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H I G H L I G H T S

• The 5-min resolution maximum error is − 2.57% with a 5 times less computational cost.
• Coarse steps underestimate the lifetime. Solar noon design point is ill-advised.
• Divergences mainly due to the adjustment variations of the field aiming strategy.
• Underestimation over a 7% in the critical spot using a design day instead of a set.
• Summer solstice is the least-damaging day, increasing as approaching the winter one.

A R T I C L E  I N F O

Keywords: 
External central receiver 
Creep-fatigue 
Lifetime 
Time resolution 
Design day 

A B S T R A C T

This study assesses the impact of the time resolution and design day on the estimated lifetime of the molten-salt 
external tubular receiver of a solar power tower, one of the most damaged components of these facilities, 
considering operation under clear conditions. A global analysis is performed by first determining the heliostat 
field aiming strategy; the receiver operation limits are set to keep a low enough film temperature and to avoid the 
stress reset. The former prevents excessive corrosion rates of the tubes while the latter assures the global stress 
relaxation, which significantly reduces their damage during the receiver cyclic operation. Time steps of 60, 30, 
15, 5 and 1 min are tested considering the spring equinox design day, as well as only solar noon conditions. The 
latter significantly underpredicts the receiver lifetime with respect to the 1-min case, being early discarded. The 
lifetime in the most damaged panel is underestimated over 18% and 16% using the 60- and 30-minute time steps, 
dropping to 2.57% using the 5-min time step at a reasonable computational cost. Finer resolutions enable more 
precise aiming strategy selection, decreasing the receiver peak fluxes. Lastly, a set of 8 representative days for the 
year, equally spaced in solar height, is more accurate than using the spring equinox alone, which results in an 
underestimate of the receiver lifetime that may be overly conservative. The summer solstice is the least- 
damaging day, with the lifetime decreasing as approaching the winter one, as long as the storage tank is filled.   

1. Introduction

In the shift of the energy production landscape towards a greener
one, Solar Power Tower (SPT) technology with molten salt storage has 
emerged as a good candidate to satisfy the electricity demand with a 
great deal of flexibility, being able to fill the role of traditional 
combined-cycle facilities. Despite the early tests of this technology date 
from the 80′s [1] and 90′s [2], it still faces the early maturity stage at 
commercial scale, with few instances having been built in that regard. 
From the operation of these plants, various issues have been detected in 
each subsystem [3], with the receiver piping presenting the third most 

occurrences out of the whole facility and them being the main problem 
focus in the receiver. It is a reasonable outcome given the demanding 
conditions that the receiver must endure, with high heat fluxes on its 
surface coming from the heliostat field and its daily cyclic operation. 
Moreover, the use of in site measurement equipment to quantify, for 
instance, the tubes temperature is not feasible. Thus, the design and 
analysis of the receiver subsystem is approached with analytical and 
numerical models. In this regard, facing the design stages of future 
plants with reliable data and forecasts could avoid unexpected early 
components failure and the facility underperformance, which were the 
two reasons that led the ambitious Crescent Dunes project (Tonopah, 
Nevada) to failure [4]. Moreover, extraordinarily low power purchase 
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agreement (PPA) prices are already coming to light, such as the USD 
0.074/kWh of the DEWA concentrating solar power (CSP) Tower in 
Dubai, where the long projected plant lifecycle (35 years) is reported the 
second cause of that low PPA [5]. Consequently, the study of the 
receiver lifetime with analytical models has held an important place 
since the early development stages of this technology, given its critical 
operation conditions and the role it plays in the economic viability of the 
projects. 

A usual approach in the lifetime analysis of solar technology com-
ponents is to consider 10 000 fatigue cycles and 100 000 h of operation 
(HOP), which is equivalent to 30 years of operation with nearly 1 cycle a 
day [6] and about 9–10 h per day [7]. Thus, from the early works in the 
matter to more recent ones, a wide variety of studies in the literature 
address whether the receiver can withstand creep and fatigue damages 
when operating during such horizon and number of cycles [8]. Kistler 
[9] and Grossman and Jones [10] performed the analysis of solar central
receivers considering these 10 000 cycles and 100 000 h, following the
N-47 code case for nuclear applications. Both studies also regarded
cloud transients and considered creep damage negligible. Kistler used
measured weather data to establish different types of fatigue cycles
depending on the heat flux variations due to these cloud transients,
advising the use of a safety factor of 2 for the number of cycles, given the
uncertainties present during these studies. Babcock & Wilcox Company
[6] also considered the 10 000 cycles for the analysis of a cavity type
receiver in Incoloy 800H working with molten salt and also regarded
creep negligible.

Nonetheless, since the safety margins of the N-47 are deemed 
excessive when analyzing solar technology components, Berman et al. 
[11] proposed an interim design code based on some simplifications of
the N-47 code case, making it more suitable for the present field. With it,
Narayanan et al. [12] studied a molten salt receiver in 304 and 316
alloys, including cloud cover cycles besides the daily start-up cycles.
Nevertheless, the creep and fatigue material data available at the time

was limited and the result of short-term tests. Based on such interim 
design code and taking into account the cycle and hours recommenda-
tions for a 30-year operation, the works of Neises [7] and Nithyanandam 
and Pitchumani [13] analyze sCO2 receivers made of Haynes 230 for 
various design configurations. However, the former is a preliminary 
study that did not consider circumferential variations of the heat flux in 
the selected tube nor its plastic deformations; this last aspect is also 
disregarded in [13]. Conroy et al. performed a design optimization study 
of a sodium billboard receiver [14]. They also analyzed the relevance of 
the aiming strategy on the receiver lifetime [15]. In both studies, the 
lifetime analysis was done following the rules of ASME B&PV Section III: 
Subsection NH [16]. They evaluated the creep damage at direct normal 
irradiation (DNI) levels every 50 W/m2, from 0 to 1 000 W/m2. Real 1- 
minute DNI data was then used to determine the time spent in each DNI 
level, as well as the cycle type and frequency. However, elastic stresses 
were considered for the creep damage, and the stress reset disregarded. 
More recently, González-Gómez et al. [17] followed the ASME B&PV 
Section III: Subsection NH to study the lifetime of a molten salt SPT 
receiver considering 60-minute time intervals during the clean spring 
equinox design day. They regarded the plastic deformations of the tubes 
and the stress relaxation effect, paramount to avoid the underestimation 
of the receiver lifetime; yet, the aiming strategy of the heliostat field was 
not modified during the operation, which penalizes the receiver thermal 
production rates. 

While in the lifetime estimation field the focus has not been yet put 
on establishing the time resolution and the design day selection impact, 
some studies have approached such issue from a thermal and economic 
perspective, or performed the analysis for finer time resolutions than the 
hour basis. Wagner et al. [18] studied two different operation strategies 
for a parabolic trough plant using 10-minute time steps. Then, Meybodi 
et al. [19], who emphasized the lack of studies assessing the optimum 
time step for solar technologies analyses, used a multi-year Australian 
solar database to investigate the time resolution impact on the power 

Nomenclature 

D total damage 
d daily damage 
E eastern flow path, Young modulus (Pa) 
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J total creep damage intervals a day 
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SSR stress reset limit (Pa) 
Sy,cold yield strength at room temperature (Pa) 
T temperature (K) 
tR rupture time (h) 
W western flow path 

Greek symbols 
α solar altitude (◦) 
ε strain (%) 
σ stress (Pa) 

Subscripts 
c creep 
creep creep stress 
eq equivalent 
f fatigue 

film inner tube wall 
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production and costs of a parabolic trough plant with molten salt stor-
age. Selecting 5, 15, 30 and 60-minute time steps, they concluded that 
the 5-minute one provided the most realistic prediction. The 15 and 30- 
minute steps provided quite realistic results for simplified analysis. 
Schenk et al. [20] simulated the transient behaviour of the power block 
of a parabolic trough plant to optimize its start-ups; the significant re-
sponses occurred in between 6 and 25 min, suggesting that coarser time 
steps are not suitable and that finer ones would not be required for such 
matter. Guedez et al. [21] performed a thermo-economic analysis of the 
thermal storage system integration in a CSP plant in order to optimize 
the peak power production, considering 10-minute time steps. Gertig 
et al. [22] presented a simulation tool for SPT focused on the thermo- 
economic optimization of the plant. They selected time steps of 15 
min since they reach a compromise between accuracy and runtime. 
Given the variability of the solar resource during the day, a trend of 
integrating CSP with concentrating photovoltaic (CPV) is also arising. In 
this regard, the work of Cocco et al. [23] analysed the dispatchability 
improvement of combining both technologies by performing a minute- 
by-minute analysis of two design days selected as representative: a 
summer and a winter day. Zurita et al. [24] also studied a CSP-PV 
(photovoltaic) hybrid plant from the capacity factor and levelized cost 
of energy (LCOE) point of view, assessing the role of the time resolution 
in the results. Their analysis was performed for three representative 
days: a clear-sky day, a variable day with high DNI and high-frequency 
transients, and a variable day with low DNI. The LCOE and capacity 
factor deviation for the 60-minute time step with respect to the 1-minute 
one was around a 5.2% and just shy of a 6%, respectively. Lastly, the 
experience gained from the commercial scale central receiver technol-
ogies suggests that the use of hourly DNI data fails to correctly predict 
the annual performance, being advisable to use 15 min or finer data, 
with 1-minute information being potentially the best alternative [3]. On 
a different note and at a much smaller time-scale, the work of Ferdowsi 
et al. [25] investigates how the time resolution (from 4 s to 10 min) of 
the solar data impacts the voltage rise and flicker when studying the 
behaviour of the electricity distribution network, considering PV sys-
tems as the source. Hence, taking into account the relevance of assuring 
the receiver integrity and the impact that the time resolution has been 
proven to have on its thermal and economic performance analysis, it is 
seen the need to evaluate the influence that more precise data has in the 
receiver lifetime estimation, a field lacking of this type of analysis. In 
that way, this issue is investigated for the first time by discretizing a 
selected day, the spring equinox, into different time steps. 

On the other hand, a large number of studies dealing with the 
receiver or heliostat field design follow the simplified approach of 
selecting a design point to perform the analysis. The most commonly 
used is the solar noon of the spring equinox, with instances for both the 
heliostat field [26] and the receiver, such as the work of Augsburger and 
Favrat, in which they studied the heat flux variations on the receiver due 
to cloud passages [27], or the study conducted by Wang et al. [28], 
which aimed to improve the SPT optical efficiency using a novel receiver 
design. Nevertheless, some studies employ the summer solstice solar 
noon instead in order to analyse, for instance, a cavity receiver from its 
optical performance point of view [29] or the solar radiation trans-
mission from the heliostat field to a pressurized volumetric receiver 
[30]. Nevertheless, Wagner [31] argued that an adequate approach to 
achieve a good characterization of the yearly flux distribution on the 
receiver, the year should be discretized in 8 equidistant days in solar 
height, covering from the summer solstice to the winter one. Thus, this 
work also aims to shed light on whether the use of a single design day, 
and even a single design point (solar noon), is adequate in terms of 
lifetime estimation, opposite to the 8-day approach. 

Lastly, an additional novelty is introduced in the integral analysis of 
the receiver process, which has to do with the aiming strategy selection, 
looking at the allowable flux density (AFD) on the receiver surface. In 
this work, the AFD is set not only depending on the film temperature of 
the tubes, Tfilm, in order to avoid an excessive corrosion, but a new 

parameter is regarded as well for that end: the stress reset limit [32], 
which determines if the global stress relaxation is achieved. In existing 
literature dealing with CSP lifetime analysis, the stress reset limit was 
not taken into account, either because the stress relaxation effects of the 
material, which are essential to avoid the receiver lifetime excessive 
underestimation [17], were disregarded (an issue present in the majority 
of the works), or because the aiming strategy selected was too conser-
vative, assuring the receiver endurance but penalizing the power pro-
duction since the receiver would operate with an intercepted heat flux 
way below the AFD [17]. The heliostat field and the receiver are two of 
the most expensive subsystems [33], which justifies the need of trying to 
maximize their profitability while ensuring their safe operation in the 
most accurate way. The lifetime analysis of this work can distinguish 
itself from already existing studies by the regard of the elastic–plastic 
effects of the material, the stress relaxation phenomenon, and the use of 
fine time steps altogether. Moreover, the receiver operation is coupled to 
the thermal energy storage (TES) system filling, shedding light on how 
the divergences in the time needed to fill the tank, obtained when 
considering the various time resolutions studied, affect the lifetime 
outcome. The TES tank influence in the receiver lifetime is further tested 
by selecting two different tank sizes. 

Thus, the gap of knowledge addressed is the determination of the 
time resolution and design day selection influence in the lifetime esti-
mation when performing an integral analysis of a molten-salt receiver. 
Such analysis also considers the AFD to select the most appropriate 
aiming strategy –based not only on the Tfilm but also introducing for the 
first time in this matter the stress reset limitation– as well as the TES 
capacity. The goal is to determine the most suitable approach to perform 
a precise receiver design and correctly predict its lifetime without 
compromising the computational cost. For that end, the work is orga-
nized as follows: the various models for the integral analysis of the 
receiver are presented in Section 2, along with a description of how the 
calculation process develops by integrating all these models and by 
taking into account the operation limits of the receiver. Then, Section 3 
introduces the characteristics of the heliostat field, the receiver and the 
cases of study. Section 4 discusses the results obtained for both the time 
resolution and the design day analyses. Lastly, Section 5 provides the 
conclusions reached in the present study. 

2. Methodology

This section presents the different models required for the integral
analysis performed in this work –optical, thermal, elastic stresses and 
strains, and lifetime models– as well as how they are coupled in the 
calculation procedure, in which some operation limits must be regarded. 
In the present study, the following analytical models have been all 
implemented in Matlab environment. 

2.1. Models employed 

2.1.1. Optical and thermal models 
The optical model chosen, developed by Sánchez-González and 

Santana [34], allows us to obtain the heat flux on the receiver surface, as 
well as the optical efficiency of the heliostat field, based on the 
convolution-projection method. This model is available as the FluxSPT1 

tool. It has been validated with both measurements of PSA and Thèmis 
solar power plants and Montecarlo SolTrace simulations. Substantial 
fitting between measured flux distribution and the simulations has been 
achieved with cross-correlation coefficients up to 95.8%, even when the 
heliostats are damaged and cantings error must be introduced [35]. 
Compared to Montecarlo SolTrace simulations, FluxSPT code un-
derestimates up to 2% the receiver interception, saving a considerable 
computation time with similar degree of accuracy and even higher 

1 https://ise.uc3m.es/research/solar-energy/fluxspt/. 
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resolution level for far heliostats [34]. FluxSPT takes a heliostat tracking 
error of 2.1 mrad and a slope error (curvature, waviness, and canting 
errors) of 2.6 mrad [27]. The optical model uses the DNI obtained in W/ 
m2 with the Daneshyar-Paltridge-Proctor (DPP) clear sky model [36], 
which depends solely on the solar altitude α, 

DNI = 950.2[1 − exp( − 0.075α) ] (1) 

Although there are more complex clear-sky models [36] that could 
be coupled to the optical one instead the DPP, the latter is preferred due 
to its simplicity and is considered appropriate for its application as input 
of the optical model in this work. Given that the days selected in this 
study are clear days, the DNI would be symmetrical in time with respect 
to the solar noon. 

This optical model allows to select the aiming strategy of the helio-
stat field into the receiver, which determines the shape of the heat flux 
distribution on the receiver surface. The aiming factor, k [37], is the 
variable designated for that end; in the present model, it ranges from 3 to 
0, being 3 the equatorial aiming, with the heliostats focusing in the 
middle of the receiver height, and 0 the most “open” aiming, being both 
the upper and lower ends of the panels the points at which the heliostats 
aim. It must be noted that, the more equatorial the aiming is, the higher 
the peak flux on the receiver surface, enabling greater power produc-
tion, and the lesser the spillage losses; nevertheless, it may result too 
aggressive for the operation limits of the receiver. On the other hand, an 
open aiming is less efficient but more conservative in terms of entailing 
potential receiver issues. Moreover, the shading and blocking losses of 
the heliostats are considered in the model. 

Next, the thermal model uses the heat flux distribution on the 
receiver surface to obtain the different temperatures of the receiver 
tubes. The model employed is the coarse grid model (CGM) developed in 
[38], which considers a tube representative per panel and a series of 
circumferential divisions of the tubes, besides the axial ones, to calculate 
the radiative heat exchange between the surfaces involved. It is 
preferred over more simplified analytical models, such as the one 
employed by Singer et al. [39] or the one used by Jianfeng et al. [40], 
due to their proven less precision with respect to computational fluid 
dynamics (CFD) simulations, with deviations of at least a 30% [41] since 
they only discretize the tubes axially. Despite of just considering one 
tube per panel instead of all the receiver tubes, unlike in the fine grid 
model (FGM) by Rodríguez-Sanchez et al. [42], the CGM results more 
restrictive than the FGM. In addition, the use of the FGM entails a great 
computational cost due to its fine geometrical resolution; in this work, 
given the already computationally-expensive nature of the time analysis 
on its own, the avoidance of that additional drawback is deemed 
necessary. 

On the other hand, the optical-thermal model was validated [43] 
using the experimental data available from the demonstration-scale 
Solar Two project [44] with enough precision to obtain the receiver 
temperature distribution and therefore, to estimate the receiver damage. 

The inlet and outlet temperatures of the heat transfer fluid (HTF) are 
set according to the particularities of the HTF in question. Given that the 
day studied is a clean one, with no transient interruptions and smooth 
transitions in the DNI, the model relies on the modification of the mass 
flow through the receiver in order to achieve the desired outlet tem-
perature. Thus, this approach corresponds to the so-called control mode 
1 presented by Zurita et al. [24], suitable for the aforementioned con-
ditions; the control mode 2 described in their work would not apply in 
this study. 

An aspect to regard after the analysis is performed is the resulting 
Tfilm of the tube (temperature of the inner wall, in contact with the HTF 
trough it), since it is limited depending on both the HTF and the alloy 
selected for the tubes manufacturing. 

2.1.2. Elastic stresses-strains and lifetime models 
The elastic stresses and strains of the receiver tubes are obtained 

upon knowing their temperature distribution, once the thermal analysis 

has been completed. The model used for such end is the analytical one 
developed by Laporte-Azcué et al. [45], which precision was validated 
against finite elements simulations. It is based on the separation of the 
temperature profile as the addition of the circumferential and radial 
components, allowing the superimposition of the thermal stresses 
resulting from both gradients, and, opposite to previously existing 
methodologies, such as the ones employed in the work of Conroy et al. 
[14] and Logie et al. [46], it considers the temperature dependence of 
the material properties, which is critical for accurate lifetime calcula-
tions. For example, if temperature independent material properties are 
considered for the thermal stress analysis, the stress may be under-
estimated up to 20% at the tube crown [17]. That deviation translates 
into a considerable error in the creep rupture time: in the specific case of 
Haynes 230 material, it means a creep rupture time 77% lower than the 
predicted using temperature independent material properties [17]. On 
the other hand, the mechanical restrictions of the receiver tubes, set to 
avoid their excessive bending –which could cause collisions between 
adjacent tubes and the appearance of hot spots–, are also taken into 
account. Hence, the elastic stresses and strains obtained are due to both 
the thermal contribution, given the uneven temperature distribution on 
the tubes surface, and the mechanical one, caused by the displacement 
restrictions these tubes are subjected to. Moreover, the pressure stress 
caused by the HTF through the tubes is considered as well, although it 
can be regarded as negligible in comparison to the thermal and me-
chanical components. 

Subsequently, the analytical lifetime model employed, developed by 
González-Gómez et al. [17], is based on these elastic stresses and strains 
to give out the elastic-plastic ones. This model also considers the stress 
relaxation phenomenon, which occurs during hold times under high 
temperatures and stresses and can develop during a certain stabilization 
time; this is so even with the characteristic cyclic operation of this kind 
of technology, suffering from daily start-ups and shutdowns, as long as 
the stress reset limit is not surpassed. The creep stresses, σcreep, resulting 
after the stress relaxation, as well as the temperature, T, at which the 
tubes operate, are the ones responsible for the daily creep damage 
during day i, dc,i, 

dc,i =
∑J

j=1

Δtj

tR,j
, (2)  

by means of the rupture time calculation, tR, at the different time in-
tervals, Δtj, 

log10(tR) = β0 + β1
1
T
+ β2log10

ʀ
σcreep

)
+ β3log10

ʀ
σcreep

) 1
T
. (3) 

Here the different β are the Mendelson-Roberts-Manson (M-R-M) 
parametrization coefficients, that depend on the alloy selected. On the 
other hand, the daily fatigue damage, df,i, 

df ,i =
∑M

m=1

Nm

Na,m
, (4)  

is caused by the strain range, Δεeq, which determines the number of 
allowable cycles of the tubes, Na, 

Δεeq

2
=

ΔεE
eq

2
+

ΔεP
eq

2
=

σ’
f

E
N − c1

a + ε’
f N

− c2
a , (5)  

where E is the Young modulus, σ’
f is the fatigue strength coefficient and 

ε’
f is the fatigue ductility. 

Then, the addition of the total creep damage, Dc, and the total fatigue 
damage, Df, for the studied operation days must be equal or lesser that 
the damage limit, DL, 

DL ≥ Dc +Df (6) 

In this work, the linear damage summation (LDS) model [16] is used, 
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considering that both the creep and fatigue damages work indepen-
dently, instead of a bi-linear relation. This also implies that the damage 
limit, DL, is equal to unity regardless the material selected for the tubes 
manufacturing [47], which is a good assumption in clear design days 
[17] and indeed has been proven with experiments to represent with 
greater accuracy than a bi-linear relation the behaviour of the alloy later 
selected in this work, Haynes 230 [48]. Considering just a representative 
day for the receiver operation, i, the total creep and fatigue damages can 
be expressed as the daily creep and fatigue damages obtained that day 
multiplied by the number of equivalent operating days of the receiver 
(EODs); on the other hand, if a total of I representative days is selected 

instead, these total damages would be equal to the average daily dam-
ages during these I days, multiplied by the total of EODs. Thus, the 
lifetime of the receiver, expressed in terms of its EODs, is obtained as 

DL = EODs
∑I

i=1

(
dc,i

I

)

+ EODs
∑I

i=1

(
df ,i

I

)

→

EODs =
DL

dc + df

. (7) 

These EODs can be converted into years dividing them by the 
number of operation days considered during a year. In this work, it has 
been regarded as 365 days since one of the scenarios studied consists of a 
set of days equally-spaced in solar height through the whole year. 
However, less days could be taken into account if an estimate of the 
number of days presenting non-favourable conditions for the start-up is 
deemed. 

2.2. Calculation procedure 

The criteria established in the optical model for the start-up is that 
the solar height must be at least 10◦, after a 15-minute receiver pre-heat. 
On the other hand, the plant shutdown for each case occurs once the TES 
tank is completely filled. Prior the final lifetime analysis, it is necessary 
to determine the aiming strategy of the heliostat field on the receiver 
surface. For such end, two limiting factors for the AFD are regarded:  

• The maximum allowable film temperature of the alloy selected when 
in contact with the selected HTF. This restriction is watched to avoid 
the excessive corrosion of the tubes; in the case of Haynes 230 tubes 
with molten salts flowing through them, such limit is set in 650 ◦C 
[49]. 

• The stress reset limit. It is deemed in order to ensure the accumula-
tion of stress relaxation over the cyclic receiver operation; otherwise, 
stress reset would occur after the daily shutdown and the tubes 
would not be able to resume the operation the following day at the 
relaxed stress level achieved during the previous day. The stress reset 
limit is determined by the expression SSR = Sy,cold +SH [32], where Sy, 

cold is the cold (room temperature) yield strength and SH is the hot 
relaxation strength, taken as 1.25 times the allowable stress, S, ob-
tained from the ASME BPVC Section II Part D [50]. 

Hence, at the beginning of the operation, the k is set as equatorial as 
possible in all the time steps in order to obtain the maximum thermal 
power; in the case of the present optical model, the most equatorial 
aiming factor that can be selected is denoted by k = 3. With that, the 
thermal model is run and the resulting Tfilm is checked to be below the 
established limit. Should that not be the case, the thermal model is rerun 
with a lower k, until the criterion is correctly met. Then, the elastic 
stresses-strains analysis is performed with the temperatures obtained 
from the thermal model, making sure that the stress reset limit is not 
surpassed; if the elastic stresses result above the SSR, the aiming factor 
needs to be lowered again. 

Once the k is definitive for the different time moments of the design 
day chosen, the HOP needed to fill the molten salts storage tank are 
obtained. The lifetime analysis is finally undertaken for these aiming 
factors and the resulting operation hours, using the corresponding 
temperatures and elastic stresses and strains from the previous models. 
The present calculation procedure is summarized in Fig. 1. 

3. Characteristics studied 

3.1. Heliostat field and receiver description 

The receiver studied is part of a plant with a Gemasolar-like heliostat 
field [51], constituted by 2 650 heliostats of 115.7 m2 of effective mirror 
surface each, resulting in a total area of 306 605 m2. The location of the 

Fig. 1. Calculation procedure, including the different models used and the 
operation limits considered. 
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plant is Seville, Spain, just like Gemasolar, at the latitude of 37.56◦. 
The tower elevating the central external tubular receiver has a 130 m 

height. The base structure of the receiver, on the other hand, is an 8.5 m 
diameter cylinder and serves to frame its panels, set to 18, as depicted in 
Fig. 2. These panels are constituted by 61 vertically placed identical 
tubes of 10.5 m long, 2.24 cm of external diameter and a 1.2 mm 
thickness; their initial separation within the panel is an 8% their external 
diameter, although such separation is recalculated so an integer number 
of them fits evenly distributed, resulting in a gap of 1.4 mm. The tubes 
are manufactured in Haynes 230, whose mechanical properties are ob-
tained from [50] and its creep and fatigue coefficients, required in the 
lifetime analysis methodology, are compiled in [17]. The tubes are also 
painted with a black Pyromark coating of high absorptivity, enhancing 
their optical properties, while the cylindrical structure holding the 
receiver panels is covered with a reflective material, trying to maximize 
the heat flux reflected from it to the rear side of the tubes. Both ends of 
the tubes constituting one panel are welded to such panel respective 
inlet and outlet headers, which distribute the HTF trough all these tubes 
and collect it, respectively. Lastly, the tubes are guided along their 
length by a series of welded supports, or clips, preventing their excessive 
bending. In this study, the generalized plane strain scenario is consid-
ered, which is equivalent to having an infinite number of clips. 

The selected HTF is solar salt (60% NaNO3 - 40% KNO3), whose 
temperature dependent properties are available in the literature [2]. For 
its operation in the SPT receiver, it is taken into account that this HTF 
has a lower inlet temperature limit set in 290 ◦C to avoid its freezing, and 
an upper one of 565 ◦C, aiming to prevent its decomposition. The HTF 
mass flow rate entering the receiver is splitted into two parallel flow 
paths, with the solar salt flowing through each path panel in a 
serpentine-like way, from the North-oriented face to the southern one. 
The inlet is placed at the bottom of the first panel of each path, while the 
outlet results at the top of their respective last panel. The orientation of 
the two paths inlet and outlet results in a N-S symmetrical heat flux 
distribution in both flow paths at solar noon. On the contrary, during the 
morning hours the western half receives higher concentrated heat flux 
while in the evening that is the case for the eastern one, given that the 
facility studied is projected for a northern hemisphere location. 

The TES tank capacity consists of 8 500 ton of molten salt, which 
allows a continued production during the night hours, after the receiver 
has ceased its daily operation. 

3.2. Cases of study 

In this work, two distinct issues are approached in relation to the 
receiver lifetime analysis: the time step used and the suitability of using 
a design day. These are two relevant aspects to consider in order to 
ensure the correct receiver operation and to avoid excessive economic 
penalties due to an incorrect design. 

On the one hand, the EODs are obtained for a fixed clean design day 
discretized using a set of different time steps in order to determine an 
accurate enough time resolution without compromising the computa-
tional cost. The design day selected for that end is the spring equinox 
(Julian day 81) since it is the most commonly used as the representative 
one [42]. The solar height for this day at solar noon is 52.44◦ at the 
location considered in the present study. The time intervals studied are: 
60, 30, 15, 5 and 1 min. The case of just considering the operating 
conditions at the solar noon for the whole day is also included, since 
such instant is typically regarded as the design point. All these time 
intervals are admissible for the analysis since, given the thermal con-
ductivity and thickness of the tubes, they are greater than the time to 
reach the quasi-steady state, guaranteeing that the corresponding 
Fourier number is equal or greater than 0.5 [52]. For such analysis, all 
the time step cases are set to start at 7:00 h (solar time) since it is the first 
o’clock hour at which the receiver can operate, despite more precise 
resolutions could start earlier (for instance, 6:51 h for the 1-minute time 
step). This way, the focus is solely on the information loss between time 
intervals, without the interference of additional data. Moreover, the 
impact of the time resolution in the TES tank filling will also be studied. 

Upon having established the time step, the second goal is to deter-
mine whether the use of the spring equinox as the design day is sufficient 
for a precise receiver lifetime estimation, opposite to performing the 
daily analysis using a set of days equidistant in their maximum solar 
height, solar noon one. Such set consists of 8 days that span the summer 
solstice (Julian day 172) to the winter solstice (Julian day 355), both 

Fig. 2. External tubular receiver schematic representation, including the panel disposition and numbering, and the receiver main characteristics.  
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included, and it can be regarded as representative for the whole year. 
This approach was presented by Wagner [31], showing that these 
properly selected days can serve to accurately estimate the flux distri-
bution for the whole year. Thus, the days considered in this study are 
compiled in Table 1 including their maximum solar height. In this case, 
each day will start at their corresponding time, following the start-up 
criteria detailed in the previous paragraph, regardless of it is not an 
o’clock time. The plant shutdown is also programmed with the filling of 
the storage tank. 

The DNI of the different days studied in this work, including both the 
spring equinox and the 8-day set, are depicted in Fig. 3. Note that the 
initial and final hour differ from day to day since the depiction starts for 
each day at the first o’clock hour available according to the start-up 
criteria. As expected, the DNI level presents its maximum value in the 
solar solstice, decreasing progressively as the days approach to the 
winter solstice. The spring equinox is equivalent to the autumn one 
(Julian day 265) and thus its DNI places in the central position with 
respect to the set of 8 days. 

4. Results and discussion 

In this section, the results obtained for the two cases of study pre-
viously introduced are presented. First, the analysis of the different time 
steps is discussed and then, the results for the set of the 8 evenly-spaced 
days. 

4.1. Time resolution analysis 

4.1.1. Aiming strategy and DNI 
The calculation procedure starts by stablishing the aiming strategy at 

the different time instants, considering the film temperature limitation 
and aiming to avoid the appearance of stress reset. An instance of how 
different aiming strategies modify the incident heat flux on the receiver 
surface is presented in Fig. 4, with the tubes vertically discretized in 20 
axial divisions; various time instants are also depicted to show how the 
peak flux moves from the western half in the morning hours to the 
eastern one in the afternoon. Thus, note that each half of the receiver 

will have different aiming necessities due to the disparate heat flux 
incidence on their surfaces, being the western half the most restrictive 
one in the morning hours and the eastern one the limiting half during the 
afternoon. However, the eastern and western aiming strategy configu-
rations scheduled for the day are mirrored with one another with respect 
to noon given that the day selected is a clear one, also with symmetrical 
DNI with respect to noon. By looking at Fig. 4 a) and b), which depict the 
same hour, the descend of the peak heat flux with k becomes evident. It 
can be sensed as well that the decrease of k, besides implying lower peak 
value, engages a greater tube surface, flattening the flux profile. The 
most demanding conditions of the western half in the morning hours 
with respect to the eastern are also noticeable. Such gap is closed the 
nearer the solar noon is, the moment at which both halves present the 
same heat flux distribution; then, in the afternoon, the roles are 
reversed. 

Once the aiming strategies for the different time intervals are set, the 
resulting peak heat fluxes, q, on the eastern half of the receiver surface 
during its operation are depicted in Fig. 5 a) for the different time steps 
considered for this study, while their corresponding DNI levels are 
presented in Fig. 5 b); due to the aiming strategy symmetry between 
both halves with respect to noon as well as the DNI symmetry, the 
western peak fluxes are also symmetrical. As expected, more precise 
time resolutions result in a smoother transition of the aiming strategies, 
which can be beneficial since lower aiming factors contribute to reduce 
the peak flux with respect to more equatorial ones. Periods with low DNI 
allow almost-equatorial aiming strategies, since the peak flux is not 
extremely critical. However, as soon as the DNI increases it would be 
required a more open aiming factor in order to decrease the peak flux on 
the receiver surface. These required aiming strategies shifts can be 
sensed in the peak heat flux representation as the saw peaks appearing 
during the day; a descending saw peak (for instance, the ones repre-
sented from 8:00 h to 9:00 h for the 1-min time resolution), that provides 
a sudden lower peak flux, means the setting of a more open aiming 
factor, while growing saw peaks (appearing mostly from 15:00 to 16:00 
h), resulting in sudden greater peak fluxes, imply the selection of more 
equatorial strategies. On the other hand, note that each time step as-
sumes constant the DNI level, which corresponds to the DNI value 
occurring at every “measurement” instant that such resolution allows. 
For instance, from 7:00 h to 7:59 h, the 60-minute resolution is 
considered to be operating during the full hour with the DNI level ob-
tained at 7:00 h, while the 1-minute resolution would use a different DNI 
every minute. Since the DNI grows as the morning hours advance to 
solar noon, greater time steps present average lower values of the DNI 
with respect to more precise time resolutions until the 11:59 h. The 
opposite effect occurs during the afternoon hours since the DNI de-
creases after the solar noon. 

4.1.2. Lifetime results: Full tank filling 
Once the different k have been established with the thermal and 

mechanical analysis, the hours of operation to fill the tank are obtained; 
these are included in Table 2. The time variation in the HOP, from the 
less precise time step (60-minute) to the more precise one (1-minute) is 
just of 21 min, with the latter requiring the least time to fill the tank. In 
between these time resolutions, the HOP also increase the less precise 
the resolution is. 

The last step of this receiver study is the lifetime analysis, which 
provides the EODs for each receiver panel by means of creep and fatigue 
damages during these HOP. However, as in any clear design day, fatigue 
damage is negligible in comparison to the creep one, being the latter the 

Table 1 
Days selected for the design day analysis and their maximum solar height.  

Day 172 218 238 256 272 290 310 355 

αmax(◦)   75.89  68.98  62.4  55.46  49.02  42.11  35.61  28.99  

Fig. 3. DNI for the spring equinox and set of 8 days analyzed.  
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main factor driving the resulting EODs. Fig. 6 presents an instance of the 
main intermediate results of the analysis obtained during the calculation 
procedure: the outer tube temperatures from the thermal model, the 
creep stresses –considering stress relaxation– and the creep damage. In 
this case, the ones depicted correspond to the results from the 5-min 
time resolution at 12:00 h. The temperature of the tubes is greater 

towards the center in the vertical direction, where the heliostats are 
mainly aiming. Such temperature evolves by increasing from the 
northern panels to the southern ones regardless the Sun position (in this 
case, solar noon, results in a symmetrical N-S configuration) since it is 
greatly affected by the salt heating when circulating through the panels. 
The stresses are also greater in the central regions of the tubes but, 

Fig. 4. Heat flux map on the receiver surface, with its maximum and average value for a) k = 3 at 7:00 h, b) k = 2.6 at 7:00 h, c) k = 2.6 at 10:00 h, d) k = 2.3 at 
12:00 h. 

Fig. 5. a) Maximum heat flux on the eastern half and b) DNI for the different time step cases.  
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opposite to the temperatures, the most affected panels are the northern 
ones. The combination of both temperature and stress result in the creep 
damage, the main mechanism these tubes must endure during clean 
design days; in this case, such damage is the accumulated one during the 
5 min that the time step depicted covers. 

On the other hand, the final results of the analysis, the EODs, are 
presented in Fig. 7 for the 1, 5, 15 and 60-min time steps, converted to 
years (considering 365 days) for a more straight-forward understanding. 
The complete lifetime results are included in Table A.1 of Appendix A for 
reference, including additional cases of 2 and 7.5 min (with HOP of 8 h 
14 min and 8 h 16 min, respectively). There, the results for the most- 
damaged panel in each flow path and time step are presented in bold 
italics. For the eastern path, the limiting panel is the first one in all the 
cases, while for the western one it shifts from the first panel for the solar 
noon design point case and for the time steps of 60 and 30 min, to the 
second panel for the rest of the time intervals. Then, the lifetime in-
creases when advancing to the southern panels, with the expected life-
time decreasing back again in the last one, subjected to the higher tube 
temperatures. The general trend is for coarse time resolutions to 

underestimate the receiver panels lifetime, although such trend is not 
completely followed in a few instances. 

Moreover, the percentage variations of the EODs obtained for the rest 
of the time resolutions with respect to the 1-minute time step results are 
all included in Table A.2, in order to get a better sense of the time res-
olution impact in the lifetime prediction. From the examination of these 
results it can be concluded that selecting just the solar noon as the design 
point is not an appropriate approach, resulting in an underestimate of 
the panels lifetime of over 40% with respect to the 1-minute time step in 
the best of case. The rest of the time resolutions present fairly accurate 
results in nearly all the panels. The exception is, however, the first panel 
of both halves, with the time interval of 60 min deviating over 18% and 
13% for the eastern and western sides, respectively, and the 30-min time 
step diverging over 16% and 14%. This is not a negligible issue since the 
first eastern panel is the limiting one, not only for such flow path but for 
the whole receiver. While the underestimation falls in the safety side, it 
could lead to an overestimation of the plant costs. Apart from these two 
time intervals, the rest of them result in divergences below 5.5% in the 
eastern half and 3% in the western half for the aforementioned panel; 
thus, selecting a time step of 15 min or lower would be more appro-
priate. The 5-minute time resolution is the preferred choice in this work 
due to its precision in terms of lifetime estimation, just 2.57% below the 
1-minute results in the most critical panel and with less than 0.5% dif-
ference for nearly all of the rest. It can also serve to accurately estimate 
the HOP of the receiver, just two minutes above the 1-minute one. These 
small divergences, both in lifetime estimation and HOP, are assumed 

Table 2 
HOP for the tank filling considering different time resolutions.  

Time 
step 

1-min 5-min 15-min 30-min 60-min Solar 
noon 

HOP 8 h 14 
min 

8 h 16 
min 

8 h 19 
min 

8 h 24 
min 

8 h 35 
min 

7 h 16 
min  

Fig. 6. Tubes outer temperatures, creep stresses and creep damages for the representative tubes of the 5-min time step at solar noon.  

Fig. 7. Lifetime results for the receiver panels using the 1, 5, 15 and 60-min time steps. a) eastern and b) western flow paths.  
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reasonable, especially taking into account that the 5-minute time step 
reduces the computational cost by five times with respect to the refer-
ence time resolution. 

When comparing both paths panel-by-panel, the eastern side panels 
are most damaged than the western ones overall, regardless the time 
step selected. This is related to the receiver operating during the whole 
morning, when the incident heat flux is greater on the western half than 
in the eastern; this creates earlier the need to set an aiming that provides 
a lower heat flux peak on that receiver half in order to meet the oper-
ation limits, opposite to the eastern side, which is able to operate with a 
more equatorial aiming. Then, the receiver shuts-down early in the af-
ternoon once the tank is filled, when the heat flux on the receiver surface 
is more aggressive for the eastern side and, thus, when that half would 
be able to benefit from requiring more open aiming strategies. The only 
exception in this regard is the solar noon case of study since at that time 
the receiver is under a symmetrical heat flux in the N-S direction. The 
second panel of both flow paths can also be considered an exception for 
all the time steps, given the proximity of the results for such panel in 
both halves of the receiver. 

For the 1-minute time step, the thermal power and thermal energy 
supplied by this receiver during this design day are 119.65 MWt and 
985.12 MWh, respectively. The differences observed regarding these 
matters with respect to such reference are roughly a 3.07% over-
estimation of the thermal power and a 7.45% overestimation of the 
thermal energy in the case of the 60-minute time resolution, being the 
results for the intermediate resolutions below such difference. In the 
case of the solar noon, the difference in the thermal power increases to 
18.28% but in terms of thermal energy it decreases to 4.39%, which can 
be explained by the fact that it operates almost an hour less, sufficient for 
it to achieve the tank filling. 

4.1.3. Lifetime results: Fixed HOP 
Given the differences observed in the HOP, despite them not being 

excessive, the analysis has then been performed for a fixed HOP horizon 
in all the cases, being equal to the one obtained for the 1-minute time 
step. The case of the solar noon design point has been omitted given its 
high inaccuracy and providing that the tank is already filled almost one 

hour in advance with respect to the 1-min time resolution HOP. The 
percentage variation with respect to the 1-minute time step results ob-
tained from this analysis are gathered in Table A.3. The new amount of 
stored molten salts they can achieve is presented in Table 3, showing a 
descend up to 4% in the worst of the cases, resulting from such shorter 
operation. 

Regarding the lifetime, these receivers can endure slightly more 
since the HOP are reduced with respect to the tank full filling operation. 
This results in a lesser gap with the 1-min time resolution in the cases 
where the EODs obtained from the tank filling operation were below the 
ones obtained for the reference time step (negative percentage differ-
ence) and a greater gap in the ones that lasted longer (positive per-
centage difference). Some cases flip from lasting lesser than the 
reference time resolution panels in the filling operation, to lasting more 
like, for instance, the second panel of the eastern path for the 60-minute 
time step. Nevertheless, for the critical panel in each path, the differ-
ences obtained for the rest of the time resolutions with respect to the 1- 
minute one do not vary greatly; the biggest gap-closing in this regard 
occurs in the first panel of the western path, going from − 13.16% to 
− 8.02% using the 60-min time step, which has its HOP reduced in 21 
min. On the eastern half, however, it only goes from − 18.86% to 
− 18.055%. On the other hand, remarkable deviations are now observed 
in the rest of the panels of the eastern half for the 60-minute time res-
olution, reaching up to 15.92% difference in the fifth panel. 

4.1.4. Further time resolutions remarks 
In order to illustrate the differences between time steps, the creep 

damage at the tube crown (the most critical spot in the tube cross- 
section) for the 60 and the 1-minute time resolutions is shown in 
Fig. 8. The focus has been put on the eastern path since it is the one 
presenting the shortest lasting panel. From there, the comparison has 
been depicted for the 12th axial division (z = 6.3 m) of the first panel 
since it is the location where the greatest differences between the creep 
damages of both cases are found the most consistently over the daily 
operation. In the case of the 60-min time step, the dc obtained for each 
hour has been divided by 60 in order to properly compare it with the 1- 
min time interval results. Fig. 8 shows that despite the greater DNI of the 
1-min resolution during the morning hours its creep damage is overall 
lesser during most of the operation, which is related to the ability to 
switch with greater precision between aiming factors: decreases earlier 
than the 60-minute resolution during the morning hours and increases 
later than it during the afternoon ones. These k changes correspond, in 
the case of the 1-min resolution, to each dc peak. As for the 60-min time 
intervals, the steps depicted are due to sudden modifications both in the 
k and the DNI, opposite to the smoother DNI of the 1 min one. 

For the cumulated creep damage in one hour, the biggest difference 
between both time resolutions occurs in the period from 12:00 to 12:59, 
precisely at the 12th axial division of the eastern half first panel. Thus, 
Fig. 9 a) offers more detail on the results presented in Fig. 8 by depicting 
the minute-by-minute ratio of the temperature in the 12th axial division 
tube crown for the 60-min time step over the 1-min time step results 
during such hour, as well as the creep stress ratio, also at the tube crown, 
and the creep damage ratio; for both time resolutions the aiming factor is 
the same and remains constant during that hour. On the other hand, the 
time period from 7:00 h to 7:59 is illustrated in Fig. 9 b) for being the 
hourly interval at which the cumulated dc difference between both cases 
is the greatest favoring the 60-min time step. In this case the aiming 
factors also match during the whole hour. Despite the temperatures and 
creep stresses ratios not being far from the unity, which means that the 
results for both time resolutions are quite similar in such regard, the 
differences are amplified in Eq (3), affecting the outcome of the dc. It is 
also worth mentioning that although the ratio of the dc from 7:00 to 7:59 
is extremely favorable to the 60-min time step, the creep damages entity 
is negligible during most of the hour in comparison with the damages 
corresponding to the 12:00 h to 12:59 time period, as already seen in 
Fig. 8. Moreover, that behavior is a rare instance during the daily 

Table 3 
Molten salts (Tn) collected for a fixed HOP equal to the one required for tank 
filling with 1-min time step.  

Time step 5-min 15-min 30-min 60-min 

Tank (Tn) 8 473 8 425 8 341 8 156  

Fig. 8. Minute by minute creep damage of the 60 and 1-minute time step at the 
12th axial division of the first eastern panel. 
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operation, being the 60-min time step the most damaged during nearly 
the whole day. Lastly, Fig. 9 c) provides an instance of an hour, from 
8:00 to 8:59 h, in which the aiming factor matches for both time steps at 
the start but soon begins to progressively decrease for the 1-minute time 

resolution. The small discontinuities in the temperature and stress 
caused by that k modification can be sensed, as well as how they are 
again amplified when referring to the creep damage. 

As it can be perceived in Figs. 8 and 9, there are also divergences for 

Fig. 9. Temperature, stress and creep damage minute-by-minute ratio of the 60-minute time resolution over the 1-minute one during a) 12:00 to 12:59 h, b) 7:00 to 
7:59 h and c) 8:00 to 8:59. 

Fig. 10. Stress relaxation at each axial division a) in the eastern path and b) detail of its first panel.  
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the creep damages at the o’clock instants despite the DNI and, in some of 
them, the k of both time resolutions match; this is related to the different 
stress relaxation that applies in each case, Fig. 10, which results in a 
different creep stress, as observed in Fig. 9. Note that for a certain axial 
division and in the absence of stress reset, the stress relaxation is eval-
uated as a constant value for the whole day, which would be the 
maximum stress relaxation for that axial division resulting from all the 
combinations of temperature and equivalent elastic–plastic stress that 
occur during the daily operation. The greater differences are found at 
the center of the panels, which are the spots in the vertical direction 
under the most aggressive operating conditions. It seems then reason-
able that the stress relaxation somehow varies with the time resolution 
given the gain/loss of information implied when modifying the time step 
of the analysis. But, again, despite these disagreements are not that 
great, such divergences are greatly amplified in the rupture time 

calculation. 
In sight of the great relevance that the aiming factor has in the final 

outcome –and then the peak flux–, and given the fairly accurate results 
obtained with the 5-min time step for this clean design day, it has been 
tested whether the interpolation of its temperature, stresses and strains 
data to 1-min time intervals provides a good approximation to the 1-min 
time resolution lifetime, the reference one. The interpolated tempera-
tures and elastic stresses and strains are completely accurate during the 
periods operating at a constant k; conversely, small deviations are 
observed when aiming strategy changes occur since, the coarser the time 
resolution, the less precise the aiming strategy selection during opera-
tion turns out. With that, the percentage difference of the results of the 
interpolation with respect to the 1-min time step results are compared 
against the percentage difference of the 5-min time resolution results 
with respect to the reference one in Table 4. The interpolated results are 
closer ot the reference time resolution results than the 5-min time step 
results in nearly all the panels. The results are especially accurate in 
panels from 3 to 7. The lifetime for the critical panel in each flow path 
(panel 1 in the eastern path and panel 2 in the western one) is also more 
accurately predicted with the interpolation. The exception is the first 
panel of the western flow path as well as the ninth panel of both paths. 
Thus, the interpolation can be considered a good approximation to the 
more precise 1-minute results when a finer resolution is not feasible or if 
there is a computational cost concern. 

4.2. Design day analysis 

Having performed the time resolution analysis, the time step is set to 
5 min for the design day analysis. In this case, the lifetime resulting from 
the receiver operation during a set of days is obtained in order to vali-
date the suitability of selecting just the spring equinox as design day. 

4.2.1. Lifetime results for the set of days 
Just as in the spring equinox study, the k at each time interval is 

obtained for the set of days. Fig. 11 depicts the peak flux on the eastern 
receiver half during these days as the result of the aiming strategies 
established during them; again, the western results are mirrored with 
respect to the solar noon. During the morning hours of the summer 
solstice (day 172), the aiming factor for the eastern half quickly drops 
due to the demanding conditions encountered this day, lowering the 
peak flux with respect to other apparently less-harming days. The more 
the days get further to the summer solstice, the most symmetrical with 
respect to solar noon the aiming strategy behavior becomes. Due to its 
low DNI, the winter solstice day does not require to work with the lowest 
k value set for the rest of days. The hours of operation needed to 
completely fill the tank are included in Table 5 as well as the start-up 
time, according to the criteria established in the optical model, and 
shutdown time. Note that not all days allow the tank filling due to the 
more limited sunlight hours and the lower DNI (Fig. 3). 

Then, the lifetime results for the first two panels of each flow path are 
presented in Fig. 12 for being the most damaged two. The critical panel 

Table 4 
Comparison of the percentage lifetime difference with respect to the 1-min results for the 5-min time resolution results and its interpolation to 1-min time intervals.   

Percentage lifetime difference (%) 

Case Panel 
1 E 

Panel 
2 E 

Panel 
3 E 

Panel 
4 E 

Panel 
5 E 

Panel 
6 E 

Panel 
7 E 

Panel 
8 E 

Panel 
9 E 

5-min − 2.57 0.31 0.27 0.33 0.27 0.68 0.90 0.77 − 2.32 
Interp − 2.49 0.129 0.026 0.011 − 0.004 0.052 − 0.003 − 0.13 − 2.46   

Percentage lifetime difference (%) 

Case Panel 
1 W 

Panel 
2 W 

Panel 
3 W 

Panel 
4 W 

Panel 
5 W 

Panel 
6 W 

Panel 
7 W 

Panel 
8 W 

Panel 
9 W 

5-min − 2.43 0.28 0.08 − 0.05 − 0.43 0.13 0.14 0.21 − 0.16 
Interp − 2.55 0.172 0.03 0.008 − 0.035 − 0.003 − 0.051 − 0.16 − 0.41  

Fig. 11. Maximum heat flux in the eastern half for the set of representa-
tive days. 

Table 5 
Hours of operation and tons of molten salt in the tank.  

Day Start End HOP Tank (Tn) 

172 6:00 13:52 7 h 52 min 8 500 
218 6:05 14:07 8 h 2 min 8 500 
238 6:25 14:29 8 h 4 min 8 500 
256 6:45 14:58 8 h 13 min 8 500 
272 7:05 15:34 8 h 29 min 8 500 
290 7:30 16:34 9 h 4 min 8 293 
310 7:50 16:14 8 h 24 min 7 154.7 
355 8:20 15:44 7 h 24 min 5 758.3 
Avg 7:00 15:11 8 h 11 min 7 963.2  
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in the eastern half is the first one, being so for all the days except for the 
310 day; on the other hand, the second panel is the limiting one in the 
western half for nearly all the days of the set, except the days 272 and 
290. The complete lifetime results for this set of days are compiled in 
Table B.1 and depicted in Fig. B.1. The most favorable day is the summer 
solstice; it is the most aggressive day in terms of DNI, which means that, 

in order to meet the Tfilm and SSR limitations, it requires a more open set 
of aiming strategies during the operation with respect to other days of 
the year, lowering the peak flux on the receiver surface but yet allowing 
the fastest tank filling. From there, the lifetime decreases when moving 
further from the summer solstice, with the minimum value being found 
between the last day able to fill the tank (day 272) and the following one 

Fig. 12. Lifetime results of the first two panels from a) the eastern and b) western halves, for each representative day individually.  

Fig. 13. Final lifetime results for the set of representative days: a) eastern and b) western flow paths.  

Fig. 14. Lifetime results of the first two panels from a) the eastern and b) western halves, considering a salts tank of half the original capacity, for each representative 
day individually. 
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(day 290). Then, the lifetime forecast increases back in the last days of 
the year, despite some of them operate even longer than previous days. 
These are considerably less aggressive days in terms of DNI but that 
implies that they are allowed to work with a more equatorial aiming; 
yet, that is not sufficient for them to achieve the tank filling. It should be 
noted that the results in Table B.1 as well as the ones highlighted in 
Fig. 12 represent the lifetime estimation for each day individually, as if 
they were considered the design day on their own. 

The average lifetime obtained with such set of days, which consti-
tutes the final receiver lifetime prediction when performing the analysis 
for various days (Eq. (7)), is also included in Table B.1 and depicted in 
Fig. 13. The eastern half panels present greater lifetime estimation the 
southern they are located; in the western half, the second and the ninth 
panel deviate from that trend. 

Additionally, since not all the days constituting the set studied reach 
the filling of the tank, the case of having a tank with half the capacity is 
also studied, considering the same start-up hour in each case than in the 
tank of double the size. The purpose is to understand how the damage 
mechanism evolves during the year with the ambient conditions while 
allowing these days to reach the same goal in terms of thermal storage. 
The individual outcome for each day is included in Fig. 14, again for the 
first two panels of each half. The full results are as well included for 
reference in Appendix B, in Table B.2 and shown in Fig. B.2. The esti-
mated lifetime trend is clearly descendent from the summer solstice to 
the winter one, with minor exceptions (note that the start-up hour differs 
from one day to the other), showing that the less hours of operation 
needed during the summer days and the less equatorial aiming strategies 
that they require in order to meet the safety limits benefit the receiver in 
terms of lifetime. With respect to the original tank, with twice this ca-
pacity, the HOP do not follow the same proportion, being needed more 
than half the time required for the bigger tank. However, note that the 
analysis has been performed starting as early in the morning as possible. 
Looking at the previous results obtained in this work, the receiver would 
possibly benefit from a late start, not only requiring less HOP but also 
operating with the lower aiming strategies needed at the central hours of 
the day. 

4.2.2. Lifetime estimation using a set of days vs the spring equinox design 
day 

To conclude the design day analysis, the EODs percentage variation 
between the case of the spring equinox and the case of the representative 
set of days is depicted in Fig. 15 panel-by-panel and considering the tank 
filling. Note that the lifetime estimation of the spring equinox, which is 

equivalent to the autumn one (day 265), falls around the results of the 
days 256 and 272 (see Table A.1, 5 min time step, and Table B.1); 
nevertheless, in many of the panels the spring results are not perfectly 
framed between them, again most probably due to the different plant 
start-up schedule that also altered in some occasions the lifetime trend 
trough the set of days. 

Looking at the year overall results, the lifetime predicted with the 
spring equinox is below the one resulting from considering the set of 
days in all the receiver panels. The differences are mainly more 
noticeable in the eastern path. Regarding the critical panel in each path, 
the eastern one (panel 1) has its lifetime underestimated in a 9.4% using 
just the spring equinox while the western one (panel 2) would last a 
7.1% less in that case. The second most-damaged panels in each path, 
which are panel 2 in the eastern half and panel 1 in the western side, 
deviate by 9.1% and 12.3%, respectively. Panels from 3 to 8 present an 
average deviation of 20.2% for the eastern side and 12.9% for the 
western half. The final panel lifetime is greatly underestimated for both 
flow paths, over 75%. 

Even having selecting a precise time resolution, these results heavily 
suggest that studying the spring equinox alone may fall excessively into 
the security side in terms of lifetime prediction, which would lead to an 
overestimation of the plant costs. 

5. Conclusions 

This study is the first assessment of the impact of the time resolution 
and design day on the estimated lifetime of an external tubular central 
receiver of a SPT plant operating during clear conditions. The time 
resolution has been assessed in the literature from thermal and economic 
perspectives but has not been investigated in terms of the receiver life-
time thus far. The reasons for the divergences in the estimated lifetime 
using different time resolutions are also investigated in this study. 
Despite acknowledgement of the relevance of yearly direct normal 
irradiance data, a single design day and even a design point (solar noon) 
are used for receiver analysis in many studies; the suitability of that 
approach is also tested in this study. Thus, an integral analysis if per-
formed in this work. The analysis consists of first obtaining the heliostat 
field aiming strategy for the receiver during operation, which defines the 
heat flux distribution on the receiver surface. The safety operation limit 
set by the admissible film temperature of the tube must be taken into 
account to prevent corrosion. It is also desirable to maintain the elastic 
stresses below the stress reset limit to guarantee the global stress 
relaxation even under cyclic receiver operation. The implementation of 
the stress reset limit in the aiming strategy selection constitutes an 
additional novelty for this study; previous studies in the field have not 
addressed stress relaxation or considered overly conservative aiming 
strategies that did not require consideration of the stress reset effect. 
Hence, the aiming factor is initially set to be as equatorial as possible but 
it might need to be modified to comply with both the film temperature 
and stress reset limits during each time interval, decreasing the peak 
flux. Additionally, in this study the receiver operation is constrained by 
the storage tank capacity, an approach not taken into account in other 
studies on receiver lifetime analysis, in which an average number of 
operating hours per day is typically assumed. 

Hence, the first goal of this study is to determine the contribution of 
fine or coarse time resolutions to the results of a lifetime analysis. The 
time steps selected are 60 min, 30 min, 15 min, 5 min and 1 min, and the 
case of using only solar noon as the design point is also considered. Thus, 
the finest time resolution considered in this study is the 1-minute reso-
lution, which is taken as the reference resolution. The lifetime analysis is 
initially performed for the filling of an 8 500-Tn molten salt storage 
tank. For being a clear design day, fatigue damage is negligible in 
comparison to creep damage. Selecting solar noon as the design point 
results in a high underestimate the receiver lifetime, which is over a 40% 
lower that the reference value in the best case, and the inaccuracy is very 
high for all the receiver panels. The divergences in the receiver lifetime 

Fig. 15. Lifetime percentage difference of the spring equinox results with 
respect to the set of days. 

M. Laporte-Azcué et al.                                                                                                                                                                                                                        



Applied Energy 301 (2021) 117451

15

from the reference value for the rest of the time resolutions are not as 
high for nearly all the panels and are below 7.53% from panels 2 to 8. 
For these panels, using time resolutions of 15 min and lower results in an 
estimated receiver lifetime that differs from the reference estimate by 
less than 1%. A notable exception to these accurate results is the first 
eastern panel, which is an unacceptable outcome because this panel is 
the most critical one in the receiver. The lifetime divergence for this 
panel from the reference value progressively decreases, from − 18.86% 
using the 60-min time step to an underestimate of 16.21% using the 30- 
minute time step. There is a considerable gap between the results ob-
tained using the 30-minute time resolution and the 15-minute one, 
which underestimates the receiver lifetime by 5.5%. The error obtained 
for the first eastern panel is − 2.57% using the 5-min time step and only a 
0.01% with the 2-min time resolution. A similar trend is found for the 
ninth eastern panel, which is, however, not critical because of the much 
permissive working conditions of this panel which result in a long ex-
pected lifetime. The first and ninth western panels follow the same trend 
as the corresponding eastern panels. Consequently, the results show that 
the 5-min or even the 15-min time steps can be used to perform a precise 
analysis without an excessive computational cost. The 5-minute time 
resolution is preferred because the computational cost is five times lower 
than the computational cost of the reference time step for a difference of 
only − 2.57% in the lifetime of the most critical panel, that is, the first 
panel along the eastern path. This value corresponds to the higher dif-
ference obtained using time step, where the lifetime of most panels 
diverge by less than 0.5% from the obtained using the 1-minute time 
resolution. Moreover, the 5-minute time resolution differs in terms of 
operating hours to fill the tank in just two minutes from the hours of 
operation required with the 1-min time step. By comparison, the di-
vergences in the receiver thermal power between the 60- and 1-minute 
time steps are less than 5%. 

Given that the tank-filling approach results in different hours of 
operation for each time resolution, with divergences of up to 21 min 
(found between the 60- and 1-minute scenarios), the analysis is then 
performed for a fixed number of hours of operation equal to the time 
taken to fill the tank using the reference time step: 8 h and 14 min. Now, 
the receiver panels last slightly longer for the considered time steps for 
which the hours of operation have been reduced, thus decreasing the 
error for the panels with shorter lifetimes than the reference case. 
However, for the panels that lasted longer time than the reference case 
when using their original hours of operation, the error in the predicted 
lifetime increases further. Although the critical panels fall within the 
first of these two sets of results, the divergences from the reference value 
are not significantly reduced: the highest reduction in the error for the 
first eastern panel occurs for the 60-min time resolution, that is, the 
− 18.86% error decreases to − 18.05%. The corresponding error for the 
5-minute resolution decreases from − 2.57% to − 2.43%. For the western 
half, a remarkable decrease in the error from − 13.16% to − 8.02% is 
found for the 60-min case. A close examination of the creep damage to 
the receiver shows that the finer aiming strategy selection, and therefore 
the flux profile and peak flux value, has a considerable impact on the 
error in the estimated lifetime. Despite coarser time resolutions present 
lower direct normal irradiance levels during most of the operation (since 
it mainly takes place during the morning), their inability to quickly 
adapt to more open (less-peak) aiming strategies results in a higher 
penalty in terms of creep damage. Interpolating the results obtained 
using the 5-minute time step to a one-minute basis results in a lower 
deviation with respect to the 1-minute time resolution, especially for the 
central panels of the receiver: the lifetime predictions for panels 2 to 8 
are virtually identical to the reference values (below 0.2% error). The 
gap between the results for the 5-minute time step and the reference 
value is also closed for the critical panel for each path with the inter-
polation, although this result is not particularly remarkable: the error in 
the interpolated lifetime for the first eastern panel is − 2.49% with 

respect to the reference case compared to an error of − 2.57% obtained 
using the 5-minute time resolution, whereas interpolation reduces the 
error for the second western panel from 0.28% to 0.172%. 

Based on the time-resolution analysis, the 5-minute time step is 
selected to perform a design-day analysis. This analysis is a comparison 
of the lifetime results for the spring equinox with the average lifetime 
obtained using a set of 8 days equidistant in maximum solar height. 
These days cover span the summer to winter solstices and serve as 
representative days of the year. Examining the results for these days 
individually shows that the least damage to the panels occurs on the 
summer solstice, on with the estimated lifetime for the first eastern panel 
is 23.55 years. The thermal energy storage tank is also filled most rapidly 
on the summer solstice, requiring just 7 h 52 min, compared to 8 h 29 
min for day 272; moreover, the tank cannot be filled on days 290, 310 
and 355, on which 8 293, 7 157.7 and 5 757.3 tons of molten salts, 
respectively, are collected. Moving forward from the summer solstice, 
the lifetime decreases the closer each day is to the winter one. The 
receiver lifetime based on the 8 representative days is 19.6 years for the 
most critical panel, which continues to be the first eastern panel. The 
minimum lifetime obtained for the set of days occurs approximately on 
the last day on which the tank can be filled; if the tank can be filled on all 
the days, the critical day is the winter solstice itself, an outcome that is 
observed for a tank with half its original capacity, with the first eastern 
panel lasting for 22.86 years, which is far shorter than the 63.77 ob-
tained using the summer solstice. The goal of performing this joint 
comparison against using the spring equinox as the design day is to 
determine whether the spring equinox can effectively characterize the 
receiver lifetime alone. The results show that the receiver lifetime is 
underestimated when only the spring equinox is used as design day. The 
divergences for the lifetime obtained using the design day with respect 
the reference set of days are over a 9% for the critical panel, whereas the 
lifetime for the last panel along both flow paths is underestimated by 
over 75%. 

Hence, the lifetime results obtained in this study show that it would 
be advisable to use moderate time resolutions for a set of representative 
days to prevent an excessive level of conservatism. 
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Appendix A 

See Table A1–A3. 

Table A1 
Lifetime results for the different time steps with receiver operating until the tank filling.   

Lifetime (yrs) 

Time step Panel 
1 E 

Panel 
2 E 

Panel 
3 E 

Panel 
4 E 

Panel 
5 E 

Panel 
6 E 

Panel 
7 E 

Panel 
8 E 

Panel 
9 E 

Solar noon 10.92 11.58 12.29 13.32 15.72 20.31 24.14 31.02 36.15 
60 min 15.42 19.56 23.49 27.87 41.26 64.49 90.05 112.03 68.28 
30 min 15.93 19.86 23.14 27.87 38.81 65 90.42 108.611 73.67 
15 min 17.96 19.70 23.12 27.78 38.58 65.55 90.57 116.7 79.45 
7.5 min 18.22 19.76 23.06 27.64 38.31 64.93 89.67 117.35 81.05 
5 min 18.52 19.76 23.12 27.76 38.48 65.63 90.58 117.63 80.51 
2 min 19.01 19.7 23.07 27.7 38.46 65.37 90.06 117.02 80.23 
1 min 19.01 19.7 23.06 27.67 38.37 65.18 89.77 116.73 82.42   

Lifetime (yrs) 

Time step Panel 
1 W 

Panel 
2 W 

Panel 
3 W 

Panel 
4 W 

Panel 
5 W 

Panel 
6 W 

Panel 
7 W 

Panel 
8 W 

Panel 
9 W 

Solar noon 10.92 11.58 12.29 13.32 15.72 20.32 24.14 31.02 36.15 
60 min 19 19.58 24.75 36.24 101.5 170.1 321.06 353.86 82.11 
30 min 18.65 19.78 24.95 37.12 96.74 172.47 340.11 371.92 84.69 
15 min 21.23 19.68 24.99 37 95.44 172.72 340.2 371.75 95.9 
7.5 min 21.34 19.75 24.95 36.83 94.53 172.19 338.63 375.48 97.09 
5 min 21.34 19.77 25.01 36.92 94.56 172.93 340.18 375.62 99.19 
2 min 21.89 19.72 25 36.95 95.09 172.8 339.89 375.23 99.45 
1 min 21.88 19.71 24.99 36.94 94.97 172.7 339.69 374.83 99.35  

Table A2 
Percentage lifetime variation with respect to the 1-minute time step, with the receiver operating until the tank filling.   

Percentage lifetime difference (%) 

Time step Panel 
1 E 

Panel 
2 E 

Panel 
3 E 

Panel 
4 E 

Panel 
5 E 

Panel 
6 E 

Panel 
7 E 

Panel 
8 E 

Panel 
9 E 

Solar noon − 42.58 − 41.19 − 46.69 − 51.86 − 59.03 − 68.83 − 73.11 − 73.42 − 56.14 
60 min − 18.86 − 0.67 1.88 0.72 7.53 − 1.07 0.31 − 4.02 − 17.16 
30 min − 16.21 0.82 0.34 0.73 1.14 − 0.28 0.72 − 6.96 − 10.62 
15 min − 5.50 0.02 0.24 0.39 0.55 0.54 0.89 − 0.02 − 3.61 
7.5 min − 4.17 0.33 0.01 − 0.09 − 0.17 − 0.40 − 0.11 0.53 − 1.67 
5 min − 2.57 0.31 0.27 0.33 0.27 0.68 0.9 0.77 − 2.32 
2 min 0.01 0.03 0.06 0.11 0.22 0.28 0.32 0.25 − 2.65   

Percentage lifetime difference (%) 

Time step Panel 
1 W 

Panel 
2 W 

Panel 
3 W 

Panel 
4 W 

Panel 
5 W 

Panel 
6 W 

Panel 
7 W 

Panel 
8 W 

Panel 
9 W 

Solar noon − 50.10 − 41.24 − 50.82 − 63.94 − 83.45 − 88.24 − 92.89 − 91.72 − 63.62 
60 min − 13.16 − 0.66 − 0.99 − 1.89 6.88 − 1.5 − 5.48 − 5.59 − 17.36 
30 min − 14.73 0.35 − 0.18 0.49 1.87 − 0.13 0.12 − 0.77 − 14.76 
15 min − 2.94 − 0.15 − 0.01 0.18 0.50 0.02 0.15 − 0.82 − 3.47 
7.5 min − 2.44 0.20 − 0.16 − 0.28 − 0.46 − 0.29 − 0.31 0.17 − 2.28 
5 min − 2.43 0.28 0.08 − 0.05 − 0.43 0.13 0.14 0.21 − 0.16 
2 min 0.06 0.01 0.02 0.04 0.13 0.06 0.06 0.11 0.1  
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Appendix B 

See Table B1–B2. 
See Figs. B1 and B.2. 

Table B1 
Lifetime of the receiver panels for the set of representative days and average results.   

Lifetime (yrs) 

Day Panel 
1 E 

Panel 
2 E 

Panel 
3 E 

Panel 
4 E 

Panel 
5 E 

Panel 
6 E 

Panel 
7 E 

Panel 
8 E 

Panel 
9 E 

172 23.55 26.04 31.58 41.17 54.88 98.11 129.77 135.38 38.73 
218 22.04 23.43 27.94 37.29 52.77 91.77 147.04 115.42 37.87 
238 18.49 20.66 24.49 31.26 43.19 76.02 126.54 150.28 53.00 
256 18.86 18.98 22.42 27.06 37.32 62.72 91.59 114.81 72.37 
272 17.09 19.02 22.50 26.97 38.53 59.66 87.78 111.10 92.77 
290 17.10 18.61 24.96 29.76 47.04 62.11 88.81 110.88 135.39 
310 19.35 18.94 27.49 34.05 52.59 66.68 104.09 169.27 276.87 
355 20.36 20.99 30.07 40.18 52.16 75.80 137.07 271.06 1 849.8 
Avg 19.6 20.83 26.43 33.47 47.31 74.11 114.09 147.28 319.60   

Lifetime (yrs) 

Day Panel 
1 W 

Panel 
2 W 

Panel 
3 W 

Panel 
4 W 

Panel 
5 W 

Panel 
6 W 

Panel 
7 W 

Panel 
8 W 

Panel 
9 W 

172 29.19 24.28 27.32 41.44 103.17 281.38 411.32 240.86 42.44 
218 29.75 21.98 25.57 38.62 93.99 204.14 355.19 217.10 48.86 
238 26.35 20.03 24.13 36.73 87.94 176.10 386.97 236.99 50.66 
256 22.27 18.70 23.72 35.48 88.55 164.34 335.41 365.69 76.27 
272 18.84 19.16 24.39 35.72 95.60 169.13 318.23 373.28 111.8 
290 18.14 18.98 26.27 37.60 100.57 188.94 367.45 504.00 187.5 
310 20.68 19.13 28.74 41.26 107.92 159.94 388.73 742.50 446.9 
355 21.37 21.04 31.19 46.75 96.32 184.84 470.33 1 175.5 2 637 
Avg 23.32 20.41 26.42 39.20 96.76 191.10 379.20 482.00 450.2  

Table A3 
Percentage lifetime variation with respect to the 1-minute time step. The receiver operates a fixed HOP corresponding to the 1-minute time step tank filling.   

Percentage lifetime difference (%) 

Time step Panel 
1 E 

Panel 
2 E 

Panel 
3 E 

Panel 
4 E 

Panel 
5 E 

Panel 
6 E 

Panel 
7 E 

Panel 
8 E 

Panel 
9 E 

60 min − 18.05 3.53 5.81 6.13 15.92 13.36 14.16 15.32 − 7.01 
30 min − 15.80 2.42 2.12 3.17 4.53 3.91 6.51 2.15 − 5.31 
15 min − 5.38 0.43 0.74 1.1 1.53 1.87 2.8 1.8 − 1.84 
7.5 min − 4.14 0.43 0.13 0.07 0.06 − 0.09 0.32 0.95 − 1.24 
5 min − 2.53 0.43 0.41 0.53 0.54 1.04 1.4 1.27 − 1.84   

Percentage lifetime difference (%) 

Time step Panel 
1 W 

Panel 
2 W 

Panel 
3 W 

Panel 
4 W 

Panel 
5 W 

Panel 
6 W 

Panel 
7 W 

Panel 
8 W 

Panel 
9 W 

60 min − 8.02 2.52 0.15 − 1.01 8.69 0.98 − 2.58 0.31 − 9.97 
30 min − 12.44 1.39 0.26 0.91 2.51 1.03 1.55 2.02 − 11.18 
15 min − 2.33 0.11 0.1 0.29 0.67 0.34 0.57 − 0.07 − 2.16 
7.5 min − 2.3 0.26 − 0.14 − 0.25 − 0.42 − 0.22 − 0.22 0.35 − 1.97 
5 min − 2.25 0.35 0.11 − 0.02 − 0.39 0.23 0.26 0.43 0.2  

Table B2 
Lifetime for the receiver panels during the filling operation of a tank with half the salts capacity.    

Lifetime (yrs) 

Day HOP Panel 
1 E 

Panel 
2 E 

Panel 
3 E 

Panel 
4 E 

Panel 
5 E 

Panel 
6 E 

Panel 
7 E 

Panel 
8 E 

Panel 
9 E 

172 4 h 22 min 63.77 93.54 129.1 156.78 202.58 276.62 266.47 149.66 62.15 
218 4 h 30 min 43.29 66.44 86.3 107.21 136.61 191.94 199.67 116.01 71.46 
238 4 h 29 min 29.82 60.51 93.63 132.98 207.20 293.38 321.79 128.66 75.15 
256 4 h 31 min 29.84 45.67 83.31 118.84 237.87 323.14 338.86 240.78 90.25 
272 4 h 30 min 27.15 48.65 74.12 99.22 228.71 291.80 361.92 364.44 130.32 
290 4 h 38 min 23.97 40.19 61.16 83.91 194.60 276.52 409.72 524.01 522.28 
310 4 h 51 min 24.65 30.66 45.44 71.08 168.08 227.30 375.82 1 334.4 1 787.4 
355 5 h 14 min 22.86 25.94 35.76 47.13 77.64 139.44 290.15 1 053.7 4 187.4 
Avg 4 h 38 min 33.17 51.45 76.11 102.15 181.66 252.52 320.55 488.96 865.8 

(continued on next page) 
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Table B2 (continued )   

Lifetime (yrs) 

Day HOP Panel 
1 E 

Panel 
2 E 

Panel 
3 E 

Panel 
4 E 

Panel 
5 E 

Panel 
6 E 

Panel 
7 E 

Panel 
8 E 

Panel 
9 E    

Lifetime (yrs) 

Day HOP Panel 
1 W 

Panel 
2 W 

Panel 
3 W 

Panel 
4 W 

Panel 
5 W 

Panel 
6 W 

Panel 
7 W 

Panel 
8 W 

Panel 
9 W 

172 4 h 22 min 290.3 91.08 93.05 147.66 879.75 5 124.2 3 295.98 611.44 74.48 
218 4 h 30 min 161.1 47.88 75.67 129.35 730.30 3 174.8 3 783.27 746.00 79.23 
238 4 h 29 min 125.1 48.14 70.83 120.29 702.05 2 380.8 3 417.25 886.45 80.25 
256 4 h 31 min 46.33 48.60 61.69 99.05 576.22 1 309.9 2 205.28 1 124.96 142.40 
272 4 h 30 min 41.01 44.72 56.39 85.28 491.76 1 018.2 1 588.18 1 896.61 313.68 
290 4 h 38 min 36.96 36.73 47.00 67.63 280.90 655.27 1 174.09 2 371.49 624.16 
310 4 h 51 min 30.27 30.51 40.51 58.66 190.80 298.22 858.75 2 744.88 1 373.82 
355 5 h 14 min 29.47 26.27 34.70 51.34 113.72 221.15 649.55 2 466.45 4 652.12 
Avg 4 h 38 min 95.07 46.74 59.98 94.91 495.69 1 772.8 2 121.54 1 606.04 917.52  

Fig. B1. Lifetime of the receiver panels during the set of representative days, in order to achieve the tank filling. a) eastern and b) western flow paths.  

Fig. B2. Lifetime of the receiver panels during the set of representative days, in order to achieve half the tank filling. a) eastern and b) western flow paths.  
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