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Abstract

Seeking for greener alternatives to decrease the dependence on fossil fuels, one
of the main challenges faced is their variability due to the ambient conditions.
Among the renewable options, some concentrating solar power technologies can
integrate thermal storage systems; this increases their cost but results in firm
and flexible plants, able to dispatch energy even during solar resource interrup-
tions. In this regard, solar power tower plants working with molten salt allow a
direct integration of such thermal storage, coupled to a conventional subcritical
Rankine cycle. However, the solar tower receiver is one of the most critical
subsystems, working under extremely demanding conditions: high uneven heat
fluxes and cyclic operation due to diurnal cycles and cloud passages. These can
jeopardize its reliability, being necessary to improve their design and operation
to diminish such risk and thus make the whole plant more economically appeal-
ing. The fist step in that path is to determine the temperature on the receiver
tubes, which can result in a task with a high computational cost since it varies
with the sun position and the DNI. Then, the elastic stresses and strains dis-
tribution on the receiver tubes can be obtained. Finally, the receiver lifetime
estimation can be performed, considering the creep and fatigue damages. With
that in mind, this thesis comprehends:

The development of a low computational cost model to obtain the tempera-
ture distribution on the receiver tubes, discretized in circumferential and axial
divisions, taking into account the multiple reflections and emissions happening
on the receiver surfaces. This thermal model integrates an exergy one, allowing
to explore opportunities to enhance the receiver performance.

Then, a low computational cost model is proposed to calculate the elastic
stresses and strains on the receiver, based on the thermal forces and moments
on the tubes. It considers the temperature dependence of the tubes material
properties and allows to study different mechanical boundary conditions such
as the tube free bending, the inclusion of intermediate supports, and even an
infinite number of them (generalized plane strain scenario).

Lastly, the creep and fatigue damages on the receiver, and the subsequent
lifetime results, are investigated. For that end, the receiver thermal and me-
chanical restrictions are watched, ensuring not surpassing the film temperature
limit, to avoid accelerated corrosion, and the stress reset limit, that would pre-
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vent the desirable global stress relaxation. The damage analysis allows us to
determine the most suitable alloy alternative for the receiver tubes manufac-
turing, considering their lifetime prospects and power production potential to
perform an economic study. Then, the most adequate time discretization for
the damage analysis is examined during a clear-sky day, regarding the accu-
racy of the results and the computational cost and taking into account the
receiver hours of operation required for the thermal energy storage system fill-
ing. Moreover, the results obtained when selecting several days throughout the
year instead of just a representative one are also investigated. Subsequently,
the influence of the cloud passages and hazy days is determined, showing that
fatigue damage has a less relevant role than the creep one in the resulting re-
ceiver lifetime. Fatigue is mainly affected by multiple star-ups during the day,
being the effects of small cloud transients negligible. In high energy days, which
are the most common ones at the location studied–as should be for any suitable
location for concentrating solar technologies–, the long operating of the receiver
favors high creep levels.



Resumen

Uno de los principales retos en la búsqueda de alternativas renovables con el
fin de reducir la dependencia de los combustibles fósiles es la variabilidad de
las fuentes de energía renovables. Entre las opciones renovables, algunas tec-
nologías de concentración solar pueden integrar sistemas de almacenamiento
térmico; estos incrementan su coste, pero dan lugar a plantas firmes y flexibles,
capaces de proporcionar energía incluso en períodos de interrupción del re-
curso solar. En este sentido, las plantas termosolares tipo torre trabajando con
sales fundidas permiten la integración directa del sistema de almacenamiento,
acoplado a un ciclo de Rankine subcrítico convencional. Sin embargo, el recep-
tor de torre es uno de los subsistemas más críticos, trabajando en condiciones
extremadamente exigentes: altos flujos de calor no uniformes y una operación
cíclica causada por la alternancia de periodos diurnos y nocturnos así como por
los pasos de nubes. Estos pueden hacer peligrar su fiabilidad, siendo necesario
mejorar su diseño y operación para reducir tal riesgo y hacer que el conjunto
de la planta sea económicamente más atractivo. El primer paso hacia esa meta
consiste en determinar la temperatura en los tubos que integran el receptor,
lo que puede ser una tarea computacionalmente costosa ya que depende de la
radiación directa y la posición del sol. Tras ello, la distribución de tensiones y
deformaciones elásticas en los tubos puede obtenerse. Finalmente, esto permite
llevar a cabo una estimación del tiempo de vida del receptor, teniendo en cuenta
los daños por fluencia lenta y fatiga. Con todo esto, la presente tesis doctoral
comprende:

El desarrollo de un modelo de bajo coste computacional para obtener la
distribución de temperaturas en los tubos del receptor, discretizados en divi-
siones circunferenciales y axiales, y teniendo en cuenta los múltiples intercam-
bios radiativos que ocurren en las superficies del receptor. Tal modelo térmico
integra un análisis exergético, permitiendo explorar las posibles oportunidades
de mejora de la eficiencia del receptor.

A continuación, se propone un modelo, también de bajo coste computa-
cional, para calcular las tensiones y deformaciones elásticas causadas por las
fuerzas y momentos térmicos presentes en los tubos. El modelo tiene en cuenta
la dependencia de la temperatura de las propiedades del material de los tubos y
permite estudiar distintas alternativas para las condiciones de contorno mecáni-
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cas, como la flexión libre del tubo, la inclusión de apoyos intermedios e incluso
un número infinito de ellos (condición de deformación plana generalizada).

Para concluir, se investigan los daños por fluencia lenta y fatiga en el recep-
tor, así como el tiempo de vida resultante. Para ello, se tienen en cuenta las
restricciones térmicas y mecánicas del receptor, garantizando temperaturas de
película por debajo de la admisible (para evitar una corrosión acelerada) y ten-
siones por debajo del límite de restablecimiento de tensiones, que impedirían la
relajación de tensiones, deseable ante tan altas tensiones y temperaturas en los
tubos. El análisis de daños nos permite determinar la aleación más adecuada
para la fabricación de los tubos del receptor, teniendo en cuenta su vida útil es-
perada, sus costes y la potencia térmica que permiten otorgar al receptor para
realizar un estudio económico. Tras esto, se estudia cuál es la discretización
temporal óptima para el análisis de daños, considerando la precisión en los re-
sultados y el coste computacional, así como el impacto de utilizar varios días a
lo largo del año en lugar de un único representativo. Finalmente, se investiga
la influencia del paso de nubes y de los días brumosos en el daño del receptor,
mostrando que el daño por fatiga tiene un menor peso que el daño por fluencia
lenta. El daño por fatiga está afectado en su mayor parte por los arranques di-
arios, siendo despreciables los efectos de los pequeños pasos de nubes. Durante
los días de alto nivel de energía, los más frecuentes en la localización estudi-
ada, como cabría esperar de cualquier localización adecuada para este tipo de
tecnologías, las largas horas de operación favorecen altos niveles de daño por
fluencia lenta.
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1.1 Motivation

The industrial revolution put fossil fuels in the energy sources spotlight, being
one of the main factors that helped drive it. In the form of coal in the first
industrial revolution and as petroleum and natural gas in the second, they are
responsible for the immense progress we still enjoy at the present day, from
industries to the reshape of transportation. However, attempts to reduce our
dependence on them sparked during the 70s fueled by economical aspects, when
the oil crisis skyrocketed petroleum prices. In addition, the last decades have
been key to raise awareness of environmental issues such as global warming
and have been an eye-opener regarding the negative impact these fossil fuels
entail (IPCC, 2018). With that new mindset, and also looking at their poten-
tial exhaustion, the room for fossil fuels becomes less and less, and the need
of developing and improving alternative and renewable energy sources grows
stronger. Thus, the rising tendency in the last years involving greener alterna-
tives use for electricity production comes as no surprise: the renewable energy
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share in power generation has increased from the 20% in 2010 to the 25% in
2017/2018 (IRENA, 2019).

In the renewable energy landscape, concentrating solar power (CSP) tech-
nologies are gaining relevance, circling the 100 plants-mark worldwide by year
2020 (Mehos et al., 2020) and having increased their capacity over a 396%
worldwide in the last decade (IRENA, 2020a). This ranks them third, just
behind the growth experienced by solar photovoltaic (PV) and offshore wind.
Moreover, from 2010 to 2018, the GWh of electricity production due to the
concentrated solar technologies have increased a 630% (IRENA, 2020a). In the
CSP plants, the direct normal irradiance (DNI) is reflected by an array of mir-
rors into the surface of a receiver device. Such solar radiation is transferred to
the heat transfer fluid (HTF) through its interior in form of thermal energy.
Then, said energy is converted into electricity in the power block. Some of these
technologies allow thermal energy storage (TES) which, depending on the HTF
through the receiver, can be either direct, by means of the heated HTF in
the receiver itself, or indirect, exchanging the heat transferred to the HTF in
the receiver to a different fluid more suitable for the storage; the TES enables
continued electricity production once the daily operation has ceased and pro-
vides these facilities a greater degree of flexibility on electricity dispatch, despite
their inherent variability due to the climate conditions dependence. Such is the
case of solar power tower (SPT) plants using molten salt as HTF, being able
to substitute the current combined-cycle plants in the load-following scenario.
Moreover, the TES contributes to the SPT economic viability since it enables
them to take part in ancillary grid services, opening the door to an additional
source of incomes (Madaeni et al., 2012). With respect to other renewable
technologies, such as wind or PV, molten-salt storage is still far way more com-
petitive than the large batteries these alternatives integrate to face the climate
conditions variability (Zurita et al., 2018; Mehos et al., 2017). Then, in com-
parison to other CSP technologies, SPTs using molten salt as HTF benefit from
the higher working temperatures they can reach (IRENA, 2012), which entail
greater steam cycle efficiencies, a greater capacity factor and lower TES costs.

Despite these advantages, the SPT installations still demand a great capital
investment, opposite to other renewable technologies. Moreover, this is ag-
gravated by the critical working conditions some of their elements must endure
since they could cause major unexpected issues that could jeopardize the project
economical viability. This consideration is specially relevant for the receiver,
with high uneven heat fluxes and a cyclic operation that favour the appearance
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of the creep and fatigue failure mechanisms. Given these extreme working con-
ditions, the placement of sensors to obtain accurate measurements regarding the
receiver operation is not feasible; consequently, high-resolution numerical and
analytical models are required in order to provide a better understanding of the
receiver behaviour, essential at the design and operation stages of the project.
The present dissertation is focused on the study of creep and fatigue damages
during the receiver operation following an analytical methodology. The thermal
and mechanical characterization of the receiver, required upstream the damage
study, is also approached from an analytical point of view.

1.2 Concentrating solar power

The basic principle of any CSP technology is the exploitation of the beam radi-
ation by reflecting it into the receiver surface, where is converted into thermal
energy. Thus, the CSP systems are commonly arranged taking into account how
that beam radiation is reflected. According to that criteria, four technologies
can be distinguished (Figure 1.1):

• Linear Fresnel: it is a line focusing technology in which a series flat or
slightly curved mirrors reflect the direct normal irradiance into a linear
receiver mounted in an independent structure. These mirrors are arranged
in long rows parallel to the receiver, being each row provided with sun-
tracking devices.

• Parabolic trough: it is also a line focusing technology with a linear
receiver mounted on the supporting frame that also holds the mirrors and
the sun-tracking device. The mirrors are arranged one after the other
forming a long trough and present a parabolic profile.

• Parabolic dish: a point focusing system constituted by a paraboloidal
mirror that concentrates the beam radiation onto a receiver placed at the
mirror focal point.

• Central receiver or solar power tower: a point focusing technology
where a field of mirrors aim towards the receiver placed at the top of a
tower.

Line focusing systems (Linear Fresnel and Parabolic trough) can be oriented
North to South or East to West; thus, they require less sun-tracking effort since
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(a) (b)

(c) (d)

Figure 1.1: CSP technologies (Solar Concentra, 2013). (a) Linear Fresnel, (b)
Parabolic trough, (c) Parabolic dish and (d) Central receiver.

they only have one rotation axis, reducing their cost. On the contrary, they
can reach lower HTF temperatures in comparison to the point focusing de-
vices (Parabolic dish and Central receiver): linear focusing technologies present
maximum temperatures from 400 to 500◦C, whereas the point focusing ones
can reach temperatures from 600 to 1000◦C (Richter et al., 2009). This PhD
thesis deals with solar power tower technology aspects and thus it is described
more in depth in the following section.

1.3 Solar power tower plants

The first central receiver of cylindrical design placed on top of a tower was
proposed by Hildebrandt et al. (1972). On the other hand, the first demon-
stration tower plants to use molten salt as HTF were Thèmis (France, 1983)
and MSEE (Molten salt electric experiment, US, 1984), both with cavity-type
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receivers (Lovegrove & Stein, 2012). An important step forward towards the im-
provement of the SPT technology designs as well as for understanding the main
challenges it faces were the demonstration projects Solar One (1982-1984. CA,
US), which mounted an external steam receiver, and its subsequent adaptation
to the molten-salt technology, Solar Two (1996-1999. CA, US). The latter was
coupled to a 10 MWe steam generator and was provided with a TES system
of 1,380 tonnes, which translated in 3 thermal storage hours (Pacheco, 2002).
Nevertheless, the plant was shutdown prior any commercial operation due to
multiple failures in the piping, steam generator and receiver.

This technology then experienced an hiatus that lasted until 2005 and served
to improve its components in order to reduce their cost and while increasing
their efficiency (Lovegrove & Stein, 2012). From there, several institutions and
organizations, such as Abengoa Solar, eSolar and Brightsource, showed interest
in developing commercial scale facilities. In 2010, the efforts culminated in
the construction of the first commercial SPT, Gemasolar (Solar Tres), located
in Spain and built by Torresol Energy. It produces 19 MWe and its TES
tank provides it an additional 15-hour autonomy (Torresol, 2021). Led by the
Gemasolar successful example, a number of commercial SPT plants with molten
salt have been built up to this day, such as NOOR III (2018, Morocco, with
7 h of TES and a turbine net capacity of 134 MWe), Atacama-1 (2018, Chile,
17.5 h of TES and 110 MWe) or Shouhang Dunhuang Phase II (2018, China,
11 h of TES and 100 MWe) (National Renewable Energy Laboratory (NREL),
2020). Additionally, the Dewa CSP Tower project (15 h of TES and 100 MWe)
is already under construction, with its start of operation forecasted by 2021,
and more projects are already being developed, Copiapó (Chile) or Redstone
(South Africa), showing the existing confidence in this technology.

Amid these promising instances, the other side of the story is told by the
once-cutting-edge Crescent Dunes SPT facility (NV, US), victim of a series of
severe technical and management problems. The 10 h of TES and 110 MWe
plant, that went operational in 2015, was temporarily shutdown for almost a
year (October 2016 - July 2017) due to a tank leak. Additionally, issues regard-
ing much lower energy production than expected had already arisen by that
time (Feldman et al., 2019). The USD 1 billion project was eventually found
unprofitable, leading to its exploitation contract (power purchase agreement,
PPA) being terminated in 2019 and with the US Department of Energy (DOE)
taking over the facility (Feldman et al., 2020), yet showing an uncertain fu-
ture. Although a rare instance, it serves as a reminder of the early stage at
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which this technology finds itself–compared to other CSP alternatives–and the
need to continue looking for its improvement in order for it to keep expanding
successfully.

1.3.1 Subsystems

The main subsystems of a SPT plant, depicted in Figure 1.2, are the heliostat
field, the receiver and the power block. Additionally, these facilities can also
incorporate a TES system. The aforementioned subsystems are detailed below.

Heliostat 
�eld

Tower/ 
Receiver

Thermal
storage
system

Power
blockCold

tank

Hot
tank

Pump

Power 
generator

Steam
turbine

Tower Condenser

Steam
generator

Receiver

Electric
grid

Figure 1.2: Solar power tower plant schematic representation.

Heliostat field

The heliostat field is an array of mirrors that concentrate the beam radiation
into the receiver surface. Each heliostat is constituted by a group of mirrors,
disposed either flat or with a slight curvature, and is provided with a two axis
sun-tracking system in order to follow the sun position with the maximum
precision.

In SPT systems, the heliostat field can present two different configurations,
depending on the receiver design. For an external cylindrical receiver, like the
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one studied in this dissertation, it is placed surrounding the whole receiver; on
the other hand, for cavity-type receivers and external billboard receivers, the
field is placed facing the receiver North side for a plant located at the Northern
Hemisphere.

Receiver

The receiver is a heat exchanger placed at the top of a tower in order to in-
tercept the direct normal irradiance reflected by the heliostat field. In the case
of cylindrical external receivers, these are constituted by a series of panels held
by a cylindrical frame. These panels comprise a series of vertically disposed
thin-walled tubes, with the HTF flowing in parallel through them. The path
described by the HTF varies depending on the configuration chosen, with the
HTF being able to go through just one path or through two parallel and sym-
metrical paths that may even present a cross-over between them. In any case,
the HTF alternates its flowing direction, upwards and downwards, from panel
to panel.

The goal of the receiver is to transform the solar radiation received into
thermal energy in the HTF. The latter can be selected from a handful of al-
ternatives: air/gas, water/steam, thermal oils, organics, molten salt and liquid
metals (Benoit et al., 2016). Some aspects to regard in the HTF selection are
the possibility to use it as thermal energy storage, its admissible temperature
range, its thermal properties, environmental impact or its cost. The use of
molten salt is widely extended in commercial plants, with instances like Gema-
solar (Spain), Crescent Dunes (Nevada, US) or Atacama (Chile). Its main asset
is their suitability for thermal energy storage. Moreover, molten salt present
good thermal properties at high temperatures and are cheaper than other al-
ternatives; their main drawback is their high freezing point. These salts are
distinguished by their composition, being solar salt (60% NaNO3 - 40% KNO3)
one of the most popular options for CSP applications.

Thermal energy storage system (TES)

The thermal energy storage system in nitrate molten salt SPTs is constituted
by two storage tanks, a cold and a hot one. The cold tank, at a minimum
temperature of 290◦C, contains the salt coming from the power block that will
be pumped trough the receiver, while the hot one helds the salt that have
left the receiver, at a maximum temperature of 565◦C. Whenever the power
generated in the receiver is sufficient to satisfy the power block demands, the
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salt is accumulated in the hot tank; however, if that is not the case, the power
block uses the storage molten salts to meet the demand.

The TES system in a SPT plant using molten salt is an almost mandatory
feature due to the salt excellent thermal storage properties–unlike other HTFs
like water/steam–, its chemical stability in presence of air or water–a critical
issue for the liquid metals alternatives–, and the benefits that the TES provides
to the whole facility. The thermal energy storage not only allows to mitigate the
effect of transient interruptions, for instance due to cloud passages, during the
receiver regular operation on the electricity production but also provides extra
hours of operation after the daily shut-down. In Gemasolar, for instance, the
TES installed allows to extend the plant operation up to 15 more hours, while
Atacama-1 benefits from 17.5 additional hours (National Renewable Energy
Laboratory (NREL), 2020).

Steam generator and power block

In order to convert the thermal energy of the HTF in electricity, SPT plants
operating with molten salt equip a steam generator consisting of an economizer,
an evaporator a superheater and a reheater. That way, the steam obtained
through these four heat exchangers presents the required conditions to use it
in the power block, which is a Rankine cycle. The steam turbine of the cycle is
coupled to an alternator, producing electricity.

1.3.2 Solar power tower receiver operation limits and is-
sues

From the testing facilities to fully operational SPT commercial plants, they all
have served to gather valuable information through the years about the princi-
pal problems this technology faces during operation. The report conducted by
Mehos et al. (2020) compiles firsthand information about these aspects through
the testimonies of individuals involved in currently-operating SPT plants, who
claim that the main issues faced have to do with systems involving salt, which
is the receiver case. A compilation of the SPT problematic is shown in Fig-
ure 1.3, with the multiple sources of failure involving the receiver underlined,
highlighting the wide variety of issues it can encounter; among these issues, the
ones addressed throughout this dissertation appear underlined in green. Ac-
cording to the cited report, receiver-associated problems account for the 42%
of the total of this technology issues, with salt-piping being the most brought
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Figure 1.3: Solar power tower technology issues. Adapted from (Mehos et al.,
2020).

up system for the receiver by the interviewed stockholders and ranking third in
the total facility.

Besides the actual impact of the problems the receiver encounters in SPT
plants, careful consideration should also be put in the fact that this subsystem is
the source of the principal limitations of the facility operation, highly influencing
its design as well.

Receiver reliability. Creep and fatigue damages.

Regular SPT external receivers operation conditions involve high non-uniform
heat fluxes on its surface: the front side of the tubes face the radiation reflected
from the heliostat field while the rear side is almost adiabatic (Marugán-Cruz
et al., 2016). This leads to great temperature gradients on its thin-walled tubes,
at their axial, radial and circumferential directions, which are responsible for
thermal stresses and deformations. The thermal gradients between the front
and rear side of the tubes cause their bending in the receiver radial direction,
while the thermal gradients among the halves of the tubes cross-section do the
same in the normal direction to the receiver radial direction one. Thus, the
final bending direction is a composition of both. In order to prevent the tubes
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Figure 1.4: Creep curve showing the different creep stages.

excessive bending, which could even lead to adjacent tubes touching one another
and, consequently, the apparition of hot spots, they are vertically guided by a
series of supports, commonly called “clips”, resulting in additional mechanical
stresses (Montoya et al., 2018). Besides the high operation temperatures, it
should also be considered that the SPT receiver operation is cyclic, not only
due to the night periods but also because of daytime inactivity periods caused
by the interference of clouds passing covering the heliostat field. In sight of
the typical operation conditions of the receiver, two main damage factors are
considered for the receiver tubes: creep and fatigue.

Creep occurs during dwell periods at high temperatures–around 0.3 times
the material melting temperature for metals (Ashby, 1983)–and stresses and is
defined as the slow accumulation of inelastic deformations over time, with the
material flowing slowly as if it were viscous, causing its mechanical degradation.
Now strain is not only dependent on the stress, but also the temperature and
time; hence, creep is characterized by a strain vs. time curve, in which three
differentiated stages can be described, Figure 1.4: primary creep, secondary
creep and tertiary creep. During primary creep the creep rate decreases pro-
gressively. Then, during secondary creep, the rate remains constant, and it is
regarded as the steady-state creep. Lastly, during tertiary creep, the creep rate
is accelerated and eventually leads to fracture, although creep damage defects
can initiate at early stages, prior the tertiary creep. Given the short duration
of primary creep and the danger that lies in the accerelated third stage, the
steady-state stage is the most commonly regarded in the design phase (Jones
& Ashby, 2019a), with the primary creep that occurs before it being assimi-
lated to a simple elastic deflection. Creep failure manifests by the formation of
creep voids or cavities (also called vacancies) on interior grain boundaries (see
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Figure 1.5) and two different creep mechanisms can occur in metals, depending
on the temperature, stress and grain size in some cases: i) diffusion creep, at
high temperatures and low stresses, ii) and power-law (or dislocation) creep, at
high temperatures and stresses, both following Arrhenius law. Then, two dif-
ferent diffusion creep mechanisms are observed (Meyers & Chawla, 2008): i.a)
bulk diffusion (Nabarro and Herring creep) and i.b) grain boundary diffusion
(Coble creep). The former occurs if the vacancy diffussivity dominates over the
grain boundary diffusion coefficient, and Coble creep occurs for the opposite
situation. Essentially, they imply the displacement of the vacancies from grain
regions normal to the tensile direction (or as normal as possible) towards grain
boundaries in the tensile direction, stretching the grain in that same direction
(Ashby, 1983; Jones & Ashby, 2019b); the difference between them strives in
the fact that the mass transport happens through the crystal in i.a), while
for i.b) the diffusion takes place through grain boundaries. Dislocation creep
can be either ii.a) climb-controlled or ii.b) glide-controlled, and they imply the
movement of dislocations besides the vacancies one. The main parameter to
measure creep resistance of alloys is the rupture time, temperature and stress
dependent.

A moderate creep, however, could be a reasonable design option since it
leads to stress relaxation of the material at elastic regime and constant strain.
Its basic principle is that the plastic strain caused by creep implies a reduction
of the elastic one, decreasing the stress on the component, Figure 1.6(a). The
same mechanisms involved during creep occur during stress relaxation. Nev-
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Figure 1.6: (a) Strain transference from elastic to inelastic during creep. (b) Global
stress relaxation during cyclic operation (solid line) and stress relaxation interrupted
by stress reset (dashed line).

ertheless, with cyclic operation, such as the one occurring in a SPT receiver,
the stress relaxation accumulation over time, known as global stress relaxation,
is subject to not surpassing the stress reset limit (Becht IV, 2011); otherwise,
shakedown to elastic cyclcic does not occur and the high stresses are reset once
the diurnal operation (cycle) starts again, with a new relaxation cycle happen-
ing and starting from the stress that has been reset, Figure 1.6(b).

Fatigue consists in the degradation of the mechanical properties of a material
during cyclic loading. Fatigue failure is characterized by the initiation and
propagation of cracks, Figure 1.5. Prior the crack appearance, the material
experiences microstructural changes, mainly driven by dislocation movements
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causing slip along the crystallographic planes (Ellyin, 1996). Eventually, the
agglomeration of dislocations serves as a strain accumulator and leads to the
formation of persistent slip bands (PSBs). The following deformations will
mostly concentrate on these PSBs, favouring the crack appearance. Then, in
absence of previous flaws, the crack initiation occurs at the surface and it is
observable at a macroscopic level. From there, the propagation occurs in the
normal direction of the solicitation and results in beach markings (macroscopic),
that originate during hold periods, and striations (microscopic), that advance
with the cycling. The failure occurs when eventually the remaining section
of non-fractured material cannot endure the load at which is subjected to.
Fatigue can be either high-cycle, with failure occurring between 104 and 108

cycles, or low-cycle fatigue, below 104 cycles. In solar central receivers, the
thermal cycling favours the appearance of the low-cycle type (Fahrmann &
Srivastava, 2014), which can be predicted with the Coffin-Manson law. The
fatigue phenomenon on SPT receivers has been a concern from this technology
early days (Kistler, 1987; Babcock & Wilcox Company, 1984; Narayanan et al.,
1985).

Both creep and fatigue are relevant aspects to address in the receiver design
phase since, besides the failure that they can lead to on their own, the working
conditions of SPT receivers favour the appearance of both, resulting in their
interaction and jeopardizing the receiver integrity even more. Fatigue appears
in the absence of hold times (or when these are short) and/or the strain ranges
are significant; on the other hand, creep is associated with great hold times
and lower strain rages. In an intermediate situation, see Figure 1.5, the fatigue
cracks interact with the creep voids, accelerating the cracking process and, thus,
the failure of the specimen in question.

Early days testing facilities were already a testimony of the demanding con-
ditions at which the receiver is subjected. Radosevich & Skinrood (1989) re-
ported that in Solar One, just one year after its production phase began, cracks
in the receiver tubes were found, which caused leaks and altered the schedule
of the plant. The bending and warpage suffered by the receiver tubes in Solar
One during its 3-year operation are shown in Figure 1.7. According to their
investigation, these cracks were the result of the thermal stresses due to the
temperature gradients on the tubes and clips, the mechanical stresses moti-
vated by the clips itself, and the weldings in the tubes. They concluded that
the weldings needed to be minimized and the supports redesigned in order to
decrease the solicitations in the tubes.
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Finally, in March and August 1986 and October 1987 absorp
tance measurements were repeated on all panels.

Figure 9 shows the average absorptance data for the receiver.
The results indicate that the receiver panels experienced a de
crease in absorptance with time. The average receiver absorp
tance was measured as follows: November 1982-0.92;
December 1983-0.90; September 1984-0.88. Repainting of
the receiver in December 1985 successfully restored the ab
sorbing characteristics of the panel surfaces. Solar absorptance
measurements made on the receiver in March and August 1986
showed that the average solar absorptance of the receiver was
about 0.97 and did not change, within experimental accuracy,
between March and August. However, by October 1987 the
absorptance decreased to 0.96.

The decrease in solar absorptance correlated with the higher
incident solar flux levels on the receiver panels and not with
the operating temperature of the panels. Dirt on the panels
did not appear to be a significant cause of the loss in solar
absorptance.

The Solar One experience showed that it was possible to
successfully repaint the receiver in the field and improve the
receiver's thermal performance. An increase of almost five
percentage points in the receiver efficiency was achieved by
repainting the receiver surface.

The Solar One receiver, because of funding limitations, was
completely repainted only once during its five years of oper
ation rather than the annual basis recommended by the plant
designer. For future solar plants, projections should be made
regarding the expected rate of degradation in receiver coatings
and the economic intervals for repainting.

Receiver Life. Solar One's receiver life evaluation included
the performance of the panel mechanical supports and the
occurrence of panel tube leaks since the start of receiver op
erations in February 1982. From February 1982 through July
1987 the receiver was operated seven days a week, from sunrise
to sunset, except when weather or hardware problems limited
operation. Thus, over five years of operating data were avail
able to assess the receiver's 30-year design life.

During plant operations tube leaks occurred on many of the
receiver boiler panels. The leaks were associated with cracks
at four distinct receiver locations. Two locations, which oc
curred after about eighteen months of service, were at the top
of the panels. The leaks at the top of the panels occurred at
the interstice weld between subpanels (Type I cracks) and on
the edge tube bend (Type II cracks). The third location, which
first occurred in July 1985, was on the back of the panels at
the panel support assembly (Type III cracks). The fourth lo
cation, which occurred in June 1986, was on the front side of
the north edge tube of one panel, about 13 ft (4 m) below the
top tube bend (Type IV cracks).

Panel structural modifications at the top of the panels and
changes in the receiver operating conditions were implemented
and these eliminated the Type I and II cracks. Start-up pro
cedures were revised to control temperature during start-up
and shutdown, and repairs of the receiver tube leaks were
carried out successfully.

Analyses indicated that the Type III cracks were caused by
thermal stresses due to temperature gradients across the panel
tubes and the panel support clips welded to the back of the
tubes. The panel supports were modified to relieve the thermal
stresses. The modifications did significantly reduce but not
eliminate the occurrence of the Type III cracks.

The Type IV cracks resulted from a high operating tem
perature experienced by the edge tubes. Cracking of this type,
termed "fire cracking," is found in superheated boilers when
the tube has operated at high temperatures. No modifications
were made to eliminate this type of leak since, through 1987,
only two north edge tubes experienced Type IV cracks.

The receiver experience concerning tube leaks has shown
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Fig. 10 Photograph of current panel warpage

that designs need to be improved to account for thermal cy
cling, and manufacturing techniques need to be changed to
eliminate the amount of welding required on the receivers.
Almost all tube leaks, except Types II and IV, were associated
with welds on the tubes. For future receiver designs, simpler
manufacturing techniques with less welding are needed.

The severity of panel warpage and bowing has increased
with time even though modifications were made to control the
warpage and bowing. The modifications consisted of altering
the panel roller supports to allow the supports to move more
freely. Figure 10, a recent photograph of the top portion of
the receiver, shows how severe these deformations are at the
present time. Panel warpage and bowing do not affect receiver
operation other than exposing the panel supports behind the
panel to incident solar radiation. However, such deformations
must be reducing the receiver life and most likely will lead to
additional tube leaks on the receiver. Additional insulation has
been installed to protect the panel supports.

Conclusions
The power production operation of Solar One was char

acterized by many successes. First and foremost, the plant
operation demonstrated the feasibility of reliably supplying
electrical power from Solar One to the Southern California
Edison utility grid. Plant availabilities of 80 percent or greater
(without the effects of weather) were achieved during each year
of power production operation. Power production operation
was routinely carried out under a wide range of plant condi
tions.

The power production operation demonstrated that a solar
central receiver plant could be operated by utility personnel
with skills no different than those needed to operate conven
tional power plants. Southern California Edison personnel
successfully operated and maintained the plant for over five
years. The plant operators adapted well to and preferred the
plant's distributed process controllers and programmable logic
controllers over the conventional control systems typically used
in older utility power plants.

Almost all of the Solar One performance goals were met.
Design goals pertaining to power output (megawatts of elec
tricity) were all met or exceeded. Parasitic power needs were
successfully reduced during the course of testing and were
significantly less than the plant design values.

Solar One did not produce as much electrical energy (me
gawatt-hours of electricity) as some early calculations had pre
dicted. The early predictions did not take into account or
overestimated actual useful insolation energy and actual plant
conditions, such as plant availability and mirror cleanliness,
which were less than the plant's design values. The plant op-
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Figure 1.7: Solar One recevier bending and warpage (Radosevich & Skinrood,
1989).

Moreover, in molten-salt receivers, special consideration should be put into
the interaction between the HTF and the tubes material since the latter is sub-
jected to the corrosive effects of the salt, which are particularly aggressive at the
elevated receiver operation temperatures (Patel et al., 2017). The combination
of the environment characteristics–HTF mixture, temperatures, etc.–, the se-
lection of a tubes material susceptible to corrosion, and the receiver operation,
cyclic and under high stresses, can lead to the appearance of stress corrosion
cracking (SCC) on the receiver if its design and operation are not adequate,
accelerating the failure of this component. Figure 1.8 shows the main factors
leading to SCC, as discussed by Bauer et al. (2013). Regarding the HTF, the
pressence of chloride impurities is one of the most hazardous aspects since it
favours the spalling of the oxide layer in-between the HTF and the tubes, expos-
ing the tube material directly to the corrosive medium. The chemical stability
of the HTF is also important in order to keep the corrosion levels controlled,
being required to prevent the HTF decomposition by limiting its temperature.
As for the tube material, the admissible film temperature–the tube temperature
in contact with the HTF–is a key parameter to watch. The materials with a
greater tolerance in this regard when working with molten nitrite salts are the
nickel alloys, typically being able to endure up to 650 ◦C, followed by stainless
Cr-Ni steel, 570 ◦C, (Bauer et al., 2013).

In Solar Two, chloride stress corrosion cracking (SCC) appeared in the
receiver tubes, suggesting the need substituting their current material, the
stainless-steel alloy 316, for an advanced one that could endure it (Litwin,
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Figure 1.8: Tubes material, environment and operation conditions intectaction
leading to stress corrosion cracking.

2002). As a result, two years after such testing facility became operational,
one of the panels was replaced by one constituted by tubes in an advanced
high-nickel alloy instead (Litwin, 2002). The panel location was specifically se-
lected to test its performance under one of the highest heat fluxes on the whole
receiver surface so meaningful results could to be obtained. After a 15-month
use with such new panel mounted, the receiver was dismantled and the panel
inspection showed no leaks or deflection. Consequently, the SPT receiver tubes
material selection must take the salt corrossive effects into consideration, and
the film temperature must be kept under the safe limits during operation to
avoid accelerated corrosion rates. The latter is achieved with the heliostat field
aiming strategy control.

Solar resource assessment

Solar radiation is available every day on the Earth surface and it becomes espe-
cially interesting for electricity production applications in locations benefiting
from a high DNI (Qiu & Li, 2019). The most favourable regions in such sense
are located in the commonly named “Sun Belt”, with a great amount of solar
radiation available, a vast quantity of sunshine hours and few cloudy periods.
However, despite these highly desirable conditions, an accurate solar resource
evaluation trough all the stages of the project, from the site selection and plant
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Figure 1.9: Shouhang Dunhuang operation during clouds period.

design to its operation, is key to ensure its success. Its overestimation can lead
to a higher damage on the tubes, while its underestimation could result in the
underperformance of the plant, yielding lower thermal powers than expected,
as occurred in Crescent Dunes (Feldman et al., 2019).

Short-term cloud passages usually occur in a matter of a few minutes and are
characterized by a variety of features such as their velocity, direction, transmis-
sivity or size (Augsburger & Favrat, 2013). These cloud transients are respon-
sible for descends in the expected clear-sky DNI, which lead to the transient
operation of the plant and may even cause its temporal shut-down. Two issues
are specially relevant regarding the DNI assessment: the time resolution and
the spatial resolution.

Approaching the plant design or making performance forecasts based on
DNI data provided with coarse time resolution measurements is not the most
suitable strategy to capture the transient operation of the plant over the day.
Consequently, the typical meteorological year (TMY) methodology, based on
previous DNI data acquired on an hourly basis for the location studied, is
unnacurate, being advisable to use time resolutions from 15 to 5 minutes (Mehos
et al., 2020). Ideally, the 1-minute time resolution would be used. Additional
aspects to take into account are the wind velocity, the atmospheric attenuation
and the mirrors soiling rates and mirror cleanliness. Related to the direction
and size of the clouds passing, the combination of both factors can result in
cloud transients that may not affect evenly the whole heliostat field during the
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duration of the transient. However, it should be noted that the usual DNI
data from a location comes from either a single point measurement or it is
averaged with the measures of multiple points within a certain area. Such
low spatial-resolution DNI measures cannot capture the partial coverage of the
heliostat field. This drawback is successfully dodged in the Ashalim SPT plant
(Israel), which is equipped with an heliostat field shaped especially unusually, by
mounting a photovoltaic sensor on every heliostat (Minis et al., 2019). Each PV
unit, aimed to charge the battery that provides energy to their corresponding
heliostat, is also understood as an insolation sensor, which can measure the
DNI for that particular heliostat when combined with a few more fixed sensors
through the field. Thus, following such approach, the heliostat field aiming
strategy can be accurately selected and the heat flux on the receiver surface
can be properly estimated. Yet, if a finer DNI spatial-resolution control is not
feasible, it should be at least considered that, in a two-paths receiver, each half
has its individual needs due to the different incident heat flux at every time
instant due to the sun movement.

1.3.3 Costs, efficiencies, and improvement potential

A great drawback of SPT plants has been the initial capital investment they
require. Despite its already listed benefits opposite to other CSP technologies,
SPT penetration in the commercial scale market has been lesser when compared
with parabolic trough, preventing it from benefiting from a more accelerated
technology improvement and economies of scale appearance on its components
manufacturing process (Lilliestam et al., 2017). Nevertheless, the trend is cur-
rently changing thanks to the learning acquired through the pioneer molten-salt
SPT projects and the greater scale it is developing (Murphy et al., 2019). A
study conducted by IRENA (2016) projected a descend on the installed cost of
SPT of a 37% over a ten-year horizon, from 2015 to 2025; effectively so, SPT
installed cost have remarkably fallen thus far, dropping from 7, 650 USD/kW in
2015 to an average around 5, 200 USD/kW (all costs adjusted to 2019 inflation),
a descend of a 32.3% (IRENA, 2020b).

For SPT facilities, the total installed cost breakdown (IRENA, 2012) shows
that the heliostat field is the most expensive subsystem (∼38%, (Kolb et al.,
2011)), followed by the receiver (∼17%, (Singer et al., 2014)) and, then, the
power block and TES. According to the DOE SunShot initiative goals set for
2030 (Murphy et al., 2019), the current SPT improvement relies on its sub-
systems costs reduction while increasing their lifetime and efficiency, driven by
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research and development (R&D) activities:

• The heliostat field cost, currently at value near to 100 $/m2 (above the
SunShot inititative goal for 2020 (US Department of Energy, 2021)) is
expected to drop below the 50 $/m2. Its optical errors are to be lower
than 3 miliradians.

• As for the receiver, the costs goal for 2020 was below 150 $/kWt (US
Department of Energy, 2021), while for 2030 it has been lowered down to
120 $/kWt. They are expected to endure over 10,000 cylces and provide an
efficiency above the 90%. According to IRENA (2016), the focus should be
put in the latter to reduce the plant levelized cost of electricity (LCOE).

• The TES costs are set to decline around a 33%, reaching a 15 $/kWt.

• The power block gross efficiency target is established in 55% and its costs
are expected to be around 900 $/kWe.

• Operation and mainteinance costs (O&M) aim to a 40 $/kW-yr value,
descending from the 2017 reference one, 66 $/kW-yr.

For the 10-year horizon from 2015 to 2025, IRENA (2016) set the possible
SPT LCOE descend by a 43%, from 2015 values ranging between 0.15 $/kWh to
0.19 $/kWh. Such decrement would be mainly due to the reduction of installed
costs (up to a 61%). Overall, SPT plants yield improvement would lead to a
higher electricity output, responsible for up to a 25% reduction of the LCOE.
Moreover, despite the thermal storage was initially regarded as uneconomic
from the capital investment point of view, it has turned to be a decisive factor
for increasing the capacity factors and a descend on the LCOE, and so sparking
additional interest besides the straight-forward benefits its intrinsic flexibility
provides during operation. So much so that since 2015 only one SPT project
has been installed with no TES; the majority of the projects present a TES of
4 hours or above, being the average TES installed of 7.7 h in the 2015 to 2019
period (IRENA, 2020b). This situation brings yet more to light the interest
of the molten salt use. Currently, additional SPT projects under development
invite to further optimism regarding the future of this technology. Such is the
case of the fourth phase of Mohammed bin Rashid Al Maktoum Solar Park
(Dubai) (Lilliestam & Pitz-paal, 2018). It presents an extraordinarily low PPA
of USD 0.074/kWh, being its long projected lifecycle–35 years opposite to the
usual 25–the second cause of such plummeting (IRENA, 2020b).

Hence, ensuring a long-enough lifetime for the SPT components turns out
key for the economic viability of future projects, as well as its yield improvement.
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1.4 Scope of the thesis

The challenges still faced today by SPT technologies motivate the main objec-
tives of the present Ph.D thesis, summarized below:

• Development of a high-resolution analytical method to study the SPT
tubular receivers from a thermal and exergy perspective. Aspects such as
the influence of the tubes coating degradation, the aiming strategy selec-
tion and the ambient temperature of the location facility are investigated
in order to find potential room for the receiver exergy yield improvement.

• Development of an analytical model to obtain the thermal elastic stresses
and strains, as well as the mechanical ones resulting from the tubes bound-
ary restrictions to prevent their excessive bending. The accuracy of the
proposed methodology, which takes into account the properties tempera-
ture dependence, is numerically validated.

• Creep and fatigue damage analysis of the receiver tubes aiming to predict
their lifetime.

• Global comparison of various alloys alternatives for the receiver tubes
manufacturing, taking into account their operation limits, expected life-
time and the power supplied by the receiver in each case. For different
lifespan horizons, determination of which alloy is the most economically
beneficial. A costs metric, similar to the LCOE or the levelized cost of
coating (LCOC), is proposed for the receiver alloys: the levelized cost of
alloy (LCOA).

• Assessment of how the lifetime estimation results are influenced by the
time resolution selected for the analysis during a clear-sky day. Inves-
tigation of the suitability of picking just one design day to perform the
lifetime analysis, opposite to a representative set of days throughout the
year.

• Shed light on which is the main damage mechanism under conventional
operation conditions, either during clean days or with transient interrup-
tions.

• Lifetime analysis of the receiver during transient conditions operation,
considering different types of days, clustered according to their energy
level, variability and distribution during the day.
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1.5 Outline of the thesis
Seeking to tackle the cited objectives, the dissertation has been organized in 7
Chapters. Chapters from 2 to 6 have been written as independent articles, with
their own abstract, introduction, notation and bibliography.

Chapter 2 presents an analytical thermal model of the receiver. It is comple-
mented with a module to study the exergy in the receiver dissecting the various
heat transfer processes involved, from the beam radiation reflection by the he-
liostat field to the heat conduction trough the receiver tubes wall into the HTF.
It is a high-resolution method that takes into account the multiple reflection
and absorptions occurring among the receiver tubes, ambient and rear wall,
with the tubes being discretized in axial and circumferential divisions. Since it
provides information on the different process contribution to the irreversivility
share, the model is used to study the influence in the system exergy of issues
such as the tubes coating degradation, heliostat field aiming strategy or site
selection.

As a starting point for the receiver tubes mechanical evaluation, an analyt-
ical method to obtain the thermal and mechanical elastic stresses and strains
is introduced in Chapter 3. The main characteristic of the mentioned model
is that it regards the tubes material properties dependence, with its accuracy
being validated against a numerical method. The results show the importance
of such properties temperature dependence consideration opposite to having
them being constant.

Upon the calculation of the elastic stresses and strains in the receiver tubes,
Chapter 4 follows an analytical creep-fatigue damage model to estimate the
lifetime of the receiver panels, taking into account the elastic-plastic stresses
and strains, the stress relaxation phenomenon and the thermal and mechanical
limits of the receiver, which determine the allowable flux density (AFD) on
the receiver surface. Various alloy alternatives for the tubes manufacturing are
compared in terms of their expected lifetime during a clear-sky day, without
disregarding their disparate thermal outcomes. For a fixed plant lifecycle hori-
zon, the analysis is expanded to an economic dimension, considering the costs
of each particular receiver–including the panels substitutions required by each
alloy–and the thermal energy they provide. The levelized cost of alloy (LCOA)
metric proposed constitutes a direct comparison indicator between material
options.

Then, in Chapter 5, the damage and subsequent lifetime estimation of the
receiver are investigated more in-depth by studying the impact of the time res-
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olution selection for the analysis. Besides considering the AFD thermal and
mechanical limits introduced in the previous Chapter, a TES tank that estab-
lishes the receiver hours of operation required to fill it is implemented in the
study. On the other hand, the suitability of just choosing one design day as
representative to perform the receiver lifetime forecast is put to test opposite to
a series of equally-spaced in solar altitude days through the year. The impact
of the TES tank capacity is also investigated in terms of its implications for the
receiver lifetime.

Continuing with the creep and fatigue damage mechanisms, Chapter 6 ex-
plores which one is more relevant during the receiver transient operation. Thus,
its operation is controlled by the fulfilling of favourable heat flux conditions on
the receiver surface as well as guaranteeing a previous preheat before each start-
up. The mass-flow rate and aiming strategy of the heliostat field are kept as the
clear-sky scheduled ones. Considering the DNI data of a whole year database
and arraging its days into clusters depending on the features of their DNI, the
creep and fatigue damages are obtained for three representative days–around
the spring equinox, the summer solstice and the winter solstice–of each kind in
order to explore the different alternatives in the creep-fatigue damage outcome.
The analysis of these cases is performed for both their actual transient DNI
and their corresponding clear-sky one. Subsequently, the whole year analysis is
carried out, resulting in the lifetime estimation of the receiver and providing a
final result on the magnitudes of each type of damage in the total share.

Finally, the main conclusions of the thesis are summarized in Chapter 7.

Nomenclature

N number of fatigue cycles
t time

Greek letters

∆ε strain range
ε strain
ε0 initial elastic strain

σ stress
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Abbreviattions

AFD Allowable flux density
CSP Concentrating solar power
DNI Direct normal irradiance
DOE US Department of Energy
HTF Heat transfer fluid
LCOA Levelized cost of alloy
LCOC Levelized cost of coating
LCOE Levelized cost of electricity
MSEE Molten salt electric

experiment
NREL National renewable energy

laboratory
O&M Operation and mainteinance costs
PPA Power purchase agreement
PV Solar photovoltaic
PSBs Persistent slip bands
R&D Research and development
SCC Stress corrosion cracking
SPT Solar power tower
TES Thermal energy storage
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Summary

A high-resolution method to analyse the exergy of the solar power tower (SPT)
external tubular receivers is presented, examining the different heat transfer
process involved individually. This sheds light on the role that each irreversibil-
ity source plays in the outcome, aiding in the receiver design and the facility
location selection. The exergy efficiency is around 32% in the base configura-
tion. Besides the exergy loss in the heliostat field, over 40%, it is found that the
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biggest exergy destruction cause are the radiation emissions and absorptions in
the tube outer surface, around 17%. From the remaining ones, the greatest are
the exergy destructed in the heat transfer fluid (HTF) and the one escaping to
the ambient (over 4% each). Then, the exergy balance for a variety of strategies
and ambient conditions is performed: optical properties of the tubes coating,
peak and flat aiming strategies, direct normal irradiation (DNI) and ambient
temperature. The heliostat field exergy loss rate only varies when changing
the aiming. However, the emission and absorption losses and the ones in the
HTF suffer the greater modifications with all the parameters studied. The im-
pact of the optical properties degradation, 1% descent in the efficiency per 5%
degradation, would advise repainting works in order to avoid greater exergy
destruction. The surroundings temperature modification impacts considerably
the exergy efficiency, showing the suitability of locations with low ambient tem-
perature and a moderate DNI: descends of over 0.35% occur every 5 ◦C increase
of the temperature for a fixed DNI.

2.1 Introduction

The potential SPT plant cost reduction asociated to its yield improvement mo-
tivates the efforts of trying to increase these facilities performances, especially
focusing the attention on the most critical subsystems. It is worth stressing
that for any energy source the most important aspect consists in determining
what is the maximum quantity of energy that can be transformed in useful
work. In order to achieve greater efficiencies, it should be concluded what that
solar energy is capable of offering in the SPT plant: its real potential and the
ways to maximize its exploitation. Hence, the different causes of losses and ir-
reversibilities should be studied to obtain the actual profitability of the energy.
For that purpose, the exergy efficiency analysis is key since it indicates the
quality of the energy, considering the useless fraction of it due to irreversibil-
ity. More precisely, the work production potential of a certain substance can be
studied analyzing its exergy, while for a certain process, the exergy conservation
equation is the suitable procedure.

In the solar thermal energy field, and more specifically in the receiver sub-
system, the main exergy to analyze is the exergy of radiation of the processes
involved. The numerous emissions and absorptions that convert radiation en-
ergy into heat are irreversible processes, resulting in exergy losses. The exergy
depends highly on the temperature of the absorbing surface, increasing when



2.1. Introduction 29

the temperature grows. Hence, it is understandable the low exergy efficiency
in solar driven processes and devices (Petela, 2005): the Sun temperature is
around 6000 K and its exergy is degraded to a maximum temperature of 840 K
in the HTF outlet, in the case of a solar salt receiver. The exergy efficiency also
increases the lower the ambient temperature is, since a substance or process
can produce work until it reaches the dead state, which is no other that the
thermal equilibrium with the surroundings. Thus, in a SPT plant is not only
important the DNI in the location selected, as stated above. There is also room
for improvement in the way that solar irradiation is used for the electricity
production.

Given its relevance and usefulness in process engineering, some authors have
focused their research in understanding the exergy of radiation. Petela (1964)
paved the way, introducing the equations for the calculation of such radiation
exergy. He later further developed his previous studies (Petela, 2003), where
he found that there is an optimum temperature for the absorbing surface. A
reasonable outcome since a high temperature translates in a higher exergy but
it also produces greater energy losses due to the emission of the surface. The
results obtained by Petela regarding radiation exergy were reaffirmed by Can-
dau (2003). In a more wider field, second law analysis gained popularity in
the analysis of heat transfer processes, introducing the entropy minimization in
the design process and highlighting the importance of the study of irreversibil-
ity in the thermodynamic performance of heat transfer devices (Bejan, 1982).
The work by Flesch et al. (2020) remarks the relevance of the thermophysical
properties of the HTF used in the heat transfer devices regarding the entropy
generation minimization.

Different exergy analysis of concentrating solar power (CSP) receivers have
been found in the literature. An experimental exergy analysis of a cylindrical-
parabolic cooker was performed by Öztürk (2004), motivating its latter analyti-
cal study (Petela, 2005). The linear Fresnel receiver has also been studied from
the exergy viewpoint (Cocco et al., 2017), as well as the parabolic through
receiver (Padilla et al., 2014; Bellos & Tzivanidis, 2017, 2019). In (Bellos &
Tzivanidis, 2017), the parabolic through receiver is analyzed operating not only
with a liquid HTF, Therminol VP1, but also with air, both under various flow
rates and inlet temperatures. Other aspects such as the wind velocity or the
solar irradiation are examined by Padilla et al. (2014) for a silicone heat trans-
fer fluid. An in-depth review of the literature available related to the exergy in
parabolic collectors is presented in the work by Kumar et al. (2020). Regard-
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ing the SPT technologies, Pye et al. (2014) tested different HTF alternatives
performing an exergy analysis of the receiver, proving the great performance of
molten salts; however, it did not take into account the circumferential variations
of the tubes temperature nor the multiple reflections between surfaces. Not only
the receiver subsystem has been studied but also the concentrators (Asselineau
et al., 2018) of all CSP technologies and the power block (Gómez-Hernández
et al., 2018), including supercritical cycles (Novales et al., 2019; Hernández-
Jiménez et al., 2019). In the literature, there can be found several global anal-
ysis of SPT plants, which have shown that the receiver is among the elements
suffering from greater exergy losses (Pye et al., 2014; Gómez-Hernández et al.,
2018; Kouta et al., 2016) given the high heat fluxes exchanged on that device.
However, detailed analysis of the SPT receiver have not been yet conducted.

With everything presented above, the objective of this Chapter is to per-
form an exergy analysis of the receiver of a SPT plant, coupling its behavior
to the heliostat field, since it is the main subject of the radiation heat in such
facilities. The principal particularity of this study is that the thermal model
that precedes the exergy efficiency calculation has been done for the tubes of
the receiver discretized not only in axial divisions, but also in circumferential
ones. Hence, the exergy model also considers the temperature gradient in the
circumferential coordinate. In this study, the mentioned models are referred
to, respectively, as energy coarse grid model (ECGM) and exergy coarse grid
model (XCGM). The circumferential cells provide a more precise estimation of
the tube wall temperature distribution at its outer surface (Rodríguez-Sánchez
et al., 2014). As previously discussed, the temperature of the absorbing surface
is a highly relevant parameter in the exergy efficiency so this would lead to
a more reliable exergetic analysis. Hence, as opposed to the works found in
the literature, the tubes are not considered as a single exchange surface for a
certain length of the receiver, but rather a series of them, each one at their cor-
responding temperature. Moreover, the receiver tubes design implemented in
the ECGM is such that takes the minimum thickness that is able to endure the
pressure and the corrosive effects present during the receiver expected lifespan,
aiming to lower the entropy generation. In the present Chapter, Section 2.2
describes the discretization of the geometry of the receiver and shows the mod-
elling selected, both for the thermal resolution of the receiver with the ECGM
and the exergy balance and efficiency with the XCGM. In Section 2.3, the cho-
sen design parameters of the SPT plant are indicated: the ambient conditions
and the heliostat field and receiver configurations. The results obtained for the
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case of study are shown in Section 2.4, as well as the comparison with the ones
resulting from the modification of the optical properties of the tubes coating,
the aiming strategy of the heliostat field, the DNI and the ambient temperature.
The main conclusions reached with this analysis are summarized in Section 2.5.

2.2 Proposed modelling

In order to analyse the receiver, the discretization of its characteristic geome-
tries needs to be described, which is done in Section 2.2.1. Also, although the
present study is only focused on the receiver subsystem, the interaction with
the upstream elements and their influence cannot be neglected if the purpose is
to realistically analyse the behaviour of the receiver as a part of a SPT plant.
Hence, the configuration and behaviour of the heliostat field is especially rel-
evant for such study, since it dictates how the heat flux is distributed on the
receiver surface. In this case, the software tool FluxSPT[a] (Sánchez-González
et al., 2018) has been used for that end, serving as the optical model and pro-
viding the information needed to couple the heliostat field operation to the
receiver. Using that knowledge and data, the thermal model of the receiver
is separately developed, as presented in Section 2.2.2. With it, the receiver is
fully characterized in terms of energy exchanged between surfaces and trans-
ferred to the HTF during its steady state operation. The temperatures of the
diverse surfaces interfering are also obtained. Thereafter, the exergy analysis
of the receiver can be fully undertaken following the procedure in Section 2.2.3.
The interaction between the different models and modules used for the exergy
analysis of the receiver is shown in Figure 2.1.

2.2.1 Discretization of the receiver

The system studied is an external tubular receiver, which is now introduced in
a simplified way. Its particularities will be further detailed in Section 2.3, where
the selected case of study is presented. The receiver has at its core a cylindrical
shape that will be referred to as base cylinder or rear wall indistinctly. This base
cylinder reflects greater amount of insolation and serves of frame to support a
series of vertical panels that are constituted by the tubes conducting the HTF.
The panels are also composed by an inlet and outlet collector that, respectively,
distribute equally the HTF mass flow in all the tubes and regroup it.

[a] http://ise.uc3m.es/research/solar-energy/fluxspt/
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Figure 2.1: Models involved in the receiver exergy analysis.

To obtain the exergy generated in the receiver subsystem, the different
agents interacting need to be properly delimited: the receiver tubes, the base
cylinder and the ambient, as schematically depicted in Figure 2.2(a) for two
consecutive tubes of a panel. The tubes, whose length is named as Lt (m),
from all the panels are all equally divided in a series of axial and circumferen-
tial divisions. The axial divisions encountered by the HTF through its whole
path, from the receiver inlet to the receiver outlet, are counted with the index
h, that goes from 1 to m, being m the total number of axial divisions. These
axial parcels present a height of ∆z, which is selected long enough to allow the
assumption of the hypothesis of a bidimensional radiative heat exchange. Thus,
the interaction between axial divisions at different “levels” from one tube to the
other does not occur. It does not mean that just a single set of axial division
out of the whole receiver is studied, but that they must be analysed separately
depending on their z position. Hence, the study focuses on the exchanges in
one certain axial division level, h, at a time. This makes the circumferential
cells of the tubes the relevant ones for the energy exchanges between surfaces
at an axial position. The circumferential divisions in a specific axial level h of
one tube are collectively referred to as t and go from 1 to n. The rear wall
has been considered to be touching the rear side of the tubes, as represented in
Figure 2.2(b). Hence, for the radiative exchange, adjacent tubes can be reduced
to two tube halves facing, since they are confined between the rear wall and
the imaginary surface representing the ambient. This is not the case in real life
receivers, where there is a gap between the base cylinder and the tubes. Such
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(a) (b)

Figure 2.2: (a) Discretization of the geometries interacting in an external receiver
(b) Plant view of one axial division.

simplification has been adopted to ease the view factors calculation. It is a
reasonable assumption justified by the small distances between adjacent tubes
and between the tubes and the base cylinder. Thus, given the symmetry of the
present scenario, n is the total number of parcels in half the cross section of a
tube.

On the other hand, the rear wall is a portion of the base cylinder extending
between the two tubes halves limits. It is designated with the n+1 subscript and
it is also discretized in the same number of axial cells than the tubes. Therefore,
each set of half tubes divisions has a corresponding h rear wall portion with
a uniform temperature, Tn+1, along its surface but differing from one axial
division to another.

The emission of the tubes and the rear wall at a h level can be written as

Ei = AiεiσT
4
i , i = 1, 2, . . . , n+ 1, (2.1)

where Ai is the area of the different surfaces (m2), εi is the emissivity, σ
refers to the Stefan-Boltzmann constant (5.67×10−8 W/

(︁
m2K

)︁
) and Ti corre-

sponds to the temperature of each cell (K).
Lastly, the surface 0 is an imaginary surface that represents the ambient

around the receiver, which supplies in a diffuse way the direct insolation re-
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flected by the heliostat field. The surroundings find themselves at the following
temperature (Berger et al., 1984) in all of the h divisions

T0 = Tref = [(εambTg)4 + (εgTamb)4] 1
4

[εamb + εg] 1
4

. (2.2)

Here εamb and εg represent the ambient and ground emissivity respectively.
εamb depends on the ambient pressure, the temperature at the location of the
receiver, Tamb, the relative humidity and the solar time. Tg is the ground
temperature. This T0 = Tref temperature is taken into account for the thermal
analysis of the receiver and as the temperature of the dead state. However, the
temperature at which surface 0 emits is regarded to be the temperature of the
Sun surface, T0=TS , 6000 K, as considered by Petela (2005). At an h level, the
emission of the surroundings surface is

E0 = A0qhel, (2.3)

where A0 is the area of such surface and qhel is the heat flux arriving from
the heliostat field (W/m2). It is not a uniform heat flux as a whole; just like
the rear wall, it is divided in a series of h cells in which the heat flux is uniform,
but different from one division to the other, as it will be depicted in Section 2.4.

2.2.2 Thermal model of the receiver (ECGM)

The radiative exchanges between neighbouring tubes are analysed for just two
facing halves, as discussed in Section 2.2.1. Also, the present model contem-
plates not only axial divisions of the tubes but circumferential partitions as well,
which lead to a more accurate calculation of the radiation losses, increasing the
precision of the tube temperatures obtained (Rodríguez-Sánchez et al., 2014).

The initial parameters are the geometrical characteristics of the receiver and
the tubes, the inlet temperature of the HTF, Tin,HTF, and the desired outlet
one, Tout,HTF ref, as well as the heat flux on the receiver surface arriving from
the heliostat field at every h, qhel. Although the thickness of the tubes, th,
is assumed at the beginning alongside the rest of the geometrical parameters,
the model is designed so it is recalculated. The objective of the recalculation
is to finally set the thickness in the minimum value allowable to meet the
safety requirements, aiming to decrease the entropy generation of the receiver.
The temperature of the tube and rear wall surfaces, Tt and Tn+1, as well as
the HTF mass flow, ṁHTF, are also initially presupposed, although they are
recalculated, Tt,rec, Tn+1,rec and ṁHTF,rec, until the HTF leaves at the desired
outlet temperature.
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Figure 2.3: Iterative process of the thermal model.

The calculation process, illustrated in Figure 2.3, is performed as follows:

• In a certain axial division, h, the heat delivered to any surface j by any
surface i, Qij , is obtained considering the emission of surface i, calculated
with Eqs. 2.1 and 2.3. On the one hand, that heat is constituted by
emission leaving from i, Ei, and being absorbed by j with no intermediate
reflections. On the other hand, there is the emission arriving from i, Ei,
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to the absorbing surface j after a succession of reflections involving the
rest of the surfaces (k, l, . . . ) that are also included in the system. Such
reflections occur in between the “departure” of the radiation from i and
the “arrival” to j. Hence, the heat Qij is obtained as

Qij = EiFijαj +Ei

n+1∑︂
k=0

FikρkFkjαj +Ei

n+1∑︂
k,l=0

FikρkFklρlFljαj +. . . , (2.4)

where Fij is the view factor between the surfaces involved in the radiative
exchange, αj is the absorptivity of the surface receiving the heat from i,
and ρ is the reflectivity of the intermediate surfaces reflecting the emission
leaving i. The summation terms regarding the multiple reflections are
added in an iterative process until Qij converges. This set of equations
for the delivered heat can be written in matrix form as

Qdeliv =

⎛⎜⎜⎝
Q00 · · · Q0,n+1

...
. . .

...
Qn+1,0 · · · Qn+1,n+1

⎞⎟⎟⎠ = EΦA+EΦRΦA+EΦRΦRΦA+. . . ,

(2.5)

with E, R and A being diagonal matrices for the emission, reflectivity
and absorptivity of the surfaces and Φ being the view factors matrix:

E = diag (E0, . . . , En+1) ,

R = diag (ρ0, . . . , ρn+1) ,

A = diag (α0, . . . , αn+1) ,

Φ = (Fij) , i, j = 0, 1, . . . , n+ 1. (2.6)

The optical properties for the heat leaving the ambient, i = 0, are all
(surface i, surface j and intermediate surfaces k, l . . . ) in the visible
spectrum, while the properties for the heat leaving the rest of the surfaces
i = 1, 2,. . . , n + 1 are the ones in the infrared spectrum. Hence, the
matrixes E, A and R presented above have two variants, one for the visible
spectrum properties and one for the infrared spectrum properties. This
means that the heat delivered matrix, Qdeliv, is also obtained for these
two cases. The definitive Qdeliv is composed by the row corresponding to
i = 0 in the visible spectrum Qdeliv matrix, and the rows from i = 1 to
i = n+ 1 from the infrared spectrum one.



2.2. Proposed modelling 37

With all of the above, the total heat arriving to a tube division j and the
rear wall can be expressed as

Qdeliv,j =
n+1∑︂
i=0

Qij , j = 1, 2, . . . , n+ 1, (2.7)

while the radiation losses can be understood as the heat delivered to the
ambient,

QRL = Qdeliv,0 =
n+1∑︂
i=0

Qi0. (2.8)

• Hence, the net heat intercepted by the j surface, prior the external con-
vection losses, is the difference between the heat extracted from it and
the heat delivered to it that it absorbs.

Qnet,j = Ej −Qdeliv,j . (2.9)

A negative net heat means that the surface absorbs energy indeed, while
a positive one indicates that it delivers heat to the system. The addition
of all the net heats involved in the system must be zero,

n+1∑︂
j=0

Qnet,j = Qnet,0 +Qnet,t +Qnet,n+1 = 0, (2.10)

where Qnet,t =
∑︁n

j=1 Qnet,j . However, the heats will be treated in terms
of their absolute value for the following calculations.

• The external convection losses, QCL,ext are obtained as

QCL,ext,j = hext,jAj(Tj − Tref), j = 1, 2, . . . , n, (2.11)

where Aj is the area (m2) of surface j and hext is the external convec-
tive coefficient (W/

(︁
m2K

)︁
), obtained for cylindrical external receivers as

presented by Siebers & Kraabel (1984), taking into account both natural
and forced convection.

• Once Qnet and QCL,ext are known, the heat absorbed by the tubes can be
calculated

Qabs,j = Qnet,j −QCL,ext,j , j = 1, 2, . . . , n, (2.12)
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• It is considered the turbulent and fully developed regime flow of the HTF
so the Petukov correlation is used to obtain the Darcy factor (Romeo et al.,
2002). That factor is used in the Gnielinski correlation (Gnielinski, 1976)
to calculate the Nusselt number for the internal convective coefficient,
hint. Then, the global transfer coefficient is obtained as

U =
(︃

1
hint

dext
dint

+ dext ln (dext/dint)
2kt

+Rfoul
dext
dint

)︃−1
(2.13)

taking into account the convection inside the tube, the effect of the ther-
mal conductivity of the tube wall with kt (W/ (mK)) and the fouling
inside the duct with the resistance Rfoul (m2K/W). The dext and dint (m)
are the external and internal diameters of the tube, respectively. Given
that for the first axial division, the inlet temperature of the HTF, Tin,HTF,
is known, the outlet temperature of the HTF is calculated as

Tout,HTF = T̄ t −
(︁
T̄ t − Tin,HTF

)︁
exp

(︃
Up∆z
ṁtCp

)︃
, (2.14)

where p is the tube perimeter (m), Cp is the specific heat at constant
pressure of the HTF (J/ (kgK)), ṁt is the HTF mass flow inside one tube
(kg/s) and T̄ t is the mean temperature in the tube surface (K):

T̄ t = 2
∑︁n

j=1 AjTj

p∆z . (2.15)

• The temperature of the tube is recalculated, since it was estimated at the
beginning of the process:

Tj,rec = Qabs,j

AjU
+ Tout,HTF + Tin,HTF

2 , j = 1, 2, . . . , n. (2.16)

Regarding the rear wall, it is considered to be reradiating, which means
that it is an adiabatic surface where the heat absorbed is equal to the
heat leaving from it. Thus, the net heat at surface n + 1 must be zero.
This allows us to recalculate the temperature at the rear wall as

Tn+1,rec =
(︃

Qdeliv,n+1
An+1 εn+1 σ

)︃ 1
4

. (2.17)

• Since the temperatures of the tube and rear wall were initially estimated,
the recalculated temperatures are checked with the previous ones. The
steps above are repeated until the temperatures of the precedent iteration
are within the selected tolerance range with respect to the recalculated
ones.
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• As for the following axial cell, its Tin,HTF is the same that the Tout,HTF

of the previous division, and so on. The Tout,HTF of the final cell of the
last panel must match the desired outlet HTF temperature, Tout,HTF ref.
Thus, the outlet temperature of the salts at the end of the receiver needs
to be checked. If it is not the one expected, a new mass flow of the HTF
is recalculated, and the previous procedure is performed again until the
convergence is reached. The new mass flow is established to be

ṁHTF,rec = ṁHTF + ṁHTF
[︁
T̄ out,HTF(end) − T̄ out,HTF ref

]︁
. (2.18)

• In the next step, the total pressure drop, ∆P (Pa) in the receiver is
obtained. Not only the straight tube sections are taken into account, but
also the elbows, straight connectors and manifolds need to be included as
a relevant part of the pressure losses (Idel’chik, 1960),

∆P =
∑︂

straight
fr

Ldṁ
2

2ddρC2 +
∑︂

exp/con

K
ṁ2

2ρC2 +

+
∑︂

elbow

[︄
1.3 − 0.29 ln

(︃
Re

105

)︃
× 0.21a1

(︃
R0
dd

)︃− 1
4
]︄

ṁ2

2ρC2 , (2.19)

where fr is the Darcy friction factor, Ld is the length of the straight
duct (m), dd is its internal diameter (m), ṁ the HTF mass flow through
that duct (kg/s) and ρ is the HTF density (kg/m3). Re is the Reynolds
number, C is the cross section area of the tubes (m2), R0 is the elbow
curvature radius (m) of the pipe, a1 is a coefficient depending on the angle
covered by the elbow and K is the resistance coefficient for expansions
and contractions happening at the inlet and outlet of the manifolds:
Kexp = (1 − C1/C2)2 and Kcon = 0.5 (1 − C2/C1) (Idel’chik, 1960).

• Knowing the pressure drop, the minimum allowable thickness can be ob-
tained. It must be such that the tubes are able to endure the working
pressure at their inside as well as the corrosive effects of the HTF flowing
through them during the whole operative life of the receiver. The term re-
lated to the corrosion, thcorr, is obtained as the corrosion ratio, cr, by the
expected lifecycle of the plant, lc. As for the pressure term, thpress, the
minimum thickness is calculated as presented in Section 8 of the ASME
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code for Boiler and Pressure Vessel (ASME, 2013),

thmin = thcorr + thpress = cr × lc+ ∆Pdint

2 (σadmE1 − 0.6∆P ) =

= cr × lc
σadmE1 − 0.6∆P
σadmE1 + 0.4∆P + ∆Pdext

2 (σadmE1 + 0.4∆P ) . (2.20)

Here σadm (Pa) is the maximum admissible tensile, evaluated at the tube
working temperature and E1 is the joint efficiency factor coefficient, that
takes the value 1 for seamless tubes. While the second part of the equa-
tion is originally presented in terms of the internal diameter, the global
expression has been recalculated to write it related to the external one.
This is so to avoid the modification of the external diameter with the
new thickness when working with the internal diameter expression, which
would lead to a possible number of tubes per panel alteration, complicat-
ing the iterative process. If that minimum thickness calculated does not
correspond to the one initially selected, the whole process is done over
from the beginning, taking this minimum thickness as the new value for
the next iteration.

2.2.3 Exergy calculation (XCGM)

In a SPT central receiver, the energy conversion from solar irradiation to heat is
a radiation driven process. Thus, relying on radiation heat, optical properties
and geometry pay an important role. To study the exergy in such receiver,
the different energy exchanges, from the Sun irradiating to the heat transfer
to the HTF, need to be included in the analysis. With that in mind, the
maximum efficiency ratio (Petela, 1964) must be obtained in the first place for
each emitting surface at each axial division as

ψi = 1 + 1
3

(︃
Tref
Ti

)︃4
− 4

3
Tref
Ti

, i = 0, 1, . . . , n+ 1, (2.21)

where, as stated in Section 2.2.1, T0 is the Sun temperature in the exergy
analysis. Therefore, ψ0 = ψS . This exergy efficiency ratio is a characteristic pa-
rameter involved in radiation processes and is obtained as the quotient between
the maximum work that can be obtained from radiation energy and the energy
of such radiation. Then, the processes involved in the SPT external receiver
are analysed with the expression for the exergy conservation. For a single axial
division the balance is written as

XS = Xopt +X0 +Xt +Xn+1 +XCL,ext +Xwall,t +XD,HTF +XHTF. (2.22)
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Figure 2.4: Exergies schematic representation.

On the one hand there is the solar exergy inlet of the system, that must
be equal to the different radiating fluxes, the exergy losses and destructions
due to irreversible processes in the receiver and the net exergy finally exiting
the receiver in the HTF, which is the difference between the exergy outlet and
inlet of the HTF, XHTF = Xout − Xin. The exergies appearing in an axial
discretization are depicted in Figure 2.4.

The different terms in the balance are:

• The exergy of the sunlight incident in the heliostat field,

XS,tot = ψSAmDNI. (2.23)

Being the DNI the direct normal irradiation (W/m2) and Am the total
mirrors area in the heliostat field. It represents the exergy initially enter-
ing the system. The subscript “tot” means that the exergy is referred to
the whole receiver, not just one axial division.

Some of that sunlight exergy is lost in the reflection and concentration of
the direct irradiation from the mirrors to the receiver surface. This is the
exergy loss in the heliostat field,

Xopt,tot = ψSAmDNI (1 − ηfield) , (2.24)

where ηfield is the average optical efficiency of the heliostat field. For an
axial division, the difference between XS and Xopt results in the exergy
arriving to the receiver through surface 0 at a certain h. Hence, it is the
emission E0 of that surface multiplied by the exergy efficiency ratio at
Sun temperature:

XS −Xopt = ψSE0 = ψSqhelA0. (2.25)
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• Part of the exergy escapes from the receiver system through surface 0
because of the reflections of the heat emitted by surfaces 0, 1,. . . , n+ 1,

X0 =
n+1∑︂
i=0

ψiQi0. (2.26)

This irreversible exergy loss can be divided into the fraction that escapes
the system which originally came from surface 0 and has not been ab-
sorbed by the tubes (just a reflection process), X0,refle, and the fraction
that comes from the emission of the tubes and the rear wall and reaches
0, X0,emi.

• There are also exergy losses due to the multiple irreversible emissions
and absorptions in the tubes. These losses exist because, although the
heat is eventually absorbed by the tubes, the availability of such heat is
dictated by its temperature, which can differ from the temperature of the
emitting surface. Therefore, such exergy destruction in j is obtained as the
difference between the exergy gains minus the exergy losses. Regarding
the gains, these are the heats arriving from surfaces i at temperature Ti

(ψiQij) and the heat needed for emission of surface j ((1 − Tref/Tj)Ej).
On the other hand, the exergy outlets are the emission of surface j at Tj

((1 − Tref/Tj)Qij) and the heat from surface i absorbed as heat by j at
temperature Tj (ψjEj):

Xt =
n∑︂

j=1
Xj =

n∑︂
j=1

(︃
1 − Tref

Tj
− ψj

)︃
Ej+

+
n∑︂

j=1

n+1∑︂
i=0

ψiQij +
n∑︂

j=1

n+1∑︂
i=0

(︃
1 − Tref

Tj

)︃
Qij . (2.27)

• The same irreversible exergy losses are present at the rear wall. Thus, in
this case, j is just surface n+ 1

Xn+1 =
(︃

1 − Tref
Tn+1

− ψn+1

)︃
Ej +

n+1∑︂
i=0

ψiQi n+1 +
n+1∑︂
i=0

(︃
1 − Tref

Tn+1

)︃
Qi n+1.

(2.28)

• Exergy destruction due to irreversibility of the external heat convection
in the j surfaces of the tube wall,

XCL,ext,t =
n∑︂

j=1
QCL,ext,j

(︃
1 − Tref

Tj

)︃
. (2.29)
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• Exergy flow in the tube wall, which deals with the heat conduction through
it,

Xwall,t =
n∑︂

j=1
Qabs,j

(︃
Tref
Tfilm

− Tref
Tj

)︃
= Tref∆Sth =

=
∫︂ ∆z

z=0

∫︂ 2π

0

kt

ln
(︂

1 + th
dint/2

)︂ (Tj − Tfilm)2

TjTfilm
dθdz, (2.30)

with Tfilm (K) being the salt temperature in contact with the tube internal
wall at j = 1, 2, . . . , n.

• Exergy destruction occurring in the HTF, considering the fouling resis-
tance and the internal convection when transferring the heat to the HTF
from the inner tube wall and the friction of the HTF with the tube walls
(Bejan, 1978)

XD,HTF = Tref∆Sgen = Tref (∆Sgen,∆T + ∆Sgen,∆P ) =

= Tref

⎡⎣∫︂ ∆z

z=0

∫︂ 2π

0

0.5 dint (Tfilm − THTF)2(︂
1

hint
dext
dint

+Rfoul
dext
dint

)︂
THTFTfilm

dθdz + ṁt∆P
THTFρ

⎤⎦ .
(2.31)

• The last term in the balance is the net exergy gain in the HTF

XHTF = Xout −Xin =
n∑︂

j=1

[︃
Qabs,j

(︃
1 − Tref

Tfilm

)︃]︃
− Tref∆Sgen. (2.32)

Finally, the exergy efficiency of that h axial division of the SPT receiver
is calculated as the exergy of the process output, leaving the HTF, over the
exergy of the input from the Sun:

ηX = 100XHTF
XS

. (2.33)

The percentages of the exergy destruction and losses involved in the balance
(ξXopt , ξX0 , ξXt

, ξXn+1 , ξXCL,ext , ξXwall,t
, ξXD,HTF) can be obtained in the same

way in order to analyse how much they contribute in the exergy destruction in
the system. They can also serve to determine where there is still room for im-
provement in the receiver design, coupled with the heliostat field performance.
Thus, Eq. 2.22 can be rewritten in terms of the exergy efficiency and losses as:

100 = ξXopt + ξX0 + ξXt + ξXn+1 + ξXCL,ext + ξXwall,t
+ ξXD,HTF + ηX . (2.34)



44 Thermal and exergy analysis of solar central receivers

On the other hand, the thermal efficiency of the receiver and heliostat field
can be obtained as:

ηthermal = 100Qabs
Qhel

ηfield. (2.35)

2.3 Case of study

In the previous sections, the procedure to analyse the exergy of a tubular ex-
ternal receiver has been introduced. It has been done trying to include the
least possible particularities, aiming to provide a generalized method for the
study of this specific subsystem. Now, the parameters of the selected receiver
configuration are presented.

2.3.1 Ambient conditions

Regarding the conditions of the surroundings of the SPT plant, the ones selected
are an ambient pressure of 1 atm, an ambient temperature, Tamb, of 25 ◦C and
a relative humidity of 60%. With such conditions, εamb results in 0.8506. The
ground emissivity is 0.955 and its temperature is obtained as Tambε

1/4
S (Berger

et al., 1984). The wind velocity is null so the external convection is due only
to the natural convection effect. The latitude of the location is 37.56◦.

The ambient conditions are relevant in the exergy analysis since the max-
imum work depends on them, given that the ambient temperature defines the
dead state.

2.3.2 Heliostat field

The heliostat field chosen in the software tool FluxSPT is a Gemasolar-like
one, with 2,650 heliostats of 115.7 m2 of mirror each. This makes a total mirror
surface, Am, of 306, 605 m2.

The design point is the solar-noon spring equinox, when the DNI incident on
the mirrors is 930 W/m2, and the aiming strategy is a flat one, making the heat
flux incident on the receiver as axially homogeneous as possible on its surface,
minimizing the peak fluxes which are harmful to the receiver (Sánchez-González
et al., 2018). Selecting that aiming strategy, the mean optical efficiency of the
field, ηfield, obtained is 58.59%.

The chosen aiming strategy and the mirrors field characteristics result in the
heat flux on the receiver surface shown in Figure 2.5. Such heat flux has been
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Figure 2.5: Discretized heat flux distribution on the receiver surface with the flat
aiming strategy.

discretized in a series of vertical and horizontal divisions. Since the radiation
received by all the tubes of a panel is considered to be the same, these divisions
have been done in such way that the number of vertical discretizations is equal to
the number of axial divisions of one tube, while the horizontal ones correspond
to the number of panels. For each individual cell, the heat flux is considered
homogeneous.

2.3.3 Receiver configuration

The receiver is an external tubular receiver placed at the top of a 130 m high
tower. The base cylinder of the receiver has a diameter, D, of 8.4 m and serves
of supporting frame for 18 equal panels, Np, that hold the tubes vertically
disposed. The external tube diameter has been set to 4.22 cm. The separation
between the tubes of a panel is 4.1 mm. That diameter and tube gap result
in 32 tubes per panel. The initial thickness of the tube wall has been set in
1.65 mm. However, as stated in Section 2.2.2, it is later recalculated so the
entropy generation due to the heat conduction through the wall is minimized.
The length of the tubes, Lt, is 10 m.

Solar salt (60% NaNO3, 40% KNO3) is selected as the HTF in this receiver,
as in the case of the commercial SPT plants (Tian & Zhao, 2013; Conroy et al.,
2019). The inlet temperature, Tin,HTF, is 290 ◦C to avoid its freezing, while the
outlet temperature, Tout,HTF, is limited at 565 ◦C, preventing its decomposition
(Zavoico, 2001). The salt mass flow after the iterative process of the thermal
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model results in 358.76 kg/s, with the receiver being able to produce 150 MWt
due to the thinner tube-wall resulting from Eq. 2.20. The salt properties can
be obtained in (Zavoico, 2001). A two path flows configuration, symmetrical
in the N-S direction, has been selected (Rodríguez-Sánchez et al., 2015). The
inlet of the salt is at the bottom of the two Northern panels while the outlet is
at the top of the most Southern ones. Since the crossover between patterns has
been shown irrelevant at the solar noon (Rodríguez-Sánchez et al., 2015), no
crossover has been implemented. The total HTF mass flow is equally divided
into all the tubes of a panel, and hence the HTF mass flow through one tube
results in

ṁt = ṁHTF
NfpNt

, (2.36)

being Nfp the number of flow paths for the HTF through the receiver and Nt

the number of tubes per panel.
The material selected for the tubes manufacturing is Inconel 625, a highly

available material which has been widely studied in the present field. Its prop-
erties are available in (ASME, 2013). The tubes are guided through the panel
by a series of equally spaced supports along its length, called clips. These
prevent the tubes from bowing excessively, both in the radial direction of the
receiver and towards the adjacent tubes of the panel. Three smoothly bended
pipes connect the tubes to their respective inlet and outlet collectors, with two
elbows of 120◦ and one of 60◦. This results in a1 coefficients (Eq. 2.19) of 1.16
and 0.78 respectively. The curvature radius of the elbows, R0, is 0.13 m. Also,
the HTF inside the collectors is considered to experience a trajectory similar
to the circulation inside two 90◦ elbows, with an a1 coefficient of 1. There are
two 90◦ elbows in the section connecting two consecutive panels as well. For
the pressure drop calculation in the receiver, only the elements in series, not in
parallel, are considered; this means that only one flow path is studied, as well
as just one tube per panel in that flow path. In Eq. 2.19, the length of the
straight ducts, Ld, the internal diameter of such ducts, dd, and the mass flow
of HTF through them, ṁ, are:

• For the receiver tubes, Lt, dint, and ṁt.

• For the straight sections after the elbows connecting the tubes to the
collectors, lengths of 0.7 m, 1.7 m and 0.2 m per tube, dint, and ṁt.

• For the manifolds, the width of the panel or the length of the collector,
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1.4811 m, the internal diameter of the collector 162.76 mm, and the total
mass flow through one flow path, ṁHTF/Nfp.

• For the ducts connecting the inlet and outlet manifolds from different
panels, lengths of 0.2544 m and 0.599 m (half the length of the whole
pipe), 170 mm of dd, and ṁHTF/Nfp.

The mentioned connecting sections are presented in Figure 2.6. The only
ones that are insulated are the receiver tubes, being the remaining three dif-
ferent kind of components at a constant temperature. The considered fouling
resistance inside the tubes is 8.8×10−5 m2K/W. The corrosion ratio of the In-
conel 625, with solar salt flowing through and at a film temperature of 600 ◦C, is
16.8×10−6 m/year (McConohy & Kruizenga, 2014), while the expected lifecycle
of the plant has been set to 30 years.

Figure 2.6: Schematic of the elements considered for the pressure drop calculation
in one panel. Only one tube has been depicted.

All tubes are covered with a black Pyromark coating in order to increase
their absorptivity. On the other hand, the base cylinder (surface n+ 1) is cov-
ered with a white Pyromark ceramic painting of high reflectivity. The optical
properties of both coatings when applied on Inconel 625 are presented in Ta-
ble 2.1 for both the visible and infrared spectrum. The properties considered
for surface 0 have also been included. The imaginary ambient surface in real-
ity presents a transmissivity of 1, since all the radiation that it receives passes
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Table 2.1: Optical properties.

Visible spectrum Infrared spectrum
Coating Surface α ρ α ρ ε

-
Ambient

(0)
1 0 1 0 1

Black
Pyromark

Tube
(1, . . . , n)

0.93 [b] 0.07 0.95 [c] 0.05
f(T ) [d]

0.81@588 K to
0.94@1366 K

White
Pyromark

Rear wall
(n+1)

0.2 0.8 [b] 0.215 0.785 [e] 0.84 [b]

through it without increasing its temperature, making the absorptivity and re-
flectivity 0. However, for the ECGM and XCGM, this imaginary surface has
been modelled like an opaque surface with an absorptivity of 1 (thus reflectivity
and transmissivity are 0) and leaving its temperature fixed as Tref, resulting in
the same outcome.

Regarding the thermal model, it is used to study the whole receiver by
analysing just one representative tube per panel. This simplification is feasible
since the heat flux reaching the tubes surface is considered to be the same in all
of them, leading them to have the identical temperature distribution. However,
the radiative influence of the adjacent tubes of the panel is indeed taken into
account. The insolated straight zone of the tubes is discretized in a series of 74
circumferential cells (n=37) and the axial divisions are 0.5 m long (∆z), giving
a total of 20 of them per tube. Therefore, following one flow path (9 panels)
and studying just one tube per panel, the number of axial divisions faced is
m = 180,

m = LtNp

∆z Nfp
. (2.37)

The tolerance values selected for the iterative process are: 10−3 (K) for
TOL1, 10−3 (K) for TOL2 and 10−6 (m) for TOL3, see Figure 2.3. TOL1 is
the condition for the convergence of the tube and rear wall temperature, TOL2

[b] (Zavoico, 2001)
[c] (Ho et al., 2012)
[d] (Wade & Slemp, 1962)
[e] (Scannapieco, 1968)
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is the one for the convergence of Tout,HTF and TOL3 the one for the convergence
of the thickness of the tubes.

2.4 Results

The exergy analysis of a molten-salt central-receiver has been performed for
the case of study introduced in Section 2.3. To do so, the different exergies
conforming the balance in Eq. 2.22 have been obtained. It has been done for
all of the axial levels of the panels corresponding to one of the two flow paths
in which the receiver has been discretized. Given the symmetry of the heat
flux on the receiver surface at solar noon, the exergy results are the same for
the remaining flow path. Hence, the total amount of the different exergies is
obtained as the sum of the exergies of the 180 axial divisions of one flow path
and multiplying that sum by the number of tubes per panel and flow paths.
The Sankey diagram for the case of study is presented in Figure 2.7.

The exergy efficiency of the configuration chosen is a 32.05%. The results
show that the maximum exergy loss occurs in the heliostat field, Xopt, being
almost half of the exergy that arrives from the sun (ξXopt), an 41.41%. As
can be sensed with Eqs. 2.23 and 2.24, such percentage of exergy loss solely
depends on the optical efficiency of the mirrors, ηfield, related to the aiming
strategy selected. Since this study is undertaken for a fixed heliostat field
layout, this exergy loss can only be affected by the aiming strategy of the field.
The second greater exergy destruction is found in the radiative heat exchange in
the tubes, Xt, involving the multiple emissions, reflections and absorptions (ξXt

of 16.84%). Given its relevance in the balance, different operation conditions
will be analysed with the intent to decrease its value. The exergy destruction
in the HTF, XD,HTF, accounts for the third greater exergy losses (4.35%) and
it is affected by the internal convective coefficient, the fouling resistance and
the friction of the HTF with the tube wall. Almost on a par with XD,HTF is
the exergy loss escaping through the ambient, X0, that depends on the heat
emitted by the receiver, Qi0, and the temperatures of the surfaces emitting
that heat through the value of ψi, (Eq. 2.26). The percentage of exergy loss
due to the external convection losses, XCL,ext is found to be negligible (0.69%)
in comparison to the other exergy loss sources appearing. With such low value,
it seems that the wind velocity modification is not a highly relevant aspect to
study the exergy improvement. The exergy destruction in the absorptions and
emissions in the rear wall, Xn+1, is just a 0.21% and the exergy loss in the tube



50 Thermal and exergy analysis of solar central receivers

Figure 2.7: Sankey diagram for the exergy analysis of the receiver.

wall, Xwall,t, is the lower of them all, a 0.17%. This last exergy loss has been
minimized in the design phase by selecting the smallest admissible thickness
for the tube, according to Eq. 2.20. Having performed the exergy balance of
the base case of study, it is then compared with scenarios of other operating
conditions.

2.4.1 Optical properties influence

The importance of the optical properties of the coating of the tubes cannot
be disregarded since they intervene in a handful of heat exchanges happening
in the receiver surface. The higher the absorptivity, the lesser the radiative
exergy losses will be since most of the heat received is absorbed, increasing the
temperature of the surface as well, which is desirable to obtain higher exergies.
Alternatively, a high emissivity and a high surface temperature result in greater
radiative losses, counteracting the benefits from the high absorptivity (Petela,
2003). Nevertheless, it must be considered that these properties degrade with
time (Ho & Pacheco, 2014), given the demanding conditions at which the re-
ceiver is exposed. Thus, the exergy analysis has been performed for the cases
of a degradation of a 5%, 10%, 15% and 20% of the absorptivity and emissivity
of the tube coating, where the nominal values (0% degradation) can be found
in Table 2.1. The evolution of the exergy efficiency has been obtained when
both the absorptivity and emissivity degrade in the same amount as well as
separately (one fixed in the nominal value and the other one degrading), Fig-
ure 2.8(a). The same has been done for the thermal efficiency, Figure 2.8(b).
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(a) (b)

Figure 2.8: (a) Evolution with the optical properties degradation of the a) exergy
efficiency and (b) thermal efficiency.

As expected, lower values of absorptivity lead to a slightly lesser exergy
efficiency since the losses increase considerably, with a rate of over a 1% decline
of the exergy efficiency every 5% of degradation of the optical properties. This
highlights the need of the repainting maintenance tasks considering that, as
stated by (Ho & Pacheco, 2014), the degradation rate for the Pyromark 2500
coating is in between a 0.25%/year and a 0.75%/year. It would be desirable a
coating with the most stable optical behaviour as possible, as well as the higher
feasible absorptivity. On the other hand, a lower emissivity results in a greater
exergy efficiency, but the improvement is found to be negligible. The thermal
efficiency follows the same tendency than the exergy one, although it is higher
since it does not consider the temperature of the source. With the inclusion of
that temperature, the exergy study constitutes an in-depth analysis that allows
to observe the real possibilities for the solar energy exploitation in the receiver
subsystem, analysing its different sources. Hence, it is understandable the high
quantitative separation between the energy and exergy efficiencies.

The breakdown of the different percentage exergy and losses in the Eq. 34
balance is shown in Figure 2.9. The goal is to provide a better understanding
of the evolution of the exergy efficiency, ηX , with the optical properties of
the tubes coating. The case of the non-degraded properties (0%) is compared
with the results obtained for a combined degradation of the absorptivity and
emissivity of 10% and 20%. The alternatives of isolated degradation of the
absorptivity and isolated degradation of emissivity have been omitted since,
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Figure 2.9: Breakdown of the percentage exergies evolution with the optical prop-
erties degradation.

as seen in Figure 2.8, the variation of the emissivity on its own has barely
any effect respect to the initial scenario. Consequently, the degradation of
just the absorptivity results almost identical to the combined situation. Also,
the intermediate scenarios of 5% and 15% of degradation are not shown since
they follow the linear tendency observed between the cases of 0% degradation,
10% and 20%. The exergy loss in the heliostat field, ξXopt , is not presented
either since it occurs upstream of the optical properties of the tubes coating
modification. Also, the exergy loss in the rear wall, ξXn+1 , and in the tube wall,
ξXt , have not been included since they are almost negligible (Figure 2.7) and
are barely modified in the different alternatives studied in this Section. The
exergy escaping the receiver through surface 0 (the ambient), ξX0 , is presented
divided into the components mentioned in Section 2.2.3, ξX0,refle and ξX0,emi , to
get a better sense of the influence that the optical properties have on them.

This representation of the different percentage exergies shows that the ex-
ergy destruction due to the radiation heat absorbed by the tubes, ξXt

, decreases
with the absorptivity degradation of their coating over a 2%. Such lesser ab-
sorptivity is translated in a lower heat absorbed by the tubes, decreasing the
wall temperature as it “retains” less heat. It means then that the heats ex-
changed between surfaces (Eq. 2.4) are lesser since lower temperature values
of the surfaces mean less emission (Eq. 2.1). Looking at the Xt exergy loss
term (Eq. 2.27), the lower temperatures as well as emission and heat exchanged
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between surfaces, although not being extreme cases, result in a notable descend
of this exergy loss. On the other hand, the exergy loss of radiation heat to the
ambient, ξX0 , increases. In that ξX0 , the most relevant increment (of over a
9%) takes place for the exergy destruction due to the radiation heat escaping
through the ambient that initially entered the receiver system through the am-
bient as well, ξX0,refle . Thus, it is radiation heat that has only been reflected
by the tubes and/or rear wall but not absorbed by them. Again, its increment
is motivated by the degradation of the absorptivity (which implies a greater
reflectivity), affecting the temperatures distribution on the tubes and the heats
exchanged, modifying the result of the product ψiQij (Eq. 2.26). On the other
hand, the exergy escaping also through the ambient, but originated from the
emissions of the tubes and rear wall, ξX0,emi , is smaller than the former one,
being that difference even more notable with the optical properties degradation,
since the emissivity decreases. Hence, most of the exergy leaving to the ambient
has its origin in the ambient itself. Summing up, the temperature of the tube
wall decreases since the radiation losses are greater, being closer to the HTF
temperature. Thus, the exergy losses due to convection and due to the heat
conduction in the tube wall both decrease as well. Moreover, the temperature
in the tube inner wall, Tfilm, is more similar to the HTF temperature, which
also explains the descend of ξXD,HTF . The exergy efficiency decreases consider-
ably the greater the optical properties degradation is, even though the entropy
generation is also lower, which means that the heat reaching the fluid is also
lesser. As seen in the breakdown, that descend in the heat transferred to the
HTF is due to the greater X0,refle.

2.4.2 Aiming strategy and DNI influence

The effect of the DNI level modification, from 550 W/m2 to 1000 W/m2, in the
exergy efficiency has been studied for the base case. It would be equivalent to
a change in location or the variation in the number of mirrors in the heliostat
field and it results in a modification of the HTF velocity (and therefore its
mass flow). The base configuration has been tested under a peak aiming of
the heliostat field as well. An instance of the peak distribution at a DNI of
930 W/m2 (the same one that was initially considered for the base case with
flat aiming) is depicted in Figure 2.10. This peak aiming provides a maximum
heat flux of 1.5 MW/m2, opposite to the maximum of 1.2 MW/m2 found in the
flat aiming strategy (Figure 2.5), as well as a much narrow area of maximum
values of such incident heat flux on the receiver.
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Figure 2.10: Discretized heat flux distribution on the receiver surface with the
peak aiming strategy.

The temperature distribution in the outer tube wall presents the same ten-
dency than the corresponding heat flux in each strategy. Figure 2.11 gives
a better sense of the differences in the temperature distribution on the outer
tube wall resulting from both strategies. The temperature evolution through
the axial divisions for a fixed circumferential position (θ=0◦), is depicted in
Figure 2.11(a). As it can be observed, the peak aiming reaches higher tempera-
tures at the middle of each panel (h=10, 30. . . ) as well as a lesser homogeneous
temperature in z: the temperature gradient between the middle of the panels,
i.e. h=10, and its ends, i.e. h=20, is greater than in the flat aiming. The peak
aiming strategy gives a maximum temperature of 752.8 ◦C while the flat one
results in 678.1 ◦C. On the other hand, Figure 2.11(b) provides the temperature
evolution in θ for the tenth axial division, showing that the rear half of the tubes
is at almost the same temperature with both aiming strategies. However, the
front side of them is at greater temperatures in the peak configuration. Thus,
the circumferential gradient for the peak case is around 433 ◦C, opposite to the
347 ◦C of the flat one. The understating of how both tube outer temperature
distributions diverge, while the HTF temperature remains the same in the two
cases, will ease the comprehension of the different exergy losses.

It can be seen in Figure 2.12 that the exergy efficiency grows when the DNI
level increases. This tendency is observed for the peak and flat cases, showing
also a reduction of the efficiency growth rate (gradient) when the DNI moves
to greater levels. Between the two aiming strategies, the peak one provides
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Figure 2.11: (a) Axial evolution of the tube wall temperature at θ=0◦ and (b)
circumferential evolution of the tube wall temperature at h=10.
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Figure 2.12: Evolution, for flat and peak aiming strategies and different DNI levels,
of the (a) exergy efficiency and the (b) thermal efficiency.

the greater exergy efficiency. However, it should be considered that the non-
homogenization of the incident flux on the receiver obtained with the peak
aiming strategy leads to excessively high temperatures at some spots of the
tubes as well as circumferential gradients, resulting in greater thermal and me-
chanical stresses. Hence, the structural limits of the receiver need to be watched
to ensure the correct operation of the receiver during the lifetime projected for
the SPT plant. On the other hand, just as happened in Section 2.4.1, the
thermal efficiency is greater than the exergy one.

The breakdown for the percentage of the exergy losses of Eq. 2.34 is also
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(a) (b)
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Figure 2.13: Breakdown of the percentage exergies evolution with the DNI for flat
and peak aiming strategies.

shown for this DNI and aiming modification study, Figure 2.13. For a fixed DNI,
the exergy from the Sun, XS , is the same regardless the aiming since both cases
have the same field layout. Regarding the main discrepancies between the flat
and peak aiming strategies observed in the percentage dissection, the flat one
presents a higher exergy destruction in the heliostat field, ξXopt . Such outcome
is due to the lesser mirrors efficiency, ηfield, respect to the peak aiming caused
by the greater spillage losses, as a result of going for a more homogeneous heat
flux distribution on the receiver surface, especially in the axial direction. Thus,
the heat arriving from the heliostat field to the receiver is greater in the peak
alternative, being the option with the greater HTF mass flow as well, around
a 1.35% in all of the DNI scenarios. The exergy destruction due to the tube
radiation heat absorption, ξXt , is greater again for the flat aiming scenario.
Looking at the terms in Eq. 2.27, there are contradictory effects between them
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that eventually lead to the result obtained for this loss. The lesser radiation
reaching the receiver in the flat case (see Figures 2.5 and 2.10) contributes to
a temperature profile with lower values. It is also more homogeneous and does
not present excessively hot spots in the flat configuration, opposite to the peak
one, where the aiming leads to a highly uneven temperature distribution (see
Figure 2.11). The emissivity Ei and heat exchanged by the surfaces Qij presents
the same trend in the two configurations, both qualitative and quantitative
but, in this case, the quantitative differences are tiny. On the other hand, the
maximum efficiency ratio, ψi, is found to be overall greater for the flat aiming.
Moving on, the flat aiming alternative has a lesser exergy destruction in the heat
transfer from the inner tube wall to the HTF, ξXD,HTF , precisely due to the lower
overall temperature distribution; such descend in the tube outer temperature
affects also the tube inner wall temperature, lessening the temperature gradient
between the tube inner wall and the HTF, since the latter presents virtually the
same temperature profile evolution through the receiver in both configurations.
Also, the heat Qabs is slightly higher in the peak case since more HTF mass
flow rate circulates through the tubes. Thus, the first two exergy destruction
sources mentioned are the ones responsible for the lesser exergy efficiency in
the combined operation of the heliostat field and the receiver when using the
flat aiming strategy in comparison to the peak one. Meanwhile, the exergy loss
in the HTF plays in favour of the flat aiming configuration. In addition, both
components of ξX0 , ξX0,refle and ξX0,emi , as well as ξXCL,ext are almost identical
for these two strategies, as depicted in Figures 2.13(c) and 2.13(d). Looking at
the exergy efficiency expression (Eq. 2.33), the greater heat absorbed by tubes
in the peak aiming scenario as well as the higher temperatures of the tube wall
contribute to a better performance of the peak alternative. The total entropy
generated, although greater (4.498 × 104 W/K opposite to 4.0822 × 104 W/K),
is not enough to counteract such previously mentioned advantages gained from
the heat absorbed and tube wall temperature. The greater entropy generation
is found in the temperature gradient between the inner tube wall and the HTF,
being one order of magnitude greater than the entropy generated in the tube
wall conduction and three orders of magnitude greater than the one due to the
pressure drop.

Given the great difference observed in the exergy loss due to the heliostat
field, ξXopt , between both aimings, the exergy efficiency of just the receiver
is depicted in Figure 2.14. This would be the exergy gain in the HTF over
the exergy arriving from the heliostat field: ηX,receiver = 100 XHTF

XS−Xopt
. Such
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Figure 2.14: Exergy efficiency of the SPT receiver for flat and peak aiming strate-
gies under different DNI.

Figure highlights that the receiver on its own is virtually independent from
the aiming strategy selected: the improvements in the exergy losses from one
aiming option are counteracted by a poorer performance of other of its losses.
For instance, in the peak aiming case, the higher ξXD,HTF with respect the flat
one is compensated with the lesser ξXt . However, the strategy is indeed relevant
for the whole plant, as seen for the global ηX , that considers the heliostat
field as well (Figure 2.12), making the ξXopt the defining factor that cannot be
disregarded by only analysing the receiver exergy efficiency.

2.4.3 Ambient temperature influence

Until now, the ambient temperature has not been considered, remaining fixed
regardless the DNI, showing an improvement in the exergy efficiency the higher
the DNI is. However, the surroundings temperature is not decoupled from the
DNI and is indeed a relevant factor in the exergy analysis: as mentioned earlier,
lower surroundings temperatures result in greater exergies since the ability of
a substance or process to produce work lasts until it is in thermal equilibrium
with the ambient. It can be observed from multiple meteorological data that an
increase of the DNI at a certain location typically comes with a growth of the
ambient temperature. Thus, the increase of the exergy efficiency associated with
a higher DNI may be counteracted if the surroundings temperature increases
enough.

With all of this, Figure 2.15 provides the evolution of the exergy efficiency
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Figure 2.15: Exergy efficiency evolution with the DNI for different ambient tem-
peratures.

with the DNI level for different ambient temperatures. The aiming strategy
is the flat one, as selected for the base case. On the other hand, the thermal
efficiency, depicted earlier in Figure 2.12(b) remains unchanged regardless the
surroundings temperature so it is not the best indicator to compare different
locations.

As expected, the isothermals follow a decreasing tendency the greater the
ambient temperature is and its relevance in the exergy efficiency is not negligi-
ble. Then, for instance, it is preferable in terms of exergy efficiency a location
with a DNI of 800 W/m2 and an average surroundings temperature of 25 ◦C
rather than another with a DNI of 900 W/m2 and an average surroundings
temperature of 30 ◦C. The goal should be finding a location with a moder-
ate/high average DNI level and the lowest ambient temperature as possible.
Moreover, lower DNI results in lower tube wall temperatures, relaxing the ther-
mal stress. Meanwhile, for a fixed DNI level, the tube wall temperature distri-
bution is virtually the same regardless the surroundings temperature, with the
tiny divergences being due to the higher convection losses with lower ambient
temperatures.

A good instance of low ambient temperatures and low/moderate DNI would
be the location of the PROMES laboratories, at the French side of the Pyre-
nees. The 1500 m altitude of the location favours its low average temperatures,
with the coldest months having average maximum temperatures around 4 ◦C
and average maximum DNI over 450 W/m2 and the hottest ones with aver-
age temperatures between 13 and 20 ◦C and average maximum DNI around
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650 W/m2. Particularly interesting is the case of Ouarzazate, in the Moroccan
dessert, with average maximum temperatures of around 17 ◦C in winter and
DNI over 850 W/m2. However, during the summer months, the maximum av-
erage DNI is around 800 W/m2 and temperatures reach up to 38 ◦C. Examples
of high surroundings temperatures and high DNI would be the location of the
Ashalim SPT plant, at Israel, or the Crescent Dunes SPT plant at Nevada, US,
both placed at warm and arid regions. The worst case presented for PROMES
(during its summer months) resembles to the best scenarios for these locations,
occurring in winter. However, in summer, temperatures over 30 ◦C and DNI
of over 830 W/m2 are typically reached. Almost 900 W/m2 can be reached in
August at Crescent Dunes. Lastly, Noor Energy 1, at Dubai presents moderate
DNI, with an average value of around 730 W/m2, influenced by its dusty loca-
tion. On the other hand, it suffers from extremely high temperatures, ranging
from maximum average temperatures of 23 ◦C in winter to maximum aver-
age temperatures over 40 ◦C in summer, given its proximity to the equatorial
line. The meteorological data commented has been obtained from (European
Commision, 2020).

The breakdown for the percentage exergy losses is depicted in Figure 2.16 for
different ambient temperatures under the flat aiming strategy scenario. Since
the evolution with the DNI of the different losses has already been depicted in
Figure 2.13 for flat aiming and 25 ◦C, and given that it is the same for the rest
of the ambient temperatures, only the results for a DNI of 900 W/m2 are shown.
The biggest difference between the cases is the exergy loss due to the radiation
heat absorbed by the tubes, that grows greatly with the ambient temperature.
The same thing happens with the exergy destruction due to the internal con-
vection in the HTF and friction with the tube wall, although the differences
are not that big. The losses ξX0,refle remain the same regardless the ambient
temperature, while the losses ξX0,emi increase slightly with the surroundings
temperature, as well as ξXCL,ext , although they can be considered negligible.
Thus, the two main sources of exergy losses are also the ones suffering from
the greater growth with the ambient temperature. The maximum efficiency
ratio, ψ (Eq. 2.21), decreases with the surroundings temperature, which makes
the ξX0,emi diminish as well since it has a direct dependence with it (Eq. 2.26).
The reduction of ξXCL,ext can be explained by looking at Eq. 2.29, where the
term 1-Tref/Tj decreases the higher the ambient temperature. The convective
losses are diminished as well the higher the ambient temperature is, but the
differences obtained for one surroundings temperature or the other are quite
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Figure 2.16: Breakdown of the percentage exergies evolution with the DNI for
different ambient temperatures.

small. On the other hand, ξXwall,t
and ξXD,HTF have a direct dependence on the

ambient temperature (Eqs. 2.30 and 2.31), while ξXt
(Eq. 2.28) presents the

combination of the term 1-Tref/Tj and the maximum efficiency ratio, resulting
in a greater loss the higher the temperature.

2.5 Conclusions

A method to obtain the different exergies present in the SPT plants, from the
heliostat field to the receiver subsystem, has been introduced. The analysis
considers the circumferential thermal gradients in the receiver tubes, providing
an accurate solution to a problem so highly sensitive to the temperature of
the surfaces involved. Prior the exergy study, the thermal resolution of the
receiver also takes into account the structural limits of the material selected for
the tubes, in terms of pressure and corrosion, in order to minimize the entropy
generation through the tube wall by selecting the lower thickness admissible.

With the method showcased, the exergy analysis has been performed for a
typical receiver configuration, resulting in an exergy efficiency of 32.5%. The
heliostat field exergy destruction, ξXopt is found to be the most prominent ex-
ergy loss, being a 41.41%. However, for a fixed field layout, its value can only
be altered with the modification of the aiming strategy, regardless the ambient
conditions and receiver design. Such outcome is due to mirrors efficiency be-
cause of the spillage losses: the strategies going for a more homogeneous heat
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flux distribution on the receiver surface suffer from greater spillage than those
showing greater flux peaks. Regarding the receiver, the exergy loss due to the
emissions and absorptions in the tubes, ξXt

, is the greatest (16.84% in this con-
figuration), followed by the ones due to the internal heat transfer convection,
fouling resistance and friction of the HTF with the tube walls, ξXD,HTF (4.35%).
Both are highly dependent on the tube walls temperature distributions. As for
the heat escaping through the ambient, ξX0 , its value is quite similar to ξXD,HTF

in this case, a 4.28%. Its dissection shows that it is mainly due to heat coming
from the ambient and being reflected back to it (around two thirds), with the
heat emitted by the tubes and rear wall resulting less relevant. The effects
of the external convection and the influence of the rear wall are considerably
lesser than the rest, being 0.69% and 0.21% respectively. The exergy destruc-
tion due to the tube wall conduction was minimized by selecting the minimum
admissible thickness, resulting in just a 0.17%.

In order to get a better sense of the importance of the different exergy
losses present in the balance, several parameters were varied with respect the
original case. Although great exergy efficiency divergences were not expected
due to the non-modification of the two focal temperatures (the Sun temperature
and the HTF one), various conclusions regarding the individual exergy losses
sources were reached. It has been seen that with the degradation of the optical
properties of the coating, which is an inevitable phenomena happening in this
kind of receivers due to the demanding thermal conditions, the exergy efficiency
drops over a 1% every 5% of the degradation of the optical properties. Also,
the effects of the absorptivity have been proven to be more relevant than the
ones of the emissivity, that barely counteracts the former one. The variation of
the absorptivity alone dropped the exergy efficiency from the initial 32.05% to
around less than a 27% in the worst case studied (20% degradation), while the
modification of the emissivity alone resulted in an exergy efficiency of 32.2%,
providing an improvement of just a 0.15%. Hence, it is concluded that the efforts
when selecting the coating must focus on the absorptivity and not so much on
the emissivity and repainting tasks may be needed over time if the coating
material, which typically degrades between a 0.25%/year and 0.75%/year, is
not stable enough during the plant lifecycle. Regarding the aiming strategy,
the peak alternative is the one with the greater exergy efficiency, despite the
greater entropy generation through the tube wall, around a 0.45% greater than
in the flat case. This is almost compensated with the improvement of ξXt for the
peak aiming over the flat (around 0.23%), resulting in exergy efficiencies almost
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similar when looking just the receiver. Thus, the difference made by the optical
efficiency of the heliostat field is determinant to favour the peak configuration
since constitutes a lower exergy loss by itself (40.88% instead of 41.41%) while
also providing a greater heat flux to the receiver. However, structural limits
should be considered when resorting to these highly aggressive alternatives.
Moving on, higher levels of DNI result in greater exergy efficiencies, but the
effect of the site temperature should not be disregarded, making more attractive
locations with moderately high DNI and lower ambient temperatures over those
with the higher DNI and higher surroundings temperatures associated. In this
case, the exergy efficiency provides answers over the thermal efficiency, since
the latter is not affected by the ambient temperature of the location. For a fixed
DNI level, an increase of 5 ◦C in the ambient temperature results in a drop of
over a 0.35% in the exergy efficiency, being the divergences more notable when
comparing different DNI and surroundings temperature combinations.

Nomenclature

A surface area (m2),
absorptivity matrix

a1 elbow angle coefficient
C cross section area (m2)
Cp specific heat at constant

pressure (J/ (kgK))
cr corrosion ratio (m/year)
D receiver diameter (m)
d duct diameter (m)
E emission (W), emission

matrix
E1 joint efficiency factor

coefficient
F view factor
fr Darcy friction factor
h convective heat transfer

coefficient (W/
(︁
m2K

)︁
)

K expansion or contraction
resistance coefficient

k thermal conductivity
(W/ (mK))

L length of the duct (m)
lc lifecycle of the plant (years)
m number of axial divisions per

flow path
ṁ mass flow (kg/s)
n number of circumferential divisions

in half the cross section
Nfp number of HTF flow paths
Np number of panels in the receiver
Nt number of tubes
p perimeter (m)
Q heat power (W)
q heat flux (W/m2)
R reflectivity matrix,

resistance (Km2/W)
R0 elbows curvature radius (m)
Re Reynolds number
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T temperature (K)
th thickness
TOL admissible calculation tole-

rance in the iterative process
U global heat transfer

coefficient (W/
(︁
m2K

)︁
)

X exergy (W)
z axial coordinate

Greek letters

α absorptivity
∆P pressure drop (Pa)
∆S entropy (W/K)
∆T temperature difference (K)
∆z axial divisions height (m)
ε emissivity
η efficiency (%)
θ circumferential coordinate

ξ percentage of exergy loss (%)
ρ reflectivity, HTF density (kg/m3)
σ Stefan-Boltzmann constant

(W/
(︁
m2K

)︁
), tensile (Pa)

Φ view factors matrix
ψ maximum efficiency ratio

Subscripts

0 ambient surface
abs absorbed
adm admissible
amb ambient
C convection
con contraction
corr corrosion
D destruction
d duct
deliv delivered
emi emitted
exp expansion
ext external
field heliostat field
film HTF region in contact with

the tube internal wall
foul fouling
g ground
gen generation

hel heliostats
in inlet
int internal
L losses
m mirrors
min minimum
n+1 rear wall surface
net net
opt optical
out outlet
press pressure
R radiation
rec recalculated
ref reference
refle reflected
S Sun
t tube
thermal energy efficiency
tot whole receiver
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wall tube wall

Abbreviations

CSP concentrating solar power
DNI direct normal irradiation

(W/m2)
ECGM energy coarse grid model
HTF heat transfer fluid

LCOE levelized cost of electricity
SPT solar power tower
XCGM exergy coarse grid model
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Summary

The aim of the design of central solar receivers is to withstand the high non-
uniform solar-heat-flux and temperature during the solar-power-plant lifetime.
This high non-uniform tube temperature causes high thermal stress, producing
creep and fatigue damage. Therefore, it is necessary to obtain an accurate
estimation of the tube stresses during the receiver operation. In the same way,
to ensure the panel integrity, the frontal and lateral tube deflections must be
obtained to avoid excessive panel bowing and warpage, respectively.

The huge number of simulations needed to perform the creep-fatigue anal-
ysis precludes the use of high time-consuming CFD-FEM simulations. To re-
solve this drawback, a reliable, accurate and fast procedure to obtain the tube
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Figure 3.1: Graphical abstract.

stresses, using analytical stress estimation, is proposed. The procedure consid-
ers the temperature dependence of the thermo-mechanical properties.

The temperature-dependent hoop stress is estimated using the solution for
constant mechanical properties whereas the radial stress is estimated taking
constant the Young modulus only. The temperature-dependent axial-bending
stress is obtained using the non-homogeneous beam equation subjected to the
movement restriction produced by tube clips. When the tube displacement is
restricted by tube clips, the equivalent stress difference is less than 2% taking
temperature-dependent properties and slightly higher than 10% for constant
properties. The proposed stress estimation is enough accurate to perform a
reliable fatigue-creep analysis and two order of magnitude faster than the CFD-
FEM simulations.

Finally, the tube deflection and displacement, restricted by tube clips, are
derived straightforward using the temperature-dependent tube curvature and
the beam theory.

3.1 Introduction

Experience gained from solar power tower (SPT) receivers testing and opera-
tion has proven that bowing and warpage deformations reduce their receiver
life, being the cracks the most critical outcome of these two phenomena. The
tubes back to front thermal gradients cause their bowing in such direction,
while the lateral thermal gradients do the same in the respective direction; the
clips are placed periodically to prevent the bowing of the tubes, but they do
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not completely avoid it and the stresses in the tubes increase due to the me-
chanical restrictions they impose (Montoya et al., 2018). The tubes also suffer
from cyclic fatigue, as consequence of the nightly periods of inactivity and the
clouds interference in the solar flux incident on the receiver during the daytime
operation (Liao et al., 2014). Hence, the important role of the tube temperature
makes essential to study the thermal and mechanical behaviour of the tubes in
order to improve the receiver design and solve the inconveniences that cause
the early receiver failure. This has lead numerous authors to develop a variety
of models to analyse it. In that process, they have had to deal with the issue
of high computational costs while trying to obtain the most precise approxi-
mations of the tube behaviour. Two types of models can be distinguished: the
detailed ones, based on CFD and FEM simulations and the simplified models,
analytic codes.

In the field of thermal models, the detailed ones are computationally ex-
pensive so the simulation of the whole receiver is avoided. Among the vast
variety of instances of the application of these models in the SPTs field, Yang
et al. (2012) studied the heat transfer occurring in a single tube receiver, notic-
ing the importance of the temperature in the tube inner wall to prevent the
salts decomposition and the uneven temperature distribution of the tube wall
and salt. Fritsch et al. (2017) developed a FEM model of a single receiver
tube with constant heat transfer coefficients and 1D fluid elements, obtaining
a good agreement with a more detailed CFD model. Maytorena & Hinojosa
(2019) studied the direct steam generation in a tubular receiver of a SPT plant
affected by non-uniform concentrated solar radiation using a CFD model to
analyse one tube of the receiver. CFD models have also been used to simulate
new receiver geometries, like the design presented by Garbrecht et al. (2013),
consisting in hexagonal pyramid shaped elements.

Several progresses have been made in the field of simplified thermal models,
whose lesser computational costs makes them ideal to simulate the whole re-
ceiver. The model developed by Jianfeng et al. (2010) considered only a single
pipe of an external receiver under unilateral concentrated radiation to study
its efficiency. Singer et al. (2010) developed an iterative model, receiver design
algorithm (RDA), that calculates the receiver efficiency matrix, evaluating the
losses at the effective radiation temperature considering its variation in the ax-
ial coordinate, but neglecting the circumferential ones. Then Xu et al. (2011)
modified the model by Singer et al. (2010) in order to design a molten salt
cavity receiver, focusing on the exergy analysis.
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In their work, Rodríguez-Sánchez et al. (2014a) developed two analytical
models that included circumferential divisions of the tubes in addition to the
axial ones, allowing a much more precise characterization of the tube temper-
ature distribution. These two models are the homogeneous wall temperature
model (HTM) and the homogeneous heat flux model (HHFM), both named af-
ter the initial hypothesis considered in the discretized tube cells. They take into
account adjacent tubes but only one tube per panel was considered, assuming
that all of the tubes in the same panel receive the same heat flux. This work
was later further developed to consider every tube in the receiver Rodríguez-
Sánchez et al. (2018), resulting in the fine grid model (FGM) that has been
found to be even more precise than the previous two when it comes to the tube
temperature prediction. Since this model takes into account the fact that the
incident flux in the tubes is not symmetrical, the FGM allows to study the
bending of the tubes not only in the radial direction, allowing to analyse the
possible collisions between adjacent tubes.

As for the mechanical studies, there has been a great interest on analysing
the thermal stress and deformation problem in cylinders. Gatewood (1941) dis-
cussed the thermal stresses and displacements in long hollow cylinders subjected
to a bidimensional temperature gradient. Timoshenko & Goodier (1951), start-
ing from the plane strain case, studied the thermal stresses and displacements
in unidimensional and bidimensional problems in different geometries. After
developing the plane strain results, they presented the results for generalized
plane strain (GPS) by changing the boundary conditions. Then Goodier (1957)
compiled some of the cases presented in Timoshenko & Goodier (1951). Goodier
stated that the variations with temperature of the linear thermal expansion co-
efficient need to be considered. Noda et al. (2003) studied the thermal stresses
in beams, including the problem of non-homogeneous properties. For quick
thermal stresses estimations, Babcock & Wilcox Company (1984) presented a
simplified equation that takes into account the thermal gradients across the
cross section and the temperature difference between two sides of the tubes.

That knowledge of the thermal stresses and displacements in hollow cylin-
ders has later been applied in the concentraing solar power (CSP) field to aid
the design of the receiver. In these works, different boundary conditions for the
tubes have been studied. With an uniform heat flux in a billboard panel, Con-
roy et al. (2018) studied the thermal stresses for different tube diameters and
materials as part of a creep-fatigue analysis. The tubes were allowed to expand
axially and to bend freely. Intermediate supports influence is not taken into
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account. They also analyzed the stresses due to the internal pressure that the
tubes withstand, which were considerably low compared to the thermal stresses.
Logie et al. (2018) considered that the tubes cannot bend freely, studying the
case of GPS. Marugán-Cruz et al. (2016) studied as well thermal stresses in the
plane strain scenario using a numerical model, concluding that the tempera-
ture distribution is needed for the whole tube, discarding the 1D models, and
finding variations in the stress results depending on the Biot number. Uhlig
et al. (2018) used a FEM model to analyse the stresses in the inlet panel of
a central receiver under the conditions of the cases of the filling process and
the solar operation. In the field of parabolic through collectors, Khanna et al.
(2014) also studied analytically the stresses and bending of the absorber tube
supported along its length in different spots, considering two different support-
ing arrangements. These tubes are place horizontally and are typically longer
than the ones in the SPT receiver, but their further work (Khanna & Sharma,
2015) is useful to remark how the number of supports considered affects tube
deflection, which they also tested experimentally (Khanna et al., 2016). The
importance of considering the periodic supports of the tubes in the STP re-
ceiver is presented by Montoya et al. (2018). They studied the stresses with a
3D thermo-elastic model, concluding that the mechanical restrictions affect the
axial stress component, causing it to be up to three times higher than the one
appearing in a non-restricted tube.

With everything presented above, it is seen the need to create an analytical
model to study the stresses due to thermal gradients and mechanical constraints
in external solar receivers. In the first Section of this Chapter, a simplified an-
alytic method to obtain the elastic thermal stresses and displacements in the
receiver tubes is presented, resulting in a low computational cost, considering
the thermal gradients, the periodical supports of the tube and temperature de-
pendent properties for the tube material. In Section 3.3, the characteristics of
the receiver that will be studied are described. In Section 3.4 the analytical
method is verified with the numerical one for a single axial division of a tube
under free bending conditions. For the analytical method, the cases of temper-
ature dependant properties and temperature independent properties have been
compared. After that, a whole tube of the receiver is studied with the analytical
model. The deflection of the tube and the maximum equivalent stress in it are
obtained. The chosen boundary conditions that constrain the receiver tubes
recreate their real operating conditions: they are allowed to expand axially and
they have their bending prevented in certain spots by a series of equally spaced
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supports, called clips, placed along their length. These periodical supports re-
duce the overall bending of the tube but induce mechanical stresses due to the
reaction forces that appear in them when the tube is trying to bend in these
spots. A real heat flux distribution is considered by using the FluxSPT software
presented in (Sánchez-González et al., 2018). The temperature distribution has
been obtained using the FGM (Rodríguez-Sánchez et al., 2018), being asymmet-
rical in the cross section and suffering from variations in z, appearing bowing
in both x and y directions. Finally, Section 3.5 discusses the conclusions of this
Chapter.

3.2 Elastic stress calculation in cylindrical tubes

An analytical methodology for the calculation of the elastic stresses for a single
cylindrical tube, of inner radius a and outer radius b is presented. The tube is
under the boundary condition of free thermal axial expansion and its bending is
restricted in certain spots along its length by the periodic placement of supports,
so-called clips. These clips allow the tube displacement in z and the rotation
of the tube cross section in the plane of the support, Figure 3.2.

Figure 3.2: Support arrangement and boundary conditions.

The tube studied is discretized in vertical divisions, along the z axis, and
every one of these divisions is discretized in radial r and circumferential θ cells,
as depicted in Figure 3.3. Since the case of study is a tube, most of the equations
presented in this Chapter are expressed in cylindrical coordinates. However,
there are equations that are typically written in cartesian coordinates. Given
that the tube studied has non-homogeneous properties, two coordinate origins
were selected: the one corresponding to the centroid (x, y, z), and the one
related to the neutral axis (x∗, y∗, z). The neutral axis is the tube axis along
which there are no longitudinal strain, and therefore the length of each vertical



3.2. Elastic stress calculation in cylindrical tubes 75

(a) (b)

Figure 3.3: (a) Grid of calculation in the cross section and coordinates origins in
the centroid (x, y, z) and in the neutral axis (x∗, y∗, z). (b) Deflection of a tube axial
division.

division (∆z) remains the same, during bending. It is presented in Figure 3.3(b)
delimited by the origins of its coordinate system in two different cross sections:
O∗ and O∗’. The bending radius of each axial division can be written in terms
of the neutral axis, ρ∗

y (and ρ∗
x for the x∗ axis), and in terms of the centroid, ρy

(ρx for the x axis).

3.2.1 Yield criterion

Among the criterions to determine the admissible stresses in ductile materi-
als, to prevent failure and serve as an indicator of a good design, the most
commonly used are the Von Mises yield criterion (Maximum Distortion En-
ergy Theory) and the Tresca yield criterion (Maximum Shear Stress Theory).
The Von Mises or equivalent stress in the tubes, studied in this Chapter, is
calculated in cylindrical coordinates as

σVM =
√︃

(σr − σθ)2 + (σθ − σz)2 + (σz − σr)2

2 + 3τ2
r,θ, (3.1)

since τr,z and τz,θ are equal to zero due to the assuption of GPS. This null shear
stresses calculation is not altered by the addition of supporting clips.

The Tresca criterion, more conservative than the Von Mises one, takes into
account only the maximum shear stress. Therefore, it is obtained as

σTresca = max(|σ1 − σ2|, |σ2 − σ3|, |σ3 − σ1|). (3.2)
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Thus, in order to guarantee the integrity of the tubes of the receiver by using
these criterions, it is necessary to obtain the different stress components that
the tubes withstand.

3.2.2 Radial and hoop thermal stress

Due to a steady heat flux, the tube is subjected to a temperature field that
depends on the r and θ coordinates but remains constant in the z one for a
certain small-sized cell. The temperature profile in the cross section can be
split in the temperature variation in r, Tr(r), and the temperature variation in
θ, Tθ(r, θ),:

T (r, θ) = Tr(r) + Tθ(r, θ) =

= Tr(r) +
∞∑︂

n=1
[(Anr

n +Bn/r
n) cos(nθ) + (Cnr

n +Dn/r
n) sin(nθ)],

(3.3)

where Tr(r) is the mean temperature of all the cells at r. Using this and the
general expression, in cylindrical coordinates, for the thermal conduction in
a cylinder whose thermal conductivity is constant and under a steady state,
obtained from the Laplace equation (Necati Özisik, 1993), the temperature
profile can be expressed as a harmonic Fourier series for each set of cells in a
certain axial division, see Appendix A.

Splitting the temperature distribution in the addition of Tr(r), and Tθ(r, θ),
the thermal stress problem can be studied as the superposition of both contri-
butions (Goodier, 1957). It is an unidimensional problem while working with Tr

and a bidimensional one while doing so with Tθ. Such methodology is also valid
if only the inner and outer temperature profiles are known, see Appendix A.

The stresses due to the radial temperature field, Tr, are:

σTr,r(r, θ) = E

1 − ν

[︃(︃
1 − a2

r2

)︃
1
2 ᾱT − 1

r2

∫︂ r

a

αrTr r dr

]︃
, (3.4)

σTr,θ(r, θ) = E

1 − ν

[︃(︃
1 + a2

r2

)︃
1
2 ᾱT + 1

r2

∫︂ r

a

αrTr r dr − αrTr

]︃
. (3.5)

Here, α is the linear thermal expansion coefficient and can be evaluated for
the temperature of each cell, E is the Young modulus, and ν is the Poisson
coefficient. In the development of such equations, the Young modulus and the
Poisson coefficient have been considered constant for a whole set of cells in a
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certain axial division in order to obtain the stresses expressions due Tr(r). The
subscript r in α indicates that it has been evaluated for the radial temperature
field. The mean product of α and the temperature field is:

αT̄ = 2
b2 − a2

∫︂ b

a

αT r dr. (3.6)

On the other hand, the stresses due to the circumferential temperature profile,
Tθ, are:

σTθ,r(r, θ) = r (B1 cos θ +D1 sin θ)
a2 + b2

αE

2(1 − ν)

(︃
1 − a2

r2

)︃ (︃
1 − b2

r2

)︃
, (3.7)

σTθ,θ(r, θ) = r (B1 cos θ +D1 sin θ)
a2 + b2

αE

2(1 − ν)

(︃
3 − a2 + b2

r2 − a2 b2

r4

)︃
, (3.8)

τr,θ(r, θ) = r (B1 sin θ −D1 cos θ)
a2 + b2

αE

2(1 − ν)

(︃
1 − a2

r2

)︃ (︃
1 − b2

r2

)︃
. (3.9)

The stresses σTθ,r, σTθ,θ and τr,θ are obtained assuming that the mechanical
properties are constant. This is not the case in real applications, being more
common to work with materials with temperature dependent properties, which
will result in a small deviation in the results, depending on how influential such
properties variations are. However, these divergences are admissible since these
stresses are an order of magnitude lower compared to the axial stress. Also,
the complexity of the general expressions of these equations, obtained from the
Navier equations for three-dimensional thermoelastic problems (Eslami et al.,
2013), makes the previous simplification preferable.

Superimposing the solutions presented above, the radial and hoop thermal
stresses, σT,r and σT,θ, are

σT,r(r, θ) = σTr,r + σTθ,r, (3.10)

σT,θ(r, θ) = σTr,θ + σTθ,θ. (3.11)

In the absence of mechanical stresses in the radial and circumferential di-
rection, the final stresses are equal to the thermal ones: σr = σT,r, σθ = σT,θ.
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3.2.3 Axial stresses

For a certain axial division of the tube, the stresses in the z axis can be expressed
as

σz(r, θ) = σM,z + σT,z. (3.12)

The first term is related to the mechanical stresses due to the expansion in the
axial direction and the bending of the tube, that in this case is understood as
a beam. It is directly tied to the boundary conditions of the tube studied.

The second term comes from the application of the Hook law. It is related
to the thermal stresses in the tube cross section obtained in Section 3.2.2, as
presented by Goodier (1957).

The tube is considered to be non-homogeneous and so the properties of the
beam material are temperature dependent. See Appendix B for homogeneous
properties. In case of non-homogeneous beams, is more appropriate to work
with the neutral axis coordinate system (x∗, y∗, z), instead of the one placed
in the centroid (x, y, z), see Figure 3.3. Its placement is such that takes
into account the weighted section quantities, where E0 is the reference Young
modulus, which can be regarded as the one for the homogeneous properties
case:

A∗ =
∫︂

A

E

E0
dA,

x∗ = x+ x̄ = x+ 1
A∗

∫︂
A

E

E0
x dA,

y∗ = y + ȳ = y + 1
A∗

∫︂
A

E

E0
y dA. (3.13)

The first term in Eq. 3.12, σM,z, is introduced by Noda et al. (2003) for a
free bending beam so an additional stress in the expression they present must
be considered, the one due to the beam supports. The complete term for the
instance studied in this Chapter results as

σM,z(r, θ) = −αET + E

E0

PM + PT

A∗ + E

E0

(︃
y∗ E0

ρ∗
y

+ x∗ E0
ρ∗

x

)︃
. (3.14)

In this case, the properties are evaluated for the temperature of each cell.
The term σM,z shown in Eq. 3.14 includes:
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• The stresses due to the local thermal expansion.

• The stresses due to mechanical forces, PM , trying to expand the tube. In
this case, they are null due to the free axial expansion hypothesis.

• The stresses due to a virtual axial force PT that appears if the tube is
free to expand in order to counteract the expansion axial force.

• The stresses due to the bending moments in the tube.

Being:

PT =
∫︂

A

αET dA, (3.15)

ρ∗
x =

I∗
xI

∗
y − I∗2

xy

M∗
y I

∗
x −M∗

xI
∗
xy

E0,
I∗

xI
∗
y − I∗2

xy

M∗
xI

∗
y −M∗

y I
∗
xy

E0, (3.16)

I∗
x =

∫︂
A

E

E0
y∗2 dA, I∗

y =
∫︂

A

E

E0
x∗2 dA,

I∗
xy =

∫︂
A

E

E0
x∗y∗ dA. (3.17)

The moment inducing axial stresses via the bending radii, Eq. 3.16 is the
addition of a thermal bending moment and a mechanical bending moment,

M∗ = M∗
T +MM . (3.18)

It presents two components, one in the x∗ axis (or x), M∗
x , and one in the

y∗ axis (or y), M∗
y . Therefore, this moment results in the following stresses:

• The stresses due to a virtual thermal bending moment that considers
the free rotation of the ends of the tube, being able to bend freely. It
constitutes the moment annulment (MA) when the tube is not restricted.
This is valid as long as the Bernoulli-Euler hypothesis is true, fulfilling
that the normal plane to the bending radius of the neutral axis before
the deformation remains plane and normal to the neutral axis after the
deformation.

The thermal bending moment can be calculated as

M∗
T,x =

∫︂
A

αETy∗ dA, M∗
T,y =

∫︂
A

αETx∗ dA. (3.19)
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• The stresses produced by the mechanical bending moment due to the
reaction forces in the supports of the tube. Notice that the mechanical
moment has been written with the centroid coordinate system, since it
is independent of the coordinate system chosen due to the fact that is
caused by a force contained in the cross section plane. It allows us to
consider the halfway scenarios between:

– The free thermal bending of the tube, that would result in this part
of the term being zero, given the absence of intermediate supports.

– The tube being kept completely straight, GPS. This part of the term
would counteract completely the stresses due to the virtual thermal
bending moment.

The mechanical moments due to the supports are obtained as

MM,x(z) =
N∑︂

j=1
[Rj,y(z − (j − 1)d)+],

MM,y(z) =
N∑︂

j=1
[Rj,x(z − (j − 1)d)+]. (3.20)

Here + indicates that only the positive values are considered, being the
parenthesis result substituted by zero in the rest of the cases. There are N
reaction forces Rj , equal to the number of supports, including the ones placed
at both ends. These forces, just as the mechanical moments, are independent
from the coordinate system chosen since the z coordinate at which the reactions
occur is common to both the centroid system and the neutral axis system.

The reaction forces Rj can be obtained knowing that the displacement at
the supports, which are placed spaced a distance d from each other, is null. The
equation governing the displacement is calculated as

d2δ(z)
dz2 = − 1

ρ(z) . (3.21)

Solving such differential equation, the tube displacement is obtained (Eq. 3.22),
which is zero at the supporting points. Each axial division of the tube is sub-
ject to thermal and mechanical moments that differ from one to another, so
the number of different bending radii (m) in the tube is equal to the number
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of axial divisions considered to study it. Like the equation for the mechanical
moments, the expression for deformation will present two forms, one for each
axis of the cross section: δx and δy.

δ(z) = − z2

2ρT,1
−

m∑︂
i=2

(z − (i− 1)∆z)2,+

2

(︃
1
ρT,i

− 1
ρT,i−1

)︃

−
N∑︂

j=1

Rj(z − (j − 1)d)3,+

6 +K1z +K2. (3.22)

Here ρT is the thermal bending radius depending only on the thermal bend-
ing moments, not the mechanical ones, see Eqs. 3.23. To represent consis-
tently the displacement in the whole beam, the thermal bending radius has
been referred to the centroid (x, y) of the cross section instead of the neutral
axis (x∗, y∗) and is calculated as

ρT,x = ρ∗
T,x − x̄ =

(I∗
y I

∗
x − I∗2

xy)E0

I∗
xM

∗
T,y − I∗

xyM
∗
T,x

− 1
A∗

∫︂
A

E

E0
x dA,

ρT,y = ρ∗
T,y − ȳ =

(I∗
y I

∗
x − I∗2

xy)E0

I∗
yM

∗
T,x − I∗

xyM
∗
T,y

− 1
A∗

∫︂
A

E

E0
y dA. (3.23)

Note that the thermal bending radii ρT corresponds to the bending radii ρ
in the case of MA, as studied by Conroy et al. (2018). In the case of the GPS,
with the tube bending prevented, the bending radius is infinite since it remains
straight, (Logie et al., 2018).

The constants K1 and K2 in Eq. 3.22 are calculated by adding two more
equations to the system. These two equations are the ones for the null sum
of reaction forces and null sum of mechanical moments. Additionally, once the
reactions Rj and the constants K1 and K2 are known, the displacement along
the whole tube can be obtained,

δ(z) = 0 in z = 0, d, 2d, ..., (N − 1)d,

N∑︂
j=1

Rj = 0,

N∑︂
j=1

Rj(N − 1)d = 0. (3.24)
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On the other hand, the second part of Eq. 3.12, the stresses in the tube
cross section are

σT,z(r, θ) = ν(σr + σθ). (3.25)

The stresses in the r and θ coordinates were obtained separately in the
previous section, Eq. 3.10 and Eq. 3.11. With all of this, the axial stresses
considering variable properties of the tube can be expressed as

σz(r, θ) = ν(σr + σθ) − αET + E

E0

PT

A∗ + E

E0

(︃
y∗ E0

ρ∗
y

+ x∗ E0
ρ∗

x

)︃
. (3.26)

3.3 Central receiver with a non-symmetrical tem-
perature distribution

The receiver analysed (Figure 3.4), with a nominal thermal power of 120 MWt,
is a cylindrical external tubular receiver of 10 m high and 8.4 m of diameter.
The cylindrical frame is surrounded by 18 vertical panels, each one of them
being constituted by 62 tubes that are connected by an inlet and outlet collec-
tor. The tube external diameter is 2.21 cm, with a thickness of 1.2 mm. The
separation between tubes belonging to the same panel is the 8% of their ex-
ternal diameter. This distance falls inside the range of typical values, between
1 to 2.5 mm according to Litwin (2002). They are manufactured in Inconel
625, whose properties are obtained from the ASME BPVC Code (ASME, 2010)
and they are covered with a black Pyromark coating, to increase the insolation
absorptance (Persky & Szczesniak, 2008). The tubes are guided by a series of
clips, placed periodically along its whole length in order to avoid an excessive
bending and warpage. The separation between clips is 2 m, making it a total
of 6 supports in each tube.

The heat transfer fluid (HTF) used in this receiver is solar salt, with an inlet
temperature of 290◦C and an outlet temperature of 565◦C. The properties of
the HTF have been calculated with the equations presented by Zavoico (2001).
The mass flow rate of the solar salt is a fixed value since the receiver thermal
power and inlet and outlet temperatures for the salt have been restricted. The
solar salt is divided into two flow paths, one East-oriented and the other West-
oriented. In both paths the salt changes its flow direction alternatively from
panel to panel (the red panels in Figure 3.4 represent the upwards flow and the
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Figure 3.4: Schematic of the receiver studied.

green ones the downwards flow), with a cross between paths at the sixth panel.
The solar noon of the Spring Equinox has been chosen as the design point.

The operating conditions in a SPT plant imply that the tubes are subject
to a non-symmetrical temperature field with respect the y axis. This is due
to the fact that the heat flux being reflected from the heliostats field to the
receiver tubes is not uniform on the surface of any of them and will cause
them to bend not only in the y axis direction but also in the x, which may
lead to undesired contact between adjacent tubes of a panel. The temperature
profile asymmetry is greater in the first and last tubes from each panel. This is
especially significant when studying the inlet vertical division of the last tube or
the outlet division from the first tube of a panel. Such temperature asymmetry
for those axial cells is not only due to the non-symmetrical heat flux received
but also because the HTF flows in the opposite direction in adjacent panels, as
depicted in Figure 3.5. The HTF goes through panel a, then through panel b.
When referring to the last (62a) and initial (1b) tubes of two adjacent panels,
on one side they find a tube from the same panel (61a for tube 62a or 2b for
tube 1b), with the HTF flowing in the same direction and with a temperature
evolution very similar. However, on the other side they find a tube from another
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Figure 3.5: Schematic temperature profile evolution of the HTF. The HTF is heated
as it flows through the panels tubes, from panel a to panel b.

panel with the HTF flowing in the opposite direction (1b and 62a) and at a
very different temperature.

3.4 Results and discussion

The results of the analytical method and the numerical simulations are com-
pared for a non-uniform heat flux over the receiver design that was presented in
Section 3.3. The case of free bending is studied in just one axial division in order
to verify the behaviour of the analytical model during operation. Then, once
the correct performance of analytical method has been proven in that scenario,
the influence in the stresses of the support clips guiding the tubes is studied,
as well as the bending of the tube.

The tube selected in both cases is the final one of the first panel, facing
North, belonging to the Eastern or Western flow paths indistinctly, since the
design point selected presents N-S symmetry. This panel is chosen due to the
fact that the two Northern panels are the ones presenting the most asymmetrical
heat flux with respect the y axis for the design point of this study. As stated
in Section 3.3, among the tubes of a same panel, the initial and final are the
ones suffering for a greater temperature asymmetry. Since the first tube of
this particular panel finds the tube belonging to the adjacent panel at the
same thermal conditions (N-S symmetry), the last tube of the panel has been
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preferred.
The non-symmetrical heat flux scenario is studied for a receiver similar to

the Gemasolar one, using the thermal FGM developed by Rodríguez-Sánchez
et al. (2018). This allows us to obtain the different stresses and displacements
that such heat flux causes in the receiver tubes. Evolving from the coarse grid
model (CGM) presented in (Rodríguez-Sánchez et al., 2014b)–that included ver-
tical and circumferential divisions of the tubes but only takes into account one
representative tube per panel–, Rodríguez-Sánchez et al. (2018) developed a
fine grid model (FGM) including all of the tubes in the receiver. The initial
data for the model are the geometry of the receiver, the ambient conditions,
the incident radiation in each cell, calculated with FluxSPT, and the mass flow
rate and inlet temperature of the salts. An initial estimation for the wall tem-
perature of the tube is required. Calculating the radiation losses, the external
and internal convection losses and the fouling resistance, the mean temperature
of the fluid in each axial division of the tube can be obtained. The outlet salts
temperature must be checked since the limit is set at 565◦C. The wall tempera-
ture is recalculated and this process is repeated until the salts leave the receiver
at the desired temperature.

3.4.1 Initial verification: Analytical vs numerical model

In order to compare the results of the analytical and numerical methods, a single
tube under free bending conditions (with the stress term of MA) is initially
analysed. In this case, since the effect of the clips is not considered, only one
axial division of 0.5 m is selected, Figure 3.6, instead of the whole tube. This
is so for simplification reasons, necessary when using the numerical method.

The Abaqus model was built with 8-node linear solid elements. The calcula-
tion was carried out by means of a static analysis using Abaqus/standard. Only
thermal loads were applied introducing the temperature field obtained from the
FGM to Abaqus. The default boundary conditions were used since the tube
was allowed to freely expand. A mesh sensitivity analysis was conducted for a
2D tube case varying the number of elements through the tube thickness from 4
to 24 and keeping the aspect ratio equal to 1. Based on this analysis the mesh
size was set to 12 elements through tube thickness, which obtained a stress
variation lower than 1% compared to the finest mesh size.

When deciding what vertical division to study, two possibilities were pre-
sented: the one with the greater asymmetry, providing bending moments in
both x and y axis, or the one with the greater temperature gradient, so the
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Figure 3.6: Axial division of the receiver tube under free bending conditions.
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Figure 3.7: Average temperature difference between the right and left halves of
the tube cross section along the tube length, representing the asymmetry (blue solid
line). Maximum temperature gradient in the cross section along the tube length
(orange solid line).

maximum stresses are studied, Figure 3.7. Since this is a verification of the
stresses and the goal is not yet to study the bending of the tube in both x and
y directions, the section presenting the greater temperature gradient, placed
at the middle length of the tube (Figure 3.7), is selected as the representative
case.

Using the outer and inner temperature distribution obtained from the ther-
mal model, the whole temperature profile in the selected z section of such tube
is calculated (Figure 3.8). It is obtained both for the analytical expressions
and FEM simulations considering that the thermal conductivity of the tube
differs among cells of a different θ coordinate but is constant in the radial cells,
k = k(θ). This allows us to use the stress equations developed in Section 3.2
under the assumption of constant thermal conductivity, because the heat flux,
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Figure 3.8: Cross sectional temperature distribution.

modifying the temperature field, is considered to have only in the radial com-
ponent at a certain θ coordinate.

For the temperature distribution of Figure 3.8, the different stresses have
been calculated with the analytical and numerical method. Using the ana-
lytical method, these stresses have been obtained for temperature dependent
(Case A) properties of the tubes material according to ASME (2010) with the
considerations regarding certain properties depending on the stress component
presented in Section 3.2 and using Eqs. 3.9 - 3.12. The temperature indepen-
dent properties scenario (Case B) has also been studied, using the Eqs. in
Appendix B, evaluating the material properties in the whole cross section at
its mean temperature. In this case the temperature distribution differs slightly
from the one presented in Figure 3.8, a maximum of 5.3 ◦C, since the thermal
conductivity is considered constant in the whole cross section. On the other
hand, the numerical results have been calculated using temperature dependent
properties.

The analytical results for both scenarios are compared with the numerical
results by depicting the difference between the numerical results (FEM) and the
analytical ones (subscripts v for variable properties and c for constant proper-
ties) over the maximum stress in each case obtained with the numerical method.
These results are depicted in Figures from 3.9 to 3.12. The maximum stress
in each case are: 2.37 MPa for σr, 78.74 MPa for σθ, 182.82 MPa for σz and
165.64 MPa for σVM.
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Figure 3.9: σr stress for variable properties (left panel) and constant properties
(right panel).

Figure 3.10: σθ stress for variable properties (left panel) and constant properties
(right panel).

Figure 3.11: σz,MA stress for variable properties (left panel) and constant proper-
ties (right panel).
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Figure 3.12: σV M,MA stress for variable properties (left panel) and constant prop-
erties (right panel).

It can be seen that the analytical method using variable properties, Case
A, allows a precise calculation of the tube axial and equivalent stresses, since
the results barely differ from the ones obtained with the numerical method.
However, the simplification of using constant properties in the analytical model,
Case B, should be discarded given that for the most critical stress for the tube
endurance (σz and σVM) the deviation is four times higher than the one resulting
of taking into account temperature dependant properties: the difference over
the maximum stress is just above a 5% with temperature dependent properties
and over a 20% when they are temperature independent. Such high difference is
undesirable especially when obtaining the rupture time to estimate the receiver
lifespan, since it depends on the logarithmic stress as presented by Eno et al.
(2008).

The small deviations in Case A are due to the fact that the expressions for
the stress in the cross section, σr, σθ and τ , consider most of the properties
involved as constant, with just the exception of the thermal expansion coefficient
and thermal conductivity in the stress due to the radial temperature profile,
σTr,r and σTr,θ, likewise was presented in Section 3.2.2. However, the axial
stress σM,z does indeed take into account the temperature dependence of the
mechanical and thermal properties of the material, as developed in Section 3.2.3.
Given the accuracy of the axial stress obtained with temperature dependent
properties, the Von Mises stress is not affected by the errors in the cross section
stress since the axial component is the most prominent.

Besides the accuracy obtained with the analytical method with variable
properties, the computational cost is considerably less than in the FEM simu-
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lations: 5.5 seconds against to 1800 seconds. The analytical simulations were
performed with a standard PC of 8 GB of RAM and Intel® CoreTM i7-7700
CPU @ 3.6 GHz 3.6 GHz processor, while the numerical ones were performed
using a workstation of 128 GB @ 2666 GHz of RAM and Intel® Xeon® Silver
4114 CPU 2.2 GHz 2.2 GHz processor.

Therefore, when considering the variable properties proposed in this Chap-
ter, the analytical model is a fast and reliable alternative to study the stress in
the receiver, which would simplify a further creep-fatigue analysis and allow a
more precise prediction of the receiver lifespan.

3.4.2 Guided tube

Once the accuracy of the analytical expressions has been proven, the whole
tube selected in Section 3.4 can be studied using the analytical method. This
will save us a considerable time with respect to the numerical simulations for
the whole tube. It also allows us to obtain the stresses and displacements
accurately, as checked in the previous Section.
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Figure 3.13: (a) Temperature difference between the right and left halves of the
first axial division cross section and (b) Temperature difference between the right and
left halves of the tube outer wall.

The tube is now considered to be guided with the clip supports, emulating
the ones in real life operating receivers of SPTs. The number of clips selected is
6. The receiver is subject to the non-symmetrical temperatures field discussed
in Sections 3.3 and 3.4, so bending in both cross section axis is expected for
the tube studied. This asymmetry is greater at tube inlet, as established in
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Section 3.3. The temperature difference between the right half of the tubes cross
section (from 0◦ to 180◦, with the sun at 0◦) and the left half is illustrated in
Figure 3.13(a) for the first axial division. The decrease of such asymmetry with
the z coordinate can be seen in Figure 3.13(b), that depicts the temperature
difference between the right half of the tube outer wall and the left one, for the
tubes whole length.

However, the temperature field asymmetry and the temperature dependent
properties considered for the material do not result in a remarkable shift of the
neutral axis respect to the centroid axis. The distances between axes of both
coordinate systems are: x̄ = −0.54 · 10−19 m and ȳ = 0.31 · 10−18 m. Hence, in
this case, the neutral axis coincides with the centroid axis.

Tube displacement

The displacements in axis x and y are depicted in Figure 3.14 for both constant
and variable properties of the tube material. Notice that the use of constant
properties of the tube translates in an underestimation of the bending which
should be avoided, specially when trying to determine if a collision between
adjacent tubes can occur studying δx, and therefore warpage.

For the deviation in axis y, δy, the inclusion of clips dramatically reduces the
bending, going from 1.5 m when the tube is only fixed at its ends to 2.71 mm
in the case of clips every 2 m (Figure 3.14(a)). This diminishing is especially
relevant to avoid undesirable great deformations of the tubes.

Figure 3.14: (a) Tube bending in the y axis.
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Figure 3.14: (b) Tube bending in the x axis (cont.).

Regarding the deflection in axis x, as stated in Section 3.3, the distance
between adjacent tubes in a panel is 1.8 mm. The maximum this tube bends
towards its neighbour in the same panel is 0.02 mm (Figure 3.14(b)). As for
the contact with tube from the next panel, the tube studied bends towards it a
maximum of 0.08 mm in the lower part of its length, so contact does not occur
on the right side of the tube cross section either. Therefore, and since the tube
with the maximum asymmetry is the one studied, it can be concluded that with
this configuration of clips and this aiming strategy there is no contact between
tubes for the heat flux distribution coming from the heliostats studied.

Maximum equivalent stress

Following the two main criteria to determine the equivalent stress in ductile
materials, Von Mises and Tresca, the maximum ones for each axial division are
presented in this section.

The maximum Von Mises equivalent stress has been calculated for the whole
tube, both using variable properties and constant properties, Figure 3.15. It
can be seen that the maximum stress is obtained with an undesirable under-
estimation in the case of constant properties, following the tendency present
in the calculation of the displacements of the tube. The maximum stresses
appear at the tube middle length, where the thermal gradients are greater, as
depicted earlier, and correspond to the side of the tube facing the heliostats
field. The addition of the mechanical constraints of the clips increases the Von
Mises equivalent stress from the MA case, at which the tube bends freely, being
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Figure 3.15: Maximum Von Mises stress for the tube with clips, considering variable
and constant properties. Maximum von Mises stress in the case of GPS and MA.

Figure 3.16: σV M,clips stress for variable properties (left panel) and constant prop-
erties (right panel).

the extreme scenario the GPS one, where the tube is kept completely straight
with an infinite number of clips. For the distribution of clips considered, the
maximum Von Mises stress resembles to the GPS one, being lower at some
points but higher in others due to the high reaction forces appearing in the
support spots. This close resemblance to the case of the tube being kept com-
pletely straight matches the displacements presented in Section 3.4.2, which
are small compared to the length of the tube. As it can be seen in Eqs. 3.9,
3.10 and 3.11, τ , σr and σθ do not vary with the different boundary conditions
scenarios (GPS, MA and clips). However, the inclusion of the clips increases
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Figure 3.17: Maximum Tresca stress for the tube with clips, considering variable
and constant properties. Maximum Tresca stress in the case of GPS and MA.

the axial stress, Eq. 3.14, which is the main responsible for the value of the Von
Mises stress, given its entity in comparison to the cross section stress. Since
the increment of the axial stress is due to the reaction forces introduced by the
supports, such calculation can be expected to be the same in the FEM simula-
tions and in the analytical ones. Therefore, the overall difference between the
results of the numerical and analytical simulations is considerably less in the
case of the tube with clips, Figure 3.16, than what it was for the free bending
tube. The maximum difference is less than a 2% with respect the maximum
stress in the case of temperature dependent properties and just over a 10% for
the temperature independent scenario. Also, in comparison to the MA case,
the location of the maximum Von Mises stress shifts from the inner lateral face
of the tube to the outer front (facing the heliostats), while the maximum axial
stress shifts from the inner lateral face to the inner rear side (facing the receiver
structure).

To obtain the Tresca equivalent stress, the stresses σr, σθ and σz have been
used since the shear stress τr,θ is at least one order of magnitude lower than
the normal stresses. With a stress tensor of such characteristics, the principal
stresses σ1, σ2 and σ3 in Eq. 3.2, are virtually equivalent to the normal stresses
in the cross section, σr, σθ and σz. For the Tresca equivalent stress, Figure 3.17,
the difference between the case of dependent and independent properties is also
noticeable. As expected, it is a more restrictive criterion than the Von Mises
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one. The tendencies in all the cases studied for the Tresca equivalent stress are
the same that the ones obtained for the Von Mises stress though, presenting
the maximum values at the centre of the tube.

The underestimation of the equivalent stress resulting from considering tem-
perature independent properties of the material would induce great receiver
lifetime overestimation, which may lead to an early unexpected failure.

3.5 Conclusions

An analytical method to study the thermal elastic stresses and the bending of
the tubes of an external tubular receiver of SPT plants has been presented.
With these analytical equations the stress and displacement calculations can
be performed under different assumptions: from the free bending case (MA) to
the GPS. The interest of these analytical expressions lies in the consideration of
temperature dependant properties and the inclusion of the clips without needing
a high computational time.

The analytical model proposed in this Chapter constitutes a fast and ac-
curate alternative to numerical models, which are more complex and time-
consuming. The comparison for the moment annulment case showed that the
hoop, radial and axial stress difference with respect the numerical results, using
the proposed estimation, is around 10%, 30%, 5%, respectively when consider-
ing temperature dependent properties. The high difference in the cross section
stress does not affect greatly the equivalent stress since the highest component
is the axial one, which presents the smallest difference. The difference for the
Von Mises equivalent stress is just above a 5%. As a consequence of this, a
more complete creep-fatigue analysis can be easily undertaken. On the other
hand, the simplification of temperature independent properties in the analytical
model presents severe deviations, therefore its use is ill-advised, at least for the
case analysed.

The boundary conditions for SPTs of external tubular receivers is the inter-
mediate between the free bending and the GPS, where the tube is guided with
a series of supports periodically placed along its length, called clips. These sup-
ports prevent the displacement in the x and y coordinates, but allow the axial
displacement. Therefore, the clip supports reduce greatly the tube deflection,
preventing the collision with adjacent tubes and their permanent deformation.
Again, taking into account variable properties is crucial in order to not under-
estimate these displacements in comparison to keeping the properties as tem-
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perature independent. The maximum Von Mises stresses with clips gravitates
towards the values obtained for the GPS case. In this scenario, the maximum
Von Mises stress still differs greatly when using constant properties, resulting
in lower values along the whole tube. However, there is an improvement, from
a 20% of difference in the MA case to a 10% in the clips case. The difference
with respect to the numerical method is also reduced using variable properties,
with the difference being lower than a 2%, in comparison to the MA results
since the stress due to the clips are coincident in the numerical and analytical
simulations. Such small deviation with the analytical method and temperature
dependent properties makes it suitable to study the stress in external tubu-
lar receivers. The differences observed for the Von Mises stress between when
using temperature dependent and independent properties are also present in
the Tresca equivalent stress, a more conservative criterion than the Von Mises
one. Since the creep and fatigue analysis depend on these equivalent elastic
stresses, the use of constant properties is discouraged as it would lead to an
overestimation of the receiver lifespan.

Nomenclature

A tube cross section area (m2)
a tube inner radius (m)
b tube outer radius (m)
D receiver diameter (m)
d clips separation (m)
E Young modulus (GPa)
H receiver height (m)
I tube inertia moment (m4)
L tube length (m)
M bending moment (Nm)
m tube axial divisions
N number of supports

Np number of panels in the receiver
Nt number of tubes in a panel
O coordinate system origin
P force (N)
R reaction forces on the supports (N)
r radial coordinate (m)
T temperature (K)
T̄ mean temperature (K)
th tube thickness (m)
x, y, z cartesian coordinates

Greek letters

α linear thermal expansion
coefficient (1/K)

∆z axial cell lenght (m)
δ tube displacement
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θ circumferential coordinate (◦)
ν Poisson ratio
ρ bending radius (m)

σ normal stress (MPa)
τ shear stress (MPa)

Subscripts

0 reference value
c analytical results with

constant properties
e external surface
FEM numerical model results
i inner surface
M mechanical component
MA free bending results
max maximum
min minimum

r radial component
T thermal component,

temperature
v analytical results with

variable properties
VM Von Mises
x, y cross section components
z axial component
θ circumferential component

Superindexes

+ only positive values are
considered

* non-homogeneous properties

Abbreviattions

CFD computational fluid dynamics
CGM coarse grid model
CSP concentrating solar power
FEM finite element method
FGM fine grid model
GPS generalized plane strain
HHFM homogeneous heat flux

model

HTF heat transfer fluid
HTM homogeneous wall temperature

model
MA bending moment annulment
PPA power purchase agreements
RDA receiver design algorithm
SPT solar power tower
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Summary

The severe conditions at which solar power tower central receivers operate and
the high capital investment required motivate the lifetime analysis of an external
cylindrical tubular receiver working with molten salts. Five alloy alternatives–
Haynes 230, alloy 316H, Inconel 625, 740H and 800H–for the manufacturing of
such tubes are studied using an analytical low-computational cost methodology.
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The required creep and fatigue data of these alloys, available in the literature,
is compiled in this Chapter through the obtaining of the needed coefficients for
the followed methodology.

A great operation limitation of the alloys is the film temperature, to avoid
corrosion issues. The most permissive are Haynes 230, 740H and 800H (650 ◦C),
followed by Inconel 625 (630 ◦C) and alloy 316H (600 ◦C). This, as well as trying
to avoid surpassing twice the yield strength, translate in great divergences in
terms of power production: 24% and 65% less in the last two. Then, the
lifetime analysis for a clean design day is performed, where the inclusion of
the stress relaxation becomes critical for an accurate damage prediction; alloys
316H and 800H suffer from stress reset during their operation and thus, do not
benefitting from the global stress relaxation phenomenon. For various plant
lifespan forecasts, the most lasting and economically beneficial, considering also
the energy production, is 740H. Then the levelized cost of alloy, with respect
740H, of Haynes 230, Inconel 625 and alloy 316H is 0.01, 0.09 and over 0.25,
respectively. Incoloy 800H exhibits a poor endurance during its operation.

4.1 Introduction

Given the elevated cost of the central receiver (IRENA, 2016), the demanding
conditions that it must endure, such as high heat fluxes and the cyclic opera-
tion, 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 analyse it and properly predict its correct behaviour
under certain operating conditions.

Several codes consider the effect of creep, fatigue or creep-fatigue interac-
tion while dealing with providing design guidelines for power boilers (ASME,
2014), such as the R5 British Code (British Energy Generation, 2003), the
ASME BPVC Section III, Subsection NH (ASME, 2004) or the ASME FFS-1
(ASME, 2007). These present different approaches regarding the considera-
tion of the creep-fatigue interaction, the yield criterion selection or the cyclic
hardening/softening, among other aspects.

When the solar power tower (SPT) technology emerged, the criterion widely
accepted to analyse the lifetime of the different plant components, such as the
receiver or the steam power generator, was the ASME Code Case (CC) N-47
(ASME, 1980). For instance, it was used at Solar Two project as reference to
obtain the strains and fatigue lifetime (Zavoico, 2001). Other example found in
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the literature of the application of the N-47 CC in the analysis of solar receivers
is (Babcock & Wilcox Company, 1984), 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 comparison with the
fatigue damage and the most critical points were found to be the ones under
the greatest heat flux and lower heat transfer fluid (HTF) temperature. There
is another instance in the work of Grossman & Jones (1990), where a cavity
type molten salt receiver, which was constructed for a 30-year lifetime accord-
ing 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 ma-
terial data available in the code and the operating conditions selected. Lastly,
Kistler (1987) performed a fatigue analysis of a solar central receiver in alloy
316 working with sodium as HTF and using measured weather data as refer-
ence. In these last two cases (Grossman & Jones, 1990; Kistler, 1987), 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 instal-
lation, 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 (Berman et al., 1979). 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 (Grossman & Jones, 1990).

Seeing the need for a specific code for solar components, the N-47 CC was
simplified by Berman et al. (1979) to make the creep and fatigue damage study
more adequate for such technology. Then, Narayanan et al. (1985) performed a
lifetime analysis of a molten salt receiver made of alloys type 304, type 316 and
Incoloy 800, following the modified version (Berman et al., 1979) 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 software. A methodology based on the ASME Sec-
tion III Subsection NH slightly modified is presented by González-Gómez et al.
(2021), allowing to obtain the stresses under elastic-plastic regime, considering
the stress relaxation effect on the material as well. The analysis included, per-
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formed for a clean 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 receivers working with other HTFs, Conroy et al. (2018a) studied the
creep and fatigue damage in a sodium 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 (Conroy et al., 2018b). Fork et al.
(2012) 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. (2014) 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 temperature. Similarly,
a sCO2 receiver in Haynes 230 was also analytically studied by Nithyanandam &
Pitchumani (2016) 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. (2016) 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 Chapter, an integral analysis of a molten salt receiver is performed,
considering five different alloy alternatives for their manufacturing: Haynes
230, 316H, Inconel 625, Inconel 740H and Incoloy 800H. As mentioned ear-
lier, 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 properties in the operation range of SPT receivers (Special Met-
als Corp., 2013; Haynes International, 2020; De Barbadillo, 2017), motivating
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their selection. The lifetime of these molten salt receivers is estimated using
the analytic method proposed in (González-Gómez et al., 2021). Performing an
hourly analysis of a selected design day, the aim is to conclude which alloy is
the most adequate to be used as the constructive material of the SPT central
receiver tubes. This is determined in terms on its predicted lifetime but re-
garding as well the thermal 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 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
variation of the tube wall temperature (Rodríguez-Sánchez et al., 2014b), the
tube materials properties temperature dependence–as seen in Chapter 3–, or
the stress relaxation due to creep during hold time (González-Gómez et al.,
2021, 2019; Wang et al., 2017) are regarded. Moreover, the creep and fatigue
behaviour of the alloys selected is obtained by fitting experimental data avail-
able 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 Chapter is organized as follows: the heliostat field and ther-
mal model, the elastic stress model and the lifetime one are presented in the
various divisions of Section 4.2, which permit the calculation of the receiver
performance and operation from different angles, all of them relevant to prop-
erly design it. Moreover, the levelized cost of alloy metric (LCOA), adequate
for the economic analysis, is described. Then, the case of study is presented
in Section 4.3, encompassing the receiver general geometrical and constitutive
specifications, as well as the design day chosen and the heliostat field character-
istics. The characteristics of the selected alloys, as well as their corresponding
creep-fatigue coefficients are also presented in this section. After that, the re-
sults for the receiver studied are introduced in Section 4.4. 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 Sec-
tion, the lifetime prediction for the different receivers and the cost analysis are
presented. Lastly, the conclusions constitute Section 4.5.
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4.2 Methodology

The receiver lifetime calculation is performed with the creep and fatigue damage
assesment, which relies 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. These lifetime predictions
are key to determine the receiver costs for a certain operation lifespan.

Consequently, 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 allows the
comparison of the different alloys alternatives in terms of their cost and energy
production, is included.

4.2.1 Heliostat field and thermal model

A clear sky model, based on the Daneshyar-Paltridge-Proctor one (Reno et al.,
2012) and that takes into account the solar altitude, allows the obtaining of
the ideal direct normal irradiance (DNI), which is symmetrical with respect the
solar noon.

With such DNI, the heat flux on the receiver surface is calculated by us-
ing the software tool FluxSPT. Its programming code, developed by Sánchez-
González & Santana (2015), 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 (Sánchez-González et al., 2018).
Apart from the heat flux on the receiver, this optical model also provides the
optical efficiency 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 anal-
ysis can be undertaken. It has been proven that the circumferential divisions
of the tubes cannot be disregarded when aiming a precise solution (Rodríguez-
Sánchez et al., 2014a). It is also relevant to consider the various reflections
among the surfaces involved in the radiative exchange in order to obtain an ac-
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curate temperature distribution on the tubes. The thermal model is the ECGM
(Energy Coarse Grid Model) presented in Chapter 2, 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.

4.2.2 Elastic stresses and strains model

Once the temperature distribution on the receiver tubes is obtained, the elastic
stresses and strains on them are calculated with the analytic method detailed
in Chapter 3. The methodology considers the temperature dependence of the
tube material properties. Such dependence has proven to have a significant
impact in the stress calculation over the independent properties consideration
and thus it should be taken into account.

At a fixed z, the model is based on the separation of the temperature profile
in a circumferential distribution, and a radial one. The decomposition of the
temperature in these two profiles allows us to tackle the problem as the su-
perimposition of the thermal stresses obtained for both cases (Goodier, 1957).
Thus, the thermal stresses in the radial and circumferential coordinates are ob-
tained considering the contribution of both effects: σE

T,r = σE
Tr,r + σE

Tθ,r and
σE

T,θ = σE
Tr,θ + σE

Tθ,θ. Then, the one corresponding to the axial coordinate is
obtained by means of the Hooke law as σE

T,z = ν
(︂
σE

T,r + σE
T,θ

)︂
. These loads

can be classified as secondary stresses according to ASME (2004).

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 potential contact areas, their displacement
is restricted with a series of supports, called clips. However, the downside is
that these clips introduce mechanical stresses in the axial coordinate, σE

M,z.

Besides the thermal and mechanical stresses, the pressure drop of the HTF
inside the tubes also contributes to the solicitations that they must endure
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(Timoshenko & Goodier, 1951), being the primary stresses:

σE
P,r(r) = Pi

a2

b2 − a2

(︃
1 − b2

r2

)︃
,

σE
P,θ(r) = Pi

a2

b2 − a2

(︃
1 + b2

r2

)︃
,

σE
P,z(r) = Pi

a2

b2 − a2 . (4.1)

Thus, the total stresses on the receiver tubes due to the thermal, mechanical
and pressure solicitations are

σE
r = σE

T,r + σE
P,r,

σE
θ = σE

T,θ + σE
P,θ,

σE
z = σE

T,z + σE
M,z + σE

P,z. (4.2)

In the case of cylindrical external receivers, the dominant stress component,
σz, is one and two orders of magnitude in comparison to σθ and σr, respectively,
as observed in the analysis of Chapter 3. Given the small entity of the shear
stress, a fairly accurate approximation is to consider the normal stresses as
equivalent to the principal stresses. Then, the elastic strains, εr, εθ 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, the Von Mises equivalent stress and strain
are:

σE
eq =

√︄(︁
σE

r − σE
θ

)︁2 +
(︁
σE

θ − σE
z

)︁2 + (σE
z − σE

r )2

2 + 3 (τE)2
, (4.3)

εE
eq =

√
2

3

√︂(︁
εE

r − εE
θ

)︁2 +
(︁
εE

θ − εE
z

)︁2 + (εE
z − εE

r )2
. (4.4)

4.2.3 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 (ASME, 2004). The addition of both creep and fatigue damages
must be equal or less than the maximum damage limit allowable,

DL ≥ Dc +Df . (4.5)
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Figure 4.1: Creep-fatigue interaction diagram.

Now, if the creep and fatigue damages are obtained for the design day, dc

and df , the EODs are estimated as

DL = dc EODs + df EODs → EODs = DL

dc + df
. (4.6)

On the one hand, the damage limit value varies with the material and it
can be equal or less 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 Chapter, the
DL is considered to have a constant value equal to unity regardless the material
used (British Energy Generation, 2003; Chen et al., 2013), becoming the creep-
fatigue interaction linear instead of bilinear, Figure 4.1, which is a reasonable
assumption for clear-sky days. 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.

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

σcreep = (σeq − σrelax ) /C ′ (4.7)

following the ASME Section III, Division 5. Note that, in this study, if σcreep >

σeq, the creep stress is taken as σeq to avoid an excessive level of conservatism.
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Here C′ is a safety factor set as 0.9, a value suitable for inelastic analysis in-
volving concentrating solar power (CSP) technologies (Mcmurtrey, 2019; Barua
et al., 2020). σeq is the elastic-plastic equivalent stress. It is obtained by cor-
recting 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 σE
eq ≤ Sy, elastic regime, σeq = σE

eq

• For Sy < σE
eq < 2Sy, elastic shakedown regime, σeq is calculated with the

Neuber method, in terms of the monotonic stress-strain curve (Glinka,
1985), as

σE
eqε

E
eq =

σ2
eq
E

+ σeq

(︂σeq
K

)︂ 1
n

, (4.8)

where K and n are the monotonic stress-strain curve parameters: the
strength coefficient and the strain hardening exponent respectively, ad-
justed to experimental data. Their corresponding values for the different
alloys studied are presented later in Section 4.3.2, Table 4.4.

Alternatively, when the stress-strain curve can be approximated to a bi-
linear 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 (Moftakhar et al., 1995),

σE
eqε

E
eq = σeq

Sy

E
+ σeq

(︃
σeq − Sy

H

)︃
, (4.9)

being H the elasto-plastic modulus.

• For σE
eq ≥ 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:

σE
eqε

E
eq

2 =
σ2

eq
E

+ σeq

(︂σeq
K ′

)︂ 1
n′
, (4.10)

in this case, the cyclic strength coefficient, K ′, and the cyclic strain hard-
ening exponent, n′, are likewise compiled in Table 4.4.

On the other hand, σrelax is the stress relaxation. It occurs during hold time
under a constant peak strain, causing a decrease in the stress on the material
(Yan et al., 2015). If the hold time of the solicitation at high temperature is
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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 (González-Gómez et al., 2021). The stress relaxation is
obtained by integrating the creep strain rate model (Norton-Bailey) during the
dwell period, giving out the expression

σrelax = σeq−E
{︃

(σeq/E)1−nr − (1 − nr)AEnr exp [−Q/ (RT )] t
m+1
stab
m+ 1

}︃ 1
1−nr

.

(4.11)

Here R is the ideal gases constant (J/ (mol · K)), Q is the creep activation energy
(kJ/mol) and tstab is the stabilization time, in seconds. These and the rest of the
parameters are included in Table 4.5 for the alloys selected. In this analysis, 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 (González-Gómez et al., 2021). 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. 4.11 would only “move forward” one hour a day, being needed a total
of tstab (expressed in hours in this case) days to achieve such σrelax. After the
stabilization time, the tubes relaxation is assumed to be totally fulfilled and
that σrelax is then used for all the operation hours during the day to obtain
the σcreep according to Eq. 4.7. 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 σE

eq is less than the stress reset limit, SSR:
the addition of the cold yield strength, Sy,cold, and the hot relaxation strength,
SH (Becht IV, 2011). The mentioned SH is usually taken as 1.25S, being S the
allowable stress available at the ASME BPVC Section II Part D (ASME, 2010).
Otherwise, if σE

eq > 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 one hour, given that the stress
relaxation would not be daily accumulated. Once the σcreep is known, there are
several formulations to obtain the rupture time (Eno et al., 2008). In this study,
it is calculated with the Mendelson-Roberts-Manson (M-R-M) parametrization,
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log10 (tR) = β0 + β1
1
T

+ β2 log10 (σcreep ) + β3 log10 (σcreep ) 1
T
. (4.12)

The M-R-M coefficients are presented in Table 4.6. In Eq. 4.12, σcreep is in-
troduced in MPa while the temperature is in K, resulting in a rupture time
expressed in hours. Unlike the Larson-Miller 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 (Eno et al., 2008).

Lastly, the creep damage for the design day is obtained by adding the ratios
of time intervals, ∆t, over their corresponding time to rupture, tR):

dc =
J∑︂

i=1

∆ti
tR,i

. (4.13)

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 or time intervals occurring in the design day.

Fatigue damage

The fatigue damage is estimated after the number of allowable cycles, which
varies with the strain range. Thus, the equivalent elastic-plastic strain range is
calculated as follows, similarly to the equivalent elastic-plastic stress:

• For σE
eq < 2Sy, ∆εeq = ∆εE

eq

• For σE
eq ≥ 2Sy, the equivalent elastic-plastic stress range (∆σeq) is ob-

tained following the Neuber method

∆σE
eq∆εE

eq =
∆σ2

eq
E

+ 2∆σeq

(︃
∆σeq
2K ′

)︃ 1
n′

. (4.14)

After that, the equivalent plastic strain range
(︁
∆εP

eq

)︁
is calculated as (Mao

et al., 2016)

∆εP
eq = 2

(︃
∆σeq
2K ′

)︃ 1
n′

, (4.15)

and then the equivalent elastic-plastic strain range (∆εeq) is obtained as
(Kalnins, 2006)

∆εeq = ∆σeq
E

+ ∆εP
eq. (4.16)
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With ∆εeq, the number of allowable cycles is calculated using the implicit
Manson-Coffin expression,

∆εeq
2 =

∆εE
eq

2 +
∆εP

eq
2 =

σ′
f

E
N−c1

a + ε′
fN

−c2
a , (4.17)

where ε′
f is the fatigue ductility of the material and σ′

f is the fatigue strength
coefficient. Their values, as well as the ones of the exponents c1 and c2, are
included in Table 4.7 for the alloys studied. A number of cycles low enough to
make ∆εP

eq ≫ ∆εE
eq implies a plastic cyclic straining where ∆εeq is equivalent to

consider only its plastic component, ∆εeq
2 ≈ ∆εP

eq
2 = ε′

fN
−c2
a . On the contrary,

a high number of cycles that satisfies ∆εE
eq ≫ ∆εP

eq results in an elastic cyclic

straining, with ∆εeq
2 ≈ ∆εE

eq
2 = σ′

f

E N−c1
a . As 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
and their corresponding number of allowable cycles resulting at their respective
equivalent strain range conditions

df =
M∑︂

j=1

Nj

Na,j
. (4.18)

4.2.4 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), obtained as

LCOAi = Calloy ,i − Calloy,ref
Ealloy ,i

+ Cref

(︃
1

Ealloy ,i
− 1
Eref

)︃
. (4.19)

This is a similar approach to the one introduced in (Boubault et al., 2016) for
the 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 LCOE and the LCOE of the reference receiver, with its tubes and
headers made of the reference alloy.

Here, Calloy,i is the annualized cost of alloy i and Ealloy,i is the annualized
energy production of such receiver, considering 300 EODs per year and 11 hours
of daily operation. On the other hand, Cref and Eref are the annualized total
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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.

4.3 Case of study

In this Section, the receiver design characteristics are presented. The config-
urations differ only in the constitutive material of the tubes. The mechanical
coefficients required for the receiver lifetime calculation, which vary for the al-
loys studied, are presented in Section 4.3.2. Such material alternatives will be
later analysed under a certain design day, which is introduced in Section 4.3.3.

4.3.1 Receiver characteristics

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 (Zavoico, 2001) and around 0.98 in the infrared spectrum (Ho
& Pacheco, 2014). Its infrared emissivity is temperature dependent, with the
data available in (Wade & Slemp, 1962). Opposite to this, the frame cylindrical
structure is covered with white Pyromark, a ceramic painting with an infrared
emissivity of 0.84 (Zavoico, 2001) and high reflectivity: 0.8 in the visible spec-
trum (Zavoico, 2001) and 0.785 in the infrared one (Scannapieco, 1968). 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 com-
monly used in most commercial SPT facilities. The solar salt properties as
function of the temperature are available in (Zavoico, 2001). There are both a
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lower temperature limit, 290 ◦C, and upper one, 565 ◦C, to prevent its freezing
and decomposition, respectively. The HTF is divided into two parallel flow
paths, N-S symmetrical, with no crossover between paths. The salt inlet oc-
curs 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 con-
sidered in order to properly obtain the pressure drop in the receiver, not just
the tubes conforming the panels (Rodríguez-Sánchez et al., 2014b). Connecting
the receiver tubes to their respective inlet and outlet collectors there are three
smoothly bended pipes, presenting two 120◦ elbows and one of 60◦, lengths of
0.7, 1.7 and 0.2 m, and a curvature 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 (Mehos et al., 2020). The pressure
drop of the receiver would be the maximum between the one obtained for each
path, considering the pressure drop through the elements presenting an in-series
disposition.

4.3.2 Alloys characteristics

General overview

The thermal and mechanical properties of the selected materials are obtained
from (ASME, 2010), 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 applica-
tions. At room temperature (RT) it presents a yield strength of 205 MPa
(Du et al., 2016). 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 (Litwin, 2002). However,
its low price, makes it a potentially interesting alternative. Alloy 316H
can only be strengthened by cold work, being thermal treatments dis-
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carded for its hardening (Ren & Lin, 2019). 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. Al-
though far from other options, it has a better corrosion resistance than
316H. Its yield strength is 502 MPa at RT (Mataveli Suave et al., 2016).
It presents great thermal and mechanical properties, which led it to be
extensively studied in the industry. Working below 650 ◦C, it is rec-
ommended either hot-finished, cold-finished or annealed (Special Metals
Corp., 2013) 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 tempera-
tures (∼ 650 ◦C) during low number of cycles (∼ 500 h) (Mataveli Suave
et al., 2016). This causes it to double its elastic limit and present a per-
fectly elastic behaviour after the first cycles.

• Inconel 740H (UNS N07740) is an austenitic nickel-base super-alloy ex-
tensively 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 (De Barbadillo, 2017). Interest has also
arisen in its application in CSP tubular receivers (Barua et al., 2020).
Its yield strength is the greatest out of the five alloys, with 621 MPa at
40 ◦C (Barua et al., 2020). Regarding heat treatments, Inconel 740H
is usually provided as solution annealed and age-hardened (PCC Energy
Group, 2020). The annealing is expected to be performed at 1100 ◦C for
at least 30 minutes 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 four hours.
The forging or hot-rolling of this alloy are both recommended to be done
in a range from 870 ◦C and 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 recom-
mended 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 (Kolb, 2011). Despite its high corrosion resistance
and moderate cost, it has worse mechanical properties than Inconel 625
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(230 MPa of yield stress at 40 ◦C (ASME, 2010)). This alloy is supplied
after a high-temperature annealed treatment, which results in an average
grain size of ASTM 5 or coarser and a greater creep and rupture strength
than its low-carbon variant (Special Metals Corp., 2004).

• Haynes 230 (UNS N06230) is an austenitic nickel-base superalloy. Tradi-
tionally 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, is one of the most
expensive alternatives. Its yield stress is 310 MPa at RT (ASME, 2010).
The solution heat-treated for wrought Haynes 230 is done in the temper-
ature 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 precipita-
tion (Haynes International, 2020).

The selected alloys are used in this Chapter in the form of seamless tubes,
which is typically a more expensive option than the welded alternative but more
adequate for applications experiencing high temperature creep, such as the SPT
receivers. In the manufacturing process of seamless tubes (De Barbadillo et al.,
2018), 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 4.1. 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 4.1 as “Balance”.

It is worth noting that the most restrictive temperature in the design phase
of the receiver is the film temperature (Rodríguez-Sánchez et al., 2014b). 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 literature, can be
found in Table 4.2. The 740H alloy, the most recent one out of the five alloys
analysed, presents excellent corrosion properties at high temperatures while in
contact with combustion gas and coal ashes, which has led it to be widely tested
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Table 4.1: Chemical composition (weight %) of the alloys selected.

Element 230 [a1] 316H [b1] 625 [c1] 740H [d1] 800H [e1]

Ni 57 Balance 10-14 58 min Balance 30-35
Cr 22 16-18 20-23 24.5 19-23
W 14 - - - -
Mo 2 2-3 8-10 0.1 -
Fe 3 max Balance 5 max 3 max 39.5
Co 5 max - 1 max 20 -
Mn 0.5 2 max 0.5 max 1 max -
Si 0.4 0.75 max 0.5 max 0.15 -

Nb 0.5 max -
3.15-4.15
(plus Ta)

1.5 -

Al 0.3 - 0.4 max 1.35 0.15-0.6
Ti 0.1 max - 0.4 max 1.35 0.15-0.6
C 0.1 0.04-0.1 0.1 max 0.03 0.05-0.1
La 0.02 - - - -
B 0.015 - - 0.006 max -
P - 0.045 max 0.015 max 0.03 max -
S - 0.03 max 0.015 max 0.03 max -

Cu - - - 0.5 max -

and characterized in the supercritical steam field (Lu et al., 2017; Luo et al.,
2018; Jena et al., 2018). More recently, interest has been rising involving its
application in sCO2 cycles (De Barbadillo, 2017; De Barbadillo et al., 2018),
but little to none tests have been carried out when working with molten salt
as HTF. However, the presence 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 (De Barbadillo, 2017; Cunat, 2004).
Thus, looking at the rest of alloys studied in this Chapter, 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 4.3.

[a1] (Haynes International, 2020) [d1] (PCC Energy Group, 2020)
[b1] (Atlas Steels, 2011) [e1] (Special Metals Corp., 2004)
[c1] (Special Metals Corp., 2013)
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Table 4.2: Maximum allowable film temperature for the alloys studied.

Alloy 230 316H 625 740H 800H
Tfilm (◦C) 650 [a2] 600 [b2] 630 [b2] 650 650 [c2]

Table 4.3: Alloys prices.

Alloy 230 316H 625 740H 800H
Price ($/kg) 88 5 70 95 23

The cost of alloy 316H, Inconel 625 and Incoloy 800H tubes, in $/kg, is supplied
by Mtsco (Mtsco, 2020) 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 (Nicol, 2013). On the other hand, the price of Haynes 230 has been
obtained via energy consulting.

Mechanical coefficients

The coefficients needed in the equations of Section 4.2.3 have been obtained for
the various alloys of this Chapter 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 4.4 presents the parameters of the stress-strain curves. The
monotonic curve, involving the first load cycle, is fitted to the corresponding
Ramberg-Osgood expression (Glinka, 1985)

ε = εE + εP = σ

E
+

(︂ σ
K

)︂1/n

, (4.20)

while the cyclic curve, related to the stabilized hysteresis loop, is fitted to the
Ramberg-Osgood form for said cyclic curve (Glinka, 1985; Lopez & Fatemi,
2012),

∆ε
2 = ∆εE

2 + ∆εP

2 = ∆σ
2E +

(︃
∆σ
2K ′

)︃1/n′

. (4.21)

The parameters K and n obtained by fitting Eq. 4.20 to the monotonic stress-
strain experimental data are used in Eq. 4.8 to calculate the elastic-plastic

[a2] (McConohy & Kruizenga, 2014)
[b2] (Miliozzi et al., 2001)
[c2] (Bradshaw & Goods, 2001)
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Table 4.4: Coefficients of the stress-strain monotonic and cyclic curves.

Alloy T (◦C) K (MPa) n (-) K ′ (MPa) n′ (-) H (MPa)

230 [a3] 427 425.75 0.0642 1455 0.1485 -
650 303.74 0.0311 760 0.0744 -

316H [b3]
427 159.5 0.03 1246.5 0.239 -
538 138.9 0.029 1849.2 0.269 -
593 181.1 0.066 777.7 0.15 -

625 [c3] 650 - - - - 2332
750 - - - - 1287.7

740H [d3]
650 975 0.0786 - - -
700 899 0.0584 - - -
750 898 0.0635 - - -

800H [e3]

427 326 0.1316 - - -
538 [f3] - - 392 0.0559 -
649 289 0.1305 - - -
760 182 0.1095 - - -
850 [g3] - - 178 0.058 -

equivalent stress. On the other hand, the coefficients K ′ and n′ resulting from
the fitting of Eq. 4.21 to the cyclic stress-strain data are needed in Eqs. 4.10,
4.14 and 4.15. The cyclic parameters for Inconel 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 elasto-plastic
modulus, H, needed in Eq. 4.9 to characterize its behaviour is obtained by
fitting the stress-strain data above Sy to the expression (Moftakhar et al., 1995)

ε = Sy

E
+ σ − Sy

H
,σ > Sy. (4.22)

Regarding the alloys selected in this Chapter, Inconel 625 is the one satisfying
such scenario (Mataveli Suave et al., 2016) and thus the one needing the fit
corresponding to Eq. 4.22.

[a3] (Barrett et al., 2016) [e3] (Berman et al., 1979)
[b3] (Maiya, 1980) [f3] (Kaae, 2009)
[c3] (Mataveli Suave et al., 2016) [g3] (Rao et al., 1996)
[d3] (Barua et al., 2020)
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Table 4.5: Coefficients of the Norton-Bailey model.

Alloy A (1/ (Panr s)) nr (-) m (-) Q (kJ/mol) tstab (s)
230 [a4] 2.688e-45 6.6 0 322 [b4] 108,000

316H [c4] 2.0644e-68 11.2594 0 537.64 108,000
625 [d4] 6.78e-95 13.37 0 447 108,000

740H [e4] 5.857e-57 9.6955 0 612.77 108,000
800H [f4] 2.615e-46 9.5 0 685.2 108,000

Table 4.5 compiles the coefficients obtained for the Norton-Bailey creep
strain model, which are required in Eq. 4.11 to calculate the stress relaxation.
The m factor is set to zero, which translates in a simple Norton equation, allow-
ing us to consider secondary creep strain rates. The minimum strain rate (1/s)
versus stress (MPa) at a fixed temperature plot is used to fit the stress power
law for creep strain model coefficient (nr) using the power-law creep equation:
ε̇ = A0σ

nr . The experimental data selected from the literature for this mat-
ter 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 temperatures
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 absolute temperature (1/K) 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 conditions of each alloy. On the other hand, the stabilization
of the stress relaxation in molten salts receiver, tstab , is typically around 20-30
days (González-Gómez et al., 2021) which, considering just the most significant
hour per day, translates in 20-30 hours. In this study, tstab has been set in 30
hours (108,000 seconds). However, if stress reset occurs, the stabilization time
would be considered to be equal to one hour for the methodology presented in
this Chapter. This is so because only the effects of the maximum daily stress
relaxation are considered (which last one hour) 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.

[a4] (Boehlert & Longanbach, 2011) [d4] (Special Metals Corp., 2013)
[b4] (Eno et al., 2008) [e4] (Zhang & Takahashi, 2018)
[c4] (Whittaker et al., 2012) [f4] (Special Metals Corp., 2004)
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Table 4.6: Coefficients of the M-R-M parametrization.

Alloy β0 β1 β2 β3

230 [b4] -26.27 44158 4.72 -11337
316H [e3] -35.27 47957 9.94 -15175
625 [d4] -44.2641 65825 12.2 -20289

740H [a5] -67.74 87260 20.12 -26560
800H [f4] -19.78 36566 -0.9252 -6197

Table 4.7: Fatigue coefficients.

Alloy T (◦C) σ′
f (%) ε′

f (%) c1 (-) c2 (-)

230 [a6]
427 0.2 18 0.01 0.45
538 0.2 45 0.0005 0.6
649 0.2 45 0.001 0.65

316H [e3]

427 0.13 5.6 0.023 0.43
482 0.1 4.95 0.015 0.46
593 0.078 4.73 0.009 0.5
705 0.067 3.17 0.01 0.48

625 [b6] 650 0.21 4.56 0.014 0.34
815 0.15 4.92 0.01 0.39

740H [c6] 700 0.3 4.11 0.018 0.34

800H [f4]
540 0.17 37.6 0.025 0.55
650 0.2 54 0.003 0.68
760 0.11 32.4 0.14 0.6

Then, Table 4.6 comprises the parameters required in Eq. 4.12 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 tempera-
tures. Lastly, the fatigue parameters to obtain the number of allowable cycles
via Eq. 4.17 are included in Table 4.7. The fitting is done using the experimen-
tal half strain range (%) versus cycles to failure charts found in the literature.
With the log10 plot, see Figure 4.2, 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 σ′

f/E.

[a5] (PCC Energy Group, 2020) [b6] (Bui-Quoc et al., 1988)
[a6] (Fahrmann & Srivastava, 2014) [c6] (Abe, 2015)
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Figure 4.2: Logarithmic half strain range versus number of allowable cycles plot
for Inconel 625 at 815 ◦C, showing the plastic and elastic regions.

4.3.3 Design day and field aiming

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 clean day, free of cloud passages and other transient interruptions. It
consists of eleven sunlight hours, from 7:00 h to 17:00 h. Its interaction with
the heliostat field results in an hourly symmetrical heat flux distribution on the
receiver between the two paths: the 7:00 h for the East receiver path is the same
than the 17:00 h for the West one, the 8:00 h for the East path corresponds to
the 16:00 h for the West half, and so on, being the 12:00 h symmetrical in the
N-S direction. The hourly DNI of this design day presents a maximum value of
931.6 W/m2 at 12:00 h and a minimum of 559.2 W/m2 at 7:00 h and 17:00 h.
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.

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 strat-
egy 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
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temperature, the salt velocity and the pressure drop from the thermal and hy-
drodynamic 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 plasticity regime does cause plastic
yielding in each cycle, which is ill-advised 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 temper-
ature 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 temperature or
the twice yield strength limit are exceeded.

4.4 Results and discussion

The results from the integral analysis of the receiver are exposed and discussed
in the following section. The starting point is to set the maximum aiming factor
allowable at each hour for every alloy by performing both the thermal analy-
sis and the elastic stresses one, considering the aforementioned 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 elastic-plastic stresses and strains. In the former case, the
stress relaxation effects have been included. Lastly, a cost analysis of the re-
ceiver is undertaken 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 the
study.

4.4.1 Maximum aming factor allowable

First, the receivers studied are characterized using the heliostat field and ther-
mal models presented in Section 4.2.1. The maximum film temperature ob-
tained 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.
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With the availability of the whole field it was found that two of the five alloys se-
lected 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 heliostat 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 4.8. For the scenarios that present no issues,
the field availability is not indicated since it is the 100%.

After the thermal analysis is performed, the elastic stresses and strains on
the receiver can be obtained following the method presented in Section 4.2.2,
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 through them. The higher elastic
stresses are present in the alloys with the highest Tfilm limit value, which are
Haynes 230, Inconel 740H and Incoloy 800H, since that 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 surpassed, which
means that they worked in reverse plasticity regime. In the case of Haynes 230,
this occurred just at 11:00 h, 12:00 h and 13:00 h 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 7:00 h to 17:00 h, 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 limitation 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
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Table 4.8: Hourly maximum aiming strategy factor and heliostat field maximum
availability.

Time 230 316H 625 740H 800H
7:00 3 1.8 (72%) 2.5 3 3
8:00 2.3 2.0 (43%) 1.5 2.3 2.3
9:00 2.1 2.2 (35%) 2.2 (73%) 2.0 2.1
10:00 2.1 2.3 (35%) 2.3 (69%) 2.0 2.1
11:00 2 2.3 (34%) 2.3 (73%) 2.2 2.3
12:00 2 2.3 (35%) 2.3 (76%) 2.4 2.4
13:00 2 2.3 (34%) 2.3 (73%) 2.2 2.3
14:00 2.1 2.3 (35%) 2.3 (69%) 2.0 2.1
15:00 2.1 2.2 (35%) 2.2 (73%) 2.0 2.1
16:00 2.3 2.0 (43%) 1.5 2.3 2.3
17:00 3 1.8 (72%) 2.5 3 3

Tfilm and the 2Sy restrictions are included in Table 4.8. The aiming strategy
is obtained jointly for the Eastern and Western halves, watching the limits of
both, instead of proposing a different aiming strategy for each half according
to their specific needs dictated by the incident heat flux on them. Therefore,
given the symmetry of the DNI with respect solar noon, the strategies result
likewise symmetrical, being the Western half the most restrictive one during
the morning and the Eastern one during the afternoon.

Now, the resulting evolution of the maximum film temperature, obtained
for the final hourly aiming strategies, is presented in Figure 4.3 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 symmetry of the design day with respect
the N-S direction, is the same than the Eastern one but inverted with respect
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 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
(as shown in Chapter 3), for the alloys selected at their corresponding aiming
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Figure 4.3: Maximum film temperature for every alloy, depicted hourly.

strategy and heliostat availability are presented in Figure 4.4, following again
the Eastern HTF path. The hour selected has been the 12:00 h since it is one of
the most aggressive, jointly with 11:00 h (and 13:00 h, mirrored), and because
of the symmetry between the two flow paths. The twice yield strength value
is also included (dashed lines, evaluated at the corresponding 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 criti-
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Figure 4.4: Equivalent elastic stress at the tube crown at 12:00 h for the different
alloys under the aiming strategies of Table 4.8 and 2Sy limit (dashed lines) for alloys
Haynes 230, 316H and 800H.
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Figure 4.5: Hourly depiction of (a) Pressure drop in the Eastern path and (b)
Receiver thermal efficiency.

cal 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 pres-
sure drop is around 20 bar (Rodríguez-Sánchez et al., 2014b), with the receiver
studied operating around these conditions in the worst scenarios in such regard
(Haynes 230, 740H and 800H). Figure 4.5(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 pres-
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Table 4.9: Receiver thermal power for the design day.

Time 230 316H 625 740H 800H
Thermal power (MWt) 115.97 40.82 89.72 116.18 116.64

sure 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 Figure 4.5(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 4.9. 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 the
rest of the alloys studied. Consequently, the following receiver in 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 early thermal
corrosion limit.

4.4.2 Creep-fatigue results: lifetime analysis

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 4.8 is below the shakedown stress range,
(∆σ ≤ 2Sy). In contrast, the stress reset limit (Sy,cold + SH) has not been
considered 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 relaxation.
With the final aiming strategy, Haynes 230 exhibits no issues in this aspect, as
well as alloys Inconel 625 and Inconel 740H (see Figure 4.6). 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
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Figure 4.6: Equivalent elastic stress at the tube crown at 12:00 h and the corre-
sponding stress reset limit for each alloy.
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Figure 4.7: Equivalent elastic strain at the tube crown for the different alloys at
12:00 h.

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 receivers do.

On the other hand, the elastic strains, needed for the fatigue damage calcu-
lation, are presented in Figure 4.7, again following the HTF path and at 12:00 h.
The maximum strain is roughly a 0.35% for Incoloy 800H, the alloy presenting
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the greater ones. This implies that these alloys are way below concerning strain
values for fatigue damage.

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 4.2.3 and using the monotonic and cyclic
coefficients, compiled at Table 4.4, 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.

As mentioned during the methodology exposition, the stress relaxation 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 combination resulting in
the greatest value, out of the ones obtained hourly from the operation of the
receiver under the aiming strategies at Table 4.8. Conversely, for the spots
of the receivers in alloy 316H and Incoloy 800H above the stress reset limit,
the stabilization time results, from a practical point of view, in one hour 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. 4.7. An instance
of the stress relaxation behaviour for each alloy is depicted in Figure 4.8. Alloy
316H has been omitted since it barely relaxes due to its mild working conditions.

On the one hand, Figure 4.8(a) shows the stress relaxation influence 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 hours. This is
equivalent to 30 days since the relaxation is accumulated just one hour per day
considering a continuous exposure to the maximum temperature (González-
Gómez et al., 2021). 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 14:00 h.
Inconel 625 reaches the maximum relaxation at z = 46 m (fifth panel) and
at 13:00 h. Lastly, Inconel 740H is illustrated with the 12:00 h of z = 26 m
(third panel). After the tstab, the stress relaxation is considered fully deployed
and hence the following days present a constant value of it, having reached
the global stress relaxation; then, that is the stress relaxation that would be
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Figure 4.8: (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.

finally used in Eq. 4.7 for the corresponding z in each case and during all of
the daily operation hours. The same procedure is used for the rest of the
axial positions, using their maximum stress relaxation during the day. On the
other hand, Figure 4.8(b) depicts an instance of the stress relaxation 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 such Figure, 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 h to
17:00 h). The spots that do not fall in the stress reset regime would behave
just as the alloys in Figure 4.8(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 Figure 4.9 as a function of
the temperature and the equivalent stress solicitation. It has been obtained
by using Eqs. 4.7 and 4.11 with the coefficients of Table 4.5 at a fixed tstab

of 30 hours 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 (Yan et al., 2015). Hence, the
stabilization time has been selected to fulfill that for all the alloys. In addition,
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Figure 4.9: Effect of stress relaxation in terms of the creep stress as function of the
temperature and elastic-plastic equivalent stress solicitation.
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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 hour, capturing how
they would behave under such regime. The linear evolution of the resulting
σeq − σrelax (or σcreep), observed in Figure 4.9 for certain values of the σeq

solicitation at a fixed temperature, implies that the alloy is not suffering stress
relaxation at these temperatures 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 σeq 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 hour or a tstab of 30 hours, being the latter way
more favorable, especially for alloy 316H.

However, it should be noted that the stress relaxation translates in perma-
nent inelastic strains, enlarging the hysteresis loop during hold periods (Jeong
et al., 1999) and reducing the alloys fatigue life, although this adverse effect
is presumably diminished with the increase of the hold time (Brinkman et al.,
1976). Thus, an extremely high stress-relaxation can favour the results of the
rupture time in terms of creep, since it reduces the effective creep stress solic-
itation on the alloy, but it eventually leads to the exhaustion of its ductility
(Payten et al., 2013) and an excess of fatigue, which could cause unexpected
early failure not predicted by the creep rupture time. Such conditions are ob-
tained when the stress reset limit is surpassed, where the creep-fatigue damages
are combined, and the time-to-failure is dramatically reduced.

Subsequently, Figure 4.10 shows the elastic stress, equivalent elastic-plastic
stress and creep stress for the alloys studied at the tube crown at 12:00 h as well
as 17:00 h (Eastern path), in order to present a better depiction of the ranges
of the different stresses during this particular design day. These two hours
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 afternoon. 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
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Figure 4.10: Elastic stress, elastic-plastic equivalent stress and creep stress for the
alloys studied at the tube crown, at 12:00 h and at 17:00 h.
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Figure 4.10: Elastic stress, elastic-plastic equivalent stress and creep stress for the
alloys studied at the tube crown, at 12:00 h and at 17:00 h (cont.).

or less 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 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. In addition, note the behavior of the
Incoloy 800H receiver: the creep stress at 12:00 h is the same than the elastic-
plastic one at middle length of the fifth, sixth and seventh panels; however,
they have indeed relaxed at 17:00 h. The reason for such outcome is that
these spots fall under the stress reset conditions (Figure 4.8) 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 shutdown, 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 relaxations is accumulated through the
shutdowns and start-ups.

Equivalent operating days

Upon knowing the creep stress, the dc can be obtained with the methodology
presented in Section 4.2.3. 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 4.6 for each alloy. In Figure 4.11, the rupture time of each alloy is
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Figure 4.11: Rupture time as function of the creep stress and the temperature.

presented likewise it was previously done with the stress relaxation: as a surface
depending on the temperature and the stress (Eq. 4.12). 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,
Inconel 740H presents the greater creep resistance, followed by Inconel 625.
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Figure 4.12: EODs for the alloys studied, Eastern path.

The alloys 800H and Haynes 230 show a similar behavior between 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. Figure 4.12 depicts the results for the Eastern path. It
should be noted that, for the clean 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
(González-Gómez et al., 2021; Conroy et al., 2018a; Ortega et al., 2016). Given
the low entity 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 Figure 4.12,
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.
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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 (Figure 4.10, difference between σeq and σcreep)
and given the high sensitivity of the rupture time to the stress applied (Fig-
ure 4.11), 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 penal-
ized 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, ben-
efit from stress relaxation and can last up to 40 years, considering 300 EODs
per year. Lastly, alloy 316H is subjected to low elastic-plastic stresses at being
insufficient 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 Figure 4.13(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, these are also two of the three alloys being
able to provide with the highest thermal power (Table 4.9), 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. The total number of panel substitutions,
sp, for each receiver are presented in Figure 4.13(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
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Figure 4.13: (a) Minimum EODs for a receiver panel. (b) Number of total panels
substitutions in the different receivers to achieve an operation of 25, 30 and 35 years.

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 demands 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 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 Figure 4.13(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 in-
tegrity. For such reason, given the alarmingly high elastic stresses at which
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Figure 4.14: Stress regimes diagram with the most critical regimes found for each
alloy.

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 sur-
pass such limit despite presenting acceptable EODs. Moreover, such receiver
also needs to operate with unusually low aiming factors and heliostat availabil-
ities in order to fulfill the maximum Tfilm admissible and so avoid the molten
salts corrosive 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, Figure 4.14 shows where
each alloy is located at the Bree diagram (Bree, 1967) 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 their yield strength Sy. Given that the pressure stresses (primary
stresses) in the receiver tubes are almost negligible with respect 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
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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. 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.

4.4.3 Receiver costs

To obtain the cost of a SPT receiver expected to last the lifetime periods dis-
cussed in the previous section, the prices of the different alloys, included in
Table 4.3, involved in the manufacturing of receiver tubes and headers are mul-
tiplied 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,
Figure 4.13(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 rele-
vant 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 (Ho & Pacheco, 2014). Moreover, the cost of
its initial application on the receiver tubes and expected reapplications during
the receiver lifetime is dissected in (Boubault et al., 2017), 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 analysis. 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 (Kelly et al., 2010), all of them referred to as specialty
costs. Each tube is connected 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 hour, 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.
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The costs related to 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 the result of all the above, a summary of the different aspects considered
in the present costs comparison is shown in Table 4.10, having omitted the
Incoloy 800H receiver due to its poor results, as commented in Section 4.4.2.
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 receivers 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 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 obtaining 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. 4.19 are included in Table 4.11, with the ones involving
the reference receiver appearing in italics. The results show that Haynes 230
LCOA is sustained over the studied lifetime periods. On the contrary, alloy
316H one descends over time, while Inconel 625 presents a minimum in the 30-
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Table 4.11: LCOA of the receiver alternatives.

Reference 740H

Alloy
Life
(yrs)

Calloy,i

($/yr)
Ealloy,i

(MWh/yr)
Cref

($/yr)
LCOA

($/MWh)

230
25 36,742

382,701
103,730 0.01

30 33,402 96,062 0.01
35 31,016 90,585 0.01

316H
25 2,537

134,706
103,730 0.28

30 2,114 96,062 0.26
35 2,296 90,585 0.25

625
25 35,322

296,076
103,730 0.09

30 31,538 96,062 0.08
35 34,241 90,585 0.09

740H
25 32,501

383,394
103,730 0

30 29,793 96,062 0
35 27,858 90,585 0

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 receivers, 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.

4.5 Conclusions

A set of SPT molten-salt cylindrical central receivers has been analysed 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 study, the corresponding
coefficients needed in such model have been obtained for each alloy by fitting
the mentioned data.

The analysis is performed for the same clean design day in all the cases, with
an hourly time resolution. However, the limitation of the film temperature to
avoid the salt excessive corrosive effects, and the look for the elastic shakedown
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regime working conditions (elastic stresses below 2Sy), imposes the need of
using different aiming strategies, and even heliostat field availability, for each
receiver, causing a disparity in the thermal power these receivers can offer.
Especially critical is the case of the 316H alloy, whose low maximum admissible
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.

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 (σE

eq > Sy,cold + SH), not being able
to accumulate stress relaxation over the daily plant shutdowns. On the other
hand, the fatigue damage is negligible in all the receivers due to the clean 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 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 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.

A cost analysis is lastly fulfilled, considering just the receiver elements af-
fected 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. With these aspects in mind, both Inconel 740H and Haynes 230
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receivers validate their suitability over the rest, in terms of total receiver cost
over thermal power and of their LCOA, despite being the two most expensive
alloys. 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.

Nomenclature

A tube cross section area (m2),
stress relaxation constant
(1/ (Panrs))

a tube inner wall radius (m)
b tube outer wall radius (m)
C cost ($/year)
C ′ creep stress safety factor
c1, c2 Manson-Coffin equation

exponents
D total damage
d design day damage
E Young modulus (Pa),

thermal energy (MWh/year)
H elasto-plastic modulus (Pa)
J number of creep damage

intervals
K monotonic strength

coefficient (Pa)
K ′ cyclic strength coefficient

(Pa)
k aiming factor
Lt tube length (m)
M total number of fatigue cycles
m Norton-Bailey experimental

constant
N fatigue cycles
n monotonic strain hardening

exponent
n′ cyclic strain hardening exponent
Np number of panels
nr stress power law for creep

strain model
Nt number of tubes per panel
Pi tube internal pressure (Pa)
Q creep activation energy (J/mol)
R ideal gas constant (J/ (molK))
r radial coordinate, radius (m)
S allowable stress (Pa)
SH hot relaxation strength (Pa)
sp number of panels substitutions
SSR stress reset limit (Pa)
Sy yield strength (Pa)
t time (s)
th thickness (m)
T temperature (K)
z axial coordinate (m)
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Greek letters

β M-R-M parametrization
coefficients

∆P pressure drop (Pa)
∆t time interval (s)
ε strain (%)
ε̇ strain rate (1/h)
ε′

f fatigue ductility (%)

ηthermal thermal efficiency (%)
θ circumferential coordinate (◦)
ν Poisson coefficient
σ normal stress (Pa)
σ′

f fatigue strength (%)
τ shear stress (Pa)

Subscripts

a allowable
c creep
cold room temperature
creep effective creep stress
eq Von Mises equivalent

stress/strain
f fatigue
film HTF region in contact with

the tube inner wall

L limit
M mechanical stress component
P pressure stress component
R rupture
ref reference receiver
relax relaxation
stab stabilization
T thermal stress component

Superindexes

E elastic stress
P plastic stress

Abbreviations

AFD allowable flux density
ASTM American society for testing

and materials
ASME American society of

mechanical engineers
BPVC boiler and pressure vessel

code
CC code case
CSP concentrating solar power

DNI direct normal irradiance
(W/m2)

ECGM energy coarse grid model
EODs equivalent operating days
FEA finite element analysis
FFS fitness for service
HTF heat transfer fluid
LCOA levelized cost of alloy
LCOE levelized cost of energy
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LDS linear damage summation
M-R-M Mendelson-Roberts-Manson
NH ASME nuclear CC

(former N-47)
PCC Precision Castparts Corp.

RT room temperature
sCO2 supercritical carbon dioxide
SPT solar power tower
UNS unified numbering system
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Summary

The present Chapter assesses the impact of the time resolution and design day
selection in the lifetime estimation of a solar power tower molten-salt external
tubular receiver working during clean-day conditions. Thus, a global analysis
of the receiver is performed, staring from the aiming strategy selection of the
heliostat field; in that regard, the receiver operation limits are set in order to
keep a low enough film temperature and to avoid the stress reset that would
prevent the stress relaxation accumulation over the receiver cyclic operation.
The time steps selected for their relevance testing are: 60, 30, 15, 5 and 1 minute
during the spring equinox, as well as just the solar noon conditions. The latter
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greatly underpredicts the receiver lifetime with respect the 1-min case, being
consequently early discarded. As for the rest, the most-damaged panel lifetime
is underestimated over a 18% and a 16% using the 60 and 30-minute time steps,
dropping under a 5.5% for the 15-min one. Finer resolutions allow a more
precise heliostat field aiming strategies selection, decreasing the peak fluxes on
the receiver. Resolutions from 15 to 5-min offer a good compromise between
accuracy and computational cost. Lastly, selecting a set of 8 representative days
for the year, equally-spaced in solar height, opposite to just the spring equinox
offers more accurate results since the latter underestimates the whole receiver
lifetime, which can result excessively conservative. The summer solstice is the
least-damaging day, with the lifetime decreasing as approaching the winter one,
as long as the tank filling is achieved.

5.1 Introduction

A rather usual approach when undertaking the lifetime analysis of solar tech-
nology components is to consider 10,000 fatigue cycles and 100,000 hours of
operation, which is equivalent to 30 years of operation with nearly 1 cycle a
day (Babcock & Wilcox Company, 1984) and about 9 to 10 hours of operation
per day (Neises et al., 2014). Thus, from the early works in the matter to
more recent ones, there is a wide variety of studies in the literature addressing
whether the receiver can withstand the creep and fatigue damages when operat-
ing during for such horizon and number of cycles (Conroy et al., 2019). Kistler
(1987) and Grossman & Jones (1990) performed the analysis of solar central
receivers taking into account these 10,000 cycles and 100,000 hours, following
the N-47 code case for nuclear applications. Both studies also took into account
cloud transients and considered the creep damage negligible. Kistler used mea-
sured weather data to establish different types of fatigue cycles depending on
the heat flux variations due to these cloud transients, advising the use of a
security factor of 2 for the number of cycles, given the uncertainties present in
these studies. Babcock & Wilcox Company (1984) also considered the 10,000
cycles to perform the analysis of a cavity type receiver in Incoloy 800H working
with molten salt following the N-47 code case, regarding the creep negligible as
well.

Nonetheless, since the security margins of the N-47 are deemed excessive
when analyzing solar technology components, Berman et al. (1979) proposed
an interim design code based on some simplifications of the N-47 code case,
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making it more suitable for the present field. Following such methodology,
Narayanan et al. (1985) performed the analysis for a molten salt receiver in 304
and 316 alloys, also including cloud cover cycles besides the daily start-up cy-
cles. Nevertheless, the creep and fatigue material data available at the time was
limited and the result of short-term tests. Also based on such interim design
code and taking into account the cycle and hours recommendations for 30 years,
the works of Neises et al. (2014) and Nithyanandam & Pitchumani (2016) ana-
lyze sCO2 receivers, both made of Haynes 230, for various design configurations.
However, the former is a preliminary study that did not consider circumferential
variations of the heat flux in the selected tube nor its plastic deformations; this
last aspect is also disregarded in (Nithyanandam & Pitchumani, 2016). Con-
roy et al. (2018a) performed a design optimization study of a sodium billboard
receiver. They also analyzed the relevance of the aiming strategy on the re-
ceiver lifetime (Conroy et al., 2018b). In both works, the lifetime analysis was
done following the rules of ASME B&PV Section III: Subsection NH (ASME,
2004). They evaluated the creep damage by differentiating the creep loading
conditions establishing direct normal irradiation (DNI) levels every 50 W/m2,
from 0 to 1000 W/m2. On the other hand, they also set different fatigue cycles.
Real 1-minute DNI data was then used to determine the time spent in each
DNI level, as well as the cycle type and frequency. However, elastic stresses
were considered for the creep damage and the apparition of stress reset disre-
garded. More recently, (González-Gómez et al., 2021) also followed the ASME
B&PV Section III: Subsection NH to study the lifetime of a molten salt solar
power tower (SPT) receiver considering 60-minute time intervals, taking the
clean spring equinox as design day. In their work, they took into account the
plastic deformations of the tubes as well as the stress relaxation effect, which is
paramount to avoid the underestimation of the receiver lifetime, although the
aiming strategy of the heliostat field into the receiver was not modified during
the operation, which penalizes the receiver thermal production rates.

While in the lifetime estimation field the focus has not been yet put on es-
tablishing the time resolution and the design day selection impact, some studies
have approached such issue from a thermal and economic perspective, or per-
formed the analysis for finer time resolutions than the hour basis. Meybodi
et al. (2017) used a multi-year Australian solar database to analyse the time
resolution impact on the power production and costs of a parabolic through with
molten salt storage plant. Selecting 5, 15, 30 and 60-minute time steps, they
concluded that the 5-minute one provided the most realistic prediction, while
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the 60-minute one fell in the opposite side. In between, the 15 and 30-minute
steps provided quite realistic results for simplified analysis. Guédez et al. (2014)
performed a thermoeconomic analysis of the thermal storage system integration
in a concentrating solar power (CSP) plant in order to optimize the peak power
production, considering 10-minute time steps. Given the variability of the solar
resource during the day, a trend of integrating CSP with concentrating photo-
voltaic (CPV) is also arising. In this regard, the work of Cocco et al. (2016)
analysed the dispatchability improvement of combining both technologies by
performing a minute-by-minute analysis of two design days selected as repre-
sentative: a summer and a winter day. Lastly, Zurita et al. (2020) also studied
a CSP-PV hybrid plant from the capacity factor and levelized cost of energy
(LCOE) point of view and asses the role that the time resolution selected to
perform the analysis plays in the results. Their study was performed for three
different days selected as representative: a clear-sky day, a variable day with
high DNI and high-frequency transients, and a variable day with low DNI. The
LCOE and capacity factor deviation for the 60-minute time step with respect
the 1-minute one was around 5.2% and just shy of 6%, respectively.

Additionally, the experience gained from the commercial scale central re-
ceiver technologies suggests that the use of hourly DNI data fails to correctly
predict the annual performance, being advisable to use 15 minutes or finer data,
with 1-minute information being potentially the best alternative (Mehos et al.,
2020).

As a result of the above, this Chapter aims to assess the time resolution
and design day selection impact from the SPT receiver lifetime angle, given the
lack of analysis in this regard and the aggressive conditions the receiver faces
during its operation. Moreover, taking into account the dimension of a central
receiver design process, which interacts with other subsystems constituting the
whole facility–especially the heliostat field–, an integral analysis of a tubular
central receiver is performed for that end. Considering different time steps and
design days, the design process starts by selecting the heliostat field aiming
configuration on the receiver surface–which determines the heat flux distribu-
tion on the receiver–and it concludes with the lifetime estimation under these
operation conditions. The interaction of the receiver with the thermal energy
storage (TES) system, the molten salts tank, is also regarded, considering the
operation of the receiver coupled to the filling of such tank. Hence, the Chapter
is organized as follows: first, the various models needed to perform the integral
analysis of the receiver are presented in Section 5.2, along with a description of
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how the calculation process develops by integrating all these models and taking
into account the operation limits of the receiver. Then, the characteristics of
the heliostat field, receiver and cases of study are introduced in Section 5.3.
From there, Section 5.4 discusses the results obtained for both the time resolu-
tion and the design day analyses. Lastly, Section 5.5 provides the conclusions
reached in the present study.

5.2 Methodology

This section presents the different models required for the integral analysis
performed in this Chapter–optical, thermal, elastic stresses and strains, and
lifetime models–as well as how they work together in the calculation procedure,
in which some operation limits must be regarded.

5.2.1 Models employed

Optical and thermal models

The optical model chosen, developed by Sánchez-González & Santana (2015),
allows us to obtain the heat flux on the receiver surface, as well as the optical
efficiency of the heliostat field, based on the convolution-projection method.
For that end, the optical model uses the DNI obtained with the Daneshyar-
Paltridge-Proctor clear sky model (Reno et al., 2012), which depends on the
solar altitude α,

DNI = 950.2 [1 − exp (−0.075α)] . (5.1)

Given that the days selected in this study are clear days, the DNI would be
symmetrical in time with respect the solar noon.

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

Next, the thermal model uses the heat flux distribution on the receiver sur-
face to obtain the different temperatures of the receiver tubes. The model em-
ployed in this Chapter is the coarse grid model (CGM) developed in (Rodríguez-
Sánchez et al., 2014), which considers a tube representative per panel and a se-
ries of circumferential divisions of the tubes, besides the axial ones, to calculate
the radiative heat exchange between the surfaces involved. The inlet and outlet
temperatures of the heat transfer fluid (HTF) are set according to the particu-
larities of the HTF in question. Given that the day studied is a clean one, with
no transient interruptions and smooth transitions in the DNI, the model relies
on the modification of the mass flow through the receiver in order to achieve
the fixed outlet desired temperature. Thus, this approach corresponds with
the so-called control mode 1 presented by Zurita et al. (2020), suitable for the
aforementioned conditions; the control mode 2 described in their work would
not apply in this study. An aspect to regard after the analysis is performed is
the resulting film temperature in the tube (temperature of the inner wall, in
contact with the HTF trough it), since it is limited depending on both the HTF
and the alloy selected for the tubes manufacturing.

The use of the CGM is preferred in this Chapter opposite to the energy
coarse grid model (ECGM) developed in Chapter 2 due to its lower computa-
tional cost, around 5 times lesser, which is essential given the high number of
simulations required for this analysis. The difference between them strives in
the radiative exchanges calculation, with the ECGM being more precise since it
involves an iterative process until the radiative heats converge. Then, the rest
of the calculation process develops in the same way, obviating the minimum
tube thickness calculation implemented in the ECGM. Thus, the CGM used in
this Chapter underestimates the tube film temperature and the temperature of
the tube outer wall around a 3% at their respective critical spots. Although
these divergences are undesirable for a fine thermal and exergy analysis, such
as the one carried out in Chapter 2, these are assumed admissible in the present
damage assessment since the main factor of uncertainties is later introduced by
the creep and fatigue experimental coefficients.
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Elastic stresses-strains and lifetime models

The elastic stresses and strains on the receiver tubes are obtained upon knowing
their temperature distribution, once the thermal analysis has been completed.
The model used for such end is the analytical one presented in Chapter 3. It is
based on the separation of the temperature profile as the addition of the circum-
ferential and radial components, allowing the superimposition of the thermal
stresses resulting from both gradients, and it considers the temperature depen-
dence of the material properties. On the other hand, the mechanical restrictions
of the receiver tubes, set to avoid their excessive bending–which could cause col-
lisions between adjacent tubes and the appearance of hot spots–, are also taken
into account. Hence, the elastic stresses and strains obtained are due to both
the thermal contribution, given the uneven temperature distribution on the
tubes surface, and the mechanical one, caused by the displacement restrictions
these tubes are subjected to. Moreover, the pressure stress caused by the HTF
through the tubes is considered as well, although it can be regarded as negligible
in comparison to the thermal and mechanical components.

Subsequently, the analytical lifetime model employed is the one developed
by González-Gómez et al. (2021) and already presented in Chapter 4. It is based
on these elastic stresses and strains to give out the elastic-plastic ones. This
model also considers the stress relaxation phenomenon, which occurs during
hold time under high temperatures and stresses and can develop during a certain
stabilization time, even with the characteristic cyclic operation of this kind of
technology, suffering from daily start-ups and shutdowns, as long as the stress
reset limit is not surpassed. The creep stresses, σc, resulting after the stress
relaxation, as well as the temperature, T , at which the tubes operate, are the
ones responsible for the daily creep damage during day i, dc,i,

dc,i =
Ji∑︂

n=1

∆tn
tR,n

, (5.2)

by means of the rupture time calculation, tR, at the different time intervals,
∆tn,

log10 (tR) = β0 + β1
1
T

+ β2 log10 (σc) + β3 log10 (σc) 1
T
. (5.3)

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

df,i =
Mi∑︂

m=1

Nm

Na,m
, (5.4)

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

∆εeq
2 =

∆εE
eq

2 +
∆εP

eq
2 =

σ′
f

E
N−c1

a + ε′
fN

−c2
a , (5.5)

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

f is
the fatigue ductility.

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

DL ≥ Dc +Df . (5.6)

In this analysis, the linear damage summation (LDS) model (ASME, 2004) is
used, considering that both the creep and fatigue damages work independently.
It also implies that the damage limit, DL, is equal to unity regardless the ma-
terial selected for the tubes manufacturing (British Energy Generation, 2003;
Chen et al., 2013), which is a good assumption in clear design days (González-
Gómez et al., 2021). Considering just a representative day for the receiver
operation, i, the total creep and fatigue damages can be expressed as the daily
creep and fatigue damages obtained that day multiplied by the number of equiv-
alent operating days of the receiver (EODs); on the other hand, if a total of
I representative days is selected instead, these total damages would be equal
to the average daily damages during these I days, multiplied by the total of
EODs. Thus, the lifetime of the receiver, expressed in terms of its equivalent
operating days, is obtained as

DL = EODs
I∑︂

i=1

(︃
dc,i

I

)︃
+ EODs

I∑︂
i=1

(︃
df,i

I

)︃
→ EODs = DL

dc + df

(5.7)

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

The criteria established in the optical model for the start-up is that the solar
height must be at least 10◦ (Falcone, 1986). On the other hand, the plant
shutdown for each case occurs once the TES tank is completely filled. Prior the
final lifetime analysis, it is necessary to determine the aiming strategy of the
heliostat field on the receiver surface. For such end, two limiting factors for the
AFD are regarded:

• The maximum allowable film temperature, Tfilm, of the alloy selected when
in contact with the selected HTF. This restriction is watched to avoid the
excessive corrosion of the tubes; in case of Haynes 230 tubes with molten
salts flowing through them, such limit is set in 650 ◦C (McConohy &
Kruizenga, 2014).

• The stress reset limit, SSR. It is deemed in order to ensure the cyclic
accumulation of stress relaxation over the cyclic receiver operation; oth-
erwise, stress reset would occur after the daily shutdown and the tubes
would not be able to resume the operation the following day at the relaxed
stress level achieved during the previous day. The stress reset limit is de-
termined by the expression SSR = Sy,cold + SH (Becht IV, 2011), where
Sy,cold is the cold (room temperature) yield strength and SH is the hot
relaxation strength, taken as 1.25 times the allowable stress, S, obtained
from the ASME BPVC Section II Part D (ASME, 2010).

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

Once the k is definitive for the different time moments of the design day
chosen, the hours of operation (HOP) needed to fill the molten salts storage tank
are obtained. The lifetime analysis is finally undertaken for these aiming factors
and the resulting operation hours, using the corresponding temperatures and
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Figure 5.1: Calculation procedure, including the different models used and the
operation limits considered.

elastic stresses and strains from the previous models. The present calculation
procedure is summarized in Figure 5.1.

5.3 Characteristics studied

5.3.1 Heliostat field and receiver description

The receiver studied is part of a plant with a Gemasolar-like heliostat field
(Burgaleta et al., 2011), with 2,650 heliostats of 115.7 m2 of effective mirror
surface each, resulting in a total area of 306, 605 m2. The location of the plant
is Seville, Spain, just like Gemasolar, at the latitude of 37.56◦.

The tower elevating the central external tubular receiver has a 130 m height.
The base structure of the receiver, on the other hand, is an 8.4 m diameter
cylinder and serves to frame its panels, set to 18. These panels are constituted
by 61 vertically placed identical tubes of 10.5 m long, 2.24 cm of external di-
ameter and a 1.2 mm thickness; their manufacturing is in Haynes 230, whose
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Figure 5.2: Plan view of the receiver schematic representation and the two flow
paths.

mechanical properties are obtained from (ASME, 2010) and its creep and fa-
tigue coefficients, required in the lifetime analysis methodology, are compiled in
Chapter 4. The tubes are also painted with a black Pyromark coating of high
absorptivity, enhancing their optical properties, while the cylindrical structure
holding the receiver panels is covered with a reflective material, trying to max-
imize the heat flux reflected from it to the rear side of the tubes. Both ends
of the tubes constituting one panel are welded to such panel respective inlet
and outlet headers, which distribute the HTF trough all these tubes and then
collect it. Lastly, the tubes are guided along their length by a series of welded
supports, or clips, preventing their excessive bending. In this study, the gen-
eralized plane strain scenario is considered, which is equivalent to having an
infinite number of clips, previnting the tubes bending. As proved in Chapter 3,
the elastic stresses results do not diverge greatly when considering clips every
2 m.

The chosen HTF is solar salt (60% NaNO3-40% KNO3), whose temperature
dependent properties are available in the literature (Zavoico, 2001). For its
operation in the SPT receiver, it is taken into account that this HTF has a lower
inlet temperature limit set in 290 ◦C to avoid its freezing, and an upper one of
565 ◦C, aiming to prevent its decomposition. The HTF mass flow rate entering
the receiver is splitted into two parallel flow paths, with the solar salt flowing
through each path panels in a serpentine-like fashion, from the North-oriented



170 Assessment of time resolution for the receiver lifetime estimation

face to the Southern one. The inlet is placed at the bottom of the first panel of
each path, while the outlet results at the top of their respective last panel. The
orientation of the two paths inlet and outlet results in a N-S symmetrical heat
flux distribution in both flow paths at solar noon. On the contrary, during the
morning hours the Western half receives higher concentrated heat flux while in
the evening that is the case for the Eastern one, given that the facility studied
is projected for a Northern Hemisphere location.

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

5.3.2 Cases of study

In this study, two distinct issues are tackled relating the receiver lifetime anal-
ysis: the time step used and the selection of the design day.

On the one hand, the EODs are obtained for a fixed clean design day, dis-
cretized using a set of different time steps in order to determine an accurate
enough time resolution but without compromising the computational cost. The
design day selected for that end is the spring equinox (Julian day 81) since it is
the most commonly used as the representative one (Rodríguez-Sánchez et al.,
2018). The solar height for this day at solar noon is 52.44◦ at the location
considered in the present analysis. The time intervals studied are: 60, 30, 15,
5 and 1 minute. The case of just considering the operating conditions at the
solar noon for the whole day is also included, since such instant is typically re-
garded as the design point in simplified approaches. All these time intervals are
admissible for the analysis since, given the thermal conductivity and thickness
of the tubes, they are greater than the time to reach the quasi-steady state,
guaranteeing that the corresponding Fourier number is equal or greater than
0.5 (Taler et al., 2019). For such analysis, all the time step cases are set to start
at 7:00 h (solar time) since it is the first o’clock hour at which the receiver can
operate, despite more precise resolutions could start earlier (for instance, 6:51 h
for the 1-minute time step). This way, the focus is solely on the information
loss between time intervals, without the interference of additional data. Addi-
tionally, the impact of the time resolution in the TES tank filling will also be
studied.

Upon having established the time step, the second goal is to determine
whether the use of the spring equinox as the design day is sufficient for the
receiver lifetime estimation, opposite to performing the daily analysis in a set
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Table 5.1: Days selected for the design day analysis and their maximum solar
height.

Day 172 218 238 256 272 290 310 355
αmax (◦) 75.89 68.98 62.4 55.46 49.02 42.11 35.61 28.99
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Figure 5.3: DNI for the days analyzed.

of days equidistant in their maximum solar height, the one at the solar noon.
Such set consists in 8 days going from the summer solstice (Julian day 172) to
the winter solstice (Julian day 355), both included, that can be regarded as rep-
resentative for the whole year. This approach was presented by Wagner (2008).
The selected days for this study are compiled in Table 5.1, including their max-
imum solar height. In this case, each day will start at their corresponding time,
following the start-up criteria detailed in the previous paragraph, regardless of
it is not an o’clock time. The plant shutdown is also programmed with the
filling of the storage tank.

The DNI of the different days studied in this Chapter, including both the
spring equinox and the 8 days set, are depicted in Figure 5.3. Note that the
initial and final hour differs from day to day since the depiction starts for
each day at the first o’clock hour available according to the start-up criteria.
As expected, the DNI level presents its maximum value in the solar solstice,
decreasing progressively as the days approach to the winter solstice. The spring
equinox is equivalent to the autumn one, and thus its DNI places in the central
position with respect the set of 8 days.
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5.4 Results and discussion

In this Section, the results obtained for the two cases of study previously intro-
duced are presented. First, the analysis of the different time steps is discussed
and then, the results for the set of the 8 evenly spaced days.

5.4.1 Time resolution analysis

Aiming strategy and DNI

Following the calculation procedure, the aiming strategy is stablished at the
different time instants first, considering the film temperature limitation and
aiming to avoid the appearance of stress reset. An instance of how different
aiming strategies modify the incident heat flux on the receiver surface is pre-
sented in Figure 5.4, with the tubes vertically discretized in 20 axial divisions;
various time instants are also depicted to show how the peak flux is displaced
from the Western half in the morning hours to the Eastern one in the afternoon.
Thus, note that each half of the receiver will have different aiming necessities
due to the disparate heat flux incidence on their surfaces, being the Western
half the most restrictive one in the morning hours and the Eastern one the lim-
iting half during the afternoon. In this Chapter, the aiming strategy is selected
individually for each path, instead of watching the both paths limits at once in
order to set a single aiming for the whole receiver. However, the Eastern and
Western aiming strategy configurations during the day are symmetrical between
them with respect noon, given that the day selected is a clear one, also with
symmetrical DNI with respect noon. By looking at Figures 5.4(a) and 5.4(b),
which depict the same hour, the descend of the peak heat flux with k becomes
evident. It can be sensed as well that the decrease of k, besides implying lower
peak value, engages a greater tube surface, flattening the flux profile. The most
demanding conditions of the Western half in the morning hours with respect
the Eastern are also noticeable. Such gap is closed the nearer the solar noon
is, the moment at which both halves present the same heat flux distribution;
then, in the afternoon, the roles are reversed.

Once the aiming strategies for the different time intervals are set, the re-
sulting peak heat fluxes, q, on the Eastern half of the receiver surface during its
operation are depicted in Figure 5.5(a) for the different time steps selected in
this study, while their corresponding DNI levels are presented in Figure 5.5(b);
due to the aiming strategy symmetry between both halves respect noon, as
well as the DNI symmetry, the Western peak fluxes are also symmetrical to the
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Figure 5.4: Heat flux map on the receiver surface, with its maximum and average
value for (a) k = 3 at 7:00h, (b) k = 2.6 at 7:00h, (c) k = 2.6 at 10:00h, (d) k = 2.3
at 12:00h.

ones depicted with respect solar noon. As expected, more precise time resolu-
tions provide a smoother transition of the aiming strategies, which can result
beneficial since lower aiming factors contribute to reduce the peak flux with
respect more equatorial ones. Periods with low DNI admit almost-equatorial
aiming strategies, since the peak flux is not extremely critical. However, as
soon as the DNI increases, it would be required a more open aiming factor in
order to decrease the peak flux on the receiver surface. These required aiming
strategies shifts can be sensed in the peak heat flux representation as the saw
peaks appearing during the day; a descending saw peak (for instance, the ones
represented from 8:00 h to 9:00 h for the 1-min time resolution), that provides
a sudden lower peak heat flux, means the setting of a more open aiming factor,
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Figure 5.5: (a) Maximum heat flux on the Eastern half and (b) DNI for the different
time step cases.

while growing saw peaks (appearing mostly from 15:00 h to 16:00 h), resulting
in sudden greater peak fluxes, imply the opposite. On the other hand, note
that each time step uses the corresponding DNI level at every “measurement”
instant that such resolution allows. For instance, from 7:00 h to 7:59 h, the
60-minute resolution would work the full hour with the DNI level obtained at
7:00 h, while the 1-minute resolution would use a different DNI every minute.
Since the DNI grows as the morning hours advance to solar noon, greater time
steps present lower values of the DNI with respect more precise time resolutions
at the time instants different to the measurement one, until the 11:59 h. The
opposite effect occurs during the afternoon hours since the DNI decreases after
the solar noon.

Lifetime results: full tank filling

Once the different k have been established after the thermal and mechanical
analysis checking, the hours of operation to fill the tank are obtained; these are
included in Table 5.2. The time variation in the HOP, from the less precise
time step (60-minute) to the more precise one (1-minute) is just of 21 minutes,
with the latter needing the least time to fill the tank. In between these time
resolutions, the HOP also increases the less precise the resolution is.

The last step of this receiver study is the lifetime analysis, resulting in the
obtaining of the EODs for each receiver panel by means of the creep and fa-
tigue damages during these HOP. However, as in any clear design day, the
fatigue damage is negligible in comparison to the creep one, being the latter
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Table 5.2: HOP for the tank filling considering different time resolutions.

Time
step

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

HOP 8h 14min 8h 16min 8h 19min 8h 24min 8h 35min 7h 16min

the main factor dictating the resulting EODs. Figure 5.6 presents an instance
of the main intermediate results of the analysis, obtained during the calcula-
tion procedure: the outer tube temperatures from the thermal model, the creep
stresses–considering stress relaxation–and the creep damage. In this case, the
ones depicted correspond to the results for the 5-min time resolution at 12:00 h.
The temperature of the tubes is greater towards the center in the vertical di-
rection, where the heliostats are mainly aiming. Such temperature evolves by
increasing from the Northern panels to the Southern ones regardless the sun
position (in this case, solar noon, results in a symmetrical N-S configuration)
since it is greatly affected by the salt heating when circulating through the
panels. The stresses also result greater in the central regions of the tubes but,
opposite to the temperatures, the most affected panels are the Northern ones.
The combination of both temperature and stress result in the creep damage,
the main mechanism these tubes must endure during clean design days; in this
case, such damage is the accumulated one during the 5 minutes that the time
step depicted covers.

On the other hand, the final results of the analysis, the EODs, are presented
in Figure 5.7 for the 1, 5, 15 and 60-min time steps, converted to years (con-
sidering 365 days) for a more straight-forward understanding. The complete
lifetime results are included in Table C.1 of Appendix C for reference, including
additional cases of 2 and 7.5 minutes (with HOP of 8 h 14 min and 8 h 16 min,
respectively), where the results for the most-damaged panel in each flow path
and time step are presented in bold italics. In the Eastern path, the limiting
panel is the first one in all the cases, while in the Western one it shifts from the
first panel in the solar noon design point case and in the time steps of 60 and 30
minutes, to the second panel in the rest of the time intervals. Then, the lifetime
increases when advancing to the Southern panels, with the expected lifetime de-
creasing back again in the last one, subjected to the higher tube temperatures.
The general trend is for coarser time resolutions to underestimate the receiver
panels lifetime, although such trend is reversed in a few instances.

Moreover, the percentage variation of the EODs obtained for the rest of the
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Figure 5.6: Tubes outer temperatures, creep stresses and creep damages for the
representative tubes of the 5-min time step at solar noon.
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Figure 5.7: Lifetime results for the receiver panels using the 1, 5, 15 and 60-min
time steps. (a) Eastern and (b) Western flow paths.

time resolutions with respect the 1-minute one are all included in Table C.2 in
order to get a better sense of the time resolution impact in the lifetime predic-
tion. From the examination of the results it can be concluded that selecting just
the solar noon as the design point is not an appropriate approach, since it un-
derestimates the lifetime of the panels in over a 40% with respect the 1-minute
time step in the best of the cases. The rest of the time resolutions present fairly
accurate results in nearly all the panels. The exception is, however, the first
panel of both halves, with the time interval of 60 minutes deviating over a 18%
and a 13% in the Eastern and Western sides, respectively, and the 30-min time
step diverging over a 16% and a 14%. This is not a negligible issue since the
first panel of the Eastern half is the limiting one, not only in such flow path
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but in the whole receiver. While the underestimation falls in the safety side,
it could lead to an overestimation of the plant costs. Apart from these two
time intervals, the rest of them fall in divergences under 5.5% in the Eastern
half and 3% in the Western one for the aforementioned panel; thus, selecting a
time step of 15 minutes or lower would be more appropriate. When comparing
both paths panel-by-panel, the Eastern side panels are most damaged than the
Western ones overall, regardless the time step selected. This is due to the fact
that the receiver operates during the whole morning, when the incident heat
flux is greater on the Western half than in the Eastern, which creates the need
to adopt aimings that provide a lower heat flux peak in that side in order to
meet the operation limits, opposite to the Eastern half, which is able to oper-
ate with more equatorial aimings. Then, the receiver shuts down early in the
afternoon once the tank is filled, when the heat flux on the receiver surface is
more aggressive in the Eastern side and, thus, when that half would be able
to benefit from requiring more open aiming strategies. The only exception in
this regard is the solar noon case of study since at that time the receiver is
under a symmetrical heat flux in the N-S direction. The second panel of both
flow paths can also be considered an exception in all the time steps, given the
proximity of the results for such panel in both halves of the receiver.

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

Lifetime results: fixed HOP

Given the differences observed in the HOP, despite them not being excessive,
the analysis has then been performed for a fixed HOP in all the cases, being
equal to the one obtained for the 1-minute time step. The case of the solar
noon design point has been omitted given its extremely high lack of accuracy
and providing that the tank is already filled almost one hour in advance with
respect the 1-min time resolution HOP. Thus, the percentage variation with
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Table 5.3: Molten salts (Tn) collected for a fixed HOP equal to the one required
for tank filling with 1-min time step

Time step 5-min 15-min 30-min 60-min
Tank (Tn) 8,473 8,425 8,341 8,156

respect the 1-minute time step results obtained from this analysis are gathered
in Table C.3. The new amount of storaged molten salts they can achieved is
presented in Table 5.3, showing a descend up to a 4% in the worst of the cases,
resulting from such shorter operation.

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

Further time resolutions remarks

In order to illustrate the differences between time steps, the creep damage
in the tube crown (the most critical spot in the tube cross-section) for the
60 and the 1-minute time resolutions are presented in Figure 5.8. The focus
has been put into the Eastern path since it is the one presenting the shortest
lasting panel. From there, the comparison has been depicted for the 12th axial
division (z = 6.3 m) of the first panel since it is the location at where the
greatest differences between the creep damages of both cases are found the
most consistently over the daily operation. In the case of the 60-min time
step, the dc obtained for each hour has been divided by 60 in order to be able
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Figure 5.8: Minute by minute creep damage of the 60 and 1-minute time step at
the 12th axial division of the first Eastern panel.

to properly compare it with the 1-min time interval results. Figure 5.8 shows
that, despite the greater DNI of the 1-min resolution during the morning hours,
its creep damage is overall lower during most of the operation, which has to
do with the ability to switch with greater precision between aiming factors:
decreases earlier than the 60-minute resolution during the morning hours and
increases later than it during the afternoon ones. These k changes correspond,
in the case of the 1-min resolution, to each dc peak. As for the 60-min time
intervals, the steps depicted are due to sudden modifications both in the k and
the DNI, opposite to the smoother DNI of the 1 minute one.

For the cumulated creep damage in one hour, the biggest difference between
both time resolutions occurs in the period from 12:00 h to 12:59 h, precisely at
the 12th axial division of the Eastern half first panel. Thus, Figure 5.9(a) offers
more detail on the results presented in Figure 5.8 by depicting the minute-by-
minute ratio of the temperature in the 12th axial division tube crown for the
60-min time step over the 1-min one during such hour, as well as the creep
stress ratio, also in the tube crown, and the creep damage ratio; for both time
resolutions, the aiming factor is the same and remains constant during that
hour. On the other hand, the time period from 7:00 h to 7:59 h is illustrated in
Figure 5.9(b) for being the hourly interval at which the cumulated dc difference
between both cases is the greatest favoring the 60-min time step. In this case,
the aiming factors also match during the whole hour. Despite temperatures and
creep stresses ratios not being far from the unity, which means that the results
for both time resolutions are quite similar in such regard, the differences are
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Figure 5.9: Temperature, stress and creep damage minute-by-minute ratio of the
60-minute time resolution over the 1-minute one during (a) 12:00 to 12:59 h, (b) 7:00
to 7:59 h and (c) 8:00 to 8:59 h.

amplified in Eq. 5.3, affecting the outcome of the dc. It is also worth mentioning
that, although the ratio of the dc from 7:00 h to 7:59 h is extremely favorable to
the 60-min time step, the creep damages entity is negligible during most of the
hour in comparison with the ones corresponding to the 12:00 h to 12:59 h time
period, as already seen in Figure 5.8. Moreover, that behavior when contrasting
both creep damages is a rare instance during the daily operation, being the 60-
min time step the most damaged during nearly the whole operation. Lastly,
Figure 5.9(c) provides an instance of an hour, from 8:00 h to 8:59 h, in which the
aiming factor starts matching for both time steps but soon begins progressively
decreasing for the 1-minute time resolution. The small discontinuities in the
temperature and stress caused by that k modification can be sensed, as well as
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Figure 5.10: Stress relaxation at each axial division (a) in the Eastern path and
(b) detail on its first panel.

how they are again amplified when referring to the creep damage.
As it can be perceived in Figures 5.8 and 5.9, there are also divergences in

the creep damages at the o’clock instants, despite the DNI and, in some of them,
the k of both time resolutions match; this has to do with the different stress
relaxation that applies in each case, Figure 5.10, which results in a different
creep stress, as observed in Figure 5.9. Note that, for a certain axial division
and in the absence of stress reset, the stress relaxation is evaluated as a constant
value for the whole day, which would be the maximum stress relaxation for that
axial division resulting from all the combinations of temperature and equivalent
elastic-plastic stress that occur during the whole daily operation. The biggest
differences occur in the center of the panels, which are the spots in the vertical
direction under the most aggressive operating conditions. It is not surprising
that the stress relaxation somehow varies with the time resolution given the
gain/loss of information implied in modifying the time step of the analysis.
But, again, despite these disagreements are not that great, this divergence is
greatly amplified in the rupture time calculation.

Additionally, in sight of the great relevance that the aiming factor has in
the final outcome–and then the peak flux–, and given the fairly accurate results
obtained with the 5-min time step for this clean design day, it has been put to
test whether the interpolation of its temperature, stresses and strains data to 1-
min time intervals provides a good approximation to the 1-min time resolution,
the reference one. The interpolated temperatures and elastic stresses and strains
are completely accurate during the periods operating at a constant k; conversely,
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Table 5.4: Comparison of the percentage lifetime difference with respect the 1-
min results for the 5-min time resolution results and its interpolation to 1-min time
intervals.

Percentage lifetime difference (%)

Case
Panel

1E
Panel

2E
Panel

3E
Panel

4E
Panel

5E
Panel

6E
Panel

7E
Panel

8E
Panel

9E
5-min -2.57 0.31 0.27 0.33 0.27 0.68 0.90 0.77 -2.32
Interp -2.49 0.129 0.026 0.011 -0.004 0.052 -0.003 -0.13 -2.46

Percentage lifetime difference (%)

Case
Panel
1W

Panel
2W

Panel
3W

Panel
4W

Panel
5W

Panel
6W

Panel
7W

Panel
8W

Panel
9W

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

small deviations are observed when aiming strategy changes occur since, the
coarser the time resolution, the less precise the aiming strategy selection over
the operation turns out. With that, the percentage difference of the results from
the interpolation with respect the 1-min time step results are compared against
the percentage difference of the 5-min time resolution results with respect the
reference one in Table 5.4. The interpolated results are closer than the 5-min
time step to the reference time resolution ones in nearly all the panels. The
results are especially accurate in panels from 3 to 7. The lifetime of the critical
panel in each flow path (panel 1 in the Eastern path and panel 2 in the Western)
is also more accurately predicted with the interpolation. The exception is the
first panel of the Western flow path as well as the ninth panel of both paths.
Thus, the interpolation can be indeed considered a good approximation to the
more precise 1-minute results when a finer resolution is not feasible or there is
a computational cost concern.

5.4.2 Design day analysis

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

Just as in the spring equinox, the k at each time interval is obtained for the
set of days. Figure 5.11 depicts the peak flux on the Eastern receiver half
during these days, as a result of the aiming strategies adopted during them;
again, the Western results are symmetrical with respect the solar noon. During
the morning hours of the summer solstice (day 172), the aiming factor in the
Eastern half quickly drops due to the demanding conditions encountered this
day, decreasing the peak flux with respect other apparently less-harming days.
The more the days get further to the summer solstice, the most symmetrical
with respect solar noon the aiming strategy behavior becomes. Due to its low
DNI, the winter solstice day does not even need to work with the lowest k value
adopted during the rest of days. The hours of operation needed to completely
fill the tank are included in Table 5.5, as well as the start-up time, according
to the criteria established in the optical model, and shutdown time. Note that
not all days are able to reach the tank filling due to the more limited sunlight
hours and the lower DNI (Figure 5.3).
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Figure 5.11: Maximum heat flux in the Eastern half for the set of representative
days.

Then, the lifetime results for the first two panels of each flow path are
presented in Figure 5.12, for being the most damaged two. The critical panel in
the Eastern half is the first one, being so in all the days except in the 310 day;
on the other hand, the second panel is the limiting one in the Western half in
nearly all the days of the set, except the days 272 and 290. The complete lifetime
results for this set of days are compiled in Table D.1 and depicted in Figure D.1.
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Table 5.5: Hours of operation and tons of molten salt in the tank.

Day Start End HOP Tank (Tn)
172 6:00 13:52 7h 52min 8,500
218 6:05 14:07 8h 2 min 8,500
238 6:25 14:29 8h 4min 8,500
256 6:45 14:58 8h 13min 8,500
272 7:05 15:34 8h 29min 8,500
290 7:30 16:34 9h 4min 8,293
310 7:50 16:14 8h 24min 7,154.7
355 8:20 15:44 7h 24min 5,758.3
Avg 7:00 15:11 8h 11min 7,963.2

It can be observed that the most favorable day is the summer solstice; it is the
most aggressive day in terms of DNI, which means that, in order to meet the
Tfilm and 2Sy limitations, it requires a more open set of aiming strategies during
the operation with respect other days of the year, lowering the peak flux on the
receiver surface but yet allowing the tank filling in the least time. From there,
the lifetime decreases when moving further from the summer solstice, with the
minimum value being found between the last day able to fill the tank (day 272)
and the following one (day 290). Then, the lifetime forecast increases back in
the last days of the year, despite they some operate even longer than previous
days. These are considerably less aggressive days in terms of DNI but that
implies that they are allowed to work with more equatorial aimings; yet, that
is not sufficient for them to be able to fill the tank. It should be noted that the
results in Table D.1, as well as the ones highlighted in Figure 5.12, represent
the lifetime estimation for each day individually, as if they were considered the
design day on their own. The average lifetime obtained with such set of days,
which constitutes the final receiver lifetime prediction when performing the
analysis for various days (Eq. 5.7), is also included in Table D.1 and depicted
in Figure 5.13. The Eastern half panels present greater lifetime estimation the
Southern they are placed; in the Western half, the second and the ninth panel
deviate from that trend.

Additionally, since not all the days constituting the set studied achieve the
complete tank filling, the case of having a tank with half the capacity is studied
next, considering the same start-up hour in each case than in the tank of dou-
ble the size. The purpose is to understand how the damage mechanism evolves
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Figure 5.12: Lifetime results of the first two panels from (a) the Eastern and (b)
Western halves, for each representative day individually.
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Figure 5.13: Final lifetime results for the set of representative days: (a) Eastern
and (b) Western flow paths.

during the year with the ambient conditions, providing these days the opportu-
nity to reach the same goal. The outcome for each day individually is included
in Figure 5.14, again for the first two panels of each half. The full results are
as well included for reference in Appendix D, in Table D.2 and shown in Fig-
ure D.2. Now the trend is clearly descendent from the summer solstice to the
winter one, with minor exceptions (note that the start-up hour differs from one
day to the other), showing that the less HOP needed during the summer days
and the less equatorial aiming strategies that the summer days require in order
to meet the safety limits benefits the receiver in terms of lifetime. With respect
the original tank, twice this size, the HOP do not follow the same proportion,
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Figure 5.14: Lifetime results of the first two panels from (a) the Eastern and
(b) Western halves, considering a salts tank of half the original capacity, for each
representative day individually.

being needed more than half the time required for the bigger tank. However,
note that the analysis has been performed starting as early in the morning as
possible. Looking at the previous results obtained in this Chapter, the receiver
would possible benefit from a late start, not only by requiring less HOP but
also from the lower aiming strategies needed at the central hours of the day.

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

To conclude the design day analysis, the EODs percentage variation, panel-by-
panel, between the case of the spring equinox and the case of the representative
set of days is depicted in Figure 5.15, considering the full tank filling. Note that
the lifetime estimation of the spring equinox, which is equivalent to the autumn
one (day 265), falls around the results of the days 256 and 272 (see Table C.1,
5-min time step, and Table D.1); nevertheless, in many of the panels, the spring
results are not perfectly framed between them, again most probably due to the
different plant start-up schedule that also altered in some occasions the lifetime
trend trough the set of days.

Looking at the year overall results, the lifetime predicted with the spring
equinox is below the one resulting from considering the set of days in all the
receiver panels. The differences are mainly more noticeable in the Eastern
path. Regarding the critical panel in each path, the Eastern one (panel 1) has
its lifetime underestimated in a 9.4% using just the spring equinox while the
Western one (panel 2) would last a 7.1% less in that case. The second most-
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Figure 5.15: Lifetime percentage difference of the spring equinox results with re-
spect the set of days.

damaged panels in each path, which are panel 2 in the Eastern half and panel
1 in the Western side, deviate by a 9.1% and a 12.3%, respectively. Panels
from 3 to 8 present an average deviation of a 20.2% in the Eastern side and a
12.9% in the Western half. In both flow paths the final panel lifetime is greatly
underestimated, over a 75%.

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

5.5 Conclusions

This Chapter deals with the impact, in terms of lifetime, that the time reso-
lution and design day selection have when performing an integral analysis of
an external tubular central receiver of a SPT plant operating during clean de-
sign day conditions. The process starts by obtaining the heliostat field aiming
strategy to the receiver during its operation, since it defines the heat flux distri-
bution on the receiver surface. For this matter, it has to be taken into account
the safety operation limit marked by the admissible film temperature in the
tube, to avoid corrosion. It is also desirable to keep the elastic stresses under
the stress reset limit in order to guarantee the stress relaxation full accumula-
tion despite the cyclic receiver operation. Hence, the aiming factor is initially
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selected as equatorial as possible but, depending on the DNI and sun position
of the different time intervals, it would require modifications in order to meet
both considerations, decreasing the peak flux.

The first goal of this Chapter is determining the contribution of finer or
coarser time resolutions in the results of the lifetime analysis. The time steps
selected are 60 minutes, 30, 15, 5 and 1, as well as the case of considering just
the solar noon as design point. Thus, the finer time resolution of this Chapter is
the 1-minute one, which will be taken as the reference one. Initially, the lifetime
analysis is performed for the filling of an 8,500 Tn molten salt storage tank. For
being a clean design day, the fatigue damage is negligible in comparison to the
creep damage. It is observed that the selection of the solar noon as design
point highly underestimates the receiver lifetime, being over a 40% less in the
best of the cases, with all the panels being excessively off. The divergences
in the rest of the time resolution cases are not that great with respect the
reference one in nearly all the panels; the exception is the Eastern first panel
(which is also the most critical of the receiver), with divergences progressively
decreasing from the -18.86% obtained for the 60-min time step. Looking at the
results, the 5-min, or even the 15-min, time step would be desirable for the
analysis if aiming for results close to the ones obtained with the finer resolution
without compromising the computational cost excessively. On the other hand,
the divergences in the receiver thermal power are lesser than a 5% between the
60-minute time step and the 1-minute one. Given that the tank filling approach
results in different HOP for each time resolution, the analysis is then performed
for a fixed HOP, equal to the time that takes the reference time step to fill the
tank. Now, the receiver panels last slightly longer in these time steps that have
seen their HOP reduced, closing the gap in the panels that lived lesser that the
reference case. However, for these panels that initially lasted longer, the breach
in the predicted lifetime increases even more. Despite the critical panels fall in
the first of these two scenarios, the divergences are not significantly reduced.

The close examination of the creep damage results shows that the finer aim-
ing strategy selection, and therefore the flux profile and peak value associated,
contributes greatly in the lifetime differences. Despite coarser time resolutions
work at lower DNI levels during most of the operation, since it prominently
takes place during the morning hours, their inability to quickly adapt to more
open–less peaker–aiming strategies highly penalizes them in terms of creep dam-
age. The interpolation of the 5-minute time step results to a one-minute basis
translates in a lesser deviation with respect the 1-minute time resolution, es-
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pecially in the central panels of the receivers, whose lifetime prediction results
virtually exact. The critical panel in each path also sees that gap reduced,
although it is not that remarkable.

Once the time resolution analysis has been performed, the 5-min time step
is selected to perform the design day analysis. This consists in the comparison
of the lifetime results for the spring equinox with the average lifetime obtained
using a set of 8 days equidistant in maximum solar height. These days cover
from the summer to the winter solstice and serve as representative of the year.
From their individual examination it is found that the least damaging day is
the summer solstice, which is also the fastest to achieve the TES tank filling;
then, the lifetime decreases the closer the day is to the winter solstice. The
minimum lifetime obtained falls around the last day allowing the tank filling; if
all the days are able to fill the tank, the critical day is the winter solstice itself,
outcome that is observed for a tank with half the original capacity. The goal of
their joint comparison opposite to the spring equinox is determining whether
the latter provides a good characterization of the yearly operation by itself.
The results show that the receiver lifetime is underestimated when using just
the spring equinox as design day. The divergences of the critical panel are over
a 9%, while the last panel in both path flows is underestimated in over a 75%.

Hence, looking at the lifetime results obtained through this Chapter, it
would be advisable to use moderate time resolutions for a set of representative
days in order to avoid an excessive level of conservatism.

Nomenclature

c1, c2 Manson-Coffin equation
exponents

D total damage
d daily damage
E Eastern flow path,

Young modulus (Pa)
I number of days studied
J number of creep damage

intervals per day
k aiming factor
M number of fatigue damage

cycles per day
N fatigue cycles
N , S cardinal points
q heat flux (W/m2)
S allowable stress (Pa)
SH hot relaxation strength (Pa)
SSR stress reset limit (Pa)
Sy yield strength (Pa)
Sy,cold yield strength at room

temperature (Pa)
T temperature (K)
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tR rupture time (h)
W Western flow path

Greek letters

α solar altitude (◦)
β M-R-M parametrization

coefficients
∆t time interval (s)
∆ε strain range (%)

ε strain (%)
ε′

f fatigue ductility (%)
σ stress (Pa)
σ′

f fatigue strength (%)

Subscripts

a allowable
avg average
c creep
eq equivalent
f fatigue
film inner tube wall

hour 60-minute time step
L limit
max maximum
min 1-minute time step
relax relaxation stress

Superindexes

E elastic
P plastic

Abbreviations

ASME American society of
mechanical engineers

BPVC boiler and pressure vessel
code

CGM coarse grid model
CPV concentrating photovoltaic
CSP concentrating solar power
ECGM energy coarse grid model
DNI direct normal irradiance

(W/m2)

EODs equivalent operating days
HOP hours of operation
HTF heat transfer fluid
LCOE levelized cost of energy
LDS linear damage summation
M-R-M Mendelson-Roberts-Manson
sCO2 supercritical carbon dioxide
SPT solar power tower
TES thermal energy storage
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Summary

The successful deployment of solar power towers (SPTs) lies in the reliable
design of solar receivers, assuring the lifetime under high heat flux and cloud
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passages. Two main damage mechanisms appear during central-receiver oper-
ation: creep, during hold times at high temperatures and stresses, and fatigue,
caused by cyclic and transient operation. Nevertheless, early-days molten-salt
central-receiver studies focused on the fatigue damage, neglecting the creep.
This Chapter aims to determine the extent of each damage on a Haynes 230
receiver. It is analyzed using transient direct normal irradiance (DNI) data of
a whole year, controlling the operation to guarantee the receiver preheat and
minimize the start-ups. The molten-salt flow-rate during cloud passages or hazy
days remains as the clear-sky scheduled one, to avoid tube overheat, preventing
salt degradation and stress reset, when the clouds cleared.

The results show that creep dominates, with a minimum share of 73.8% for
the transient DNI case. High creep is motivated by the long operating (6 h per
day on average), mostly at high DNI, while the low number of average start-
ups per day (1.4) do not increase much the fatigue, barely affected by small
transients. The use of clear-sky DNI instead of the transient one constitutes a
conservative estimation, with the creep greatly increasing, showing a minimum
share of 82%. Consequently, the predicted lifetime is lower, going from 45 years
to 27.8. Intermediate mass-flow control modes would fall in-between them.
Clustering the days according to their DNI features shows that the high-energy
days, with high creep, are the most common, highlighting the creep interest
and that the fatigue can be estimated taking only the strain range produced by
the start-up.

6.1 Introduction

In the early development stages of SPT technology, the attention regarding the
damage assesment of the receiver was put on the fatigue analysis (Babcock &
Wilcox Company, 1984; Kistler, 1987; Grossman & Jones, 1990) and the creep
was considered negligible. It was argued that, for the cavity-type molten-salt
receiver analysed in (Babcock & Wilcox Company, 1984), with its tubes forming
a membrane wall, the critical spot found was under high heat fluxes and had
a low salt temperature, minimizing the creep damage; additionally, the code
case initially used, the N-47 for nuclear applications, was though-out for fast
breeder reactors, with long hold times at elevated temperatures but few tran-
sients, the opposite situation than the faced by solar receivers (Kistler, 1987;
Grossman & Jones, 1990). Conversely, the research involving the use of alter-
native heat transfer fluids (HTFs) for the receiver operation made the receiver
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creep-fatigue damage assessment evolve towards the consideration of creep as
the main damage mechanism. The air receiver studied by Fork et al. (2012)
showed a negligible fatigue opposite to creep, with small strain variations result-
ing in a high number of allowable fatigue cycles. As for the sCO2, Neises et al.
(2014) showed that the receiver, under high pressures (∼ 25 MPa) and tem-
peratures (outlet of 650 ◦C), presented a fatigue damage around a 10% of the
total, although they only considered an axis-symmetric heat flux distribution
over the tubes, which largely reduces the stress. Regarding sodium receivers, a
billboard design tested by Conroy et al. (2018) in order to evaluate the impact
of different sizes (receiver areas from 1 m2 to 4 m2) and tubes diameters on the
levelized cost of electricity (LCOE) showed also that the creep damage was the
restrictive one out of the two damages, with fatigue becoming more relevant for
very small receivers. These HTFs have in common their higher admissible tem-
peratures with respect molten salt, allowing greater heat fluxes on the receiver
and, thus, increasing the tubes temperatures, which are critical for the creep
damage. There are, however, some molten-salt works studying both damages.
Narayanan et al. (1985) performed the analysis following the modified N-47 CC
proposed by Berman et al. (1979), taking into account cloud transients and
daily start-ups for the fatigue side of the analysis. Nevertheless, the creep as-
sessment approach was a rather simplified one. More recently, González-Gómez
et al. (2021) proposed a methodology to evaluate creep and fatigue damage on
molten-salt receivers, considering the elastic-plastic behaviour of stresses and
the stress relaxation, two key aspects in the creep damage analysis. However,
the study was performed for clear-sky days, neglecting the effects of cloud tran-
sient operation.

The fluctuating nature of solar radiation is an essential feature that accom-
panies concentrating solar technologies and that needs to be taken into account,
from the design point of view to an operation one. Thus, in order to mitigate
its fluctuation effects, control strategies on the heliostat field aiming and on
the receiver are implemented (Crespi et al., 2018; Augsburger & Favrat, 2013;
Zurita et al., 2020; Wagner et al., 2018), which include the preheat of the re-
ceiver during the morning start-up and the mid-day ones (Vant-Hull, 2002). To
successfully achieve it, the acknowledgement of the solar resource is essential,
with the DNI for the upcoming days being the key parameter for the operation
mode selection, not only of the receiver but for the whole plant (Rohani et al.,
2017). Traditionally, there have been methods to classify days according to
their DNI, being the clearness index one of the most common due to its sim-
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plicity, with days being either overcast, cloudy, partly cloudy or clear (Liu &
Jordan, 1960). However, such approach disregards qualitative features of the
DNI, such as the distribution of the solar resource during the day or its vari-
ability, that are relevant in the concentrating solar power (CSP) production.
Thus, alternative indexes have been proposed in the literature to adequate the
classification of the days to the actual operation of the plant, resulting in a
higher number of day-groups (Moreno-Tejera et al., 2017), more suitable for
CSP analysis (Moreno-Tejera et al., 2018).

With all of the above, this Chapter aims to shed light on the actual share
of fatigue and creep damages that a molten-salt central-receiver in Haynes 230
experiences, a gap of knowledge not yet addressed, with previous studies either
neglecting the creep damage, using quite simplified models to calculate it, or not
contemplating transient operation. Two scenarios are considered for each day:
a day with cloud passages interrupting the DNI, providing small transients, and
its corresponding clear-sky DNI, with maximum creep damage. These are tested
for a set of days during different seasons, exploring how the creep and fatigue
damages vary depending on the day-type and stage of the year as well. A final
receiver lifetime estimation is carried out with the DNI data of a whole year
during both transient and clear-sky operation, showing the damages share as
well. In Section 6.2, the various receiver models required to analyse the receiver
behaviour are listed. Then, Section 6.3 presents the receiver characteristics, as
well as the operation modes considered and the two main cases of study in terms
of DNI. Subsequently, the methodology proposed to characterize the receiver
during transient conditions is detailed in Section 6.4, with the results presented
in Section 6.5 for individuals days of each type and for the whole year study.
Lastly, the conclusions of this Chapter are included in Section 6.6.

6.2 Receiver models employed

SPT receivers lifetime is determined by their creep and fatigue damages. Thus,
the required model to obtain them is presented, as well as the upstream ones
that provide relevant information in that regard, such as the heat flux on the
receiver or the temperature distribution.

6.2.1 Optical model, aiming strategy and thermal model

The Daneshyar-Paltridge-Proctor clear-sky model (Reno et al., 2012) is used
to obtain the DNI of the clear-sky conditions, DNIC , as a function of the solar
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altitude solely, α,

DNIC = 950.2 [1 − exp (−0.075α)] . (6.1)

With it, the optical model employed, developed by Sánchez-González & San-
tana (2015), provides the heat flux on the receiver surface, qrec. The heliostat
field aiming strategy is specified in the process, which can be from an equatorial
one, where the target is mainly the middle length of the receiver, to an open
one, with the focus being both receiver ends. The former results in higher peak
fluxes, guaranteeing a greater optical efficiency and power production, but can
be excessively damaging; on the other hand, the latter provides more gentle
operation conditions but lower efficiency. Near sunrise, the heat flux reflected
on the receiver increases much faster than other moments of the day due to
the shading, the changes of insolation and the cosine efficiency of the heliostats
(Vant-Hull, 2002). Consequently, the optical model is set to evaluate the flux
on the receiver as long as a minimum α of 10◦ is guaranteed (Falcone, 1986).

In this work, the main thermal and mechanical limitations regarded for the
aiming strategy setting are:

• The tubes film temperature, Tfilm, which depends on the HTF and the
tube material, to prevent the tubes from suffering an excessive level of
corrosion.

• The stress reset limit, SSR: surpassing it would prevent the desirable
global stress relaxation phenomenon (Barua et al., 2020). It is equal to
SSR = Sy,cold +SH (Becht IV, 2011), with Sy,cold being the yield strength
at room temperature and SH the hot relaxation strength, typically taken
as 1.25 times the allowable stress, S, established by the ASME (ASME,
2010). This limit is lower than the twice yield strength, 2Sy, and thus the
reverse plasticity regime of the material, which would lead to greater stress
amplitude cycle after cycle due to the material hardening and dynamic
aging, is also avoided.

Hence, the aiming strategy is initially selected as equatorial as possible each
time and then modified so the allowable flux density (AFD) satisfied by these
aspects is met. It is adjusted for each path individually since they are subjected
to different heat flux during most of the operation. Upon obtaining the heat
flux, the thermal coarse grid model (CGM) developed by Rodríguez-Sánchez
et al. (2014) provides the tubes temperatures, with the tubes discretized in
axial and circumferential divisions.
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6.2.2 Elastic stresses and strains model and lifetime model

The tubes temperature distribution is used in the model developed in Chapter 3,
taking into account the tubes properties temperature dependence, to obtain the
elastic stresses and strains (σE

eq and εE
eq). Then, following the lifetime model

fully detailed in Chapter 4, these σE
eq and εE

eq are transformed into elastic-
plastic ones (σeq and εeq). Note that the plasticity memory of the material is
not regarded, providing a straight-forward as well as conservative calculation
approach in such sense. Moreover, the stress relaxation is considered, σrelax,
selecting a stabilization time of 30 hours for alloy Haynes 230, which is achiev-
able since the SSR is watched. This results in the final creep stress, σc, which
is then used to obtain the rupture time due to creep,

log10 (tR) = β0 + β1
1
T

+ β2 log10 (σc) + β3 log10 (σc) 1
T
, (6.2)

where β are the Mendelson-Roberts-Manson (M-R-M) parametrization coeffi-
cients, included in Chapter 4. Thus, the creep damage during a certain i day
is the addition of the creep damages of all the J time intervals of duration ∆t
at which that day is discretized,

dc,i =
Ji∑︂

j=1

∆tn
tR,n

. (6.3)

Opposite to the creep damage, the fatigue one is defined by the M strain ranges
of the receiver tubes occurring over the daily operation. Each of these strain
ranges result in a number of allowable cycles, Na, for the tubes, obtained as

∆εeq
2 =

∆εE
eq

2 +
∆εP

eq
2 =

σ′
f

E
N−c1

a + ε′
fN

−c2
a . (6.4)

Its exponents and coefficients are evaluated at the mean temperature of the
beginning and end of each fatigue cycle, as established by the ASME Section
VIII, Division 2. These parameters are compiled in Table 6.1. The ones for
temperatures from 427 to 982 ◦C were already available in (Fahrmann & Srivas-
tava, 2014) and presented in Chapter 4; nonetheless, considering the shutdown
instants, the mean temperature for the evaluation of these coefficients falls out-
side that range at certain times. Hence, the coefficients corresponding to the
temperatures of 24 and 204 ◦C have been included as well, obtained by fitting
the experimental data available in (Barrett et al., 2016).

To consider the creep-fatigue interaction effects, a reduction factor of 4 due
to the hold periods is applied to the Na obtained with Eq. 6.4, which is deemed a
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Table 6.1: Fatigue coefficients at different experimental temperatures.

T (◦C) σ
′

f/E (%) c1 (-) ε
′

f/E (%) c2 (-)
24 0.17 0.014 66.5 0.54
204 0.15 0.011 130 0.6
427 0.2 0.01 18 0.45
538 0.2 0.0005 45 0.6
649 0.2 0.001 45 0.65
760 0.2 0.02 45 0.7
871 0.15 0.02 12 0.55
982 0.2 0.02 45 0.8

conservative approach (Radke et al., 2017; Kolb, 2011): Na,s = Na(∆εeq,s, T )/4.
Additionally, the data scattering of the Na-ε curve is also regarded, using a
2x factor for the strain calculation, ∆εeq,s = 2∆εeq; as discussed by Chopra
& Shack (2003) and Radke et al. (2017), it is not a safety factor but rather
an approach to account for the effect of aspects such as the load history, the
size, surface finish and material variability. There are also divergences in the
fatigue life results when translating the ones obtained from the testing of solid
specimens into the tubular components used in the receiver design; nevertheless,
these differences were found at strain ranges way far from the strain levels
appearing during the regular receiver operation (Radke et al., 2017). Thus,
and given the lack of knowledge regarding how such effect translates, if any,
for considerably lower strain ranges, they are not included in this analysis. It
should also be noted that the experimental plots of the strain range versus
the number of allowable cycles only reach just below the 106 number of cycles
(Fahrmann & Srivastava, 2014; Barrett et al., 2016) and so such value is taken as
the maximum Na in this study, regardless the ∆εeq of the receiver tubes being
lower than the one providing such value. Hence, the daily fatigue damage is
obtained as

df,i =
Mi∑︂

m=1

Nm

Na,s,m
. (6.5)

The fatigue cycles, Nm, are determined using the rainflow counting method
available in Matlab (Mathworks, 2017), programmed following the ASTM stan-
dard for fatigue cycle counting (ASTM International., 2017). These are either 1
or 0,5 depending on whether they constitute a full or half cycle. The algorithm
also provides their corresponding strain range and also takes into account the
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cycle comprehended between the minimum and maximum strain values of the
whole set.

The total creep and fatigue damages, Dc and Df , during the receiver lifetime
are the addition of all their corresponding daily damages considered. Their
combination must be equal or lower than the damage limit, DL: DL ≥ Dc +Df .
Considering the linear interaction of both damage mechanisms, as proposed by
the linear damage summation (LDS) model (ASME, 2004), such limit is equal
to one, which is acceptable in the case of Haynes 230, as experimentally showed
by Chen et al. (2013). For a single design day, i, Dc and Df are equivalent to
multiplying dc,i and df,i by the estimated equivalent operating days (EODs)
that determine the receiver lifetime. If various days, I, are regarded, these
total damages are the result of the average daily damages multiplied by the
total EODs:

DL = EODs
I∑︂

i=1

(︃
dc,i

I

)︃
+ EODs

I∑︂
i=1

(︃
df,i

I

)︃
→ EODs = DL

dc + df

. (6.6)

6.3 Configurations analysed

6.3.1 Reference design days, and heliostat field and re-
ceiver configuration

The characteristic days selected are the spring equinox (Julian day 81, equiva-
lent to the autumn equinox, day 265), the summer solstice (172) and the winter
one (355). These are useful to test the receiver during days with different so-
lar altitude, modifying the aiming strategy needs of the receiver. The location
studied corresponds to the Gemasolar plant (Seville, Spain), at a latitude of
37.56◦. The heliostat field is also the Gemasolar one, with 2,650 heliostats of
115.8 m2 of effective mirror surface each, giving a total of 306, 605 m2 of mirror
area. The receiver is a cylindrical external tubular one, with its main charac-
teristics compiled at Table 6.2. The tubes are coated with a black Pyromark
painting to enhance their absorptivity, while the rear refractory wall is covered
with a high reflectivity paint. These are made of Haynes 230, one of the best
alternatives in terms of thermal and mechanical properties, available as tem-
perature dependent in the ASME BPVC Section II, Part D (ASME, 2010). Its
creep and fatigue damage coefficients are compiled in Chapter 4, essential for
the life service calculation. The tubes are guided by a series of welded sup-
ports, called clips, in order to avoid their excessive deflection. In this Chapter,
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Table 6.2: Receiver main parameters.

Parameter Value
Tower height 130 m
Receiver diameter 8.4 m
Number of panels 18
Tubes length 10.5 m
Tubes external diameter 2.24 cm
Tubes thickness 1.2 mm
Tubes separation 1.4 mm
Tubes per panel 61
Number of flow paths 2
Maximum Tout, HTF 565 ◦C
Maximum Tfilm 650 ◦C

a number of clips is selected such that the generalized plane strain condition
prevails and the tubes are unable to bend, as seen in Chapter 3. The HTF is
solar salt (60% NaNO3-40% KNO3) (Zavoico, 2001), with the admissible bulk
temperatures for its SPT use between 290 ◦C and 565 ◦C to prevent its freezing
and decomposition, respectively. It is divided into two symmetrical flow paths
in the N-S direction, flowing in a serpentine-like way. The maximum allowable
film temperature, which is the temperature at the tube inner wall, for such
HTF and tube material is 650 ◦C (McConohy & Kruizenga, 2014).

6.3.2 Receiver control modes during transient conditions

The receiver control modes considered in this Chapter can be divided into
two categories. The first one determines the operation of the receiver and
is defined by the heat fluxes on its surface and the fulfilling of a favorable
operation/preheating forecast. The second involves the HTF mass-flow rate.
The DNI fluctuation is regarded over time but happening uniformly upon the
heliostat field, not considering transient divergences on its spatial distribution at
a certain instant. This is a design-oriented approach, a stage at which the DNI
data available is only time-dependent, and is the most detrimental regarding
power production. Modern facilities, such as Ashalim SPT plant (Minis et al.,
2019) are provided with spatial DNI measurement systems, useful at operation
stages, but typically not available during the receiver design.
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Operation of the receiver

The receiver operation is subject to a minimum heat flux on its surface, qmin,rec ≥
qmin,limit, equal to 40 kW/m2, in order to avoid the HTF cooling and potential
freezing. The limiting spot is the inlet of the final panel from the Western
half during the morning and from the Eastern one during the afternoon. Note
that, during the first morning time intervals and late afternoon ones, the aim-
ing strategy selected is equatorial since the Tfilm and SSR limits allow it; this
may lead to a delay in the start-up and to shut down in advance since the heat
flux is mainly concentrated on the receiver centre, while the critical spots are
towards the receiver vertical ends. Thus, more open aiming strategies could be
able to provide the qmin,limit on the receiver sooner than the scheduled ones.

The minimum DNI required to have a qmin,rec equal to 40 kW/m2 at each
moment of the three characteristic days is presented in Figure 6.1. If such DNI
results above the feasible DNIC , it is omitted and the receiver would not be
able to work. Thus, the time frame at which the receiver could operate during
these days is marked by the initial and final times of the DNImin (dashed lines
in Figure 6.1). Additionally, to avoid an excessive number of start-ups and
shutdowns, the start-up at a certain time that surpasses the qmin,limit is subject
to a favourable forecast during the following 35 minutes after the present time
step completion (40 minutes total). If this condition is not meet, the receiver
remains inoperative to avoid shutting down shortly back again.

Since the receiver is drained after the definitive daily shutdown, it must be
preheated prior the first daily start-up to prevent the salt freezing in some spots
during the filling operation. The preheating criterion in this analysis is set to
obtain a temperature of 400 ◦C at the tube crown front and 380 ◦C in the rear
side, following the maximum temperature during preheating recommendation
of Vant-Hull (2002). In this study, the successful preheating conditions are
achieved if the average heat flux on the receiver surpasses a minimum value,
qavg,rec ≥ qavg,limit; qavg,limit it is set equal to 40 kW/m2 with the current sched-
uled aiming strategy to guarantee that the heat flux limits of 12 kW/m2 and
36 kW/m2 (Vant-Hull, 2002) would be achieved when using more spread aiming-
strategy during preheat mode. The process is bound to last 20 minutes prior
the start-up, above the Vant-Hull 15-minute early-morning preheat (Vant-Hull,
2002) and the Wagner et. al 12-minute one (Wagner et al., 2018).

Consequently, the start-up at a favourable instant is also subjected to the
qmin,rec ≥ qmin,limit, a total 40 minutes favourable forecast (t + 7∆t) and to a
20-minute preheat (t − 4∆t). If the qmin,rec goes back below the qmin,limit the
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Figure 6.1: DNI to guarantee a minimum heat flux on the receiver equal to
40 kW/m2, opposite to the reference DNI.

receiver is either fully shutdown or kept preheating, depending on the forecast
ahead and considering that the ramp-up for starting it back up lasts also 20
minutes (Wagner et al., 2018; Vant-Hull, 2002), with the receiver at the same
preheating mode. The control diagram resulting from these operation restric-
tions is shown in Figure 6.2(a), with instances of the different possibilities that
can be encountered in a certain day represented in Figure 6.2(b). Initially, it
is established whether the receiver operates (mode = 1) or not (mode = 0).
The receiver operates if the minimum heat flux on the receiver surpasses the
limit set for that end and if was either already operating (o1) or shutdown but
with additional 35 favourable minutes ahead (40 in total) and has already pre-
heated (o2). The rest of the scenarios lead to the receiver not operating: the
minimum heat flux on the receiver does not surpass the threshold of 40 kW/m2

(m1), the receiver was not operating during the previous time instant and the
upcoming operation forecast is not favourable (m2), or the receiver was not
operating and had a favourable future operation forecast but it has not been
fully preheated yet for the forthcoming start-up (m3). The mode for these three
scenarios is then determined between the preheating (ph = 1) or the full shut-
down (ph = 0). The receiver is in preheating mode if it can preheat and either
the preheating (15 additional minutes) and operation forecasts (40 minutes af-
ter the preheating completion) are fulfilled (p1) or if it was already preheating
(p2). On the other hand, the receiver is kept fully shutdown if the average heat
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Figure 6.2: (a) Receiver operation control diagram for a given day, with instances
of the possible situations represented in (b).

flux is not sufficient in order for the receiver to preheat (s1) or if it can preheat
but the forecasts are not favourable and was not already preheating (s2).

Mass-flow rate/ HTF outlet temperature control

While upcoming cloud transients can be noted in advance during operation, it
is not easy to predict their actual impact since they can differ in various aspects:
velocity, transmissivity, shape or direction (Crespi et al., 2018; Augsburger &
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Favrat, 2013). Moreover, the delay between the modification of the operation
(heliostat aiming, mass-flow rate, etc.) and the actual variation of the HTF
outlet temperature, Tout,HTF, cannot be disregarded. If the mass flow rate,
ṁHTF, is modified during a cloud passage and it suddenly ends, the receiver
may then present an insufficient ṁHTF for the cleaner conditions, resulting in a
tube overheating and therefore high unexpected damage. Thus, regarding the
Tout,HTF and ṁHTF, two control modes are contemplated:

• Mode 1: clean design day conditions, when the DNI matches the clear-sky
expected one, the DNIC . The mass flow for each flow path is adjusted
so the Tout,HTF, meets the desired value of 565 ◦C. Hence, the ṁHTF

required at each time instant of the given clean day is known beforehand
and can be scheduled before the start-up.

• Mode 2: lower DNI with respect to the clean design day. The ṁHTF at
each instant is the one that would correspond to the clear-sky conditions,
letting the Tout,HTF fluctuate. Moreover, the aiming strategy of the helio-
stat field continues to be the clear-sky scheduled one. This way, Tout,HTF

will never surpass the maximum value established once the cloud passage
concludes. A usual approach in commercial scale plants is to decide the
storage tank that the salts are sent to based on the Tout,HTF and the stor-
age tank level, since decreasing the temperature in the hot tank leads to a
drop of the power cycle efficiency; operators typically continue diverting
the HTF towards it as long as the Tout,HTF drops no more than 530 ◦C
(Mehos et al., 2020), although instances such as the work of Zurita et al.
(2020) admit a greater drop (470 ◦C).

6.3.3 DNI cases of study

The creep damage on the receiver tubes depends on the temperature and
stresses during hold times while fatigue depends on the strain ranges. Thus,
in order to properly sense the fatigue influence during transient operation, two
major DNI scenarios are presented for a certain day:

• Considering its actual transient DNI (case TR), providing several strain
ranges during the day. The ṁHTF control combines the modes 1 and 2 de-
scribed in Section 6.3.2, depending on whether the transient DNI matches
the clear-sky one (mode 1) or not (mode 2) at each time. Consequently,
during mode 2, the tube temperatures at times with lower DNI with re-
spect the clear-sky one would be lower than the ones obtained with a
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strategy seeking to obtain a Tout,HTF closer to the target one (using a
lower ṁHTF). Thus, this case provides the minimum creep but takes into
account the effect of the small cloud passages when calculating the fatigue
damage.

• Assuming its corresponding DNIC , (case C), an ideal DNI scenario that
would provide the maximum creep as possible on the receiver tubes but
disregards the effect of small cloud passages in the fatigue damage. The
operation schedule of the receiver is obtained considering its actual DNI,
not the clear-sky one assumed for the subsequent damage calculation of
this case, which results in the same hours of operation and start-ups for
both C and TR cases. On the other hand, the mass-flow rate control
corresponds solely to mode 1 for being a clear-sky DNI.

Additionally, a case with the same cloud interruptions than during the TR
variant but with perfect ṁHTF control, adjusting the ṁHTF at every instant in
order to guarantee a Tout,HTF = 565 ◦C, will also be briefly addressed in the
results section labelled as case P.

6.4 Methodology proposed to calculate the tran-
sient operation

6.4.1 Clean design day and cloudy day levels characteri-
zation

As the starting point, the optical, thermal and mechanical analyses are per-
formed for the clear-sky DNI of the three characteristic days during their cor-
responding solar hours (α of at least 10◦): 7:00-17:00 (day 81), 6:00-18:00 (day
172) and 8:20-15:40 (day 355). The analyses are carried out for 5-min ∆t since
these offer an accurate assessment of the solar data without greatly compro-
mising the computational cost, as addressed in Chapter 5. The aiming strategy
is selected according to the AFD limits; once it is definitive, the heat flux on
the receiver, the tubes temperatures, and σE

eq and εE
eq are obtained with the

corresponding models. Moreover, since the clear-sky DNI corresponds to mode
1 of Section 6.3.2, the ṁHTF is calculated as well with the thermal model and
will be the scheduled HTF flow for the day regardless the real DNI level (this is
cases C and TR), unless the receiver is shutdown. The interest in the lifetime
model lies on the σrelax, which will be the one regarded for the rest of DNI
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Figure 6.3: Minimum heat flux on the receiver surface for the DNI layers during
the spring equinox day (81). The limiting 40 kW/m2 appears in dashed lines.

levels as well, with the assumption of an already accomplished global stress
relaxation.

Then, the different DNI levels for the design days are characterized. They
have been selected as equidistant layers in decrements of 50 W/m2 with respect
their corresponding DNIC . Thus, the optical model runs with the new DNI,
resulting from subtracting the fixed value to Eq. 6.1, but using the clear-sky
aiming strategy previously scheduled, providing the heat flux on the receiver
surface under these new conditions. The thermal model works in the Tout,HTF

operation mode 2, using the mass flow calculated during the clear-sky condi-
tions. The elastic stresses and strains model works as usual.

The DNI descends are considered up to a DNI level that provides a qmin,rec

just below the qmin,limit threshold. For the day 81, the descend is up to
−550 W/m2, resulting in 12 data layers (Figure 6.3), the day 172 reaches
the −500 W/m2 mark (11 layers), and the day 355 requires decrements up to
−450 W/m2 (10 layers). In that way, the existence of interpolation data when
fitting the cloudy day of choice is guaranteed, avoiding the data extrapolation.

To summarize, the data library for each flow path during a certain day is
constituted by:

• σrelax for all the axial divisions of the flow path, corresponding to the
values of the clear-sky day (1-D array).

• ṁHTF scheduled according to the clear-sky conditions for the day and its
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DNIC values, both at every time step (1-D arrays).

• qmin,rec, qavg,rec and Tout,HTF at every time step in which the day is dis-
cretized and the various DNI layers (2-D arrays).

• Tube temperature, σE
eq and εE

eq at the front side of the tube crown (the
critical spot of the tubes (González-Gómez et al., 2021)) for all the axial
divisions at the different time steps and DNI layers (3-D arrays).

6.4.2 Calculating the creep and fatigue damages

The suitability of the data libraries for interpolation has been tested, with the
verification being performed inside the time window satisfying that qmin,rec ≥
qmin,limit without surpassing the clear-sky DNI (Figure 6.1). The greatest di-
vergences are found at the centre of the tubes, with the maximum temperature
difference around 0.25 ◦C (0.04% of error), the elastic strain one around 2×10−5

(2% of error) and the elastic stress around 4 MPa (around 2% of error). The
Tout,HTF with respect the original data is around 0.04 ◦C, while the minimum
heat flux one is in an order of magnitude of 10−14, both differences being neg-
ligible.

Now, for a given transient DNI, the initial step is to obtain the qmin,rec at
each ∆t by interpolating the data of the qmin,rec library with the actual DNI
of the day. Then, following the control diagram depicted in Figure 6.2(a), the
operation modes schedule is obtained. According to each mode, i.e: regular
operation, preheating or full shut-down, the tubes temperatures, σE

eq and εE
eq

can be calculated for each axial division and time interval with the interpolation
of their corresponding libraries to the transient DNI, as well as the Tout,HTF

progress during the day. Then, the lifetime model is used, obtaining the creep
and fatigue damages on the receiver, which can also provide an estimation of
its lifetime.

6.5 Results and discussion

The methodology presented serves to analyse the damages of the two major
cases of study addressed for different types of days and stages of the year. Thus,
a DNI database for a whole year is clustered depending on the DNI features of
each day, with their spatial distribution during the year also being considered,
in order to test both the transient hazy days and clear-sky DNI approaches for
the damage calculation, showing the relevance of each damage mechanism.
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6.5.1 DNI database clustering

The DNI database used is the synthetically generated DNI for the year 2018
by the Group of Thermodynamics and Renewable Energies (GTER) of the
University of Seville, obtained with the methodology presented by Larrañeta
et al. (2018), using their collected measured data in Seville (37.4◦ N, 6.01◦ W)
from 2002 to 2015. Such data have been classified according to the clustering
technique proposed by Moreno-Tejera et al. (2017). It is based on three key
aspects of the DNI to take into consideration when involved in CSP technologies:

• The transmittance index (Skartveit & Olseth, 1992), kb, to quantify the
daily energy level, resulting in days with high, medium, low or null energy.
It is defined as the ratio between the daily irradiation (HTR) and the daily
irradiation during clear-sky conditions (HC),

kb = HTR
HC

. (6.7)

• The variability index, VI, initially proposed for the global horizontal ir-
radiance (GHI) by Stein et al. (2012) is used in this Chapter for the DNI,
the radiation component of interest in CSP applications (Moreno-Tejera
et al., 2017). This metric compares the length of the DNI curve with the
curve during clear-sky conditions as

V I =
∑︁J

j=2

√︂
(DNITR,j − DNITR,j−1)2 + ∆t2∑︁J

j=2

√︂
(DNIC,j − DNIC,j−1)2 + ∆t2

, (6.8)

with DNITR,j being the DNI at a certain time step j and DNIC,j the DNI
at the same instant during the clear-sky day. It measures the DNI changes
due to cloud passages. Having a series of days, their VI is normalized
with the greater value obtained for the set, preventing this index have a
greater weight than the other two. The VI index determines days with
high, medium and low variability.

• The morning fraction index, Fm, proposed by Moreno-Tejera et al. (2017)
determines the temporal distribution of the DNI during the day. It is the
ratio of accumulated DNI during the morning (HTR,mh), from the sunrise
to the solar noon, and the total daily DNI (HTR),

Fm = HTR,mh
HTR

. (6.9)
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Then, the days are assigned a time fraction, Ft, as:

if Fm ≤ 0.3, Ft = 1,

if 0.3 < Fm < 0.7, Ft = 0.5,

if Fm ≥ 0.7, Ft = 0.

(6.10)

Days with a Ft = 1 present their DNI mainly during the afternoon hours,
a Ft = 0 means that the daily DNI is concentrated during the morning,
while a Ft = 0.5 indicates a balanced day.
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Figure 6.4: Day-types cluster classification according to their DNI features.

These indexes are useful to characterize the different features of the DNI
without duplication (Moreno-Tejera et al., 2017), providing both qualitative
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Figure 6.5: Arrangement of the 2018 year into the cluster groups.

and quantitative information of the state of the sky. It is a more suitable
approach for CSP analysis than the commonly-used clear sky index, a simple
approach but providing less valuable information (Moreno-Tejera et al., 2018).
Thus, the days clustering resulted in the 10 day-types compiled in Figure 6.4.
The columns present the days arranged according to their DNI temporal distri-
bution, i.e: Morning (M), Balanced (B) and Afternoon (A), while the rows do
the same in terms of energy level: High (H), Medium (M), Low (L) and Null
(N). Hence, for instance, a day with the energy mainly during the afternoon
and with a medium energy level is labelled as “AM”. Regarding the variabil-
ity, it was found that high energy days present low variability, medium energy
days showed high variability, and low and null energy days present medium/low
variability. Moreover, the rows of “Low” and “Null” energy can be regarded as
just one group since such low DNI levels do not provide sufficient energy for the
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Table 6.3: Number of each day-type during the year 2018.

Morning Balanced Afternon Total
High 5 159 21 185

Medium 2 85 25 112
Low 13 20 9 42
Null 26 26
Total 20 290 55
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Figure 6.6: (a) Distribution of the high and medium energy day-type through the
year and (b) number of days of each type during each season.

CSP operation. Despite alternative rearrangements of these clusters have been
later proposed (Moreno-Tejera et al., 2018), in the present study, only days
with high and medium energy are considered relevant for their operation and
damage analysis, and remain as the 6 individual groups originally presented,
with no further combinations or divisions.

The clustering of the database employed results in the groups depicted in
Figure 6.5, where the dashed lines represent the limit of each cluster in accor-
dance to (Moreno-Tejera et al., 2017), which were obtained using the Partition-
ing Around Medoids k-medoid algorithm to a 13-year database. For a better
understanding, the number of each of the day-type during 2018 are presented
in Table 6.3. The most repeated one is the BH (over a 53%), followed by the
BM (over a 28%). The MH and MM days are at scarce, with just five and two
occurrences, respectively. Between the low and null energy days, the receiver
remains shut down for 68 days. The most frequent energy-type of days are the
high ones. That same cluster classification was done for the data of the year



6.5. Results and discussion 215

2015, obtaining 7 less shut-down days, 4 less of high energy and 11 more of
medium energy, showing a good agreement in terms of day-distribution density.

Given they are the relevant day-type for the analysis, the distribution of the
high and medium energy days throughout the year is depicted in Figure 6.6(a),
with the reference days of the spring equinox (and autumn), summer solstice
and winter solstice, highlighted in dashed lines. Consequently, each day-type
occurrence can be assigned a season, Figure 6.6(b) in order to perform a full-
year damage analysis using the spring equinox, summer solstice and winter
solstice as reference days; for instance, the days between the 127 (average of
day 81 and 172) and 219 (average between 172 and 265) are compared to the
clear-sky DNI of the summer solstice (172).

6.5.2 Creep and fatigue damage results for clustered days

For the 6 high and medium energy days, one day per season–the spring equinox
(equivalent to the autumn one), the summer solstice and the winter one–, is
selected, giving a total of 18 scenarios. For the 18 configurations, the transient
DNI data to analyse have been chosen from days as near as possible to the three
reference clear-sky days.

Then, the actual DNI (from the database) of the chosen days is rescaled
according to their assigned DNIC , in order to provide working conditions at
the two Tout,HTF (Section 6.3.2) when analysing the TR scenario, as would
occur in any pre-scheduled real cloudy day. Nevertheless, for some day-type,
the same DNI data was adapted for the three reference clear-sky days given the
scarcity of meaningful days of that type; such was the case of the two morning
types: the transient DNI corresponding to the day 310 was adapted to the
three DNIC for the MH type while the same was done for the DNI of day 71,
representative of the MM day-type. These were the two less frequent day-type
and their distribution through the season fell mainly at spring, Figure 6.6(b).
The transient DNIs adapted to each DNIC are depicted in Figure 6.7 for the 18
cases, as well as their corresponding clear-sky DNI and the operation schedule
according to the control diagram of Figure 6.2. Moreover, note that the cases
with the DNI corresponding to the same real day (the already cited MH and MM
with the days 310 and 71, respectively) can serve of instances of the same day
but with a forecast for a lower (or greater) clear-sky DNI. This would emulate,
for instance, the descent in the typical expected clear-sky DNI of the studied
day due to the atmospheric attenuation caused by rains during the previous
week.
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Figure 6.7: Transient DNI for the day-type analyzed, with their clear-sky reference
DNI and their operation windows.
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Subsequently, the creep and fatigue damages are calculated for these 18
scenarios under the two main DNI cases: with cloud transients, TR, and clean,
C, Figure 6.8. The damages have been depicted for the Eastern and Western
halves of the receiver (E and W notation), with 9 panels each. The results can
be analysed from the three DNI features angle:

• Regarding the energy level (kb), high-energy days are the most harmful
ones despite the lesser fatigue cycles they present with respect to the
medium-energy days. This is because the high heat fluxes lead to an
increase of tube surface temperature and hence creep damage, which is
the main cause of lifetime consumption on the receiver. For these days,
the maximum fatigue damage ratio over the total occurs in the first panels,
with the greatest rate being a 35%. In Southern panels, the fatigue share
decreases, with minimum values around 2.5% of the total. Looking at the
medium-energy days, fatigue gains relevance, with its share increasing up
to an 88% in the first panel. However, this has to do with the lower creep
damage on the receiver motivated by the lower heat fluxes rather than
being caused by a great increase of the fatigue damage.

• Conversely, it is found a growth of the fatigue damage in days with multi-
ple start-ups, which are a result of a high variability index (VI); this can
be sensed by looking at the cases of BM-summer and winter, MM-spring
or BH and AM during winter, for instance, whose fatigue is up to 2 times
the fatigue during days with one start-up.

• As for the energy time distribution classification, the balanced day is
the most damaging compared to the morning and afternoon days, with
both salt paths behaving similarly, especially for instances with symmetric
DNIs. During the morning days, the Western panels are subjected to more
damage than the Eastern ones since most of the radiation is concentrated
in the Western half. Nevertheless, the demanding heat fluxes force the
aiming strategy of that half to switch to a more open one earlier than the
Eastern half, causing the Eastern first panel to be more damaged than
the Western one; the opposite occurs during the afternoon days.

Note that, despite the growth of the fatigue damage in some of the days with
high variability, the creep plummeting during medium-energy days translates in
an overall lower damage in the receiver than during the high-energy ones. The
differences over the year are sensed through the three seasons, with summer



218 Creep-fatigue damage calculation during transient conditions

providing high and uniform damages in the whole receiver, and spring and
winter being more North oriented, with the latter damaging the receiver the
least.

As for the two major DNI cases, clear-sky (C) and transient (TR), Figure 6.8
shows greater receiver damages when considering the C scenarios. Such outcome
is related also with the creep damage, being from 1.2 to 8 times greater in first
panel during clear-sky conditions than during cloudy days, given the higher
heat fluxes on the receiver, increasing the tubes temperature and stress. On
the other hand, the fatigue damage presents low differences between the TR
and C cases. In both transient and clear scenarios such difference is mainly due
to the cycle computed with the minimum and maximum strains of the day. The
strain range due to the maximum and minimum values is quite similar between
the transient DNI and the clear-sky one, although the latter is slightly greater
in some cases because of the higher clear-sky tubes temperatures, showing an
increase on the clear-sky fatigue damage between a 6% and 3% with respect the
transient one. If the maximum and minimum strain values coincide for the C
and TR scenarios, the fatigue damage of case TR is slightly greater than the one
in case C due to the small cloud transients occurring. Hence, it should be taken
into account that the clear-sky scenario does not properly show the fatigue
behaviour of the receiver. Nevertheless, these small cloud transients are found
far from meaningful, being the already mentioned minimum and maximum
strains and the number of start-ups the most relevant aspects in such regard.
Lastly, the differences between the clear-sky and transient damages are greater
for the spring and summer reference days due to the greater clear-sky DNI
with respect winter, increasing the creep damage. Additionally, the damages
differences between C and TR cases are lower during the high-energy days than
during medium-energy days, precisely due to the proximity of the transient DNI
to the clear-sky one as well.

It should be considered that the damage results may change depending on
the operation strategy implemented; for instance, setting a greater time period
with a favourable forecast to operate could mean a lesser number of start-ups
and so the diminishing of both the fatigue and creep damages due to the forced
inactivity of the receiver. Nevertheless, to take the feasible operation hours of
the cloudy day and to evaluate them at the clear sky conditions would always
lead to more conservative results than using the actual transient DNI due to
the creep effect and the little relevance the small transients have in the fatigue
damage. Keeping the same hours of operation and with the AFD control, the
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Figure 6.8: Creep (c) and fatigue (f) damages for the cases of study. Both receiver
halves have been included (E and W), as well as the results for clear-sky DNI (C)
during the receiver operation, opposite to the transient actual DNI (TR).



220 Creep-fatigue damage calculation during transient conditions

1 2 3 4 5 6 7 8 9
Panel

0

0.5

1

1.5

2

d

#10-4 BH spring

c,E,T
f,E,T
c,E,P
f,E,P
c,E,C
f,E,C

c,W,T
f,W,T
c,W,P
f,W,P
c,W,C
f,W,C

Figure 6.9: Creep and fatigue damages for the TR, C and P DNI and mass-flow
rate control cases.

transient and clear-sky results are the two ends of the possible spectrum of
results regarding the modification of the ṁHTF strategy. This is because, in
this Chapter, the ṁHTF during transient operation is kept the same than clear-
sky conditions scheduled one at the expense of the Tout,HTF. Hence, under the
same heat flux, this results in lower tubes temperatures and, thus, lower creep
with respect an operation adjusting the ṁHTF to provide a Tout,HTF closer to
the 565 ◦C goal. That is, for instance, the perfect mass flow rate control scenario
(P) mentioned earlier, whose results for the BH day of spring are depicted in
Figure 6.9 opposite to the C and TR cases. At the critical panels it shows a
greater creep than the TR case, as expected, but it is still much lower than case
C one. The fatigue damage is practically the same than the one for case TR,
being under the same transient DNI. Note that the only difference between the
alternatives TR and P is the ṁHTF strategy, while case C differs in the DNI
with respect case TR and in the DNI and ṁHTF with respect case P.

On the other hand, the outlet temperature during the receiver operation
and the HTF mass flow through it are shown in Figure 6.10 for the 18 cases.
Many of the winter days present an average HTF outlet temperature close to
the reference one (565 ◦C). For instance, the ones during the BH and AH days:
561.3 ◦C and 562.18 ◦C, respectively. Nevertheless, the lower clear-sky DNI
implies a lower heat flux on the receiver surface, and thus, these winter days have
a scheduled mass flow lower than the spring and summer ones, with maximum
daily average HTF outlet temperatures of 553.45 ◦C (MH) and 556.14 ◦C (AH),
respectively. Consequently, the average thermal power for the winter days is
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Figure 6.10: HTF outlet temperature during the transient operation and total
HTF mass flow rate through the receiver.
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lower than during spring and summer. The greater daily average thermal power
is yielded by the three high-energy day-type during the summer solstice, with
results between 124 MWt and 121.5 MWt; the average of the winter days, on the
other hand, falls below 100 MWt. The greatest energy production is achieved
during the BH day of summer due to its long operation, more than 10 and a
half hours, with a reasonably high average outlet temperature, 549.7 ◦C, and
mass-flow rate, 307.1 kg/s, yielding 1.26 GWh.

6.5.3 Damage analysis using the 2018 DNI database

For the whole year analysis, the DNI of each day in the database is likewise
designated a DNIC (days 81, 172 or 355) according to their corresponding sea-
son, Figure 6.6. The operating hours resulting from the operation control are
presented in Figure 6.11, along with the number of start-ups each day.
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Figure 6.11: (a) Hours of operation and (b) number of start-ups of the high and
medium energy days of 2018. Average results in dashed lines.

The average hours of operation and start-ups are 6.04 hours and 1.41 times,
respectively, per high and medium energy days; these are a significant number
of hours to provide a great creep damage, while the low number of start-ups
indicates that the fatigue one will not be greatly augmented by such factor.
The BH-type, the most prominent one throughout the year, presents an average
operation of 7.9 hours. The rest of them are quite behind, with an average of
4.46 hours during the BM days (the second most prominent), 4.37 hours for the
AH days, 3.71 for the MM (with just two instances during the year), and lastly,
the AM day-type with an average of just 1.6 hour-average during its 25 days.
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Figure 6.12: (a) Lifetime estimation considering the high and medium energy days
of 2018 and (b) annual creep damage percentage under the transient DNI and the
clear-sky one.

As for the start-ups, just the BM and MM day-type are above the average, with
1.82 and 2 start-ups, respectively.

Then, the damage analysis for the whole year is performed considering these
high and medium energy days at their corresponding reference season. The
limiting lifetime results for each receiver panel, obtained towards the middle
length of the tubes, are included in Figure 6.12(a) for the C and TR DNI
assumptions, with the clear-sky case operating the hours obtained for the actual
transient DNI, as usual. Such Figure shows a quite similar outcome between
both receiver halves in the two DNI cases, manifesting the dominance of the
balanced days over the rest which, as noted in the previous Section, lead to
an almost equal damage when comparing both flow paths panel-by-panel. As
expected, the greater creep damages for the clear-sky DNI observed in the
individual cases earlier presented translate likewise for the whole year analysis.
In the first panel, which remains the most critical one, the lifetime drops from
45.4 years to 27.8, showing that using the clear-sky conditions are way off the
real results, but yet they constitute a conservative approach for a quick lifetime
estimation of the receiver.

On the other hand, for the most damaged spot of each panel, the con-
tribution of the annual creep damage to the annual total one is depicted in
Figure 6.12(b). It highlights again the greater relevance of the creep damage
over the fatigue one, especially from panels 3 to 9. The lowest creep damage
weight is found at first panel for both the TR and C DNI cases. Regarding the
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Figure 6.13: Annual creep and fatigue damages for the Eastern and Western panels
of the receiver under the transient DNI and the clear-sky one.

cloudy days DNI, it is a 73.8% of the total, with the creep damage being 2.8
times the fatigue one. The greatest average creep damage through the year is
inflicted by the set of BH days, which is amplified given they account for more
than half of the year, followed by the BM ones, the second most common type.
On the other hand, the days with greater average fatigue, which are mainly
medium-energy non-balanced days, are less frequent. As for the clear-sky DNI,
the creep damage share increases in all the panels, being over an 82% at the
most damaged point of the receiver. Such increments have to do with the creep
damage increase with respect the transient DNI case while the fatigue damage
remains almost constant, as depicted in Figure 6.13, and, thus, being even more
diluted.

As stated in the previous section, a different ṁHTF/Tout,HTF strategy, such
as the P one, would be in the middle ground of the results of Figures 6.12 and
6.13.

6.6 Conclusions

The creep and fatigue damages on a molten-salt receiver are investigated.
Hence, two major DNI cases are selected in order to test the influence of cloud
passages and hazy days on the fatigue damage and the total damage on the
receiver: clear-sky DNI and the actual transient DNI considering a fixed HTF
mass flow rate, letting its outlet temperature fluctuate. Thus, they constitute
the possible cases on the receiver of maximum creep and minimum creep with
cloud transient interruptions, respectively.
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These two scenarios are initially compared for different day-type and sea-
sons. The results show the salient influence of the creep damage over the fatigue
one, with the latter being mainly due to the strain range corresponding to the
minimum and maximum values during the day. It is found that the fatigue dam-
age is aggravated with multiple daily star-ups but the small transients during a
day result negligible. Moreover, the comparison of the transient and clear-sky
results even shows a greater fatigue damage for the former in some of the day-
type at the first panel (up to a 6% in some cases), which has to do with the
increase of the maximum strain of the cycle due to the higher clear-sky heat
fluxes on the receiver. Nevertheless, for a maximum strain range equal for both
TR and C DNIs, the small transients during TR do indeed yield slightly greater
fatigue, although such increase is not relevant. Using the same transient DNI
of the TR case but a mass flow rate strategy aiming to increase the HTF outlet
temperature results in a greater creep, but it is still far from the clear-sky one.
Thus, the cases of clear-sky DNI and transient DNI with the outlet temper-
ature fluctuating constitute the upper and lower limits of the damage on the
receiver, being other transient scenarios with a different mass flow rate controls
in between.

Regarding the DNI features of the different days, the fatigue damage share is
up to a 35% during high energy days, while in the less-common medium energy
ones it increases up to an 88%. Nevertheless, this has to do with a considerable
drop in the creep damage due to the lower heat fluxes on the receiver. Thus,
during the most demanding days, the dominant damage mechanism is creep,
with fatigue only gaining relevance during days with a great descend of the
former rather than being motivated by a growth of its own. The most harmful
day-type is the one with their energy evenly distributed throughout the day
and presenting a high-energy level, followed by the medium-energy ones. These
happen to be the most common during the year, as the full-year data analysis
shows, favoring the grater creep damage share in the total.

For the whole year analysis, the average number of start-ups during the year
is 1.4 per day, while the average hours of operation are around 6. The creep
damage for the transient DNI is above 73% in the critical first panel, above
80% in the second panel, and above the 90% mark for the rest. The lifetime
of both receiver halves is practically the same, with a minimum value of 45.43,
due to the abundance of balanced days, opposite to the morning and afternoon
ones. The clear-sky DNI results show how the fatigue damage is even more
diluted than in the transient analysis, with the creep increasing (a minimum
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share above 82%) and, therefore, the lifetime of the receiver resulting more
conservative: 27.8 years.

Nomenclature

A energy mainly during the
afternoon

B energy balanced during the
day

C clear-sky operation
c1, c2 fatigue exponents
D total damage
d damage
d average damage for a set

of days
E Eastern flow path,

Young modulus (Pa)
Fm morning fraction index
Ft time fraction index
H daily irradiation,

high energy level
I total number of days studied
J number of time intervals

per day
kb transmittance index
M number of fatigue cycles per

day, energy mainly during
the morning, medium energy
level

ṁ mass flow rate (kg/s)
m non-operation mode
L low energy level
N fatigue cycles,

null energy level
o operation mode
P transient conditions and a perfect

mass-flow rate control
p, ph preheat mode
q heat flux (W/m2)
S allowable stress (Pa)
s shutdown mode
SH hot relaxation strength (Pa)
SSR stress reset limit (Pa)
Sy yield strength (Pa)
Sy,cold yield strength at room temperature

(Pa)
T temperature (K)
t time
TR transient conditions
tR rupture time (h)
V I variability index
W Western flow path

Greek letters

α solar altitude (◦)
β Mendelson-Roberts-Manson

parametrization coefficients
∆t time interval duration (min)
∆ε strain range (%)

ε strain (%)
ε′

f fatigue ductility (%)
σ stress (Pa)
σ′

f fatigue strength (%)
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Subscripts

a allowable
avg average
C clear-sky
c creep
eq equivalent
f fatigue
film inner tube wall
L, limit limit
mh morning half of the solar

hours
max maximum
min minimum
out outlet
rec receiver
relax relaxation stress
s using reduction and data

scattering factors
year annual aggregated damage

Superindexes

E elastic
P plastic

Abbreviations

AFD allowable flux density
ASME American society of

mechanical engineers
ASTM American society for testing

and materials
BPVC boiler and pressure vessel

code
CC code case
CGM coarse grid model
CSP concentrating solar power
DNI direct normal irradiance

(W/m2)

EODs equivalent operating days
GHI global horizontal irradiance
GTER thermodynamics and

renewable energies group
HTF heat transfer fluid
LCOE levelized cost of energy
LDS linear damage summation
M-R-M Mendelson-Roberts-Manson
sCO2 supercritical carbon dioxide
SPT solar power tower
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CHAPTER

SEVEN

General conclusions

Solar power tower (SPT) technology is gaining relevance in the renewable al-
ternatives landscape due to its numerous benefits. Yet, it is still far from
the maturity of other renewable options, with room for improvement regard-
ing its design, operation and overall cost. Research on testing facilities and
current-commercial plants reports warn from the harmful operation conditions
the receiver must endure, with high non-uniform heat fluxes and cyclcic opera-
tion, and its implications on the project. Additionally, the study of the receiver
subsystem using analytical models is found to be the most efficient and suit-
able approach, given its low computational cost opposite to numerical models,
which eases the task of performing a global analysis, and the difficulties found
in the sensors placement of real-scale receivers. Hence, this dissertation has
been focused on the study of the damage mechanisims threatening the receiver
during its regular operation, creep and fatigue, from an analytical point of view,
considering as well its previous thermal and mechanical characterization.

The thermal study of the receiver is presented in Chapter 2 as well as the
subsequent methodology to perform a high-resolution exergy analysis. The lat-
ter is conducted considering the heliostat field and the receiver subsystems,
showing that the heliostat field is the main factor driving exergy losses; it can
only be altered by changing its aiming strategy–and, thus, its optical efficiency–,
being advisable strategies as equatorial as possible. Nevertheless, the mechani-
cal limits of the receiver should be watched. Regarding the receiver, the exergy
destruction is mainly caused by the multiple emissions and absorptions happen-
ing at the tubes. Moreover, the coating degradation is investigated, showing
that the efforts should be directed into providing an absorptivity as great as
possible, while the emissivity plays a negligible role; consequently, repainting
tasks are found to be a good practice due to its exergy impications. In ad-
dition, locations with moderate DNI and low ambient temperature are more
appealing exergy-wise than sites with outstanding DNI levels and high ambient
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temperatures.

Then, an analytical methodology to calculate the elastic stresses and strains
on the receiver tubes, as well as their bending, is proposed in Chapter 3, taking
into account the temperature dependance of the tubes material properties. Its
accuracy is proved against numerical results. It is found that the disregard
of such temperature dependance translates in considerable deviations in the
stresses and bending results, constituting and ill-advised practice since it could
lead to errors in the subsequent damage analyses. The supports guiding the
tubes greatly reduce their bending opposite to a free bending situation. On the
other hand, the equivalent stresses obtained with a finite number of supports
highly resemble to the ones yielded by the generalized plane strain case, equiv-
alent to an infinite number of supports, constituting a feasible simplification for
further calculations.

An initial approach to the creep and fatigue damages investigation is con-
ducted in Chapter 4, where different alloys alternatives for the receiver tubes
manufacturing–alloy 316H, Haynes 230, Inconel 625, Inconel 740H and Incoloy
800H–are studied in terms of their expected lifetime due to the creep and fatigue
effects during a certain clean design day, on an hourly basis. The coefficients
to calculate the damages for the different alloys have been obtained through
the fitting of experimental data existing in the literature and are compiled in
such Chapter. Since the receiver mechanical limits are regarded when setting
the heliostat field aiming strategy, with the target of it being as equatorial as
possible, the disparate alloys properties lead to great differences in the power
production these receivers can offer. Nevertheless, some of the alternatives are
not able to dodge the stress reset limit and, thus, are unable to achieve the de-
sirable global stress relaxation. As a consequence, the lifetime analysis results
show a great penalty to those not fulfilling the global stress relaxation, which
is specially noticable in the case of Incoloy 800H, whose poor results lead to its
early discard. Alloy 316H is barely affected by its absence, forced to operate
with extremely low heat fluxes, at the expense of a low power production, due
to its poor corrosion resistance. The best alternative is Inconel 740H, followed
by Haynes 230, with outstanding lifetime results thanks to the stress relaxation,
and yielding the higest power productions. The Inconel 625 receiver endures
slightly lesser than alloy 316H, but it is able to offer considerably more thermal
power. Thus, the cost metric proposed, the levelized cost of alloy (LCOA),
takes into account the costs involved in the panel replacement for each alter-
native, not only due to the tubes themselves but also regarding weldings and
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coating paintings, among others, and the power production yielded. In this
regard, Inconel 740H and Haynes 230 lead almost on par, followed by Iconel
625. Alloy 316H is highly penalized by its low power production.

In Chapter 5, the influence of the time resolution in the lifetime analysis is
investigated during clear-sky days, setting the thermal energy storage tank fill-
ing as the receiver shut-down criterion for the day, wich gives the receiver hours
of operation. The results obtained for the spring equinox show that selecting
just the solar noon, a common approach in the literature, highliy understi-
mates the receiver lifetime. The time resolution of 5 minutes is established as
the most appropiate due to its accurate results with respect to the 1-minute
one and its lower computational cost. The differences are essentially due to the
precission of the aiming strategy shift over time, allowing the alternatives with
finer control to reduce earlier the peak fluxes during the morning hours, when
the majority of the operation takes place in this study. As for working with just
the spring equinox, its results are found to be more restrictive than the ones
obtained with an analysis of a set of days representative for the year, advising
against its single use as well.

The damage analysis is performed during transient conditions in Chapter 6.
The receiver operation is subjected to a favourable forecast for operation and
a previous preheat. The mass-flow rate and aiming strategy during transients
remain the clear-sky scheduled ones. Thus, two DNI cases are tested, the clear-
sky day and the transient one, using a whole-year DNI database, clustering the
days in diferent day-type and seasons. Creep damage is the most harmful mech-
anism endagering the receiver integrity, with fatigue being essentially caused by
the strain range of the minimum and maximum values during the day, and ag-
gravated by the appearance of multiple start-ups during the daily operation.
Hence, small transients are negligible in terms of fatigue damage. Given the
relevance of creep, high energy days are the most harmful ones, oppossite to
days with high DNI variability, typically with medium energy levels. For that
same reason, the clear-sky study is considerably more restrictive than the tran-
sient one. These constitute both ends of damage spectrum, showing maximum
and minimum creep damages, respectively. Transient days with a finer control
on the mass-flow rate, aiming to increase the HTF outlet temperature, fall in
between.
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Appendix A: Fourier series coefficients

The coefficients of the Fourier series (Eq. 3.3), calculated as presented by Bi-
jlaard et al. (1968), result

B1 = π

4

∫︁ b

a

∫︁ π

0 Tθ

(︂
r2 − b2+a2

2

)︂
cosθdrdθ

b2 − a2 − (b2 + a2) ln(b/a) , (A.1)

A1 = 2
b2 − a2

[︄
2
π

∫︂ b

a

∫︂ π

0
Tθcosθdrdθ −B1ln (b/a)

]︄
, (A.2)

D1 = π

4

∫︁ b

a

∫︁ π

0 Tθ

(︂
r2 − b2+a2

2

)︂
sinθ drdθ

b2 − a2 − (b2 + a2) ln(b/a) , (A.3)

C1 = 2
b2 − a2

[︄
2
π

∫︂ b

a

∫︂ π

0
Tθsinθdrdθ −D1ln (b/a)

]︄
, (A.4)

when the inner A.5 and outer A.6 temperature profiles are known,

Ti (θ) = A′
0 +

∞∑︂
n=1

A′
ncos nθ +B′

nsin nθ, (A.5)

Te (θ) = A′′
0 +

∞∑︂
n=1

A′′
ncos nθ +B′′

nsin nθ. (A.6)

Here, A′
0 and A′′

0 are the mean values of the internal temperature, Tī (at
r = a), and external, Tē (at r = b), respectively, calculated as

Tī = 1
2π

∫︂ 2π

0
Ti (θ) dθ, (A.7)

237



238 Appendix A: Fourier series coefficients

Tē = 1
2π

∫︂ 2π

0
Te (θ) dθ. (A.8)

The equivalence of the coefficients in Eq. 3.3 with the ones in Eqs. A.5 and
A.6 can be easily obtained by substituting r = a and r = b in the circumferential
temperature profile Fourier series (Eq. 3.3):(︃

A1a+ B1
a

)︃
cosθ +

(︃
C1a+ D1

a

)︃
sinθ = A′

1cosθ +B′
1sinθ :

A′
1 = A1a+ B1

a
, (A.9)

B′
1 = C1a+ D1

a
. (A.10)

(︃
A1b+ B1

b

)︃
cosθ +

(︃
C1b+ D1

b

)︃
sinθ = A′′

1cosθ +B′′
1 sinθ :

A′′
1 = A1b+ B1

b
, (A.11)

B′′
1 = C1b+ D1

b
. (A.12)

Nomenclature

A, B, C, D Fourier series coefficients
a tube inner radius (m)
b tube outer radius (m)
r radial position (m)

T temperature (K)
T̄ mean temperature (K)

Subscripts

e external surface
i inner surface

θ circumferential component
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Appendix B: Stresses calculation for
homogeneous properties

Since the thermal conductivity is considered constant in the whole vertical
division of the tube, the stresses of Eqs. 3.4 and 3.5 can be rewritten as:

σTr,r (r, θ) = Kr
αrE

2 (1 − ν)

[︃
−ln b

r
− a2

b2 − a2

(︃
1 − b2

r2

)︃
ln
b

a

]︃
, (B.1)

σTr,θ (r, θ) = Kr
αrE

2 (1 − ν)
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1 − ln

b

r
− a2

b2 − a2

(︃
1 + b2
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ln
b

a

]︃
. (B.2)

Here Kr is

Kr = Tī − Tē

ln (b/a) (B.3)

As for the circumferential temperature field contribution, Eqs. 3.7, 3.8 and
3.9 can be simplified as:

σTθ,r (r, θ) = Kθ
αE

2 (1 − ν)

(︃
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)︃ (︃
1 − b2

r2

)︃
, (B.4)

σTθ,θ (r, θ) = Kθ
αE

2 (1 − ν)
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r2 − a2b2
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)︃
, (B.5)

τr,θ (r, θ) = Kτ
αE

2 (1 − ν)
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1 − a2

r2

)︃ (︃
1 − b2

r2

)︃
, (B.6)

being Kθ and Kτ two constants dependent on the coefficients of the Fourier
series, see Appendix A, for the complete temperature field, Eq. 3.3:

Kθ = r

a2 + b2 (B1cosθ +D1sinθ) , (B.7)
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Kτ = r

a2 + b2 (B1cosθ −D1sinθ) . (B.8)

Therefore, the contribution of the stresses in the cross section for the axial
stress is, which corresponds to the second term of Eq. 3.12:

σT,z (r, θ) = Kr
ναrE
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1 − 2ln
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ναE
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Now that the tube is considered to be homogeneous, with properties inde-
pendent of the temperature, the virtual force PT that appears when the tube
is free to expand axially is constant PT =

∫︁
A
αET dA = EαT̄ . Thus, the first

term in Eq. 3.12 can be written as:

σM,z (r, θ) = E
(︁
αT̄ − αT

)︁
+ E

(︃
rcosθ

E

ρy
+ rsinθ

E

ρx

)︃
. (B.10)

For the bending radius, since E is assumed constant instead of tempera-
ture dependent, the numerator is the product EI, where I is the tube inertia
moment, resulting from integrating

∫︁
A
r2 dA. For a cylindrical tube:

Ix = Iy =
π

(︁
b4 − a4)︁

4 , (B.11)

ρx = IxE

My
, ρy = IyE

Mx
. (B.12)

Here Mx and My are the moments on the tube, constituted by the ther-
mal moments and the mechanical moments. The mechanical term is the one
presented in Eq. 3.20 and remains unchanged since it does not depend on the
tube material. The thermal moment working with constant properties changes
though, being obtained as:

MT,x (z)
∫︂

A

αETr cosθ dA, MT,y (z)
∫︂

A

αETr sinθ dA. (B.13)

With all of this, the final stresses in z can be rewritten as:
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And since the thermal expansion coefficient is constant, it can be regrouped as:

σz (r, θ) = Kr
αE
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Nomenclature

A tube cross section area (m2)
a tube inner radius (m)
B, D Fourier series coefficients
b tube outer radius (m)
E Young modulus (GPa)
I tube inertia moment (m4)
K constant

M bending moment (Nm)
P force (N)
r radial coordinate (m)
T temperature (K)
x, y, z cartesian coordinates

Greek letters

α linear thermal expansion
coefficient (1/K)

θ circumferential coordinate (◦)
ν Poisson ratio

ρ bending radius (m)
σ normal stress (MPa)
τ shear stress (MPa)

Subscripts

e external surface
i inner surface
M mechanical component
r radial component
T thermal component,

temperature
x, y cross section components
z axial component
θ circumferential component
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Appendix C: Time resolution analysis
extended results

Table C.1: Lifetime results for the different time steps with receiver operating until
the tank filling.

Lifetime (yrs)
Time
step

Panel
1E

Panel
2E

Panel
3E

Panel
4E

Panel
5E

Panel
6E

Panel
7E

Panel
8E

Panel
9E

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

Lifetime (yrs)
Time
step

Panel
1W

Panel
2W

Panel
3W

Panel
4W

Panel
5W

Panel
6W

Panel
7W

Panel
8W

Panel
9W

Solar noon 10.92 11.58 12.29 13.32 15.72 20.32 24.14 31.02 36.15
60-min 19 19.58 24.75 36.24 101.5 170.1 321.06 353.86 82.11
30-min 18.65 19.78 24.95 37.12 96.74 172.47 340.11 371.92 84.69
15-min 21.23 19.68 24.99 37 95.44 172.72 340.2 371.75 95.9
7.5-min 21.34 19.75 24.95 36.83 94.53 172.19 338.63 375.48 97.09
5-min 21.34 19.77 25.01 36.92 94.56 172.93 340.18 375.62 99.19
2-min 21.89 19.72 25 36.95 95.09 172.8 339.89 375.23 99.45
1-min 21.88 19.71 24.99 36.94 94.97 172.7 339.69 374.83 99.35
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Table C.2: Percentage lifetime variation with respect the 1-minute time step, with
the receiver operating until the tank filling.

Percentage lifetime difference (%)
Time
step

Panel
1E

Panel
2E

Panel
3E

Panel
4E

Panel
5E

Panel
6E

Panel
7E

Panel
8E

Panel
9E

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

Percentage lifetime difference (%)
Time
step

Panel
1W

Panel
2W

Panel
3W

Panel
4W

Panel
5W

Panel
6W

Panel
7W

Panel
8W

Panel
9W

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

Table C.3: Percentage lifetime variation with respect the 1-minute time step. The
receiver operates a fixed HOP corresponding to the 1-minute time step tank filling.

Percentage lifetime difference (%)
Time
step

Panel
1E

Panel
2E

Panel
3E

Panel
4E

Panel
5E

Panel
6E

Panel
7E

Panel
8E

Panel
9E

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

Percentage lifetime difference (%)
Time
step

Panel
1W

Panel
2W

Panel
3W

Panel
4W

Panel
5W

Panel
6W

Panel
7W

Panel
8W

Panel
9W

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

Appendix D: Set of days lifetime analysis
extended results

Table D.1: Lifetime of the receiver panels for the set of representative days and
average results.

Lifetime (yrs)

Day
Panel

1E
Panel

2E
Panel

3E
Panel

4E
Panel

5E
Panel

6E
Panel

7E
Panel

8E
Panel

9E
172 23.55 26.04 31.58 41.17 54.88 98.11 129.77 135.38 38.73
218 22.04 23.43 27.94 37.29 52.77 91.77 147.04 115.42 37.87
238 18.49 20.66 24.49 31.26 43.19 76.02 126.54 150.28 53.00
256 18.86 18.98 22.42 27.06 37.32 62.72 91.59 114.81 72.37
272 17.09 19.02 22.50 26.97 38.53 59.66 87.78 111.10 92.77
290 17.10 18.61 24.96 29.76 47.04 62.11 88.81 110.88 135.39
310 19.35 18.94 27.49 34.05 52.59 66.68 104.09 169.27 276.87
355 20.36 20.99 30.07 40.18 52.16 75.80 137.07 271.06 1,849.8
Avg 19.6 20.83 26.43 33.47 47.31 74.11 114.09 147.28 319.60

Lifetime (yrs)

Day
Panel
1W

Panel
2W

Panel
3W

Panel
4W

Panel
5W

Panel
6W

Panel
7W

Panel
8W

Panel
9W

172 29.19 24.28 27.32 41.44 103.17 281.38 411.32 240.86 42.44
218 29.75 21.98 25.57 38.62 93.99 204.14 355.19 217.10 48.86
238 26.35 20.03 24.13 36.73 87.94 176.10 386.97 236.99 50.66
256 22.27 18.70 23.72 35.48 88.55 164.34 335.41 365.69 76.27
272 18.84 19.16 24.39 35.72 95.60 169.13 318.23 373.28 111.8
290 18.14 18.98 26.27 37.60 100.57 188.94 367.45 504.00 187.5
310 20.68 19.13 28.74 41.26 107.92 159.94 388.73 742.50 446.9
355 21.37 21.04 31.19 46.75 96.32 184.84 470.33 1,175.5 2,637
Avg 23.32 20.41 26.42 39.20 96.76 191.10 379.20 482.00 450.2
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Figure D.1: Lifetime of the receiver panels during the set of representative days,
in order to achieve the tank filling. (a) Eastern and (b) western flow paths.
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Table D.2: Lifetime for the receiver panels during the filling operation of a tank
with half the salts capacity.

Lifetime (yrs)

Day HOP
Panel

1E
Panel

2E
Panel

3E
Panel

4E
Panel

5E
Panel

6E
Panel

7E
Panel

8E
Panel

9E
172 4h 22min 63.77 93.54 129.1 156.78 202.58 276.62 266.47 149.66 62.15
218 4h 30min 43.29 66.44 86.3 107.21 136.61 191.94 199.67 116.01 71.46
238 4h 29min 29.82 60.51 93.63 132.98 207.20 293.38 321.79 128.66 75.15
256 4h 31min 29.84 45.67 83.31 118.84 237.87 323.14 338.86 240.78 90.25
272 4h 30min 27.15 48.65 74.12 99.22 228.71 291.80 361.92 364.44 130.32
290 4h 38min 23.97 40.19 61.16 83.91 194.60 276.52 409.72 524.01 522.28
310 4h 51min 24.65 30.66 45.44 71.08 168.08 227.30 375.82 1,334.4 1,787.4
355 5h 14min 22.86 25.94 35.76 47.13 77.64 139.44 290.15 1,053.7 4,187.4
Avg 4h 38min 33.17 51.45 76.11 102.15 181.66 252.52 320.55 488.96 865.8

Lifetime (yrs)

Day HOP
Panel
1W

Panel
2W

Panel
3W

Panel
4W

Panel
5W

Panel
6W

Panel
7W

Panel
8W

Panel
9W

172 4h 22min 290.3 91.08 93.05 147.66 879.75 5,124.2 3,295.98 611.44 74.48
218 4h 30min 161.1 47.88 75.67 129.35 730.30 3,174.8 3,783.27 746.00 79.23
238 4h 29min 125.1 48.14 70.83 120.29 702.05 2,380.8 3,417.25 886.45 80.25
256 4h 31min 46.33 48.60 61.69 99.05 576.22 1,309.9 2,205.28 1,124.96 142.40
272 4h 30min 41.01 44.72 56.39 85.28 491.76 1,018.2 1,588.18 1,896.61 313.68
290 4h 38min 36.96 36.73 47.00 67.63 280.90 655.27 1,174.09 2,371.49 624.16
310 4h 51min 30.27 30.51 40.51 58.66 190.80 298.22 858.75 2,744.88 1,373.82
355 5h 14min 29.47 26.27 34.70 51.34 113.72 221.15 649.55 2,466.45 4,652.12
Avg 4h 38min 95.07 46.74 59.98 94.91 495.69 1,772.8 2,121.54 1,606.04 917.52
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Figure D.2: Lifetime of the receiver panels during the set of representative days,
in order to achieve half the tank filling. (a) Eastern and (b) western flow paths.
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