsCd⋅Cf ⋅
(

1
2

⋅ρ⋅vwind
2
)

⋅Dext,t⋅Hrec (1) 

In detail, CsCd considers the effect on wind action of the non- 
simultaneous occurrence of peak wind pressures on the surface (Cs) 
together with the effect of the vibrations of the structure due to turbu
lence (Cd). This parameter is calculated through a set of equations - not 
reported for sake of brevity - detailed in the EUROCODE standard [16]. 
This set requires as input receiver geometrical parameters (Dext,t, th, 
Hrec), tubes material density, wind velocity (vwind), natural frequency of 

the structure,3 and the force coefficient (Cf ). The latter represents the 
drag coefficient of an isolated cylinder that is computed as the product 
between the force coefficient of an infinitely long cylinder (Cf ,0) and the 
end-effect factor. Cf ,0 is a function of the Reynolds number and the 
surface roughness of the tube, it is evaluated through the correlations 
reported in the EUROCODE standard [16].

As the wind velocity is assumed constant throughout the receiver 
height, the force per unit length (f) is simply evaluated as the ratio be
tween the overall force (F) and the receiver’s height (Hrec).

The stresses generated inside the tube walls are evaluated through a 
simplified one-dimensional analysis based on the beam theory, which 
allows to determine the maximum axial and tangential stress in each 
axial section. Those stresses are computed applying the principle of 
virtual works for a single tube clamped on one side (top) and axially free 
to move on the other (bottom), as shown in Fig. 4a. As a first approxi
mation, the effect of clips between adjacent tubes or additional support 
structures along the receiver height on the stresses generated by the 
wind action is not considered in this work. The resulting beam structure 
is thus two times hyper-constrained and it can be solved assuming as 
hyperstatic unknowns a force perpendicular to the structure and a tor
que. Assuming elastic behavior, without any anelastic distortions and 
neglecting the tangential stress that is at least two orders of magnitude 
lower with respect to the axial stress, the axial stress as function of the 
longitudinal coordinate (z) can be computed through Eq. (2): 

σz(z) =

f
2⋅
(

− z2 + Hrec⋅z − Hrec
2

6

)

π
32⋅Dext

⋅
(

D4
ext,t − D4

int,t

) (2) 

The non-dimensional profile of σz, with respect to its maximum 
positive value (in the tubes’ middle length), is reported Fig. 4b as 
function of the non-dimensional axial coordinate (specific to tube 
length). To verify the structure’s mechanical resistance the maximum 
axial stress in each section σz is compared with one third of the ultimate 
tensile strength σUTS [17]. This verification applies for both tensile and 
compressive stresses and, if a symmetric behavior between tension and 
compression is assumed, it takes the form of Eq. (3). 

−
σUTS

3
< σz <

σUTS

3
(3) 

It is important to stress that the approach adopted for calculating 
axial stress on the tubes due to wind effect assumes that the wind is 
always perpendicular to the rays of the receiver which is a simplified yet 
conservative assumption. Under this the drag force is the highest, 

Fig. 3. Example of hydraulic circuitry.

1 The wind velocity at the receiver’s height is obtained through the following 
relation, taken from the EUROCODE standard [16], where vwind,0 is the wind 

velocity at 10 m above the ground: vwind(z) = vwind,0⋅0.19⋅ln
(

z
0.05

)

2 According to the EUROCODE standard [16], k is 1.15 when the ratio 
(Dext,t + Dtt

)
/Dext,t is lower than 3.5, where Dtt is the distance between adjacent 

tubes.
3 The natural frequency is obtained as described by Cammalleri and Cos

tanza, 2016 [47].
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ensuring a prudent estimation of the stresses. If recirculation effects 
were to be considered, they would reduce the drag force with benefits 
for the receiver’s structural integrity. However, for the sake of 
simplicity, this effect has not been included in the model. Furthermore, 
the analysis focuses on the stresses generated directly by the wind on the 
individual tubes. The moment generated by the wind action on the 
entire ray is not considered, as it is assumed that the ray is firmly 
anchored to the central structure of the receiver.

2.2. Optical analysis

The optical analysis consists of two main steps: solar field generation 
and mirrors’ aiming point definition, carried out in SolarPilot [18], and 
heat flux maps generation determined through raytracing simulation 
performed in SolTrace [19].

In detail, the solar field is generated according to a reference cylin
drical receiver that depends on the investigated case study. This 
approach can be deemed valid as a first approximation, despite the 
geometrical differences between the cylindrical and the star-shaped 
receivers, as long as the aiming points of each heliostat are optimized 
for the star configuration. Therefore, the star geometry is implemented 
with the aid of the multi-receiver option of SolarPilot, modelling each 
ray as two flat side-by-side receivers, attached to a central cylindrical 
support. The strategy Image Size Priority is used to define the aiming 
points of each heliostats [20–22].

The solar field with the defined aiming points is then imported in 
SolTrace [19], where the flat surfaces are replaced with the tubes. A 
raytracing simulation is then performed to obtain the heat flux maps on 
each tube. The tubes’ coating absorbance is provided as input to Sol
Trace therefore reflective losses are accurately computed by the soft
ware and they are included in the optical efficiency, defined as the ratio 
between the radiation absorbed by the external surfaces of the receiver 
tubes and the overall radiation hitting the mirrors. Heat flux maps are 
then used as input of the receiver thermal model, described in the 
following section.

2.3. Receiver thermal model

The Star Receiver Thermal Model is a three-dimensional steady-state 
numerical model implemented in Matlab and it is an extension of the 
models developed in previous works for external cylindrical receivers 
[21,23,24] and verified against published results of Computation Fluid 

Dynamic simulations in [21]. It is designed for a three rays star receiver 
and allows to investigate any desired configuration in terms of receiver 
orientation (i.e., one ray toward North or South), HTF entrance (i.e., 
either from internal or external side of the rays), and number of panels 
per ray. HTF inlet is assumed to be at the bottom while outlet at the top 
of the receiver, following a serpentine path through the different panels 
(see Fig. 3). HTF mass flow rate splits according to the power absorbed 
by the fluid in the first two rays to have the same mixing temperature 
before entering the third ray.

The model simulates both flow paths as well as all receiver’s tubes, 
which are discretized in both axial and circumferential directions. 
Moreover, the external side of the very last tube of each ray is considered 
adiabatic, due to the presence of pylons installed to support to structure 
[15].

Each discretized tube element is modeled as a network of thermal 
resistances, reported in Fig. 5, whose solution provides the different 
thermal powers used to assess the receiver energy performance and the 
temperature distributions of tube wall and the HTF. The thermal power 
absorbed by the HTF is determined by solving the energy balances at 
node A, representing the tube element’s external wall, and node B, 
representing the mean radius of the tube wall.

Let p =
{
1,2,…,Np

}
and t = {1,2,…,Nt} be the indices indicating 

the panel and tube, respectively, while i = {1,2,…,Nax}, j = {1,2,… 
,Nc} identify the axial and circumferential position in each tube, the 
balance at node A includes convective losses (Q̇conv,p,t,i,j) radiative losses 
toward the external environment (Q̇radext ,p,t,i,j), and thermal power radi
atively exchanged between rays (Q̇radrr ,p,t,i,j). Convective losses are 
evaluated considering mixed convection conditions as detailed in pre
vious works [21,22] with the only difference that a fixed heat transfer 
coefficient is assumed for the forced convection (i.e., 15 W

m2K).
Radiative losses are evaluated, assuming opaque, diffuse, grey, and 

uniform surfaces, through Eq. (4) where εt is the emissivity of the tube 
surface, Tsurr is the equivalent surrounding temperature calculated as 
reported in Gentile et al. [22] and Fp,t,i,j→ext is the tube element’s 2D view 
factor toward the external environment. 

Q̇radext ,p,t,i,j =
σ⋅
(

T4
ext,p,t,i,j − T4

surr

)

1− εt
εt ⋅Aext,p,t,i,j

+ 1
Aext,p,t,i,j ⋅Fp,t,i,j→ext

(4) 

The view factor Fp,t,i,j→ext is determined using the Hottel’s crossed- 
strings method [25] as schematically represented in Fig. 6. In detail, 

Fig. 4. a) schematic representation of constrained tube under wind load; b) trend of the non-dimensional axial stress generated by the wind load on a receiver tube.
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the latter shows how the view factor between the curve surface AB and 
the external environment (FAB→ext) is computed, where segment CD 
represents the maximum portion of the sky visible for any tube. C′ is 
instead obtained differently depending on the position of A on the tube 
circumference: it coincides with 1) the intersection between CD and the 
tangent to the adjacent tube starting in A if the latter does not intersect 
the tube itself (ϑA ≥ 0◦ ) or 2) the intersection between CD and the 
tangent in A to the tube itself, if the previous condition is not satisfied 
(ϑA < 0◦ ). Then, the view factor is obtained applying the typical crossed 
strings formulation: FAB→ext = (BCʹ + AD − BD − ACʹ)/(2⋅AB).

The thermal power lost or absorbed by the tube element due to 
radiative heat exchange between the next ray (Q̇radrr ,p,t,i,j) is assessed 
assuming that each ray is a flat surface at a uniform temperature. In 
detail, Eq. (5) is employed, where Tav,ray and Tav,adj,ray are respectively 

the average temperatures of the side of the ray where the the p,t,i,j-th 
element is located, and the average temperature of the side of the ray 
seen by the same element, st is the pitch between adjacent tubes, Ntr is 
the number of tubes per ray, and Fray→ray is the 3D view factor between 
two facing rays, computed through the Matlab function “viewfactor” 
which enables calculation of three-dimensional view factors between 
two planar surfaces, regardless of their shape or orientation [26]. 

Q̇radrr ,p,t,i,j =
σ
(

T4
av,adj,ray − T4

av,ray

)

(
1− εt

εt Hrec st
+ 1

Hrec st Fray→ray
+ 1− εt

εt Hrec st

)

Nax

(
Nc
2

) (5) 

As a first approximation, the radiative power exchanged between 
adjacent tubes in the same panel is neglected as it can be deemed 
negligible with respect to the power exchanged with the external 

Fig. 6. Crossed string method applied to the generic t,j-th element (figure not in scale).

Fig. 5. Network of thermal resistances modelling the p,t,i,j-th tube element.
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environment and the other panels.
The power balance at node B is formulated as reported in Gentile 

et al. [22] accounting for the two-dimensional heat conduction within 
the tubes as well as for internal heat transfer resistance of the fluid.

The thermal model requires as input receiver geometry, tubes ma
terial characteristics, HTF inlet and outlet nominal temperature, 
ambient conditions and heat flux maps on the receiver. The model is 
implemented in MATLAB and is based on the following solving pro
cedure. The HTF mass flow rate in each flow path are initialized to first 
guess values, while the thermal power terms exchanged between 
neighbor rays are initialized to zero. Then, for each element, the tubes 
external wall temperature is initially assumed to evaluate the convective 
and radiative heat exchange and solve the power balances equations as 
detailed in the previous section. The resulting HTF bulk temperature is 
used to compute a new value of external wall temperature until the new 
values differ from the old ones by less than a defined tolerance.

When every panel is solved and receiver outlet is reached, the HTF 
outlet temperature as well as the thermal power exchanged between 
neighbor rays are evaluated and a new iteration is performed with 
updated mass flow rate until convergence is achieved on all of them.

The main output of the model are the receiver thermal efficiency (i. 
e., thermal power absorbed by HTF divided by thermal power absorbed 
by the tubes outer walls), tubes and HTF temperature distribution as 
well as HTF mass flow rate.

2.4. Hydrodynamic analysis

The hydrodynamic analysis estimates HTF pressure drop in the 
receiver and evaluates the pumping electric power required for its cir
culation. The overall HTF pressure drop in both tower and receiver 
under design conditions (Δpdes

HTF) is evaluated considering three contri
butions: i) pressure drop in the tower due to the geodetic head; ii) 
distributed pressure drop in tubes, headers and manifolds that is eval
uated assuming that headers and manifolds are sized to have the same 
HTF velocity of the tubes; and iii) concentrated pressure drop in the 
receiver that is computed accounting for the curves and connections 
detailed in the previous study on external cylindrical receiver [22] plus 
the mixing occurring at the inlet of the third ray. The mixing pressure 
drop is evaluated based on the pressure loss coefficient formulation 
provided by Levin [27].

Finally, the HTF pumping electric consumption, for each operating 
condition, is computed by means of Eq. (6) where ṁHTF is the HTF mass 
flow rate flowing in the receiver in each time step, ṁdes

HTF and Δpdes
HTF are 

the HTF mass flow rate and pressure drop in design conditions, ρHTF,Tmin 

is the HTF density at the receiver inlet temperature, and ηpump is the 
pump efficiency accounting for hydraulic and electro-mechanical losses: 

Pel,pump =
ṁ3

HTF⋅Δpdes
HTF

ρHTF,Tmin
⋅ηpump⋅ṁdes

HTF
2 (6) 

In detail, both the design (ṁdes
HTF) and hourly (ṁHTF) mass flow rates of 

HTF are evaluated through the thermal and optical analyses described in 
the previous sections, while the pump efficiency and the HTF density 
will depend on the analyzed case study (see Section 4).

2.5. Creep-fatigue lifetime

Once optical, thermal and hydrodynamic performances are evalu
ated, receiver’s creep-fatigue lifetime is assessed through the mechani
cal model developed and extensively described in previous works 
[21,22,28].

In this study, the creep and fatigue damage accumulation is only 
analyzed for a clear-sky representative day and is then extended to the 
entire year by assuming that, in one year, the receiver operates for Nd,y 
identical days where Nd,y is obtained as the ratio between the overall 

yearly irradiation and the average daily one. A more accurate lifetime 
estimate may be obtained at the expense of computational time by 
simulating the receiver for multiple days or an entire typical year.4 For 
each hour of the representative day, thermal stresses distribution in the 
tubes is evaluated through the methodology proposed by Logie et al. 
[29] and are summed to the membrane stresses due to HTF pressure 
computed through the thick wall formulation adopted by Neises et al. 
[30].

The Logie et al. [29] method is based on the plane-biharmonic 
thermoelastic approach and assumes that the tube cannot displace 
perpendicularly to the axial direction (infinite clip along its length). In 
external cylindrical receivers, tubes are not continuously guided along 
their length, however, to prevent excessive panel bowing or tubes 
overheating by contact, their movement is restricted by a series of 
welded supports, called clips, which induce additional mechanical 
stresses [7]. In star-shaped receivers, tubes exhibit much lower 
circumferential thermal gradients compared to conventional cylindrical 
receivers. This results in a significantly reduced tendency for tube 
deformation, thereby minimizing the need for clips or other structural 
support mechanisms. Nonetheless, this study does not focus on these 
detailed engineering design aspects, as it is instead focused on showing 
the benefits of this innovative configuration, which will still need in- 
depth pre-construction structural investigations. Therefore, the effect 
of clips or additional support structures on tubes thermal stresses is not 
considered in this work. However, in a previous work thermal stresses 
obtained through the Logie et al. [29] method for cylindrical receiver 
tubes were compared to finite element analyses’ results obtained 
considering the effect of clips, and the maximum error on the equivalent 
Von Mises stress was about 13 % [21]. For star receivers, since the 
circumferential thermal gradients are lower than in cylindrical re
ceivers, the tubes are closer to the “infinite clip along their length” 
condition. As a result, it is expected that the error in the Von Mises stress 
calculation for the star receiver will not lower, therefore not exceeding 
the 13 % observed for cylindrical receivers. As far as the fatigue damage 
is concerned, one fatigue cycle per day is considered, from a zero-stress 
condition to the maximum elastic axial stress experienced during the 
day. The elastoplastic strain range associated with that fatigue cycle is 
evaluated using the Neuber’s rule [7] coupled with the Bree diagram 
[31] to distinguish the elastoplastic regime.5

The creep damage is instead evaluated through the same procedure 
described in previous works that accounts for the redistribution of 
stresses due to plastic deformation as well as for the stress relaxation 
induced by creep [21,22,28].

Then, the creep-fatigue lifetime is obtained using the widely adopted 
creep-fatigue interaction diagram [32]: the number of years after which 
failure occurs in each receiver location is defined as the number of years 
(Ny) after which the accumulated creep and fatigue damages (Nd,y times 
the daily damages) individuate a point outside the damage envelope.

2.6. Economic and yearly analyses

The goal of the economic analysis is to assess the LCOH of the 
generated thermal energy, that is defined by Eq. (7) where CAPEX and 
OPEX only refer to the components needed to convert the sun power into 
heat. The LCOH is chosen as KPI for the receiver design optimization 
instead of the commonly adopted Levelized Cost Of Electricity (LCOE), 

4 A similar approximation was used in a previous work [21], where the 
receiver operation was simulated considering 365 clear-sky days per year 
obtaining errors on the estimated lifetime of about 30 % with respect to a three- 
days clustering approach.

5 The elastoplastic regime is evaluated based on the maximum thermoelastic 
axial stress (σT,E

z ): if σT,E
z < 2Sy (elastic or elastic shakedown regimes) the strain 

range is computed according to the Hooke’s law, otherwise (plastic cycling) it is 
obtained through the Neuber’s method for cyclic loading [7].
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which would require the design and cost assessment of the other plant 
components which are invariant to the receiver design. Therefore, the 
results of the receiver design optimization would not change adopting 
LCOH instead of LCOE with the benefit of reducing the calculation ef
forts and number of assumptions made.

The CAPEX is evaluated starting from the Total Equipment Cost 
(TEC) through Eq. (8) where ccont and cEP are the contingency and en
gineering and procurement costs [33].

TEC is estimated summing the costs of receiver (Crec), solar field 
(CSF), tower (Ctow), horizontal piping (Cpip), cold salt pumps (Cpump), 
control system (Ccontr), and spare parts (Cspare) [4]. The receiver cost 
(Crec) is assessed through Eq. (9), where Crec,eng is a fixed engineering 
cost,6 cmet is the metal cost of the selected material that multiplies the 
total mass Mmet of tubes, headers and manifolds,7 CF is a correction 
factor that relates the material cost of tubes, headers and manifolds to 
the receiver cost,8 ccoat,purch and ccoat,app are the receiver coating (Pyro
mark 2500) purchasing and application costs taken from Ho and 
Pacheco [34] and equal to 4.95 €/m2 and 262.6 €/m2 respectively, and 
Acoat is the coated area (i.e., number of tubes times tubes lateral area). 
All specific costs are adjusted to 2020 using the Chemical Engineering 
Plant Cost Index (CEPCI) [35].

All the other costs contributing to the TEC, as well as OPEX and 
Capital Recovery Factor (CRF, which is the CAPEX actualization ac
counting for discount and inflation rates) are assessed as described in the 
previous work [22]. 

LCOH =
CRF⋅CAPEX + OPEX

Qy
HTF

(7) 

CAPEX = TEC⋅(1+ ccont)⋅(1+ cEP) (8) 

Crec = Crec,eng + cmet⋅mmet⋅CF+Acoat⋅
(
ccoat,purch + ccoat,app

)
(9) 

Qy
HTF is the yearly available thermal energy that is evaluated by 

means of a simplified yearly analysis performed on hourly basis for a 
reference day. Given the DNI profile for a reference clear sky day at 
spring equinox, Q̇

y
HTF is estimated according to Eq. (10) [22] that takes 

into account the impact of the HTF pumping electric consumption on the 
LCOH. In detail, Q̇HTF and Pel,pump are the thermal power absorbed by the 
HTF and the electric power consumed by pumps in each hour of the 
investigated day, respectively, Δt is the time step size (i.e., one hour), 
dayeq represents the number of equivalent days in one year defined as the 
ratio between yearly and daily irradiation, h is the index indicating the 
hour of the day (from 7 am to 5 pm), and ηPB is the power block effi
ciency determined as the product between the power block second law 
efficiency and the Lorentz’s cycle efficiency. The latter is assed 
computing the mean logarithmic temperature as function of HTF inlet 
and outlet receiver temperature [22]. 

Qy
HTF =

(
∑17

h=7

(

Q̇HTF −
Pel,pump

ηPB

)

⋅Δt

)

⋅dayeq (10) 

3. Maximum receiver size

In this section the procedure described in the Section 2.1 is applied to 
find the maximum allowable receiver size - in terms of receiver incident 
thermal power Q̇rec - that can withstand the wind action. The variables 
affecting the resulting tube stresses are: tower height, ground-level wind 
velocity (v0), and tubes material, diameter (Dext,t), thickness (th), and 
length (equal to receiver’s height Hrec) with the latter being the most 
crucial parameter as it affects the stress with a quadratic dependency.

The analysis is performed fixing the average heat flux incident on the 
receiver and varying the receiver aspect ratio (AR = 1, 1.5, 2), the tubes 
outer diameter (Dext,t = 10.3 mm, 39.5 mm, and 51.2 mm9), the average 
heat flux on the receiver, and the tubes material. As far as the latter is 
concerned, three candidate materials are investigated: Inconel 740H, 
Haynes 230, and Incoloy 800H. 740H is extensively used in steam 
boilers [36] and it resulted the best candidate material for external re
ceivers among five different alloys compared by Laporte-Azcué et al. 
[36] Haynes 230 (H230), traditionally used in gas turbines, is recently 
considered for CSP applications thanks to its good corrosion resistance 
and thermal stability [7,37]. 800H is recommended for corrosive and 
high temperatures environments and was used to manufacture the steam 
receiver of the Solar One project [36].

The plant is assumed to operate in Sevilla where the maximum ve
locity at 10 m above the ground is 13.4 m/s [20]; the tower height is 
conservatively assumed equal to 200 m where the wind velocity is 21.1 
m/s.10

For each investigated configuration, the receiver thermal input is 
increased - with a 5-MWth increment - from 5 MWth to 1000 MWth, the 
receiver height and diameter are determined based on the assumed AR 
and average heat flux, and the maximum thermal input that can with
stand the wind load is stored in a matrix. To verify whether a design 
withstands the wind load or not the maximum axial stress is compared 
with one third of the UTS. The latter is evaluated both at 700 ◦C and 30 
◦C in order to consider the scenario in which during highly windy days 
the receiver is shut down to enhance its wind resistance.

The results obtained for an average heat flux on the receiver of 600 
kW/m2 are shown in Fig. 7 which points out that each of investigated 
design choices plays an important role in defining the wind load 
resistance: 

1. low aspect ratio are beneficial: AR = 1 entailing about twice the 
resistance of AR = 2;

2. large tubes are preferrable: 51.2 mm tubes provide from 8 to 15 times 
higher maximum thermal input than 10.3 mm ones; these results are 
in line with what observed by Binder et al. [15],

3. better performing materials leads to larger allowable receivers: at 
700 ◦C, 800H shows a maximum thermal input of 445 MWth, fol
lowed by H230 with 820 MWth, and 740H exceeding 1000 MWth.

It is important to notice that a 50 % lower average hear flux would 
mean a 50 % lower maximum thermal power.

4. Case study

The methodology described in the previous sections is applied to a 
specific case study to optimize the design of a solar salt star-shaped 

6 Taken from the 2010 contract report by Abengoa Solar which documented 
the estimated cost for solar tower plants with conventional and supercritical 
coolants, and equal to 3.89 M€ [8].

7 Headers and manifolds internal diameters are selected in order to have a 
HTF velocity as close as possible to that inside the tubes [8] and their thickness 
is selected from the Rolled Alloys pipe size chart [40]. Headers are assumed to 
have the same length of panels while manifolds are longer due to their two 90◦

curves, where the curvature radius is assumed equal to the manifold diameter.
8 it is determined based on the Abengoa report [8] and it is equal to the ratio 

between the reported cost of a conventional cylindrical nitrate salt receiver 
(excluding engineering and coating) and its material cost, resulting 21.9. This 
approach can be considered valid, as a first approximation, since panels 
manufacturing cost is the same of cylindrical receivers one despite their 
arrangement is different in star receivers [15].

9 10.3 mm represents a small size that is evaluated to demonstrate the sig
nificant impact of this design parameter on the wind load resistance, while 39.5 
mm and 51.2 mm are the dimensions adopted in the Gemasolar and Crescent 
Dunes commercial plants, respectively [21,39]. The tubes thicknesses associ
ated with each diameter are 0.89, 1.65 and 1.65 mm, respectively.
10 The impact of the tower height is limited, as a 100 m tall tower would have 

a wind velocity of 19.4 m/s.
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receiver for a given solar field and plant location. The optimization is 
based on the parametric analysis and is performed varying the receiver’s 
height (Hrec) and tubes diameter (Dext,t) and evaluating the LCOH of each 
of combination. For each investigated design the minimum image offset 
factor for the heliostats aiming strategy is also optimized based on the 
LCOH. This parameter is required by SolarPILOT when the strategy 
“Image Size Priority” is adopted and is used to define the minimum dis
tance between the image centroid and the edge of the receiver aperture 
to reduce spillage; a higher offset results in a more concentrated heat 
flux in the receiver central part, with higher peak values and lower 
spillage losses [20]. The receiver aspect ratio is fixed to one according to 
the results of Section 3. Receiver orientation and hydraulic configura
tion (i.e., number of panels per ray) is taken from Binder et al. [15], 
according to which the best configuration is oriented due South (in the 
North hemisphere) and it has five panels in the first two East-West rays 
and two panels in the third ray, with the HTF entering from the external 
side of the rays. The number of tubes per ray is univocally determined 
starting from receiver diameter and tubes outer diameter.11

Moreover, the configurations which do not fulfill one of the 
following conditions are excluded from the analysis: i) the receiver must 
be able to withstand the wind load, ii) the lifetime must be higher than 
the plant target life (i.e., 30 years), iii) the maximum design film tem
perature (Tdes

film,max) must be lower than the allowable limit (Tdes
film,lim), and 

iv) the receiver design pressure drop (Δpdes
rec ) must be lower than the 

allowable limit.
Based on the results of Section 3, a receiver size up to 1000 MWth can 

be investigated. Since in the optimization phase the receiver configu
ration is varied, it is safer to consider a size that is far from the maximum 
one, in order to have more degrees of freedom without overcoming the 
constraint of the wind load resistance. Thus, a plant similar to the 
Gemasolar Thermosolar Plant, operating in Sevilla since May 2011 and 
with a receiver size of 184 MW [38], is considered as case study. The 
main characteristics of this plant are taken from Binotti et al. [38,39] 
and reported in Table 1.

As anticipated, the solar field is fixed during the optimization pro
cedure. However, considering a reproduction as faithful as possible of 

the Gemasolar’s solar field (see Fig. 8a) would entail not to take full 
advantage one of the most important features of star receivers. In fact, as 
discussed extensively in this article, the main strength of star receivers is 
to allow a uniform flux distribution around the tube surface, and such 
uniformity is best achieved with a perfectly surrounded field. To better 
investigate this aspect, a preliminary analysis is performed, comparing a 
Gemasolar-like solar field with another solar field, hereby referred to as 
surrounded solar field, having the same number and type of mirrors and 
tower height, but generated so as to be perfectly circular with a field 
radius equal to the Gemasolar’s southern one (i.e., 600 m) (see Fig. 8b). 
For the solar fields generation, the receiver characteristics in Table 1 are 
considered, the plant is assumed to be located in Sevilla, and spring 
equinox with a design DNI of 950 W/m2 is take as design condition.

Results of this preliminary analysis show that the surrounded field 
leads to a 1.7 % higher optical efficiency and a comparable thermal 
efficiency, resulting in a 1.88 % lower LCOH. Therefore, the surrounded 
solar field is considered for the received design optimization.

Based on the considerations reported in the previous section, three 
materials are analyzed: Inconel740H, Haynes230, and Incoloy800H. For 
each of the three materials 12 different receiver configurations are 
investigated (four receiver heights times three tubes outer diameters), 
and for each of them the optimized image offset factor is individuated 
varying it between 2 and 9 with an increment of one.

The investigated tube diameters are taken from standard commercial 
sizes [38,40,41] and are 26.7 mm, 39.5 mm, and 51.2 mm; smaller di
ameters are not investigated based on the results obtained in Section 3. 
The thickness of each tube is assumed constant and is 1.65 mm. The 
distance between two adjacent tubes is considered a fixed design 
parameter, assumed equal to 2 mm [22,42]. The receiver height is 
varied among 8 m, 10 m, 12 m, and 16 m.

Only three and four values of tubes outer diameters and receiver 
height are investigated as the main goal of the analysis is demonstrating 

Fig. 7. Maximum thermal input allowed for each combination of aspect ratio, tubes outer diameter, and tubes material. Average heat flux is 600 kW/m2; the 
maximum investigated thermal input is 1000 MWth.

Table 1 
Main characteristics of the Gemasolar plant [38,39].

Item Symbol Value UoM

Location – Seville –
Tower optical height Htow,opt 124 m
N◦ of mirrors Nmirr 2650 –
Heliostat width Whelio 11 m
Heliostat height Hhelio 10 m
Mirror reflectivity ρhelio 0.93 –
Mirror optical error – 3.4 mrad
Receiver diameter Drec 8 m
Receiver height Hrec 16 m

11 As the aspect ratio is initially fixed to one and there are five panels in the 
East-West rays and two panels in the South ray, the number of tubes per ray is 
obtained as the multiple of ten that leads to a receiver external diameter (2rray +

2rsupp) as close as possible to Hrec/2 . The radius of the central support (rsupp) is 
assumed to be five times the tubes outer diameter. Once the number of tubes 
per ray is determined the actual receiver diameter and aspect ratio can be 
computed. As a result, the actual aspect ratio will be slightly different from 1.
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the potential of the developed methods, rather than testing every 
possible combination of receiver to optimize its design in detail. Such a 
coarse discretization of these two design parameters allows, on the other 
hand, to keep reasonable computational time.

For all the investigated materials the maximum allowable film 
temperature (Tdes

film,lim) is 650 ◦C [37]. All material optical and thermo- 
mechanical properties as well as coefficients for the creep-fatigue life
time assessment and HTF (i.e. solar salts) thermodynamic properties are 
taken from a previous work [22]. Based on the same work the alloys 
costs are assumed equal to 82.6 €/kg, 76.5 €/kg, and 20 €/kg for 740H, 
H230, and 800H, respectively, the maximum receiver pressure drop is 
set to 30 bar, the ambient temperature is assumed constant and equal to 
25 ◦C, and tubes coating (Pyromark 2500) absorptivity (αc) is assumed 
equal to 0.93.

Internal support is also coated with a white Pyromark 2500 Series 
coating with a reflectivity of 0.8 [6]. Tubes are discretized in 40 axial 
(Nax) and 20 circumferential (Nc) elements. Weather data in Sevilla are 
taken from Energy Plus [43] and the reference clear sky day is assumed 
to be the 21st of March, whose DNI trend is symmetric with respect to 
solar noon and has the following trend from 7 a.m. to 12 p.m. (solar 
time): 542 W/m2, 690 W/m2, 788 W/m2, 858 W/m2, 902 W/m2, 917 W/ 
m2. The second-law efficiency of the power block has been assumed 
equal to 67.6 % to match the average power cycle efficiency obtained at 
different temperature levels by Manzolini et al. 2019 [44]. The pump 
hydraulic and electro-mechanic efficiency is assumed equal to 77 %.

The optimized star receiver is eventually compared from a techno- 
economic point of view to state-of-the-art cylindrical external re
ceivers of the Gemasolar power plant whose characteristics are taken 
from Binotti et al. [38,39]. The cylindrical case is analyzed using 
SolarPILOT for the optical efficiency assessment and thermal and me
chanical models developed in a previous work [22] to assess thermal 
efficiency, pressure drop, creep-fatigue lifetime, and costs.

5. Results and discussion

5.1. Receiver design optimization

For each material and for each of the 12 configurations investigated, 
the minimum image offset factor used for the heliostats aiming 

strategy12 were firstly varied from 2 to 6, and then the simulations were 
extended to higher offset values only for some of the designs. Indeed, for 
some configurations already with an offset of lower than or equal to 6 
the receiver did not fulfill one of the design constraints, namely due to 
too high film temperature, too high pressure drop or too low creep- 
fatigue lifetime; as the offset increases the constraints can only be 
even less respected,13 therefore investigating higher offsets would not 
have led to feasible configurations. This is explained in Fig. 9 focusing on 
the cases with H230 as tubes material but analogous considerations can 
be made for the other materials.

For instance, the configuration with H230, receiver height of 10 m 
and tubes outer diameter and 39.5 mm, was only simulated with offset 
values up to 6, since values above 4 would have led already to lifetimes 
below 30 years even though with lower LCOH.14 Differently, the 
configuration with H230, receiver height of 16 m, and 26.7 mm tubes, 
does not achieve any of the constraints with offset between 2 and 6, 
therefore simulations were run with offset up to 9: results showed that 
with offset equal to 9 the receiver experiences too high film tempera
tures at design conditions, therefore 8 was chosen as final value for this 
configuration. In general, the results show that higher offset leads to 
lower LCOH due to the increase in optical efficiency.

The results of the techno-economic optimization can be summarized 
in three lists, one per material, of the 12 receiver designs ranked on the 
basis of the LCOH and with each design associated the optimized image 
offset factor. Such lists are provided in Table 2, Table 3, and Table 4 that 
show how, for all configurations, the optimization is remarkably 
affected by constraints on pressure drop, film temperature and lifetime, 
highlighting how important it is to address such thermo-mechanical 
aspects to design star receivers. The lowest LCOH is obtained with 
800H as tubes material pointing out the potential of this novel receiver 
concept to reduce the technology costs using less expensive materials 
than those typically considered for CSP applications [36,45]. Its value is 

Fig. 8. Solar fields investigated in the preliminary analysis.

12 As described in Section 4, this parameter is adopted to define the minimum 
distance between the image centroid and the edge of the receiver aperture.
13 Higher offset means higher peak heat flux that leads to i) larger thermal 

stress and, as a consequence, lower creep-fatigue lifetime and ii) higher film 
temperatures; on the other hand, higher offset means higher optical efficiency 
that comes with a higher receiver thermal input; the latter leads to a higher HTF 
mass flow rate and thus higher HTF velocity, resulting in higher pressure drop.
14 As described in the Section 2, the LCOH does not take into account the 

maintenance costs associated with tubes or panels replacements when creep- 
fatigue lifetime failure occurs.
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Fig. 9. Summary of the design optimization results with Haynes 230. Top: design pressure drop within the receiver, lifetime and maximum film temperature as 
function of the minimum image offset factor; Bottom: LCOH as function of the minimum image offset factor for different tubes outer diameters. The symbols ↑Δpdes

rec , 
↑Tdes

film,max, ↓Lifetime indicate that the configuration has been excluded due to too high receiver design pressure drop, too high receiver design film temperature, or too 
low creep-fatigue lifetime, respectively, or because of two of these causes together.
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Table 2 
Optimization results ranked on the basis of the LCOH (740H). The symbols in the column “Notes” refer to the reason why the cases with offset equal to the value in the 
table plus one were excluded.

# Hrec Dext,t Ntr Offset qʹ́
max ηdesopt ηdesth ηdesstt Δpdesrec Tdesfilm,max Lifetime Crec LCOH Notes

[− ] [m] [mm] [− ] [− ] [
kW
m2

] [%] [%] [%] [bar] [◦C] [years] [M€] [
€

MWh
]

1◦ 10 39.5 120 11 1528 56.6 94.7 53.6 15.2 643.5 58 16.2 26.1
2◦ 8 39.5 100 5 1755 51.9 95.7 49.7 17.8 644 30 12.3 26.8 ↓Lifetime
3◦ 10 51.2 90 4 1179 54.3 94.4 51.2 7.5 646.5 93 16.2 27.3 ↑Tdes

film,max

4◦ 12 39.5 140 7 1072 58.1 93.3 54.2 12.4 649 178 20.8 27.3 ↑Tdes
film,max

5◦ 12 51.2 110 4 857 57 92.8 52.9 5.7 640.5 256 21.6 28.3 ↑Tdes
film,max

6◦ 8 51.2 70 2 1396 47.4 95.5 45.3 9.3 638.5 74 11.7 29.2 ↓Lifetime
7◦ 16 26.7 280 8 819 60.2 89.7 54.0 25.5 649.1 935 32.4 31.6 ↑Tdes

film,max

8◦ 16 39.5 190 6 670 60.5 89.4 54 7.8 640.5 521 33.8 32.0 ↑Tdes
film,max

9◦ 16 51.2 150 5 577 60.4 88.8 53.6 3.6 635.1 539 35.5 32.8 ↑Tdes
film,max

– 8 26.7 140
↑Δpdes

rec regardless the offset 
↑Δpdes

rec regardless the offset
–

– 10 26.7 170 ↑Δpdes
rec regardless the offset –

– 12 26.7 210 ↑Δpdes
rec regardless the offset –

Table 3 
Optimization results ranked on the basis of the LCOH (H230). The symbols in the column “Notes” refer to the reason why the cases with offset equal to the value in the 
table plus one were excluded.

# Hrec Dext,t Ntr Offset qʹ́
max ηdesopt ηdesth ηdesstt Δpdesrec Tdesfilm,max Lifetime Crec LCOH Notes

[− ] [m] [mm] [− ] [− ] [
kW
m2

] [%] [%] [%] [bar] [◦C] [years] [M€] [
€

MWh
]

1◦ 10 39.5 120 4 1159 54.6 94.5 51.6 14.3 631.2 90 16.6 27.2 ↓Lifetime
2◦ 12 39.5 140 7 1072 58.1 93.3 54.2 12.4 649.0 63 21.3 27.5 ↑Tdes

film,max

3◦ 12 51.2 110 4 857 57 92.8 52.9 5.7 640.5 104 22.2 28.5 ↑Tdes
film,max

4◦ 10 51.2 90 2 944 51.2 94.1 48.2 6.6 622.7 98 16.6 29.1 ↓Lifetime
5◦ 16 26.7 280 8 819 60.2 89.7 54.0 25.5 649.1 170 33.3 31.9 ↑Tdes

film,max

6◦ 16 39.5 190 6 670 60.5 89.4 54 7.8 640.5 153 34.8 32.3 ↑Tdes
film,max

7◦ 16 51.2 150 5 577 60.4 88.8 53.6 3.6 635.1 142 36.5 33.1 ↑Tdes
film,max

– 8 26.7 140 ↑Δpdes
rec regardless the offset + ↓Lifetime with offset above 3 –

– 8 39.5 100 ↓Lifetime regardless the offset –
– 8 51.2 70 ↓Lifetime regardless the offset + ↑Tdes

film,max with offset above 3 –

– 10 26.7 170 ↑Δpdes
rec regardless the offset –

– 12 26.7 210 ↑Δpdes
rec regardless the offset –

Table 4 
Optimization results ranked on the basis of the LCOH (800H). The symbols in the column “Notes” refer to the reason why the cases with offset equal to the value in the 
table plus one were excluded.

# Hrec Dext,t Ntr Offset qʹ́
max ηdesopt ηdesth ηdesstt Δpdesrec Tdesfilm,max Lifetime Crec LCOH Notes

[− ] [m] [mm] [− ] [− ] [
kW
m2

] [%] [%] [%] [bar] [◦C] [years] [M€] [
€

MWh
]

1◦ 12 39.5 140 7 1072 58.2 93.9 54.6 12.4 648.9 31 8.1 23.2 ↓Lifetime
2◦ 10 39.5 120 3 1105 53.4 94.5 50.4 13.7 624.5 44 6.9 24.5 ↓Lifetime
3◦ 12 51.2 110 4 857 57 92.8 52.9 5.7 640.5 40 8.2 23.9 ↓Lifetime
4◦ 16 39.5 190 6 670 60.5 89.4 54.1 7.8 640.4 91 11.1 24.6 ↑Tdes

film,max

5◦ 16 26.7 280 8 819 60.2 89.7 54.0 25.6 649.0 97 10.8 24.6 ↑Tdes
film,max

6◦ 16 51.2 150 5 577 60.4 88.9 53.7 3.6 635.1 101 11.5 25.0 ↑Tdes
film,max

7◦ 10 51.2 90 2 944 51.2 94.2 48.2 6.6 622.7 41 6.9 25.7 ↓Lifetime
8◦ 8 39.5 100 2 1335 48.6 95.6 46.5 15.6 625.8 32 5.9 26.3 ↓Lifetime
– 8 26.7 140 ↑Δpdes

rec regardless the offset + ↓Lifetime with offset above 2
– 8 51.2 70 ↓Lifetime regardless the offset + ↑Tdes

film,max with offset above 3
– 10 26.7 170 ↑Δpdes

rec regardless the offset
– 12 26.7 210 ↑Δpdes

rec regardless the offset
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23.2 €/MWh and is obtained with a receiver height of 12 m and 140 
tubes per ray having an outer diameter of 39.5 mm. When 740H or H230 
are considered as tubes material the optimized configuration has Hrec =

10 m and Dext,t = 39.5 mm showing LCOH of 26.1 €/MWh and 27.2 
€/MWh, respectively, about 12 % and 17 % higher compared to 800H. 
For all materials the configurations with 26.7 mm tubes were rejected 
due to too high receiver pressure drop. It is important to notice that all 
the investigated configurations comply with the resistance criterion for 
the wind load verification.

Another interesting result is the optimized maximum heat flux that 
reaches value of 1528 kW/m2 with 740H, followed by 1159 kW/m2 with 
H230 and 1072 kW/m2 with 800H. This points out how the star-shaped 
configuration allows to exceed the typical limit of 1000 kW/m2 of state- 
of-the-art cylindrical receivers15.

5.2. Comparison with cylindrical receiver

In this section the optimized star-shaped receivers obtained in the 
previous section are compared with the state-of-the-art external cylin
drical receiver of the Gemasolar power plant based in terms of perfor
mance, costs, and LCOH. For this analysis, the star receiver is coupled 

with its preferable surrounded field (Fig. 8b) while the cylindrical one is 
analyzed considering the Gemasolar-like solar field shown in Fig. 8a. 
However, limiting the comparison to these two cases would entail a not 
fair analysis, as an optimized receiver (i.e. star, designed to minimize the 
LCOH in the previous section) would be compared with a non-optimized 
one (i.e. cylindrical, whose characteristics are taken from references). 
Therefore, an additional case is investigated, in which the Gemasolar- 
like solar field is equipped with a non-optimized star receiver, having 
same height and tube dimensions and comparable diameter of Gema
solar’s cylindrical receiver (namely, “Gemasolar-like Star”). Haynes230 
is assumed as tubes material for the Gemasolar-like cylindrical and star 
receivers [46] while all the three investigated materials are considered 
for the optimized star configurations. The main characteristics of the 
five compared cases are reported in Table 5.

In Fig. 10 daily optical, thermal and solar-to-thermal efficiencies are 
depicted, together with a bar plot showing all the different losses. The 
optimized star receiver case represented in the Figure has H230 as tubes 
material.

Fig. 10 shows that, if the star receiver is not optimized (Gemasolar- 
like star case), it has lower solar-to-thermal efficiency than the cylin
drical one. This is mainly due to the lower optical efficiency caused by 
the higher spillage losses which outweigh lower reflective and thermal 
losses. When the optimized star configuration coupled with the sur
rounded field is considered, the optical efficiency is still lower than the 
cylindrical receiver one, but significantly higher than the Gemasolar- 
like star case thanks to the solar field best suited to the star geometry 
and the larger diameter of the receiver. In addition, the significantly 
higher thermal efficiency leads to a solar-to-thermal efficiency slightly 
higher than the cylindrical case. Summarizing, Fig. 11 shows that the 

Table 5 
Main characteristics of the cylindrical, optimized star and Gemasolar-like star receivers.

Item Unit Cylindrical Gemasolar-like Star Optimized Star (740H) Optimized Star (H230) Optimized Star (800H)

Field Gemasolar-like Surrounded
Receiver material H230 H230 740H H230 800H
Receiver height (Hrec) [m] 16.0 16.0 10.0 10.0 12.0
Receiver diameter (Drec) [m] 8.0 8.7 10.4 10.4 12.0
N◦ of panels (Np) [− ] 16 12 (5–5-2) 12 (5–5-2) 12 (5–5-2) 12 (5–5-2)
Tubes per ray (Ntr) [− ] – 100 120 120 140
Tubes per panel (Ntp) [− ] 38 20–20-50 24–24-60 24–24-60 28–28-70
Number of total tubes (Nt) [− ] 608 300 360 360 360
Tube external diameter (Dext,t) [mm] 39.5 39.5 39.5 39.5 39.5
Tube thickness [mm] 1.65 1.65 1.65 1.65 1.65

Fig. 10. Optical and thermal efficiencies trend during the investigated day for cylindrical, Gemasolar-like star and optimized star configurations (Haynes 230).

15 The case with 740H, Hrec = 10 m and Dext,t = 39.5 mm was not simulated 
with offset values greater than 11 despite the non-achievement of any 
constraint and the continuous decrease of LCOH, as the results show the 
achievement of a plateau as the offset varies. In fact, already from offsets 
greater than 9 the change in LCOH, film temperature, pressure drop and life
time as offset increases becomes negligible.
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star receiver, when properly designed and coupled with a suitable solar 
field, has energy performance comparable to, and even slightly better 
than, conventional cylindrical receivers. What the figure does not show, 
however, is that for the same solar field and thermal input on the 
receiver, the star configuration has i) about half the tubes (300 against 
608) that leads to a receiver cost reduction by 43 % and ii) a significantly 
longer lifetime that would make it possible to use less performing and 
cheaper materials (such as 800H) with a further reduction in CAPEX. 
These aspects are highlighted by Table 6, that shows design energy 
performance, capital and operating costs, and LCOH of the five inves
tigated cases, obtained applying the methodology outlined in Section 2 
to the case study described in Section 4.

As it can be noticed, already the replacement of the cylindrical 
receiver with the Gemasolar-like star configuration leads to a reduction 
in LCOH by about 10 % (from 33.2 €/MWh to 29.9 €/MWh). As antic
ipated, this is primarily driven by the lower number of tubes in the star 
configuration, which allows for a significant reduction in CAPEX, 

outweighing the decrease in yearly energy performance16.
When also the solar field is replaced to make it more suitable to the 

star configuration, and the receiver design is optimized through the 
methodology presented in this study, receiver construction costs can be 
reduced to less than one-fourth, leading to a 30 % lower LCOH. More
over, the table highlights the remarkably higher mechanical resistance 
of star-shaped receivers over cylindrical ones. Indeed, while the cylin
drical receiver has an estimated lifetime of 49 years, the Gemasolar-like 
star receiver, despite requiring roughly half of the tubes of the cylin
drical, shows a lifetime of 193 years. Such a long lifetime would allow 
replacing the material with less expansive alternatives or reduce the 
receiver size further limiting its cost. This result is aligned with the 
outcome of the study from Binder et al. [15] that showed the 

Fig. 11. Solar-to-thermal efficiency during the investigated day (left) and thermal losses items (right) for the cylindrical, Gemasolar-like star and optimized star 
configurations (Haynes 230). In the losses comparison plot “Adiab Surf” indicates the radiative power hitting the external supports of each ray.

Table 6 
Energy performance and costs of the cylindrical, optimized star and Gemasolar-like star receivers.

Item Unit Cylindrical Gemasolar-like 
Star

Optimized Star 
(H230)

Optimized star 
(740H)

Optimized star 
(800H)

Design optical efficiency (ηdes
opt) [%] 56.3 52.1 54.6 56.6 57.4

Design thermal efficiency (ηdes
th ) [%] 91 93.1 94.5 94.7 93.3

Design solar-to-thermal efficiency (ηdes
stt ) [%] 51.2 48.5 51.6 53.6 53.5

Design maximum heat flux (q́ḿax) [kW/m2] 986 865 1159 1528 982
Design receiver pressure drop (Δpdes

rec ) [bar] 8 18 14 15 12
Design maximum film temp. (Tdes

film,max) [◦C] 595 606 631 644 642
Creep-fatigue lifetime [years] 49 193 90 58 42
Manufacturing and installation costs:
- tubes [M€] 28.7 14.1 10.6 10.3 3.5
- headers [M€] 1.1 0.5 0.6 0.6 0.2
- manifolds [M€] 0.9 1.1 1.4 1.3 0.4
- coating [M€] 0.2 0.2 0.1 0.1 0.2
Receiver engineering cost (Crec,eng) [M€] 3.9 3.9 3.9 3.9 3.9
Receiver cost (Crec) [M€] 34.7 19.7 16.6 16.2 8.1
Capital Expenditure (CAPEX) [M€] 120.5 102.3 98.9 98.4 88.5
Operating Expenses (OPEX) [M€/year] 1.7 1.4 1.4 1.4 1.2
Yearly thermal energy production 

(Q̇y
HTF)

[GWh/ 
year]

275.3 260.0 275.6 285.9 288.6

Levelized Cost of Heat (LCOH) [€/MWh] 33.2 29.9 27.2 26.1 23.2

16 Provided by the metal cost multiplied by the correction factor defined in 
Section 2.6.
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significantly higher lifetime of double-sided irradiated tubes over one- 
side irradiated ones.

Moreover, it is interesting to notice how the HTF pressure drop are 
generally higher in the star configurations with respect to the cylindrical 
one, due to the different hydraulic configuration and the mixing of the 
HTF before entering the third ray of the star-shaped receiver. Despite the 
higher pressure drop, which results in higher thermal energy wasted to 
feed the pumps, star-shaped receivers have better overall energy per
formance, with the optimized configuration collecting around 5 % more 
thermal energy in one year (288.6 GWh/year against 273.5 GWh/year).

The design heat flux maps on the five receivers are shown in Fig. 12. 
The figure confirms that moving from conventional cylindrical to star- 
shaped receivers allows to remarkably increase, for a given material, 
the maximum heat flux on the receiver. In fact, the external receiver 
with a maximum heat flux of 986 kW/m2 has a lifetime of 49 years, and 
thus with limited space for increasing the heat flux further, while the 

optimized star receiver with the same material (H230) shows a peak 
heat flux of 1159 kW/m2 with a lifetime of 90 years.

6. Conclusions

The article describes a comprehensive methodology to i) assess the 
maximum size of star-shaped receivers that can withstand the wind load 
for a specific location, ii) optimize the design of star receivers mini
mizing the Levelized Cost of Heat while making sure that constrains on 
wind load resistance, pressure drop, film temperature, and creep-fatigue 
lifetime are met, and iii) compare performance and costs of star re
ceivers to state-of-the-art external cylindrical receivers.

Firstly, a simplified one-dimensional model based on the EUROCODE 
standard and on the principle of virtual works, was implemented to 
estimate the maximum size, in terms of rated thermal input, that a star- 
shaped receiver can reach withstanding the wind load for given location 

Fig. 12. Design heat flux map on the optimized receivers.

G. Gentile et al.                                                                                                                                                                                                                                 Applied Energy 391 (2025) 125844 

16 



and geometrical characteristics.
Results of the model application showed that star receivers can be 

adopted for middle-large scale plants if designed with adequate mate
rials and geometrical characteristics.

Then, a comprehensive modelling framework was implemented to 
perform a techno-economic optimization of the star receiver design, for 
a given solar field and location. The method is based on a parametric 
approach and uses the LCOH as Key Performance Indicator to identify 
the optimized receiver configuration. In detail, optical analysis was 
performed using ray-tracing simulation tools while tailored numerical 
models were implemented in MATLAB to investigate thermal, me
chanical and economic aspects. Constraints on wind load resistance, 
receiver pressure drop, maximum film temperature and creep-fatigue 
lifetime were introduced to guarantee the component structural 
integrity.

The optimization methodology was applied to design a star-shaped 
receiver operating in a solar tower plant similar to the Gemasolar 
Thermosolar Plant, operating in Sevilla since May 2011. Results showed 
that the lowest LCOH is 23.2 €/MWh and is obtained with a receiver 
height of 12 m and 140 tubes per ray having an outer diameter of 39.5 
mm and manufactured with Incoloy 800H.

Lastly, star-shaped receiver was compared from a techno-economic 
perspective to the state-of-the-art cylindrical receiver and the outcome 
pointed out that replacing a Gemasolar-like cylindrical receiver with a 
star receiver having the same height and external diameter as well as the 
same design thermal power, leads to a reduction in LCOH by about 10 %. 
When the heliostats field is tailored on the star-shaped geometry 
through a more “surrounded” design, and the receiver is optimized 
through the methodology presented in the article, its construction costs 
can be reduced to less than one-fourth if compared to the cylindrical 
configuration, leading to a 30 % lower LCOH. If compared to the cy
lindrical case, the optimized star configuration has higher design optical 
efficiency, thermal efficiency and HTF pressure drop; results of the 
simplified yearly analysis pointed out that this configuration collects 
around 5 % more thermal energy in one year.

The results highlight the significant impact that this innovative 
receiver configuration can have in making for Concentrated Solar Power 
plants based on the central tower concept more techno-economically 
attractive and competitive with other renewable technologies.

Future studies may focus on the development of tailored methodol
ogies to optimize the heliostats position and aiming points in case of 
star-shaped configurations, or on more detailed analysis of the wind load 
on star receivers, perhaps based on three-dimensional finite elements 
methods. In addition, further research works may include the applica
tion of the proposed methodology for star receivers design optimization 
with a finer discretization of the investigated design parameters (i.e., 
receiver height and tubes diameter) or analyzing also the impact of other 
important parameters such as the receiver aspect ratio, the number of 
rays or the number of panels per ray. Lastly, a thorough investigation of 
the detailed engineering design aspects of this innovative receiver 
concept is essential for appropriately sizing and positioning the various 
components (e.g., nozzles, welded supports, headers, manifolds, etc.).
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