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The severe operation conditions and great capital investment of solar power tower central receivers motivate the
lifetime analysis of a molten-salt external-cylindrical-tubular receiver, considering five alloy alternatives for its
tubes manufacturing: Haynes 230, alloy 316H, Inconel 625, 740H and 800H. An analytical low-computational
cost methodology is employed, considering the temperature dependence of tube material properties, elasticplastic stresses/strains and stress relaxation. Thus, creep and fatigue experimental data available in the litera
ture for these alloys are compiled in this work, providing the coefficients required for the methodology followed.
A great alloys operation limitation is the film temperature to avoid corrosion issues; the most permissive are
H230, 740H and 800H (650 ◦ C), followed by Inconel 625 (630 ◦ C) and 316H (600 ◦ C). This, and the twice the
yield strength, is regarded to set the heliostat field aiming strategy as equatorial as possible for each alloy,
resulting in great power production divergences: 24% and 65% less for 625 and alloy 316H receivers with respect
to the 740H receiver. Then, the lifetime analysis for a clear design day operation, representative of the receiver
during ideal operation, is performed. The stress relaxation regard becomes critical for the accurate damage
prediction; alloys 316H and 800H show stress reset during operation, not benefitting from a global stress
relaxation. Thus, 800H exhibits a poor endurance. For the clear-day assumption, 740H shows the best lifetime
and costs/power performance; the levelized cost of alloy of H230, 625 and alloy 316H is 0.01, 0.09 and over
0.25, respectively, with respect to 740H.

1. Introduction
The increasing environmental issues awareness of recent years has
encouraged the development and improvement of renewable energy
sources for power production, aiming to achieve a significant shift in the
traditional energy landscape, which has heavily relied on fossil fuels.
Although the goal reaching is still too far, renewable alternatives have
experienced a sustained growth in the power generation scenario [1]
which is expected to continue in the following years.
Solar power tower (SPTs) technology can integrate cost-effective
molten-salt storage and has flexibility on electricity dispatch. SPT
plants can play the role of load-following plants like current combinedcycle plants. This is a distinguish feature of SPTs, compared to other
variable renewable energies as wind and photovoltaic, where the inte
gration of large batteries is still not competitive with molten-salt thermal
storage [2,3]. The SPT feature of providing energy flexibly enables also
the participation in ancillary grid services leading to additional revenues
and enhancing their competitiveness [4]. SPT plants are constituted by
three main subsystems: the heliostat field, the receiver and the power

block. The heliostat field is a series of mirrors (heliostats) provided with
sun-tracking devices that concentrate the direct normal irradiance on
the receiver surface. The receiver can present different geometries and
configurations and work with different heat transfer fluids (HTFs), but it
is essentially a heat exchanger that uses the radiation intercepted from
the heliostat field to increase the temperature of the HTF through its
interior. Then, the power block transforms the energy transferred to the
HTF in electricity.
The SPT pilot plant Solar One [5] -which worked with water/steam,
had its receiver tubes made of Incoloy 800, and was tested from 1982 to
1984 and then operated until 1987- and the Solar Two pilot plant [6,7]
-which operated from 1996 to 1999 with molten salts as HTF and its
receiver tubes initially made out of alloy 316- served to gain experience
in the design, construction and operation stages of SPT plants, contrib
uting to the further development of this technology and highlighting the
issues to tackle in future projects. In Solar One, several tube leaks were
detected in the receiver panels [5]. These cracks were due to the
weldings that they included, concluding that these needed to be mini
mized. They were also due to the thermal stresses, caused by the thermal
gradients, and the mechanical stresses introduced by the supports that
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Nomenclature
a:
A:
b:
c1, c2:
C
C’ :
d:
D:
E:
H:
J:
k:
K:
K’:
Lt:
m:
M:
n:
n’:
nr:
N:
Np:
Nt :
Pi:
PT:
Q:
r:
R:
sp:
S:
SH:
SSR:
Sy:
t:
th:
T:
z:

θ:
ν:
σ:
σ ’f:
τ:

tube inner wall radius (m)
tube cross section area (m2), stress relaxation constant (Pan -1
r s )
tube outer wall radius (m)
Manson-Coffin equation exponents
cost ($)
creep stress safety factor
damage at the design day
total damage
Young modulus (Pa), thermal energy (MWh)
elasto-plastic modulus (Pa)
total number of creep damage intervals
aiming factor
monotonic strength coefficient (Pa)
cyclic strength coefficient (Pa)
tube length (m)
Norton-Bailey experimental constant
total number of fatigue cycles a day
monotonic strain hardening exponent
cyclic strain hardening exponent
stress power-law for creep strain model
fatigue cycles
number of panels
number of tubes per panel
tube internal pressure (Pa)
virtual axial force (N)
creep activation energy (J mol-1)
radial coordinate, radius (m)
ideal gas constant (J mol-1 K-1)
number of panels substitutions
allowable stress (Pa)
hot relaxation strength (Pa)
stress reset limit (Pa)
yield strength (Pa)
time (hours)
thickness (m)
temperature (K)
axial coordinate

Subscripts
a:
alloy,i:
c:
cold:
creep:
eq:
f:
film:
H:
i:
L:
M:
o:
P:
R:
relax:
ref:
stab:
T:

circumferential coordinate
Poisson’s ratio
normal stress (Pa)
fatigue strength (%)
shear stress (Pa)
allowable
receiver made of alloy i
creep
cold, room temperature
effective creep stress
Von Mises equivalent stress/strain
fatigue
heat transfer fluid region in contact with the tube inner
wall
hot relaxation strength
inner tube wall
limit
mechanical stress component
outer tube wall
pressure stress component
rupture
relaxation
reference receiver
stabilization
thermal stress component

Superindexes
E:
elastic stress
P:
plastic stress
Abbreviations
AFD:
allowable flux density
ASME:
American society of mechanical engineers
BPVC:
boiler and pressure vessel code
CC:
code case
CSP:
concentrating solar power
DNI:
direct normal irradiance (W m-2)
ECGM: energy coarse grid model
EODs:
equivalent operating days
GPS:
generalized plane strain
HTF:
heat transfer fluid
LCOA:
levelized cost of alloy
LCOE:
levelized cost of energy
LDS:
linear damage summation
M-R-M: Mendelson-Roberts-Manson
RT:
room temperature
SPT:
solar power tower

Greek symbols
α:
linear thermal expansion coefficient (K-1)
β:
Mendelson-Roberts-Manson parametrization coefficients
ΔP:
pressure drop (Pa)
Δt:
time interval of creep damage
ε:
strain (%)
ε’f:
fatigue ductility (%)
ηthermal: receiver thermal efficiency (%)

aimed to prevent the excessive bowing and warpage of the tubes, which
also indicated that it was advisable to redesign them in order to allow
the tubes to move more freely. In Solar Two, chloride stress corrosion
cracking was found on the inside of the receiver tubes, made of alloy
316, suggesting the need to use an advanced material that could suc
cessfully resist it [8]. In 1998, one of the original panels was substituted
with another one using an advanced high-nickel alloy instead [8]. The
location of that specific panel was selected so it endured one of the
highest solar flux available on the receiver perimeter. Said panel was
then removed from the tower in 2001 after a 15-month use and, with its
inspection, its excellent appearance was evident, with no observable
leaks or tubes deflection. Moreover, Solar Two showed the successful
operation of molten salt receiver and thermal storage [9]. After the

dismantling of these pilot plants, a handful of commercial scale plants
using molten salt have operated, such as [10] Gemasolar (Spain, 2011),
Crescent Dunes (US, 2015), Atacama-1 (Chile, 2018) or NOOR III
(Morocco, 2019), and more instances already being constructed -Red
stone Solar Thermal Power Plant in South Africa, DEWA concentrating
solar power (CSP) Tower Project in Dubai- or under development
-Aurora Solar Energy Project in Australia-. Despite the knowledge ac
quired after the preceding pilot projects, the great amount of problems
happening in the receiver of current operating plants have to do with the
salt piping [11], which rank in the third place for the overall facility
failure.
Given the elevated cost of the central receiver [12], the demanding
conditions that it must endure, such as high heat fluxes and the cyclic
2
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operation, and the inability to use sensors to measure the operation
parameters, it has become evident that the development of models as
precise as possible is paramount to successfully analyze it and properly
predict its correct behaviour under certain operating conditions. Several
codes consider the effect of creep, fatigue or creep-fatigue interaction
while dealing with providing design guidelines for power boilers [13],
such as the R5 British Code [14], the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code (BPVC) Section III,
Subsection NH [15] or the ASME FFS-1 [16]. These present different
approaches regarding the consideration of the creep-fatigue interaction,
the yield criterion selection or the cyclic hardening/softening, among
other aspects. When the SPT technology emerged, the criterion widely
accepted to analyze the lifetime of the different plant components, such
as the receiver or the steam power generator, was the ASME Code Case
(CC) N-47 [17]. For instance, it was used at Solar Two project as
reference to obtain the strains and fatigue lifetime [6]. Other example
found in the literature of the application of the N-47 CC in the analysis of
solar receivers is [18], where the creep and fatigue damages were
studied in selected points of a molten salt cavity receiver, with tubes
made of Incoloy 800H, resulting that the creep was negligible in com
parison with the fatigue damage and the most critical points were found
to be the ones under the greatest heat flux and lower HTF temperature.
There is another instance in the work of Grossman and Jones [19],
where a cavity type molten salt receiver, which was constructed for a
30-year lifetime according to the N-47 and made of Incoloy 800, was
studied after a year of testing at SANDIA National Laboratories. From
the analysis it was concluded that the damage obtained was excessively
high due to the lack of the appropriate material data available in the
code and the operating conditions selected. Lastly, Kistler [20] per
formed a fatigue analysis of a solar central receiver in alloy 316 working
with sodium as HTF and using measured weather data as reference. In
these last two cases [19,20], the creep damage was considered negligible
from the start, being the fatigue mechanism the one regarded as the most
relevant in terms of studying the receiver lifetime. Nonetheless, the N-47
CC was conceived for nuclear applications, which meant that it relies on
high security margins to assure the reliability of the installation, given
the potential damage it can cause in the event an issue occurs. Thus,
given the less restrictive conditions in SPT plants, the safety margins of
this code were soon found excessive for its use in solar applications,
which carried severe economic penalties [21]. Also, the N-47 code case
only provided fatigue and creep curves for four types of alloys: 304, 316,
Incoloy 800H and 2 1/4 Cr-1 Mo steel [19].
Seeing the need for a specific code for solar components, the N-47 CC
was simplified by Berman et al. [21] to make the creep and fatigue
damage study more adequate for such technology. Then, Narayanan
et al. [22] performed a lifetime analysis of a molten salt receiver made of
alloys type 304, type 316 and Incoloy 800, following the modified
version [21] of the N-47 code case. The authors considered aspects such
as the start-up, the shut down and cloud passages, and the receivers were
able to last the expected lifetime of 30 years. Nevertheless, there is no
information regarding the stress analysis, performed with a FEA soft
ware. A methodology based on the ASME Section III Subsection NH
slightly modified is presented by González-Gómez et al. [23], allowing
to obtain the stresses under elastic-plastic regime, considering the stress
relaxation effect on the material as well. The analysis included, per
formed for a clear design day of a Haynes 230 molten salt receiver,
compares the results obtained with the presented models against FEA
simulations, proving the fitness of the proposed methodology. As for
sodium receivers, Conroy et al. [24] studied the creep and fatigue
damage in a billboard receiver made of different alloys (304, 316 and
800H) following the ASME BPVC: Section III - Subsection NH, slightly
modified; the authors found that the first two are more economically
appealing despite their worse performance and reliability in comparison
with Incoloy 800H. They also demonstrated the importance of the
aiming strategy selection in guaranteeing the receiver integrity [25].
Fork et al. [26] analyzed a central receiver made of 617 alloy working

with air as HTF, resulting that creep was the critical damage mechanism
over the fatigue one. They used two methods to obtain the damage in the
receiver, one based in a modification of the ASME BPVC: Section III Subsection NH and another one using measured creep-fatigue data. They
highlight the influence of the safety factors in the lifetime estimation,
which can vary orders of magnitude, and claim that the method selected
may result in the underestimation of the fatigue or the creep damages.
Lastly, regarding the sCO2 technology, in which creep becomes a major
issue due to the extremely high operating temperatures and pressures,
Neises et al. [27] performed an analytical lifetime analysis of the
receiver, made of Haynes 230, for different thicknesses and heat fluxes,
but they neglected the circumferential variations of the tube wall tem
perature. Similarly, a sCO2 receiver in Haynes 230 was also analytically
studied by Nithyanandam and Pitchumani [28] for different incident
heat fluxes, tube thickness, tube inner radius and mass flow rate.
However, the analysis for the creep and fatigue damages was performed
separately, in terms of the rupture time due to the creep phenomenon
and the number of allowable cycles due to fatigue, and not considering
their interaction. Ortega et al. [29] performed a FEA structural analysis
of an Inconel 625 sCO2 receiver tube section, obtaining the accumulated
fatigue and creep damage, showing that the former is significantly
lower.
In this work, an integral analysis of a molten salt receiver is per
formed, considering five different alloy alternatives for their
manufacturing: Haynes 230, 316H, Inconel 625, Inconel 740H and
Incoloy 800H. As mentioned earlier, Incoloy 800H and 316H were used
in the Solar One and Solar Two pilot plants respectively, while the
remaining alloys exhibit outstanding mechanical and corrosive proper
ties in the operation range of SPT receivers [30–32], motivating their
selection. The lifetime of these molten salt receivers is estimated using
the analytic method proposed in Ref. [23]. Performing an hourly anal
ysis of a selected clear design day (which is understood as a represen
tative day of the receiver operation during ideal conditions, similarly to
the design point approach widely used in the literature [33,34]), the aim
is to determine which alloy is the most adequate to be used as the
constructive material of the SPT central receiver tubes. This is deter
mined in terms on its predicted lifetime but regarding as well the ther
mal efficiency and thermal power that can be obtained from its safe
operation, which varies among these materials mainly due to their
different resistance to the corrosive effects of the molten salts, and
seeing how the disparate lifespans obtained for these alloys during such
ideal clear day affect the receiver costs. To achieve it, previously
developed thermal, mechanical and lifetime models have been used.
Aiming for a precise solution, aspects such as the circumferential vari
ation of the tube wall temperature [35], the tube materials properties
temperature dependence [36] or the stress relaxation due to creep
during hold time [23,37,38] are regarded. Moreover, the creep and fa
tigue behaviour of the alloys selected is obtained by fitting experimental
data available in the literature to the lifetime model equations,
providing a compilation of parameters and coefficients that allows the
characterization of these materials for future works.
Thus, this manuscript is organized as follows: the heliostat field and
thermal model, the elastic stress model and the lifetime one are pre
sented in the various divisions of Section 2, which permit the calculation
of the receiver performance and operation from different angles, all of
them relevant to properly design it. Moreover, the levelized cost of alloy
(LCOA) metric, adequate for the economic analysis, is described. Then,
the case of study is presented in Section 3, encompassing the receiver
general geometrical and constitutive specifications, as well as the design
day chosen and the heliostat field characteristics. The characteristics of
the selected alloys, as well as their corresponding creep-fatigue co
efficients are also presented in this section. After that, the results for the
receiver studied are introduced in Section 4. First, the different aiming
strategies are set for the receiver, resulting from performing thermal and
elastic stresses analyses. Then, the elastic-plastic stresses and the stress
relaxation that lead to the final creep stress are obtained. Closing this
3
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Section, the lifetime prediction for the different receivers and the cost
analysis are presented. Lastly, the conclusions constitute Section 5.

independent properties consideration and thus it should be taken into
account.
At a fixed axial coordinate, z, the model is based on the separation of
the temperature profile in a circumferential distribution, θ, and a radial
one, r. The decomposition of the temperature in these two profiles al
lows us to tackle the problem as the superimposition of the thermal
stresses obtained for both cases [44]. Thus, the thermal stresses in the
radial and circumferential coordinates are obtained considering the
contribution of both effects: σ ET, r = σ ETr , r + σETθ ,r and σET, θ = σETr , θ + σETθ ,θ .
Then, the one corresponding to the axial coordinate is obtained by
means of the Hooke law as σET, z = ν(σ ET, r + σET, θ ), considering the plane
strain conditions. These loads can be classified as secondary stresses
according to ASME [15].
Nevertheless, the thermal gradient on the tube surface not only
causes the thermal stresses already presented, but also the deflection of
the tubes. To avoid their excessive bending in the radial direction and
towards the adjacent tubes, which would lead to hot spots in the po
tential contact areas, their displacement is restricted with a series of
supports, called clips. However, the downside is that these clips intro
duce mechanical stresses in the axial coordinate, σ EM,z .
Besides the thermal and mechanical stresses, the pressure of the HTF
inside the tubes also contributes to the solicitations that they must
endure [45], them being the primary stresses: σEP,r , σEP,θ and σEP,z
Thus, the total stresses on the receiver tubes due to the thermal,
mechanical and pressure solicitations are

2. Methodology
The precise receiver lifetime calculation not only relies on the ac
curacy of the lifetime analysis itself, but also on the upstream calculation
of the stresses and strains on the receiver tubes, which in turn depend on
the temperature distribution on the tubes and the heat flux reflected by
the solar field. The lifetime estimations are key to determine the receiver
costs for a certain operation lifespan. In this work, the analysis is per
formed for a certain clear design day, which is assumed to capture the
typical receiver operation conditions at different hour times of the day
during the year under ideal conditions (clear-sky day).
Thus, the methodology that leads to the final estimation of the
receiver lifetime is presented in this Section, which includes the thermal
and structural analysis of the receiver. Then, the LCOA metric, that al
lows the comparison of the different alloys alternatives in terms of their
cost and energy production, is included.
2.1. Heliostat field and thermal model
A clear sky model, based on the Daneshyar-Paltridge-Proctor one
[39] and that takes into account the solar altitude, allows to obtain the
ideal direct normal irradiance (DNI), which is symmetrical with respect
to the solar noon. With such DNI, the heat flux on the receiver surface is
obtained by using the software tool FluxSPT.1 Its programming code,
developed by Sánchez-González and Santana [40], follows an optical
model based on the convolution-projection method. This tool allows to
consider various aiming strategies on the receiver surface, permitting to
obtain a flat distribution or a more pointed one, which is defined by the
aiming factor k. The aiming factor determines the target point assigned
for each heliostat and ranges from 0, which would result in an open
aiming (aiming to the top and bottom ends of the receiver), to 3, which is
close to be equivalent to an equatorial aiming. In that span, a flat aiming
can be found, which would result in the most homogeneous heat flux
distribution on the receiver surface as possible [41]. Apart from the heat
flux on the receiver, this optical model also provides the optical effi
ciency of the aiming strategy selected, being greater the higher the k is
(and thus, the more equatorial the aiming is).
Having the heat flux distribution on the receiver surface, the thermal
analysis can be undertaken. It has been proven that the circumferential
divisions of the tubes cannot be disregarded when aiming a precise so
lution [42]. It is also relevant to consider the various reflections among
the surfaces involved in the radiative exchange in order to obtain an
accurate temperature distribution on the tubes [43]. Hence, the tubes
studied are discretized in circumferential, radial, and axial divisions for
the sake of exactness. The thermal model is based on the ECGM (Energy
Coarse Grid Model) presented in Ref. [43], although the thickness is
considered fixed so the cases studied can be compared from the most
similar initial design point as possible. In the calculations, one tube
representative per panel is studied, assuming that all the tubes in a panel
are under the same heat flux distribution. The thermal analysis results in
the tubes temperature distribution, T(θ, r, z), as well as the thermal
power and thermal efficiency of the receiver.

σ Eθ = σ ET,θ + σ EP,θ ,
σ Ez = σ ET,z + σEM,z + σ EP,z .
In the case of cylindrical external receivers, the dominant stress
component, σ z , is one and two orders of magnitude in comparison to σ θ
and σr , respectively [36]. Given the small entity of the shear stress, a
fairly accurate approximation is to consider the normal stresses as
equivalent to the principal stresses [36]. Then, the elastic strains, εθ , εr
and εz , are obtained according to the Hooke law.
Lastly, with the stress and strain components being known and under
the generalized plane strain scenario (GPS), the Von Mises equivalent
stress and strain are:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ʀ
)2 ʀ
)2 ʀ
)2
σ Er − σEθ + σ Eθ − σEz + σEz − σ Er
E
− 3τ E 2
(2)
σ eq =
2

εEeq =

√̅̅̅ √̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
)2 ʀ
)2 ʀ
)2
2 ʀ E
εr − σEθ + εEθ − εEz + εEz − εEr
3

(3)

2.3. Lifetime model
Thus, the receiver lifetime is estimated by the calculation of the
equivalent operating days (EODs), which are the result of considering
the creep and fatigue damage mechanisms on the receiver tubes. Creep
damage is present during the hold time while fatigue occurs with the
cyclic loading. To approach the estimation of the EODs, the widely used
linear damage summation (LDS) model is employed [15]. The addition
of both the total creep and fatigue damages, Dc and Df , must be equal or
lesser than the maximum damage limit allowable:

2.2. Stress and strain model
Once the temperature distribution on the receiver tubes is obtained,
the elastic stresses and strains on them are calculated with the analytic
method developed in Ref. [36]. The methodology considers the tem
perature dependence of the tube material properties. Such dependence
has proven to have a significant impact in the stress calculation over the

(4)

DL ≥ Dc + Df .

Now, if the creep and fatigue damage are obtained for the design day,
dc and df, the EODs are estimated as
DL = dc EODs + df EODs→EODs =

1

(1)

σ Er = σ ET,r + σEP,r ,

http://ise.uc3m.es/research/solar-energy/fluxspt/.
4

DL
.
dc + df

(5)
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being H the elasto-plastic modulus.
• For σ Eeq ≥ 2Sy , reverse plasticity regime, the Neuber method relies on
the cyclic stress strain curve, since it takes into account the dynamic
material hardening experienced in this regime:

σ Eeq εEeq
2

conservatism. Here C’ is a safety factor set as 0.9, a value suitable for
inelastic analysis involving CSP technologies [47,48]. σ eq is the
elastic-plastic equivalent stress. It is obtained by correcting the elastic
stress with the Neuber Method, which allows to consider the plasticity
effects of the material, with the yield strength, Sy, and twice its value
delimiting the different regimes:
• For σ Eeq ≤ Sy , elastic regime, σeq = σEeq

• For Sy < σ Eeq < 2Sy , elastic shakedown regime, σ eq is calculated with
the Neuber method, in terms of the monotonic stress-strain curve
[49], as
eq

K

,

n

(9)

,

ʀ

/ )1−

nr

− (1 − nr )AEnr exp(− Q/(RT))

m+1
tstab
m+1

]1− 1nr
.
(10)

following the ASME Section III, Division 5. Note that, in this work, if

E

eq

K′

Here R is the ideal gases constant, Q is the creep activation energy
and tstab is the stabilization time, in seconds. These and the rest of the
parameters are included in Table 5 for the alloys selected. In this work,
only the T and the σeq of the most critical hour during the day -the
combination that result in the greatest stress relaxation- are considered
to be causing relaxation on the receiver tubes [23]. This is done for each
axial division of the receiver independently, which implies that the
critical hour may vary among the axial positions. With such regard, for
an hourly study and given the daily cyclic operation of the receiver, the
stress relaxation captured in Eq. (10) would only “move forward” 1 h a
day, being needed a total of tstab (expressed in hours in this case) days to
achieve such. After the stabilization time, the tubes relaxation is
assumed to be totally fulfilled, reaching the global stress relaxation, and
such σ relax is then used for all the operation hours during the day to
obtain the σcreep according to Eq. (6). However, this stress relaxation
during cyclic operation would only be able fully deploy for the whole
stabilization time, even with the shutdowns and start-ups of the plant, if
there is shakedown to elastic cycling. It occurs if the elastic stress σEeq is
less than the stress reset limit, SSR: the addition of the cold yield strength,
Sy,cold, and the hot relaxation strength, SH [52]. The mentioned SH is
usually taken as 1.25S, being S the allowable stress available at the
ASME BPVC Section II Part D [53]. Otherwise, if σ Eeq > Sy,cold + SH , stress
reset occurs after the daily shutdown, which means that the initial stress
level is restored the following day. This would be equal to having a total
tstab of just 1 h, given that the stress relaxation would not be daily
accumulated.
Once the σ creep is known, there are several formulations to obtain the
rupture time [54]. In this work, it is calculated with the
Mendelson-Roberts-Manson (M-R-M) parametrization,

σ creep > σ eq , the creep stress is taken as σeq to avoid an excessive level of

(σ )1n

(σ ) 1′

σ relax = σ eq − E σ eq E

2.3.1. Creep damage
The creep damage calculation is performed with the rupture time,
that depends on the effective creep stress, σcreep . This stress is calculated
as
ʀ
)/ ′
σ creep = σ eq − σrelax C
(6)

+ σeq

E

+ σeq

[

On the one hand, the damage limit value varies with the material and
it can be equal or lesser than unity. It depends on the bilinear interaction
between the creep and fatigue damages and it is typically presented in a
creep-fatigue interaction diagram. However, in the LDS method used in
this work, the DL is considered to have a constant value equal to unity
regardless the material used [14,46], becoming the creep-fatigue
interaction linear instead of bilinear, Fig. 1. On the other hand, the
calculations of the fatigue and creep damages for the design day, which
depend on the equivalent elastic stresses and strains, are presented in the
following subsections.

σ eq 2

σ eq 2

in this case, the cyclic strength coefficient, K’, and the cyclic strain
hardening exponent, n’, are likewise compiled in Table 4.
On the other hand, σ relax is the stress relaxation. It occurs during hold
time under a constant peak strain, causing a decrease in the stress of the
material [51]. If the hold time of the solicitation at high temperature is
high enough, the inelastic nature of creep causes a fraction of the total
strain to become permanent. Therefore, the elastic strain decreases,
leading to stress relaxation. Neglecting this phenomenon would result in
an underestimation of the receiver lifetime [23]. The stress relaxation is
obtained by integrating the creep strain rate model (Norton-Bailey)
during the dwell period, giving out the expression

Fig. 1. Creep-fatigue interaction diagram.

σ Eeq εEeq =

=

(7)

ʀ
)
ʀ
)1
1
log 10 (tR ) = β0 + β1 + β2 log 10 σcreep + β3 log 10 σcreep
.
T
T

where K and n are the monotonic stress-strain curve parameters: the
strength coefficient and the strain hardening exponent, respectively,
adjusted to experimental data. Their corresponding values for the
different alloys studied are presented later in Section 3.2, Table 4.
Alternatively, when the stress-strain curve can be approximated to a
bilinear relation, with two linear regions separated by Sy , it is more
accurate to use the Neuber method for an expression that takes into
account that linear behaviour of the stress-strain curve [50],
(
)
S
σ − Sy
,
(8)
σ Eeq εEeq = σ eq y + σ eq eq
E
H

(11)

The M-R-M coefficients, β, are presented in Table 6. In should be
noted that in Eq. (11) σ creep is introduced in MPa while the temperature is
in K, resulting in a rupture time expressed in hours. Unlike the LarsonMiller parametrization, the M-R-M one does not have any coefficient
fixed to zero, which gives it a good degree of flexibility. It also considers
the temperature dependence as reciprocal, which is suitable given that,
in most creep mechanisms, the diffusion involved is an Arrhenius-type
one [54].
Lastly, the creep damage for the design day is obtained by adding the
ratios of time intervals, Δtj , over their corresponding time to rupture,
5
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tR,j :
J
∑

Δtj
.
tR,j

dc =
j=1

coating analysis. Since, unlike the coating, the receiver would not be
able to work without the tubes, one of the studied receivers (or alloys)
needs to be fixed as the reference one. Consequently, the LCOA for such
receiver would be zero and the LCOA of the receiver in alloy i is the
result of the difference between its levelized cost of energy (LCOE) and
the LCOE of the reference receiver (with its tubes and headers made of
the reference alloy), only considering the costs derived from the tubes
installation and substitutions.
Here, Calloy,i is the annualized cost of alloy i and Ealloy,i is the annu
alized energy production of such receiver, considering 300 EODs per
year and 11 h of daily operation. On the other hand, Cref and Eref are the
annualized total cost of the reference receiver and its annualized energy
production, respectively, while Calloy,ref is just the annualized cost of the
alloy involved in the reference receiver.

(12)

A time interval is a period at which the receiver tubes are subjected
to a constant creep stress and temperature, resulting in a specific time to
rupture. J is the total number of time intervals occurring in the design
day.
2.3.2. Fatigue damage
The fatigue damage is estimated after the number of allowable cy
cles, which varies with the strain range. Thus, the equivalent elasticplastic strain range is calculated as follows, similarly to the equivalent
elastic-plastic stress:

3. Case of study

• For σ Eeq < 2Sy , Δεeq = ΔεEeq ,

• For σEeq ≥ 2Sy , the equivalent elastic-plastic stress range (Δσ eq ) is
obtained following the Neuber method
ΔσEeq ΔεEeq =

(Δσ ) 1′
Δσ2eq
eq n
+ 2Δσeq
.
E
2K ′

In this Section, the receiver design characteristics are presented. The
configurations differ only in the constitutive material of the tubes. The
mechanical coefficients required for the receiver lifetime calculation,
which vary for the alloys studied, are presented in Section 3.2. Such
material alternatives will be later analyzed under a certain design day,
which is introduced in Section 3.3, in order to perform a preliminary
comparison of these alloys under such ideal conditions.

(13)

After that, the equivalent plastic strain range (ΔεPeq ) is calculated as
[55]
ΔεPeq = 2

(Δσ ) 1′
eq n
,
2K ′

3.1. Receiver characteristics

(14)

and then the equivalent elastic-plastic strain range (Δεeq ) is obtained
as [56]
Δεeq =

Δσeq
+ ΔεPeq .
E

The external tubular receiver of a SPT plant is studied. It is placed at
the top of a 130 m tower and presents an 8.4 m diameter cylindrical
structure that frames the panels containing the vertically disposed tubes.
In this case, the number of panels, Np, is fixed in 18 and the external tube
radius, b, is set in 1.12 cm. The adjacent tubes of a panel are separated
1.9 mm. All of this results in 61 tubes per panel, Nt. The tubes, seamless,
are 1.2 mm thick, th, and 10 m long, Lt. The distance selected between
the guiding clips, which prevent the tubes from bending excessively, is 2
m, resulting in a total of 6 clips, considering the ones at both ends. The
tubes constituting a panel are connected to their respective inlet and
outlet headers, which are 1.49 m long, have an external diameter of
0.163 m and a thickness of 2.8 mm. The receiver tubes are painted with a
black Pyromark coating in order to increase their absorptivity, which is
0.95 in the visible spectrum [6] and around 0.98 in the infrared spec
trum [58]. Its infrared emissivity is temperature dependent, with the
data available in Ref. [59]. Opposite to this, the frame cylindrical
structure is covered with white Pyromark, a ceramic painting with an
infrared emissivity of 0.84 [6] and high reflectivity: 0.8 in the visible
spectrum [6] and 0.785 in the infrared one [60]. For the tubes
manufacturing, five different alloy alternatives are chosen, in order to
compare them: 316H, Haynes 230, Inconel 625, Inconel 740H and
Incoloy 800H.
The HTF selected is solar salt (60% NaNO3-40% KNO3), which is
commonly used in most commercial SPT facilities. The solar salt prop
erties as function of the temperature are available in Ref. [6]. There are
both a lower temperature limit, 290 ◦ C, and upper one, 565 ◦ C, to pre
vent its freezing and decomposition, respectively. The HTF is divided
into two parallel flow paths, N–S symmetrical, with no crossover be
tween paths. The salt inlet occurs at the bottom of the two northern
panels, while the outlet happens at the top of the southern ones. The HTF
mass flow through the receiver paths is adjusted to obtain the outlet
desired temperature, depending on the heat flux reflected on the
receiver surface coming from the heliostat field.
Despite having been omitted in the lifetime analysis, all the piping
elements need to be considered in order to properly obtain the pressure
drop in the receiver, not just the tubes conforming the panels [35].
Connecting the receiver tubes to their respective inlet and outlet col
lectors there are three smoothly bended pipes, presenting two 120◦ el
bows and one of 60◦ , lengths of 0.7, 1.7 and 0.2 m, and a curvature

(15)

With Δεeq , the number of allowable cycles, Na, is calculated using the
implicit Manson-Coffin expression,
′

Δεeq ΔεEeq ΔεPeq σf − c1
′
=
+
= Na + εf Na− c2 ,
2
2
2
E

(16)

where εf is the fatigue ductility of the material and σf is the fatigue
′

′

strength coefficient. Their values, as well as the ones of the exponents c1
and c2, are included in Table 7 for the alloys studied. A number of cycles
low enough to make ΔεPeq ≫ΔεEeq implies a plastic cyclic straining where
Δεeq is equivalent to consider only its plastic component,

Δεeq
2

≈

εf Na− c2 . On the contrary, a high number of cycles that satisfies
′

ΔεE

σ

ΔεPeq
2 =
ΔεEeq ≫

′

ΔεPeq results in an elastic cyclic straining, with 2eq ≈ 2eq = Ef Na− c1 . As it
can be perceived from the resulting equations, in the first case fatigue is
ductility controlled while in the second case it is strength controlled.
Having the number of allowable cycles, the fatigue damage of the
design day is defined as the summation of the ratios between the number
of fatigue cycles, N, and their corresponding number of allowable cycles,
Na, resulting at their respective equivalent strain range conditions:
Δε

df =

M
∑
Nm
.
N
m=1 a,m

(17)

2.4. Levelized cost of alloy (LCOA)
The metric selected to analyze the cost of each alloy as the centric
element of the SPT receiver is the levelized cost of alloy (LCOA), ob
tained as
(
)
Calloy,i − Calloy,ref
1
1
.
(18)
+ Cref
−
LCOAi =
Ealloy,i
Ealloy,i Eref
This is a similar approach to the one introduced in Ref. [57] for the
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Solar Energy Materials and Solar Cells 231 (2021) 111317

radius of 0.13 m. Inside these collectors, whose length is 1.4811 m
-according to the number of panels of the receiver and diameter of the
cylindrical base structure- and its diameter is 162.6 mm, the HTF is
modelled to follow a trajectory through two imaginary 90◦ elbows.
Lastly, the connection between adjacent panels occurs through a section
with two 90◦ elbows as well, with lengths of 0.25 m, 0.6 m and 0.17 m
diameter, above the 0.1 m minimum recommended [11]. The pressure
drop of the receiver would be the maximum between the one obtained
for each path, considering the pressure drop through the elements pre
senting an in-series disposition.

in an average grain size of ASTM 5 or coarser and a greater creep and
rupture strength than its low-carbon variant [66].
• Haynes 230 (UNS N06230) is an austenitic nickel-base superalloy.
Traditionally used in gas turbines, it has recently started being
implemented in CSP applications, such as SPT and solar dish, given
its great corrosion resistance and since it is thermally more stable
compared to alternatives such as Inconel 625 and Incoloy 800H.
Nevertheless, it is one of the most expensive alternatives. Its yield
stress is 310 MPa at RT [53]. The solution heat-treated for wrought
Haynes 230 is done in the temperature range from 1177 ◦ C to
1246 ◦ C, being cooled or water-quenched afterwards. However,
annealing in temperatures lower than these range can negatively
impact its strength and ductility due to carbide precipitation [31].

3.2. Alloys characteristics

The selected alloys are used in this work in the form of seamless
tubes, which is typically a more expensive option than the welded
alternative but more adequate for applications experiencing high tem
perature creep, such as the SPT receivers. In the manufacturing process
of seamless tubes [67], after the primary melt and remelt, the alloy is
forged to the tubular round shape form and extruded. Then, the tubes
are cold worked, annealed and aged. Finally, they are straightened and
tested. The chemical compositions of these alloys are included in
Table 1. Some elements present an admissible range of values within the
corresponding alloy composition, others appear in a minimum quantity
or are capped at a maximum value. This leaves a certain element, which
varies from alloy to alloy, as the one filling the composition up to the
100%, marked in Table 1 as “Balance”.
It is worth noting that the most restrictive temperature in the design
phase of the receiver is the film temperature [35]. The limiting value not
to be surpassed depends on the HTF selected, aiming to avoid its
decomposition, and also depends greatly on the tube material, since it
suffers from corrosion. The maximum film temperature allowable for
each alloy studied working with molten salt as HTF, according to liter
ature, can be found in Table 2. The 740H alloy, the most recent one out
of the five alloys analyzed, presents excellent corrosion properties at
high temperatures while in contact with combustion gas and coal ashes,

3.2.1. General Overview
The thermal and mechanical properties of the selected materials are
obtained from the ASME BPVC Section II Part D [53], with the exception
of the yield strength, whose reference is specified for each alloy in the
following lines:
• Alloy 316H (UNS 31609) is the high carbon variant of the austenitic
stainless-steel grade 316 and is adequate for high temperature ap
plications. At room temperature (RT) it presents a yield strength of
205 MPa [61]. In comparison with other alloys selected, it has poorer
mechanical properties and corrosion endurance. Moreover, its use at
Solar Two showed issues with stress-corrosion cracking [8]. How
ever, its low price, makes it a potentially interesting alternative.
Alloy 316H can only be strengthened by cold work, being thermal
treatments discarded for its hardening [62]. This alloy requires
annealing at 1040 ◦ C or higher, needing a rapid cooling afterwards.
• Inconel 625 (UNS N06625) is an austenitic nickel-based super-alloy.
Although far from other options, it has a better corrosion resistance
than 316H. Its yield strength is 502 MPa at RT [63]. It presents great
thermal and mechanical properties, which led it to be extensively
studied in the industry. Working below 650 ◦ C, it is recommended
either hot-finished, cold-finished or annealed [30] while, above such
temperature, annealed or solution-treated are preferred, being the
latter desirable for demanding applications in terms of rupture or
creep. Moreover, alloy 625 has been found to suffer from grain
boundary precipitations after being aged at medium temperatures
(~650 ◦ C) during low number of cycles (~500h) [63]. This causes it
to double its elastic limit and present a perfectly elastic behaviour
after the first cycles.
• Inconel 740H (UNS N07740) is an austenitic nickel-base super-alloy
extensively used in steam cycles boilers. More recently it has been
promoted to sCO2 cycles, showing an excellent corrosion resistance,
balanced with creep strength and weldability [32]. Interest has also
arisen in its application in CSP tubular receivers [48]. Its yield
strength is the greatest out of the five alloys studied, with 621 MPa at
40 ◦ C [48]. Regarding heat treatments, Inconel 740H is usually
provided as solution annealed and age-hardened [64]. The annealing
is expected to be performed at 1100 ◦ C for at least 30 min and a
maximum of an hour per thickness inch, with water quenching being
advisable after it but not mandatory. On the other hand, the aging is
done between 760 ◦ C and 815 ◦ C for at least 4 h. The forging or
hot-rolling of this alloy are both recommended to be done in a range
from 870 ◦ C to 1190 ◦ C. Its price is its main drawback, being the most
expensive out of the set studied.
• Incoloy 800H (UNS N08810) is an austenitic nickel-based alloy
recommended for corrosive mediums and high temperatures. It was
used to manufacture the steam receiver tubes of the Solar One project
and also tested by Sandia National Laboratories in a solar salt
receiver, prior the Solar Two project [65]. Despite its high corrosion
resistance and moderate cost, it has worse mechanical properties
than Inconel 625 (230 MPa of yield stress at 40 ◦ C [53]). This alloy is
supplied after a high-temperature annealed treatment, which results

Table 1
Chemical composition (weight %) of the alloys selected.
Element

230 [31]

316H
[68]

625 [30]

740H
[64]

800H
[66]

Ni

10–14

58 min

Balance

30–35

Cr
W
Mo
Fe
Co
Mn
Si
Nb

57
Balance
22
14
2
3 max
5 max
0.5
0.4
0.5 max

16–18
–
2–3
Balance
–
2 max
0.75 max
–

24.5
–
0.1
3 max
20
1 max
0.15
1.5

19–23
–
–
39.5
–
–
–
–

Al
Ti
C
La
B

0.3
0.1 max
0.1
0.02
0.015

–
–
0.04-0.1
–
–

20–23
–
8–10
5 max
1 max
0.5 max
0.5 max
3.15-4.15 (plus
Ta)
0.4 max
0.4 max
0.1 max
–
–

0.15-0.6
0.15-0.6
0.05-0.1
–
–

P

–

0.015 max

S
Cu

–
–

0.045
max
0.03 max
–

1.35
1.35
0.03
–
0.006
max
0.03 max

0.015 max
–

0.03 max
0.5 max

–
–

–

Table 2
Maximum allowable film temperature for the alloys studied.
Alloy
Tfilm ( C)
◦

7

Haynes 230

316H

Inconel 625

740H

800H

650 [73]

600 [74]

630 [74]

650

650 [75]
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Table 3
Alloys prices.

Table 5
Coefficients of the Norton-Bailey model for the stress relaxation estimation.

Alloy

230

316H

625

740H

800H

Alloy

A (Pa-ns-1)

nr (− )

m (− )

Q (kJ mol-1)

tstab (h)

Price ($/kg)

88

5

70

95

23

230 [83]
316H [54]
625 [30]
740H [84]
800H [66]

2.688e-45
2.0644e-68
6.78e-95
5.857e-57
2.615e-46

6.6
11.2594
13.37
9.6955
9.5

0
0
0
0
0

322 [54]
537.64
447
612.77
685.2

30
30
30
30
30

which has led it to be widely tested and characterized in the supercritical
steam field [69–71]. More recently, interest has been rising involving its
application in sCO2 cycles [32,67], but little to none tests have been
carried out when working with molten salt as HTF. However, the pres
ence of a high Cr percentage on its composition, as well as Ni, Co, Ti and
Al, which are known to enhance the corrosion resistance, seems to
confirm its adequate behaviour at high temperatures in an oxidation
environment due to the molten salt use [32,72]. Thus, looking at the rest
of alloys studied in this work, their composition and the resulting
corrosion resistance, the maximum allowable film temperature for the
740H has been set in 650 ◦ C.
Lastly, the costs per kilogram of each material are comprised in
Table 3. The cost of alloy 316H, Inconel 625 and Incoloy 800H tubes, in
$/kg, is supplied by Mtsco [76] for a wholesale purchase. Moreover, the
price of alloy 617 is also provided by Mtsco, which is considered to be
equivalent to the 740H cost [77]. On the other hand, the price of Haynes
230 has been obtained via energy consulting.

740H have not been obtained since its regular operating conditions in a
SPT receiver are far from reaching the twice yield strength limit.
For materials showing a bilinear stress-strain interaction, the elastoplastic modulus, H, needed in Eq. (8) to characterize its behaviour is
obtained by fitting the stress-strain data above Sy to the expression [50]

ε=

while the cyclic curve, related to the stabilized hysteresis loop, is
fitted to the Ramberg-Osgood form for said cyclic curve [49,78],
′

(20)

The parameters K and n obtained by fitting Eq. (19) to the monotonic
stress-strain experimental data are used in Eq. (7) to calculate the
elastic-plastic equivalent stress. On the other hand, the coefficients K’
and n’ resulting from the fitting of Eq. (20) to the cyclic stress-strain data
are needed in Eqs. (9), (13) and (14). The cyclic parameters for Inconel
Table 4
Coefficients of the stress-strain monotonic and cyclic curves for the elasticplastic stresses and strains calculation.
Alloy

T (◦ C)

K (MPa)

n (− )

K’ (MPa)

n’ (− )

H (MPa)

230 [79]

427
650
427
538
593
650
750
650
700
750
427
538 [81]
649
760
850 [82]

425.75
303.74
159.5
138.9
181.1
–
–
975
899
898
326
–
289
182
–

0.0642
0.0311
0.03
0.029
0.066
–
–
0.0786
0.0584
0.0635
0.1316
–
0.1305
0.1095
–

1,455
760
1,246.5
1,849.2
777.7
–
–
–
–
–
–
392
–
–
178

0.1485
0.0744
0.239
0.269
0.15
–
–
–
–
–
–
0.0559
–
–
0.058

–
–
–
–
–
2,332
1,287.7
–
–
–
–
–
–
–
–

316H [80]
625 [63]
740H [48]
800H [21]

(21)

Regarding the alloys selected in this work, Inconel 625 is the one
satisfying such scenario [63] and thus the one needing the fit corre
sponding to Eq. (21).
Table 5 compiles the coefficients obtained for the Norton-Bailey
creep strain model, which are needed in Eq. (10) to calculate the
stress relaxation. The m factor is set to zero, which translates in a simple
Norton equation, allowing us to consider secondary creep strain rates.
The minimum strain rate (s-1) versus stress (MPa) at a fixed temperature
plot is used to fit the stress power-law for the creep strain model coef
ficient (nr), with the power-law creep equation being: ε̇ = A0 σnr . The
experimental data selected from the literature for this matter have been
chosen for the minimum fixed temperature found for every alloy, trying
for it to be on par with the working temperatures of the receiver. This
has resulted in minimum strain rate versus stress data at fixed temper
atures of 600 ◦ C for alloy 316H, 625 ◦ C for Inconel 625 and Incoloy
800H and 700 ◦ C for Haynes 230 and Inconel 740H. Then, the plot of the
natural logarithm of the minimum creep rate versus the inverted abso
lute temperature (K-1) at a fixed stress is fitted with the Arrhenius law,
ε̇ = Aσnr exp( − Q /(RT)), to give out the creep activation energy (Q) and
the constant A. Again, the fixed stress selected for each alloy out of the
ones available in the literature try to resemble the stress working con
ditions of each alloy. On the other hand, the stabilization of the stress
relaxation in molten salts receiver, tstab, is typically around 20–30 days
[23] which, considering just the most significant hour per day, translates
in 20–30 h. In this work, tstab has been set in 30 h. However, if stress reset
occurs, the stabilization time would be considered to be equal to 1 h for
the methodology presented in this work. This is so because only the
effects of the maximum daily stress relaxation are considered (which
lasts 1 h) and the daily shutdown of the installation under these stress
reset conditions implies the annulment of the relaxation achieved during
the day for the next start-up.
Then, Table 6 comprises the parameters required in Eq. (11) to
obtain the rupture time with the M-R-M parametrization. The fit is done
with the data available in the rupture time versus stress plots for the
different test temperatures.

3.2.2. Mechanical coefficients
The coefficients needed in the equations of Section 2.3 have been
obtained for the various alloys of this work by adjusting them to the
experimental data available in the literature. They are comprised in the
tables that follow, which include the references of the experimental data
used.
First, Table 4 presents the parameters of the stress-strain curves. The
monotonic curve, involving the first load cycle, is fitted to the corre
sponding Ramberg-Osgood expression [49]
σ ( σ )1/n
ε = εE + εP = +
,
(19)
E
K

Δε ΔεE ΔεP Δσ ( Δσ )1/n
.
=
+
=
+
2
2
2
2E
2K ′

Sy σ − Sy
+
, σ > Sy .
E
H

Table 6
Coefficients of the Mendelson-Roberts-Manson parametrization for the rupture
time calculation.

8

Alloy

β0

230 [85]
316H [21]
625 [30]
740H [64]
800H [66]

−
−
−
−
−

26.27
35.27
44.2641
67.74
19.78

β1

β2

β3

44,158
47,957
65,825
87,260
36,566

4.72
9.94
12.2
20.12
− 0.9252

−
−
−
−
−

11,337
15,175
20,289
26,560
6,197
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Table 7
Fatigue coefficients.

559.2 Wm-2 at 7:00h and 17:00h. Hence, given the receiver location and
orientation, the heat flux on its surface during the morning hours is
mainly concentrated on the western half and in the afternoon, it is
mostly incident on the eastern one. While the single design day approach
considering the spring equinox has been found to underestimate the
receiver lifetime with respect a set of days in around 8% in the northern
panels [89], as well as considering an hourly analysis instead of more
precise time resolutions, it is a reasonable methodology to compare the
described alloys under the same operation conditions without heavily
increasing the computational cost.
Moreover, the aiming of the heliostat field on the receiver surface
can go from an equatorial one to a flat one. To select the appropriate
aiming strategy for each receiver configuration it must be considered
that there are certain limitations that set the allowable flux density
(AFD) on the receiver. These parameters that need to be watched prior
the lifetime analysis are: the film temperature, the salt velocity and the
pressure drop from the thermal and hydrodynamic analysis, and the
twice yield stress from the stress analysis. As for surpassing the twice
yield strength limit, this would mean that the alloys in that situation
would work in reverse plasticity regime, leading them to be subjected to
dynamic aging and material hardening, increasing the stress amplitude
with the number of cycles. Opposite to the elastic shakedown, occurring
between Sy and 2Sy, which causes plastic deformation only in the first
one or in a few cycles before the elastic stabilization, the reverse plas
ticity regime does cause plastic yielding in each cycle, which is illadvised for the receiver to last as much as expected. Hence, as starting
point, the aiming strategy chosen in all the cases is k = 3, with the goal of
obtaining the maximum thermal power out of the receiver. However,
being the most aggressive one and considering the temperature and
stresses limitations to guarantee the safe plant operation, it might not be
suitable for all the alloys and all the hours. Consequently, the k factor
would need to be reduced in the cases where the maximum film tem
perature or the twice yield strength limit are exceeded.

Alloy

T (◦ C)

σf /E (%)

εf (%)

c1 (− )

c2 (− )

230 [86]

427
538
649
427
482
593
705
650
815
700
540
650
760

0.2
0.2
0.2
0.13
0.1
0.078
0.067
0.21
0.15
0.3
0.17
0.2
0.11

18
45
45
5.6
4.95
4.73
3.17
4.56
4.92
4.11
37.6
54
32.4

0.01
0.0005
0.001
0.023
0.015
0.009
0.01
0.014
0.01
0.018
0.025
0.003
0.14

0.45
0.6
0.65
0.43
0.46
0.5
0.48
0.34
0.39
0.34
0.55
0.68
0.6

316H [21]

625 [87]
740H [88]
800H [66]

′

′

4. Results and discussion
Fig. 2. Logarithmic half strain range versus number of allowable cycles plot for
Inconel 625 at 815 ◦ C, showing the plastic and elastic regions, useful for the
fatigue behaviour characterization of the material.

The results from the integral analysis of the receiver are exposed and
discussed in the present section. The starting point is to set the maximum
aiming factor allowable at each hour for every alloy by performing both
the thermal analysis and the elastic stresses one, considering the afore
mentioned limitations in such regard. Upon having stablished such
hourly aiming strategy, the lifetime analysis is performed in terms of the
creep and fatigue damages, which require the obtaining of the elasticplastic stresses and strains. In the former case, the stress relaxation ef
fects have been included. Lastly, a cost analysis of the receiver is un
dertaken by establishing a set of expected lifecycles for its operation.
The panels substitutions that may be required to fulfil these operation
periods, as well as the costs associated with these replacements, are
considered in this preliminary study under ideal day conditions.

Lastly, the fatigue parameters to obtain the number of allowable
cycles via Eq. (16) are included in Table 7. The fitting is done using the
experimental half strain range (%) versus cycles to failure charts found
in the literature. With the log10 plot, see Fig. 2, the tangent line to the
′
curve at low number of cycles allows the calculation of c2 and εf as its
slope and the tenth power of its independent coordinate, respectively.
On the other hand, the tangent line at high number of cycles does the
′
same for c1 and σf /E.
3.3. Design day and field aiming

Table 8
Hourly maximum aiming strategy factor and heliostat field maximum avail
ability considering the maximum admissible film temperature and twice yield
strength limits.

The heliostat field is constituted by 2,650 heliostats of 115.8 m2,
giving a total mirror area of 306,605 m2; the field location selected in
FluxSPT is the one corresponding to Gemasolar (Seville, Spain). Thus,
the day selected to perform the analysis corresponds to the spring
equinox in the northern hemisphere. It is a clear day, free of cloud
passages and other transient interruptions. It consists of eleven sunlight
hours, from 7:00h to 17:00h. Its interaction with the heliostat field re
sults in an hourly symmetrical heat flux distribution on the receiver
between the two paths: the 7:00h for the East receiver path is the same
than the 17:00h for the West one, the 8:00h for the East path corre
sponds to the 16:00h for the West half, and so on, being the 12:00h
symmetrical in the N–S direction. The hourly DNI of this design day
presents a maximum value of 931.6 Wm-2 at 12:00h and a minimum of
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Time

Haynes 230

316H

Inconel 625

740H

800H

7:00
8:00
9:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00

3
2.3
2.1
2.1
2
2
2
2.1
2.1
2.3
3

1.8 (72%)
2.0 (43%)
2.2 (35%)
2.3 (35%)
2.3 (34%)
2.3 (35%)
2.3 (34%)
2.3 (35%)
2.2 (35%)
2.0 (43%)
1.8 (72%)

2.5
1.5
2.2
2.3
2.3
2.3
2.3
2.3
2.2
1.5
2.5

3
2.3
2.0
2.0
2.2
2.4
2.2
2.0
2.0
2.3
3

3
2.3
2.1
2.1
2.3
2.4
2.3
2.1
2.1
2.3
3

(73%)
(69%)
(73%)
(76%)
(73%)
(69%)
(73%)
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Fig. 3. Maximum film temperature for every alloy, depicted hourly.

4.1. Maximum aiming factor allowable (allowable solar flux)

alloys with the highest Tfilm limit value, which are Haynes 230, Inconel
740H and Incoloy 800H, since it allows more demanding aimings. They
are followed by Inconel 625 and in the last place by alloy 316H, with the
least permissive Tfilm limit. It was observed that, for the alloys Haynes
230, 316H and Incoloy 800H, the twice yield strength value was sur
passed, which means that they worked in reverse plasticity regime. In
the case of Haynes 230, this occurs just at 11:00h, 12:00h and 13:00h
with the aimings set from the thermal analysis, and just for the first two
panels. Thus, it is not extremely critical and it can be successfully
reversed by decreasing the aiming strategy factor obtained from the
thermal analysis at these specific hours. However, for Incoloy 800H the
issue with twice the yield strength is more severe due to its low Sy. In
addition, for this alloy, it happens for nearly all the panels and from
7:00h to 17:00h, not being feasible to lower that much the equivalent
elastic stress by modifying the aiming strategy and the field availability.
For alloy 316H, the elastic stress is not as high as the one obtained for
Incoloy 800H, being closer to its 2Sy, but the heliostat field availability
was already working quite below its full capacity due to the Tfilm limi
tation and thus this scenario cannot be avoided for this material neither.
Consequently, the final aiming factors leading to the operation under,
resulting from considering the Tfilm and the 2Sy restrictions are included
in Table 8.
Now, the resulting evolution of the maximum film temperature,
obtained for the final hourly aiming strategies, is presented in Fig. 3
following the eastern HTF path. Thus, the first panel is comprehended
between z = 0 m and z = 10 m, panel two between z = 10 m and z = 20
m, and so on. The behaviour of the western panel, given the hourly

First, the receivers studied are characterized using the heliostat field
and thermal models presented in Section 2.1. The maximum film tem
perature obtained from such analysis must be kept under the safety limit
specified for each alloy, which can be controlled decreasing the aiming
factor of the heliostat field. With the availability of the whole field it was
found that two of the five alloys selected were not able to meet the
limitation criterion imposed by such maximum film temperature
allowable, regardless the aiming factor chosen. Evidently, they are the
ones with the most restrictive limitation: 316H and Inconel 625. To be
able to properly function with these two receivers, the heliostat field
availability was reduced (this means that only a percentage of the he
liostat field is aiming to the receiver surface) until the limiting film
temperature was not surpassed in any case. The maximum availabilities
using the flattest aiming strategy, which changes hourly, in these critical
cases and hours are also included in between parenthesis and in italics in
Table 8. For the scenarios that present no issues, the field availability is
not indicated since it is 100%.
After the thermal analysis is performed, the elastic stresses and
strains on the receiver can be obtained following the method presented
in Section 2.2, using the aiming factors that successfully meet the Tfilm
limit, to check the 2Sy restraint. These elastic stresses are caused by the
circumferential, radial and axial thermal gradients on the tube wall, the
mechanical restrictions that, despite allowing its axial displacement,
prevent the tubes excessive bending and the pressure stresses caused by
the HTF inside of them. The higher elastic stresses are present in the
10
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Table 9
Receiver thermal power yielded by each receiver during the design day.
Alloy

Haynes
230

316H

Inconel
625

740H

800H

Thermal Power
(MWt)

115.97

40.82

89.72

116.18

116.64

Fig. 4. Equivalent elastic stress at the tube crown at 12:00h for the different
alloys under the aiming strategies of Table 8. The 2Sy limit of alloys Haynes
230, 316H and 800H is included in dashed lines.

Fig. 6. Equivalent elastic stress at the tube crown at 12:00h and the corre
sponding stress reset limit for each alloy.

required after the stress analysis to meet the 2Sy limit criterion.
Then, the elastic stresses at the tube crown, which is the most critical
spot [36], for the alloys selected at their corresponding aiming strategy
and heliostat availability are presented in Fig. 4, following again the
eastern HTF path. The hour selected has been the 12:00h since it is one
of the most aggressive, jointly with 11:00h (and 13:00h, mirrored), and
because of the symmetry between the two flow paths. The twice yield
strength value is also included (dashed lines, evaluated at the corre
sponding temperature for each cell) for the problematic alloys in this
regard, showing that Haynes 230 is now below such limit and alloy
316H and Incoloy 800H remain above it.
Once the aiming strategies have been set according to the AFD limits,
and before advancing to other stress and lifetime issues, additional
receiver critical factors need to be watched, such as the pressure drop on
the receiver or the maximum HTF velocity. The higher the pressure drop
on the receiver, the higher the pumping power required to operate it,
causing the increase of the parasitic losses of the plant. An acceptable
value for such maximum pressure drop is around 20 bar [35], with the
receiver studied operating around these conditions in the worst sce
narios in such regard (Haynes 230, 740H and 800H). Fig. 5 a) depicts the
hourly results through the eastern half, with the western one behaving
symmetrically. The velocities of the HTF through the receiver present
the same hourly evolution as the pressure drop, given their relation; the
maximum value is just shy of 6 m/s, also obtained for the alloys with the
maximum pressure drop.
Lastly, given that very different aiming strategies and heliostats
availabilities must be adopted so the AFD limits are not surpassed, it is
useful to provide the thermal efficiency, and thermal power of the set of
receivers analyzed. The thermal efficiency in each case is shown in Fig. 5
b), with the thermal power presenting the same trend. To get a better
sense of the difference between each receiver configuration in terms of
thermal power, the ones obtained during the design day for the different
receivers are comprised in Table 9. It is observed that the three alloys
with the most similar aiming factors allowable -Haynes 230, 740H and
800H- present both the higher thermal efficiency and thermal power.
This can be explained by their higher film temperature limit with respect
to the rest of the alloys studied. Consequently, the following receiver in

Fig. 5. Hourly depiction of a) Pressure drop in the eastern path and b) Receiver
thermal efficiency.

symmetry of the design day with respect to the N–S direction, is the same
than the eastern one but inverted with respect to time. As mentioned
earlier, it can be sensed through this Figure the greater amount of
concentrated heat flux on the eastern half at the afternoon over the
morning, given the greater the temperatures on the tube during these
hours. Note that the Tfilm for the central hours of the day for Haynes 230
receiver is slightly below its limit since an aiming factor reduction was
11
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Solar Energy Materials and Solar Cells 231 (2021) 111317

Fig. 7. Equivalent elastic strain at the tube crown for the different alloys
at 12:00h.

terms of such power and efficiency is the one in Inconel 625, with a film
temperature limit of 630 ◦ C, and the worst one is 316H alloy, highly
penalized by its low thermal corrosion limit.
4.2. Creep-fatigue results: lifetime analysis
4.2.1. Equivalent elastic stresses and strains
In the previous section, the equivalent elastic stresses were obtained
to set the maximum aiming factor allowable in the receiver surface.
Subsequently, it has been checked if the maximum equivalent elastic
stress obtained with the hourly aiming configuration of Table 8 is below
the shakedown stress range, (Δσ ≤ 2Sy ).
By contrast, the stress reset limit (Sy,cold + SH) has not been consid
ered as a limiting factor in terms of the aiming strategy selection, but it
will determine the way the alloys respond in regard to the stress relax
ation. With the final aiming strategy, Haynes 230 exhibits no issues in
this aspect, as well as alloys Inconel 625 and Inconel 740H (see Fig. 6).
On the contrary, both alloys 316H and Incoloy 800H surpass the stress
reset limit at certain positions along the flow path and thus these will
suffer from stress reset after the daily shutdown of the plant. Even if
some z position does not present elastic stresses above the stress reset
limit at certain hours of the day, if such value is exceeded at least once
during the daily operation, such receiver spots are still regarded to work
under stress reset. For instance, the alloy 316H receiver only shows
stress reset at the central sections of the first two panels (panel one from
z = 0 m to z = 10 m and panel two from z = 10 m to z = 20 m), while the
receiver in 800H presents issues in up to the seventh panel, with at least
one spot working under stress reset at a certain time. The rest of the axial
positions would relax under the shakedown to elastic cyclic conditions,
just as the totality of the Haynes 230, Inconel 625 or Inconel 740H re
ceivers do.
On the other hand, the elastic strains, needed for the fatigue damage
calculation, are presented in Fig. 7, again following the HTF path and at
12:00h. The maximum strain is roughly a 0.35% for Incoloy 800H, the
alloy presenting the greater ones. This implies that these alloys are way
below concerning strain values for fatigue damage.

Fig. 8. a) Creep stress achieved after full relaxation for Haynes 230, Inconel
625 and Inconel 740H, working under the shakedown to elastic cyclic regime.
b) Creep stress after relaxation for Incoloy 800H, working in stress reset regime,
for two consecutive operating days.

As mentioned during the methodology exposition, the stress relaxa
tion at a certain height working below the stress reset limit remains the
same during the whole day since it is evaluated at the T and σeq com
bination resulting in the greatest value, out of the ones obtained hourly
from the operation of the receiver under the aiming strategies at Table 8.
Conversely, for the spots of the receivers in alloy 316H and Incoloy 800H
above the stress reset limit, the stabilization time results, from a prac
tical point of view, in 1 h since they suffer from stress reset after the daily
shutdown. Hence, in such scenario, instead of considering the stress
relaxation effects during the whole day, they are only accounted after
the hour at which the maximum relaxation occurs. With that in mind,
the final creep stress is obtained by means of Eq. (6). An instance of the
stress relaxation behaviour for each alloy is depicted in Fig. 8. Alloy
316H has been omitted since it barely relaxes due to its mild working
conditions. On the one hand, Fig. 8 a) shows the stress relaxation in
fluence on the creep stress for Haynes 230, Inconel 625 and Inconel
740H over 40 days. This is enough time to capture the full stress
relaxation of these alloys during their cyclic operation, given that their
tstab has been set to 30 h. This is equivalent to 30 days since the relax
ation is accumulated just 1 h per day considering a continuous exposure
to the maximum temperature [23]. In the three cases, the z position
selected to show its relaxation is the one reaching the greatest value in
the whole receiver. For Haynes 230, such location is z = 54 m (sixth
panel) and happens at 14:00h. Inconel 625 reaches the maximum
relaxation at z = 46 m (fifth panel) and at 13:00h. Lastly, Inconel 740H is
illustrated with the 12:00h of z = 26 (third panel). After the tstab, the

4.2.2. Equivalent elastic-plastic stresses, stress relaxation and creep stresses
Once the elastic stresses are known, the elastic-plastic stresses are
calculated by following the methodology in Section 2.3.1 and using the
monotonic and cyclic coefficients, compiled at Table 4, obtained for the
different alloys by fitting the manufacturers and experimental data
available in the literature. Subsequently, the stress relaxation is obtained
with such equivalent elastic-plastic stress, which finally gives out the
creep stress.
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Fig. 9. Effect of stress relaxation in terms of the creep stress as function of the temperature and elastic-plastic equivalent stress solicitation.

stress relaxation is considered fully deployed and hence the following
days present a constant value of it; then, that is the stress relaxation that
would be finally used in Eq. (6) for the corresponding z in each case and
during all of the daily operation hours. The same procedure is followed
for the rest of the axial positions, using their maximum stress relaxation
during the day.

On the other hand, Fig. 8 b) depicts an instance of the stress relax
ation behaviour under stress reset conditions at the z = 46 m (fifth
panel) spot of the Incoloy 800H receiver, which coincides with the
maximum relaxation obtained on such receiver and indeed works under
stress reset. In this case, the operation hours of two consecutive days
have been presented to show the stress reset effect. Hence, looking at
13
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Fig. 10. Elastic stress, elastic-plastic equivalent stress and creep stress for the alloys studied at the tube crown, at 12:00h and at 17:00h.

such Figure, it becomes evident that the criterion to set in the spots
surpassing SSR is to consider the stress relaxation only after the time at
which the maximum relaxation occurs (in the z depicted, from 14:00 to
17:00). The spots that do not fall in the stress reset regime would behave
just as the alloys in Fig. 8 a).

Additionally, to get a better sense of the temperature and stress
ranges at which every alloy could be able to benefit from the stress
relaxation, the creep stress for the studied alloys is depicted in Fig. 9 as a
function of the temperature and the equivalent stress solicitation. It has
been obtained by using Eqs. (6) and (10) with the coefficients of Table 5
14
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Fig. 11. Rupture time as function of the creep stress and the temperature, which determines the creep damage on the tubes.

at a fixed tstab of 30 h for all the alloys. It must be noted that when the
hold time of the solicitation reaches a high enough value, having a fixed
temperature and stress, the stress relaxation becomes constant [51].
Hence, the stabilization time has been selected to fulfill that for all the
alloys. In addition, for the two alloys presenting stress reset at certain
points, alloy 316H and Incoloy 800H, the creep stress as function of
temperature and elastic-plastic equivalent stress has also been depicted
for a tstab of 1 h, capturing how they would behave under such regime.
The linear evolution of the resulting σeq − σ relax (or σcreep ), observed in
Fig. 9 for certain values of the σeq solicitation at a fixed temperature,
implies that the alloy is not showing stress relaxation at these temper
atures and stresses; thus, more aggressive working conditions would be
needed for stress relaxation to start happening. It is worth remarking
that at a fixed temperature, once the alloy is undergoing through stress
relaxation, when increasing σ eq it will continue relaxing in a fashion that
implies that σrelax grows proportionally with such solicitation, since the
resulting σcreep becomes a constant value. Notable differences can be
observed between having a tstab of 1 h or a tstab of 30 h, being the latter
way more favorable, especially for alloy 316H.
However, it should be noted that the stress relaxation translates in
permanent inelastic strains, enlarging the hysteresis loop during hold
periods [90] and reducing the alloys fatigue life, although this adverse
effect is presumably diminished with the increase of the hold time [91].

Thus, an extremely high stress-relaxation can favor the results of the
rupture time in terms of creep, since it reduces the effective creep stress
solicitation on the alloy, but it eventually leads to the exhaustion of its
ductility [92] and an excess of fatigue, which could cause unexpected
early failure not predicted by the creep rupture time. Such conditions are
obtained when the stress reset limit is surpassed, where the creep-fatigue
damages are combined and the time-to-failure is dramatically reduced.
Lastly, Fig. 10 shows the elastic stress, equivalent elastic-plastic
stress and creep stress for the alloys studied at the tube crown at
12:00h as well as 17:00h (eastern path), in order to present a better
depiction of the ranges of the different stresses during this particular
design day. These 2 h are the ones with the higher and lower σeq ,
respectively. This may seem to contradict the fact that the eastern side of
the receiver is subjected to a higher concentrated heat flux in the af
ternoon. However, during the first morning hour, the first panel of this
half suffers from a higher peak stress than any panel during the last hour
of the afternoon, when the stresses result to be overall higher but more
evenly distributed, translating in a slightly lower peak stress despite the
greater solar radiation incidence. Alloys Haynes 230, Inconel 625 and
Inconel 740H relax normally, under the shakedown to elastic cycling
regime, in a greater or lesser deal depending on their characteristics and
the temperature and elastic-plastic stress conditions at which they
operate. On the other hand, alloy 316H barely relaxes due to its low Tfilm
15
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Fig. 12. Equivalent operating days for the alloys studied, working at the spring
equinox clear design day conditions, eastern path.

limit, which prevents it from reaching high enough temperatures and
elastic-plastic stresses. Moreover, the first two panels, with stress reset,
relax roughly 1 MPa. Lastly, note the behaviour of the Incoloy 800H
receiver: the creep stress at 12:00h is the same than the elastic-plastic
one at middle length of the fifth, sixth and seventh panels; however,
they have indeed relaxed at 17:00h. The reason for such outcome is that
these spots fall under the stress reset conditions (Fig. 8) and the
maximum stress relaxation at these positions occur after midday. This
means that since the stress relaxation is only considered for them after
the time at which the maximum value occurs and, after the daily shut
down, the following day they will start at their initial stress level, these
spots appear not relaxed during the morning hours. Thus, the moment of
the maximum stress relaxation is crucial for the alloys with stress reset in
this study, since the earlier it happens, the more hours they can benefit
from it. In any case such approach errs on the safety side. For the alloys
working in the shakedown to elastic cyclic conditions it is irrelevant in
such regard since the relaxation is accumulated through the shutdowns
and start-ups.

Fig. 13. a) Minimum equivalent operating days for a receiver panel, consid
ering the spring equinox design day. b) Number of total panels substitutions in
the different receivers to achieve an operation of 25, 30 and 35 years.

of the fatigue damage in comparison with the creep one, the initial
assumption of the DL as equal to unity is more than reasonable. In
Fig. 12, three reference marks of 25, 30 and 35 years, considering 300
EODs per year, have also been included to analyze the impact of
selecting the different alloys in potential plants with different projected
lifecycles under the ideal clear design day assumption.
The outcome regarding the EODs obtained highlights the importance
of the stress relaxation phenomenon. Looking at the effect that the stress
relaxation occasioned in the studied alloys (Fig. 10, difference between
σ eq and σ creep ) and given the high sensitivity of the rupture time to the
stress applied (Fig. 11), had this effect not been considered, the lifetime
of these receivers would have been dramatically reduced, leading to an
excessively conservative result. Haynes 230, Inconel 625 and Inconel
740H are the alloys benefitting the most from the stress relaxation since
they are working under elastic cyclic shakedown without stress reset. On
the other hand, alloy 800H is highly penalized by the stress reset present
at the middle length of the first seven panels, with EODs going from 214
days to just 33. Its last two panels, however, benefit from stress relax
ation and can last up to 40 years, considering 300 EODs per year. Lastly,
alloy 316H is subjected to low elastic-plastic stresses at being insuffi
cient for the material to relax but still low enough to allow an acceptable
overall lifetime of the receiver.
The minimum EODs for each receiver are depicted in Fig. 13 a). The
limiting panels, understood as the ones presenting the lesser EODs, are
the first one for Inconel 740H, the second panel for Haynes 230 and
Inconel 625, the third panel in the alloy 316H receiver and the fifth
panel in the case of Incoloy 800H. Inconel 740H and Haynes 230 are the
two alloys with the higher expected lifetime in their corresponding
critical panels, around 20 years. Due to their great corrosion resistance,

4.2.3. Equivalent operating days
Upon knowing the creep stress, the creep damage can be obtained
with the methodology presented in Section 2.3.1. A key aspect of such
method is the rupture time calculation, in this case using the M-R-M
parametrization with the coefficients in Table 6 for each alloy. In Fig. 11,
the rupture time of each alloy is presented likewise it was previously
done with the stress relaxation: as a surface depending on the temper
ature and the stress (Eq. (11)). This representation, made for the same
temperature and stress ranges for every case, provides a clearer picture
of the creep endurance of each material. As it can be seen in Fig. 11,
Inconel 740H presents the greater creep resistance, followed by Inconel
625. The alloys 800H and Haynes 230 present a similar behaviour be
tween them, while alloy 316H has the poorest endurance in this regard.
Despite the temperature range on the receiver surface is very limited,
with the lower bound of around 500 ◦ C and the upper around 650 ◦ C,
and despite these are not especially high temperatures, a great descend
on the rupture time is experienced when the temperatures increase from
the lower to the upper limit, at a fixed stress. Given the high sensitivity
to the temperature and stress that the rupture time has, the regard of the
stress relaxation results essential in the lifetime estimation.
With both the creep and fatigue damages, the EODs are obtained for
each receiver configurations. Fig. 12 depicts the results for the eastern
path. It should be noted that, for the clear design day, the fatigue
damage is negligible in comparison to the creep damage, being the latter
the limiting factor. A similar outcome has been previously observed in
other works available in the literature [23,24,29]. Given the low entity
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panels and just one on its third panel. However, it should be noted that
certain panels require multiple substitutions for this 25-year goal, which
alloy 316H does not experiences until the 35-year operation limit. Then,
in order to last 30 years, the additional replacement of the two fourth
panels is required. For the 35-year mark, the substitution of the fifth
panel is needed as well, joined by a third replacement of panels 1 and 2
and a second change of panel 3. Incoloy 800H has been excluded from
Fig. 13 b) since it would need a total of 830 sp among the first seven
panels of each path just to reach the 25-year mark.
Additionally, it must be noted that exceeding the 2Sy value entails
the appearance of large plastic deformations, which can jeopardize the
receiver integrity. For such reason, given the alarmingly high elastic
stresses at which Incoloy 800H and alloy 316H are working, way over
2Sy, their installation is ill-advised. For instance, the first four panels of
the receiver in alloy 316H surpass such limit despite presenting
acceptable EODs. Moreover, such receiver also needs to operate with
unusually low aiming factors and heliostat availabilities in order to
fulfill the maximum Tfilm admissible and so avoid the molten salts cor
rosive effects on its inner wall, leading it to undesirable low thermal
efficiency and power. Looking back, lower carbon variants of these two
(and thus, with a poorer creep and rupture properties), Incoloy 800 and
alloy 316, were the ones used in Solar Two and Solar One respectively,
without promising results: Incoloy 800 suffered from multiple cracks
and alloy 316 was advised to be replaced with an advanced higher nickel
alloy.
Related to the regimes at which the alloys operate, Fig. 14 shows
where each alloy is located at the Bree diagram [93] in terms of the
higher elastic stress that they experience. This diagram depicts the stress
regimes that the materials can present as a function of the thermal and
pressure stresses with respect to their yield strength Sy. Given that the
pressure stresses (primary stresses) in the receiver tubes are almost
negligible with respect to the thermal ones (secondary stresses), none of
the cases studied fall inside the ratcheting region, being the elastic (E),
the elastic shakedown (S2) and the plastic cyclic regime (P) the only ones
relevant in this study.
With all of that in mind, the high lifetime obtained for Inconel 740H
makes it the best candidate during the analyzed clear-sky day, which
subjects the receiver to aggressive creep conditions. Haynes 230 can
match it if the elastic limits are watched. Inconel 625 also presents fairly
good results, but its lower corrosion resistance causes it to have a lower
thermal efficiency and supply less thermal power than the other two
alternatives.

Fig. 14. Stress regimes diagram with the most critical regimes found for
each alloy.

these are also two of the three alloys being able to provide with the
highest thermal power (Table 9), alongside with 800H, whose poor
performance in regard the EODs, the worse out of the five alloys, makes
it the least desirable option. Then, alloy 316H is just shy of a 17-year
lifetime. Nevertheless, the thermal power it can produce is a 65% less
than Haynes 230, 740H and 800H. Lastly, Inconel 625 is the fourth most
lasting alloy, with the limiting panel being just over 10 years. Also, it
provides around a 24% less thermal power than Haynes, 740H and
800H, but more than twice than alloy 316H.
Subsequently, all the receivers would need panels substitutions to be
able to withstand at least a 25-year operation under the present clear
design day, which results in a high creep environment for the receiver
tubes. The total number of panel substitutions, sp, for each receiver are
presented in Fig. 13 b) for expected lifetimes of 25, 30 and 35 years. The
Inconel 740H receiver would need the substitution of the first panel in
both path flows (two in total) to last up to 25 years; from that, the
substitution of the second panel of each path and the replacement of
third ones would be also required for the receiver to operate 30 and 35
years, respectively. Then, the Haynes 230 receiver needs the substitution
of the first two panels of each path (four in total) to operate 25 years; in
the same way as the Inconel 740H receiver, the additional replacement
of the two third panels and the two fourth panels would be required to
reach the 30 and 35-year marks, respectively. Then, alloy 316H de
mands substitutions for the second, third, fourth, seventh, eighth and
ninth panels, making it a total of twelve changes for the whole receiver,
to last both 25 and 30 years. When aiming to reach a 35-year lifetime,
the first, fifth and sixth panels (and thus, the whole receiver) need
replacement as well, plus a second substitution in the third panel. Lastly,
despite the limiting panel of Inconel 625 lasting less EODs than 316H, it
requires a total of five panel changes per path flow, ten in the whole
receiver, when aiming for a 25-year operation: two in the first two

4.3. Receiver costs
To obtain the cost of a SPT receiver expected to last the lifetime
periods discussed in the previous section, the prices of the different al
loys, included in Table 3, involved in the manufacturing of receiver
tubes and headers are multiplied by their weight, the number of them
constituting a panel (61 tubes, two headers) and the total panels needed
for that specific lifespan, which are the initial amount plus the number of
substitutions required during such period, Fig. 13 b).
Also, there are other items whose cost is directly associated with the
durability of the receiver tubes, since they need to be replaced with
them, such as the coating paint or the different weldings in the tubes.
These are relevant in the cost analysis of the receiver from the tubes
point of view, especially when dealing with the uneven amount of panel
substitutions occurring among the various alloys options. The cost of the
Pyromark 2500 ceramic painting is estimated to be around 287 $/m2
[58]. Moreover, the cost of its initial application on the receiver tubes
and expected reapplications during the receiver lifetime is dissected in
Ref. [94], including aspects such as the preparation of the coating and
substrate, the application of the coating and other treatments required.
These costs (2017) have been adjusted to inflation in this work. On the
other hand, the cost of weldings of the tubes to clips and headers, as well
as the cost of the nozzles installation in each header are available in
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Table 10
Receiver costs for lifespans of 25, 30 and 35 years and their resulting cost/power ratio, obtained for the spring equinox design day.
Alloy

Life
(yrs)

Thermal power
(MWt)

Alloy Price
($/kg)

Total
Np

Total alloy cost
($)

Total coating cost
($)

Total specialty cost
($)

Total receiver cost
($)

Ratio
($/MWt)

230

25
30
35
25
30
35
25
30
35
25
30
35

115.97

88

40.82

5

89.72

70

116.18

95

22
24
26
30
30
38
28
30
38
20
22
24

918,554
1,002,058
1,085,563
63,429
63,429
80,344
883,057
946,133
1,198,435
812,523
893,775
975,027

580,081
664,755
749,429
684,554
743,110
906,139
658,436
743,110
906,139
553,962
638,637
723,311

1,349,448
1,472,125
1,594,802
1,840,157
1,840,157
2,330,865
1,717,479
1,840,157
2,330,865
1,226,771
1,349,448
1,472,125

2,848,082
3,138,939
3,429,795
2,588,140
2,646,696
3,317,348
3,258,973
3,529,399
4,435,439
2,593,256
2,881,860
3,170,463

24,559
27,067
29,575
63,404
64,838
81,268
36,324
39,338
49,436
22,321
24,805
27,289

316H
625
740H

but also the most expensive one, and even surpasses it for a 35-year
operation. Just one step above these two is the receiver in Haynes
230. The most expensive receiver, the one in Inconel 625, is also
handicapped by the various panel substitutions. Moreover, its alloy price
is not that far from the most expensive alternatives. Nevertheless, if the
thermal power of these receivers is considered, the one in alloy 316H is
unarguably the worst performing, followed by the Inconel 625 receiver
and the ones in Haynes 230 and Inconel 740H, with the last two being
almost on par.
As for the obtention of the LCOA of the studied receivers, the Inconel
740H alternative has been chosen as the reference receiver for being the
one providing the lowest cost/power ratio. The LCOA results and the
values of the terms involved in Eq. (18) are included in Table 11, with
the ones related to the reference receiver appearing in italics. The results
show that Haynes 230 LCOA is sustained over the studied lifetime pe
riods. On the contrary, alloy 316H one descends over time, while Inconel
625 presents a minimum in the 30-year mark. Overall, looking at both
the LCOA and the cost over thermal power ratio, the extension of the
plant operation does not alter the global tendencies in between re
ceivers, being the results very robust in such regard: the best alternative
is always the Inconel 740H receiver, followed by the Haynes 230 one,
and the worst is the alloy 316H receiver.

Table 11
Levelized cost of alloy of the receiver alternatives for lifespans of 25, 30 and 35
years considering a clear design day, being Inconel 740H the alloy regarded as
the reference one.
Reference

740H

Alloy

Life
(yrs)

Calloy,i
($/yr)

Ealloy,i
(MWh/yr)

Cref
($/yr)

LCOA
($/MWh)

230

25
30
35
25
30
35
25
30
35
25
30
35

36,742
33,402
31,016
2,537
2,114
2,296
35,322
31,538
34,241
32,501
29,793
27,858

382,701

103,730
96,062
90,585
103,730
96,062
90,585
103,730
96,062
90,585
103,730
96,062
90,585

0.01
0.01
0.01
0.28
0.26
0.25
0.09
0.08
0.09
0
0
0

316H
625
740H

134,706
296,076
383,394

Ref. [95], all of them referred to as specialty costs. Each tube is con
nected to two nozzles and is welded to two headers and six clips. The
welding of the tubes-to-header require 1.5 man-hours, the tubes-to-clip
ones need 1 h, and the nozzles demand 2 man-hours, with the cost
estimated to be of 65 $/man-hour (2010); this has also been adjusted to
inflation, giving a cost of 77.35$/man-hour. The costs associated with
having to shut-down the plant to undertake the panels substitutions are
omitted since, with the forecast of their expected lifetime, they can be
scheduled in advance to take place in unfavorable operation conditions,
such as a series of winter days. If considered, these would penalize the
Inconel 625 receiver over the rest of alternatives in the 25, 30 and
35-year lifespans since it presents panels that need to be replaced more
than once. Alloy 316 would be penalized only in the 35-year alternative.
For the rest of the cases, even if the panels would need to be replaced at
different times, a synchronized substitution could be programmed as
well.
As a result of all the above, a summary of the different aspects
considered in the present costs comparison is shown in Table 10, having
omitted the Incoloy 800H receiver due to its poor results, as commented
in Section 4.2.3. Moreover, the ratio of the receiver cost over the thermal
power that such receiver can produce in the design day is included.
Given the disparity found in the operating conditions that these re
ceivers can endure, it is a suitable metric to compare them. The general
costs distribution is around a 30% due to the alloy cost, around a 20%
due to the coating and a 46–50% due to the specialty costs. The only
exception is the alloy 316H receiver, given the extraordinary low price
of such material. However, despite that low alloy price, such receiver is
highly penalized by the multiple panel substitutions that it must face to
fulfill the various expected lifetimes; hence, its total cost ends up being
similar to the cost of the receiver in 740H, the most enduring material

5. Conclusions
A set of solar power tower (SPT) molten-salt cylindrical central re
ceivers has been analyzed from the lifetime point of view and the costs
this implies, them being made of different alloys commonly used in the
present or similar applications: 316H, Haynes 230, Inconel 625, 740H
and 800H. The analytical model used for that end allows us to estimate
the creep-fatigue damage and it is based on experimental data available
in the literature. Also, as a part of this work, the corresponding co
efficients needed in such model have been obtained for each alloy by
fitting the mentioned data.
The analysis is performed for the same clear design day in all the
cases, with an hourly time resolution; this constitutes a preliminary
analysis, given the ideal nature of the day selected which subjects to the
receiver tubes to long periods of time under high creep conditions. Such
critical creep is likely to be reduced in real days, with fluctuating direct
normal irradiance (DNI) and less hours of operation, which would cause
the results to differ under real receiver operation. It should be deter
mined then the extent of these divergences in further analysis, shedding
light on whether the obvious quantitative differences with respect the
clear day would be joined by qualitative ones, causing a different alloy
to be preferred over the others. During the analysis carried out in this
work, both the limitation of the film temperature to avoid the salt
excessive corrosive effects, and the look for the elastic shakedown
regime working conditions (elastic stresses below twice the yield
strength, 2Sy), impose the need of using different aiming strategies, and
even heliostat field availability, for each receiver, causing a disparity in
18

Solar Energy Materials and Solar Cells 231 (2021) 111317

M. Laporte-Azcué et al.

terms of total receiver cost over thermal power and of their levelized
cost of alloy (LCOA), despite being the two most expensive alloys, as
summarized in Table 12 for the 30-year goal. Moreover, the Inconel 625
receiver overtakes the alloy 316H one, with the latter penalized by its
low thermal power and despite the former being more expensive and
presenting a lower minimum EODs mark.

Table 12
Summary of the most relevant characteristics and results of the alloys studied
during the clear design day.
Alloy

230

316H

625

740H

800H

Corrosion
resistance
Yield strength
Thermal power
production
(MWt)
Stress reset
Minimum
equivalent
operating days
(EODs)
Total panel
substitutions
(30 years)
Levelized cost of
alloy (30 years)
($/MWh)

High
(650 ◦ C)
Medium
115.97

Low
(600 ◦ C)
Low
40.82

Medium
(630 ◦ C)
High
89.72

High
(650 ◦ C)
High
116.18

High
(650 ◦ C)
Low
116.64

No
6,027

Yes
5,087

No
3,042

No
6,153

Yes
33

6

12

12

4

–

0.01

0.26

0.08

0

–
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the thermal power these receivers can offer. Especially critical is the case
of the 316H alloy, whose low maximum admissible film temperature
(Tflim) set its thermal power to be around just one third of the maximum
one obtained for the set of receivers. For the same reason, the next
receiver on the list in terms of thermal power is the Inconel 625, being
the Haynes 230, the 740H and the 800H receivers the best alternatives in
this regard. Their film temperature and yield strength requirements, as
well as the subsequent thermal power production, are compiled in
Table 12 for reference.
Upon having established the aiming strategies, the effective creep
stresses can be obtained, taking into account the stress relaxation in each
case, which enables us to obtain the creep damage on the receiver more
accurately. In this case, the receivers in alloys 316H and 800H have the
great disadvantage of working under stress reset conditions (σ Eeq >
Sy,cold + SH ), as shown in Table 12, not being able to accumulate stress
relaxation over consecutive startup/shutdown cycles. On the other
hand, the fatigue damage is negligible in all the receivers due to the clear
design day with no transient interruptions. Then, the lifetime results
show the clear dominance of the 740H receiver over the rest. Its limiting
panel lasts just over 20 and a half years and is the receiver requiring the
least amount of panel substitutions to fulfill an operating lifetime of 25,
30 and 35 years. The next best performing receiver is the Haynes 230
one, also lasting just shy of 20 years but requiring the substitution of two
more panels with respect to the 740H one in each lifecycle mark. Then,
alloy 316H receiver is the one needing the greatest number of panel
substitutions for the 25-year operation and is at par with the Inconel 625
receiver for the 30 and 35-year ones. The minimum equivalent operating
days (EODs) for the former are 5,087 (around 17 years) and requires
multiple substitutions of the same panel just once and for the 35-year
lifetime scenario. On the other hand, the Inconel 625 receiver limiting
panel lasts only 3,042 (just over 10 years), below half the projected plant
lifetime in all the cases. Thus, some of its panels require more than one
substitution, even for the 25-year operation, with some of them needing
a triple replacement to last up to 35 years. Lastly, the Incoloy 800H
receiver performs poorly, with the least lasting panel operating during
just 33 EODs. The cited minimum lifetime results for each receiver as
well as the number of panel substitutions required for the 30-year ho
rizon are also included in Table 12.
A cost analysis is lastly fulfilled, considering just the receiver ele
ments affected by the panel substitutions -receiver tubes, headers,
coating, weldings and nozzles- given the great differences observed in
this regard among the receivers. This analysis is also motivated by the
big gap in terms of thermal power they can supply. Hence, for the
studied clear design day and with these aspects in mind, both Inconel
740H and Haynes 230 receivers validate their suitability over the rest, in

Acknowledgements
This research is partially funded by the scholarship “Ayudas para la
formación del profesorado universitario” [grant number FPU-02361]
awarded by the Spanish Ministerio de Educación, Cultura y Deporte
(MECD), the Spanish government under the project RTI2018-096664-BC21 (MICINN/FEDER, UE) and the call “Programa de apoyo a la real
ización de proyectos interdisciplinares de I+D para jóvenes inves
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Assessment of the time resolution used to estimate the central solar receiver
lifetime, Appl. Energy 301 (2021) 117451, https://doi.org/10.1016/J.
APENERGY.2021.117451.
[90] C.Y. Jeong, S.W. Nam, J. Ginsztler, Activation processes of stress relaxation during
hold time in 1Cr – Mo – V steel, Mater. Sci. Eng. 264 (1999) 188–193, https://doi.
org/10.1016/S0921-5093(98)01086-7.
[91] C.R. Brinkman, J.P. Strizak, M.K. Booker, Time-dependent strain-controlled fatigue
behavior of annealed 2 1/4 Cr-1 Mo steel for use in nuclear steam generator design,
J. Nucl. Mater. 62 (1976) 181–204, https://doi.org/10.1016/0022-3115(76)
90015-5.
[92] W.M. Payten, K.U. Snowden, D.W. Dean, Effects of prior stress relaxation on the
prediction of creep life using time and strain based methods, J. Pressure Vessel
Technol. 135 (2013) 1–8, https://doi.org/10.1115/1.4023726.
[93] J. Bree, Elastic-plastic behaviour of thin tubes subjected to internal pressure and
intermittent high-heat fluxes with application to fast-nuclear-reactor fuel elements,
J. Strain Anal. 2 (1967) 226–238, https://doi.org/10.1243/03093247v023226.
[94] A. Boubault, C.K. Ho, A. Hall, T.N. Lambert, A. Ambrosini, Durability of solar
absorber coatings and their cost-effectiveness, Sol. Energy Mater. Sol. Cells 166
(2017) 176–184, https://doi.org/10.1016/j.solmat.2017.03.010.
[95] B. Kelly, M. Izygon, L. Vant-Hull, Advanced Thermal Energy Storage for Central
Receivers with Supercritical Coolants, Lakewood, CO, 2010, https://doi.org/
10.2172/981926.

21

