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Abstract. Among the concentrated solar power technologies (CSP), the central receiver (CR) 
technology is the most promissing to achieve the lowest levelized cost of energy (LCOE) and 
the one expected to play one of the major roles in the energetic mix in the next years. For that 
purpose, succesful CR projects are needed, starting by the contruction and erection of a relia-
ble heliostat field that fulfils its design specifications. In this work, the loss of energy production 
and the consequently rise of LCOE is investigated as function of the optical error of the helio-
stats. For that, a reference CR plant is defined in which the heliostat field layout and the re-
ceiver are optimized to collect the maximum annual energy. An aiming strategy is also imple-
mented to obtain more realistic results. For instance, for a reasonable deviation of about 40-
50% compared to the optical reference error, the annual collected energy can drop to a con-
siderable 5%. 
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1. Introduction

The central receiver (CR) system technology has the most potential to achieve the lowest lev-
elized cost of energy (LCOE) of the concentrated solar power (CSP) technologies. Its role as 
a dispatchable technology is crucial to achieve a net zero carbon dioxide emissions scenario 
in the next years. To reach more cost-effective plants and boost their competitiveness, com-
mercial CR plants have heavily increased in size during the last years as the main strategy 
achieving heliostat fields that account for 50% of the total investment [1]. For this reason, any 
small reduction in the capital cost of the heliostat field has significant impact in the overall 
investment and the evident potential to reduce the LCOE, needed for further encouraging the 
deployment of CR plants. 

The heliostat field is, together with the receiver, the pathway to collect the energy that 
comes from the sun. Any shortcoming that may affect these elements is usually translated into 
a clear loss of efficiency and, at the end, a fall in the performance of the plant. When designing 
a heliostat, usually, a trade-off between performance and cost is taken to find the heliostat 
design that achieves the minimum cost while maintaining a set of given requirements. Among 
others, the tracking error and the slope (surface) error are the two main indicators that deter-
mine the performance of a heliostat, whose values tend to vary from design, generally wors-
ening, during its assembly, erection and tuning on field, which, unfortunately, ends in certain 
underperforming or forces the plant works out of the design point. 
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In this context, this work presents a techno-economic analysis of the variation that the 

LCEO suffers as function of the abovementioned two more important heliostat’s performance 
indicators for a given reference plant. First section presents the simulation model and several 
simplifications used in this work; second and third sections bring and describe the reference 
plant and meteorological conditions under consideration; fourth section describes the method-
ology to calculate the comparison metrics; fifth section presents the results; and last section 
brings together the conclusions and final thoughts. 

2. Simulation model 

A simulation model was developed to reproduce the behaviour of the heliostat field and the 
receiver implemented in in-house software developed by CENER. It is based on a simplified 
mathematical model for the concentrator optics and the convolution error theory for the optical 
error. This approach has extensively used in the literature for the fast computation of the optical 
annual performance of CR plants. Thus, the reflected image of each heliostat is described by 
a circular normal distribution while considering that, both the surface and the tracking error, 
have nearly normal probability distributions and are statistically independent. 

The power provided by a single heliostat 𝐻𝐻𝐻𝐻𝐻𝐻 at location 𝑥𝑥𝑥𝑥𝑥𝑥 at a time 𝑡𝑡 is calculated taking 
into account all factors that influence his performance, i.e. the cosine factor η𝑐𝑐𝑐𝑐𝑐𝑐, the blocking 
and shadowing η𝑏𝑏&𝑐𝑐, the atmospheric attenuation η𝑎𝑎𝑎𝑎𝑎𝑎, the interception with the receiver η𝑖𝑖𝑖𝑖𝑎𝑎 
and the mirror reflectance η𝑟𝑟𝑟𝑟𝑟𝑟. 

𝑃𝑃𝐻𝐻𝑟𝑟𝐻𝐻(𝑡𝑡) = 𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡) ∙ 𝐴𝐴𝐻𝐻𝑟𝑟𝐻𝐻 ∙ η𝑟𝑟𝑟𝑟𝑟𝑟 ∙ η𝑐𝑐𝑐𝑐𝑐𝑐(𝑥𝑥𝑥𝑥𝑥𝑥, 𝑡𝑡) ∙ η𝑏𝑏&𝑐𝑐(𝑥𝑥𝑥𝑥𝑥𝑥, 𝑡𝑡) ∙ η𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥𝑥𝑥𝑥𝑥, 𝑡𝑡) ∙ η𝑖𝑖𝑖𝑖𝑎𝑎(𝑥𝑥𝑥𝑥𝑥𝑥, 𝑡𝑡) (1) 

In the calculation of the losses due to blocking and shadowing, the shadow generated by 
the tower has not been taken into account. The reason behind this decision is to not specifically 
penalize the heliostats that lie in line with the sun positions, since only 30 sun positions are 
simulated (see further sections), and would lead to a heliostat field with wholes. Additionally, 
the weight that this simplification has in the annually optical performance of the plant is ne-
glected considering the enormous size of the solar field and the purpose of the analysis. 

The typical “sigma” parameter involved in the circular normal distribution is called 𝜎𝜎𝑇𝑇𝑐𝑐𝑎𝑎 in 
this manuscript and is calculated according to the following equations, Eq. (2) and (3). It is the 
optical error of the heliostat under solar conditions, i.e. the beam dispersion takes into consid-
eration both the finite size of the sun and the own optical error of the heliostat. As stated before, 
these formulas are only valid assuming that all individual errors follow normal distributions and 
are statistically independent. Hereafter, optical error is only referring to the value that 𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻 
takes. 𝜎𝜎𝑆𝑆𝑆𝑆𝑖𝑖 takes the value of 2.24 mrad according to [2]. 

𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻 = �𝜎𝜎𝑆𝑆𝑆𝑆2 + 𝜎𝜎𝑇𝑇𝑟𝑟𝑎𝑎𝑐𝑐𝑇𝑇2     (2) 

𝜎𝜎𝑇𝑇𝑐𝑐𝑎𝑎 = �(2 𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻)2 + 𝜎𝜎𝑆𝑆𝑆𝑆𝑖𝑖2     (3) 

The optical error 𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻 is the addition of the surface error 𝜎𝜎𝑆𝑆𝑆𝑆, understood as the difference 
between the design shape of the concentrator and the actual one, and the tracking error 𝜎𝜎𝑇𝑇𝑟𝑟𝑎𝑎𝑐𝑐𝑇𝑇, 
defined as the alignment error of the concentrator normal vector to focus the beam spot into 
the set point. To avoid confusions, note that the heliostat optical error 𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻 is defined respect 
to the normal vector while the total error 𝜎𝜎𝑆𝑆𝑆𝑆𝑖𝑖 (under solar conditions) is respect to the reflected 
one. Specularity errors and surface error changes due to gravity, wind and temperature are 
neglected. 
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3. Location and DNI data 

The plant is located in Maria Elena (Chile), a suitable location for the deployment of CR plants, 
very close to where the Cerro Dominador plant was built and started operation in 2021. 

The direct normal irradiance (DNI) data have been taken from a previous publication [3]. 
In that work, the hourly DNI values of the typical meteorological year have been condensed in 
several sun positions using a sky discretization method [4]. This method is based on a roughly 
uniform discretization of the sky hemisphere, a subsequent triangulation of the resulting nodes 
and a pre-selection of the relevant triangle patches, according to the sun’s annual path at a 
given site. 

At the end (removing the positions with zero value), the set of solar coordinates and cor-
responding cumulative annual DNI is reduced to 30 sun positions, which are used to calculate 
the annual solar field performance, metric that is further used for the comparison. 

4. Reference plant 

The reference plant used for the analysis follows what is called the-state-of-the-art CR plant: 
two-tank molten salt storage system with large capacity (≥12 h) and maximum outlet temper-
ature of 550 °C, solar field with large heliostats, cylindrical receiver made by tubes and 
≥100 MWe water/steam Rankine cycle with wet cooling system. 

The heliostat field is made by 7’800 individual heliostats leading to an overall reflecting 
surface around 1’400’000 m2. The heliostats have been reduced to a single spherical facet 
with a square aperture area of 180 m2. The radius of the sphere of each heliostat corresponds 
to the slant range, i.e. the distance from the heliostat to the closest point on the equatorial 
plane on the receiver. 

The optical error 𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻 of the heliostats has been set in 1.581 mrad, an ordinary value, 
which actually could be too small for large heliostats according to authors’ experience. Given 
this value and the expected size of the solar field, i.e. the last rows of heliostats should be 
placed about 1’600-1’800 m far from the tower. Initially and only for the optimization of the 
heliostat field layout (see next section), the dimensions of the receiver have been selected so 
that these last heliostats reflects the sun hitting the receiver surface without spillage (the 99.9% 
of the energy lies within the receiver). This means diameter and height equal to 18 m. 

4.1 Heliostat field layout 

The positions of the heliostats have been optimized to find the “optimal solar field”, meaning 
that is the field with better objective function. The literature is considerable vast optimizing the 
layout of the heliostat fields. In this work, it has been followed the same approach that the one 
presented in [3]. The “optimal solar field” means the solar field layout which fits design speci-
fications, in this case limited by the number of heliostats (7’800), and allows collecting the 
maximum energy at the minimum solar field cost. 

Hence, the optimization function 𝑂𝑂𝑂𝑂 is calculated as: 

𝑂𝑂𝑂𝑂 =
η𝑦𝑦

𝑇𝑇
𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑁𝑁ℎ𝐴𝐴ℎ

+1
      (4) 

where η𝑦𝑦 is the yearly efficiency of the field, 𝐷𝐷ℎ the total number of heliostats, 𝐴𝐴ℎ the 
heliostats area, 𝐴𝐴𝑟𝑟𝑖𝑖𝑟𝑟𝐻𝐻𝑓𝑓 is the total ground area of the field and 𝑘𝑘 is the division between the cost 
per squared meter of land and the cost per squared meter of heliostat surface. 
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For a given value of the parameter 𝑘𝑘, the optimal solar field is obtained by maximizing the 

objective function 𝑂𝑂𝑂𝑂 according to the following procedure, broadly explained (find the com-
plete details in [3]): 

1. Generate an oversized solar field according to the DELSOL layout generation algorithm 
[5]. This algorithm generates regular radial staggered layouts arranged in different 
zones according to radial and azimuthal directions forming circular sectors and is con-
sidered the-state-of-the-art in layout generation algorithms. The minimum radius of the 
first row has been set as 150 m, a reasonable distance in line with the literature, which 
usually takes the value of 0.7-0.8 times the height of the tower. 

2. Calculate the annual energy provided by each heliostat. 
3. Rate and sort in decreasing order the heliostats according to a new indicator based on 

the previously calculated annual energy, the distance to the tower and a dimensionless 
parameter. This helps to obtain more regular and smoother heliostat fields which further 
reduces the objective function 𝑂𝑂𝑂𝑂. 

4. Select the first 7’800 heliostats. 
5. Calculate the value of the objective function 𝑂𝑂𝑂𝑂. 

For this work, the parameter 𝑘𝑘 takes the value of 0.02, which, from the authors‘ previous 
experiences, leads to compress (and more realistic) heliostat fields, while practically maintan-
ing the same annual performance. Fig. 1 shows the resulting solar field. 

 

Figure 1. (Left) Sun position taken from [3]. (Right) Layout of the heliostat field of the refer-
ence plant. 

4.2 Aiming strategy 

The cumulative effect of thousands of energy spots reflected by the heliostats on the same 
part of the receiver surface can generate high peak fluxes that cause excessive thermal stress 
and the accelerated degradation of the receiver, which, in the worst case scenario, may end 
in irreversible damages and its failure. For this reason, an aiming strategy spreading the ther-
mal power along the receiver and homogenizing the flux distribution is required to control peak 
thermal stress. 

In this study, a methodology to distribute the energy across the receiver is also needed, 
otherwise the results obtained would not be realistic, i.e. would only be based on the losses by 
spillage and hence, the distant heliostats, but not on the whole heliostat field and how they 
work all together to get homogenous and practical solar flux distributions. 
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For that, the methodology to calculate the aim points of a solar field for a given CR plant 

and solar conditions (sun position, DNI, etc.) is inspired by the work presented in [6]. As sum-
mary, the approach is to drift the heliostat aim point away from the receiver equator in a vertical 
direction (up and down in alternative heliostat rows) along the cylinder surface, without modi-
fying its azimuth. For that, the heliostat field is divided in three zones (see Fig. 1), the length 
of the drift applied to each heliostat depends on the radius of the reflected energy spot and on 
a parameter that is unique for each zone. Obviously, the flux map generated by each heliostat 
needs to be pre calculated in advance. The current implementation also includes the possibility 
to defocus heliostats which helps to find a more suitable solution in high DNI sun positions. In 
this way, the aiming strategy is determined only with four parameters (one for each zone and 
one for the defocus of heliostats). 

4.3 Receiver 

The initial size of the receiver (diameter and height equal to 18 m) is a reasonable approach if 
no aiming strategy is considered. In this study, implementing an aiming strategy that distributes 
the power along the receiver surface is mandatory to achieve comparable results. Otherwise, 
any increase in the optical error of the solar field may be blurred when interacting with the 
receiver. Consequently, the dimensions of the receiver must be optimized for the given solar 
field. 

To this end, the diameter and the height of the receiver have been optimized according to 
an energetic criterion to maximize the energy arriving at the receiver less the thermal lose. To 
calculate the thermal loses according to the size of the receiver, a classical macroscopic ap-
proach has been followed. It has been assumed that the thermal losses are the contribution of 
radiation and convection. Several more assumptions have been established: the mean tem-
perature of the receiver is 427.5 °C, the ambient temperature is 25 °C, the emissivity of the 
receiver surface is 0.86 and the convection coefficient is 10 W/(m2 K). With all of this in mind, 
the thermal losses per square meter of receiver surfaces lie in 15.4 kW/m2. 

 

Figure 2. Contour plot of the optimization function as function of the diameter and height of 
the receiver. 
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Figure 2 shows a contour plot of the value of the optimization function as function of the 

values of the diameter and height relative to the initial solution, i.e. the one corresponding to 
diameter and height equal to 18 m. The solution that achieves the best value is diameter 
22.7 m and height 22.7 m. However and considering how flat the function looks, if techno-
economic reasons were included, the solution would stick in an intermediate point between the 
best and the initial solution. For that reason, the dimensions used further in the analysis are 
diameter and height equal to 21 m. Next table summarizes all required features of the refer-
ence plant as well as other relevant environmental conditions considered for the simulation. 

Table 1. Centered table captions should be placed above the tables. 

Location  
Latitude -22.17° 
Longitude -69.42° 
Altitude 1’500 m 
  
Solar field  
Number of heliostats 7’800 
Shape Single spherical square facet 
Aperture area 180 m2 

Radius Two times the slant range 
Optical error 𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻 1.581 mrad 
Reflectance 0.94 
Radius of the first row 150 m 
  
Receiver  
Diameter 21 m 
Height 21 m 
Elevation 230 m 
Maximum allowed flux 1.2 MW/m2 

  
Environmental conditions  
Atmospheric attenuation model Mirval [7] 
σSun 2.24 mrad 

5. Methodology 

The financial model to calculate the LCOE and the calculations to obtain the annual perfor-
mance of the plant are explained in this section. 

Given a particular optical error value of the heliostats, firstly, the annually energy arriving 
at the receiver provided by the heliostat field is calculated through the 30 sun positions that 
condense the TMY. For each sun position, the aiming strategy is optimized to find the strategy 
(the value of the parameters that determine the aim points) that maximizes the power at the 
receiver for the given maximum allowed flux, which, in this case, is 1.2 MW/m2. Since there is 
not a representative DNI value with whom run the simulation (remember that the TMY is con-
densed), the clear sky model explained in [8], taken the Linke turbidity from the SoDa database 
[9], the location of the plant and the sun position, is used to calculate the DNI value. This results 
in the optical efficiency of the solar field which is used to calculate the annual energy contribu-
tion of that sun position for the accumulated DNI. Later, the annually accumulated energy at 
the heat transfer fluid by the receiver is multiplied by a constant factor accounting for the rest 
of elements and subsystems downstream, i.e. the balance of plant (BoP), so that the annually 
generated electricity is calculated. 
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The LCOE is an important metric which provides one way to compare the economic com-

petitiveness of different systems and scenarios. As described in Eq. (5), LCOE is typically 
calculated through the capital expenditure (CAPEX), the discounted operating expenditure 
(OPEX) and the discounted energy production. Considering that the energy production and 
the OPEX are independent with time, the equation is reduced to Eq (6). The results are pre-
sented in relative values to the reference plant, so there is no need to provide values to the 
CAPEX, OPEX and discount rate. 

The levelized cost of the energy or heat (LCOH) is also an alternative metric that could 
have been used for the comparison. However, in this case is irrelevant as both metrics would 
lead to the same results. 

𝐿𝐿𝐿𝐿𝑂𝑂𝐿𝐿 =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶+∑ 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑡𝑡

(1+𝑓𝑓)𝑡𝑡
𝑁𝑁
𝑡𝑡=1

∑ 𝑂𝑂𝑃𝑃𝑃𝑃𝑓𝑓𝑃𝑃𝑃𝑃𝑡𝑡𝑓𝑓𝑃𝑃𝑃𝑃𝑡𝑡
(1+𝑓𝑓)𝑡𝑡

𝑁𝑁
𝑡𝑡=1

     (5) 

𝐿𝐿𝐿𝐿𝑂𝑂𝐿𝐿 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶·𝐶𝐶+𝑂𝑂𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝑟𝑟𝑐𝑐𝑓𝑓𝑆𝑆𝑐𝑐𝑎𝑎𝑖𝑖𝑐𝑐𝑖𝑖

      (6) 

6. Results 

Next figure shows the evolution of the annually energy arriving at the receiver and the LCOE 
as function of the optical error, all of them in relative values respect to the reference plant. 
When the optical error increases, the reflected spots of the heliostats become bigger leading 
to more losses by spillage. At the end, this reduces the collected energy by the receiver and, 
thus, negatively triggers the LCOE. For instance, for a reasonable deviation of about 40-50% 
compared to the optical reference error, the annual collected energy can drop to a considerable 
5%. On the other hand, if a better quality solar field is achieved, the collected energy does not 
increase drastically, as expected (the receiver would be oversized), but would allow other prof-
its, the reduction on the size and cost of the receiver and the easing of the operation managing 
the aim points are some examples. 

This results, while the plant’s typology, breakdown of costs and design philosophy remain 
equal, could be extrapolated to other plants independently of their location and size with high 
confident. 

 

Figure 3. Evolution of the relative annual energy reaching the receiver (left) and the relative 
LCOE (right) depending on the relative optical error 𝜎𝜎𝐻𝐻𝑟𝑟𝐻𝐻 of the heliostats. 

7. Conclusions 

Dispatchable CSP technologies, and primarily the CR plants, are undeniably going to play a 
major role in the energetic mix from now on and in the next years as a complement of other 

7



Les et al. | SolarPACES Conf Proc 1 (2022) "SolarPACES 2022, 28th International Conference on Concentrating 
Solar Power and Chemical Energy Systems" 

 
forms of renewable energy. Successful projects are needed more than ever to create confi-
dent, sow good precedents and path the way to a massive implementation. Projects that strug-
gle in their implementation and construction, specifically issues related to the solar field, and 
may not reach the design specifications heavily harm the confident in the technology. To avoid 
it, more measurements and control procedures that track deviations and check quality of the 
heliostats during assembly and erection on field should be a priority. More advanced calibration 
systems to increase tracking accuracy and innovative characterization systems to diagnose 
optical quality of the heliostats’ concentrator are examples of expected innovations that would 
help in these terms. Otherwise, any deviation in the optical quality of the solar field may be-
come a relevant underperforming of the plant and a cumbersome issue highly difficult to handle 
afterwards, as has been stated in this work. 
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