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Summary

Concentrated solar power (CSP) technology has captured significant attention over
recent decades due to its capability to provide large-scale, renewable energy with
the advantage of thermal energy storage, which allows for a dispatchable power
production. In this context, this dissertation investigates computationally various
features of CSP systems, aiming at introducing specific strategies for the
enhancement of overall efficiency and sustainability. This investigation is
conducted through three main activities: the optimization of the photo-thermal
performance of a parabolic trough system, the comparative techno-economic
assessment of various linear CSP technologies, and the thermal performance
enhancement of a case study thermocline thermal energy storage system.

The first objective of this dissertation is to propose a new strategy to optimize
the photo-thermal performance of a parabolic trough system, through arranging
multiple selective coatings along the collector line. This optimization is based on a
lumped-parameter model in the radial direction and a 1D model in the axial
direction of the receiver tube, which was newly developed for that purpose.
Consequently, the most photo-thermally efficient configuration of the receiver tube
is presented, characterized by three different selective coating formulations
implemented at the three different temperature ranges expected along the receiver.
This optimized configuration improves the overall photo-thermal efficiency of the
system, in comparison with the single-coated collectors. Moreover, this approach
could reduce the receiver cost, owing to the employment of the more expensive
selective coating only at the final collector segment.

The second goal of this dissertation involves conducting a comparative techno-
economic feasibility assessment among various linear CSP technologies,
encompassing evacuated and non-evacuated configurations of linear Fresnel and
parabolic trough systems. This comparison is carried out in terms of levelized cost
of electricity (LCOE), considering four different locations worldwide characterized
by various levels of direct normal irradiation (DNI). The LCOE is determined by
cost data and net annual energy yield of the CSP plant. While cost data is collected
from existing literature, net annual energy yield is computed by a 1D axial model.
This model is supported by an optical ray-tracing model and a radial lumped-



parameter model. In addition, a 2D steady-state computational fluid dynamics
(CFD) model is developed in the case of the linear Fresnel receiver unit, where
conventional correlations are not applicable for the convective heat transfer
between the glass tube and the environment. Furthermore, a sensitivity analysis is
performed to evaluate the effect of diverse techno-economic parameters on the
LCOE.

Finally, this dissertation aims at enhancing thermal performance of a case study
thermocline energy storage system. This improvement is achieved by geometric
modifications and phase change material (PCM) integration through different
scenarios. A transient 2D CFD model is developed to compute heat losses and
temperature distribution within storage tanks. This model is coupled with a PCM
lumped-parameter model to compute the PCM temperature and the corresponding
heat transfer coefficient. By using these models, the thermal performance of various
configurations is investigated for charge and discharge processes. Consequently, a
comparative performance analysis is conducted between the proposed energy
storage systems and the case study.
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Chapter 1

Introduction

1.1 The global energy context

Addressing the global energy crisis is undoubtedly a significant challenge for
communities nowadays. With regard to the global population growth, economic
development and technological advancements, the demand for energy has increased
considerably over the last few decades [1,2]. However, this rise in the energy
demand has always been linked with environmental consequences, especially due
to the widespread consumption of fossil fuels. The combustion of fossil fuels
releases carbon dioxide and other greenhouse gases into the atmosphere, leading to
major environmental issues such as global warming and air pollution [3,4].
Furthermore, the depletion of fossil fuels over a long period could be a serious
concern [5]. Consequently, transforming energy systems into clean energy
technologies is essential [6,7].

According to the stated policies scenario (STEPS), which provides a projection
of energy economy based on the actual status in different regions worldwide [8],
fossil fuels have been losing the energy market to clean energy resources in recent
years. Figure 1.1 shows the consumption of fossil fuels including natural gas, oil
and coal from 2000 to 2050. According to Figure 1.1, a remarkable growth can be
observed in the consumption of fossil fuels by 2020. However, each of the three
fossil fuels are projected to reach a peak in the timeframe from 2020 to 2030. In the
case of coal, a substantial drop is expected due to its massive adverse impacts.
Moreover, the use of natural gas and oil will decrease moderately, to be replaced
with clean energy technologies [9].
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Figure 1.1: Fossil fuel consumption worldwide from 2000 to 2050, normalized to the
respective peak [9].

The downward trend of fossil fuels consumption could also be observed in the
projection of electricity generation. As outlined in Figure 1.2, total share of the
fossil fuels in the global electricity generation will drop dramatically by 2050 in
advanced economies, while a significant increase is expected for renewable power
production. Regarding developing economies, although a relatively upward trend
of electricity generation using fossil fuels is expected by 2050, a much more
remarkable rise is anticipated in the share of renewable energy. The share of coal,
as an extremely detrimental energy source, in total power production will decrease
sharply by 2050 in both communities. Figure 1.2 also reveals that global electricity
demand will increase by 80% from 2020 to 2050. Consequently, this higher demand
is planned to be supplied mainly by renewable energy sources [10].
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Figure 1.2: Global electricity generation using different resources from 2010 to 2050
in advanced and developing economies [10].
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Huge declines in the use of fossil fuels as well as massive deployment of
renewable energy technologies, as shown in Figure 1.2, paves the way for achieving
the net zero emissions (NZE) initiatives [11]. The NZE scenario aims at reducing
greenhouse gas emissions to attain net-zero emissions globally by 2050 [12]. This
is necessary for limiting the global warming to 1.5 °C, as planned in the Paris
Agreement on climate change, established in 2015 [13]. Based on the NZE scenario,
global CO; emissions fall to around 21 Gt by 2030 and to net zero by 2050, as
depicted in Figure 1.3. Although CO; emissions reach net zero by around 2045 in
advanced economies, it is expected to achieve this goal by 2050 in emerging market
and developing economies [14].
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Figure 1.3: Global net CO; emissions from 2010 to 2050 in advanced and developing
economies [14].

According to the NZE scenario, renewable energy sources replace the majority
of the share of fossil fuels by 2050 in terms of total energy supply worldwide, as
shown in Figure 1.4; the share of fossil fuels drops from about 80% in 2020 to about
20% in 2050. Furthermore, despite economic and population growth, total global
energy supply starts decreasing after around 2020, which is caused by
improvements in the energy systems efficiency. Figure 1.4 also reveals that a
considerable share of the renewable energy in 2050 will be associated with solar
energy, while this share indicates a massive increase from the current status in 2024
to the projection in 2050 [10].

Section 1.2 highlights bright prospects of solar energy within the broader
context of renewable energy, representing the concentrated solar power (CSP) as a
promising technology.



4 Introduction

- 600 Other
B Other renewables
500 Wind
W Solar
 Hydro
400 Traditional use of biomass
Modern gaseous bioenergy
300 - Modern liquid bioenergy
B Modern solid bioenergy
200 Nuclear
Natural gas
m Oil
100 M Coal

2000 2010 2020 2030 2040 2050

Figure 1.4: Global energy supply using different resources from 2000 to 2050 [10]

1.2 Solar energy: the concentrated solar power (CSP)
perspective

Solar energy represents a clean, sustainable and abundant source of energy. The
amount of sunlight available on the Earth's surface far exceeds the global energy
demand. It has been claimed that within 6 hours deserts receive more energy from
the sun than humankind consumes within a year [15]. Figure 1.5 outlines daily and
yearly direct normal irradiance (DNI) available in different regions worldwide. As
can be observed, extensive regions in the world are characterized by abundant
sunlight with a yearly DNI of over 2000 kWh/m?, demonstrating great potential of
solar energy for power production on a large scale [16].

Long-term average of daily/yearly sum
Daily sum: < 1.0 20 3.0 40 5.0 6.0 7.0 8.0 90 100 >
] KWh/m’
Yearlysum: < 365 730 1095 1461 1826 2191 2556 2922 3287 3652 >

Figure 1.5: Available daily and yearly DNI across various global regions [16]
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Solar energy can be harnessed through various technologies: photovoltaics
(PV) that directly convert sunlight into electricity [17,18]; CSP that concentrates
sunlight by means of mirrors to collect solar thermal energy for driving utility-scale
electric turbines [19,20]; and heating/cooling systems that utilize solar thermal
energy to provide hot water and air conditioning [21,22].

Among solar-based technologies, the CSP system has attracted substantial
attention over recent decades, mainly owing to the capability of storing thermal
energy, leading to a dispatchable power production [23]. This technology indicates
a significantly positive outlook, as shown in Figure 1.6. According to the STEPS,
which is based on the current policy landscape, the installed capacity of the CSP
increases notably from 6 GW in 2019 to 55 GW in 2040. This rise is even more
remarkable in the sustainable development scenario (SDS), which introduces
necessary measures to achieve sustainable energy objectives, encompassing the
Paris Agreement, air quality and energy access [12]; based on the SDS, the installed
capacity of the CSP is projected to reach 253 GW by 2040 [24].
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Figure 1.6: The CSP perspective by 2040 considering the STEPS and the SDS
scenarios [24].

As mentioned, the CSP technology offers a major advantage by providing
dispatchable power. The possibility of thermal energy storage in the CSP systems
allows for adjusting power generation based on fluctuations in demand, enhancing
flexibility within the energy network. Moreover, this feature ensures the long-time
stable power output even during low solar radiation or during the night, despite
some other renewable sources like PV and wind that cannot provide stable power
because of the absolute dependence on the environmental conditions [23,25].
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Figure 1.7 compares different renewable sources in terms of levelized cost of
energy considering 24-hour dispatchability. As shown, the energy cost of the CSP
technology could be competitive with other renewable sources. Among renewable
technologies possessing the advantages of dispatchability and storage possibility
while benefiting from abundant resources, CSP emerges as particularly promising.
Although PV and wind are supplied by abundant renewable sources, they must be
integrated with other technologies to generate dispatchable power, which mostly
leads to a significant increase in the cost. On the other hand, more economical
technologies with dispatchability and storage potential like biomass and geothermal
lack the advantage of plentiful sources such as wind and solar energy [26].
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Figure 1.7: Comparison among different renewable technologies in terms of levelized
cost of energy considering 24-hour dispatchable electricity production [26].

Consequently, harnessing solar energy by the CSP technology could be a viable
solution to meet growing energy demands while addressing the challenges caused
by the climate change. The unique advantages associated with the CSP technology,
as mentioned above, have been the primary motivation for this thesis. In this
respect, the present thesis endeavors to investigate diverse features within CSP
systems, aiming at presenting potential opportunities for the enhancement of system
efficiency and sustainability.

1.3 Structure and objectives of the thesis

In the context of the CSP technology, this thesis aims to introduce specific strategies
for improving system performance and reducing costs, thereby increasing its
competitiveness compared to other renewable systems. For this purpose, two
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critical components of linear CSP technologies including receiver tube and storage
unit have been investigated to propose solutions for enhancing the overall
performance of the system and minimizing expenses. In addition, a techno-
economic assessment of various linear CSP technologies has been carried out to
provide detailed guidelines for the selection of the most profitable technology.

In this respect, the primary goal of this thesis is to optimize the photo-thermal
efficiency of a parabolic trough system by implementing multiple selective coatings
along the receiver tube. This strategy facilitates determining the most enhanced
configuration of the receiver tube from a photo-thermal perspective through
providing the spatial distribution of the selective coatings.

Furthermore, this study aims to perform a comparative techno-economic
feasibility assessment among various linear CSP technologies, including evacuated
and non-evacuated configurations of linear Fresnel and parabolic trough systems.
This comparison is conducted in terms of levelized cost of electricity (LCOE)
considering four locations worldwide characterized by various levels of DNI. For
this purpose, net annual energy yield is calculated for different scenarios through
an annual-based thermal analysis.

Additionally, the thesis intends to enhance the thermal performance of a
thermal storage system through specific measures, encompassing geometric
modifications and incorporation of latent heat into the system through different
scenarios. This objective involves a comprehensive comparative study to evaluate
the impacts of the adopted strategies.

To achieve the outlined research objectives, the thesis is organized in six
chapters. After representing the global energy perspective in the current chapter,
the following chapters delve into diverse features of CSP technology:

e Chapter 2 provides a comprehensive review of relevant literature and
background knowledge in the context of the CSP technology. Initially, a
general outline of the CSP technology is presented, followed by a detailed
investigation of linear CSP systems. Subsequently, various energy storage
mechanisms including sensible and latent heat storage are explored.

e  Chapter 3 represents the photo-thermal optimization of a parabolic trough
system. In this regard, the reference system and the methodology
employed for the optimization purpose are explained. Then, two developed
models are presented, along with the corresponding validation. Finally,
results of the photo-thermal optimization are provided.



Introduction

Chapter 4 conducts a comprehensive comparative techno-economic
assessment of parabolic trough and linear Fresnel collectors, considering
evacuated and non-evacuated receiver tubes. Following the description of
reference systems and the methodology implemented, optical and thermal
models developed to obtained net annual energy yield are presented.
Finally, a comparative economic analysis is carried out based on the
LCOE, comprising a sensitivity study of various parameters.

Chapter 5 introduces enhanced configurations of a case study energy
storage system through geometric modifications and latent heat
integration. Initially, the case study is presented, followed by describing
the improvement strategies. Subsequent sections delve into the numerical
modelling of the system, providing model validation. The chapter
concludes with a comparative performance analysis among various energy
storage systems under investigation.

Chapter 6 summarizes key findings of the dissertation while proposing
prospects for future research works.



Chapter 2

Background

2.1 Overview of CSP technologies

CSP technologies can be classified into two main categories: line-focusing systems,
encompassing parabolic trough collector (PTC) [27] and linear Fresnel collector
(LFC) [28], and point-focusing systems, which include solar power tower (SPT)
[29] and parabolic dish collector (PDC) [30]. Schematics of various CSP
technologies are shown in Figure 2.1.

Among the line-focusing CSP systems, the PTC is composed of parallel rows
of long parabolic mirrors (Figure 2.1a), while in the LFC, the parabolic mirror is
replaced with a series of curved or nearly flat mirror stripes (Figure 2.1c). Both
these systems concentrate solar radiation over a focal line, where the receiver tube
is located. In the case of the LFC, a secondary concentrator is also mounted above
the receiver tube to allow for reconcentrating the solar radiation that misses the
receiver. In the typical configuration of the single-tube receiver unit of an LFC
system, the secondary concentrator is a compound parabolic concentrator (CPC)
[31,32]. While the simple and low-cost design of the LFC results in significant
economic advantages, this technology indicates lower optical efficiency compared
to the PTC [33,34]. Currently, the PTC power plants constitute the largest share of
the installed CSP plants worldwide, accounting for about 76% of the current share
of CSP capacity. In contrast, the LFC is attributed to only 2% of the overall CSP
market [35,36].
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Among the point-focusing CSP systems, the SPT consists of a large number of
mirrors called heliostats, which focus highly concentrated solar irradiation onto a
central receiver located atop a tower [37] (Figure 2.1b). This technology is
considered the most prospective solution for future CSP plants, mainly because of
the capability to achieve very high concentration ratios [38]. Currently, the SPT
plants account for about 21% of the CSP industry [36]. Another point-focusing CSP
system is the PDC, in which the sunlight is concentrated onto a receiver placed at
the focal point of the dish [39] (Figure 2.1d).

(a) Parabolic trough (b) Central receiver

|:| Solartower

Reflector
Absorber tube
<«— Solar field piping QD EI} [lj 4747
Heliostats
(c) Linear Fresnel reflector (d) Parabolic dish
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mirrors ﬁ ﬂ Wi\ R:r?geii::r,
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Figure 2.1: Schematics of classical CSP technologies [40]

CSP systems can be employed for various applications such as power
generation [41,42], industrial heating [43], seawater desalination [44,45],
residential heating/cooling [46], and hydrogen production [47]. A schematic of a
typical CSP plant is depicted in Figure 2.2. As shown, a CSP plant encompasses
three main parts: solar field, thermal energy storage (TES) unit and power block.
The solar field, comprising mirrors, receiver unit, support structures, tracking
system and heat transfer fluid (HTF), serves as the heart of the plant to heat the HTF
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by concentrating direct solar radiation. In the typical configuration of a commercial
CSP plant based on parabolic trough technology, synthetic oil is employed as the
HTF. A heat exchanger (HX) is also utilized to transfer heat from the hot HTF
available at the outlet of the solar field to the working fluid of the power block,
which typically is organic Rankine cycle (ORC). Finally, this hot working fluid is
exploited to generate electricity using a turbine. In some CSP plants, the HTF of
the solar field and the working fluid of the power block are the same. Hence, the
HTF directly passes through the turbine. However, during favorable solar radiation
conditions, the thermal energy generated by the solar field may not be processed
immediately in the power block. Alternatively, it could be stored in the TES unit to
be utilized for additional power production during limited solar radiation
availability or during the night. As shown in Figure 2.2, the TES unit consists of
hot and cold storage tanks and heat storage medium (HSM). In this thesis, molten
salt has been considered as the HTF for solar field since it can reach higher
temperatures compared the oil, leading to higher efficiencies. Regarding the TES
unit, a single-tank thermocline storage system has been employed due to its lower
investment cost in comparison with the two-tank system [48,49].
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Figure 2.2: Schematic diagram of a CSP plant [48]

In the subsequent sections, a detailed overview of various aspects of the CSP
technology examined in this thesis is provided, including a comprehensive review
of the relevant literature. In this regard, Section 2.2 investigates diverse features of
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line-focusing CSP systems encompassing the PTC and the LFC. Then, Section 2.3
presents different TES technologies, focusing on thermocline energy storage
system.

2.2 Linear CSP systems

As mentioned, linear CSP technologies include the PTC and the LFC. In a PTC
system, a parabolic mirror is employed to concentrate the incident solar radiation
onto the focal axis, where the receiver tube is positioned to transfer the thermal
energy of the concentrated sunlight to the HTF [50]. Figure 2.3 displays a schematic
of the cross-sectional view of a PTC receiver tube. As shown, the receiver tube is
composed of an absorber tube encapsulated in a glass cover. A HTF flows through
the absorber tube to absorb the concentrated thermal energy. Thermal oil, steam and
molten salt are prevalently employed as the HTF in the linear CSP systems [51,52].
The glass cover has the function of minimizing convective and radiative heat losses
to the environment since it not only protects the receiver tube against wind effects
but also is opaque in the infrared. A selective coating is typically implemented on
the outer surface of the absorber tube to improve the photo-thermal performance of
the collector through minimizing the emissivity and maximizing the absorptivity.
The gap region between the absorber tube and the glass envelope is typically kept
under vacuum conditions. This evacuation would result in a significant reduction
in the convective heat loss from the absorber tube and would protect the selective
coating from the air, as these coatings could be degraded in the presence of the air
after several hours of use [53,54].

Ambient
Gap region

Glass tube Absorber tube

(with selective coating)

Figure 2.3: Cross-sectional view of a PTC receiver tube [55]

Another line-focusing CSP technology is the LFC, in which curved or nearly
flat mirrors are utilized to concentrate the incident solar radiation onto the receiver
unit. The conventional receiver unit of the LFC consists of a receiver tube coupled
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to a secondary concentrator, as shown in Figure 2.4a. In this configuration, while
the receiver tube is usually the same as that of the PTC, the secondary concentrator
is an open cavity, typically a CPC.

Air

Gap region

Absorber tube -
(with selective coating)

Glass tube

(2)

Glass plate

(b)

Figure 2.4: Cross-sectional view of conventional LFC receiver units: (a) single-tube
configuration with a CPC secondary reflector, and (b) multi-tube trapezoidal cavity
configuration [56-58].
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Many investigations have been conducted to introduce alternative shapes for
the secondary concentrator or to optimize the CPC geometry. In this respect, several
configurations such as double CPC receiver [59], simultaneous multiple surfaces
[60], and segmented parabolic concentrator [58] were proposed.

Another conventional design for the LFC receiver unit is the multi-tube
trapezoidal cavity receiver, as illustrated in Figure 2.4b. In this configuration,
multiple absorber tubes are placed within a trapezoidal cavity, which is closed at
the bottom by a glass plate. The cavity is insulated, while the space between the
glass window and the absorbing surface is not vacuum, but filled with a gas
(typically nitrogen) at 1 bar [61]. Some studies have also suggested trapezoidal
cavity receivers with a single tube [62,63], or less common configuraions like
inverted flat plate collector [64], multi-tube V-cavity receiver [65], and triangular
receiver [66].

In the next sections, a comprehensive review of the relevant literature is
provided for various aspects of linear CSP systems investigated in the present
thesis, comprising heat transfer in the LFC receiver unit (Section 2.2.1),
enhancement of selective coatings (Section 2.2.2) and comparative techno-
economic analysis of linear CSP technologies (Section 2.2.3).

2.2.1 Heat transfer in a linear Fresnel collector receiver unit

While investigation of heat transfer phenomena in the case of the PTC receiver tube
is not challenging due to the availability of correlations in the literature for cylinder
in cross flow [67], presence of the secondary concentrator in the case of the LFC
receiver unit necessitates developing ad-hoc correlations. In fact, it is expected that
the secondary concentrator would perturb the external air flow around the receiver
tube, potentially reducing the convective heat loss. Several studies have been
carried out to explore heat transfer phenomena in the LFC receiver unit. Pye et al.
[68] investigated unsteady flow patterns in the trapezoidal cavity of an LFC with a
multi-tube receiver. According to the results of computational fluid dynamics
(CFD) simulations, a correlation was derived for the Nusselt number based on the
Grashof number, cavity depth and width. Moreover, Natarajan et al. [69] developed
a 2D steady-state laminar CFD model to investigate combined natural convection
and radiation in a trapezoidal cavity of a multi-tube LFC. Then, a correlation was
proposed based on the results obtained for the Nusselt number by the numerical
simulation. The correlation was a function of Grashof number, surface emissivity,
aspect ratio, absorber angles, temperature ratio and radiation-conduction number.
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Moving to the single-tube configuration, Guadamud et al. [70] developed a 3D
unsteady CFD model to study heat transfer phenomena in an LFC receiver. They
obtained the azimuthal distribution of the Nusselt number on the receiver tube for
only one specific condition. Therefore, no correlations were proposed for the
Nusselt number.

In addition, Cagnoli et al. [71] developed 2D and 3D CFD models for a single-tube
LFC receiver unit to evaluate heat losses from the absorber tube to the ambient for
natural and forced convections. It was found that the wind effect on the receiver
performance is not considerable, regardless of wind direction and intensity, due to
the shielding effect of the secondary concentrator. Nevertheless, no correlations
were proposed for the Nusselt number.

Therefore, reviewing the literature proves that no correlations have been
established for the Nusselt number in the case of the single-tube LFC with a CPC
secondary concentrator. The present thesis focuses on this problem to provide two
ad-hoc correlations applicable for natural and forced convections (refer to Section
4.5.3).

2.2.2 Enhancement of selective coatings

Selective coatings play a key role in the overall performance of the linear CSP
systems. Therefore, development of optimized selective coatings is of great
importance. Various optimization strategies have been proposed by numerous
research works through the enhancement of the specifications or the configuration
of the coating applied to the absorber tube (Section 2.2.2.1). Additionally,
development of air-stable selective coatings for the non-evacuated receiver tubes
has captured attention during the last few years, as these tubes could be an
alternative solution to address the challenge of maintaining evacuation within the
receiver tube (Section 2.2.2.2).

2.2.2.1 Optimization of photo-thermal performance

The photo-thermal efficiency of a solar collector represents a metric to evaluate
collector effectiveness in converting solar radiation into useful thermal energy (see
Section 3.6). Many investigations have been carried out on the photo-thermal
enhancement of PTCs through implementing specific strategies on selective
coatings. Olson et al. [72] introduced enhanced configurations of a direct steam
generation PTC by optimizing environmental, spectral and material properties of
selective coatings. For this purpose, several parameters were investigated, including
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emissivity, absorptivity, transition wavelength, transition length, concentration
factor and operating temperature. Then, optimized selective coatings were
represented with respect to these parameters for ideal and realistic non-ideal
conditions. Esposito et al. [73] implemented specific optimization approaches to
develop cermet-based selective coatings for high temperature applications up to 580
°C. In this regard, six optimized selective coatings were introduced by adopting a
layer-on-layer ellipsometric characterization and a semi-empirical approach.
According to the results, the developed selective coatings could demonstrate
enhanced performance compared to similar selective coatings, indicating a photo-
thermal efficiency of 85% at 550 °C. °C. In addition, Yang et al. [74] performed a
spectral optimization of selective coatings designed for PTCs, exploring the
influence of solar irradiation flux and absorber temperature on coating spectrum
distribution and overall efficiency. It was observed that a uniform distribution of
solar irradiation flux and absorber temperature would result in optimal selective
coatings. Conducting a spectral absorptivity analysis confirmed that the
absorptivity of selective coatings has nearly equal positive impact on the receiver
performance at various temperatures, while an emissivity analysis revealed varied
negative effect with respect to temperature. Consequently, it was concluded that
spectral emissivity plays a vital role in optimizing selective coatings at high
temperatures. However, all these studies optimized the photo-thermal performance
of PTC systems by improving selective coating specifications. In the present study,
a different technique has been applied, in which multiple selective coatings are
arranged along the collector line based on their photo-thermal performance.

Furthermore, Yang et al. [75] proposed a novel configuration of the PTC
receiver, namely double-selective-coated receiver. For this purpose, the receiver
was split into two zones to apply two different selective coatings based on the
circumferential distribution of solar flux on the absorber tube, as shown in Figure
2.5. Performing a cut-off wavelength optimization for the proposed receiver
reported distinct optimum optical properties for the two zones. Then, the double-
selective-coated receiver was compared with two traditional single-coated
receivers. It was stated that the proposed receiver could decrease heat losses from
the absorber tube to the external ambient and enhance the photo-thermal efficiency,
in comparison with the two traditional single-coated receivers. Yang et al. [76] also
carried out a spectral-spatial analysis of the same PTC receiver tube. They claimed
that the proposed configuration could decrease heat losses and improve the photo-
thermal efficiency of the system. However, in these works, the distribution of the
two selective coatings was considered in the circumferential direction, instead of
the axial direction.
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In addition, Zhao et al. [77] adopted a strategy involving the application of
multiple coatings in various segments of a PTC system. In this respect, two
configurations were proposed: a multi-section receiver with multiple practical
selective coatings, and an ideal receiver encompassing multiple selective coatings
with optimum cut-off wavelengths at various temperatures. According to the
results, both proposed configurations indicated enhanced thermal performance
compared to a conventional single-coated receiver in terms of thermal efficiency
and heat loss.

Secondary selective
coating

Glass tube Primary selective

coating

Figure 2.5: Schematic of the double-selective-coated receiver tube, proposed by
[75,76].

Moreover, Singh et al. [78] presented a performance enhancement approach for
the PTC receiver tube through applying a MXene-based coating, and proposed two
retrofitted coated absorber tubes. The results showed that the proposed coating
technique could improve the thermal efficiency of the absorber tube compared to a
conventional selective coating. Accordingly, employing a retrofitted coated
absorber tube could result in a reduced collector size. Additionally, Stanek et al.
[79] pursued the strategy of applying a non-selective coating to the initial segment
of a PTC receiver tube to decrease the investment cost of the system. The concept
of the suggested configuration is displayed in Figure 2.6. Four case studies were
investigated in the analysis considering various temperature ranges of solar
industrial applications. The suggested strategy demonstrated a great potential for
deployment in low-temperature and medium-temperature applications.
Nevertheless, it could not be applied to high-temperature systems because of high
heat losses and limited potential for improvement. However, an optimization based
on the photo-thermal efficiency is absent in all the above-mentioned works.
Furthermore, an optimal configuration of the PTC receiver indicating spatial
distribution of selective coatings along the absorber tube was not presented.
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2.2.2.2 Coatings for non-evacuated receiver tubes

The most critical issue related to the non-evacuated receiver tubes from a
technical viewpoint is the stability of selective coatings in air at high temperatures.
A few studies have been conducted to evaluate and enhance the stability of selective
coatings at medium-high temperatures in the air after many hours of use. For
instance, Raccurt et al. [80] evaluated stability of a selective solar absorber coating
exposed in air under high temperatures up to 500 °C. The degradation process at
higher temperatures was investigated and the results proved that the coating has a
good resistance to the oxidation. The material was stable up to 450°C during 3000h
without change in the absorptivity and emissivity, while at 500 °C the optical
properties started to degrade after 1000h.
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Figure 2.6: A configuration of the PTC proposed by [79], aimed at reducing the
investment cost.

Furthermore, Wang et al. [81] adopted a quantitative design approach to
introduce an air-stable manganese-iron oxide nanoparticle-pigmented selective
coatings for CSP applications operating at high temperatures (up to 750 °C). It was
claimed that the absorptivity of the developed coating could reach about 93%, while
the optical-to-thermal energy conversion efficiency was 89.7% after exposure to air
at 750 °C for 700 h. These results demonstrated a considerable improvement
compared to the non-selective benchmark Pyromark 2500 coatings that showed
degradation at 750 °C in air. However, after 1000 hours of working, a thermal
degradation was observed in the newly developed coating. Recently, Rossi et al.
[54] developed new spectrally selective coatings for the linear CSP systems
operating in air at high temperatures (up to 600 °C). As depicted in Figure 2.7, these
coatings were composed of different functional elements considering stainless steel
as a substrate as well as back reflector, absorber and two antireflection layers,
respectively. The coatings demonstrated favorable thermal and optical stability with
slight variations in the optical properties after over 2000 hours of exposure to air at
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600 °C. The study reported the absorptivity of 73% and 87% and emissivity of 18%
and 27% for aged coatings obtained through thermal oxidation and sputtering
process, respectively.

1st anti-reflector

WCrTiO, Absorber

Back reflector

Substrate

Figure 2.7: Scheme of the multilayer structure for an air-stable selective coating,
developed by [54].

In this thesis, a selective coating under development at ENEA (AIR PLUS
coating) has been considered for the non-evacuated receiver tubes to perform a
techno-economic comparison among various configurations of the linear CSP
technologies (see Section 4.2).

2.2.3 Comparative techno-economic analysis

As mentioned, while the LFC benefits from a low-cost design, it offers lower optical
performance compared to the PTC. Furthermore, although evacuating the receiver
tube facilitates reaching higher thermal efficiency, it involves an additional
expenditure. Thus, conducting annual-based optical, thermal and economic
analyses is essential for making a fair comparison among different configurations
of the linear CSP technologies. In this regard, Morin et al. [33] conducted a
comparative analysis among a reference evacuated PTC and different
configurations of evacuated and non-evacuated LFCs in terms of thermal and
optical efficiencies as well as electricity generation costs. For this purpose, an LFC
receiver tube with a 7 cm diameter was compared to that with a larger diameter (14
cm), and it was found that smaller receiver designs would be more efficient.
Additionally, although the LFC technology demonstrated lower optical and thermal
efficiencies compared to the PTC, it was concluded that a lower cost per aperture
area for the LFC technology could compensate for its lower efficiency.
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Nevertheless, the non-evacuated PTC technology was not included in the study, and
a glass plate (not a glass tube) was considered at the receiver unit.

Cau and Cocco [82] carried out a comparative thermal analysis between two
CSP plants based on PTC and LFC. It was highlighted that, although the LFC plant
could generate a higher electricity per unit area of land, the PTC could produce a
higher energy per unit area of solar collector due to a higher optical efficiency.
Consequently, the PTC plant could provide greater conversion efficiencies. This
work was followed by Cocco and Cau [83] to investigate economic implications of
the comparison. The economic analysis revealed that the LFC produces energy with
a higher cost compared to the PTC. However, these studies focused only on the
evacuated configuration of receiver tube, while the non-evacuated configuration
was not investigated.

Sait et al. [84] performed a performance/cost optimization on a Fresnel-based
modular solar thermal power plant though optical and thermal analyses and
compared it with a reference PTC plant. The LFC under investigation encompassed
8 tubes, a glass plate at the receiver bottom and a wedge-type secondary
concentrator. Based on the results, the annual solar to electricity efficiency of the
LFC plant could be close to the state of the art in PTCs. Additionally, a reduced
cost was observed in the LFC compared to the PTC due to lighter structures. This
comparison proved that a Fresnel-based solar field could capture solar heat flux for
producing a given level of power with about 2/3 of the cost of PTC plants.
Nonetheless, configurations of the non-evacuated PTC as well as the LFC with a
CPC were not considered in this analysis.

Rovira et al. [85] conducted a comparative annual performance analysis and
economic assessment of an integrated solar combined cycles using PTC and LFC.
Two locations, Las Vegas and Almeria, were considered for the annual analysis.
Results showed that the thermal contribution would be greater with the PTC, while
the LFC could enhance the economic feasibility of the plant. Furthermore, Purohit
and Purohit [86] evaluated the technical and economic feasibility of CSP
technology in India based on solar radiation and land resource assessment. A
comparative study was conducted between LFC and PTC technologies and it was
reported that the LCOE would be lower by implementing a PTC-based plant
compared to the LFC-based one. Then, the most suitable locations for building CSP
plants were introduced. Moreover, Bellos [87] investigated the potential of CSP
technologies in different Greek locations to determine the most effective scenario.
In this regard, LCOE was computed for LFC and PTC technologies considering
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hourly meteorological data collected for thirteen locations. The results revealed that
the PTC technology could provide lower LCOE compared to the LFC for various
yearly DNI values. However, these works did not include non-evacuated
configurations in their investigation and focused only on the evacuated receiver
tubes.

In addition, several research works have conducted comparisons between
evacuated and non-evacuated configurations. Bendato et al. [88] carried out a
comparative economic analysis among three single-tube LFC configurations,
namely evacuated tube, tube in air with a glass cover and tube in air with a glass
plate closing the CPC at the bottom. The study aimed at evaluating the effect of
technical solutions on economic performance indicators performed by using
regression meta-models based on the theory of response surface methodology.
According to the results, the best configuration from an economic viewpoint was
found to be the evacuated one. On the contrary, the least effective configuration
was determined to be the tube in air with a glass cover. Additionally, Montes et al.
[89] performed a comparative thermal and economic study on among three single-
tube LFC configurations, namely evacuated tube, non-evacuated tube without a
glass and non-evacuated with a glass plate at the bottom. The work focused on the
annual electricity cost of the LFC-based plants with hybrid loops. It was stated that
simplicity, robustness and lower investment costs required for non-evacuated tubes
could compensate for greater heat losses on some occasions. Nevertheless, these
studies did not involve the PTC technology in their comparisons and investigated
only the LFC system.

Moreover, Cagnoli et al. [71] carried out a comparative thermal analysis
between the evacuated and non-evacuated tubes in the context of an LFC system
working at relatively low temperatures (180-300 °C). It was demonstrated that the
benefit of using the evacuated tube depends on the solar heat absorbed by the
receiver unit. A slight difference was observed in the thermal performance between
the evacuated and non-evacuated tubes, which was attributed to the relatively low
temperature of the receiver. Nonetheless, the work focused only on the LFC, and
the PTC was not included in the study. In addition, an economic analysis was not
conducted.

Osorio and Rivera-Alvarez [90] proposed a new configuration of the non-
evacuated PTC with double glass envelope and compared it with traditional
evacuated tubes. In this respect, the thermal and economic performance of the two
technologies were assessed based on thermal output per unit cost of the plant. The
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results showed that the proposed non-evacuated configuration could present more
efficient thermal and economic performance at high operating temperatures
compared to traditional evacuated configurations. However, this study did not
include the LFC technology in the analysis and investigated only the PTC.

Consequently, it is evident from literature that a comparative techno-economic
assessment of the linear CSP systems, encompassing evacuated/non-evacuated
PTC/LFC, has not been carried out yet. This dissertation conducts this comparison
through investigating annual optical and thermal performance of these four linear
CSP configurations (see Chapter 4).

2.3 Thermocline energy storage system

TES is a vital component in a CSP plant since it allows for generating
dispatchable power [91,92]. Currently, the most commercially developed TES
technology implemented in CSP plants is two-tank sensible TES system where hot
and cold working fluids are stored in two separate tanks (refer to Figure 2.2).
However, this system offers minimal opportunity for reducing costs [93]. Thus,
single-tank thermocline TES technology was introduced, incurring a lower
investment cost in comparison with the two-tank system [94,95]. The thermocline
storage is based on the thermal stratification constituted within the tank because of
the density difference. Among single-tank thermocline TES technologies, dual-
medium tanks have been employed more extensively. Nevertheless, single-medium
tanks have demonstrated potential as a promising alternative to be implemented in
the TES unit of CSP plants [96]. In a single-medium thermocline TES system, the
less dense hot fluid moves upwards by the buoyancy force to displace the cooler
fluid, creating a temperature gradient along the vertical direction within the tank.
The zone between the hot and cold regions with a dramatic temperature gradient is
called thermocline. The concept of the thermocline TES is represented graphically
in Figure 2.8. During the charge phase, the thermocline region descends gradually
because of the extension of the hot zone. Conversely, during the discharge phase,
the thermocline region ascends gradually due to the extension of the cold region
[97].

Thermal energy can be stored in the form of sensible heat or latent heat within
a thermocline tank. Next sections compile an overview of existing literature for
these two concepts, representing sensible heat storage in Section 2.3.1 and latent
heat storage in Section 2.3.2.
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Figure 2.8: The thermocline concept: hot and cold mediums stored in the same tank
and separated by a thermal gradient.

2.3.1 Sensible heat storage

Sensible heat storage within the single-medium thermocline tank has been explored
by numerous studies. Gajbhiye et al. [98] established an experimental setup of a
direct single-medium thermocline tank with a vertical flow distributor, using water
as the working fluid. A schematic layout of this system is illustrated in Figure 2.9.
As shown in Figure 2.9, a vertical flow distributor has been installed eccentrically
at a distance from the tank center to reduce potential flow disturbance spreading
within the entire tank. The flow distributor employed in the experiment was of
annular porous type with multiple holes along the height and the periphery. It was
reported that the thermocline thickness could be reduced by the flow distributor
through mitigating the thermal diffusion during the charging process, and a higher
flow rate might further decrease the thickness of the thermocline region. These
results were also confirmed by Shaikh et al. [96] through performing a numerical
analysis of the same storage tank. This storage system was further investigated
numerically by Joshi et al. [99] to assess the effect of the porosity and permeability
of the distributor wall on the thermal stratification within the tank. The results
showed that the impact of the permeability of the flow distributor on the thermal
stratification could be more dominant compared to the porosity. Advaith et al. [97]
also performed an experimental investigation on a direct single-medium
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thermocline TES system. It was claimed that the most effective HSM could be a
room-temperature liquid with a high operating range and a high specific heat.
Additionally, Gajbhiye et al. [100] experimentally studied a direct single-medium
thermocline tank equipped with a flow distributor with regard to three performance
parameters. According to the results, the tank with a central flow distributor
indicated a reduced thermal gradient region by 60% in comparison to the tank
without a flow distributor. Lou et al. [101] also carried out a numerical analysis to
solve the flow maldistribution problem in a single-medium thermocline tank by
properly structuring the inlet and outlet manifolds. In this respect, optimized
perforated baffles were inserted in the manifolds. Based on the results, it was
claimed that the proposed approach could significantly enhance the thermal
performance of the TES system in terms of charging/discharging efficiency,
capacity ratio and overall efficiency. This numerical result was then confirmed by
an experimental study presented in [102]. Moreover, the proposed system was
further enhanced by incorporating a buoyant jet into the thermocline tank [103]. It
was found that the buoyant jet entrainment could result in a more efficient thermal
performance compared to the initial uniform baffle distributor. However, despite
the above-mentioned studies that investigated the direct thermocline TES
technology, the present work focuses on an indirect thermocline TES system. In
this regard, a different strategy was adopted to prevent the flow mixing,
implementing two heat exchangers for charging and discharging purposes.
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Figure 2.9: Schematic layout of a single-medium thermocline tank with porous pipe
flow distributor, experimentally developed by Gajbhiye et al. [98].
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Gaggioli et al. [104] conducted an experimental analysis of a single-medium
indirect molten salt thermocline tank developed by ENEA. Two helically coiled
serpentine HXs were incorporated into the storage tank for charging (bottom
serpentine) and for discharging (top serpentine). An internal vertical channel was
employed to drive the salt motion, connecting the two HXs. The experimental
results revealed that the thermocline performance could be enhanced by making
specific geometric modifications. Furthermore, it was claimed that the integration
of phase change material (PCM) could further improve the system performance
through stabilizing salt temperature in the upper region of the tank. This prototype
was also investigated by Cagnoli et al. [105] through a transient 2D CFD model to
compute heat losses and salt temperature distribution within the tank during the
charge and discharge processes. The study reported several geometrical issues in
the tank that could be mitigated by adopting appropriate optimization measures.
This thesis focuses on the above-mentioned thermocline storage system presented
by [104,105] to address ineffective geometric characteristics and to enhance the
thermal performance by implementing specific optimization strategies (refer to
Section 5.3).

2.3.2 Latent heat storage

Although sensible heat storage currently dominate the TES market, latent heat
storage has exhibited considerable potential as a viable alternative [106]. Adopting
latent heat storage approach by using PCM could result in a reduced tank size and
a lower capital cost due to a higher energy storage capacity, compared to the
sensible heat storage system [107]. Thermal performance of PCM-based TES
systems has been investigated by several studies. Wu et al. [108] developed a
transient 2D model to analyze the dynamic thermal performance of a molten salt
packed-bed TES system using PCM capsules. As shown in Figure 2.10, the system
included a vertical cylindrical tank with inlet and outlet ports on the top and bottom
for hot and cold flows, respectively. PCM capsules were packed within the tank,
while molten salt flew through the void space. The model investigated the heat
transfer between the molten salt and the packed PCM capsules. A parametric
sensitivity analysis indicated different trends for the capsule temperature in various
processes because of the existence of the isothermal solidification process during
the discharging phase. This resulted in a quasi-isothermal region and two
thermocline regions along the tank height, and a quasi-isothermal period for the
molten salt temperature at the outlet. It was reported that a decrease in the molten
salt inlet velocity or in the capsule diameter or an increase in the phase change
temperature would improve the discharging efficiency of the system.
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Figure 2.10: Schematic of a molten salt packed-bed TES system with spherical PCM
capsules, studied by [108].

Bellan et al. [93] performed a numerical and experimental analysis on the
dynamic thermal performance of a lab scale thermal energy storage system packed
with PCM capsules (sodium nitrate). The transient 2D numerical model was
validated by comparing with the experimental results. It was found that the heat
transfer fluid flow rate plays a key role on the rate of charging/discharging process,
and the thermal performance of the system is remarkably influenced by the shell
properties of the capsule. Moreover, Galione et al. [109] carried out a numerical
analysis on a multi-layered solid-PCM thermocline TES system (see Figure 2.11).
As illustrated in Figure 2.11, the TES system consisted of three layers: a PCM layer
at the top with a high melting point, a molten salt layer as the heat transfer fluid,
and a PCM layer at the bottom with a low melting point. A numerical methodology
was adopted by considering the same amount of stored/released energy in
consecutive charging/discharging cycles for solid-filled thermocline, single
encapsulated PCM, multi-layered solid-PCM and cascaded PCM configurations. It
was suggested that a configuration with multi-layered solid-PCM could prevent the
high thermocline degradation observed in single-solid filled systems, resulting in a
significantly higher thermal efficiency. Compared to the cascaded PCM
configuration, the proposed concept required much less volume of encapsulated
PCM for the same total stored energy. This concept was then employed to design a
TES system for a 50 MWe parabolic trough plant [110].
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Figure 2.11: Sketch of a multi-layered solid-PCM thermocline TES tank with three
layers, investigated by [109,110].

Zhao et al. [111] explored the transient thermal behavior of a multi-layered
solid-PCM thermocline system during the charging and discharging processes over
cyclic operational conditions. The study demonstrated that larger packed-bed radius
would lead to a higher total capacity factor and a longer cyclic operating duration.
Conversely, larger volume ratios between two PCM layers result in a lower total
capacity factor and a shorter operating duration. The impact of PCM layers on
increasing the cyclic operating duration of the system was more considerable at
lower filling proportion of PCM layers. This study was then followed by a system-
level thermal analysis conducted on five different packed-bed configurations [112].
It was highlighted that partial charge cycles may result in a thermocline
degradation, influencing the energy stored/released in the subsequent full charge
cycles. The configurations with encapsulated PCMs indicated greater resistance and
enhanced recoverability to the variation in energy storage/release capacity of the
TES system. Furthermore, assessment of a practical operating condition revealed
that the energy storage capacity of various configurations decreases during the
operation owing to the partial charge effect, resulting in energy release capacity
reductions and energy collection discards.

Wang et al. [113] established an experimental setup of a thermocline TES
system to investigate the effect of the PCM balls position on the thermal
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stratification within the tank considering various inlet flow rates. The results
showed that the thermal stratification within the tank could improve by reducing
the height and the diameter of the PCM balls at a constant flow rate. However,
increasing the flow rate degraded the thermal stratification by increasing the cold
and hot water mixing. While for lower flow rates the thermal stratification of the
tank without PCM balls was superior to that of the PCM water tank, for higher flow
rates the PCM water tank performed better with the PCM balls located at the lowest
height. In addition, Suresh and Saini [114] conducted an experimental study on a
combined sensible-latent heat storage system (see Figure 2.12). As shown in Figure
2.12, the TES system was filled with concrete spheres and PCM capsules, while
PCM capsules were located above the concrete spheres, acting as a thermal buffer.
The study aimed at tackling the issue of thermocline degradation considering
various volume fractions of PCM during the charging and discharging processes.
Based on the results, volume fraction of PCM had a significant effect on the thermal
stratification of the system as the rapid degradation of the thermocline was
minimized by increasing the volume fraction of PCM. Higher volume fractions of
PCM resulted in greater energy storage, extraction and cumulative energy transfer
as well. It was also proposed that discharge at lower flow rates could be more
efficient in terms of energy utilization for a longer time duration in the case of solar
thermal applications.
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Figure 2.12: Schematic layout of a combined sensible-latent heat storage system,
experimentally developed by [114].
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Keilany et al. [115] carried out an experimental and numerical study of a pilot-
scale thermocline TES system with synthetic oil as HTF consisting of a layer of
stainless-steel tubes containing PCM filled with sodium nitrate. During the charge
phase in the experiment, HTF temperature showed a semi-plateau profile near the
phase change temperature of the PCM at 30 min. Accordingly, during the discharge
phase, the impact of PCM solidification was observed close to the phase change
temperature of the PCM after 90 min. Another semi-constant region appeared
below the phase changing point of the PCM after 105 min. This implied that the
heat transfer between the liquid PCM and the stainless steel is limited by the already
solidified PCM, reducing the efficiency of the process.

Furthermore, Elfeky et al. [116] performed a thermo-economic analysis on
eight different TES configurations to evaluate the impact of PCM layer thickness
change on the system performance. The main objective of the study was to prevent
temperature fluctuations at the end of the discharge process. According to the
results, a configuration with 15% PCM at both top and bottom of the tank would
lead to the most efficient performance among the cases under investigation,
providing a reduced thermocline region and an enhanced thermal efficiency. In
addition, Zahid et al. [117] established an experimental setup of a TES system with
multi-layered PCM for medium temperature applications. Four configurations were
explored during the experiments, including two single-layered sensible heat
concrete with PCM, a multi-layered sensible heat concrete with PCM, and a single
sensible heat concrete block arrangement. The results revealed that the multi-
layered configuration could attain the highest discharge efficiency and storage
capacity. It was concluded that the use of multiple PCM layers could be a viable
and economical solution for TES at medium temperatures. Recently, Elfeky et al.
[118] conducted a numerical analysis of a multi-layered thermocline tank with three
cascaded PCM layers. In this regard, a parametric analysis was carried out to
evaluate the impact of varying PCM melting temperature on the basis of variations
in the dimensionless temperature differences. It was reported that reaching equal
dimensionless temperature differences across the three PCM layers would lead to
the most enhanced thermal performance of the TES system.

However, in the present thesis, a novel configuration of the thermocline TES
tank with layers of toroidal tubes containing PCMs has been proposed. This concept
of PCM introduction within TES systems has not been previously presented in the
existing literature. The toroidal setup of the tubes not only keeps the axisymmetric
layout of the tank, but can also allow us to locate PCMs at the desired height inside



30 Background

the tank. Furthermore, the vertical motion of salt across the tubes simulates a cross-
flow HX, potentially leading to more effective heat transfer.



Chapter 3

Photo-Thermal Optimization of a
Parabolic Trough Collector

3.1 Overview

Selective coating plays a key role in a PTC system to harness solar energy
efficiently by maximizing sunlight absorption and minimizing heat losses to the
environment. In this regard, this chapter presents specific optimization strategies
for implementing selective coatings on the absorber tube aimed at the photo-thermal
enhancement of a PTC, thereby improving the overall performance of the system.
The main objectives and scope of this work are outlined in Section 3.2, while
Section 3.3 represents the methodology adopted. Then, a lumped-parameter model
is introduced along the radial direction of the PTC receiver tube to obtain heat losses
as a function of HTF temperature (Section 3.4). This model has been validated
against experimental data for two different tubes (Section 3.4.2). Subsequently, a
1D model is represented to compute the energy balance along the tube axis to obtain
required tube lengths using heat losses correlations (Section 3.5). Finally, the photo-
thermal efficiency is computed for different scenarios to determine the most
optimized configuration using multiple coatings along the receiver axis, and then,
the respective tube length is calculated (Section 3.6). The content of this chapter is
mostly based on the work published in [119].
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3.2 Problem definition

The reference PTC considered in this study is depicted in Figure 3.1. As shown, the
receiver tube includes an absorber tube made of the stainless-steel material,
encapsulated by a borosilicate glass cover. The absorber tube transfers the energy
of the concentrated solar radiation to the HTF, which is molten salt (60%wt. NaNO3
+40%wt. KNO3 [120]) operating at the temperature range of 290-550 °C. The gap
region between the absorber tube and the glass cover is kept under vacuum
conditions with very low pressure (10”2 Pa) to ensure a high thermal insulation of
the receiver tube. The geometrical specifications of the receiver tube are also
outlined in Figure 3.1.

Vacuum (102 Pa)

- Absorber Tube

Glass Cover AlSI 316

Borosilicate Glass

64 mm

70 mm
119 mm

125 mm

Figure 3.1: Cross-sectional view of the reference PTC receiver tube

In order to enhance the photo-thermal performance of the receiver tube, a
selective coating is applied to the outer surface of the absorber tube. This selective
coating is characterized by a high absorptivity in the solar spectral range and a low
emissivity in the infrared range. Figure 3.2 shows the schematic of the multi-layer
coating considered in this study, which has been developed by ENEA for CSP
applications at high temperatures [73,121]. As shown, the first layer is a metallic
layer with low emissivity and high reflectivity in the infrared range. The second
layer represents a cermet layer made of ceramic and metallic materials, which
ensures a high absorptivity in the solar spectral range. Finally, an anti-reflection
layer is applied to the external side. In the selective coatings designed by ENEA,
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the metallic layer can be molybdenum or tungsten [121], or alternatively, silver
[73].

Anti-reflection layer

Cermet layer

Metallic layer

Figure 3.2: Schematic of the multi-layer coating of an absorber tube

This study aims to optimize the photo-thermal efficiency of the receiver tube in
a PTC system. For this purpose, the strategy of implementing multiple selective
coatings along the receiver tube is adopted in this work. This strategy depends on
variations of the photo-thermal performance of selective coatings with respect to
the operating temperature. In fact, it is expected that a selective coating representing
a high photo-thermal efficiency at low temperatures (close to the receiver inlet
section), would not be the best option at higher temperatures (close to the receiver
outlet section). Therefore, it is essential to determine the best configuration of the
receiver tube using multiple coatings based on the expected HTF temperatures
along the collector line in order to achieve the highest photo-thermal efficiency. In
this respect, six selective coatings were considered in this study with different
absorptivity and emissivity data. The emissivity of the coatings is a function of
temperature, which can be written as (T in [°C]):

€= a3T3 + asz + alT + ag (31)

The values of coefficients as, a,, a;, ay and the absorptivity data are given in
Table 3.1 for the six coatings under investigation. Figure 3.3 also depicts the
emissivity data for these six selective coatings with respect to the surface
temperature. The absorptivity data provided for these coatings are sourced from
[73]. However, it is worth noting that the emissivity data presented in [73]
correspond to a specific temperature point (580 °C). Consequently, the emissivity
correlations with respect to temperature were provided by ENEA through private
communication.
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Based on the photo-thermal efficiency obtained for the receiver tube using each
selective coating at various ranges of the HTF temperature, the most efficient
configuration will be introduced. This configuration represents the distribution of
the coatings along the receiver tube to reach the highest photo-thermal efficiency.

Table 3.1: Absorptivity data and emissivity correlation coefficients for the six selective
coatings considered in the photo-thermal optimization study.

Selective Emissivity correlation coefficients (Eq. (3.1))
. Absorptivity
coating
a3 a ai ao
Coating #1 0.9265 1.53E-10 9.95E-09 191E-05 0.023
Coating #2  0.9375 1.21E-10 5.56E-08 1.40E-05 0.025
Coating #3  0.9411 1.62E-10 3.21E-08 2.55E-05 0.021
Coating #4  0.9486 1.61E-10 6.95E-08 1.73E-05 0.023
Coating #5  0.9544 1.01E-10 1.49E-07 -9.80E-07 0.030
Coating #6  0.9665 1.42E-10 1.70E-07 2.66E-05 0.030
0.14
—— Coating #1
0.12 ——Coating #2 .
—— Coating #3 ,,’
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Figure 3.3: Emissivity of the six selective coatings as a function of temperature
considered in the photo-thermal optimization study.
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3.3 Methodology

The computational procedure implemented for the photo-thermal optimization of
the PTC receiver tube is summarized in Figure 3.4. As shown, the main goal of this
study is to determine the most efficient multi-coating configuration from a photo-
thermal viewpoint. To attain this goal, the distribution of the selective coatings
along the receiver tube must be outlined. This requires specifying the most effective
coatings to be employed at different HTF temperatures, as well as the profile of the
HTF temperature along the axial direction. While the former must be determined
through the calculation of the photo-thermal efficiency for each coating based on
the HTF temperature, the latter is provided by a 1D thermal model that solves the
energy balance for the HTF along the receiver axis. This 1D model requires an
accurate evaluation of heat losses as a function of HTF temperature, which is
provided by a steady-state lumped-parameter model developed along the radial
direction of the receiver tube. The lumped-parameter model also computes the
temperature of the absorber tube wall required to calculate the photo-thermal
efficiency. The boundary conditions required for this model include mass flow rate,
HTF temperature, incident solar heat flux, ambient temperature and (transversal)
wind speed.

Lumped-parameter model Heat losses as a | . (1D thermal model )
along the radial direction function of Ty _ along the tube axis |
v
s N
Absorber tube wall temperature Profile of Ty
with respect to Tyze | along the tube axis |

Calculation of n, based Most effective coatings Distribution of the
on Ty for six coatings with respect to Typp coatings along the tube

The most photo-thermally
efficient configuration

Figure 3.4: Methodology adopted for the photo-thermal enhancement of the PTC
receiver tube.
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3.4 Radial lumped-parameter model

In this section, the lumped-parameter model of the receiver tube is presented. This
model was developed using the Modelica language, aiming at calculating the tube
wall temperature and heat losses at different HTF temperatures.

3.4.1 Model description

The lumped-parameter model considers a cross section of the receiver tube
characterized by a given HTF temperature and computes heat fluxes along the radial
direction from the HTF to the external ambient, see Figure 3.5. The walls of the
absorber tube and the glass envelope were discretized along the azimuthal direction,
where 20 elements were sufficient to ensure a solution independent of the
discretization. The applied boundary conditions include ambient temperature,
(transversal) wind speed, HTF temperature, mass flow rate, and the azimuthal
distribution of the incident solar heat flux on both the absorber tube and the glass
envelope.

_____r____
‘

Glass
Cover

Absorbér Tube

Figure 3.5: Heat fluxes in the radial direction considered in the lumped-parameter
model [122].

As shown in Figure 3.6, the thermal driver required for the lumped-parameter
model include the distribution of the incident heat flux along the azimuthal direction
of the absorber tube (in [W/m?]) and the azimuthal distribution of the absorbed
power density by the glass cover (in [W/m?]). These distributions have been
computed through a ray-tracing code by ENEA for a reference case, corresponding
to an incidence angle of 0°, a tracking and inclination error of 0° and a DNI of 900
W/m?. The incidence angle of 0° could represent solar noon for an E-W oriented
collector. However, various incidence angles have also been investigated for the
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photo-thermal optimization purpose, and it was found that the final results would
always remain consistent across different incidence angle values.

Incident Heat Flux (Tube) [W/m?] Absorbed Power Density (Glass) [W/m?]
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Figure 3.6: Azimuthal distribution of: (a) the incident heat flux on the absorber tube,
and (b) the absorbed power density by the glass envelope.

The lumped-parameter model of the receiver tube developed in this study is
based on [122], incorporating the following assumptions:

e The conductive heat loss through the support structures of the receiver unit was
ignored, as it can be negligible according to [123].

e  The azimuthal thermal conductions within the absorber and the glass tube walls
were neglected, according to [124].

e The glass envelope was not assumed to be completely opaque in the infrared
range. Instead, a transmissivity of 0.11 was considered according to the
Kirchhoff's law, based on the emissivity of 0.89, while the reflectivity is set
equal to zero [71].

The HTF mass flow rate was imposed equal to 2.2 kg/s, according to the
reference 1 MWe CSP-ORC pilot plant at the Green Energy Park in Morocco [125].
On the inner wall of the absorber tube, a Robin boundary condition is imposed,
which requires defining the temperature of the HTF and the convective heat transfer
coefficient. The latter is obtained, given the HTF mass flow rate, by means of the
Gnielinski correlation [122].
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The radial conduction in the glass and absorber tube walls can be calculated as
(in [W/m]):

(Text - Tint)

=2k ——————~
Qcona IN(Dext/Dine)

(3.2)

where k is the thermal conductivity of the wall, T,,; and T;,,; correspond to the wall
temperatures on the external and internal surfaces, D,,; and D;,; are the external
and internal diameters of the tube, respectively.

The heat transfer between the absorber tube and the glass cover occurs by
radiation and convection. The radiative term is obtained by:

0T Dgp ext (T;b,ext - T;l,int)
1/eqp + (1 - ggl)Dab,ext/(gnggl,int)

Qraa = (1—17) (3.3)

where T represents the transmissivity of the glass in the infrared, o is the Stephan-
Boltzmann constant, £45 and €, are the emissivity of the absorber tube (given by
the selective coating) and of the glass, Ty, ext and Tg; i, indicate the temperatures
of the external surface of the absorber tube and the internal surface of the glass,
respectively. Dgp exr and Dy in; are the outer diameter of the absorber tube and the
inner diameter of the glass envelope, respectively.

The convective heat transfer in the gap region is evaluated by means of the
Newton’s cooling law, which requires introducing a heat transfer coefficient,
assumed to be equal to 1.115x10* W/m?K [122,126].

Due to the partial transmissivity of the glass in the infrared, the absorber tube
also loses heat by radiation directly to the external ambient. This contribution can
be calculated by:

Qraa = To-eaanab,ext(T:b,ext - T;mb) (3.4

The heat losses from the outer surface of the glass to the external ambient occur
by radiation and convection. The former is evaluated according to the Stefan-
Boltzmann law, as a function of the glass emissivity and the temperature of the glass
outer surface, given the temperature of the cold sink which is the sky temperature
approximated to be 8 °C below the ambient temperature, according to [122]. The
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convective heat losses are calculated by means of the Newton’s law of cooling
introducing a proper heat transfer coefficient. The latter can be determined by
Churchill-Chu’s and Zhukauskas’ correlations for natural and forced convection,

respectively [67].

3.4.2 Validation

The lumped-parameter model was validated against two sets of experimental data
provided by ENEA for two different receiver tubes:

1. SCHOTT PTR®70 first generation (2005)
2. ASE HCEMS-11

In the first case, the experimental campaign was carried out at the ENEA
Casaccia laboratory, while in the second case, the test was conducted by Archimede
Solar Energy (ASE). The materials and the geometry of the tubes correspond to the
configuration shown in Figure 3.1. The selective coatings adopted in the two cases
are characterized by an emissivity as a function of temperature (see Figure 3.7) and
an absorptivity equal to 0.95 for the SCHOTT tube and 0.9487 for the ASE tube.
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Figure 3.7: Emissivity of selective coatings applied to the SCHOTT and ASE absorber

tubes.

Both tests were conducted by heating the absorber tube by the Joule effect until
attaining a practically uniform tube temperature. At this point, the electrical power
supplied to the absorber tube must correspond to the power dissipated towards the
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external environment. The temperature of the absorber tube is measured by means
of nine thermocouples positioned on the internal side. As depicted in Figure 3.8,
there are three thermocouples positioned approximately 40 cm from one end of the
tube, another set of three about 25 cm from the opposite end, and the remaining
three at the center of the tube. These thermocouples are distributed at angular
intervals of 120°, see Figure 3.8.

Glass Envelope  Heat Losses (W/m)
Absorber Tube o

\ 3 . 4

Thermocouples

A

A-A

Heating by Joule Effect B-B
C-C

Figure 3.8: Experimental setup established to measure heat losses from the absorber
tube to the environment, highlighting the schematic positions of the thermocouples.

In the experiment performed on the SCHOTT receiver, the inside of the
absorber tube was well thermally insulated (adiabatic), while in the case of the ASE
receiver, this information is not available; in agreement with ENEA experts, it was
assumed that both ends of the tube are closed by metal plates to prevent the
replacement of air inside the tube. This implies that thermal losses would also occur
from the internal surface of the tube, although these losses would be minor. The
results of the experimental tests are summarized in Table 3.2 and Table 3.3 for the
SCHOTT and ASE receiver tubes, respectively.

To reproduce the experimental conditions, the lumped parameter model was
modified as follows:

e The wind speed was set to zero (natural convection) as the tests were
conducted inside the laboratories, i.e., a closed environment.

e The ambient temperature was set to be equal to that measured during the
tests (Table 3.2 and Table 3.3).

e The cold sink temperature for the radiative heat loss from the outer surface
of the glass to the external environment was assumed to be equal to the
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ambient temperature since the tests were conducted inside the laboratories
and the tube does not see the sky.
e The absorptivity and emissivity data (Figure 3.7) of the selective coatings
were implemented in the model.

Table 3.2: Data collected from the experiments carried out on the SHOTT receiver tube

Absorber tube Glass tube Ambient Heat losses
temperature [°C] temperature [°C] temperature [°C] [W/m]
301.22 56.64 26.36 162.75
350.73 67.08 26.47 261.32
400.17 81.57 26.71 388.83
449.43 97.46 27.04 570.06
498.34 113.71 24.72 795.88
545.65 133.55 25.43 1108.25

Table 3.3: Data collected from the experiments carried out on the ASE receiver tube

Absorber tube Glass tube Ambient Heat losses
temperature [°C] temperature [°C] temperature [°C] [W/m]

300 44 23.2 110

400 63 23.8 255

550 109 24.7 762
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e  The thermal driver of the model was modified by replacing the solar flux
with an imposed temperature on the internal surface of the absorber tube,
according to the experimental data (Table 3.2 and Table 3.3). Therefore,
the convective heat transfer with the molten salt was not considered. In the
case of the ASE receiver tube, thermal losses due to natural convection
between the internal surface of the tube and the stagnant air inside it were
also considered, calculated using a proper correlation [127]. It was
observed that the air trapped inside the tube in stationary conditions has a
temperature significantly higher than the ambient temperature, close to
that of the absorber tube.

Regarding the first case (SCHOTT receiver tube), a comparison was initially
made between the lumped-parameter model and experimental results in terms of
glass temperature. However, since the SHOTT tube belongs to the first generation
(2005), it is expected that the emissivity of the glass could change over time. As
shown in Figure 3.9a, it was found that an emissivity of 0.7 for the glass cover could
reproduce the experimental results effectively, with a maximum deviation of about
8.6%. This model was then validated against experimental data in terms of heat
losses towards the external environment. As can be seen in Figure 3.9b, there is a
good agreement between the present model and the experimental data, with a
maximum deviation of approximately 6%.

In the second case (ASE tube), the results obtained by the lumped-parameter
model showed that the default value of 0.89, already proposed in the literature [71],
correctly reproduces the glass temperature. As can be seen in Figure 3.10a, a good
agreement can be observed between the present model and experimental results,
exhibiting a maximum deviation of about 6.7%. In addition, a comparison in terms
of heat losses revealed a satisfactory agreement between the model and the
experiment, as shown in Figure 3.10b, with a maximum deviation of about 6.5%.

3.4.3 Results

After validation of the lumped-parameter model, it was employed to derive the
data required for the 1D model and for computing the photo-thermal efficiency, as
explained in Section 3.3. Firstly, heat losses must be correlated with the HTF
temperature for different applied selective coatings to be used in the 1D model. For
this purpose, the lumped-parameter model was run by varying the HTF temperature
and incorporating the six selective coatings.
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Figure 3.9: Comparison between experimental data and model results for the
SCHOTT tube in terms of: (a) glass temperature and (b) heat losses.
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Figure 3.10: Comparison between experimental data and model results for the ASE
tube in terms of: (a) glass temperature and (b) heat losses.

Figure 3.11 depicts heat losses with respect to the HTF temperature using
different coatings for wind speeds of 0 m/s (natural convection) and 15 m/s (forced
convection with intense wind effects). As can be observed, using Coating #1 and
Coating #6 provide the lowest and the highest heat losses from the absorber tube,
respectively, at various HTF temperatures, which correspond to the emissivity data
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provided in Figure 3.3. Furthermore, a small difference can be found between the
cases of 0 m/s and 15 m/s due to the thermal insulation provided by the vacuum.
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Figure 3.11: Heat losses from the absorber tube vs. HTF temperature, using different
coatings, for a wind speed of (a) 0 m/s and (b) 15 m/s.

The curves illustrated in Figure 3.11 denotes correlations of heat losses as a
function of HTF temperature, which can be written as (Ty7r in [°C]):

Quoss(Turr) = aTHTFZ + bTyrr + ¢ (3.5)

The values of coefficients a, b and ¢ are given in Table 3.4. These correlations
were exploited by the 1D model to determine the HTF temperature profile along
the tube axis, see Section 3.5.

Furthermore, in order to calculate the photo-thermal efficiency, it is essential
to compute absorber tube wall temperatures at various HTF temperatures, as shown
in Figure 3.12. The trend illustrated in Figure 3.12 remains consistent across all
scenarios; implementing any selective coatings, whether in the presence or absence
of wind, would lead to the same trend of the absorber tube wall temperature with
respect to the HTF temperature, with a maximum difference of < 1 °C in the wall
temperature among the cases. This is because the absorber tube wall temperature is
mostly determined by the imposed HTF temperature due to a considerably higher
heat transfer coefficient between the tube and the HTF compared to that between
the tube and the gap region. This also leads to minor differences between the HTF
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temperature and the absorber tube wall temperature for the whole receiver length,
indicating a maximum difference of 4.4 °C.

Table 3.4: Coefficients of heat loss correlations using different selective coatings,
obtained by the lumped-parameter model for a wind speed of 0 m/s and 15 m/s.

Applied Vw=0m/s Vw=15m/s
selective
coating a b c a b C
Coating #1 0.00406 -4.483 1281.8 0.00414 -4.575 1309.2
Coating #2 0.00451 -4971 1416.6 0.00462 -5.100 1455.5
Coating #3 0.00483 -5.360 1534.2 0.00494 -5.493 1574.1
Coating #4 0.00546 -6.075 17404 0.00560 -6.237 1789.2
Coating #5 0.00599 -6.626 1889 0.00617 -6.836 1951.7
Coating #6 0.00775 -8.550 2431.4 0.00807 -8.945 2552
600

3

o 550

£ s00

E 450

g 400

2

2 350

3

5 300

<

250

250 300 350 400 450 500 550
HTF Temperature [°C]

Figure 3.12: Absorber tube wall temperature with respect to the HTF temperature
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3.5 Axial 1D model

This section introduces the simple 1D model discretized along the receiver axis.
This model was developed to determine the profile of the HTF temperature along
the tube and, consequently, the required tube length to ensure the desired
temperature increase of the HTF (290-550 °C) at imposed mass flow rate (2.2 kg/s).
The 1D model takes advantage of the results obtained by the lumped-parameter
model namely, the correlations of heat losses with respect to the HTF temperature
(Table 3.4).

Figure 3.13 provides a schematic representation of the 1D model, which
basically solves the steady-state energy balance for the HTF along the receiver axis,
see Eq. (3.6). The required boundary conditions include HTF inlet and outlet
temperatures, mass flow rate and the heat flux transferred to the fluid, which
corresponds to the absorbed heat flux net of the heat losses. Regarding the space
discretization, the tube axis was divided in n control volumes of equal length; a
length Ax of 1 m is sufficient to ensure the grid independence of the results. The
actual number n of the control volumes depends on the computed receiver total
length. Therefore, the final length of the receiver tube will be an integer multiple of
Ax, which of course introduces an approximation that is negligible since Ax is
significantly lower than the total tube length (always < 1%).

Temperature
Mass Flow Rate Solar Flux Heat Losses f(T) Solar Flux Heat Losses f(T) Temperature
S +—p iy —
A A [ X
1 2 i n

Figure 3.13: Schematic representation of the 1D model discretized along the tube
axis, incorporating applied boundary conditions.

The energy balance equation for the HTF can be written as:

To

(Qabs = Quoss(T))Ax = m Cp (T)dT (3.6)

T;
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where Ax represents the length of the i-th control volume of the tube given by the
space discretization, 1 is the imposed HTF mass flow rate, ¢, denotes the specific
heat as a function of HTF temperature, T; and T, represent HTF temperatures upon
entering and leaving the control volume, respectively. Q,ps and Qs signify the
absorbed solar power and the heat loss to the environment per unit length,
respectively.

This simple model provides reliable results because it exploits the results of the
validated lumped-parameter model presented in section 3.4. Particularly, the
lumped-parameter model provides heat losses per unit length (Q;,ss in Eq. (3.6)) as
a function of HTF temperature.

The 1D model will be employed to determine the HTF temperature profile
along the receiver axis and, consequently, the most photo-thermally efficient
configuration of the receiver tube, as presented in Section 3.6.

3.6 Photo-thermal optimization of the parabolic trough
system

This section aims to optimize the photo-thermal efficiency of the receiver tube in a
PTC system, exploiting the results provided by the lumped-parameter and 1D
models. The photo-thermal efficiency is defined as:

oT*
NMpt = A — & (T) (3.7)

where a and ¢ are the absorptivity and emissivity of the selective coating, o is the
Stephan-Boltzmann constant, T represents the temperature of the external surface
of the absorber tube (provided by the lumped-parameter model, see Figure 3.12),
and I is solar irradiance, equal to 900 W/m? based on the ASTM G173-03 solar
spectrum [128].

As shown in Figure 3.3, the emissivity of selective coatings depends on
temperature, indicating considerable variations between the inlet and outlet sections
of the receiver tube (HTF temperatures from 290 °C to 550 °C). To achieve the
highest photo-thermal efficiency, a strategy was adopted, in which multiple
selective coatings were applied along the collector length based on their photo-
thermal performance at different temperatures. In other words, for any particular
segment of the collector length, the selective coating with the greatest photo-
thermal efficiency was implemented. This strategy would facilitate attaining the
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highest possible photo-thermal efficiency of the entire collector, incorporating the
most efficient selective coatings at various temperature ranges along the tube.

In this approach, first, the lumped parameter model calculated the photo-
thermal efficiency for various HTF temperatures, implementing the six selective
coatings given in Table 3.1 and Figure 3.3. Subsequently, the most efficient
selective coatings were chosen with respect to the photo-thermal efficiency
achieved at various HTF temperature ranges. This result was then integrated with
the HTF temperature profile along the receiver axis provided by the 1D model.
Consequently, the distribution of the selective coatings along the tube was
determined, which corresponds to the most photo-thermally efficient configuration
of the collector line.

Figure 3.14 illustrates the photo-thermal efficiency with respect to the HTF
temperature for the six selective coatings considered in the optimization study. The
results shown in Figure 3.14 were obtained for an ambient temperature of 20 °C and
wind speed of 0 m/s (natural convection). As can be observed, three temperature
ranges are identified characterized by three different selective coatings to ensure
the maximum photo-thermal efficiency:

e 290 -436 °C - Coating #6
e 436 -517°C - Coating #4
e 517-550°C - Coating #3
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Figure 3.14: Photo-thermal efficiency for the six selective coatings considered in the
optimization study.
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In the next step, the spatial distribution of the selective coatings along the
collector line must be determined. For this purpose, the respective tube lengths for
each of the three segments identified in Figure 3.14 were calculated using the 1D
model. Table 3.5 outlines the respective tube lengths for the three tube segments
characterized by the corresponding selective coatings at certain temperature ranges.
Moreover, Figure 3.15 depicts a schematic of the distribution of these selective
coatings along the receiver tube, indicating the most photo-thermally efficient
configuration. The total length of the optimized receiver tube is 1641 m and the
overall photo-thermal efficiency is equal to 91.6%. This photo-thermal efficiency
indicates a 0.5-1.9% increase compared to the single-coated receivers. It should be
noted that the optimized configuration also allows reducing receiver costs since a
coating that performs more effectively at high temperatures, typically demanding a
higher price, is only applied to the final segment of the receiver tube.

Table 3.5: Results of the photo-thermal optimization, representing the temperature
ranges characterized by the corresponding selective coatings and the respective lengths of
the tube segments.

ATnarr [°C]  Selective coating Tube length [m]

290-436 #6 788
436-517 #4 563
517-550 #3 290
Coatilng #6 Coati‘ng H#4 Coati‘ng #3
290 °C 436°C 517°C | 550°C
R TN
: 48% ' 34% 18% |
0 Receiver tube length L

Figure 3.15: Distribution of the selective coatings along the receiver tube,
representing the most photo-thermally efficient configuration.
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In order to verify the wind effect on the solution obtained, the numerical
procedure described above was repeated considering a wind speed of 15 m/s. The
final length of the receiver tube in this case was calculated to be 1654 m,
demonstrating less than 1% difference compared to the case of natural convection.
This is due to the thermal insulation provided by the vacuum in the gap region,
which protects the absorber tube against the wind effect. Furthermore, the
distribution of the selective coatings along the collector line was obtained to be the
same as the configuration illustrated in Figure 3.15.

3.7 Concluding remarks

This chapter presented a photo-thermally optimized configuration of a PTC system,
adopting the strategy of arranging multiple selective coatings along the absorber
tube. This arrangement is based on the photo-thermal performance of selective
coatings at different HTF temperatures, ranging from 290 °C to 550 °C. Six
selective coatings were employed in this study, investigating wind speeds of 0 and
15 m/s.

At the initial step, a lumped-parameter model was developed along the radial
direction of the receiver tube, aiming at computing absorber tube wall temperature
and heat losses at various HTF temperatures. The model was validated against
experimental data available for the two tubes of SCHOTT and ASE in terms of heat
losses. Then, specific correlations were obtained by the lumped-parameter model
for heat losses to be exploited by a 1D model, developed along the receiver axis to
compute HTF temperature profile along the tube. In addition, absorber tube
temperatures provided by the lumped-parameter model were exploited to compute
photo-thermal efficiencies at different HTF temperatures, implementing the six
selective coatings under investigation. The results of photo-thermal efficiencies
determined the most efficient selective coatings for various HTF temperature
ranges. This result was then integrated with HTF temperature profiles provided by
the 1D model. Finally, the spatial distribution of the selective coatings were
determined, representing the most efficient PTC configuration from a photo-
thermal viewpoint.

According to the results, the most efficient configuration includes three HTF
temperature ranges: for low HTF temperatures ranging from 290 °C to 436 °C,
coating #6 could provide the highest photo-thermal efficiency, requiring a tube
length of 788 m. For medium temperatures from 436 °C to 517 °C, coating #4 could
be the best option, with a tube length of 563 m. For the final segment with HTF
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temperatures from 517 °C to 550 °C, coating #3 exhibited the highest photo-thermal
performance, requiring a tube length of 290 m. The results were almost equal for
wind speeds of 0 and 15 m/s because of the thermal insulation ensured by the
vacuum in the gap region. The total length of the optimized receiver tube was
obtained to be 1641 m and 1654 m for wind speeds of 0 and 15 m/s, respectively,
representing a difference less than 1%. The optimized PTC configuration presented
two main benefits: firstly, it resulted in an increase of 0.5-1.9% in the overall photo-
thermal efficiency compared to the single-coated receivers; secondly, it could
provide economic advantages owing to the implementation of more expensive
coating only in the final segment.



Chapter 4

Comparative Techno-Economic
Analysis of Linear CSP
Technologies

4.1 Overview

Among linear CSP technologies, LFC system indicates remarkable economic
advantages because of a simple and low-cost design; however, this technology
suffers from a low optical efficiency compared to PTC system [129,130].
Moreover, while implementing an evacuated receiver tube for each PTC and LFC
technology results in a higher thermal efficiency compared to a non-evacuated tube,
higher expenses must be incured for the tube evacuation. Therefore, it is essential
to perform a comprehensive comparison among different linear CSP systems. This
chapter presents a comparative techno-economic analysis of PTC and LFC
technologies using evacuated and non-evacuated tubes. In this regard, Section 4.2
introduces the reference systems considered for this study, while the methodology
adopted is described in Section 4.3. Optical and thermal models are represented in
Section 4.4 and Section 4.5, respectively. Finally, a comparative economic analysis
is carried out in Section 4.6, encompassing a sensitivity analysis based on the key
parameters affecting the LCOE (Section 4.6.1). The content of this chapter is mostly
based on the work published in [131].
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4.2 Description of the systems

The reference PTC system considered for the techno-economic analysis consists of
one line of collector with the aperture width of 5.9 m and a receiver tube with the
external diameter of 0.07 m and total length of 800 m. Regarding the reference LFC
system, 10 rows of parallel mirrors with the aperture width of 0.625 m each and a
receiver tube with the external diameter of 0.07 m, secondary concentrator of CPC
type and total length of 800 m was assumed [132—135]. Table 4.1 outlines the main
geometric and optical parameters of the PTC and LFC solar fields.

Table 4.1: Main geometrical and optical parameters for solar fields and receiver units

Parameter LFC PTC
Number of parallel mirror lines 10 1

Collector aperture width (m) 0.625 59
Collector focal length (m) 4 1.81
Distance between adjacent mirrors (m) 0.825 -

Total length of the receiver tube (m) 800 800
Outer/Inner absorber tube diameter (m) 0.070/0.064 0.070/0.064
Outer/Inner glass cover diameter (m) 0.125/0.119 0.125/0.119
Primary mirrors reflectivity 0.94 0.92

CPC reflectivity 0.90 -

Glass transmissivity 0.96 0.96

Glass refractive index 1.52 1.52

Glass extinction coefficient (m™) 0.21 0.21
Receiver tube alignment North-South North-South




54 Comparative Techno-Economic Analysis of Linear CSP Technologies

The scheme of the cross section of the LFC receiver unit is shown in Figure
4.1. It should be noted that the configuration is the same for both of the PTC and
LFC technologies, except for the secondary concentrator, which does not exist in
the case of the PTC technology (see Figure 3.1). While the gap region between the
absorber tube and the glass cover is kept under vacuum conditions in the evacuated
tube, this region is simply filled with air at ambient pressure in the case of the non-
evacuated tube. The HTF is molten salt (60%wt. NaNO3 + 40%wt. KNO3 [120])
with the same operating temperature of 290-500 °C for both LFC and PTC systems
to make the comparison as fair as possible.

CPC
Reflective Aluminium Air

Gap
Vacuum or Air

/

vy

Glass Cover
Borosilicate Glass

Absorber Tube
AlSI 316

Figure 4.1: Cross-sectional view of the reference LFC receiver unit

Regarding the coating applied to the tube’s outer surface, a commercially
established selective coating (CERMET) was adopted in the case of the evacuated
tube [136]. For the non-evacuated tube, a selective coating (AIR PLUS) under
development at ENEA, which is suitable for working in air, was considered in this
study. Absorptivity data and emissivity equations of these coatings are provided in
Table 4.2 (T in [°C]). The emissivity equations are depicted in Figure 4.2.

Table 4.2: Properties of the two coatings considered in this study

Configuration  Coating Absorptivity Emissivity

Evacuated CERMET 0.95 €=0.07513 +2.2E-7 T?

Non-evacuated AIR PLUS 0.943 €=0.02339 + 1.38E-4 T + 1.76E-7 T?
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Figure 4.2: Emissivity of the two coatings as a function of temperature considered for
evacuated and non-evacuated tubes.

4.3 Methodology

Figure 4.3 outlines the global view of the methodology implemented in this study
to conduct a comprehensive assessment of linear CSP technologies from
comprising optical, thermal and economic perspectives. In order to carry out a
comparative economic analysis based on the LCOE (Section 4.6), essential
requisites include cost data and net annual energy yield. While cost data can be
collected from existing literature, net annual energy yield must be determined by a
specific approach. In this respect, a one-dimensional thermal model was developed
to solve the energy balance for the HTF along the receiver axis (Section 4.5.1). This
model considers hourly ambient temperature, wind speed and DNI data as the input
data for the whole year. Boundary conditions for this 1D model include a thermal
driver and heat losses. The thermal driver, consisting of the solar power incident on
the receiver tube, is provided by using an optical ray-tracing model developed by a
ray-tracing code (Tonatiuh) computing the incident angle modifier (IAM) and the
reference optical efficiency for a given PTC or LFC plant (Section 4.4). Regarding
heat losses, a steady-state lumped-parameter model, presented in Section 3.4, was
developed in the radial direction to provide an accurate evaluation of heat losses for
any given HTF temperature. The boundary conditions required for this model
include HTF temperature, mass flow rate, incident solar heat flux, ambient
temperature and wind speed. As described, this model relies on correlations to
assess heat transfer phenomenon; in particular, the convective heat transfer between
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the glass tube and the environment in the case of PTC can be approximated using
literature-based correlations for the cylinder in cross flow. However, in the case of
LFC, the presence of the secondary concentrator necessitates the development of a
CFD model to evaluate convective heat losses (Section 4.5.3).
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Figure 4.3: Methodology of the techno-economic analysis comprising an optical
analysis (Section 4.4), a thermal analysis (Section 4.5) and an economic analysis (Section
4.6).

4.4 Optical analysis

The optical analysis aims at determining the thermal driver for the thermal analysis;
particularly, the solar power incident on the absorber tube per unit meter, which can
be obtained by

Qinc = DNI X A X no X IAM X Hena X Mshd X Tecin (4.1)

where DNI is the direct normal irradiance in W/m?, Ac represents the collector
aperture area in m’, IAM is the incidence angle modifier, nend is the end-loss
efficiency, nsnd and 7cin represent the shadow efficiency and the mirror cleanliness
efficiency, respectively (both assumed equal to 1 in this study). The term 7o is the
reference optical efficiency, which is the optical efficiency considering the sun at
the zenith. This term can be obtained by an optical ray-tracing model (explained
below), and computed using Eq. (4.3) with go equal to the absorbed solar flux with
the sun at the zenith.

The end-loss efficiency takes into account the non-irradiated receiver length at
the solar field border depending on the sun position. This term can be computed by
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F
Tend = 1- Z X tan(Hl) (42)

where F is the focal length, L is the collector length and 6, is the longitudinal
incidence angle.

The IAM presents the ratio between the optical efficiency (Eq. (4.3)) at a given
incidence angle, and the reference optical efficiency, considering equal DNI and
aperture width. The IAM is typically divided into the longitudinal component
(IAM;) and the transversal component (IAM7), as given in Eq. (4.4).

_ do
Mort = DNT x w

(4.3)

where qo is the absorbed solar flux in W/m, and w is the mirror aperture width in m.

To compute the IAM components and the reference optical efficiency (sun at
zenith), an optical ray-tracing model has been developed by using Tonatiuh [137]
for both the LFC and PTC systems. This model computes the solar power incident
on the absorber tube for any given sun position, considering mirror quality defined
through the slope error of the mirror. The model is based on the geometrical and
optical properties provided in Table 4.1, except for the collector length, which is 20
m. Moreover, the receiver is 10 m long, and it is translated along the axial direction,
depending on the sun position, to maintain the absorber tube in the irradiated area.
This removes any border effects, which are not considered in the IAM since they
are included in Eq. (4.2). Figure 4.4 shows an example of the LFC optical model.

The reference optical efficiencies for the LFC and the PTC were computed to
be 0.839 and 0.878, respectively. Expectedly, the LFC indicates a lower efficiency
since it only approximates a parabolic collector. To determine IAM; and IAMr, a
set of simulations were performed considering the sun belonging to the collector
longitudinal and transversal plane, respectively, and changing the sun altitude.
Figure 4.5 displays the computed IAM; and IAMr as a function of the incidence
angle for the PTC and LFC technologies. As shown, the transversal IAM
component is always equal to 1 for the PTC system independent of the incidence
angle of the sun. This is due to the fact that, while tracking the sun, the normal
vector to the PTC aperture is always in the same plane as the solar rays, and
therefore, the transversal angle is 0° (£tracking uncertainty).
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Figure 4.4: The LFC system simulated in Tonatiuh assuming the sun in the east and
the sun altitude equal to 40° (number of photons are reduced for visualization purpose).
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Figure 4.5: Incidence angle modifier components for the LFC and PTC technologies.

4.5 Thermal analysis

The main goal of the thermal analysis is to compute net annual energy yield, which
is a crucial parameter for the economic analysis of LFC and PTC. This parameter
must be calculated by a 1D model solving the energy balance for the HTF along the
axial direction, which is described in Section 4.5.1. The 1D model requires
appropriate correlations for heat losses from the absorber tube to the environment,
which can be provided by a lumped-parameter model in the radial direction (Section
4.5.2). In the case of the LFC, the lumped-parameter model exploits ad-hoc
correlations for the convective heat transfer coefficient obtained by a CFD model
simulating the air external flow in the presence of the secondary concentrator
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(Section 4.5.3). Finally, net annual energy yields are presented for different
technologies in Section 4.5.4.

The thermal performance of the receiver tube can be quantified by means of the
thermal efficiency, defined as:

Qloss
Qabs

where Q.5 and Qs represent the heat loss to the environment and the absorbed

Nen = 1— 4.5)

solar power per unit length, respectively.

4.5.1 1D model for annual-based analysis

To conduct a techno-economic analysis, it is essential to obtain net annual energy
yield. In this regard, a 1D model was developed along the axial direction of the
receiver tube to solve a steady-state energy balance equation for the HTF, see Eq.
(3.6). Although this model has been considered for an annual-based scenario, the
steady-state assumption would still be justified since the model continuously
regulates mass flow rate based on DNI, keeping the HTF temperature profile
consistent along the receiver tube during the daytime.

The 1D model considered in this section is based on the model described in
Section 3.5. However, different boundary conditions were applied to this model to
simulate an annual-based scenario; instead of implementing a constant mass flow
rate, it was consistently regulated based on DNI. This mass flow rate regulation
ensures reaching desired outlet HTF temperatures during the day/night for a certain
tube length (800 m) and a certain inlet HTF temperature (290 °C). During the night,
a minimum outlet HTF temperature of 260 °C was imposed to prevent the molten
salt from freezing, keeping it 20 °C higher than the freezing point [138].
Accordingly, the minimum mass flow rate was also computed to meet this outlet
temperature. Nevertheless, during the day, the desired outlet temperature would be
500 °C. Once DNI starts to increase in the daytime, HTF outlet temperature
increases accordingly to achieve the maximum outlet temperature of 500 °C. Upon
reaching this desired temperature, mass flow rate must be regulated continuously
based on DNI variations. The strategy adopted for the regulation of mass flow rate
consists of a few steps: firstly, the model solves the energy balance equation for the
whole receiver tube as a single control volume, implementing the receiver
inlet/outlet temperature, mean heat loss and absorbed solar power. This solution
would provide an initial estimation of the mass flow rate. This initial guess was then
exploited by Eq. (3.6) to calculate the tube length required to reach the desired HTF
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temperature at the outlet (500 °C). The deviation between the actual tube length
(800 m) and the computed length was employed to refine the previous evaluation
of mass flow rate. The solution was repeated to obtain a new tube length adopting
the updated mass flow rate. This procedure continued until achieving a computed
length equal to the actual length of the receiver tube, implying the accurate value
of mass flow rate for a given DNI. Thanks to an appropriate initial guess, three
iterations would be enough to attain a convergence in the solution.

In order to calculate net annual energy yield, i.e., net annual electricity output,
by the 1D model, the efficiency of the power cycle was assumed to be 38% in this
study. This value corresponds to a Rankine cycle considering a maximum HTF
temperature of 500 °C [52,139].

The 1D model exploits the results of the optical model in terms of incident solar
flux (to obtain absorbed solar flux) described in Section 4.4, and of the lumped-
parameter model in terms of heat losses, as presented in Section 4.5.4.

4.5.2 Lumped-parameter model of the linear Fresnel receiver unit

The lumped-parameter model provides correlations of heat losses from the absorber
tube to the external environment to be employed by the 1D model. The lumped-
parameter model considered in this section is the same as the model already
presented in Section 3.4, developed based on correlations to evaluate heat transfer
phenomenon. As described in Section 4.3, while the convective heat transfer
between the glass tube and the environment can be approximated using literature-
based correlations for the cylinder in cross flow in the case of PTC, it needs ad-hoc
correlations in the case of LFC due to the presence of the secondary concentrator.
These correlations were provided by a CFD model developed for the LFC receiver
unit, investigating natural and forced convection (see Section 4.5.3).

4.5.3 Computational fluid dynamics (CFD) model of the linear
Fresnel receiver unit

The LFC receiver unit was investigated by a 2D steady-state CFD model using the
STAR-CCM + software [140]. The computational domain includes the external air
flow and the CPC unit, as shown in Figure 4.6; therefore, it does not include the
receiver tube consisting of the absorber tube encapsulated in a glass envelope, and
the internal oil flow. The presence of the receiver tube was replaced by a boundary
condition applied on the glass outer surface, where a uniform temperature is



4.5 Thermal analysis 61

imposed. The latter is a valid assumption because of the slight temperature
difference in the azimuthal direction within the glass envelope [71]. On the left side
of the computational domain, the transversal wind speed is imposed together with
the (ambient) temperature of the incoming air, while in the opposite side of the
domain the ambient pressure is imposed by means of a “pressure outlet” boundary
condition. It can be noted that the receiver unit is not placed in the center of the
external air domain, but it has been put towards the inlet section of the wind to
ensure that the vortices released downstream the receiver unit are solved within the
computational domain. In the case of no wind (pure natural convection), the
ambient pressure is imposed on the top and the bottom sides of the domain, while
the left and the right sides are set to be symmetry planes. The air inside the CPC

was kept at the atmospheric pressure.
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Figure 4.6: Computational domain and boundary conditions of the CFD model

The computational domain was discretized generating a mesh consisting of
polygonal cells. The mesh was structured to be more refined close to the receiver
unit in order to ensure the accurate solution of the velocity and thermal gradients at
the near-wall regions. The mesh was also structured with different sizes in the whole
domain to capture the vortices established close and downstream the receiver. A
mesh sensitivity analysis was conducted and the minimum number of polygonal
cells in the domain to achieve mesh independent results was 1.9 x 10°. The adopted
computational mesh is illustrated in Figure 4.7.

Figure 4.7: Generated mesh for the CFD model
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In order to simulate the turbulence for the two cases, the SST k- (Menter)
turbulence model [141] was applied to the air regions, which is the appropriate
model to simulate air flows around complex shapes [142]. The effect of the gravity
has also been considered in the model.

The CFD model was exploited to obtain appropriate correlations for the
convective heat transfer between the glass and the environment in terms of Nusselt
number. This study includes natural convection (absence of wind) and forced
convection (presence of wind). Once the Nusselt number (Nup) is obtained, the
convective heat transfer coefficient can be determined by using Eq. (4.6):

k
h==Nup (4.6)

where k is the thermal conductivity at film temperature in W/m.K and D is the outer
diameter of the receiver tube.

In this regard, a wide parametric space was considered for the CFD analysis in
terms of wind speed, ambient temperature and glass temperature. The specified
limits for these parameters are provided in Table 4.3. Regarding wind speed and
ambient temperature, the ranges of values were determined according to the
meteorological data of the reference locations considered in this study (refer to
Figure 4.19). For the glass temperature, the range was specified based on the HTF
operating temperature in this study (290-500 °C).

Table 4.3: Ranges of values for the parameters in the CFD model

Parameter Minimum value Maximum value

Vw (m/s) 0 10
Tamb (K) 273 313

The results of the CFD model are represented for natural and forced convection
in Section 4.5.3.1 and 4.5.3.2 respectively.
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4.5.3.1 Natural convection

The results of the CFD model for the case of natural convection (absence of
wind) have been first verified against the correlations provided for natural
convection around a long horizontal circular cylinder by Churchill and Chu (Eq.
(4.7)) and by Morgan (Eq. (4.8)) [67]. To perform this comparison, the CPC was
removed from the computational domain.

1/6 2
0.387 Ra,,
[1+ (0.559/Pr)°/16]8/27
Nup = C Ra} (4.8)

Nup = {0.60 + (4.7)

where Ray, is the Rayleigh number based on the glass outer diameter, Pr represents
the Prandtl number at film temperature, C and n are given in [67].

Figure 4.8 represents comparisons between the Nusselt numbers computed by
the CFD model and those obtained by the two correlations for natural convection
around a cylinder. This comparison was performed considering five different
combinations of the parameters in Table 4.3 that result in as many values of the
Rayleigh number. As can be seen, the Nusselt numbers obtained by the CFD model
are in good agreement with those provided by the two correlations. The maximum
deviation between the results of the CFD model and those of the two correlations is
about 7.76%, which is quite acceptable since, according to [67], the error bar for
the correlations is about 20% (as shown in Figure 4.8).
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Figure 4.8: Nusselt vs. Rayleigh numbers in the case of the Fresnel collector:
Comparison of the CFD model results against the results of two correlations for natural
convection around a circular cylinder (green dotted-line for Churchill-Chu and black
dotted-line for Morgan), with the respective error bars.
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At this point, the CPC was reintroduced in the computational domain to
simulate the Fresnel receiver unit. Figure 4.9a demonstrates the air velocity field
for the whole computational domain, and Figure 4.9b shows it focusing on the
regions around the receiver unit for an ambient temperature of 293 K and an
imposed glass temperature of 325 K. As expected, the velocity magnitude is
extremely low due to the absence of the wind. The impact of the presence of the
CPC is clearly observed in the contour of velocity around and above the receiver
unit. However, the velocity field is not completely symmetric in this region since
the solution shows rather periodic behavior intrinsically. The air temperature field
around the receiver unit is depicted in Figure 4.9c. As can be seen, the imposed
uniform temperature of the glass wall keeps the air under the CPC hotter compared
to the other regions in the external air domain. The secondary concentrator acts as
an obstacle for the hot air moving upward, which is trapped under the CPC. This
should lead to a reduced heat loss by convection from the glass envelope.

The CFD model of the Fresnel case was run again considering the same
Rayleigh numbers as the previous case. The computed Nusselt numbers with and
without the CPC unit are displayed in Figure 4.8; as expected, a significant
difference can be detected. The obtained Nusselt numbers are considerably lower
for the Fresnel case because of lower convective heat transfer around the glass cover
in the presence of the CPC unit. As shown in Figure 4.8, in the Fresnel case a linear
equation can be found for the Nusselt number as a function of the Rayleigh number.
This linear correlation well explains the data with the coefficient of determination
(R?) about 0.99, which is expressed as:

Nup =6.90 x 10"’Rap + 7.85 (4.9)

4.5.3.2 Forced convection

Similarly, in the case of forced convection, the CFD model was initially
compared with a well-established correlation found in literature for the cylinder in
cross flow, excluding the CPC. In this respect, the Zhukauskas’ correlation [67] was
considered, which is expressed as:

— Pr, e
NuD =C Re,’)n PTJL ﬁ (410)
9
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where Rep, represents the Reynolds number based on the glass outer diameter, Pr,
and Pry, are the Prandtl numbers at the atmospheric and the glass temperatures

respectively, C, m and n are given in [67] as a function of Re and Pr numbers.
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Figure 4.9. Results of the CFD model in the case of absence of wind for an ambient
temperature of 293 K and a glass temperature of 325 K: (a) contour of velocity magnitude
in the whole computational domain, (b) contour of velocity magnitude focusing on the
receiver unit, (c) air temperature field.

Figure 4.10 compares the Nusselt numbers computed by the present CFD
model and those obtained by the Zhukauskas’ correlation. This comparison was
performed considering 12 different combinations of the parameters provided in
Table 4.3 that result in as many values of the Reynolds number. As shown in Figure
4.10, the CFD model reproduces well the Nusselt numbers obtained by the
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Zhukauskas’ correlation for different Reynolds numbers. The maximum deviation
between the CFD model and the correlation is about 9.49%, which is quite
acceptable since the error bar for this correlation is about 20% (as shown in Figure
4.10), according to [67].
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Figure 4.10: Comparison of the CFD model and the Zhukauskas’ correlation for the
cylinder in cross flow with the respective error bars, and obtained Nusselt numbers in the
case of the Fresnel collector.

At this point, the CPC was reintroduced in the computational domain to
simulate the Fresnel receiver unit. Figure 4.11a shows the computed air velocity
magnitude contours in the whole computational domain, and Figure 4.11b displays
it focusing on the receiver unit for a wind speed of 6 m/s, which is a reasonable
value at ground level, an ambient temperature of 288 K and a glass temperature of
370 K. As can be observed, the velocity contours above and below the receiver unit
are rather symmetrical and the computational domain is large enough to cover the
whole turbulent regions well. The stagnation point, as expected, is established on
the side of the CPC unit hit first by the wind, while the separated region is
established behind the receiver unit. The CPC unit actually shields the receiver tube
against the wind, which results in a very low speed of the air surrounding the
receiver. Therefore, the presence of the CPC unit determines a semi-cavity effect.

The contour of the air temperature around the receiver unit is illustrated in
Figure 4.11c. Expectedly, the air temperature is higher close to the glass tube, which
is hotter than the ambient air. The semi-cavity effect provided by the CPC unit can
be appreciated, which reduces the replacing of the heated air close to the receiver
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with fresh air at ambient temperature. The hot air stratifies on the top of the glass
cover, where it is trapped by the presence of the secondary reflector. The expected
effect is a remarkable reduction of the heat lost by convection from the glass tube
towards the environment, especially on the top side of the glass because of the
higher air temperatures.

Velocity Magnitude (m/s)
0 24 4.8 7.2 9.6

(a) (b)

329 349 370

Temperature (K)

308

288

(©)

Figure 4.11. Results of CFD model for a wind speed of 6 m/s, an ambient temperature
of 288 K and a glass temperature of 370 K: (a) contour of velocity magnitude in the whole
computational domain, (b) contour of velocity magnitude focusing on the receiver unit, (c)
air temperature field.

The CFD model of the Fresnel case was run again considering the same
Reynolds numbers as the previous case. Figure 4.10 displays the Nusselt numbers
computed with and without the CPC unit. According to what discussed above
(Figure 4.11), the Nusselt number is significantly lower in the presence of the CPC
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unit. This is due to a lower convective heat transfer around the glass envelope
provided by the CPC semi-cavity effect. This difference is more significant for
forced convection compared to natural convection (Figure 4.8 vs. Figure 4.10)
owing to major variation in the heat transfer coefficient at higher air velocity
magnitude; However, in terms of percentage, the difference is relatively
comparable (~50% vs. ~70% on average for natural and forced convection,
respectively).

To develop an appropriate correlation for the Fresnel case, the format of the
Zhukauskas correlation (Eq. (4.10)) was considered. Then, the coefficients C, m
and n were determined based on the results of the CFD model for the Fresnel
receiver unit. In this regard, with the best interpolation of the data, the coefficients
C, m and n were computed to be 0.165, 0.52 and 0.37, respectively. The coefficient
of determination (R?) for this approximation is about 0.99, which represents a
sufficient accuracy. Therefore, the new correlation for the Fresnel case can be
expressed as:

Pr 1/4
Nup = 0.165 Re552 pr237 <—“> (4.11)
Pry

4.5.4 Results of the thermal analysis

Figure 4.12 compares radiative heat losses computed by the lumped-parameter
model for various configurations considering wind speeds of 0 m/s (natural
convection) and 10 m/s (extreme wind effects). As shown, the radiative heat loss is
slightly higher for the evacuated tubes at lower HTF temperatures. This is because
the selective coating applied in the case of the evacuated tube (CERMET) presents
a higher emissivity at low temperatures with respect to the case of the coating stable
in air (see Figure 4.2). Figure 4.12 also suggests that the radiative heat loss is weakly
affected by the wind and by the receiver technology (PTC or LFC). This is because
the absorber tube temperature does not change appreciably with the wind and with
the receiver technology (see Figure 4.13); it is mostly determined by the imposed
temperature of the HTF because the heat transfer coefficient between the absorber
tube and the HTF is substantially higher than that between the absorber tube and
the gap region.
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Figure 4.12: Radiative heat loss from the absorber tube for different technologies
considering wind speeds of (a) 0 m/s and (b) 10 m/s.
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Figure 4.13: Absorber tube wall temperature with respect to HTF temperature for
various technologies considering wind speeds of (a) 0 m/s and (b) 10 m/s.

Figure 4.14 compares convective heat losses for various configurations
considering wind speeds of 0 and 10 m/s. As expected, evacuating the receiver tube
is very effective in reducing the convective heat losses, which is nearly zero in all
the cases. Particularly, the thermal insulation provided by the vacuum in the gap
makes the effect of the wind on the convective heat loss negligible. Regarding non-
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evacuated tubes, the LFC presents less convective heat losses than the PTC, which
is a consequence of the semi-cavity effect provided by the secondary concentrator
(refer to Section 4.5.3). Furthermore, it can be noticed from Figure 4.14 that the
presence of the wind leads to a relatively considerable increase of the convective
heat losses. However, the wind effect is less noticeable for the LFC receiver, taking
advantage of the protection offered by the CPC, while the PTC receiver is directly
exposed to the external air flow. The semi-cavity effect can also be appreciated
looking at the glass temperature (Figure 4.15), which is higher in the case of the
LFC receiver because of the reduced replacement of hot air with fresh air at ambient
temperature close to the receiver.

Now, total heat losses can be presented, equal to the sum of the radiative and
convective heat losses. Figure 4.16 depicts total heat losses for various technologies
considering wind speeds of 0 and 10 m/s. As discussed above, differences in total
heat losses among the configurations mainly arise from the convective share. As a
result, non-evacuated tubes dissipate greater heat losses in total compared to
evacuated ones, and non-evacuated PTC demonstrates higher total heat losses
compared to non-evacuated LFC.
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Figure 4.14: Convective heat loss from the absorber tube for different configurations
considering wind speeds of (a) 0 m/s and (b) 10 m/s.
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Figure 4.15: Glass wall temperature for various configurations considering wind
speeds of (a) 0 m/s and (b) 10 m/s.

-—Non-evacuated PTC --Evacuated PTC 0O Non-evacuated LFC e Evacuated LFC

1200 1200
— 1000 — 1000
£ £
2 800 Z 800
- -
g
2 600 S 600
-1 d
® ®
2 400 2 400
E B
S 200 S 200
0 0
250 300 350 400 450 500 250 300 350 400 450 500
HTF Temperature [°C] HTF Temperature [°C]
(a) (b)

Figure 4.16: Total heat losses from the absorber tube for different configurations
considering wind speeds of (a) 0 m/s and (b) 10 m/s.

Figure 4.16 signifies correlations of heat losses to be obtained as a function of
HTF temperature. Table 4.4 provides the coefficients of heat losses correlations (a,

b and c in Eq. (3.5)) for various configurations considering wind speeds of 0 and
10 m/s.
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Table 4.4: Coefficients of heat losses correlations (see Eq. (3.5)) for various
configurations, obtained by the lumped-parameter model for wind speeds of 0 and 10 m/s.

Vw=0m/s Vw=10 m/s
Technology

a b C a b c

Non-evacuated PTC 0.00705 -6.307 1684.1 0.00759 -6.619 1760.9

Evacuated PTC 0.00671 -6.755 1812 0.00699 -7.056 1896.9

Non-evacuated LFC 0.00702 -6.383 1689.2 0.00729 -6.598 1762.4

Evacuated LFC 0.00663 -6.665 1787 0.00678 -6.822 1830.3

The correlations of heat losses provided in Table 4.4 have been employed by
the 1D model to perform an annual-based analysis. In this regard, the 1D model
focuses on the thermal performance of various configurations and evaluates the net
annual energy yield.

The meteorological data (DNI, wind speed and ambient temperature) are
illustrated in Figure 4.17 for a reference location (Karas, Namibia) and for a
reference day (13 November) with high DNI values during the daytime
characterized by considerable fluctuations, and the thermal performances of the
systems are shown in Figure 4.18 considering this reference case. As shown in
Figure 4.18a, the receiver outlet temperature starts increasing early in the morning
because of the increase of the DNI (Figure 4.17). However, the temperature increase
exhibits a delay for the LFC owing to its optical performance as the LFC is affected
by the transversal effects early in the morning when the incidence angle is higher
(refer to Figure 4.5). The temperature rise is more pronounced for evacuated tubes
due to a lower heat loss compared to non-evacuated tubes (Figure 4.18c). This
higher heat loss from non-evacuated tubes also results in lower thermal efficiencies
during the daytime compared to evacuated tubes (Figure 4.18d). Once the receiver
outlet fluid attains the desired temperature (500 °C), the mass flow rate begins to
increase, continuously regulated based on DNI values during the daytime (Figure
4.18b). A higher minimum mass flow rate is required for non-evacuated tubes due
to a more significant temperature drop along the receiver tube during the night
caused by higher heat losses.
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Figure 4.17: Meteorological data comprising DNI, wind speed and ambient

temperature for a reference location (Karas, Namibia) and a reference day (13 November).
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Figure 4.18: Thermal performance of various configurations during a reference day

(13 November) in terms of: (a) HTF outlet temperature, (b) mass flow rate, (c) mean heat
loss, and (d) thermal efficiency.
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To perform an annual-based comparison, the 1D model explained in section
4.5.1 was employed. In this regard, hourly meteorological data of different locations
were considered to compute net annual energy yield by employing an hour-by-hour
simulation. For this purpose, the assumptions and the boundary conditions
described in section 4.5.1 were applied to the 1D model to simulate an annual-based
scenario. The model was developed using the Modelica language. The hourly
meteorological data, including DNI [W/m?], ambient temperature [°C], and wind
speed [m/s] were implemented in the model for each location. In this study, four
different geographical regions of the world were considered. Figure 4.19 depicts
the monthly values of the meteorological data for the reference locations, namely,
Calama (Chile), Karas (Namibia), Leinster (Australia) and Adam (Oman) (data
from [143]). The highest and the lowest yearly solar direct beam potentials are
observed in Chile (3409 kWh/m?) and Oman (2183 kWh/m?), respectively. The
latitudes of the locations are as follows: Calama (Chile) at 22.49° S, Karas

(Namibia) at 25.63° S, Leinster (Australia) at 27.79° S and Adam (Oman) at 22.51°
N.

[ . DN = Ambient Temperature = Wind Speed ]
400 40 400 - - 40
350 - DNI = 3409 kWh/m?/year L 35 350 - DNI = 2962 kWh/m?/year 35
= 300 | 30 & T 300 4 30 =
= [ - P [T
5 5t § £L
2 250 4 2s §E £ 250 « t2s & E
= = X ]
£ 200 ¢ tao 238 £ g3
£ £ < 200 20 g8
£ g n -E g
2 150 L1s £ 8 E 150 - 15 =
pres 22 5 2=
& 100 10 £ g 100 0 ¢
< <
50 — 5 0 et
0 - Lo . . . 0
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Months Months
(a) Calama, Chile (b) Karas, Namibia
400 - - 40 400 - 40
350 DNI = 2611 kWh/m?fyear 35 350 35
_ 5 r._ g =
T 30 S E 300 L
= [ =RCa c E -
g ZE g 0 DNI = 2183 kWh/m?/year s 2 E
T g3 T ]
£ g¢ E 200 0 2§
E 22 4
z 2 ?_g_ 150 15 ¢ B
s 2z 3 2%
o -g a 100 10 -g
< <
50 $—e =215 ————0 5 50 5
L
0 Lo 0 0
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Months Months
(c¢) Leinster, Australia (d) Adam, Oman

Figure 4.19: Reference meteorological data for different locations under
investigation.



4.5 Thermal analysis 75

Net monthly energy yield is shown in Figure 4.20 for the reference locations.
With regard to the N-S alignment of the collector, during the summer months,
receiver tubes experience longer duration of high (transversal) angle sunlight early
in the morning and late in afternoon. This phenomenon significantly impacts on the
optical performance of the LFC during this period, in contrast to the PTC which is
not influenced by this phenomenon (refer to Figure 4.5). Consequently, PTC
performs more efficiently at the beginning/end of the year in locations situated in
the southern hemisphere, as shown in Figure 4.20. Nevertheless, the reference
location in Oman, closer to the equator, experiences slight fluctuations in daytime
duration throughout the year. This fact leads to a more balanced ratio of PTC/LFC
in terms of the net monthly energy yield for this location. Moreover, consistent
variations can be observed throughout the year for evacuated and non-evacuated
tubes of each individual technology (PTC or LFC), irrespective of the location. This
uniformity is caused by the nearly constant difference in the thermal performance
of evacuated and non-evacuated tubes due to the same wind speed patterns
throughout the year for both tubes regarding each location (refer to Figure 4.19).
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Figure 4.20: Net monthly energy yield computed for the reference locations
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Net annual energy yields are outlined in Figure 4.21 for the reference locations
and for the different technologies. Expectedly, the evacuated tube yields a greater
net annual energy compared to the non-evacuated tube, attributed to lower heat
losses provided by the evacuation. This fact applies to both LFC/PTC technologies,
regardless of the geographical location. The PTC provides higher net annual energy
yield for both evacuated/non-evacuated tubes, which is mainly due to a more
efficient optical performance compared to the LFC. However, the advantage of the
PTC over the LFC is less considerable than the performance improvement achieved
by utilizing an evacuated tube rather than a non-evacuated one. Furthermore, the
difference between the net annual energy yield generated by the PTC and that of
the LFC is less notable for the non-evacuated tubes compared to the evacuated ones
for each location. This is due to the fact that the LFC receiver tube is shielded
against wind by the secondary concentrator. As a result, the LFC is less affected by
the convective heat loss, which instead considerably influences the PTC without
the thermal insulation provided by the vacuum.

3000

& Evacuated LFC
M Evacuated PTC
E Non-evacuated LFC
B Non-evacuated PTC

2500

2000

FR

Net Annual Energy Yield [MWh]

1500 . : i
1 ]
1000 ﬂ il
|| |
S 11 |
500 - | B b=
| n
0 o js: & 1

Calama, Chile  Karas, Namibia Leinster, Australia Adam, Oman

Location of the Plant

Figure 4.21: Net annual energy yield computed for the reference locations considering
different configurations.

By comparing various locations, it can be concluded that the ratio of net annual
energy yield obtained by non-evacuated tubes to that of evacuated tubes is almost
equal across the locations (about 0.72 for the PTC). This arises due to the nearly
identical wind speeds for different locations throughout the year (Figure 4.19),
which leads to a negligible impact of the location on the difference between the two
technologies in terms of the thermal performance. Furthermore, the ratio of LFC to
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PTC in terms of the net annual energy yield is also unaffected by the location (about
0.86) because of a consistent proportional optical performance. As expected, the

net annual energy yield aligns with the DNI values (Figure 4.19).

4.6 Economic analysis

In order to conduct a thorough comparison of different linear CSP technologies
(PTC or LFC with evacuated or non-evacuated receiver tubes), an economic
analysis was performed by exploiting the thermal analysis results in terms of the
net annual energy yield. The economic feasibility assessment conducted in this

work is based on the cost data outlined in Table 4.5.

Table 4.5: Assumed cost data for the economic analysis

Parameter Value Reference
PTC Solar field (€/m?) 161° [90,144]
LFC Solar field (€/m?) 138" [145,146]
Evacuation of the tube (€/m) 32 [88]

Site improvement (€/m?) 18" [145,146]
HTF system (€/m?) 43" [145,146]
Power block (€/kW.) 1010° [145,146]
TES system (€/kWhy) 29" [145,146]
Contingency (% of direct cost) 7 [43,89]
EPC and owner cost (% of direct cost) 10 [43,89]
Discount rate 0.1 [147-149]
Useful life of the plant (years) 30 [147-149]
Annual cost of O&M (% of CAPEX) 2 [147-149]

* Currency conversion (30.08.2023): 1.00 € — 1.09 §
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It should be noted that although economic parameters may vary across the
locations due to factors such as labor cost, land cost or governmental regulations
and incentives, considering equal cost data across the locations can still be a
reasonable assumption. This can be primarily justified by the fact that a substantial
portion of the capital expenditure, encompassing equipment cost provided by global
suppliers, is equal worldwide. In addition, a sensitivity analysis was carried out in
this work (refer to Section 4.6.1), accounting for the potential variability in cost
data across the locations.

The techno-economic analysis performed in this study is based on the LCOE,
expressed in €/ MWh. The LCOE is a key parameter in the economic feasibility
assessment of power plants since it provides a standard criterion for evaluating
long-term financial viability of the system by considering factors such as initial
investment, operational expenditure, discount rate, power plant lifetime and net
annual energy yield. The LCOE can be defined as [148,149]:

d(1 + d)™
A+d)m -1
NAEY

CAPEX X ( ) + OPEX 4.12)

LCOE =

where CAPEX represents the capital expenditure of the plant, d is the discount rate,
n is the useful lifespan of the plant, OPEX represents the annual cost of operation
and maintenance and NAEY is the net annual energy yield in MWh. To compute
the LCOE by Eq. (4.12), the NAEY was provided by the thermal model (Section
4.5.4) for various configuration, while the remaining parameters are given in Table
4.5.

Figure 4.22 displays the LCOE for various linear CSP technologies considering
the reference locations. It is noteworthy that, although equal cost data was
considered for different locations, the economic portion in the LCOE (Eq. (4.12))
varies in proportion to the net annual energy yield obtained for each location. This
variation in the economic portion in the LCOE arises from the power block and
TES system costs (refer to Table 4.5), both of which are primarily dependent on the
available annual solar resource for each location. As shown in Figure 4.22, the
evacuated PTC is more economical compared to the evacuated LFC since a higher
optical efficiency (and consequently a higher net annual energy yield) for the PTC
outweighs its higher capital cost compared to the LFC. This result is influenced by
the fact that LFC technology is less mature than PTC, allowing room for further
enhancement [150]. With regard to the non-evacuated tubes, the scenario is
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different; the LFC technology demonstrates a slightly lower LCOE in contrast to
the PTC technology, implying that a lower optical efficiency (and consequently a
lower net annual energy yield) for the non-evacuated LFC is compensated by its
lower capital cost compared to the non-evacuated PTC. This is due to the fact that
the difference in the net annual energy yield between LFC and PTC technologies is
less considerable for the non-evacuated cases compared to evacuated ones for each
location (as discussed in Figure 4.21). Furthermore, Figure 4.22 suggests that,
despite the additional cost of evacuation of receiver tube, an evacuated tube attains
a lower LCOE compared to a non-evacuated tube. It can be concluded that the
thermal performance improvement caused by the vacuum justifies the evacuation
cost.
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Figure 4.22: LCOE computed for the reference locations considering different
configurations.

4.6.1 Sensitivity analysis

In this section, the impact of key parameters on the LCOE was investigated by
conducting a sensitivity analysis based on optical efficiency (and corresponding net
annual energy yield), solar field HTF, CAPEX, OPEX and discount rate. This
analysis also takes into account potential variations in cost data across the locations.
The reference location for this study is Namibia with a DNI of 2962 kWh/m2/year
(refer to Figure 4.19b).
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4.6.1.1 Optical efficiency

The annual optical efficiency for the PTC and the LFC were computed to be
about 61% and 47%, resulting in the net annual energy yield of 2235 MWh and
1926 MWh, respectively. In fact, the difference in the optical efficiency is the main
cause of a lower annual energy yield provided by the LFC in comparison with the
PTC. In this respect, a sensitivity analysis was conducted by varying the LFC
annual optical efficiency to evaluate the impact of this parameter on the LCOE.
This study was carried out through an analytic approach to determine the minimum
LFC annual optical efficiency that would lead to an equivalent LCOE to that of the
PTC. As shown in Figure 4.23, the analysis revealed that an over 6% increase in
the LFC annual optical efficiency would result in an increase of 245 MWh in the
net annual energy yield. This variation would result in a reduction of over 3 € MWh
in the LCOE of the LFC, making it as economical as the PTC. However, such an
enhancement in the optical efficiency must be attained without an increase in the
capital cost of the plant.
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Figure 4.23: Sensitivity analysis representing the impact of the LFC optical efficiency
on equalizing the LCOE for LFC and PTC technologies.

The improvement in the optical efficiency shown in Figure 4.23 could be
achievable as it was demonstrated by Cheng et al. [151] that the LFC annual optical
efficiency would increase by 13% through a specific optimization measure to reach
over 60%. For this purpose, Cheng et al. [151] developed a novel optical
optimization model by combining Monte Carlo ray-tracing method with particle
swarm optimization algorithm. This approach could enhance the annual optical
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efficiency through optimizing critical geometric parameters including the position
and the size of the receiver tube, mirror width, spacing, and CPC geometry. These
optimization measures resulted in minimizing optical losses caused by shadowing,
blocking, and CPC interception. The study also suggested employing flat mirrors,
which are simpler and cheaper to manufacture compared to parabolic or cylindrical
mirrors. However, potential economic implications of such an optimization strategy
were not investigated.

4.6.1.2 Heat transfer fluid

As mentioned in Section 4.2, molten salt (60%wt. NaNO3; + 40%wt. KNO3)
was considered as the HTF for various CSP systems in this techno-economic
analysis, operating within the temperature range of 290-500 °C. Nonetheless, linear
CSP technologies can also operate at lower HTF temperatures. As already shown
in Figure 4.14, although convective heat loss from the absorber tube is negligible
for the evacuated tubes, it is a function of the HTF temperature for the non-
evacuated tubes. Thus, it is expected to observe a remarkable decrease in convective
heat loss from the non-evacuated tubes at lower temperatures. As a result, the
difference in the LCOE between non-evacuated and evacuated tubes might become
lower. This means that the positive effect of the evacuation (which results in
negligible convective heat losses) on the LCOE may be less noticeable at lower
temperatures.

In this regard, a sensitivity analysis was conducted based on the HTF operating
temperature to evaluate its impact on the LCOE. For this purpose, employing two
other HTFs were investigated: a medium-temperature HTF (thermal oil, Therminol
VP-1) operating at the temperature range of 290-400 °C, and a low-temperature
HTF (thermal oil, DelcoTerm Solar E15) operating at the temperature range of 180-
300 °C. The power cycle efficiencies of 35% and 31% were assumed for the
medium-temperature and low-temperature plants, respectively. These values are
sourced from [52,139], which indicate that the power cycle efficiency in medium-
temperature and low-temperature plants typically ranges from 28% to 38%,
depending on the peak cycle temperature. In this respect, the power cycle
efficiencies of 35% and 31% align with the peak temperatures of the medium-
temperature plant (400 °C) and the low-temperature plant (300 °C).

Figure 4.24 depicts variations in the LCOE for the plants with low, medium
and high HTF temperatures. As anticipated, employing a low-temperature HTF
would increase the LCOE due to a reduction in the electricity production caused by
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a lower power cycle efficiency. However, the difference in the LCOE between the
non-evacuated LFC and the non-evacuated PTC is smaller at low HTF temperatures
compared to high HTF temperatures. This implies that the benefit of the LFC is
relatively greater at higher operating temperatures. In fact, the percentage increase
in the net annual energy yield with the rise in the HTF temperature is slightly greater
for the LFC in comparison with the PTC. This aligns with the trend of annual
thermal efficiencies, where, as heat losses increase with the rise in the HTF
temperature, the LFC experiences a relatively lower decrease in the thermal
efficiency compared to the PTC. This can be attributed to the advantage of the
secondary concentrator in the LFC technology. However, in the case of the
evacuated tubes, the decrease in the LCOE at high HTF temperatures is more
substantial compared to the non-evacuated ones. While the ratio of the LCOE for
the evacuated PTC to that for the non-evacuated PTC stands at 86% at a low HTF
temperature, it decreases to 80.7% at a high HTF temperature.
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Figure 4.24: LCOE variations using HTFs at low, medium and high temperatures for
different configurations.

4.6.1.3 Economic parameters

Since the input cost data (financial parameters given in Table 4.5) may vary
depending on the economic conditions of any CSP projects, a sensitivity analysis is
necessary to take into account the variability of these parameters. In this analysis,
CAPEX, OPEX and discount rate were investigated as the most crucial economic
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parameters in the LCOE, as presented in Eq. (4.12), considering a variation of 20%
[152] for each parameter.

Figure 4.25 shows the impact of the key economic parameters on the LCOE for
different CSP systems. As can be observed, Figure 4.25a evaluates the impact of
the capital cost on equalizing the LCOE for the evacuated LFC and PTC. According
to Figure 4.25a, a reduction of over 4% in the capital cost of the reference evacuated
LFC would equalize the LCOE for the evacuated LFC and PTC, assuming that this
reduction in the LFC capital cost can be achieved at equal performance of the plant.
Furthermore, it should be noted that since the input economic data in this study
comprising the capital costs given in Table 4.5, collected from literature, may be
variable due to any unpredictable conditions, Figure 4.25a takes into account the
variability of these input parameters for different linear CSP technologies.

The influence of the operational expenditure on the LCOE is illustrated in
Figure 4.25b. As shown, the operational cost represents a minimal impact on the
LCOE; the decrease/increase of the OPEX by 20% leads to the slight
decrease/increase of the LCOE by 3% on average for the different configurations.

As given in Table 4.5, the discount rate was considered to be 0.1 in this work,
according to [149]. Figure 4.25c shows the impact of the discount rate on the LCOE
for different systems. It can be observed that the decrease/increase of the discount
rate by 20% results in the considerable decrease/increase of the LCOE by nearly
14% on average for different configurations. However, this variation is still
relatively less noticeable compared to the CAPEX that influences the LCOE by the
decrease/increase of nearly 17% (Figure 4.25a).

4.7 Concluding remarks

In this chapter, a comparative techno-economic assessment of various linear CSP
systems was represented, encompassing PTC and LFC with evacuated and non-
evacuated receiver technologies. In this respect, a 1D receiver model was developed
along the collector axis to compute the net annual energy yield, incorporating
hourly meteorological data for a year. This model was supported by an optical ray-
tracing model to calculate incident power on the receiver tube and by a lumped-
parameter model to compute heat losses for different HTF temperatures. While the
former computes the incident angle modifier (IAM) and the reference optical
efficiency for a given PTC or LFC plant, the latter requires appropriate correlations
to determine the convective share of heat losses.
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Figure 4.25: Sensitivity analysis representing the impact of the economic parameters
on the LCOE for various linear CSP technologies.
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For the LFC receiver unit, the existence of a secondary concentrator does not
allow employing common correlations applicable to cylinders in cross flow.
Therefore, a 2D steady-state CFD model was developed to generate suitable
correlations for the convective heat transfer between the glass cover and the
environment in the LFC case. According to the results obtained by the CFD model,
the LFC receiver tube experiences significantly lower convective heat loss
compared to the PTC, attributed to the semi-cavity effect of the CPC unit which
protects the receiver against wind. Furthermore, under conditions of no wind
(natural convection), the CPC unit effectively minimizes convective heat losses by
capturing the heated air moving upward, thereby constraining the replacement of
the hot air with a fresh cold air.

Thermal performance analysis, exploiting the 1D receiver model, investigated
four reference locations with varying annual DNI values from 2183 kWh/m? to
3409 kWh/m?. The results proved that the PTC yields higher net annual energy than
the LFC because of a more effective optical performance of the parabolic collector.
However, the difference in the net annual energy yield between the PTC and the
LFC is less considerable with non-evacuated tubes, attributed to lower heat losses
from the LFC receiver tube. As expected, evacuated tubes could yield higher net
annual energy compared to non-evacuated ones due to lower heat losses ensured by
the evacuation.

Exploiting the net annual energy yield computed by the thermal model for each
location, an economic analysis was carried out based on the LCOE considering cost
data collected from literature. It was concluded that a PTC system with an evacuated
tube is the most economical linear CSP technology, with the lowest LCOE of 63.4
€/MWh for the highest DNI location (Chile). This is attributed to a higher optical
efficiency, which outweighs a higher capital cost of an evacuated PTC. Conversely,
in the case of non-evacuated receiver tubes, LFC systems exhibited slightly lower
LCOE compared to PTC systems for each location, representing the dominance of
a lower capital cost over a lower net annual energy yield. In addition, evacuated
tubes indicated a lower LCOE compared to non-evacuated tubes, justifying the cost
of evacuation through an enhanced thermal performance. The comparison of
locations considering each individual configuration reveals the lowest and highest
LCOE in Chile and Oman, respectively, aligning with the trend in the net annual
energy yield.

Finally, a sensitivity analysis was conducted considering the key parameters
affecting the LCOE, comprising optical efficiency, solar field HTF, CAPEX, OPEX
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and discount rate. It was proven that an increase of approximately 6% in the annual
optical efficiency of an evacuated LFC could lead to a rise of 245 MWh in the net
annual energy yield and a reduction of over 3 €/ MWh in the LCOE. This
enhancement in the LFC performance would potentially make it as economical as
the PTC system, assuming that it could be achieved without a further increase in
the capital cost. Furthermore, an investigation into the variability of the capital cost
revealed that a nearly 4% reduction in the capital cost of an evacuated LFC would
result in the same LCOE as an evacuated PTC. It is important to note that while
some uncertainties were addressed in this work through the inclusion of
contingency, EPC and owner cost, challenges related to governmental regulations
and incentives may vary across different countries.



Chapter 5

Enhancement of a Thermocline
Energy Storage System:
Geometrical and Phase Change
Material (PCM) Strategies

5.1 Overview

In this chapter, a single-medium indirect molten salt thermocline TES system
developed by ENEA [104,105] is considered as the case study for improvement
purposes (Section 5.2). This case study was improved by performing two
enhancement measures in terms of geometrical modification and PCM integration.
Geometrical modification aimed at involving the entire tank volume in the thermal
stratification inside the tank as well as minimizing undesirable heat transfers within
the tank body during the charge and discharge processes (Section 5.3). Moreover,
PCM integration could further increase the potential storage capacity of the TES
system, while expected to help temperature stabilization inside the tank. This was
carried out by inserting sets of PCM toroidal tubes at different positions within the
tank (Section 5.4). A validated CFD model was developed to investigate the thermal
performance of the TES systems (Section 5.5). This model was linked with a PCM
lumped-parameter model (Section 5.6), which has been validated against
experimental data (Section 5.7). Finally, a comparative performance analysis is
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presented to determine the most effective configuration for the TES system under
investigation (Section 5.8). The content of this chapter is mostly based on the work
published in [153].

5.2 Thermocline energy storage system: case study

Figure 5.1 shows the configuration of the experimental setup and the 2D sketch of
a single-medium indirect thermocline TES system. This system includes a
cylindrical storage tank, two helically coiled heat exchangers (HXs) and an internal
vertical channel. The two HXs are placed at the channel ends for charging (bottom
serpentine) and for discharging (top serpentine). The internal channel has been
designed to facilitate the buoyancy-driven motion of molten salt, preventing
disturbances in the thermal stratification inside the tank. To minimize heat losses to
the environment, the outer walls of the tank are appropriately insulated. The tank is
filled to 93% of its height with a molten salt mixture (HITEC XL), while the region
above the salt is occupied by atmospheric pressure air. ENEA developed and tested
the experimental prototype at the Casaccia research center [104], designed for CSP
plants with mineral oil at medium-low temperatures (205-300 °C) connected to an
organic Rankine power cycle (ORC) with the operating temperatures ranging from
175 to 270 °C. The prototype also included electrical heaters installed at the bottom
region to provide heat for the charging test. In addition, a heat tracing system can
be incorporated into the tank to avoid salt freezing or cold spots within the tank,
especially within the heat exchangers.
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Channel

Thermal | =
Insulation ®

\—_E; / " Electrical Heaters

Draining Tube

(a) (b)

Figure 5.1: Thermocline TES system considered as a case study, developed by ENEA:
(a) experimental setup and (b) sketch.
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Considering the thermocline TES system depicted in Figure 5.1 as the reference
case, two improvement approaches were conducted in this study. In this respect,
Section 5.3 represents a geometrically modified configuration of the TES system,
addressing potential disadvantages of the tank geometry. Then, Section 5.4 outlines
PCM integration strategy aimed at further enhancing the storage capacity of the
TES system.

5.3 Geometrical improvement

The thermal performance of the case study shown in Figure 5.1 indicated several
drawbacks, as outlined below [105]:

e  During the charge process, the heated salt was confined beneath the charge HX.

e The molten salt at the tank bottom could not participate in the natural
convection-driven motion.

e Lack of insulation for the HX shells could lead to undesirable heat losses from
serpentines.

To mitigate these issues, an improvement approach was employed. Figure 5.2
illustrates the experimental configuration as the reference case (Case 1) and the
optimized system (Case 2). As shown in Figure 5.2b, the following modifications
were implemented:

e Thermal insulation was provided for the conical regions in the lower section of
the charge HX shell and in the upper section of the discharge HX shell. The
insulation would prevent disadvantageous heat transfers during the charge and
discharge processes and avoid salt entrapment in these sections.

e The internal channel length was extended by moving the charge HX shell
closer to the tank bottom, specifically by the end of the vertical wall. This
adjustment could facilitate the involvement of salt at the tank bottom in natural
circulation within the tank.

e Thermal insulation was applied to the upper region of the charge HX shell and
to the lower region of the discharge HX shell to prevent undesirable heat
transfer from the HX shells to the tank body during the charge and discharge
processes.

In the subsequent step, PCM can be integrated into the system to further
enhance the thermal performance of the TES system, which is investigated in detail
in Section 5.4.
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Thermal
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Figure 5.2: Schematic of the thermocline TES systems: (a) reference case (Case 1),
and (b) the configuration with a modified geometry (Case 2).

It should be noted that the experiments proved that the impeller shown in Figure
5.1b would not affect the thermal performance of the TES system during the charge
and discharge processes [104]. Therefore, it is not operated in Case 1 (the reference
case) in this study and has been removed from the system in the modified geometry.

5.4 PCM integration

After modification of the tank geometry, layers of PCM tubes were introduced to
the system to reach two main objectives: improving thermal storage capacity
through the PCM latent heat, and stabilization of molten salt temperature at HXs
locations. The latter is achieved as the PCM phase change occurs at a nearly
constant temperature, providing more efficient thermal stratification within the tank
and making a sharper temperature gradient within the thermocline region.

In this respect, sets of PCM tubes were strategically inserted at various heights
in the tank. Specifically, PCM tubes were placed close to the top (discharge) HX
(Figure 5.3a, Case 3a), near the bottom (charge) HX (Figure 5.3b, Case 3b), and at
both top and bottom locations (Figure 5.3¢, Case 3c). This approach, involving
three different scenarios, allows for an examination of the effect of each PCM tube
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insertion on the overall performance of the thermocline TES system and on the
thermal stratification within the tank. Table 5.1 provides a summary of different
configurations considered in this study.

(2) (b) (©)

Figure 5.3: Thermocline TES systems integrated with PCM inserts at: (a) the top side
(Case 3a), (b) the bottom side (Case 3b), and (c) both top and bottom sides (Case 3c).

Table 5.1: Various thermocline TES systems considered in this study

Case No. Description

1 Reference case

2 Geometrically modified configuration

3a Geometrically modified + PCM at top location

3b Geometrically modified + PCM at bottom location

3c Geometrically modified + PCM at both top/bottom locations

For the configurations depicted in Figure 5.3, the selection of appropriate PCM
mediums is a critical step. This choice depends on the tank height and
corresponding expected salt temperatures, which, in turn, needs PCMs with suitable
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melting temperatures for each specific location. Furthermore, this approach
involves determining the most effective option for introducing PCMs through
finding a trade-off between maximizing PCM volume and maintaining an optimal
heat transfer surface area. In this regard, the criteria considered for the PCM
selection and their corresponding properties are detailed in Section 5.4.1.
Additionally, Section 5.4.2 represents the procedure of the geometrical
enhancement performed for the PCM tube banks introduced into the system.

5.4.1 PCM selection

As shown in Figure 5.3, two PCM tube banks are positioned at the top and
bottom of the tank. Hence, two distinct PCMs must be selected to align with the
expected salt temperature at each respective location. While the PCM melting
temperature is a critical parameter for this selection, other factors such as chemical
and thermal stability, cost and availability should also be taken into account.

Since maximum salt temperature at the top of the tank is expected to be 285 °C,
an appropriate choice for the PCM positioned at this location could be sodium
nitrite (NaNO;) with a melting temperature of 270 °C. Sodium nitrite exhibits
stability up to 330 °C [154], well above the maximum reachable salt temperature in
the thermocline TES system in this study. Moreover, sodium nitrite is commercially
available in large quantities at affordable prices [155]. The thermophysical
properties of sodium nitrite are provided in Table 5.2.

Table 5.2: Thermophysical properties of the PCMs

Properties PCM-1 PCM-2

Composition, wt.% NaNO: (100) LiNO3-NaNOs (57:43)
Phase change temperature, °C 270 193

Latent heat, kJ/kg 178 248

Specific heat, kJ/kg.K (solid/liquid) 1.6/1.77 1.53/1.75

Density, kg/m® (solid/liquid) 2170/1810 1880/1880

Thermal conductivity, W/m.K (solid/liquid) 0.67/0.53 0.54/0.54

Dynamic viscosity, Pa.s 3.0e-3 4.5e-3




5.4 PCM integration 93

Conversely, PCM located at the lower zone interacts with the coldest layers in
the tank, necessitating a melting temperature compatible with the salt temperature
at this region (190 °C). For this purpose, the mixture of LiNO3-NaNO3 (57:43 wt.%)
with a melting temperature of 193 °C was chosen to align with the salt temperature
at bottom. As reported in [156], this mixture demonstrates stability at very high
temperatures, up to 600 °C. Additionally, NaNO3, a component of this mixture, is
available in large quantities at economical prices [155]. Although LiNO3 might not
be the most cost-effective option, recent advancements in production technology
have significantly lowered costs, as indicated in [157]. According to [158], the
production of LiNO3 from lithium carbonate with nitric acid would further reduce
its cost. Table 5.2 summarizes the thermophysical properties of this mixture. It
should be noted that, due to a lack of data in the literature for the thermal
conductivity of LiNO3-NaNOs (57:43 wt.%), that of LiNO3-NaNO; (49:51 wt.%)
has been utilized in this study.

5.4.2 Geometrical optimization of the PCM tube banks

After the selection of the PCMs, the subsequent step is to define an optimal
geometrical strategy for the PCM inserts. As illustrated in Figure 5.3, the TES
system involves a bank of PCM toroidal tubes positioned at each region
(top/bottom) of the tank. This setup not only keeps the axisymmetric layout of the
tank, but can also allow us to locate PCMs at the desired height inside the tank.
Furthermore, the vertical motion of salt across the tubes simulates a cross-flow HX,
potentially leading to more effective heat transfer.

The vertical locations of the tube banks were determined according to the
thermal stratifications observed within the tank during the charge/discharge
processes in Case 2 (refer to Section 5.8.1). In particular, areas with minimal
differences in salt temperature were identified at each top and bottom zone,
considering the respective PCM melting temperature. The resulting height of the
tube banks would be approximately 420 mm for each zone, with the width
constrained by a portion of the tank radius between the internal vertical channel and
the tank inner wall, approximately 540 mm. The toroidal tubes were arranged in
rows using a staggered array configuration, forming equilateral triangles, as
depicted in Figure 5.4. This configuration could demonstrate more efficient thermal
performance in comparison with an inline configuration, particularly in cases of
low Reynolds numbers (Re = 200) [159,160].
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Figure 5.4: Staggered PCM tubes with equilateral triangles pattern, integrated into
the thermocline TES system.

The tube wall thickness, constructed from stainless steel (AISI 316), was
assumed to be 1 mm. The spacing between tubes was determined according to a
pitch-to-diameter ratio, specifically chosen as 1.25 to optimize the heat transfer rate,
as recommended in [159].

For the external diameter of the tubes, a parametric study is necessary to find a
balance between the PCM volume and the heat transfer surface area. This
optimization strategy will also influence the number of tubes accommodated within
a predefined region. Figure 5.5a and Figure 5.5b show heat transfer surface density
and PCM volume density, respectively, for various external tube diameters. The
former is defined as the ratio of heat transfer surface area to tube length, while the
latter is defined as the ratio of PCM volume to tube length. As can be seen,
increasing the tube diameter results in a decrease in the heat transfer surface area
(Figure 5.5a), while the PCM volume shows an upward trend with increasing the
tube diameter (Figure 5.5b). Nevertheless, minor fluctuations are observed in the
PCM volume trend due to a reduction in the number of tubes that can be
accommodated in a predefined region with an increase in the tube diameter. To
determine an optimal diameter, a balancing strategy was implemented, considering
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the average values as minimum requirements (approximately 40 m*m and 0.092
m?/m for heat transfer surface density and PCM volume density, respectively). In
this respect, an external diameter of 13 mm was selected, ensuring a heat transfer
surface density of approximately 40 m*/m and a PCM volume density of about
0.093 m?*/m (refer to Figure 5.5).
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Figure 5.5: Parametric optimization for obtaining the optimal tube external diameter:
(a) heat transfer surface density and (b) PCM volume density.

Consequently, 975 tubes were located in total in each designated region
(top/bottom). Each PCM tube bank individually accounts for approximately 7.7%
of the tank volume, resulting in a removal volume of the salt at 10.8% because of
the existence of the tube walls. Regarding the PCM integration at both top and
bottom locations, the contribution of PCMs would be about 15.4% of the tank
volume. This signifies about 14% enhancement in the thermal storage capacity of
the thermocline TES system. The key geometric parameters of the PCM tube banks,
as determined through the parametric optimization, are listed in Table 5.3.

5.5 CFD model

A transient two-dimensional CFD model was developed by using a commercial
software Star-CCM+ [140]. The main objective of this model is to investigate heat
losses and salt temperature distributions within the tank throughout the charge and
discharge processes. The thermophysical properties of the materials incorporated
into the CFD model are specified in [105].
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Table 5.3: Geometric parameters of the PCM tube banks for each (top/bottom) location

Parameters Value
Number of tubes in total 975
Number of rows 30

Number of tubes in each row (odd/even) 33/32

Height of the tube bank, mm 420
Width of the tube bank, mm 540
Pitch to diameter ratio 1.25
External tube diameter, mm 13
Thickness of the tube wall, mm 1

5.5.1 Computational domain, initial and boundary conditions

The CFD model developed for the thermocline TES system in this thesis is
based on that represented and validated against experimental data for the charge
and discharge processes in [105]. However, several modifications have been
introduced to the computational domain, initial and boundary conditions, which are
elaborated in this section.

Figure 5.6 illustrates the 2D axisymmetric computational domain of the CFD
model, encompassing molten salt, the air above the salt, thermal insulations, and
the stainless-steel (AISI 316) walls of the PCM tubes and of the charge/discharge
HXs. Furthermore, Figure 5.6 highlights various heights within the tank where salt
temperatures need to be monitored to facilitate the comparison among different
configurations. The motivations behind selecting these specific heights are
expressed in Section 5.8. As shown in Figure 5.6, the computational domain
excludes the oil in the charge and discharge HXs; instead, a Robin boundary
condition was introduced considering the heat transfer coefficient and the oil
temperature. The latter was determined through a linear variation along the axial
direction, taking into account the mean temperature for each loop [160]. The heat
transfer coefficient incorporates a convection between the oil and the tube wall, and
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a radial conduction within the tube wall. The former was computed using a proper
correlation for conical coil HXSs, as outlined in Eq. (5.1). This correlation has been
developed for conical coil HXs with an aperture angle of 135° [161], which closely
aligns with the configuration of the HXs in the present system (approximately
140°).

Nu = 0.136 De®8, pr—0-19 (5.1)

where Nu, De and Pr are the Nusselt, Dean and Prandtl numbers, respectively.

--_:/[ Ambient pressure and temperature }
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Figure 5.6: Computational domain and boundary conditions considered in the CFD
model.

As depicted in Figure 5.6, the PCMs and the tube walls are not included in the
computational domain, while a Robin boundary condition was implemented
instead. In this regard, the heat transfer coefficient and the PCM temperature were
determined through a lumped-parameter model developed for each PCM tube,
integrated with the CFD model (refer to Section 5.6).
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The CFD model incorporated the SST k- turbulence model, accounting for
the gravity effect within the computational domain. Based on the original design
specifications, an initial uniform temperature of 190 °C was assumed for the whole
TES system in the first cycle of the charge process. This assumption is based on the
premise that the TES system has already been fully discharged, reaching the
minimum design temperature within the entire storage tank. In addition, mass flow
rate of the mineral oil in the charge and discharge HXs was assumed to be 1 kg/s,
while the inlet temperatures were 300 °C and 175 °C in the charge and discharge
HXs, respectively.

5.5.2 Space and time discretization

The discretization of the computational domain led to the creation of a mesh
composed of polygonal cells. A mesh sensitivity study was conducted for Case 3a
with the number of cells varying from 8x10* to 3.2x10°. This analysis was carried
out with a heat load of 20 kW applied to the charge HX, while the transient stopped
at t=100 min. Figure 5.7 displays the results of this mesh independence study in
terms of the salt temperature at the tank top (h=2.36 m). According to Figure 5.7, it
was determined that a minimum of 2.26x10° cells is required to attain grid size
independent results. The chosen mesh demonstrated a deviation of less than 1% in
comparison with the most refined mesh investigated in this analysis. Considering
the same mesh settings for the cases without PCM, with one PCM tube bank at
bottom, and with two PCM tube banks at top/bottom locations, the minimum
numbers of cells would be 1.2x10°, 2.26x10°, and 3.34x10°, respectively. Figure
5.8 shows the computational mesh generated for the CFD model, with a specific
focus on the regions near PCM tubes.

Moreover, a sensitivity analysis was conducted concerning time discretization
to achieve an optimal compromise between computational time and result accuracy.
In this context, a range of time steps from 0.2s to 3s was investigated, and it was
concluded that a time step of 0.5 seconds with 50 internal iterations would provide
an optimal balance between computational time and result accuracy. This selection
results in a deviation of less than 1% in comparison with the smallest time step
investigated in this study, particularly in terms of the salt temperature at the topmost
layer of the tank.
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Figure 5.7: Mesh independence study investigating variations of the salt temperature
at h=2.36 m with the number of cells.

Figure 5.8: Computational mesh highlighting the regions near PCM tubes
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5.6 PCM lumped-parameter model

As detailed in Section 5.5.1, a Robin boundary condition was implemented for PCM
tubes, incorporating PCM temperature and heat transfer coefficient. These two
parameters were determined by a lumped-parameter model, integrated with the
CFD model. Figure 5.9 illustrates a schematic of heat transfer phenomena within a
PCM tube, as considered in the PCM lumped-parameter model. This approach
reduces computational costs by employing a validated (refer to Section 5.7)
simplified model, as opposed to involving more complex differential equations. The
following assumptions were considered in this model:

e The control volume is in the thermodynamic equilibrium at each moment.

e During the charge and discharge phases, PCM tubes are fully filled, and
variations in PCM volume are neglected [162].

e Throughout the charge and discharge phases, PCM temperature is spatially
uniform inside each tube [162].

,_ Heat conduction
in the tube wall

Heat transfer between
the wall inner surface

Tube Wall and the PCM

Figure 5.9: Schematic of heat transfer phenomena within a PCM tube as modelled in
the lumped-parameter approach.

As outlined in Figure 5.9, the heat transfer coefficient considered in the Robin
boundary condition encompasses a radial conduction within the tube wall and a heat
transfer occurred between the PCM and the inner surface of the wall. The latter can
occur through either conduction in the solid state (refer to Eq. (5.2)) or convection
in the liquid state (refer to Eq. (5.3)). Additionally, heat transfer during the phase
transition (melting or solidification) can be simulated by calculating the Nusselt
number and, consequently, determining the convective heat transfer coefficient
(refer to Eq. (5.4)).



5.6 PCM lumped-parameter model 101

qs = kg X 27Tx(Tw,i - TPCM,S) (5.2)
q = hy xwDix(Ty; — Tpem1) (5.3)
Ape = hpe X TDx(Tyy i — Tn) (5.4)

where ¢, q; and g, represent the radial conduction within the tube wall in the solid
state, liquid state and phase transition, respectively. Tpcy s and Tpepy; and Ty,
denote the PCM temperature in the solid state, liquid state and phase transition,
respectively. T, ; is the temperature of the tube’s inner wall, x and D; are the length
and the inner diameter of the tube, respectively. kg represents the PCM thermal
conductivity in the solid state, h; and h,. denote the convective heat transfer

coefficient in the liquid state and phase transition, respectively.

In Eq. (5.3), the term h; must be obtained by the Nusselt number, as provided
by Eq. (5.5), applicable for horizontal tubes exposed to natural convection [163].

Nu; = 0.35(Pr.Gr)%2> (5.5)

where Pr and Gr are the Prandtl and Grashof numbers, respectively.

In Eq. (5.4), the term hy, should be calculated exclusively for each charge and
discharge phase transition using the corresponding Nusselt number. Regarding the
charge process, it can be defined as [164]:

C
Nupc,ch = @ (56)

where C represents a function of controlling parameters, namely the dimensionless
parameters that dominate the heat transfer phenomenon during melting. The
determination of C is contingent upon the molten fraction, as detailed in [164]. ¥
is expressed as:

§40.66
V= G029 P04 40727002 (5.7)
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where St denotes the Stefan number. y and ¢ are the parameters taking into account
the effect of shell material thermal properties and sub-cooling of the system,
respectively, which can be defined as:

X =1—kpcm/kw (5.8)
{=1-T;/Ty (59

where kpcp and k,, are the thermal conductivity of the PCM and of the tube wall,
respectively, and T; represents the initial temperature of the system.

Regarding the discharge process, hy,gqiscn Can be obtained through the

respective Nusselt number, which is defined as [165]:
Ny giscn = 3.23 exp[—14.43(FoSte)] (5.10)

where Fo represents the Fourier number.

It is worth mentioning that Eq. (5.10) is applicable when FoSte > 0.015. For
the case of FoSte < 0.015, a linear correlation was applied, utilizing data derived
from [165].

For each state of the PCM (solid, liquid or phase change), the radial conduction,
occurring through the tube wall, can be computed by:

27X
s q1,dpc = kw (Two_Twi) (5.11)
P In(D, /D) * ™ ’

where D, represents the outer diameter of the tube and T, , is the temperature of
the tube’s outer wall, which is obtained from the CFD model.

In addition, the dynamic energy equations for solid and liquid states are
expressed as:

dT
PCM.s (5.12)

B = Meps g
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(5.13)

where M is the PCM mass, t represents time, ¢, s and ¢, ; denote the PCM specific
heat in solid and liquid states, respectively.

In the solid state, Eq. (5.2), (5.11) and (5.12) yield the three unknowns Tp¢yy s,
qs and T, ;. Regarding the liquid state, the three unknowns Tpcp, q; and T, ; can
be determined by Eq. (5.3), (5.11) and (5.13). During the phase change, as the PCM
temperature remains constant, only the two parameters g, and T, ; are unknown,
which can be determined by Eq. (5.4) and (5.11).

Moreover, the molten fraction must be progressively calculated during the
phase transition. Concerning the charge process, the molten fraction can be
calculated by [164]:

FoSt0-33 Gr0'27Pr0'37)(0'72(_0'02 1.8
9.5

MF,, =1—|1— (5.14)

Regarding the discharge process, the molten fraction can be obtained by [166]:

MF gisen, = [1 — (3.8F0St)1/2]” (5.15)

5.7 Model validation

In this section, validation of the present model against experimental data is
presented. In this regard, first, validation of the CFD model of the TES thermocline
tank is introduced using the experimental tests performed for the charge and
discharge phases. Then, the PCM lumped-parameter model is validated against the
experimental data for a spherical container in terms of PCM temperature during the
melting and solidification processes.

5.7.1 CFD model of the thermocline tank

As mentioned in section 5.5, the CFD model of the thermocline TES system
developed in the present work is based on that developed by [105], which has
already been validated against the experimental data collected from the charge and
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discharge tests. Figure 5.10 compares the results obtained by the CFD model with
those observed during the charging and discharging experiments in terms of salt
temperature stratification within the tank, reported in [105]. As shown, there is a
good agreement between the experimental and numerical results, with R? = 0.94 for
the charge test and R? = 0.93 for the discharge test. A good agreement could also
be observed between the results of the experiment and those of the CFD model in
terms of salt temperature at the channel ends for both charge and discharge tests.
After validation of the CFD model, the study employed it to explore heat losses and
salt temperature distribution within the tank during the charge and discharge
processes. Based on these investigations, several geometrical issues were reported
in the tank that could be mitigated by adopting appropriate enhancement measures.
The present work focuses on these issues to address ineffective geometric
characteristics of the TES system and to enhance its thermal performance by
implementing specific improvement strategies.
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Figure 5.10: Comparison between experimental and CFD results at the end of: (a) the
charging process and (b) the discharging process [105].

5.7.2 PCM lumped-parameter model

The PCM lumped-parameter model has been validated against experimental data
reported by [167]. As shown in Figure 5.11, the experimental setup involved two
isothermal water baths (A and B), a spherical glass with a diameter of 100 mm, five
thermocouples and a data acquisition unit. The sphere was filled with an organic
PCM (paraffin) with a melting interval of 45.8-50.3 °C. The first bath (bath A) was
employed to establish the initial temperature of the PCM inside the sphere, while
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the second bath (bath B) facilitated the melting or solidification of the PCM.
Throughout the experiment, PCM temperatures were measured by the five
thermocouples positioned along the sphere’s centerline, with the data recorded and
stored by a data acquisition unit.
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Figure 5.11: Schematic of the experimental setup established by [167]

The experimental procedure started with immersing the sphere into the bath A
for a sufficiently long period to attain the initial PCM temperature. Subsequently,
the sphere was quickly submerged into the bath B to initiate the melting or
solidification process. Regarding the melting process, an initial temperature of 30
°C was considered for the PCM, while a temperature of 60 °C was applied to the
Bath B. Conversely, for the solidification process, the PCM temperature was
initially considered to be 60 °C, while a temperature of 30 °C was applied to the
bath B.

To ensure consistency with the experimental setup, the model parameters were
adjusted, including the sphere’s diameter and PCM properties. Moreover, the initial
temperature of the PCM and the temperature of the tube’s outer wall were set based
on the experimental conditions for the melting and solidification tests. It is
noteworthy that the outer wall temperature was assigned to match the temperature
of the bath B. Figure 5.12a shows a comparison between the experimentally
measured temperature of the PCM (average from readings obtained by the five
thermocouples) and the PCM temperature computed by the lumped-parameter
model throughout the melting test. In Figure 5.12b, a similar comparison is made
for the solidification process. In both figures, PCM temperatures below 45.8 °C
represent the solid region, 45.8 °C to 50.3 °C correspond to the phase transition
region, and above 50.3 °C indicate the liquid region. The results shown in Figure
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5.12a and Figure 5.12b reveal a good agreement between the computed values and
the experimental data across all states (solid, liquid and phase transition) throughout
the melting and solidification processes. The coefficient of determination (R?) is
approximately 0.97 for both cases, indicating a strong correlation between the
calculated values and the experimental observations.
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Figure 5.12: Comparison between the experimental data reported by [167] and the
computed results in terms of PCM temperature for: (a) melting and (b) solidification tests.

5.8 Results and discussion

Several charge-discharge cycles were simulated for various TES configurations by
employing the CFD model explained in section 5.5. According to the primary
design, an initial uniform temperature of 190 °C was assumed for the whole TES
system in the first charging cycle. For the first discharging cycle, the initial
temperature would be the same as the temperature distribution resulted at the end
of the first charging cycle. Similarly, for the second charging cycle, the initial
temperature would be equal to the temperature distribution achieved at the end of
the first discharging cycle. Several charge-discharge cycles were simulated until
reaching a stable cycle, in which temperature distributions were equal for two
consecutive charge-discharge cycles. Figure 5.13 shows temperature profiles at the
end of four charge-discharge cycles for Case 2 and Case 3c. As shown, after four
charge-discharge cycles, stable temperature distributions can be attained within the
tank. Moreover, charging and discharging durations would be equal for the third
and fourth cycles, as shown in Figure 5.14. It can be concluded that the fourth cycle
would be the stable cycle. Therefore, the results presented in this section are
provided for the fourth cycle for various configurations.
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Figure 5.13: Comparison of cyclic operation in terms of temperature distribution
profiles at the end of each charging/discharging process for Case 2 (without PCM) and
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In this section, the thermal performance of various TES systems introduced in
Section 5.2 is investigated. For this purpose, the temperature distributions of salt
within the tank are presented during the charging and discharging processes. This
analysis is conducted for two scenarios: the configuration with a modified tank
geometry, as detailed in Section 5.8.1, and the one incorporating PCM tubes, as
outlined in Section 5.8.2. Finally, different configurations are compared in terms of
thermal performance parameters, as discussed in Section 5.8.3.

5.8.1 Thermocline energy storage system with a modified
geometry

To assess the influence of the geometrical improvement measures detailed in
Section 5.3 on the distribution of salt temperatures, a comparative analysis is
required between the modified configuration (Case 2) and the reference case (Case
1). This evaluation is conducted for the charging process, as discussed in Section
5.8.1.1, and for the discharging process, as outlined in Section 5.8.1.2.

5.8.1.1 Charge process

The temperature evolution of molten salt during the charging process is
depicted in Figure 5.15 for Case 1 and Case 2 considering various heights within
the tank. In general, the charging process stops when the salt temperature reaches
285 °C on average within the entire tank to achieve the desired temperature at the
end of the charging process. However, due to inefficient geometrical features of
Case 1, as discussed in section 5.3, much longer charging duration would be
required for this configuration, compared to Case 2. As illustrated in Figure 5.15,
the charging process takes 417 min for Case 1 and 282 min for Case 2. Nevertheless,
the average salt temperature could not reach 285 °C in Case 1, despite a much longer
duration compared to Case 2. In fact, since the lowest zone of the tank in Case 1
does not contribute to the natural circulation within the tank, reaching the desired
temperature of 285 °C is almost impossible for this configuration, and requires a
duration longer than 1000 min (not shown here). It should be noted that very long
charging duration might lead to a frozen salt at the bottom of the tank as salt
temperature at this region is continuously decreasing. Therefore, the charging
transient should stop at a certain time to prevent from salt freezing. This fact can be
observed in Figure 5.15, where Case 1 lacks participation of the lowest zone in
natural circulation, leading to a persistent temperature decrease at H=0.13 m
because of the heat dissipation to the environment. In contrast, involvement of the
lowest zone in natural circulation in Case 2 is evident as the salt temperature at
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H=0.13 m begins to rise significantly around t=110 min. It can be concluded that
the geometric enhancement in Case 2 results in an improvement in the thermal
performance, as the entire mass of salt in the tank is engaged in the charge process.
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Figure 5.15: Salt temperature evolution during the charge process at different heights
within the tank: comparison between the reference and the optimized cases.

Figure 5.16 displays the distribution of salt temperature along the vertical
direction within the tank for Case 1 and Case 2 at the end of the charging process.
As already explained, the average salt temperature reached 285 °C at the end of the
charging process for Case 2, while it could not reach this desired value for Case 1
and reached about 281 °C after 417 min. It is evident from Figure 5.16 that in Case
1, salt temperature is slightly higher at the higher heights within the tank because
of the extended duration of the charging process. However, due to the lack of
contribution to the natural circulation within the tank at the bottom region in Case
1, salt temperature is substantially higher for Case 2 at this region.

The temperature field is also depicted in Figure 5.17 at the end of the charging
process for both cases. Analysis of Figure 5.17 reveals that, for Case 2, the heated
volume of the salt within the tank is more extensive compared to Case 1, in which
the salt at the bottom zone remains cold by the end of the charging process. This
means that the actual storage volume of the tank has increased in the modified
geometry. This substantial difference, attributed to the geometrical modification,
indicates a significant enhancement in the thermal performance of the system
during the charging process, as elaborated in Section 5.8.3.
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Figure 5.16: Salt temperature distribution along the vertical direction within the tank
at the end of the charging process: comparison between the reference and the optimized
cases.
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Figure 5.17: Temperature fields at the end of the charging process
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5.8.1.2 Discharge process

The temperature evolution of molten salt during the discharging process is
displayed in Figure 5.18 for Case 1 and Case 2 considering various heights within
the tank. Similarly to the charge process, in both cases, the discharge transient
stopped when the average salt temperature within the entire tank reached 190 °C,
according to the primary design specifications. As shown in Figure 5.18, the
discharging process takes 400 min and 340 min for Case 1 and Case 2, respectively.
The extended duration of the discharging process in Case 1 is attributed to a smaller
volume of hot salt involved in the discharging in this configuration. The lower
volume of hot salt involved in the discharge process in Case 1 also results in a more
rapid decrease in the temperature of the topmost layer compared to Case 2, as
illustrated in Figure 5.18.
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Figure 5.18: Salt temperature evolution during the discharge process at different
heights within the tank: comparison between the reference and the optimized cases.

Figure 5.19 shows the distribution of salt temperature along the vertical
direction within the tank for Case 1 and Case 2 at the end of the discharging process.
As mentioned earlier, both systems reach an average salt temperature of 190 °C at
the end of the discharging process. However, contribution of a smaller volume of
hot salt to the discharging process in Case 1 allows for reaching a lower salt
temperature at the topmost layer at the end of the discharging process. This
temperature difference can also be seen in the temperature fields depicted in Figure
5.20, where the maximum salt temperature is 235 °C for Case 1, which is lower
than that for Case 2 (249 °C).
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Figure 5.19: Salt temperature distribution along the vertical direction within the tank

at the end of the discharging process: comparison between the reference and the optimized
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Figure 5.20: Temperature fields at the end of the discharging process
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5.8.2 Thermocline energy storage system with PCM inserts

This section evaluates the impact of the PCM integration on the thermal
performance of the thermocline TES system. For this purpose, salt temperature
distributions are compared for various configurations, encompassing the
geometrically modified case without PCM inserts, as well as diverse scenarios
involving PCM insertions during the charge process (refer to Section 5.8.2) and the
discharge process (refer to Section 5.8.2.2).

5.8.2.1 Charge process

Figure 5.21 shows the distribution of salt temperature along the vertical
direction within the tank for various configurations during the charging process. It
is evident from Figure 5.21a that, by t=50 min in Case 3b and Case 3c, portions of
PCMs at the bottom location were completely melted, while lower rows of the PCM
bank still continue to melt, resulting in a plateau in the salt temperature. Upon
complete melting of the whole PCM bank at the bottom location, the plateau
disappears, enabling the salt to attain higher temperatures than the PCM melting
point (Figure 5.21b, c, d). Furthermore, Figure 5.21a suggests that the thermocline
is less sharp for Case 3a and Case 3¢ compared to Case 2 and Case 3b. This
observation is attributed to the substantial thermal conductivity of the PCM tubes,
particularly the tube walls. The PCM tube bank functions as a conductive layer,
expediting heat transfer between the cold salt below the PCM tube bank and the hot
salt above it. This leads to a less sharp thermocline once the thermocline region is
close to the upper PCM region. This temperature profile is still kept later during the
charging process. Consequently, the salt in the lower regions of the tank
experiences an earlier temperature increase in the presence of the upper PCM,
resulting in a sharper thermocline for Case 2 and Case 3b compared to Case 3a and
Case 3c.

At the subsequent time point (t=120 min in Figure 5.21b), the PCM melting
process persists at the top location at specific heights of Case 3a and Case 3¢, while
the entire PCM bank is melted by the next time point (=200 min in Figure 5.21c).
Furthermore, the PCM at the top location influences the salt temperature not only
in the PCM region but also below it; any layers beneath the PCM region could
achieve a stabilized salt temperature near the PCM melting point. This occurs
because the salt moves downward from the PCM location at a consistent
temperature while the PCM is melting. However, as depicted in Figure 5.21d,
differences in temperature distributions are minimal among various configurations



114 Enhancement of a Thermocline Energy Storage System: Geometrical and Phase
Change Material (PCM) Strategies

at the end of the charging process when average salt temperatures of 285 °C are
achieved.
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Figure 5.21: Salt temperature distributions along the vertical direction within the tank
during the charging process for Case 2 (without PCM), Case 3a (with PCM at top), Case
3b (with PCM at bottom) and Case 3¢ (with PCM at top and bottom).

The temperature evolution of molten salt during the charging process is
displayed in Figure 5.22 for different configurations at PCM inserts heights.
Notably, while Case 2 undergoes a charging process lasting 282 min, this duration
extends for the cases with PCM inserts: 292 min, 285 min and 300 min for Case 3a,
Case 3b and Case 3c, respectively. The prolonged charge transient in the
configuration with PCM inserts at both top and bottom locations is primarily
attributed to the extended time required for PCM phase change. For the PCM in the
top region, melting duration is approximately 35 min (Case 3a and Case 3¢ in Figure
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5.22a), while for the PCM located in the bottom region, melting duration is about
30 min (Case 3b and Case 3¢ in Figure 5.22b).
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Figure 5.22: Salt temperature evolution during the charging process at PCM inserts
heights considering Case 2 (without PCM), Case 3a (with PCM at top), Case 3b (with PCM
at bottom) and Case 3c (with PCM at top and bottom).

5.8.2.2 Discharge process

Figure 5.23 displays the distribution of salt temperature along the vertical
direction within the tank for various configurations during the discharging process.
At t=50 min (Figure 5.23a), the PCM impact is not evident as the salt temperature
is still higher than the PCM solidification temperature at each top or bottom
location. Additionally, it can be seen in Figure 5.23a that the configurations with
PCM in the bottom region (Case 3b and Case 3c) exhibit a less sharp thermocline
in comparison with Case 2 and Case 3a. As discussed in Section 5.8.2, the PCM
tube bank serves as a conductive layer because of a high thermal conductivity
provided by the PCM tubes, facilitating heat transfer between the cold salt below
the PCM bank and the hot salt above it. Consequently, the salt temperature above
the lower PCM bank decreases earlier during the discharge process, leading to a
less sharp thermocline for the configurations with PCM at the bottom location.

Investigating the subsequent time point (t=120 min in Figure 5.23b) reveals that
the PCM solidification process persists at both top and bottom locations at specific
heights of Case 3a, Case 3b and Case 3c, while complete solidification occurs by
t=200 min (Figure 5.23c). Moreover, in Case 3b and Case 3¢, the PCM at the bottom
location slightly influences the regions above the PCM zone through stabilizing the
salt temperature. This occurs because the salt moves upward from the PCM location
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at a consistent temperature during the PCM solidification. However, at the end of
the discharging process when an average salt temperature of 190 °C is achieved,
differences in temperature distributions are minimal among various configurations,
as depicted in Figure 5.23d.
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Figure 5.23: Salt temperature distributions along the vertical direction within the tank
during the discharging process for Case 2 (without PCM), Case 3a (with PCM at top),
Case 3b (with PCM at bottom) and Case 3¢ (with PCM at top and bottom).

Figure 5.24 shows the temperature evolution of molten salt at PCM inserts
heights for different configurations during the discharging process. As can be
observed, the configurations with PCM inserts exhibit longer transients in
comparison with the case without PCM. The discharge transient durations are 340
min, 348 min, 348 min, and 350 min for Case 2, Case 3a, Case 3b, and Case 3c,
respectively. This difference is primarily attributed to the extended time required
for PCM phase change. As shown in Figure 5.24a, for all configurations, there is a
moderate decline in salt temperature at H=1.92 m at the beginning of the transient,
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followed by a sharp decrease at a particular time (between t=120 min and t=150
min for various cases). This sharp trend results in a significant temperature gradient
in the top zone of the tank, expediting the PCM solidification in Case 3a and Case
3c. A comparison between Figure 5.24a and Figure 5.24b reveals a more prolonged
solidification process for the PCM at the bottom location (approximately 30 min
for Case 3b and Case 3c in Figure 5.24b) in comparison with the PCM at the top
location (approximately 10 min for Case 3a and Case 3¢ in Figure 5.24a). This
longer duration for the PCM at the bottom location is due to a slight temperature
gradient in the bottom zone of the tank during the discharging process.
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Figure 5.24: Salt temperature evolution during the discharge process at PCM inserts
heights considering Case 2 (without PCM), Case 3a (with PCM at top), Case 3b (with PCM
at bottom) and Case 3¢ (with PCM at top and bottom).

5.8.3 Comparative performance analysis

To evaluate the thermal performance of the various TES systems introduced in
the present study, conducting a thorough comparative analysis is essential. In this
regard, stored and recovered energy are provided for different configurations during
the charge and discharge processes. Additionally, a comparative performance
analysis is carried out based on the performance parameters defined for the charge
and discharge processes. For this purpose, three key parameters are defined,
including charging efficiency, discharging efficiency, and overall efficiency.

The charging efficiency is computed by [168]:
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Estored

Nen = (5.16)

E input,oil

where Eto.cq represents the energy stored within the system and Ejppy¢ 04 denotes

the energy provided by the oil in the charge process.

The discharging efficiency can be given by [168]:

Erecovered,oil

Naisch = (5.17)

Estored

where Ejqcoveredonn Tepresents the energy recovered by the oil in the discharge
process.

The overall efficiency can be expressed as [106]:

Erecovered oil
Noveratl = Mcn-Ndisch = E (5.18)
input,oil

Figure 5.25a illustrates the stored and recovered energy during the charge and
discharge processes and Figure 5.25b outlines the performance parameters for
various TES systems. As shown in Figure 5.25a, in the absence of PCM, the
geometrically modified configuration demonstrates a greater stored energy during
the charging process compared to the reference case (approximately 256 kWh and
248 kWh, respectively), reflecting a 3% increase. Similarly, the modified
configuration exhibits a higher energy recovery during the discharging process in
contrast to the reference case (approximately 234 kWh and 229 kWh, respectively),
representing an increase of 2.3%. This enhanced performance is attributed to the
involvement of a larger salt volume in the process, facilitated by the implemented
geometric modifications.

Furthermore, additional improvements in both stored and recovered energy are
attainable through the PCM integration, owing to the enhanced capacity for heat
storage and heat release facilitated by the latent heat of PCM. As shown in Figure
5.25a, the highest levels of stored and recovered energy are observed in Case 3c,
where PCMs are integrated at both top and bottom locations (approximately 290
kWh and 264 kWh, respectively). This signifies that the PCM integration would
increase the stored and recovered energy by 13.6% and 12.7%, respectively.
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Figure 5.25: Comparative performance analysis of various TES systems in terms of:

(a) stored and recovered energy, and (b) charging, discharging and overall efficiency.

Furthermore, it is evident from Figure 5.25b that despite a slight difference in
the discharging efficiency between the configuration with a modified geometry
(Case 2) and the reference case (Case 1), the charging efficiency is much higher for
Case 2 with 91.5%, compared to case 1 with 84.2%. This huge difference is due to
addressing ineffective geometric features of the reference case, leading to a more
efficient heat storage by involving the entire tank in the charging process. This
improvement also resulted in a remarkable difference in the overall efficiency, with
77.6% and 84% for case 1 and case 2, respectively.
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Additionally, Figure 5.25b indicates that the PCM integration results in an
increase in the charging efficiency. Among all configurations, Case 3c achieves the
greatest charging efficiency with 94.3%. Improved charging efficiency with the
PCM integration implies a decrease in the ratio of heat loss to the energy supplied
by the oil in the charge process. This could be due to the effective absorption of the
thermal energy by the PCMs, reducing thermal losses to the environment.
Concerning the discharge process, the discharging efficiency slightly decreases by
the PCM integration, with a maximum reduction of about 1% for Case 3c. This
minor reduction in the discharging efficiency could be due to the fact that the PCMs
contribute to thermal losses to a slightly greater extent than the molten salt.
However, the configurations with the PCM inserts indicate higher overall
efficiencies compared to the case without PCM. Case 3c achieves the highest
overall efficiency with 85.7%, highlighting a 1.7% increase compared to Case 2.

Overall, investigation of Figure 5.25 reveals that the PCM integration not only
increases stored and recovered energy during the charging and discharging
processes, but also enhances the overall efficiency of the charge-discharge cycle.
Consequently, incorporating the PCMs into the thermocline tank would be
beneficial for the TES system.

5.9 Concluding remarks

This chapter presented enhanced configurations of TES systems based on the
thermocline technology. The study performed enhancement strategies on a
reference case (Case 1) in terms of geometrical modification and PCM integration.
In this regard, the tank geometry was adjusted to move the charge HX shell to the
tank bottom, promoting natural circulation of the salt. Thermal insulations were
also considered for both HX shells to prevent disadvantageous heat transfer during
the charge and discharge processes (Case 2). Subsequently, PCM tubes were
strategically inserted at various heights within the tank, positioned near the top
(discharge) HX (Case 3a), near the bottom (charge) HX (Case 3b) and at both top
and bottom locations (Case 3c). This integration of PCM could facilitate an
augmentation in the thermal storage capacity of the system through the PCM latent
heat and could stabilize the salt temperature at the HX locations. Based on the
anticipated salt temperatures in each region, NaNO; and LiNO3-NaNO; (57:43
wt.%) were selected for the top and bottom locations, respectively. The geometric
properties of the PCM tube banks were determined through a geometrical
optimization conducted on the PCM inserts.
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To determine the distribution of salt temperature within the tank, a validated
transient 2D CFD model was developed, accounting for buoyancy-driven salt
motion during the charge and discharge processes. This model was linked with a
PCM lumped-parameter model, intending to compute PCM temperature and the
corresponding heat transfer coefficient. The model was validated against
experimental data.

Investigation of the TES systems during the charge process revealed that, due
to inefficient geometrical features of Case 1, much longer charging duration would
be required for this configuration, compared to Case 2. However, the average salt
temperature could not reach the desired value of 285 °C in Case 1, despite a much
longer duration compared to Case 2. In fact, since the lowest zone of the tank in
Case 1 does not contribute to the natural circulation within the tank, reaching the
desired temperature of 285 °C is almost impossible for this configuration. As a
result, the modified configuration signifies a higher stored energy in comparison
with the reference case at the end of the charge process, reflecting a nearly 3%
increase. Concerning the discharge process, geometrical enhancement measures
resulted in a shorter transient for the modified configuration. The extended duration
of the discharging process in Case 1 is attributed to a smaller volume of hot salt
involved in the discharging in this configuration. In addition, a greater amount of
energy was recovered by the modified case in comparison with the reference case,
indicating a 2.3% increase. The increased energy stored and recovered by the
modified tank implies an enhancement in the thermal performance of the TES
system. This improvement was also confirmed by evaluating the key performance
parameters of the systems, where an increase of 6.4% was observed in the overall
efficiency of the charge-discharge cycle for Case 2.

The PCM integration indicated a further improvement in the thermal
performance of the thermocline TES system. For both charging and discharging
processes, PCM insertion prolonged the transient duration because of the extended
time required for PCM phase change. The configuration with PCM in both top and
bottom regions (Case 3c) had the most prolonged transient. Case 3¢ also
demonstrated the greatest stored and recovered energy due to the PCM latent heat,
implying an increase of approximately 13.6% and 12.7% respectively, compared to
Case 2.

Additionally, the PCM integration enhanced the charging efficiency of the
thermocline TES system. Among all configurations, Case 3c achieved the highest
charging efficiency with 94.3%. However, the discharging efficiency experienced
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a slight decrease by the PCM integration, with a maximum reduction of about 1%
for Case 3c. Regarding the overall efficiency of the charge-discharge cycle, Case
3¢ demonstrated the most efficient performance with an overall efficiency of
85.7%, indicating a 1.7% increase compared to Case 2. In conclusion, the PCM
integration would be advantageous to the TES system since it not only increases
stored and recovered energy, but also enhances the overall efficiency of the charge-
discharge cycle.



Chapter 6

Conclusions and Perspective

This dissertation aims to propose effective solutions for enhancing the overall
performance and minimizing the costs of different CSP technologies, thereby
strengthening its competitiveness compared to other renewable systems. To achieve
this goal, two key components of linear CSP technologies including receiver unit
and TES system were investigated computationally to identify strategies for
improving their operational performance and reducing the costs. In addition, a
comparative techno-economic analysis of various linear CSP technologies was
conducted to provide detailed guidelines for the selection of the most profitable
technology.

Three main investigations were carried out through computational studies: firstly,
the optimization of the photo-thermal performance of a PTC by implementing
multiple selective coatings arrayed along the receiver tube; secondly, a comparative
techno-economic assessment of various linear CSP technologies, including PTC
and LFC with evacuated and non-evacuated receiver tubes; thirdly, the thermal
performance enhancement of a case study thermocline TES system through
geometrical modifications and PCM integration.

Conducting a computational study to identify the photo-thermally optimized
configuration of a PTC receiver tube was the primary focus of this research. The
present study adopted an approach in which multiple selective coatings are arranged
along the collector line based on their photo-thermal performance at various HTF
temperatures (290 °C to 550 °C). A lumped-parameter model was developed along
the radial direction of the receiver tube to calculate absorber tube wall temperature
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and heat losses at different HTF temperatures. Then, a 1D model was developed
along the collector axis, employing heat losses correlations, to determine HTF
temperature profile along the receiver tube. Furthermore, the tube wall temperatures
computed by the lumped-parameter model were utilized to obtain photo-thermal
efficiencies for six selective coatings. The results showed that the most photo-
thermally effective distribution encompasses three selective coatings, characterized
by three temperature ranges. A negligible difference of less than 1% was observed
between the results obtained for wind speeds of 0 and 15 m/s, due to the thermal
insulation provided by the vacuum in the gap region. The optimized PTC
configuration benefitted from an increase of 0.5-1.9% in the overall photo-thermal
efficiency compared to the single-coated collectors. In addition, this strategy might
offer financial advantages since the more expensive selective coatings is applied
only to the final segment of the collector. Consequently, considering any given solar
heat flux, HTF temperature range and mass flow rate, a shorter PTC receiver tube
is required for an optimized configuration, incurring lower costs.

The second critical goal of this study was to perform a techno-economic
feasibility assessment of linear CSP systems. In this respect, four CSP technologies
were investigated, comprising PTC and LFC with evacuated and non-evacuated
receiver tubes. This study was carried out based on the LCOE considering four
different locations worldwide, characterized by various levels of DNI. The LCOE
depends on economic data and net annual energy yield. While economic data was
derived from literature, net annual energy yield was calculated by a 1D axial model,
incorporating hourly meteorological data for the entire year. This 1D model was
supported by an optical ray-tracing model to provide incident solar power on the
tube, and by a radial lumped-parameter model to obtain heat losses for various HTF
temperatures. Moreover, a 2D steady-state CFD model was developed in the case
of the LFC receiver unit, where the presence of the secondary reflector necessitates
computing ad-hoc correlations for the convective heat transfer between the glass
tube and the environment. The results of the CFD study revealed that convective
heat loss is substantially lower in the LFC receiver unit compared to the PTC owing
to the semi-cavity impact of the secondary reflector, protecting the receiver tube
against wind. According to the results of the annual-based thermal performance
analysis, the PTC could provide higher net annual energy yield compared to the
LFC because of the higher optical efficiency. This difference is less significant in
the case of non-evacuated tubes due to lower heat losses from the LFC receiver
tube. Furthermore, conducting an economic analysis demonstrated that the
evacuated PTC is the most economical configuration among various linear CSP
technologies. This is mainly owing to the higher optical efficiency and,
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consequently, higher net annual energy yield, which outweighs the higher capital
cost of the PTC. However, for the non-evacuated configuration, the LFC could be
more economical than the PTC, where the lower capital cost is more dominant than
the lower net annual energy yield. In addition, this study reported that the cost of
evacuation could be justified due to an enhancement in the thermal performance,
leading to a lower LCOE for the evacuated tubes compared to the non-evacuated
ones. Finally, a sensitivity study was carried out based on the key parameters
influencing the LCOE. It was found that an improvement of nearly 6% in the annual
optical performance of the evacuated LFC could result in the same LCOE of the
PTC. Similarly, a reduction of about 4% in the capital cost of the evacuated LFC
could make it as economical as the PTC.

Finally, the third objective of this dissertation was to present enhanced
configurations of the thermocline TES system. For this purpose, two enhancement
measures were implemented in a case study, including geometric modifications and
PCM integration. To modify the tank geometry, the charge HX shell was moved to
the tank bottom, and thermal insulations were provided for both HX shells. In the
subsequent step, PCM toroidal tubes were incorporated into the tank with three
strategies: near the top (discharge) HX, near the bottom (charge) HX and at both
top and bottom locations. This policy could result in an increase of about 23% in
the thermal storage capacity of the TES system caused by the PCM latent heat.
Furthermore, incorporating PCM tubes into the TES system could stabilize the salt
temperature close to the HX locations. To compute the distribution of molten salt
temperature within the tank, a transient 2D CFD model was developed. In the
presence of the latent heat, this model was coupled with a PCM lumped-parameter
model to provide PCM temperature and heat transfer coefficient. Based on the
results obtained for the charge and discharge processes, the geometrically modified
configuration demonstrated a shorter transient compared to the reference case. This
is mainly due to the contribution of the tank bottom in the thermal stratification
within the system. As a result, the modified TES system could attain an increase of
about 3% and 2.3% compared to the reference case in terms of stored and recovered
energy at the end of the charging and discharging processes, respectively. This
performance improvement was also proven by investigating the key performance
parameters, where an increase of about 6.4% was observed in the overall efficiency
of the charge-discharge cycle by the geometric modification. PCM integration
could also further enhance the thermal performance of the TES system. Regarding
both charging and discharging processes, PCM insertion led to an extended
transient duration owing to the prolonged time required for PCM phase change. The
case with PCM at both top and bottom locations exhibited the greatest stored and
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recovered energy due to the PCM latent heat, implying an increase of about 13.6%
and 12.7% respectively, compared to the case without PCM. This configuration
could also achieve the highest overall efficiency of the charge-discharge cycle with
85.7%, indicating a 1.7% increase compared to the case without PCM. It can be
concluded that the PCM integration would be advantageous to the TES system due
to the increase of stored energy, recovered energy, and overall efficiency of the
charge-discharge cycle.

In perspective, the present dissertation could motivate several future
investigations:

e The photo-thermal optimization study performed for the PTC might be
further extended by conducting a techno-economic feasibility assessment
to quantify the economic advantages offered by the adopted strategy.

e The two ad-hoc correlations developed for the Nusselt number in the LFC
receiver unit could be validated through experimental studies.

e  The techno-economic analysis of linear CSP systems might be conducted
considering different selective coatings, particularly for the non-evacuated
configuration, which encounters the issue of the stability in air at high
temperatures.

e The impact of the enhancement strategies employed for the thermocline
TES system could be further investigated by system-level modelling of the
CSP plant, encompassing solar field, TES system and power block.

e The thermocline TES systems proposed in this dissertation could be
developed experimentally to validate the results obtained for the charge
and discharge processes.
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