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0. INTRODUCTION

Climate change is certainly one of the most pressing global challenges of our time, affecting the
environment, human societies, and the overall well-being of future generations. As the world
experiences rising temperatures, shifting weather patterns, and increasing extreme events, there is an
urgent need to transition towards sustainable and clean energy sources [1]. The energy sector plays a
crucial role in climate change mitigation and adaptation efforts. The burning of fossil fuels, such as
coal, oil, and natural gas, for energy production, releases Green House Gases (GHGSs) into the
atmosphere, leading to the enhanced greenhouse effect and global warming [2] . To mitigate and
control climate change, it is necessary to reduce GHG emissions by transitioning from fossil fuel-
based energy systems to low-carbon alternatives. According to the International Energy Agency [3],
industrial heat makes up two-thirds of industrial energy demand and almost one-fifth of global energy
consumption. Since most of the industrial heat is produced by fossil fuel combustion, it creates a
substantial stream of CO> emitted every year [4] . Decarbonizing the heat production field requires a
significant shift in generating industrial heat, especially in the high and medium-temperature heating
sectors [5].

Solar energy, as a clean and abundant source of power, is a viable solution to satisfy population energy
needs and the urgent global challenge of climate change. While solar photovoltaic (PV) systems are
widely recognized for their ability to convert sunlight directly into electricity [6], solar energy can
also be harnessed to produce heat. The benefits of solar thermal energy extend beyond environmental

considerations.

ABiausoig
|BWay) Jejos
|ELLBY |08
JHQ Agemauay

foumoa)a ajgemauay

Industry | @ Buildings Agriculture

| I | | I | | |

| I | I | | I |
NG G R A g

Figure 1 Annual heat consumption by source 2020-2022 [3]
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Solar heating systems can provide energy independence and resilience, particularly in areas with
limited access to conventional energy sources or vulnerable to disruptions in energy supply.
Moreover, solar thermal technologies offer long-term cost savings, as they rely on free and abundant
sunlight rather than expensive fossil fuels.

Solar collectors’ technology is constantly evolving, enabling the spread of their use to an increasing
number of utilizations [7]. The trend of the annual global change in renewable heat consumption by
source in 2022 [3] shows that the more significant portion of the 150 PJ of extra energy produced by
solar thermal technology in the former year was used to satisfy the building sector energy demand
and just a small amount the industrial heat demand (Fig.1).

One of the most common applications of solar thermal technology is water heating [8]. Solar water
heaters consist of flat-plate or evacuated tube collectors that absorb sunlight and transfer the captured
heat to water, which is then stored in a tank for later use. Solar water heating systems have proven to
be highly efficient, cost-effective, and environmentally friendly alternatives to conventional water
heating methods that rely on fossil fuels [9].

In addition to water heating, solar thermal energy finds applications in space heating, where it can be
used to warm indoor spaces in residential, commercial, and industrial buildings [10]. Solar thermal
systems can also be integrated with existing heating systems, such as radiant floor heating [11] or
forced air systems, to provide supplementary heat or meet a significant portion of the heating demand.
Moreover, solar thermal energy has the potential to cater to a wide range of industrial processes that
require heat, such as food processing, chemical production, and drying applications [12].

Within the industrial sector, process heat at the mid-temperature range of 100 °C + 200 °C weighs
21% of the overall industrial demand for heating and cooling.

Solar thermal energy systems can be classified into three categories regarding operating temperature:
Low-temperature systems (<150 °C) include Conventional Flat Plate Collectors, Evacuated Tube
Collectors, and Compound Parabolic Collectors; Medium-temperature systems (from 150 to 400 °C)
are Parabolic Trough Collectors, Linear Fresnel Collectors while as High-Temperature systems (>400
°C) can be classified Large Parabolic Trough Collectors and Linear Fresnel Collectors [13]. Flat Plate
(FP) systems are the most fundamental and studied technology for solar-powered domestic hot water
systems. The overall idea behind this technology is simple. They can collect diffuse and direct rays
without solar tracking, being cheaper than concentrating collectors [14]. However, Conventional Flat
Plates are mostly used in applications requiring temperatures lower than 100 °C since they experience
high thermal losses caused by conduction, convection, and radiation. The conduction heat losses
occur from the sides and the back of the collector plate, the convection heat losses take place from
the absorber plate to the glazing cover, and the radiation losses occur from the absorber plate to the
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envelop [15]. To minimize conduction loss, it should be used use materials with low thermal
conductivity, whereas a drastic reduction of convective losses to a negligible value can be obtained
by evacuating the space around the absorber plate [16].

In recent years, a novel architecture has emerged to overcome these limitations: a flat collector hosting
an unconcentrated plate absorber operating under vacuum insulation that, in this thesis, will be
indicated as High Vacuum Flat Plate Collector (HVFPC). This solution is more appealing than
traditional evacuated tube collectors due to its reduced size, larger fill factor, wider acceptance angle
for solar light, and lack of need for a tracking system. The concept was originally introduced by Eaton
and Blum in 1975 [17], who applied a moderate vacuum pressure of 1 mbar to a flat plate collector.
This approach significantly reduced thermal losses by suppressing internal convective motions,
limiting heat transfer to residual gases through conduction only. By filling the envelope with Krypton
at a pressure of 50 mbar, the efficiency reached an impressive 45% at an absorber temperature of 150
°C [18]. Moss et al. conducted tests on a small-scale prototype of a non-concentrated flat plate thermal
collector, further reducing the internal pressure to below 5x10 mbar, thereby minimizing the thermal
conduction of residual gases to a negligible level [19]. Their work demonstrated the potential to
convert a larger quantity of solar energy annually compared to concentrated evacuated tubes,
exceeding 60%, due to a wider acceptance angle that allows for the collection of more diffuse solar
light and a higher fill factor of the overall area.

Furthermore, two companies, SRB Energy in 2005 [20] and TVP Solar in 2008 [21], proposed
commercial flat panels operating under high-vacuum insulation, although only the latter is currently
active. A recent study presents impressive results from a 50 m? installation of TVP Solar panels,
obtained through four months of testing under normal operating conditions [22]. These panels
achieved a global efficiency of 50% at an absorber temperature of 150 °C, surpassing other mid-
temperature solar thermal collectors. This performance could potentially be improved with the use of
a suitable absorber. The TVP Solar panels were equipped with Mirotherm® from Alanod [23], a
selective solar thermal absorber designed for low-temperature applications. The choice of this
absorber was necessitated by the absence of commercially available absorbers specifically designed
for unconcentrated operation at mid-temperatures up to 200 °C. Moving from traditional non-
evacuated to evacuated flat panels shifts the primary thermal loss mechanism from gas convection
and conduction surrounding the absorber to the radiative emission from the absorber itself.

In recent years, our research group has focused on optimizing the Selective Solar Absorber (SSA),
which is a critical component of HVFPCs. Recent advancements have led to the development of new
optimized SSAs with low emissivity, accompanied by dedicated characterization procedures.

Building upon previous research, this work aims to investigate the performance analysis of HVFPCs,
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with a particular focus on energy forecasting and predictions alongside technological advancements
in these collectors.

Chapter 1 provides an in-depth examination of HVFPCs and SSAs technology. The last section of
the chapter introduces the experimental set-ups used for the fabrication and optical characterization
of absorber coatings realized to investigate the possibility of improving HVFPCs efficiency.
Methods and results adopted by our research group to improve the efficiency of HVFPCs are
presented in Chapter 2. The easiest strategy adopted involves the deposition of a thin silver film on
the aluminum commercial SSA substrate, to minimize power emission from the back side of the
absorber towards the panel bottom case. In the second section of the chapter, a novel optimization
strategy with the description of SSA coatings realization optimized to work at 200 °C and 300 °C.
The introduction of low-emissive substrates necessitates improved precision in emissivity
measurements. The chapter also addresses adjustments on procedure for evaluation of thermal
emittance of materials with extremely low emissivity levels and/or small sample dimensions.

Once the SSAs are optimized, there is a need for a model for energy forecasting and performance
evaluation of HVFPCs equipped with the optimized absorbers. The formulation of an efficiency
model specific to HVFPCs is presented, which is based on the optical properties of the selective
absorber. This proposed model explicitly incorporates radiative heat exchange with the ambient
environment, which is the primary source of thermal losses for evacuated collectors operating at high
temperatures. Furthermore, it separates the radiative losses dependent on the optical properties of the
absorber from other thermal losses attributed to the HVFPC architecture. The model's validity is
demonstrated by applying it to an MT-Power HVFPC manufactured by TVP-Solar, and it
successfully predicts the energy production of HVFPCs equipped with the newly optimized selective
solar absorbers.

The specific temperature frequency function f(T) of the HVFPCs is derived in Chapter 3, taking into
account their high thermal efficiency and maximum temperature that the collector can achieve
(stagnation temperature). This is particularly significant since the current standard procedure for
assessing the durability of solar absorber surfaces is only applicable to low-temperature applications
such as domestic hot water production (DHW). In the same Chapter are detailed the experimental set-
up (“Test-Bench”) and dynamic simulation model employed for f(T) evaluation, useful instruments
for energy forecasts and HVFPCs performance analysis.

Lastly, Chapter 4 details the author's period of work at TVP-Solar company, involving performance
measurements, dynamic simulation, and regulation of a HVFPCs solar field test facility installed at

the Avellino company seat. The performance measurements serve as the foundation for conceiving a
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new optimized regulation strategy, while the field test facility will be utilized to evaluate a new

stratification tank object for future research endeavors.
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1. TECHNOLOGY OF HIGH VACUUM FLAT PLATE
COLLECTORS (HVPCs)

This chapter will give an overview of High Vacuum Flat Plate Collectors and their structural

characteristics with a particular focus on the technology of selective solar absorbers describing also
the specific characteristics required by SSAs adopted for HVFPCs.

1.1 VACUUM INSULATION

The concept of using vacuum insulation to improve the performance of solar collectors was first
introduced in the mid-20th century it was recognized that the creation of vacuum between the
absorber and the cover of a solar collector would result in a substantial improvement in collector
efficiency due to reduction in heat loss through convection and conduction. At pressures lower than
10* Pa the conduction losses almost vanish [24] (continuum regime of gas heat conduction being
independent of pressure [25]). Gases like argon, xenon, krypton, or sulfur hexafluoride could be
introduced into the chamber: [25] demonstrated that they allow for lower conductivity compared to

air, as shown in Fig. 1.1.
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Figure 1.1 Heat losses by gas heat conduction from the hot absorber to the casing in a flat-plate collector in dependency on the gas
pressure in the collector casing for different filling gases. The typical operation pressure ranges in the plateau between 100 and 10*
Pa (adapted from [25]).

Lower conductivity means lower heat losses and the reduction of heat losses allows also for enhanced
performance in cold and cloudy conditions the evacuated collector can maintain high operating

temperatures, ensuring efficient heat transfer to the working fluid. Even in sub-zero temperatures,
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vacuum collectors can still provide useful heat output, making them suitable for heating applications
in northern latitudes or during winter months [26].

Vacuum insulation also offers improved durability compared to other collector designs. The vacuum
acts as a barrier, preventing the entry of moisture, dust, and other contaminants that could potentially
damage the absorber or reduce performance over time. This enhances the lifespan of the collector and
reduces maintenance requirements.

The first idea of a vacuum solar thermal collector was proposed in 1909 by Emmett that presented
several evacuated-tube concepts for solar energy collection, two of which are still sold commercially
today [27].

1.1.1 Evacuated Tube Collectors

The introduction of evacuated tube collectors (ETCs) in the late 1970s aimed to address the significant
thermal energy losses encountered by traditional flat plate collectors (FPCs) [28].

ETCs commonly consist of parallel rows of twin glass tubes, with each inner tube containing a metal
heat pipe attached to an absorber fin (Figure 1.2) [29]. The absorber plate is either a metallic strip
with a selective coating attached in the center of each tube or the pipe itself can be ‘painted’ with a

solar coating.

Condenser
Insulation

Casing
_(aluminium)

Heat Heat
transfer
ipe
PP fluid

Condenser

Collection
Absorber tube

Evacuated
glass tube

Figure 1.2 Picture (on top) and schematic representation (bottom)
of a common type of evacuated-tubes collector [29]
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Solar radiation heats the absorber plate, which in turn heats the evaporator section of the heat pipes
and evaporates the entire working fluid. The generated vapor moves toward the condenser by natural
convection, releasing its heat to operate thermal processes or for storage purposes. It is important to
note that ETCs require a certain tilt angle to facilitate the return of the condensed internal fluid to the
hot absorber. ETCs offer high heat extraction efficiency above 80°C due to the combined effects of
a highly selective surface coating and vacuum insulation of the absorber element [30] (Figure 1.3).
Despite their advantageous performance in the middle-temperature range, ETCs exhibit several
disadvantages compared to FPCs, primarily related to their structural characteristics. ETCs tend to be
more expensive than traditional FPCs due to the manufacturing process and the materials used, such
as high-quality glass tubes and selective coatings [31]. The weight of ETCs is typically higher due to
the presence of glass tubes and additional components, necessitating stronger support structures and
increasing installation complexity. The load-bearing capacity of the installation surface must be
carefully considered to accommodate the weight of the collectors.

Proper connection and sealing of individual tubes in ETCs require skilled labor and precise
installation techniques to prevent air leakage or reduced system performance. Additionally, the
plumbing and mounting requirements for evacuated tube collectors add complexity and cost to the
installation process. ETCs also demand frequent maintenance due to the relative fragility of the glass
tubes and potential degradation of the vacuum seal and tube connections, which can lead to air or
moisture infiltration [32].
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Figure 1.3 Efficiency curves of different types of solar collector as function of the ratio between absorber and ambient
temperature difference (Tabs — Ta) and solar irradiation G [29].

While ETCs excel in cold and cloudy conditions, their efficiency may be reduced at very high
temperatures. Exceeding a certain threshold, the heat buildup in the collector can impact the vacuum

seal or cause tube expansion, potentially resulting in performance degradation.
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Regarding solar capture, it is important to note that regions between individual tubes and gaps
between tubes and their absorbers do not contribute to absorption. As per the ISO 9806 standard [33],
efficiency must be measured in terms of the device's occupied area (gross area), favoring flat plate
collectors. To combine the advantages of evacuated tube collectors and flat plate collectors, there has

been growing interest in a new type of collector in recent years: High Vacuum Flat Plate Collectors.

1.1.2 High Vacuum Flat Plate Collectors

High Vacuum Flat Plate Collectors (HVFPCs) are a type of high-efficiency solar thermal device
capable of meeting heat demand up to 200 °C.

They offer the advantage of a flat structure in addition to the benefits of vacuum insulation. HVFPCs
consist of a flat absorber enclosed within a vacuum-sealed structure with a top glass cover.

Vacuum insulation in solar thermal systems was traditionally achieved using evacuated tube
collectors (ETCs) due to the challenges associated with creating a vacuum seal in a flat plate design.
However, the company TVP Solar has successfully overcome these technical issues and is now a

leading producer of evacuated flat plate collectors [21].

_— Anodized aluminum frame

——— Highly transparent tempered glass
—— — High vacuum glass-metal seal

Selective coated heat absorber
— Heat transfer fluid pipes

~~——— Atmospheric pressure supports

~— Back metal sheet

Figure 1.4 Schematic of TVP-Solar HVFPC MT-Power Structure

The design of their MT-Power HVFPCs involves a metallic vessel body closed by the front glass, and
the vacuum seal is formed between the glass and a metallic surface [34]. The sealing process involves
frit glass bonding, where a glass-based paste is melted at its bonding temperature while in contact
with the glass and metal surface. The chemical affinity of the materials enables them to bond without
the need for ultrasonic processes [35]. Key requirements for such vacuum seals include vacuum
tightness, controlled degassing during operation and low soldering temperatures. Temperatures
exceeding 250 °C can compromise the mechanical properties of tempered glass, leading to a

weakening and potential implosion risk.
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Another important aspect of evacuated flat plate collectors is the need for an active system to remove
gases released into the vacuum environment over years of operation. TVP-Solar HVFPCs utilize a
chemical getter pump located inside the collector, which is thermally activated at temperatures around
300 °C. This pump actively absorbs residual gases, ensuring a high vacuum level throughout the
service life.

The supporting structure of HVFPCs plays a crucial role in enabling the envelope to withstand
external ambient pressure. The glass support structure incorporates pins that bear the external glass
pressure, creating a more robust structure. The front glass is bonded to the rest of the system using an
adhesive paste. Consequently, the absorber has holes to accommodate the pins, leaving 97% of the
absorber area available for heat absorption. The structure of TVP-Solar HVFPC MT-Power is
depicted in Figure 1.4, with components including the anodized aluminum frame, highly transparent
tempered glass, high vacuum glass-metal seal, selective coated heat absorber, heat transfer fluid
pipes, atmospheric pressure supports (passing through holes in the absorber), and a back metal sheet.
Despite the advantages of vacuum encapsulation, both optical and radiative losses still exist, as shown
in Fig. 1.5. The radiative losses increase exponentially with the fourth power of the temperature,
limiting the efficiency of the HVFPCs.

Therefore, the adoption of a Selective Solar Absorber (SSA) becomes necessary to ensure high
absorptance in the solar irradiation spectrum (A = 0.3-2.5 um) and low emissivity in the infrared (IR)
region (A > 2.5 um). These factors help minimize the drop in absorber efficiency at high temperatures
[22], [36].

Further details about selective solar absorbers developed for HVFPCs will be provided in the

subsequent section.
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Figure 1.5 Effects of high vacuum insulation on the performance of a flat plate solar collector. (a) Efficiency and
losses in a standard flat plate solar collector without vacuum insulation as function of the operating temperature. (b)
Efficiency and losses of a high vacuum flat plate collector as function of the operating temperature.
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1.2 SELECTIVE SOLAR ABSORBERS

For Flat Plate Solar Thermal Collectors, the Solar Absorber is certainly the key component because
is the one that converts the solar irradiation into useful heat by transferring it to the HTF flowing in
the pipes that are in thermal contact with the absorber.

The principal characteristic of solar absorbers, for this reason, is the high thermal conductivity [37]
guaranteed using a few millimeter thicknesses of high-conductive materials such as copper or
aluminum [38]. Besides high thermal conductivity, solar absorbers must have optical characteristics
that allow for the maximum conversion of the solar irradiance impacting its surface. To understand
what we mean by the optical behavior of a solar absorber, in the following subsection, hints of basic

principles of optics will be reported.

1.2.1 Basic principles of optics

The principles of optics in the context of solar irradiation involve the behavior of light as it interacts
with various materials and surfaces. Understanding these principles is crucial for designing efficient
solar energy systems.

All bodies, including the Sun, radiate energy on the electromagnetic spectrum. As the temperature of
a body increases, the wavelength of the radiation it emits shifts to lower values. The Sun's surface
temperature is approximately 5,800 °C, and sunlight consists of a broad range of electromagnetic
radiation, including infrared, visible, and ultraviolet light [39].

The diagram in Fig 1.6 shows the Sun emission spectrum, that is the energy emitted at each
wavelength of radiation. The peak is in the visible spectrum [40]. When sunlight reaches the surface
of a solar absorber, the amount of energy converted depends on how the surface interacts with the
solar irradiation. Several phenomena can affect the incident light beam:

1. Reflection: When light encounters a surface, a portion of it can be reflected. The angle of
incidence (the angle at which light strikes the surface) is equal to the angle of reflection (the
angle at which the light is reflected). The reflectivity of a surface depends on its optical
properties and can vary with different wavelengths of light.

2. Transmission: Light can pass through certain materials, resulting in transmission. Transparent
or translucent materials allow light to transmit through them without significant absorption or
reflection. The degree of transmission depends on the material's composition and thickness,
as well as the wavelength of the light.

3. Absorption: When light interacts with a material, it can be absorbed, transferring its energy to

the material. The extent of absorption depends on the material's properties and the wavelength
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of the incident light. Absorption of solar radiation is desirable in solar energy systems, as it

leads to the conversion of light energy into heat or electricity.
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Figura 1.6 Theoretical black body spectrum and full solar spectrum at earth's surface
and the top of atmosphere. [40]

These phenomena can be described by the coefficient of reflection (p;), absorption (a;), and
transmission (z;), for different wavelengths of light. These coefficients represent the fractions of the
total incoming irradiation (G) that are reflected, absorbed, and transmitted, respectively. The sum of
these fractions must equal the intensity of the incident beam at each wavelength A:

pG + aG + G = G. (1.2
Or equally:
p/‘l+(X/1+T/1:1 (12)

If a body is opaque like in the case of metals, the transmission term is equal to zero, and eq (1.2)
becomes (1.3):

ap =1-py (1.3)

An absorber is efficient when the absorption, in the wavelength of the solar spectrum is maximized.
Being metals notoriously reflective, the surface exposed to the glass, dedicated to solar light
absorption, is commonly coated by absorbing materials reaching fractions of total absorbed solar light
above 90%.

Another important parameter to optimize in solar absorber design is thermal emittance. Thermal

emittance refers to the thermal radiation emitted by an object and is defined as the ratio of the power
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emitted by the object itself to the power emitted by a blackbody at the same temperature eq. (1.4).
The thermal radiation spectrum for most solar thermal applications is generally limited to the infrared
range (approximately 1 um to 50 um). The surface emissivity (&) of the absorber material influences
both absorption and emission mechanisms.

I ) By (T) dx
Epp(T)

e(T) = (1.4)

Where g(1) is the surface emissivity, 0 <e <1, B, (T) is the fraction of energy emitted by a blackbody
at temperature T while Egg(Wm™) is the total emitted power obtained by integrating the blackbody
spectral irradiance over all the wavelengths:

Egp = 055 T* (1.5)

Being ag (Wm2K™*) the Stefan-Boltzmann constant.

According to Kirchhoff's law of radiation, in a steady-state condition of thermal equilibrium, the
spectral emissivity (&) regulates both absorption and emission mechanisms. The spectral absorptivity
(o) is equal to the spectral emissivity () (eq. 1.6).

a, =g, (16)

Because of this, €1 regulates the overall radiative performance of the absorber that is enclosed into
two parameters: the spectrally averaged solar absorptance o and spectrally averaged thermal

emittance  over the relevant wavelengths A:

Jo 1= pa) SO ax
J> S da

a(T) = (1.7)

J52(1= py) BA(T) dA
Js BA(T) dA

e(T) = (1.8)

where SA(T) indicates the solar spectral irradiance (Wm™3).

Understanding these principles of optics allows us to design solar absorbers that efficiently absorb
solar radiation while minimizing reflection and thermal radiation losses. By optimizing the absorber's
optical properties, such as its absorption coefficient and thermal emittance, the efficiency and
performance of solar energy systems can be significantly enhanced.

1.2.2 Selective Solar Absorbers for HVFPCs

Selectivity refers to the ability of a solar absorber to distinguish between wavelengths in the solar

spectrum and those in the infrared range associated with blackbody radiation temperatures.

Dr. Eliana Gaudino XXXVI PhD Cycle, Industrial Engineering Department



181 Pag.

A solar absorber is considered a Selective Solar Absorber (SSA) when it exhibits high absorptance
in the solar spectrum (0.3-2.5 um) and low emissivity in the infrared region (A > 2.5 um). SSAs are
designed to efficiently absorb sunlight across a wide range of wavelengths while minimizing the re-
emission of absorbed heat as thermal radiation. Ideally, the behavior of an SSA would closely

resemble the dash-dotted lines depicted in Figure 1.7, demonstrating an absorptivity curve described
by eq. (1.9):

1, if A<2An(T)

@ = {0, if A > Ay (T) (1.9)

Here, Acut (T) represents the cut-off wavelength, which signifies the transition wavelength from high
to low absorptivity that maximizes efficiency at a specific operating temperature.

In general, this transition occurs at the wavelength where blackbody emission surpasses incident
solar radiation [41], and it decreases with increasing operating temperature, as illustrated in Figure
1.7. When the operating temperature exceeds 200 °C, the blackbody emission starts overlapping the
solar spectrum, and Acue is such that a significant portion of the solar spectrum falls within the range
where az = 0. Consequently, a portion of the incoming solar radiation is lost in favor of reduced
thermal radiation losses (Figure 1.7).

While achieving the ideal behavior of an SSA may not be feasible, the objective is to obtain a
spectrum that closely approximates the ideal curve based on the collector's operating temperature.
Temperature plays a crucial role in SSA design, and appropriate consideration must be given to the

significance of a and €. Cao et al. conducted an in-depth analysis of this subject in 2015 [41].

They proposed a formula for quantitatively estimating the relative importance of a and ¢ in various
solar thermal applications, introducing two important concepts in SSA design: absorber efficiency
(mabs) and weighting factor (w), expressed by equations (1.10) and (1.11) respectively:

q

Nabs = GSu’:’LC = a-we (1.10)
4 _ 54

w o= 0sB(Taps — Tamb) (111)
GsunC

The absorber efficiency (nas) represents the ratio of heat directed to the pipes of the collector (gn) to
the total solar irradiance incident on the absorber (Gsun), accounting for the presence of the
concentration factor (C) resulting from reflectors. nass is also expressed as a combination of a and &
through the weighting factor (w), which determines the relative importance between the two
parameters. The weighting factor (w) is defined as the ratio of the maximum heat exchangeable via
radiation with the ambient temperature (Tamp) to the solar light incident on the absorber (Gsun)

multiplied by C.
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Figure 1.7 Normalized solar spectral irradiance (orange line) and normalized BB emission spectra at different temperatures: 100
°C (solid red line), 300 °C (solid blue line), and 500 °C (solid black line). Ideal absorptivity curves for solar selective absorbers
with different cut-off wavelength Acut, depending on the operating temperature (dashed lines).

In other words, w quantifies the relative significance of the emission mechanism compared to light
absorption. Figure 1.8 illustrates the calculated values of w using equation (1.11) as a function of the
absorber temperature (Taps) for three different concentration factors (C = 1, 10, and 100) with a fixed
ambient temperature (Tamb) of 25 °C and solar irradiance (Gsun) of 1 kW/m2. The yellow zone
highlights regions where w exceeds 1, which is unique to evacuated flat plate panels without
concentration. As expected, for a fixed concentration factor (C), increasing the absorber temperature
(Tabs) leads to an increase in w, while for a fixed Tass, increasing C reduces w. This graph provides
insights into the situation regarding plate absorbers for unconcentrated panels. The absence of
reflectors limits the applicability of Fig. 1.8 to the curve C = 1. Traditional non-evacuated flat panels
typically reach a maximum temperature of around 100 °C, resulting in significantly lower values of
w. However, due to the high vacuum insulation, operating temperatures can reach values up to 200
°C, causing w to increase up to 2.

This substantial change in w is not observed in other solar devices utilizing concentration, as the
absorption mechanism consistently outweighs emission (w < 1).

The realization of an SSA with ideal properties can be highly challenging. Maintaining ultra-low
emissivity at high temperatures, especially within a single structure subject to significant temperature
variations, proves complex. Additionally, it is important to consider the possibility of a finite slope
in the transition range of the absorptance curve, as achieving an abrupt transition from high
absorptance to low emissivity is difficult in practice. Various materials and designs have been

explored to develop selective solar absorbers, including multilayer coatings, nanostructured surfaces,
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and plasmonic materials. These approaches aim to optimize the absorption of sunlight while

minimizing thermal radiation losses.
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Figure 1.8 The weighting factor w calculated by eq. 1.11 as a function of the absorber temperature Tabs for three concentration
factors C = 1, 10, and 100 for a fixed ambient temperature Tams = 25 °C and solar irradiance Gsun of 1 KWm2. The yellow zone
highlights the points where w is bigger than 1, which is the unique condition of evacuated flat plate panels without

concentration.

Multilayer coatings typically consist of a stack of thin films with different optical properties. By
carefully designing the thickness and refractive index of each layer, it is possible to create interference
effects that enhance absorption in the solar spectrum and reduce emissivity in the infrared range [42].
For example, a common configuration for a multilayer coating is to alternate layers of a high-
refractive-index material (such as tantalum pentoxide) and a low-refractive index material (such as
silicon dioxide). This design exploits the interference of light waves reflected at each layer interface
to enhance absorption and suppress thermal emission.

The currently employed SSA in the HVFPCs by TVP Solar is the commercial Mirotherm 1300,
manufactured by Alanod [23]. This SSA utilizes an aluminum strip combined with an innovative
three-layer absorber. Figure 1.9 presents the emissivity spectrum of the absorber and the blackbody
(BB) emissions at three distinct temperatures.

The design of the absorber is primarily optimized for operation at low temperatures. It exhibits
favorable performance at 100 °C, but as the temperature increases to 200 °C and beyond, thermal
losses begin to rise. This increase in thermal losses can be observed in the thermal emittance curves
depicted in Figures 1.9 ¢) and 1.9 d), where they intersect with the emissivity of the commercial
absorber in a region where the emissivity is still high. It is important to note that heat losses escalate

with the operating temperature, as governed by Planck’s law.
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Consequently, when operating at temperatures exceeding 250 °C, the cut-off wavelength (A-cut) shifts
towards shorter wavelengths, leading to an amplified proportion of heat loss.

Significant advancements have been made in recent years with the development of an easily
fabricated SSA based on a sputter-deposited Cr.03/Cr/Cr03 multilayer design. This design exhibits
intriguing optical properties [43] and demonstrates good thermal stability [44]. Further details
regarding the design and realization of new optimized SSAs for HVFPCs will be provided in the

subsequent chapter.
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Figure 1.9: Left-hand axis: Solar spectral irradiance (orange line), BB (continuous lines) and SSA (dash-dotted lines) irradiance at
different temperatures: (a) 100 -C (blue line), (c) 200 -C (red line), and (d) 300 -C (green line). Right-hand axis: emissivity of a
commercial absorber (Mirotherm, black line). (b) Enlarged view of Fig.(a) showing the low emittance of the commercial SSA
working at 100 -C.

1.3 TVPSoLAR MT-POWER HVFPC STANDARD EFFICIENCY

Thermal efficiency is the most significant parameter for expressing the performance of a thermal
solar collector [45]. Its general expression is the ratio between the useful thermal power (Qu)
transferred to the heat transfer fluid (HTF) and the incident solar irradiation (G) on the collector
aperture surface (Ac) [46]:

_ Qu
1’]th - G*Ac (112)
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The “Hottel-Willier-Bliss equation” [47] is commonly utilized for measuring collector energy:

Qu = FrA; [G(ra), — UL(Tf,i — Tamp)] (1.13)

Here Fr is the collector heat removal factor obtained from a test in which the heat loss term is zero;
(ta)e Is the effective transmittance absorptance product derived from measurements of cover
transmittance and collector reflectance; UL is the overall heat loss coefficient determined from a test
in which insolation equals zero, Ty is the temperature of the entering HTF while Tamb is the ambient
temperature.

Replacing the expression (1.13) in the (1.12):

_ FrAc [G(za)e = UL(Tf; — Tamp)]
n th,HWB G * Ac

(1.14)

This expression includes a first-order dependence on temperature difference (T+,i- Tamb).

Currently, the most common expression (equation (1.15)) used to describe flat plate collector
efficiency approximates thermal losses with a second-order dependence on the difference between
the average of the working fluid temperatures at the inlet and outlet of the collector (Tm) and the
ambient temperature (Tamb) [48]. This expression is also widely used in solar key mark certification
and will be referred to as the standard efficiency in this manuscript expressed as equation (1.15):

) _ § _ 2
— UOIAMQ _ I:CI(Tm Tamp)t 2T Tamp) (115)

n th,st G

where 7, is the zero-loss efficiency (when the fluid temperature is identical to the ambient
temperature Tamb). The factors ci and c2 are the first and second-order heat loss coefficients,
respectively. The incidence angle modifier (IAMs) function describes the optical efficiency for a
certain radiation incidence angle 6 normalized by optical efficiency evaluated at perpendicular
irradiation conditions [49].

The different irradiation components Gy, Gst, and Gy are weighted by individual Incidence Angle
Modifiers (IAM) K, Ks, and Kr to take into account the changes in the conversion factor due to non-
perpendicular irradiance of these radiation components [50]. For dynamic collector tests Ks, and K
are summarized in one single IAM Kqy for diffuse irradiance from the overall collector hemisphere.
This Kgq is a constant collector parameter determined for isotropic diffuse irradiance and it is provided
in collector test reports. Therefore, Ky is usually approximated according to [51]:

Ky(6.,07) = K, (QL,O) * K, (0, 07) (1.16)
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where 0;, and Ot are the projection of 6 (angle between solar beam and the collector surface normal)
into the longitudinal and transversal collector planes. The TVP-Solar MT-Power efficiency

coefficients are reported in Tab.1.1 and Tab.1.

2

Tab. 1.1 MT-Power efficiency coefficients Tab. 1.2 MT-Power Incident Angle Modifiers
Coefficients Value Incident Kp(0L0) Kb(0,07)

o 0.737 Angle 6

c 0.5 0 1.0 1.0

c2 0.006 20 10 10

Ky 0.95 30 0.99 0.99
40 0.98 0.98
50 0.95 0.95
60 0.88 0.88
70 0.72 0.72
90 0.00 0.00

The zero-loss efficiency mo, the first-order heat loss coefficient ci, the second-order heat loss
coefficient co, and the Incident Angle Modifier coefficients are obtained through a standard test
effected according to EN 1S0:9806 2013 & ICC 901/SRCC 100-2015 carried out by Solar and Heat
Technology Stuttgart (SWT), and are available online in the Solar Keymark database [52]. During
the simulation, the medium fluid temperature is evaluated at every time step. Expressing the 1AM
coefficients, the standard efficiency expression (1.15) becomes (1.17):

_ _ 2
ﬂth,st — [770 * Kb(e)Gg+Kde:| _ [C](Tm Tamb)+GCZ(Tm Tamb) (117)

In Fig. 1.10 (a) is represented the standard efficiency curve of TVP-Solar MT-Power HVFPC
obtained from a standard test performed indoors at controlled conditions and normal irradiation (G=
950 Wm2, IAMp = 1 and Tamp= 20 °C) where the maximum operating average temperature Tm Was
equal to 200 °C.
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If we look at Figure 1.10 (b) in which the HVFPC standard efficiency (black stars ) is compared with
the efficiencies of various types of non-concentrated collectors, it is evident that in the case of middle-
temperature (150+200 °C) applications, they represent the best solution [53].

As mentioned in Section 1.2, commercially available solar selective coatings such as Mirotherm®
and Sunselect® from Alanod [23], as well as various types of TINOX® coatings from Almeco [54],
have demonstrated excellent performance up to temperatures of 150 °C. However, there is currently
a lack of marketed solutions and research studies proposing optimized SSA coatings specifically
designed for HVFPCs operating at higher temperatures. HVFPC technology operates in a unique
range where high working temperatures without concentration necessitate careful consideration of

both solar absorptance and thermal emittance in the design of selective coatings.
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Fig. 1.10 Efficiency of HVFPCs: (a) Standard efficiency curve of TVPSolar MT-power; (b) Comparison of thermal standard
efficiencies among various types of non-concentrated thermal collectors, represented in function of the variation of the

dimensionless difference between the absorber and ambient temperature relative to the incident solar irradiation (W/m?)

In the following chapter, we will discuss two solutions that have been studied by our research group
in recent years to enhance the efficiency of High Vacuum Flat Plate Collectors (HVFPCs) through
the optimization of the optical properties of the selective solar absorber (SSA) used. Before delving
into the details of these cases, the final section of this chapter will provide information regarding the
experimental setups employed for the fabrication of these optimized coatings, as well as their optical

characterization.
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1.4 EXPERIMENTAL SET-UPS FOR COATINGS FABRICATION AND OPTICAL

CHARACTERIZATION

This section provides an overview of the fabrication methods and characterization techniques used
for thin films and coatings in absorber designs. The most commonly employed technique is Physical
Vapor Deposition (PVD), which encompasses various vacuum-based deposition methods. PVD
involves evaporating the target material from a solid or liquid source and condensing it in a solid
phase onto the substrate [55] . Sputtering and evaporation are the widely used PVD techniques.

To characterize the properties of the fabricated coatings, several techniques are utilized, including
scanning probe methods, photon, electron, and ion methods [56]. These techniques enable the
investigation of surface composition, depth distribution, film thickness, structure, and roughness.

In the following will be introduced the PVD fabrication methods and thin film characterization
instrumentation employed in this study. Additionally, it describes a custom-made calorimetric
instrument developed in collaboration with TVP Solar [57] and CNR-1SASI [58] of Naples.

1.4.1 Physical Vapor Deposition (PVD) via Sputtering

Sputtering deposition is a physical vapor deposition technique based on the sputtering phenomenon.
When a solid surface is bombarded with energetic ions, the surface atoms of the solid are scattered
backward due to collisions between the surface atoms and the energetic particles [59]. Sputtering
allows for the deposition of film coatings with thicknesses ranging from a few Angstroms to
micrometers. Various types of sputtering systems are available, including Direct Current (DC) diode,
Radio Frequency (RF) diode, DC Magnetron Sputtering (DCMS), RF Magnetron Sputtering (RFMS),
DC Reactive Magnetron Sputtering (DCRMS), and RF Reactive Magnetron Sputtering (RFRMS).
The simplest system is the DC diode (fig. 1.11 (a)), where two planar electrodes (cathode and anode)
are used. The cathode surface consists of the material to be sputter-deposited, while the substrates are
placed on the anode. By applying a DC voltage between the electrodes and filling the vacuum
chamber with an inert gas (usually Argon), a glow discharge (plasma) is generated. The generated
Ar+ ions are accelerated towards the cathode, causing the sputtering of the target material onto the
substrates. RF sputtering is used for insulating materials, where the electrical potential between the
electrodes is alternated to prevent charge buildup on the target (fig. 1.11 (b)) [59]. Reactive sputtering
occurs when atoms sputtered from a target (usually a metal target) and reactive molecules introduced
during the deposition chemically react to form and deposit a compound thin film on the substrate.
Reactive gases, such as pure reactive gases or mixtures of inert gas and reactive gas, are commonly
used [59].
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Reactive sputtering processes require control over parameters like the partial pressure of the reactive
gas or the pumping speed to ensure the desired film quality. To increase the deposition rates and
prevent process gas molecules from being included in the growing film, the chamber pressure is

lowered. Magnetron sputtering is employed for this purpose (fig. 1.12).
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Figure 1.11 Sputter deposition systems: (a) DC and RF(b) diode. [59])
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Figure 1.12 Sputter deposition systems: magnetron sputtering [59].

In magnetron sputtering systems, a magnetic field is utilized to trap electrons in the glow discharge,
increasing the collision rate between electrons and process gas molecules and sustaining the plasma.
The higher plasma density in the presence of a magnetic field enhances the sputtering rate at the target
[59]. The sputtering system used for depositing the multi-layer coating samples in this study is
depicted in Figure 1.13. The system consists of a cylindrical vacuum chamber equipped with four
sputtering targets of 10 cm diameter positioned at 90 degrees from each other. A rotating supporting

disc with four sample holders allows for the placement of substrates under the desired cathode,
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enabling the deposition of up to four different materials without breaking the vacuum. The distance
between the cathodes and the substrate is set to 10 cm, and the substrate remains static during
deposition. Pressure in the chamber is measured using a capacitance gauge, and the samples are
loaded the day before and pumped down overnight to achieve a base pressure of approximately 2x10°

® Pa. A rotating shutter located near the cathodes controls the deposition time and layer thickness.

Figure 1.13 Sputtering deposition system. The sputtering apparatus (a). Sputtering targets (b). Rotating supporting disc with four

sample holders (c).

1.4.2 Physical Vapour Deposition (PVD) via Electron Beam

Another commonly employed technique for thin film deposition is Electron Beam Deposition (EBD).
EBD is a type of Physical VVapor Deposition (PVD) method that utilizes an electron beam to evaporate
the target material and deposit it onto a substrate. This technique offers precise control over film
thickness and composition, making it suitable for various applications ranging from microelectronics
to optical coatings.

In EBD, a high-energy electron beam is generated and focused onto the target material in a vacuum
chamber. The beam is typically produced by an electron gun, which consists of a heated filament that
emits electrons and an accelerating anode that accelerates the emitted electrons toward the target. The
electron beam impinges on the target surface, causing the target material to vaporize and form a plume
of evaporated atoms or molecules. Vapors of the target material will deposit on the substrates properly
arranged in the upper part of the vacuum chamber. To prevent unwanted reactions with ambient gases,
the deposition process is carried out under high vacuum conditions. By controlling the beam energy
and the target-substrate distance, the deposition rate and film thickness can be precisely regulated.
Additionally, the use of electromagnetic coils allows for the manipulation of the beam's position and

shape, enabling uniform deposition across large substrate areas.
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Figure 1.14 Electron beam physical vapor deposition technique, scheme of concept ([60])

In an EBD system (Fig. 1.14), a vacuum chamber houses the electron gun, target material, substrate,
and other necessary components. The chamber is evacuated to a high vacuum level to eliminate gas
molecules that could interfere with the deposition process.

The electron gun emits a focused electron beam, which is directed towards the target surface. The
target material, typically in the form of a solid rod, pellet, or crucible, is positioned in the beam's path.
As the electron beam strikes the target, the material evaporates and forms a vapor plume that travels
towards the substrate.

The substrate, on which the thin film is to be deposited, is placed at a specific distance from the target.
Rotating sample holders are often used to guarantee the thickness uniformity of the deposited film on
the substrate. Precise control of the substrate temperature and positioning allows for additional control
over film properties, such as crystallinity and adhesion.

Various in-situ monitoring techniques, such as quartz crystal microbalances or optical sensors, can
be employed to measure the deposition rate and monitor film thickness during the process. These
measurements help ensure the desired film properties are achieved.

Figure 1.15 illustrates the electron beam apparatus utilized for depositing the multilayer absorbers
described in this study. The deposition chamber features an electron beam evaporation source and
four routable crucibles (Figure 1.15 (d)), enabling the deposition of multiple layers without breaking
the vacuum. The e-beam system incorporates a rotating planetary (Figure 1.15 (c)), ensuring uniform
thickness across the samples and allowing for simultaneous deposition on multiple substrates. To
monitor the temperature, a thermocouple is employed, and the samples are maintained below 80 °C
throughout the process. Before deposition, the vacuum chamber is pumped down to a base pressure
of 10° Pa, and the materials undergo a slow outgassing phase to remove impurities. The deposition

process is controlled using a thickness monitor (Inficon model XTC/3).
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The thickness monitor's tooling factor is calibrated by depositing a thicker layer (approximately 500
nm) and measuring it with a profilometer (KLA Tencor P-15). The desired step thickness is obtained
through a lift-off procedure in acetone using standard photolithography. The thickness monitor
automatically adjusts the e-beam current to maintain a constant evaporation rate and utilizes a shutter
to halt deposition once the desired thickness is achieved. Through careful calibration, a thickness
control accuracy of approximately 1 nm is achieved. All depositions in this study were performed on
smooth, unheated glass substrates with a roughness of 1 nm.

Figure 1.15 E-beam deposition system. The electron beam apparatus (a). Vacuum chamber (b). Glass substrates mounted on the

rotating planetary (thickness monitor sensor is also visible) (c). Multiple crucible e-gun and copper crucible (d).

1.4.3 Absorptance and thermal emittance measurements apparatus: Mini Test Box

The Mini-Test-Box (MTB) is a custom experimental apparatus designed for measuring the
absorptance and thermal emittance of selective solar absorbers (SSA) under operating conditions of
high vacuum and high temperatures [61]. The MTB, as shown in Figure 1.16, consists of a stainless-
steel high-vacuum chamber with an extra-clear float glass cover. The absorber is suspended by four
thermally insulating springs (visible in Figure 1.16 (c)). The chamber maintains an internal pressure
below 107 Pa using a turbomolecular pump to eliminate convection and reduce thermal conduction
from residual gases.

Temperature measurements are taken using a thermocouple attached to the sample, as well as
additional thermocouples monitoring the vessel and the glass temperature. Indoor measurements are
performed using an array of calibrated LED lights to ensure uniform light irradiance (Figure 1.16
(b),(c)) [62]. The MTB is also equipped with tilting support and a pyranometer for conducting outdoor
measurements under direct solar illumination [63] (Figure 1.16 (a)). The MTB employs a calorimetric

approach to measure the absorptance and thermal emittance.
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Figure 1.16 Mini Test Box apparatus under direct solar illumination (a) and under LED light illumination (b and c).

The temperature variations of the sample are directly related to the absorbed power and the radiative

power losses according to the power balance equation:
dTm _ _
mg Cp(Tm)W = a, AT Py — §,(Ty) osp A (TT;LI - T;mb) — Egup(Tsyp) 0 A (Tr?i - T;mb) (1-18)

Here, ma represents the sample mass, cp is the specific heat, a is the absorptance, A is the sample area,
Pin is the incident power per unit area, &,(T,,) is the absorber emittance and &g, (Tsyp) IS the
equivalent substrate emittance.

During the cooling down phase, when illumination is stopped and Pin = 0, Equation 1.18 can be used
to evaluate the thermal emittance of the sample = £,(T,,,) + &up (Tsyp) being the only unknown term.
Once esampie(Tm) has been calculated, Equation 1.18 can be solved during the heating-up phase to
evaluate o. More details about the measurement procedure can be found in references [64] and [65].
The behavior of the absorber in the MTB has also been simulated using COMSOL Multiphysics [66].

The MTB also enables experimental measurements of the efficiency of a solar coating at different
temperatures through stagnation measurements (until maximum achievable absorber temperature).
The absorber is illuminated with varying light powers using a calibrated LED illumination system
[62], and the absorber stagnation temperature is recorded. In this configuration, the power losses are

equal to the absorbed power:

e(Ts) 0sp(Ts = Tamp) + €sup 0s5(Ts — Tamp) = Tgiass A Prep(Ts) (1.19)

where the solar spectrum is replaced by the spectrum of the LED lump used to illuminate the absorber
[62], PLep(Ts) is the light power provided by the calibrated LED system and Ts is the absorber
stagnation temperature at the given LED power. As consequence, at T = Ts the efficiency can be

calculated, as reported below:

N(T) = Tgiass As — i aLHPLED(TS) (1.20)
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Where H is the irradiated power (the reference H set power is equal to 1000 Wm-2).

1.4.4 Materials refractive indices measurements via Ellipsometry

Refractive index measurements using ellipsometry are a powerful technique for characterizing the

optical properties of materials.

Polarizer

Optical fiber

Optical fiber
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Monochromator []

filters

Light
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Shutter and computer
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Linearly Polarized Light
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s
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plane of incidence
I /
“
b) Reflect off Sample

Figure 1.17 (a) Layout and (b) working principle of a classical ellipsometer.

Ellipsometry is based on the principle of measuring changes in the polarization state of light reflected
from a sample surface. By analyzing the changes in the phase and amplitude of the reflected light,
ellipsometry can determine the complex refractive index of a material, which consists of both the
refractive index and the extinction coefficient. This non-destructive and contactless method is
particularly useful for thin film characterization, as it can provide information about layer thickness,
surface roughness, and optical constants. By varying the incident angle or wavelength of light,
ellipsometry can be utilized for spectroscopic measurements, allowing for the determination of
refractive index as a function of energy or wavelength. Overall, ellipsometry is a valuable tool for
investigating the optical properties of materials and is widely employed in fields such as
semiconductor technology, thin film coatings, and surface science research.The structure of an
ellipsometer typically consists of several key components (Figure 1.17). It includes a light source,

which can be a laser or a broadband light source, that emits polarized light.
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This light is then directed towards a polarizer, which further controls the polarization of the incident
light. The polarized light is then focused onto the sample surface using a beam splitter or mirrors.
After interaction with the sample, the reflected light is collected by an analyzer, which is another
polarizer that can be rotated to analyze the change in polarization state induced by the sample. The
analyzer is typically followed by a detector, such as a photodetector or a charge-coupled device
(CCD), that measures the intensity of the reflected light.

To accurately measure the change in polarization, the ellipsometer also includes a rotating
compensator, which introduces a controlled phase shift between the p-polarized and s-polarized
components of the light. This phase shift enables the determination of the complex ratio of the
reflection coefficients, known as the ellipsometric parameters.

The ellipsometer structure is complemented by a control unit or computer, which is responsible for
controlling the instrument components, acquiring and analyzing data, and providing the final
measurement results. The control unit also includes software for data processing and fitting
algorithms to extract the optical parameters, such as the refractive index and thickness of thin films,
from the measured ellipsometric data.

The change in polarization of light is quantified by the amplitude ratio and phase difference:

™
Ts

tan({)e'2,

p =

tan(y) = 22L € [0,90°], (1.21)

rs]
A= &, — &, € [0,360°].

The quantities rp and rs are the Fresnel reflection coefficient for s- and p-polarization, respectively,
while y and A are the ellipsometric angles: from them, it is possible to obtain the optical properties
of the sample. Unfortunately, they cannot be directly converted into the optical constants of the
material but are used to validate a material structure model that allows to prediction of the material
optical properties, i.e. the complex refractive index, employing mathematical relations, and dispersion
formulae. There are several degrees of freedom in this analysis: incident angle, as well as thickness,
roughness, and refractive index of each layer included in the sample. Any of these properties is varied
to improve the match between experiment and calculation. Therefore, it is important to carefully
choose the model and control the ¥? value returned by the fit, which defines its quality. Figure 1.18

shows an example of the measured quantities Ic and Is, which are functions of y and A according to:
[ = sin(2y) - sin(A), (1.22)

I, = sin(2y) - cos(A).
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and the relative fit lines, which agree with the measu

ellipsometric data faithfully reproduces the experimental samples. Also, two additional thin layers
were included to simulate the roughness at the interface between the substrate and the film and on the

film surface, as shown in Fig. 1.19. Measurements must be conducted at the Brewster angle (6g) of

the substrate, where the highest sensitivity is obser

which the p-polarized light is perfectly transmitted through a transparent dielectric surface, with no

reflection. It can be calculated from the indices of th

tan(0g) = Z—;

rement. In our analysis, the model used to fit the

ved. It corresponds to an angle of incidence at

e two media:

(1.23)
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Figure 1.18 Example of a good fit (3% < 1): the ellipsometric measu

red quantities Ic and Is (blue and red dots, respectively) and

the fitted quantities (Ic as a blue line and Is as a red line) are compared.
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Figure 1.19 Diagram of samples (not to scale),

The samples in this study were measured using a

ellipsometer (Fig.1.20) [67]. This ellipsometer is equipped with a xenon lamp and two detectors,
allowing for analysis of the optical response in the wavelength range from 190 nm to 2100 nm. To

ensure reproducible and reliable results, all films analyzed were deposited on a thick aluminum film,

which can be considered optically infinite, and grow
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including roughness-equivalent layers.

Horiba Jobin Yvon - UVISEL spectroscopic

n on a glass support to maintain optical flatness.
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The use of an optically flat substrate allows for neglecting the impact of surface roughness in the thin
film models. The incidence angle of the polarized light can be adjusted, and for the aluminum

substrates, it was set to 70°.

Figure 1.20 Spectroscopic ellipsometer Horiba Jobin Yvon — UVISEL, used for ellipsometric measurements

1.4.5 Materials reflectivity measurements (short wavelengths) with Integrating sphere and
OSA

Hemispherical reflectance measurements in the short wavelength range of 350 to 1750 nm were
conducted using an integrating sphere coupled with an Optical Spectrum Analyzer (OSA). The inner
surface of the integrating sphere is coated with a diffusive material, ensuring a highly reflective
surface and providing uniform radiation distribution through multiple Lambertian reflections. A light
source illuminates the sample, and the spectrometer, connected to the integrating sphere, reads the
fraction of light reflected by the sample. The OSA measures the spectral power (Wnm™) across the
investigated wavelengths. By comparing the measurements with a reference sample of known

reflectivity (pref), the reflected power (p) can be estimated using eq. (1.24):

_ Rsample _ Rsample i Rref _ Rsample . 1 24
p = P - PR -~ R Pref ( . )
i i Rref ref

where Pj is the power intensity incident on the sample, and Rsample and Rref are the spectral power
reflected by the sample and by the reference sample, respectively. In this study, the reference sample
used was the Spectralon WS-1-SL diffuse reflectance standard from Labsphere, known for its high
reflectivity of 99% in the range of 400 to 1500 nm and > 96% reflectivity in the range of 250 to 2000
nm.Alternatively, for optical transmittance spectra in the range of 200 nm to 2500 nm, a
spectrophotometer can be employed. The working principle, as shown in Fig. 1.21, involves a lamp

as the light source, a diffraction grating acting as a prism to separate the light into different
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wavelengths, and a rotating grating to select a specific wavelength of light that reaches the exit slit.
At this point, the light interacts with the sample, and the detector measures the transmittance,
representing the amount of light that passes through the sample and reaches the detector.

Fiber to
4 ) Detector b)

Sample placed here

Integrating

Light Source

—1

Sample

Links for the
optical fiber

Light
Trap

Figure 1.21 Working principle (a) and design (b) of the integrating sphere.

1.4.6 Materials reflectivity measurements (long wavelengths) with Fourier Transform
Infrared Spectroscopy (FTIR)

Reflectance measurements in the range of 1.5 um to 30 um were performed using a Fourier-transform
Infrared Spectrometer (FTIR). The working principle of the FTIR is illustrated in Figure 1.22. A
broadband infrared light beam is directed to an interferometer, which generates an optical signal
containing all the infrared frequencies. The light beam then interacts with the sample, which absorbs
a portion of the light at specific wavelengths. By applying a Fourier Transform (FT) to the encoded
signal, the intensity-time spectrum is converted into an intensity-frequency spectrum, enabling the
estimation of spectral reflectance by comparing it with a reference sample.For near-infrared to far-
infrared (NIR to FIR) measurements spanning 1.4 pm to 20.0 um, a Jasco FT/IR 6300 Fourier
Transform Infrared Spectrometer was utilized, with an aluminum film serving as the reference

reflectance standard.
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Figure 1.22 Fourier Transform Infrared Spectroscopy (FTIR), working principle.
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1.4.7 Thin films thickness measurements via Profilometer

A profilometer is an instrument used for measurements of surface properties, i.e. roughness, step
height, etc. Its working principle is shown in Fig. 1.23 (a) probe tip, in direct contact with the surface
to measure, moves linearly along it record the vertical change (z-direction), which is useful to
reconstruct the surface profile. Measurements of step height are usually obtained using standard
photolithography, i.e. by applying a mask on the substrate before deposition and chemically removing
it after deposition of the thin film and are useful to estimate the deposition rate. An example of this

kind of measurement is shown in Fig. 1.23 (b)
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Figure 1.23 (a) Working principle of a stylus type profilometer [68], (b) Step height measurement measured with KLA Tencor P-
15 profilometer.

In summary, in this chapter, we have provided detailed information on HVFPC technology. Before
delving into the optimization of the SSAs developed over the years, the latter part of the chapter
described the experimental setups used in the fabrication and optical characterization of these SSASs,

which have been instrumental in supporting the research efforts.
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2. IMPROVEMENT OF ENERGY CONVERSION EFFICIENCY
IN HVFPCs

The aim of our research group project in recent years has been to develop methods to enhance the
efficiency of High Vacuum Flat Plate Collectors (HVFPCs). We focused on optimizing coatings
suitable for this emerging technology.

The efficiency of a solar absorber is determined by various factors, including thermal emittance,
which represents the radiative losses. To improve the performance of a solar absorber for HVFPCs,
it is beneficial to reduce the thermal emittance of the substrate. This can be achieved through better
finishing of the back side of the substrate or by using a substrate with low thermal emittance, such as
copper or silver.

One cost-effective way to significantly reduce the emissivity of both the selective coating and the
substrate of a solar absorber is by using a low-emissive thin film coating. For example, Mirotherm®
from Alanod [69] , which is currently used in TVP-Solar MT-Power, utilizes aluminum as the
substrate. Russo et al. [70], [71] demonstrated that an aluminum thermal emittance value of esyp =
0.045 best matches the experimental results for the Mirotherm® commercial coating. To further
enhance the performance of this solar absorber, we explored the possibility of depositing a low
emissivity coating, such as copper or silver (thermal emittance =~ 0.02), on the back side of the
absorber, specifically on the aluminum surface. The results of this study will be presented in the first
paragraph of this chapter.

Another approach to improve the efficiency of HVFPCs at higher operating temperatures is to use
selective solar absorbers (SSAs) with improved optical properties designed specifically for high-
temperature applications. Among the various SSA designs, multilayer selective absorbers offer the
advantage of controlling thermal emission while ensuring high solar absorption and excellent thermal
stability [72]. The multilayer architecture allows for flexible design and optimization, as the thickness
of the layers can be adjusted to accommodate different operating temperatures while keeping the
overall architecture unchanged [73]. Multilayer absorbers consist of alternating thin dielectric layers
(with high absorptance in the visible range and transparency in the infrared region) and metal layers
that are partially transparent. An anti-reflective layer is often included to reduce reflections caused
by the high refractive index of the dielectric materials, further enhancing the coating's performance.
Similar to other selective solar absorber designs, a metallic IR reflector substrate is used. Chromium
Oxide and Chromium have been identified as suitable materials for the dielectric and metal layers,
respectively. These materials have been extensively studied, especially as ceramic-metal composites
in commercial absorbers such as Mirotherm® or Sunselect® by Alanod [69]. Additionally, a
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Cr203/Cr/Cr,03 multilayer deposited by e-beam has also been investigated. Furthermore, these
materials are relatively inexpensive and easy to handle. An additional SiO> layer is employed as an
anti-reflective coating to enhance absorptance, while aluminum and copper serve as the metallic IR

reflector substrate.

2.1 SUBSTRATE THERMAL RADIATIVE LOSSES REDUCTION (Low EMISSIVE COATINGS)

In this paragraph, we will discuss the easiest strategy for enhancing the efficiency of HVFPCs, which
involves reducing the power emitted from the back side of the absorber towards the panel's bottom
case. Aluminum is generally considered the most suitable substrate material for most selective solar
absorbers (SSAs) due to its low emittance (around 0.05), favorable workability, low cost, and high
thermal conductivity. Moreover, after undergoing a proper baking procedure in a vacuum, aluminum
is also one of the best materials for constructing ultra-high vacuum chambers. SSAs deposited on
aluminum substrates have been successfully used in the commercial HVFPCs manufactured by
TVPSolar.

The use of other low-emissive materials such as copper (emittance & = 0.02) or silver (emittance & =
0.01) as substrates is limited by their high cost [74]. However, if utilizing them as bulk substrates is
not economically feasible, there is an affordable and convenient alternative: applying a thin film to

reduce the substrate emissivity, as illustrated in Figure 2.1.

SSA coating

Aluminium substrate

CrO, barrier laier

Figure 2.1 Solar absorber with a low emissivity coating on the back side of the aluminum substrate. A titanium bonding layer is

used to guarantee the adhesion of the coating.

2.1.1 Materials and architectures of samples with Low Emissivity Coatings (LEC)

To investigate the impact of a Low Emissivity Coating (LEC), we implemented various architectures
as shown in Figure 2.2 (the bonding layer of titanium, with a thickness of 10 nm, is not depicted in
the figure). For the LEC, we selected silver (Ag) and copper (Cu) as low emissive materials, which
were deposited using e-beam vapor deposition onto an aluminum bulk substrate. The LEC was
applied on either one side (architectures 1 and 2) or both sides (architectures 3, 4, and 5) of the

aluminum substrate, with a thickness of 200 nm for each LEC.
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Coatings can be affected by diffusion processes by which atoms or molecules from the coating
material migrate or diffuse into the substrate or surrounding environment. The rate of diffusion in
coatings is influenced by time and temperature. Higher temperatures generally accelerate diffusion
due to increased atomic mobility, while longer exposure times allow for more significant diffusion
[75]. Materials like Cr.0O3 are often chosen as diffusion barriers due to their specific properties and
characteristics: Cr.O3 exhibits excellent thermal and chemical stability, even at high temperatures;
has a high melting point, which allows it to maintain its structural integrity and prevent diffusion even
at elevated temperatures; has a low diffusion coefficient; is compatible with many substrate materials
commonly used in various industries; it is chemically inert and is relatively abundant and cost-
effective compared to some other materials used as diffusion barriers [76].

In Architecture 5, a Cr203 layer was also introduced between the substrate and the LEC, serving as a

diffusion barrier (DB) layer to prevent degradation at high temperatures.

1 2
(o immi —A1nA
: Cr203 (DB)
3 4

Cr203 (DB)
Ag (LEC)

Cu (LEC) Ag (LEC)

Cu (LEC) Ag (LEC)

Figure 2.2 Low emissive coating architectures: 1-2) one side LEC Ag and Cu respectively, 3-4) both sides LEC Cu and Ag
respectively, 5) both sides Ag LEC with Cr20s3 diffusion barrier.

Furthermore, to assess the thermal stability of the LEC, a 200 nm-thick layer of Ag was electron-
beam deposited on the backside of a 15x15 cm? commercial selective solar absorber (Mirotherm®).
This experiment was conducted with and without the presence of a Cr.O3 diffusion barrier layer

(Figure 2.3). Both samples underwent thermal stress at 360 °C for 24 hours in the MTB apparatus,

and measurements of thermal emittance were performed before and after the treatment.

6 7
SSA coating SSA coating

Aluminium substrate Aluminium substrate

Figure 2.3. Silver LEC on the back side of a commercial Selective Solar Absorber without (6) and with (7) a Cr20s diffusion

barrier layer.
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The LECs were deposited on the substrates (samples from Figure 2.2) using the electron-beam vapor
deposition technique. The evaporation of Ag, Cu, and Cr.O3 was carried out under a vacuum pressure
of 4:10° Pa, with a deposition rate of 1.5 As™*, onto aluminum substrates that were cleaned with
acetone and isopropyl alcohol. The deposition rate was monitored and controlled using a Quartz
Crystal Microbalance (QCM) [77], which was accurately calibrated with the density and Z-ratio
values of Ag, Cu, and Cr203. The QCM deposition rate reading was adjusted to match the deposition
rate on the samples through careful calibration of the tooling factor. The tooling factor was
determined experimentally by depositing single layers of Ag, Cu, and Cr.O3 on reference samples

and measuring their thicknesses using a profilometer (KLA Tencor P-15).

Figure 2.4 depicts two samples of aluminum bulk before (a) and after (b) the copper coating.

Figure 2.4 Aluminum bulk substrate before (a) and after (b) copper coating via e-beam PVD.

2.1.2 Experimental results: Thermal emittance reduction with LECs and thermal stability
The thermal emittance of the fabricated LEC samples was measured using the MTB apparatus, following the
well-described measurement procedure outlined in section 1.4.3. Figure 2.5 presents a comparison of the
thermal emittances obtained through calorimetric measurements for a bulk aluminum substrate and the five
different architectures depicted in Figure 2.2.

The curves represented refer to the total thermal emittance of both sides of the measured samples. In
the case of the bulk aluminum substrate (grey line), the thermal emittance remains almost constant
(0.10) across the entire measured temperature range. Notably, this value is exactly double the
literature data for aluminum thermal emittance [78]. For the one-side coated samples (architectures 1
and 2), a 25% reduction in thermal emittance is observed, while the double-side Cu coated sample
(architecture 3) exhibits a 50% reduction.

The most significant reduction in thermal emittance is achieved with the double-side Ag-coated
samples (architectures 4 and 5), displaying a reduction of 60-65%.
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Figure 2.5 Thermal emittances results of calorimetric measurements of the aluminum bulk substrate (grey line) and architectures
1-2-3-4-5 (black, green, pink, violet, and cyan respectively).

Figure 2.6 highlights the impact of Ag LEC deposition on the backside of a commercial selective
solar absorber (SSA) and the role played by the Cr.Oz diffusion barrier (DB) layer in ensuring the
thermal stability of the LECs. The thermal emittance of the commercial SSA in its original state,
architecture 6 (from Figure 2.3), and architecture 7 (also from Figure 2.3) is depicted by the black,
blue, and green lines, respectively. Both samples with the silver LEC exhibit an 11% reduction in
thermal emittance at 200 °C compared to the commercial SSA in its original state.

To demonstrate the thermal stability of the LECs, these samples were subjected to thermal stress for
24 hours at 360 °C in a vacuum environment. The thermal emittance after the annealing process is
shown in Figure 2.6. The commercial SSA in its original state demonstrates thermal stability, as the
thermal emittance after the thermal treatment (red line) remains the same as that of the untested
commercial SSA. Architecture 6, on the other hand, exhibits an increase in thermal emittance after
the thermal stress compared to the untested one. The emittance reaches the same value as the
commercial SSA, thereby losing all the advantages conferred by the LEC. In contrast, architecture 7,
after the thermal treatment, maintains the same thermal emittance as the untested architecture 7. This
demonstrates the necessity of having a diffusion barrier to preserve the benefits of the LECs.

The reduction of the substrate thermal emittance &g,;, (T) has a significant impact on the overall efficiency
of a selective coating for HVFPCs, as defined by Equation 2.1 The equation incorporates various factors,
including the substrate thermal emittance, in calculating the SSA efficiency:

4 4 4 4
__ Eabs (T USB(Tabs _ Tamb) _ Esub (1) USB(Tabs _ Tamb) (2 1)

= a
nabs s C-Gsun C-Gsun
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Figure 2.6 Thermal emittance calorimetric measurements of commercial SSA, architecture 6 and 7 before (black, blue, and green
line respectively) and after (red, magenta, and orange respectively) thermal treatment.

Where a; is the spectrally averaged absorptivity of the selective absorber-side coating €4, (T) is the
absorber- side thermal emittance, ogz (Wm2K™) is the Stefan-Boltzmann constant, Tapsand Tamb (K)
are the absorbers and ambient temperature respectively, Gsun is the Solar irradiation(Wm-2) while C
is the collector concentration factor.

The effects of an LEC on the absorber efficiency are depicted in Figure 2.7. The figure compares the
overall efficiency of an optimized selective coating on an aluminum substrate without a diffusion
barrier and LEC (black line) and with a diffusion barrier and LEC (red line).

At 200 °C, the efficiency of the absorber increases from 0.64 to 0.72 with the presence of the LEC,
resulting in a 13% enhancement in performance. Additionally, the stagnation temperature increases
by approximately 30 °C. Notably, the advantages of the LEC become more pronounced as the
temperature rises. At 300 °C, the overall efficiency increases from 0.19 to 0.37, representing an
almost doubling of the performance enhancement. Employing a low emissive coating on the coating
side of the absorber as well is an approach that allows for the use of cost-effective materials such as
aluminum for the substrate while ensuring excellent optical properties of the absorber through the
incorporation of low emissive but relatively expensive coatings.

However, at high temperatures, interdiffusion between the low emissive thin film and the aluminum
substrate can lead to adhesion issues and a deterioration of the optical properties. To mitigate these
diffusion phenomena, an interdiffusion barrier should be employed to limit the diffusion process.

In summary, the use of a low emissive coating, along with a diffusion barrier, can significantly

enhance the overall efficiency and optical properties of a selective coating for HVFPCs.
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By employing low emissive coatings on both sides of the absorber, the benefits can be maximized
while using cost-effective substrate materials such as aluminum. The employment of an interdiffusion

barrier becomes crucial at high temperatures to prevent diffusion-related issues and maintain the performance

of the coating.
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Figure 2.7 Overall efficiency of an optimized selective coating on aluminum substrate without (black line) and with

diffusion barrier and low emissive coating (red line).

2.2 MULTILAYER SSA CR>03/CR BASED: OPTIMIZATION VIA CUSTOM ALGORITHM.

The development of optimized selective solar absorber (SSA) coatings suitable for HVFPCs began
with the formulation of a novel optimization method. This method is based on the efficiency of the
actual coating, which serves as the fitness function for the optimization algorithm. By utilizing this
approach, the optimization algorithm can identify the optimal balance between solar absorptance and
thermal emittance, which is closely tied to the reflectivity spectrum p(A) of the coating. This method
is particularly well-suited for the emerging technology of HVFPCs, as they can achieve high
operating temperatures without the need for concentration, making thermal emittance increasingly
important in addition to solar absorptance [36].

One limitation of multilayer selective coatings is that their performance heavily relies on the multiple
reflections occurring at the interfaces between the layers in the stack. Consequently, the performance
of these solar absorbers is significantly influenced by the thickness of the individual layers.
Considering the goal of industrial mass production of these SSAs, it is crucial to acknowledge that

perfect control over the deposition parameters may not be achievable, leading to errors in layer
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thickness and subsequently affecting the coating's performance. Therefore, it becomes pertinent to
introduce a new parameter, namely, the robustness of the coating's performance in the presence of
unforeseen errors in layer thickness, during the design stage.

Incorporating this new factor into the optimization process of a selective coating provides the
opportunity to select not only the absolute maximum solution, which represents the coating with the
highest performance among the range of potential solutions but also the coating that exhibits the
highest performance while ensuring adequate robustness against deviations in layer thickness.

2.2.1 Materials and structure of Cr20s optimized SSAs.

The optimized multilayer selective solar absorber (SSA) structure was composed of specific materials
to achieve the desired performance. Cr2O3 and Cr were chosen as the dielectric and high-absorption
metallic layers, respectively. Copper was selected as the low-emissive metallic substrate, and a thin
film of SiO- served as the antireflective coating.

To ensure that the radiative properties of the solar absorber were not influenced by surface roughness,
a low-emissive substrate was deposited onto a smooth glass substrate. This involved the deposition
of an optically thick copper layer (250 nm) using e-beam vapor deposition [60] followed by exposure
to atmospheric air.

Figure 2.8 illustrates the architecture of the multilayer coating. The five-layer structure consisted of
a chromium layer directly deposited on the copper substrate, serving as a bonding layer and
preventing the formation of emissive copper oxides during reactive sputtering deposition. This
chromium layer was also incorporated into the optimization process, allowing it to be considered as
part of the absorbing package.

Once the architecture of the optimized absorber is determined, the materials composing the multilayer
structure need to be optically characterized and then the optimization algorithm comes into play to
determine the optimal thickness of the various layers that make up the multilayer selective solar

absorber.

[] Si0, Layer 1 (8i02)
Cr0, Layer 2 (Cr203 top)
Cr Layer 3 (Cr top)
Cr,0, Layer 4 (Cr203 bottom)
Cr Layer 5 (Cr bottom)

Optically infinite

e substrate
Glass Substrate

N

Fig. 2.8 Architecture used for the multilayer coating.
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2.2.2 Optical characterization of the multilayer SSA structure

The refractive indices of the materials used in the multilayer absorber are essential inputs for the
optimization algorithm. These indices were determined experimentally through ellipsometric
measurements. The thin films of Cr and Cr.Os were deposited using DC Magnetron Sputtering
(DCMS) and DC Reactive Magnetron Sputtering (DCRMS) processes, respectively, with a 99.99%
pure Cr cathode. The multilayer structure of Cr.03/Cr/Cr.03 was completed with a SiOz thin film
serving as an Anti-Reflective Coating (ARC), which was deposited using RF magnetron sputtering
(RFMS) in an argon atmosphere. The deposition conditions for each layer can be found in [79].

To ensure consistent and reliable results, the analyzed layers were deposited on a distinct substrate
consisting of an aluminum film grown on a glass support, providing an optically flat surface. The
film's thickness and complex refractive index (i) were determined by fitting the experimental data to
numerical data generated by an optical model that describes the material dispersions using appropriate
dispersion formulas. The Forouhi-Bloomer formula was employed for chromium oxide [80],[81],
while the Drude-Lorentz dispersion relation was used for chromium [82].

Figure 2.9 (a) and (b) depict the refractive index dispersion for both chromium and chromium oxide,
which best fit the experimental data obtained through ellipsometric measurements and were
subsequently employed for the optical simulations.

The refractive index of the pure Cr layer (Figure 2.9 (a)) exhibits typical metallic characteristics, with
the real (n) and imaginary (k) indices increasing with wavelength. The positive value of k across the
entire wavelength range indicates that the Cr layer primarily absorbs light. Conversely, the real and
imaginary parts of the refractive index for Cr.Os (Figure 2.9 (b)) decrease with increasing
wavelength, signifying a dielectric behavior. The k index approaches zero in the visible region,
indicating the film's transparency at longer wavelengths. These refractive indices were determined by
fitting experimental data from multiple samples and were found to be valid for Cr,Os3 film thicknesses
ranging from 15 nm to 100 nm and Cr layer thicknesses ranging from 5 nm to 30 nm. Surface
roughness effects were mitigated by employing optically smooth surfaces in the models.

Since ellipsometric analysis is limited to the range between 300 nm and 1600 nm, the refractive
indices of both chromium and chromium oxide were extended beyond the measured wavelength range
using the corresponding dispersion relations. The results demonstrate good agreement with the
literature data [83],[84],[85]. The effectiveness of the obtained refractive indices was further validated
through reflection measurements. Figure 2.9 (c) presents a comparison between the measured and
simulated reflection of a Cr.O3/Cr bilayer on an aluminum substrate, with the model and layer
thicknesses displayed in the inset. Reflectance was measured using an integrating sphere coupled

with an Optical Spectrum Analyzer (OSA) in the visible and near-infrared range (0.35-1.75 um),
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while Fourier Transform Infrared Spectroscopy (FTIR) was employed for reflectance measurements
in the range of 1.00-4.00 um. The two measurement techniques overlapped in the 1.00-1.75 pum range,
indicating good agreement between them. The optical simulation of the sample utilized the refractive
indices presented in Figure 2.2, along with literature data for Al>Os and the aluminum substrate
[43],[83],[86]. The agreement between the optical simulation and the reflectance measurements
confirms the reliability of the investigated refractive indices for both chromium and chromium oxide

across the entire wavelength range.

2.2.3 Genetic Algorithm for SSAs Coating Optimization

The optimization of the selective solar absorber (SSA) coatings was performed using a Genetic
Algorithm (GA) to maximize the absorber efficiency. The fitness function used in the optimization

process was the absorber efficiency, defined by equation (2.2)

_ qn _ £(Tr)osB (T —Tgmp)
77coat(Tm) - ? =as — G an

(2.2)

where gn (Wm) is the heat flux to the thermal system, Tm (K) is the absorber temperature, Tamb (K)
is the environmental temperature, G (Wm) is the sun-irradiated power, and osg (Wm2K™) is the
Stefan-Boltzmann constant.

To optimize the SSA, the algorithm calculates the reflectance p(A) of the stack at each wavelength,
which allows the evaluation of the solar absorptance as and thermal emittance &(T) using eqs. (1.7)
and (1.8) respectively.
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Figure 2.9 Refractive index and extinction coefficient obtained by fitting ellipsometric measurements for Chromium (a) and

Chromium Oxide (b). (c) The agreement between experimental data and simulation obtained using the reported refractive indices

is shown in simulation (green, solid line), Optical Spectrum Analyzer (OSA) (black, dash line), Fourier Transform Infrared

Spectroscopy (FTIR) (red, dash-dot line).
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The algorithm automatically adjusts the thickness of each layer and calculates the emissivity () of
the coating at each wavelength using the transfer matrix method [87] and the refractive indices of the
materials described in section 2.2.2.

The GAis a search-based method commonly used for solving optimization problems, especially when
classical optimization algorithms are not well suited due to discontinuous, nondifferentiable,
stochastic, or highly nonlinear objective functions. In this application, the GA is advantageous
because it can explore a large number of potential solutions (thickness combinations) and search the
solution space efficiently. It is a global random search algorithm, which makes it less likely to get
stuck in local minima. Additionally, the GA is independent of the initial conditions, although the
search space needs to be defined.

To ensure robustness in the optimization process, a constraint was introduced to limit the loss in
efficiency due to errors in layer thickness. Specifically, the maximum acceptable loss in efficiency
was set to 2 percentage points for errors within a 20% range of the layer thicknesses. Any solutions
that did not meet this constraint were rejected, and the algorithm only returned thickness combinations
that satisfied the constraints. This range was chosen to account for potential variations due to factors
such as manufacturing tolerances and thermal expansion effects.

By analyzing the efficiency of the multilayer stack for the optimized solution, considering these
thickness variations, the maximum change in efficiency remained within 2%. This indicates that even
with small deviations in layer thicknesses, the overall performance of the selective solar absorber is
largely preserved. Furthermore, it is important to note that the consideration of thermal expansion
effects is crucial in ensuring the long-term stability and performance of the multilayer stack. As
temperature increases, the layers may undergo expansion, potentially deviating from their optimized
thickness values. By incorporating a £20% thickness variation range, which accounts for thermal
expansion, the optimized solution effectively addresses this issue and minimizes any adverse effects

on the reflectivity curve and overall efficiency.

2.2.4 Optimization results

The Genetic Algorithm (GA) was employed to design two optimized selective solar absorber (SSA)
coatings for operating temperatures of 200 °C and 300 °C, referred to as OPT200 and OPTa3oo,
respectively. The simulation yielded the optimal thickness combinations of layers for each optimized
absorber, and the optical properties of the optimized absorbers were compared with those of the
commercial absorber (Mirotherm ©) listed in Table 2.1. The table includes the thickness

combinations, solar absorptance values, and thermal emittance values.
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Tab. 2.1. Optimal thickness combinations, solar absorptance as values, and thermal emittance € (T) for commercial coatings and

OPT_200 and OPT_300.

Layer thick. (Layer 1 to 5)
Sample T opt. (°C) Os £ (100 °C) £ (200 °C) £ (300 °C)
(nm)
Commercial - - 0.945 0.062 0.070 0.081
OPT200 200 72-55-10-27-15 0.936 0.026 0.031 0.040
OPT300 300 65-45-8-14-10 0.889 0.017 0.020 0.025

Figure 2.10 (a) presents the spectral reflectivity of the three coatings along with the normalized solar

spectrum. As the target working temperature increases, the cut-off wavelength (Acut-off) shifts towards

shorter wavelengths. This behavior is attributed to the blackbody emission peak shifting towards

shorter wavelengths, which is a well-known characteristic of an ideal selective solar absorber. Figure

2.10 (b) displays the thermal emittance of the three coatings as a function of absorber temperature.

The coating optimized for a higher working temperature (300 °C) exhibits a reduction in thermal

emittance of approximately 70% compared to the commercial coating. This reduction in thermal

emittance, which minimizes radiative losses, comes at the expense of a 6% reduction in solar

absorptance (see Table 2.1).
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Fig. 2.10 Optical simulations. (a) Spectral reflectivity of two coatings optimized for a target temperature of 200, and 300 °C

(red, and green curve, respectively) and of the commercial coating (blue line). Normalized sun spectrum, grey-filled area. (b)

Temperature-dependent thermal emittance of two coatings optimized for a target temperature of 200, and 300 °C (red, and

green curve, respectively) and of the commercial coating (blue line).
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Figure 2.11 illustrates the coating efficiency (Eq. (2.2)) of the simulated multilayer for an incident
power of 1000 Wm™. The optimization process ensures the highest efficiency at the specified
temperature for each case. The efficiency curve clearly demonstrates how the trade-off between
absorptance reduction and low thermal emittance leads to lower radiation losses. Consequently, this
results in lower efficiency at low temperatures but facilitates the maintenance of higher efficiencies

at higher working temperatures.
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Figure 2.11 Optical simulations of coating efficiency ncoat Of two coatings optimised for a target temperature of 200, 300 °C

(OPT200, OPT300; red, green curve, respectively) and of the commercial coating (blue line).

To assess the robustness of the solution concerning thickness variations, the efficiencies of the
multilayer stack for different thickness combinations were considered. Each layer's thickness was
varied around its optimal value, with a maximum percentage error of +20%. The figure only displays
the extreme values (+20% and -20%) along with the optimal thickness values to simplify the

representation. This results in three possible thickness values for each layer, leading to a total of 243
combinations or multilayer stacks.

Figure 2.12(a) provides an overview of the relationship between thickness variation and its effect on
coating efficiency at the target optimization temperature. The coatings show remarkable stability,
with the efficiency difference remaining below or equal to 2 percentage points for all possible
combinations. The graph demonstrates that the OPT200 coating exhibits smoother efficiency variation
with thickness combinations compared to the OP T30 coating. This can be attributed to the chromium

bottom layer, which reaches a thickness of 70 nm in the coating optimized at 200 °C.
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Fig. 2.12 (a): Coatings OPT200, OPT300 (panel A, B respectively). x-axis: each with combination identifies a different stack in
terms of thickness, obtained by varying the thickness of each layer around its optimal value, in the case of three possible values
for each layer and error=+20%. Left y-axis: thickness value of each layer in nanometres for the i™" combination. Right y-axis:
efficiency evaluated at the target optimization temperature related to the i combination.

(b): Spectral emissivity 1- p() for the coatings OPT200 and OPT300. Dash curves: optimal thickness stack. Solid line curves light
color: emissivity curves obtained by varying the thickness of each layer around its optimal value, in the case of three possible
values for each layer and error = + 20%.

In Figure 2.13, the solar absorptance as (purple, left y-axis) and the efficiency and thermal emittance
¢(T) at the target optimization temperature are shown for each combination of the two optimized
coatings (panels A and B). The data is derived from the spectral emissivity curves 1-p(A) in Figure
2.12 (b). The figure highlights the relative importance of solar absorptance as and thermal emittance
¢(T) in determining the efficiency at different working temperatures. For the coatings optimized at
200 and 300 °C, both the solar absorptance and thermal emittance decrease overall, with an increased
variation in as and a decrease in g(T). The variation in as has a limited impact on solar absorber
efficiency, whereas variations in thermal emittance are more influential. The analysis of the OPT2o
and OPTa0o coatings emphasizes the importance of thermal emittance in determining solar
absorptance with increasing temperature, underscoring the need to consider the relative significance
of as and ¢(T) at different working temperatures. The optimization algorithm automatically adjusts
the layer thickness to control as and &(T) based on the target working temperature, ensuring optimal

performance and robustness in the face of thickness errors during the deposition stage.
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Fig. 2.13 Axis x: each with combination identifies a different multilayer stack in terms of thickness, obtained by varying the
thickness of each layer around its optimal value, in the case of three possible values for each layer and error = + 20%. Axis y:
solar absorptance as (left y-axis, purple), efficiency (left y-axis, orange), and thermal emittance g(T) (right y-axis) for the ith

combination at the target optimization temperature, for the coatings OPT200 and OPT300 (panel A and B respectively).

2.2.5 Experimental validation of simulation results

To validate the numerical simulations and the optimization process, coatings OPT20o and OP T3 Were
experimentally fabricated using sputtering deposition. The thickness of the multilayer was measured
using a profilometer (KLA Tencor P-15), and the measured thickness agreed with the sum of the
expected thicknesses of the individual layers.

Figures 2.14 (a) and (b) display the measured reflectance spectrum and the corresponding thermal
emittance of the deposited samples, compared with the simulated reflection spectra.

The solar absorptance values (o) and thermal emittance at different temperatures, along with their
numerical counterparts for the two coatings, are listed in Tab. 2.2. The measured samples closely
match the simulated results, confirming the accurate evaluation of the experimental refractive indices
used in the optimization process. The presented data were calculated for normal incident radiation,
and when considering angular dependence, the absorptance and emittance may differ. However, the
absorptance reported in Tab. 2.2 was measured using an integrating sphere and exhibits only a slight
deviation from the normal incident value, indicating a small angular dependence. The emittance
values were measured using an FTIR specular reflectance accessory, and the hemispherical emittance

may be slightly higher than the reported value, which requires further investigation.
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Fig. 2.14 (a) Measured reflectance spectrum of the deposited samples OPT 200, and OPT300 (red, green dash lines) in comparison
with the simulated reflection spectra (red, green solid lines). Normalized sun spectrum, grey-filled area. (b) Thermal emittance of
the deposited samples OPT200, and OPT300 (red, green dash lines) in comparison with the simulated thermal emittance (red, green

solid lines).

Table 2.2. Solar absorptance values a and thermal emittance at different temperatures in comparison with the numerical
counterparts for the two coatings

T opt. € Num. € Exp. € Num. EExp. € Num. EExp.
Sample O Num. O Exp.

(°C) (100°C) (100°C) (200°C) (200°C) (300°C) (300°C)
OPTa00 200 0936 0925 0026 0025 0031 0031 0040  0.039

OPT300 300 0.889  0.890 0.017 0.017 0.020 0.020 0.025 0.025

Table 2.3 provides the coating efficiency (Eq. (2.2)) at the target optimization temperature for the
three proposed selective absorbers, along with the corresponding percentage deviation and the
difference Ancoat. Despite the variations in as and &(T), |Ancoat|<0.02 is still ensured, by the

constraints imposed during the optimization process.

Table 2.3. Coating efficiency mncoat at the target optimization temperature for the two proposed selective absorbers,

related percentage deviation, and the difference Ancoat

Sample T opt. (OC) Tcoat Num. Tcoat Exp. Deviation % ANcoat.
OPTago 200 0.866 0.847 2.2 0.02
OPT300 300 0.753 0.746 1.0 0.01

The estimation of the coating efficiency for the experimental coating was conducted.
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Fig. 2.15 presents the coating efficiency calculated at 1000 W/m? using the experimental emissivity
curves, which are then compared with the efficiency calculated under the same conditions using the

emissivity curve obtained from the optical simulations.
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Figure 2.15 Coating efficiency of the experimental samples OPT200, OPT300 (red, green dash lines) in comparison
with the optical simulations (red, green solid lines) and of the commercial coating (blue line).

The figure demonstrates a remarkable agreement between the experimentally realized coatings and
their simulated counterparts, confirming the feasibility of the coatings and their suitability for
application in the medium-temperature range.

Furthermore, when comparing the efficiency of the optimized coatings with that of the commercial
coating, an improvement of 7.4% is observed at 200 °C for both coatings. At 300 °C, the improvement
is even more significant, with OPT20 showing an increase of 21.6% and OPTzp0 demonstrating a
remarkable improvement of 26.3%.

2.3 TOTAL EMISSIVITY MEASUREMENTS PROCEDURE FOR CHARACTERIZATION OF

LOW-EMISSIVE MATERIALS FOR SOLAR THERMAL CONVERSION APPLICATIONS

To develop SSAs with excellent optical properties, reliable and precise measurements of emissivity
are necessary. However, accurately determining the emissivity of coatings can be challenging due to
the influence on the measurements of optical properties, surface roughness [88],[89],[90] and
composition [91],[92]. Additionally, environmental conditions, such as temperature and humidity,
may also affect the accuracy of emissivity measurements [93],[94],[95].

Several methods are commonly used to measure the emissivity of coatings, including spectroscopic

methods, such as infrared reflectometry and Fourier-transform infrared spectroscopy (FTIR) [96], as
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well as calorimetric methods [97], such as the heat flux meter [98] or radiometric measurements [99].
Each method has its advantages and limitations, and the choice of technique depends on the specific
requirements of the measurement and the properties of the coating being evaluated.

The calorimetric technique provides valuable insights into the coating's radiative properties,
measuring the heat flux emitted by the coating under controlled conditions. These measurements
involve subjecting the coating to varying temperatures and analyzing the resulting heat transfer.

In the context of Selective Solar Absorbers (SSAs) used in High Vacuum Flat Plate Collectors
(HVFPCs) [79], the total hemispherical emissivity [100], [101], measurement method using a
calorimetric technique is described in [61].

This method utilizes the specialized test equipment Mini Test Box (MTB), described in section 1.4.3.
The Previous work has successfully applied the MTB apparatus to measure the total hemispherical
emissivity of selective absorbers with an Aluminum substrate and a surface area of 210 cm?
(maximum sample dimension containable in the MTB chamber) [61]. However, when dealing with
SSAs having substrates with lower emissivity or smaller dimensions, the emissivity measurement
procedure needs improvement to minimize measurement errors.

This paragraph addresses the correction of the emissivity measurement procedure using the MTB
apparatus specifically for measuring the emissivity of SSAs with low-emissive substrates and
different dimensions. The following sections will provide a detailed account of the improved

measurement procedure and its implications for accurate emissivity characterization.

2.3.1 Influence of sample dimensions on thermal emittance measurements of low-emissivity

Cu-Bulk samples using the MTB Apparatus.

Going back to section 1.4.3, we explained that the principle of the calorimetric MTB measurements
procedure involves obtaining a calorimetric measurement of thermal emittance by monitoring the
instantaneous temperature variation of an absorber sample, during the cooling phase after being
heated until stagnation temperature by the LED system's irradiated power. The temperatures of the
cover glass and chamber walls are measured using K-type thermocouples. An additional
thermocouple is crimped to a lug and screwed to the central hole of the sample using an M3 stainless
steel bolt.

We can rewrite the calorimetric balance equation during the cooling phase by considering the

contribution of the thermocouple bolt:

AT aps
[mabscpabs (Tabs) + mthcpth (Tabs)] d—tb = _Aabs [eabs (Tabs)USB (T;bs - Tg4) +

Esub (Tabs)USB (T;bs - Tl?ess)] (2-3)
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where myp,s, Aaps aNd  Cpans (Taps) are the mass, the surface and the temperature-dependent heat
capacity of the absorber sample, mg, and ¢y, (Taps) are the mass and the temperature-dependent
capacity of the absorber thermocouple fastening bolt and nut, Tus, Ty, and Tyess (K) are the

absorber, glass, and bottom of the MTB vacuum chamber temperatures, respectively.
A simplification is possible by considering the emission towards an ideal surface with an average
temperature between the glass and the base of the vacuum chamber (Twox). This simplification is

possible because it was observed that during the measurements the difference between T, and Ty

never exceeds 10 K. The equation (2.3) becomes equation (2.4):

dT
[mabscpabs(Tabs) + mthcpth(Tabs)] dibs = —Esample (Taps)AabsOsp (T;bs - Tl;}ox) (2.4)

Where €5ample represents the sum of g4, and ggyp,.

When formulating the balance equation (2.4), only the sample emitted radiation is considered during
the cooling phase, and other heat exchange mechanisms occurring during the cooling phase of the
sample are disregarded. This is justified by the findings presented in [61], which demonstrate that
these mechanisms can be considered effectively negligible for samples with a surface area of 210 cm?
and emissivity values exceeding 0.08.

Emissivity measurements conducted on Cu-bulk samples of various dimensions using the MTB
apparatus, demonstrated that for low-emissive and small samples, it is necessary to consider other
thermal loss mechanisms during the cooling phase of the samples.

During the measurements, the sample is positioned within the vacuum chamber and supported by two
steel supports. These supports are in direct thermal contact with the sample, introducing an additional
conductive factor that influences the cooling process. Furthermore, the thermocouple used to measure
the sample's temperature variations is attached to a lug and secured to the central hole of the sample
using an M3 stainless steel bolt. Although the exposed surface area of the bolt was much smaller than
that of the larger samples (210 cm?), it played a significant role in conductive heat transfer and
irradiation for low-emissive or smaller samples.

These additional mechanisms of heat exchange, often overlooked in the calorimetric balance

equation, become increasingly significant in the computation of cooling power ([mabscpabs(Tabs) +

dT gps
dt

mthcpth(Tabs)] ) and, consequently, in the measurement of emissivity. This is particularly true

as the measured sample's area and emissivity decrease, such in the case of Copper (Cu) samples.
Figure 2.16 presents the results of the calorimetric thermal emittance measurements (emittance of
both sample faces) conducted on bulk copper (Cu) samples of various dimensions (210 cm?, 100 cm?,

64 cm?, and 49 cm?), obtained by solving the calorimetric balance equation (2.4).
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Figure 2.16 (a): Measured thermal emittance of different dimensions copper samples as a function of the absorber temperature; (b):
Moving average of the measured thermal emittance of different dimensions copper samples as a function of the absorber

temperature.

It is evident that as the sample dimensions decrease, the influence of the previously mentioned
additional heat exchange mechanisms becomes more significant, leading to an overestimation of the
emissivity of the copper samples. Even though all the analyzed samples are made of the same
materials, there is a difference of at least 40% in the measured emittances between the smaller and

larger samples (as shown in Figure 2.16).

2.3.2 Calorimetric balance equation for low-emissive SSAs and evaluation of the additional

heat losses term (Other Thermal Losses function)

To measure the thermal emittance of low-emissive and/or small samples, the calorimetric equation

(2.4) must be rewritten as follows:

dTgps

[mabscpabs(Tabs) + mthcpth(Tabs)] dt = —&sample (Tabs)o-SBAabs(T;bs - Tl;}ox) -

OTL (Tabs» Tbox) (2~5)

The term OTL (Tabs, Thox) Stands for Other Thermal Losses and represents the fraction of the cooling
power exchanged due to the additional heat transfer mechanisms mentioned above.

Considering that parameters m,;,s, my, and A, can be easily measured, and that ogg is a constant,
along with the knowledge of the sample material and the c,,,s(T) and c,e, (T) known function, the
sensors installed in the experimental apparatus MTB enable the resolution of the calorimetric equation
(2.4) with a single measurement because the only unknown term in the equation is the total effective

emittance of the sample: es3mpie (Taps)-
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With the insertion of the OTL term in the thermal balance, is necessary to obtain the additional
thermal losses function to solve the calorimetric equation (2.5) with a single measurement.
To obtain the sample emissivity the methodology adopted involves the resolution of a system of two

equations with two unknowns:

ATaps
{[mabslcpabs (Tabs) + MepCpth (Tabs)] b = —&sample (Tabs)O'SBAabs,l (T;bs - T;ox) — OTL (Tabs' Tbox)

dt
ATgps
[mabsz Cpabs(Tabs) + MepCptn (Tabs)] d_tb = —&ample (Tabs)USBAabsz (T;bs - Tl;kox) — OTL (Taps Tpox)

(2.6)

The term OTL(Tabs), depends not only on the elements present in the experimental setup (such as
steel supports, thermocouple lug, and bolt) but also on the material properties of the sample under
analysis, specifically its conductivity.

Section 2.3.1 shows the results of calorimetric measurements conducted on four bulk copper samples
of different dimensions (210 cm?,100 cm?, 64 cm? and 49 cm?) using the MTB apparatus. For each
pair of samples made of the same material, in correspondence with the same absorber sample and box
temperatures (Tabs, Thox), the equality of the terms e5,mp1e and OTL (Tans, Thox) Was enforced during
the resolution of the equation system (2.6). For the 4 samples of different dimensions (n=4) to analyze
we have 6 simple combinations with 2 elements (k=2):

n!
T ki(n—k)!

Chnx (2.7)

Solving for the 6 different combinations of the system (2.7), 6 different OTL (Tans, Thox) CUrves were
obtained, and the mean curve was considered to design the function that must be added in the new
calorimetric balance equation (2.5) to correct the emissivity values of absorber with copper (Cu)
substrate.

In Figure 2.17, the six curves of the Other Thermal Losses (OTL) are displayed as a function of
absorber sample temperature. For each observed case the trend of temperature Thox coOncerning the
absorber sample temperature Tans experience negligible variations during the measurements of
samples of different dimensions. In the legend of the graph, each curve is indicated with the
dimensions (in cm?) of the pair of samples whose balance equation is coupled in the system (2.6). The
average of the six curves represents the result of the OTL function for the copper samples. By
extrapolating the average OTL curve, we can extend the temperature range of applicability for the
obtained OTL function. From the experimental data obtained, is possible to write a mathematical
expression of the OTL term.

In general, the OTL function to consider in the calorimetric balance equation, consists of a radiative
term, proportional, according to the Stefan-Boltzmann law, to the difference of the fourth power of
the absorber and box temperatures, and a conductive term, proportional to the difference of the

absorber and box temperatures.
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Figure 2.17 Representation of OTL curves in function of the sample temperature obtained for each pair of different dimensions

copper samples analyzed (201, 100,64, and 49 cm?). The graph also represents the mean losses curve and its linear extrapolation.

The expression of OTL (Tass, Thox) assumes the following form:
OTL(TabS,Tbox) =Zp * (T;bs - Tl;}ox) + 2z * (Tabs - Tbox) (28)

For Copper (Cu) samples or SSA samples with the copper substrate, the coefficients z; and z; are
obtained by fitting the experimental average OTL (Tabs, Thox) Curve in Fig. 2.17 with equation (2.8).

Equation (2.8) particularized for copper becomes equation (2.9):

OTL(Taps Tpox) = 3.36E — 12 % (T2 — Ti) + 0.0012 * (Taps — Thox) (2.9)

2.3.3 Results of bulk-copper samples thermal emittance measurements correction

By expanding OTL (Tabs, Thox) in equation (2.5), are obtained the corrected total emissivity curves of
the copper samples that are depicted in Figure 2.18 (a). It can be observed that after the correction,
the distances between the curves corresponding to samples with different areas are significantly
reduced. This indicates that it is acceptable to consider the average value as the corrected value for
the bulk copper emissivity. Dividing the corrected emissivity values by two yields the emissivity of
a single side of the copper sample (figure 2.18 (b)). These curves overlap with the Copper
hemispherical emissivity curve found in the literature [102], confirming the success of the

calorimetric equation correction.
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Figure 2.18 (a): Corrected total spectrally averaged emissivity of different dimensions Copper samples (210, 100, 64, 49 cm?); (b):
Corrected single side spectrally averaged emissivity of different dimensions Copper samples (210, 100, 64, 49 cm?) compared to

literature data (black line)

Once the expression for the other thermal losses function OTL (Tabs, Toox) IS Obtained for copper
samples, it becomes possible to compare the magnitude of these losses introduced by the experimental
setup with the power emitted by the measured copper samples of different dimensions.

Figure 2.19 represents the ratio between OTL (in watts), and the sample emitted power (also in watts)
as a function of the absorber temperature for samples of varying dimensions.
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Figure 2.19 ratio between OTL and sample emitted power as a function of the absorber temperature for copper samples of

varying dimensions

Dr. Eliana Gaudino XXXVI PhD Cycle, Industrial Engineering Department



60l Pag.

When the ratio OTL/emitted power is equal to 1, it indicates that the losses induced by the
experimental setup are of the same order of magnitude as the power emitted by the sample during the
cooling phase of the measurement. This introduces a limitation in the emissivity measurement
because the losses and the emitted power become comparable. With the current configuration,
considering the OTL term in the calorimetric balance equation, it is possible to assess the thermal
emittance of copper samples in a temperature range of (150+400) °C and with dimensions ranging
from 64 cm? to 210 cm2. However, the presence of the OTL term sets a limit on the accuracy of the
emissivity measurement.

In future developments of the mini test box experimental apparatus, it is expected that advancements
will be made to extend the range of samples’ emittance measurability. This can be achieved by
miniaturizing the thermocouple elements, which would help reduce the magnitude of the OTL term,
thereby improving the accuracy and expanding the range of emissivity measurements for different

sample dimensions.

2.4 FORMULATION OF A NEW EFFICIENCY MODEL VALID FOR HVFPCs AND

CALCULATION OF EFFICIENCY OF HVFPCs WITH OPTIMIZED SSAS.

The improvements of HVFPC technology, like the development of new optimized SSA coatings and
glass covers [103],will bring in the short term to cover applications up to 250 °C [104]. A reliable
method for evaluating the annual energy production of an HVFPC equipped with a new SSA would
allow for estimations regarding the potential economic advantages of adopting the new absorber.
Such a method is missing in the literature, and it would be essential to provide insights into how much
to invest in adopting this innovation. As explained in section 1.3, the standard efficiency coefficients
(mo, IAMg, c1, C2) are provided by the Solar Keymark certification body that obtains them through a
standard test, and efficiency values for operating temperatures higher than the maximum tested
temperature cannot be evaluated with standard efficiency curve extrapolation, since the radiative
losses are not taken explicitly into account by eq. (1.15).

Figure 2.20 shows the MT-Power efficiency curve certified by the solar Keymark up to Tm= 200 °C
(solid line) and its extrapolation until the zero-efficiency point (dashed line). Additionally, the figure
includes a black arrow indicating the specific point that is the certified stagnation temperature of the
MT-Power (Tm = 302 °C). The stagnation temperature of a collector refers to the highest temperature
reached by the absorber surface when the collector is exposed to solar radiation without any heat
transfer or fluid flow occurring. The stagnation temperature is typically measured or estimated to

assess the thermal performance and potential heat gain of a solar collector system.
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Figure 2.20 Standard thermal efficiency curve of the TVP-Solar HVFPC MT-Power and its mathematical extrapolation (dashed

line) as a function of the collector temperature. The figure also indicates the certified collector stagnation temperature (Tm=302° C).

It can be noticed that in correspondence with the certified stagnation temperature, the mathematical
extrapolation of the standard curve overestimates the thermal efficiency to a value of 0.1, indicating
that the extrapolation overestimates the efficiency and cannot be used to predict the collector behavior
at higher temperatures.

In this paragraph will be presented a novel efficiency model for the performance characterization of
HVFPCs. It overcomes the limits of the standard efficiency formula, allowing the efficiency
calculation up to the stagnation temperature.

The proposed formula [105] decouples the losses that depend on collector architecture from the
optical and radiative losses of the SSA. It will allow us to predict the HVFPC performances at
temperatures higher than the certified temperature and to accurately estimate the efficiency of
HVFPCs equipped with new optimized SSAs.

2.4.1 Mathematical expression of the Efficiency Model for HVFPCs

In an HVFPC, the energy transfer from solar radiation to the HTF will occur through different heat
exchange mechanisms, as shown in Figure 2.21.

The main losses in HVFPCs are the radiative losses, which depend on the absorber radiative
properties (absorptance and emittance) and the glass cover transmittance, and additional thermal
losses, mostly conductive, due to the thermal contact with the supporting structure; therefore, Py can

be expressed as:

b, = [Pabs - (Pem + Padd—loss)] (2-10)
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Where P, represents the amount of power transmitted by the glass, absorbed by the SSA plate,
and converted into HTF internal energy increment.

It can be expressed as the product of the collector zero-loss efficiency n, and the Incident Angle

Modifier IAMp :
Paps =M, * [AMg (2.11)

Pem is the absorber emitted power due to the radiative heat exchange between the absorber and the

surrounding elements:
P = €o(T)0sg Agps[(Tn + 273.15)* — (Typmp + 273.15)%] (2.12)

In eq. (2.12), A,y is the absorber surface (m?) and Tw is the average absorber temperature, which
will be considered equal to the average HTF temperature while €. is the total effective emittance of
the absorber. In the term Padd-loss O €q. (2.10) included all the HVFPC losses due to the panel
architecture.

Paada—10ss = k(Tm - Tamb)Z (2-13)

Where k is the conductive heat losses coefficient while the exponent z determines the type of the
additional heat losses, and it is expected to be equal to one (mostly conductive heat losses).
Explicating all the terms, eq. (2.10) becomes eq. (2.14):

Se(Tm)*O'SB[(Tm+273.25)4_(Tamb+273.15)4] *Azbs_i_ k(Tm—GTamb)z} (2.14)

= 1y * 1AM, — {

77th,new

Equation (2.14) is the mathematical expression of the proposed efficiency model valid for HVFPCs.

Diffuse Radiation Direct Radiation
v G=Gd + Gb
Glass Cover

Pem
vacuum Absorber ‘
? plate Pabs
. . . ‘ ‘ Fluid Pipes

vacuum
Padd-loss
Collector envelope

Figure 2.21 Simplified scheme of basic components of an HVFPC and thermal fluxes at interfaces.
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2.4.2 Application of proposed HVFPCs efficiency model to MT-Power TVP-Solar collector

The proposed efficiency model devised for HVFPCs will be validated by its application to the
TVPSolar MT-Power. When deriving the thermal efficiency formula of MT-Power, the optical
properties of the SSA, such as absorptance o and effective emittance ee(T), were obtained
experimentally, in particular, the effective emittance through calorimetric measurements following
the procedure described in [61].

The spectrally averaged absorptivity («) of the commercial absorber is reported in the tab. 2.1 while

&,(Tm) is shown in Fig. 2.22.

0.13 /
0.12 /

@ 011

0.10 / //
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0.09

Figure 2.22 Effective thermal emittance as function of temperature for the commercial SSA mounted on MT-Power.

Given the known SSA optical properties, the unknown terms in equation (2.14) are the additional losses
coefficient (k) and the exponent (z). To determine the value of k and z, equation (2.14) is fitted to the certified
efficiency data obtained using the standard efficiency formula of the collector.

The standard efficiency curve is certified in the range between the minimum and the maximum tested
temperature. The proposed efficiency model equation (eq. (2.14)) should accurately replicate the standard
formula (1.15) until Tr, = 200°C.

Through the fitting procedure, it was determined that the exponent (z) of the additional losses function that
reproduces the certified efficiency is 0.93 (+/- 0.08) with a %2 value of 2.8E-05. This value confirms that
dissipative effects other than radiation losses have a linear dependence on (Tm-Tamb), Suggesting that they are
due to thermal conduction. Since the fit result is compatible with the exponent 1 of the conductive loss, we fix
the value of z at 1 to compute the coefficient of additional losses, k. The best fit was obtained for a k value

equal to 0.258, and it returned a 2 value of 2.8E-05, and R? = 0.999 identical to the previous ones.
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The low value of the additional losses’ coefficient is not surprising due to the presence of a high
vacuum in the panel and to the advanced architecture of MT-Power, specially designed to minimize
conductive losses.

The efficiency formula of the MT-power collector obtained from the best fit of the solar key mark

data is reported here:

. 4 _qd -
Ny, =M, * [AM, — [Ee(Tm) O'SBG(Tm Tamb) *Azi,s 4 0258 (T,g T amb) (2.15)

Figure 2.23 shows the standard efficiency curve (red line) extended up to the stagnation temperature
(red dashed line) and the curve generated by Eq. (2.15) (blue line with dots). The curves are plotted
for normal irradiance at an angle of incidence of 6=0. The x-axis of Fig. 2.23 represents the average
temperature Trm because Eq. (2.15) depends on the fourth power of the ambient temperature Tamp and
the absorber temperature T separately.

To plot a single efficiency curve, Tamb must be fixed. In this case, Fig. 2.23 uses the value at which
the standard test was performed (indoor measurements), i.e., Tamb =20 °C. Unlike the standard curve
extrapolation (Figure 2,20), Eq. (2.15) reaches zero efficiency at Tm = 302°C, which corresponds to
the collector's stagnation temperature stated in the Solar Keymark certification.

Our proposed efficiency formula, Eg. (2.15), corrects the absence of the quartic temperature
dependence in the standard thermal efficiency formula.

. [ T ]
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Figure 2.23 TVP-Solar MT-Power HVFPC Efficiency Curves: certified (red line) and its extrapolation up to zero efficiency (red

dashed line), optical (green), and the curve obtained in this work (blue line with triangles).
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Using the standard formula, the power available at 250°C amounts to 525 W, while employing our
proposed efficiency formula yields 464 W, resulting in a difference of 61 W. This discrepancy
increases notably with higher operating temperature T,,,.

Furthermore, the same fitting procedure for Eq. (2.14) can be applied to HVFPCs with different
architectures, given that we know the absorber optical properties and the standard efficiency
coefficients from the Solar Keymark certification. The fitting process will provide the additional loss
coefficient 'k’ and the efficiency equation that can be used to extrapolate the collector performance
up to stagnation. The stagnation temperature in the certification is vital information to obtain the new
efficiency equation. The fact that the obtained equation passes through this specific point serves as a
significant validation of the efficiency extrapolation outside the temperature range explored by the

certification.

2.4.3 Application of proposed HVFPCs efficiency model to HVFPC equipped with new
optimized solar absorbers.

The proposed model allows us to predict the efficiency of an HVFPC equipped with a new SSA with different
optical properties. This section shows the application of the newly developed efficiency model to an MT-
Power HVFPC architecture equipped with multi-layered SSA optimized for operating temperatures of 200 °C
and 300 °C [28]. In Figure 2.24 (a) the thermal emittance of the commercial absorber mounted on TVP-Solar
HVFPCs is represented by the blue dashed line.
Additionally, the thermal emittances of selectively coated solar absorbers (SSAs) optimized to
operate at different temperatures are shown. The green dashed line corresponds to optimization for
200 °C operating temperature, while the red dashed line represents optimization for 300 °C operating
temperature.

The optimization led to a significant reduction in thermal emittance, which is the primary source of
heat loss for HVFPCs at elevated temperatures [41]. However, this reduction came with a slight
trade-off in absorptance, with values of c.comm=0.95, ctoptzoo =0.925, oloptzo0 =0.890.

In Figure 2.24 (b), the curves labeled "this work" depict the MT-Power with commercial absorber
(black continuous line) and the HVFPCs with the same structural characteristics as the MT-Power
but equipped with SSAs optimized for 200 °C (green continuous line) and 300 °C (red continuous
line).

The Figure also reports the optical efficiencies of the optimized absorbers that consider radiative
losses only to underscore the importance of accounting for conductive losses, especially at elevated
temperatures. Due to the different values of o, HVFPCs equipped with the optimized SSAs exhibit

zero-loss efficiencies (no) different from those of the HVFPCs equipped with commercial absorbers.

Dr. Eliana Gaudino XXXVI PhD Cycle, Industrial Engineering Department



661 Pag.

The efficiency of the optimized SSA is consistently higher than that of the commercial absorber at

temperatures higher than 120 °C since the last was not optimized to work in high vacuum.
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Figure 2.24 (a) Thermal emittance as function of the operating temperature for the following SSA: commercial SSA mounted on
TVP-solar HVFPCs (blue dashed line), SSAs optimized to work at 200 °C (green dashed line) and 300 °C (red dashed line); (b)
Thermal efficiency curves versus operating temperature for a TVP-solar HVFPC equipped with Commercial (blue line ) and
SSAs optimized to work at 200 °C (green line) and 300 °C (red line) obtained with the proposed efficiency model. For the
optimized SSAs the optical efficiency curves, which consider the radiative losses only, are also reported (dot lines)

2.4.4 HVFPCs Annual energy producibility calculation

Thermal efficiency is the crucial parameter for energy predictions and estimating the collector's
production under specific climatic conditions. Failing to account for radiative losses in the efficiency
equation can lead to inaccuracies in estimating the collector's performance, especially at high
operating temperatures.

Figure 2.25 presents the monthly energy production of the MT-Power at Tm=250 °C, using 2019
hourly irradiation and ambient temperature data from the specific location (Cairo). The calculation
considers the energy converted by a collector that is oriented to the south and tilted at 35 °. In Figure
2.25 (a) three distinct efficiency formulas were employed: Optical (illustrated by green line squares),
This-Work (represented by blue line squares), and Standard (depicted by red line squares). It's
apparent that relying on the Standard efficiency formula results in an overestimation of energy
production. For the year 2019, an annual energy production of 438 kWhm would be projected in
contrast, using the This-Work efficiency formula indicates a more conservative estimate of 383
kWhm-2, leading to a difference of roughly 13%.
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Figure 2.25 Monthly energy production (a) for MT-power collector computed using optical (green), standard (red), and this-work
(blue) efficiencies; (b) for HYFPC with SSA optimized at Tm=300 °C computed using optical (green), and this-work (blue)
efficiencies.

Figure 2.25 (b) underscores the importance of accounting for additional conductive losses in the
efficiency calculations of HVFPCs. The figure highlights the variance in monthly energy production
of an HVFPC fitted with a new absorber (optimized at 300 °C) set at an operating temperature of 250

°C.

The comparisons are drawn between results obtained using the optical efficiency (green dots and line)
and those derived from the proposed This-Work efficiency model (blue dots and line).

The estimated annual energy production, as per the optical efficiency formula, stands at 811 kwhm-
2, In contrast, the This-Work efficiency formula suggests a value of 638 kwWhm2,

Following the comprehensive overview and optimization of HVFPC technology, the third chapter
will delve into the calculation of the MT-Power HFVPC absorber temperature frequency function
thanks to the implementation of a dynamic simulation model using Simulink. This model represents
a simple solar plant comprising a series of two evacuated flat-plate solar collectors (“Test-Bench”).
The model has proven valuable for energy forecasting and various applications related to these panels,

as will be elucidated in this thesis.
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3. NEwW PROCEDURE FOR HVFPCS TEMPERATURE
FREQUENCY FUNCTION EVALUATION.

Despite the high performance exhibited by vacuum insulated flat plate collectors (HVFPCs), there is
currently a lack of precise characterization regarding the behavior of this type of panel. A
comprehensive and accurate characterization is essential to establish the reliability and solidity of the
technology and to identify areas for improvement. The current standard for characterizing flat plate
collectors in terms of aging and performance analysis does not align well with HVFPCs. In order to
compete with more established solar thermal collectors in the market, it is necessary to provide
information on the lifetime, energy production potential, and thermal efficiency of HVFPCs.
Additionally, the development of dedicated performance analysis methods and control strategies is
crucial. In the first chapter of this thesis, the efficiency expression of a solar absorber was introduced
using equation 1.12. The optical properties of the absorber may undergo changes during the service
life of the solar collectors due to high temperatures, resulting in a decrease in absorber thermal
efficiency and energy production [105]. The standard procedure for qualifying the surface durability
of solar absorbers defines the absorber temperature frequency function as an essential parameter for
estimating the failure time of collectors, although evaluates it primarily for low-temperature
applications such as domestic hot water production.

Due to the lack of a standard specifically for HVFPCs, a novel approach was employed to predict
aging for selective solar absorbers mounted on HVFPCs and was applied to TVPSolar MT-Power
HVFPC. A dynamic simulation model to investigate the behavior of HVFPCs under different
conditions was implemented in this study and was used to reconstruct the temperature frequency
function of HVFPCs, considering their high thermal efficiency and stagnation temperature. The
simulation model provided the yearly absorber temperature history under operating conditions, while
experimental data were collected to obtain the temperature trend of the HVFPCs during stagnation
periods with a dedicated experimental apparatus which we refer to as Test-Bench. The resulting
absorber temperature frequency function, applicable to HVFPCs, was derived for different operating
temperatures, assuming a 30-day stagnation period per year, as prescribed by the standard. It should
be noted that the assumption of 30 days of stagnation per year is unrealistic for thermal collectors
used in industrial applications. To address this, the variation of aging parameters for different
stagnation periods (fallowing periods) is also presented to provide an indication in this regard.
Before delving into the details of the new procedure for evaluating the temperature frequency function

for HVFPCs, we will provide information on the tools that will be instrumental in our investigations,

Dr. Eliana Gaudino XXXVI PhD Cycle, Industrial Engineering Department



691 Pag.

such as the experimental apparatus “Test-Bench” and the implemented simulation model that

replicates it.

3.1 TEST-BENCH EXPERIMENTAL APPARATUS AND ITS DYNAMIC SIMULATION MODEL.

The “Test-Bench” is a dedicated test facility designed to evaluate the performance of new versions
of TVP-Solar HVFPCs through outdoor measurements. This experimental set- up is installed at the
TRESOL SRL seat in Avellino.

3.1.1 Description of the experimental apparatus

Figure 3.1 depicts the considered system that comprises a series-connected array of two MT-Power
HVFPCs and one collector to monitor the conditions under stagnation (with no HTF circulation, when
irradiated the collector absorber reaches the maximum temperature). It includes a tank for storing the
heat transfer fluid (HTF) under constant pressurization (1 MPa). A centrifugal circulation pump
regulates the flow rate of the HTF circulating within the HVFPCs. Additionally, a three-way valve is
incorporated to redirect the fluid through a dry cooler when the tank temperature exceeds a

predetermined limit.

(b) ©

Figure 3.1 TVP Solar MT-Power HVFPCs Test-bench: the Test- Bench is composed of 2 panels connected in series that allow for
HTF circulation (on the right) and one panel in stagnant conditions that allow for stagnation temperature measurements

(performance parameter of the SSA). On the top of the collectors in series there is a rolling shutter that can be lowered as needed
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Figure 3.2 Vertical view of the MT-Power fluid pipes arrangement

(d)

Figure 3.3 Pictures of Test-Bench components : (a) fan cooler; (b) HTF storage tank; (c) frontal section of an insulated

connection pipe (d) HTF circulation circuit
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The collectors with fluid circulation have two inlets and two outlets (Fig. 3.2) due to the HTF flowing
through the heat collector array twice, thereby minimizing heat loss from interactions with the
environment.

Figure 3.3 illustrates some of the key components mentioned earlier, including the dry cooler (Figure
3.3 (a)), the storage tank (Figure 3.3 (b)), and the complete HTF circuit (Figure 3.3 (d)).

The optimal orientation of solar collectors is determined by the specific application requirements and
geographical location [106]. It is characterized by two angles [107]: the Angle of Tilt (B), which is
the angle between the collector plane (or aperture) and the horizontal plane, and the Azimuth angle
(y), which is the horizontal angle between true south and the direction in which the collector's surface
faces. In the Test-Bench, the collectors are south-oriented (Azimuth = 0°) and tilted at 30° to
maximize the capture of average annual solar irradiation (Figure 3.1 (b)). All connection pipes are
insulated with a rockwool layer (Figure 3.3 (¢)).

In addition to the primary components, the Test-Bench is equipped with a series of sensors that allow
for the monitoring of panel and fluid operating conditions, as well as the reconstruction of
environmental conditions during operation. Temperature control of the stored and flowing HTF is
crucial for performance evaluation, as well as maintaining the pressure within the collector to ensure
vacuum insulation. Pressure control can be observed directly through the oxidized getter pump, which
leaves a white cast on the collector glass. The list of sensors installed in the experimental set-up and
the corresponding controlled physical quantities is presented in Tab. 3.1.

The activation and control of the experimental set-up are carried out using a computer connected to
it through LabVIEW software specifically developed for this purpose. The Test-Bench can operate
in manual mode, allowing users to adjust the pump and fan cooler frequency, set the temperature,
activate the tank heater, and more. Alternatively, pre-programmed modes can be used after defining
the power objective of the measurements. Various parameters can be obtained, such as the panel's
temperature variation over time, pressure drop over temperature increment, and, indirectly, the panel's
thermal efficiency under specific conditions.

The temperature difference between the temperature sensor installed at the panel inlet and the one
installed at the panel outlet provides the panel delta T. By knowing the mass flow rate (measured by
the Coriolis mass flow meter), delta T, and the properties of the circulating heat transfer fluid, the

power transferred from the panel to the fluid can be calculated using the principles of calorimetry:

Qto fluid,meas = mcp (Tf,m)AT (3.1)

Here, i " represents the mass flow rate (kgs™) circulating within the solar panel ducts, Cp(Trm) is

the specific heat of the heat transfer fluid (kJ/kg-K) (obtained from the fluid properties chart) at the
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average temperature between the panel's inlet and outlet (Tf,m), and AT is the temperature increment

of the fluid crossing the panel (T, — Tf,;).

Tab. 3.1 List of the controlled physical quantities of the Test Bench components and respective sensors

Component Measured physical Sensor Model
property
Tank Temperature Down Piezoresistive pressure KELLER 21Y
transmitter
Inlet HTF Temperature type K Thermocouple Endress+ Hauser TSC
310
Outlet HTF Temperature type K Thermocouple Endress+ Hauser TSC
310
Panel 1 Glass Temperature type K Thermocouple Endress+ Hauser TSC
310
Case Temperature type K Thermocouple Endress+ Hauser TSC
310
HTF Inlet Temperature PT100 Endress+Hauser
Easytemp TMR31
HTF Outlet Temperature PT100 Endress+Hauser
Easytemp TMR31
Pressure Vacuum Gauge
Panel 2 Glass Temperature type K Thermocouple Endress+ Hauser TSC
310
Case Temperature type K Thermocouple Endress+ Hauser TSC
310
HTF Inlet Temperature PT100 Endress+Hauser
Easytemp TMR31
HTF Outlet Temperature PT100 Endress+Hauser
Easytemp TMR31
Circulation Circuit Mass Flow Rate Coriolis Mass Flow Rate | YOKOGAWA Rotamass
sensor+ converter MCCF31

Weather Station

Ambient Temperature Thermometer COMET F8000
Solar irradiation Pyranometer CMP 10 KEEP &
ZONEN
Wind Speed Anemometer

The thermal efficiency of the solar collector, denoted as mexp, is defined as the ratio of the heat

obtained by the average temperature of the heat transfer fluid at the inlet and outlet to the incident

solar radiation multiplied for the collector area:

_ Qto fluid,meas

Nexp = G+Ac

(3.2)

3.1.2 “Test- Bench” dynamic simulation model description.

A dynamic simulation model of the system explained in the previous section have been implemented

in Simulink [108]. By importing weather data from an online database, the model can simulate the

functioning of the panels in a wide range of climate conditions.

Dr. Eliana Gaudino

XXXVI PhD Cycle, Industrial Engineering Department



731 Pag.

Daily, monthly, and annual simulations can be performed to compute the instantaneous and
cumulative power output as well as the thermal history of the panels. In Simulink, the primary
interface consists of a graphical block diagramming tool and a customizable set of block libraries.
This interface is utilized to develop a dynamic simulation model that replicates an existing Test-
Bench

The simulation model is constructed using blocks from the Simscape Simulink library, which contains
all the necessary components for the implementation. Figure 3.4 provides a schematic representation

of the considered system.

‘ 3 way valve

Radiator A

%nel 2 \q_flpfanel 1

STORAGE TANK Circulation Pump

S
N

Figure 3.4 Simplified scheme of the Test-Bench

In Simulink, the system can be divided into several subsystems that are interconnected as shown in

Figure 3.5.

STORAGE
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CIRCULATION PUMP B
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. @
[ 4 B
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Figura 3.5 Simulink Test Bench model
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The first subsystem, called STORAGE (Figure 3.6 (a)), represents the tank where the HTF is stored.
The central block of this subsystem is the tank (TL), which models a thermal liquid network storage
tank with constant pressurization and a configurable number of inlets (up to three). The tank
parameters, such as volume and liquid level, are selected to match the real tank structure and material
of the Test-Bench. When the circulation pump is activated, the HTF exits the tank through the tank
outlet C. After circulating through the two panels, the fluid returns to the tank through inlet A if no
cooling is required. However, if cooling is necessary, the fluid flows into the radiator circuit and
returns through inlet B. The interaction between the tank and the external ambient is modeled through

the ambient subsystem (Figure 3.6 (b)).

(a)
A VTANK AR
A Y L|
OUTLET out_tank_1 ) /
N
T_TANK {_TANK
c - -
o 1 T
in_tank1 1
INLETS F’
THERMAL INTERACTION AMBIENT-TANK
in_tank2 Tank (TLy1
Ambient
\Users\39334\Do}
Ta milgnaﬁ
— AMBIENT TEMPERATURE SPREADSHEET
(b)
CONCUCTIVE HEAT TRANSFER CONTROLLED TEMPERATURE SOURCE
Ar=1B ra |
— L& L
(D B g \
Tank (TL)1 —<te—(1)

Figure 3.6 HTF Storage Subsystem: (a) Elements that composes the subsystems; (b) Ambient subsystem structure

The HVFPCs ARRAY subsystem (Figure 3.7 (a)) is composed by other 5 subsystems: PANEL 1,
PANEL 2, PANELS CONNECTIONS, END PANEL 1, and END PANEL 2.

PANEL 1 and PANEL2 represent the HVPFCs of the Test-Bench that allow HTF circulation. When
the HTF flows through the HVFPCs, its temperature increases due to interaction with the absorber
plate. As there is vacuum between the absorber and the glass cover, there are no convective or

conductive heat losses within the panels, only radiative losses.
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However, when the HTF flows through the connections between the first and second halves of the
panels and between consecutive panels, conductive and convective heat losses must be considered.
The END PANEL 1, END PANEL 2, and PANELS CONNECTION subsystems (Figure 3.7 (b))
have identical structures. The first two represent the circuit between the outlet of the first half of the
panel and the inlet of the second half. The PANELS CONNECTION subsystem represents the circuit
between two consecutive panels.

Even PANEL 1 and PANEL 2 share the same structure, each containing two subsystems called HALF
PANEL (Figure 3.7 (c)), which models the HTF circuit between each panel’s inlet and outlet. Having
the MT-Power two inlets and two outlets, necessitates the presence of two half panels in the panel
subsystem.

The HALF PANEL subsystem is the most important component of the simulation model. The

controlled heat flow rate source block provides the solar power transferred to the HTF while passing

through the first half of the solar panel. This heat flow rate is calculated using the formula:

Qtoﬂuid = 77th,st * G AhP (3'3)

Here, 7,, ., is the MT-Power standard efficiency expressed by relation (1.15), G (Wm) is the

global Solar Irradiation (normal and diffuse) incident on Panels surface and Ay, is the Half Panel
surface.
The simulation model also includes the presence of a subsystem called COOLING (Figure 3.8) which

contain a block of Simscape library that models a Radiator. The working temperature of the HTF
must be regulated to ensure the system'’s operational reliability. After passing through Panel 2, before
returning to the tank, the HTF flows through a THREE-WAY DIRECTIONAL VALVE, whose
position is determined by a temperature signal. When the tank's temperature exceeds the activation
temperature for the cooler, the valve opens, allowing the fluid to pass through the radiator. Otherwise,
the fluid continues to flow back into the tank.

Once developed, the simulation model can accurately predict the performance of the system under
various scenarios and locations. The dynamic model requires weather data, including ambient
temperature solar irradiation and incident angle on collector surface, as input variables. The
simulation model predictions are based on a standard efficiency formula derived from a standard
indoor test conducted under steady-state conditions.

To validate the dynamic simulation model, we chose to numerically reproduce the measurement
conditions of a single day of outdoor experimental performance measurements of the MT-Power
HVFPCs (7" December 2022) using the Test-Bench located at TRESOL SRL in Contrada Santorelli,
as depicted in Figure 3.9 The simulation results were compared with the experimentally obtained

results, and a good agreement was observed, as explained in the following sections.
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Further details about the experimental set-up will be provided in the subsequent section.
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Figure 3.7 HVFPCs Array Subsystem: (a) Elements that composes the subsystems; (b) End Panel subsystem structure; (c) Half
Panel HTF circuit subsystem structure
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Figure 3.8 Cooling subsystem structure

3.1.3 Daily simulation validation

To validate the dynamic simulation model of the test bench, we conducted a comparative analysis
between the simulated results and the daily experimental measurements obtained from the test bench.
The experimental measurements were performed on December 7", 2022, utilizing Therminol 66
[109] as the designated heat transfer fluid, with the tank's setup temperature (or cooler activation

temperature) set at 95°C.
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Figure 3.9: (a) 7" December 2022 acquired weather data and HTF flow rate used as inputs of the dynamic
simulation; (b) comparison between simulation results (dot lines) and experimentally acquired data (solid

lines) of Test-Bench tank and collectors daily temperature measurements made on 7t December 2022

Data acquisition during the experiment was conducted at a sampling rate of 1 second, incorporating
environmental variables such as ambient temperature, irradiance, and mass flow rate, captured by the
Test-Bench's weather station (Fig. 3.9 (a)), as inputs for the simulation while the solar radiation
incidence angle was determined using the SolPos [110] online tool.
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In order to validate the model, we compared both the measured and simulated average fluid
temperatures (Tm °C)) within panel 1, panel 2, and the tank as showed in Fig. 3.9 (b).

The graph in Fig. 3.9 (b) illustrates the temporal evolution of temperatures, and the simulation results
exhibit good agreement with the experimental measurements. During this period, the observation was

concluded by closing the shutters of the test bench before solar irradiance reached zero.

3.2 HVFPCs TEMPERATURE FREQUENCY FUNCTION: CALCULATION PROCEDURE
AND RESULTS.

The experimental data and results from the validated dynamic simulation were employed to assess
the temperature frequency function of the MT-Power HVFPC absorber. This function is a crucial
parameter in calculating the service lifetime of a collector. Before delving into the specifics of the
procedure, it is essential to establish the relationship governing the aging process for a thermal

collector.

3.2.1 Definition of aging parameters for HVFPCs service lifetime evaluation

For the evaluation of HVFPCs' service lifetime, aging parameters are defined based on the ISO/CD
12592, 2 standard [111], which assumes that the degradation of the absorber follows the Arrhenius
law. The Arrhenius law describes the temperature dependence of chemical reaction rates k, with the

activation energy per mole of the ageing process (Et) being a key parameter determining the aging

resistance at the operating temperature.

k = Dyprnexp (%ETT) (3.4)

where k, Darrs is the Arrhenius constant, R is the constant of ideal gas and T is the temperature. The
absorber temperature changes during the normal working conditions. Such temperature variations can
be summarized by a temperature frequency function f(T) that represents how many hours the
absorber is at temperature T during one-year operation. By integrating the complex temperature
frequency function (f(T)) over a temperature range, an effective constant temperature (Tefr) can be

derived, which produces the same aging effect as the actual temperature variations.

This allows accelerated aging tests to be conducted at higher temperatures than the operating
temperature to estimate the failure time, defined as the point at which the absorber's efficiency is
reduced beyond a predefined threshold.

e (5) = | " exp () e (35)

RTeff
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Here, T,,ax and Tpyipare the maximum and minimum temperature of the solar absorber observed
over one year operation.

The standard also introduces a Performance Criterion (PC) to estimate the activation energy (E)
through aging tests. The PC is calculated based on the change in absorptance (o)) and emittance (&)

before and after testing (eq. 3.6).

PC =kt =—Aa+ 0.54¢ (3.6)

Aa = o's — ag , AT = €/, — §, Where o' and €, represent the absorptance and the emittance after
testing, while ag and (g;) are the absorptance and the emittance before testing.
Once Et and Tesr are determined, the failure time (tr) can be calculated in years for a given testing

temperature (Tr), using the expected service lifetime of the collector (LT):

E 1 1
tr = LTexp <— ?T (E — E)) (3.7)

The values of t; and T, are a compromise between the requirements of a testing time easily
accessible (no more than few weeks), easily measurable with a small relative error (at least one hours),
and a testing temperature not too higher than the stagnation temperature, to avoid the activation of
other degradation mechanisms (with a different activation energy).

Both the temperature frequency function (f(T)) and the Performance Criterion need to be adapted to
the specific type of collector under analysis to obtain reliable calculations of the failure time.
Unfortunately, there is a lack of specific standards for performance evaluation and absorber
qualification regarding HVFPCs. However, a new Performance Criterion suitable for selective solar

absorbers for middle-temperature applications has been proposed by [112]. It considers the efficiency

difference (Anabs) before and after testing and can be used to assess the aging of the absorber.
PCn (T) = Angps(T) (3.8)

An,, (1) = n,(T)- 17 aps (T), Where 1,5 (T) is the efficiency of the absorber before testing and

' aps (THthe efficiency of the absorber after testing.

The standard presents the temperature frequency function (f(T)) based on averaged measured values
from four different flat-plate collectors used for domestic hot water applications. These collectors
were exposed for one year in Rapperswill (Switzerland) and operated for 11 months with 30 days
under stagnation (fig. 3.10).
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In figure 3.10 we can notice that the maximum temperature reached by the absorber of the collectors
analyzed is equal to 180 °C. An update procedure, described by [113], enables the adaptation of the
standard temperature frequency function (f(T)) to other types of solar collectors by considering
variations in stagnation temperature while assuming that the shape of the temperature curve will

remain unchanged for different absorber optical properties.

3.2.2 Rescaled f(T) for absorbers with stagnation temperature of 300 °C.

TVP-Solar MT-Power HVFPCs can work at higher operating temperature than conventional flat plate
solar collectors thanks to the elimination of convective thermal losses guaranteed by the high vacuum
insulation. The SSA adopted in the MT-Power achieve stagnation temperatures higher than 300 °C
(302 °C as certified by the Solar keymark [52]. A procedure to re-scale f(T) for absorbers with
different stagnation temperature is presented in [113]. The assumption that stagnation conditions
occur 30 days in a year remains valid. The temperature histogram for 1 year for the case of a maximum
stagnation temperature of 180 °C is presented in fig. 3.11). To calculate the corresponding
temperature histograms for cases of other maximum stagnation temperatures (Tn_max), Simple re-

scaling was made according to:

T max—288 K

T, = (Tysa x — 288 K) 22w ) 4 288 (3.9)

where Th is the rescaled temperature and Ta73 k is the corresponding temperature for the case of a
maximum stagnation temperature of 453 K (180 °C). When adopting re-scaling, we made the
assumptions that the night temperature is 288 K (14 °C).
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The Standard and the re-scaled absorber temperature frequency function for collectors with stagnation
temperature of 300 °C, are reported in Fig. 3.11 in black and red respectively. Setting a hypothetical
value of the activation energy (Et) of 100 kJ/mol, the T obtained from the re-scaled histogram,

using eqg. (3.5) is equal to 190 °C.

Re-scaledd
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Figure 3.11 Histogram in black: Reference absorber temperature frequency function valid for absorber with stagnation
temperature of 180 °C (standard f(T)). Histogram in red: Re-scaled absorber temperature frequency function valid for absorbers

with stagnation temperature of 300 °C.

3.2.3 New methodology for HVFPCs f(T) calculation and results.

The novel calculation procedure for f(T) involves the utilization of HVFPC (High Vacuum Flat Plate
Collector) dynamic simulation, as described in section 3.1, to construct the absorber temperature
history under operating conditions. Conversely, the temperature trend under stagnant conditions is
derived from experimental data. In this particular application, MT-Power was chosen as the HVFPC,
and we aim to obtain the f(T) for this specific model [114]. The system model was modified to include
only one collector, as depicted in figure 3.12.

In the computation of f(T), it is assumed that the instantaneous temperature of the Heat Transfer Fluid
(HTF) is equal to the collector absorber temperature, and the absorber optical properties remain
constant throughout a year of operation. The dynamic simulation, conducted in a transient manner,
provides the instant working fluid medium temperature Tm(t) at each time step, which is a necessary
parameter for constructing f(T). By obtaining the average temperature distribution of the HTF over
the simulated time, which is considered equivalent to the absorber's average temperature distribution,

we can derive the simulated temperature frequency function f(T) for the operating conditions.
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3.12 simplified scheme of the system modelled to obtain HVFPCs f(T)

The dynamic simulation model for the commercial HVFPC calculates the instantaneous power
converted by the collector and transferred to the HTF (eqg. 3.1), taking into account the standard
efficiency (eq 1.15). The standard MT-Power efficiency is valid for a maximum temperature of 200
°C; therefore, the mathematical model presented above is not applicable for higher collector
temperatures. For stagnant conditions, the temperature profile of a highly selective absorber (fig. 3.13
(a)) was measured in the MT-Power configured for stagnation measurements and mounted on the
TVP-Solar HVFPCs Test-Bench installed in Avellino, Italy (see fig. 3.13 (a)). The profile was
recorded on September 28, 2018, with a maximum global radiation of approximately 1000 Wm (Fig.
3.13 (b) measured on the collector plane). The stagnation temperature reached 302 °C. The
corresponding daily absorber temperature frequency function f(T) represents the sample daily f(T)
for HVFPCs under stagnant conditions. By multiplying the daily f(T) by 30, we can derive the f(T)
for a month of stagnation (see Fig. 3.14 (a)). A new f(T) suitable for HVFPCs is provided to obtain
more reliable results compared to those obtained with the rescaled f(T) (red histogram in Fig. 3.11).
The histograms relative to HVFPCs considering four different Operating Temperatures (O.T. = 60
°C, 90 °C, 120 °C, 180 °C), obtained through dynamic simulations and experimental data, are
represented.

The minimum O.T. is characteristic of Domestic Hot Water (DHW) applications, while the maximum
O.T. serves as a reference value for medium temperature applications.

The dynamic simulation yields the temperature trend of the collector over the simulated time, which
is subsequently summarized as a histogram. To ensure a direct comparison, the dynamic simulations
use meteorological data from the standard test location (Rapperswill). The hourly meteorological data
were downloaded from the Solar Radiation tool of the Joint Research Centre (JRC) website [115],with

the desired year, location coordinates, and collector orientation angles set.
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The simulation model also requires the characteristics of the HTF, and in this case,
XCELTHERM®500 [116] (-60 — 260 °C) was selected, with a mass flow rate during daylight hours
set to the nominal value for oil m*= 516 (kg/h) (as reported in the MT-Power certification [21]). The
TVP-Solar HVFPC absorber temperature frequency functions f(T) obtained from simulations at
different O.T.s are presented in Fig. 3.14 (b).
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Figure 3.13 (a) Measured temperature of a selective absorber in a High Vacuum Flat Plate Collector during stagnation; (b)
Measured solar Irradiation on collector plane

The temperature range for analysis extends from -20 to 305 °C, divided into intervals of 5 °C. In Fig.
3.14 (b) (logarithmic scale), the number of hours in which the collector absorber operates within each
interval can be observed. The temperature data for the stagnation period are obtained from the
histogram in Figure 3.14 (a). Unlike the rescaled f(T) (Figure 3.11), it is notable in Figure 3.14 (b)
that the collector operating temperatures (O.T.s) are easily distinguishable (the temperatures at which
the absorber reaches the highest number of hours). Analyzing the case of an O.T. equal to 180 °C, it
is evident that the shape of the f(T) is different from the other cases, providing a clear indication that
the High Vacuum Flat-Plate Collector (HVFPC) is not able to operate at that temperature for a
desirable number of hours under the meteorological conditions of Rapperswil. By utilizing the
histograms reported in Figure 3.14 (b) to compute the effective temperature (Tefr) (assuming an
activation energy of 100 kJ/mol), the results are 242 °C for every considered case (for every O.T.)
instead of the 190 °C obtained with respect to the rescaled f(T).

The difference between the analyzed cases is negligible because, due to the strong non-linearity of
the Arrhenius-type kinetics (see Equation 3.4), the temperature load under operating conditions

affects the calculation much less than the load under stagnation, which does not depend on O.T.
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Establishing that the stagnation period plays the main role in the calculation of Te, it is observable
that the assumption made by the Standard of 30 days of stagnation in one year is realistic for
conventional flat-plate collectors used to produce domestic hot water (DHW).

However, when considering HVFPCs for industrial applications, 30 days of unproductivity cause
unacceptable energy loss. The Tesr computed for every considered collector operating temperature
(O.T.=60 °C, 90 °C, 120 °C, 180 °C) by varying the length of the stagnation period (1, 2, 3, 4, 5, 10,
15, 20, 25, 30 days) are reported in Figure 3.16, which shows a logarithmic trend of Tesr with
increasing stagnation period length. The graph also includes the Tes computed using the rescaled f(T) (30
days of stagnation). As the days of stagnation increase, the influence of the different working temperatures on
Tett becomes less significant. In the case of no stagnation (stagnation period length = 0), the Tes for each O.T.

is almost equal to the collector O.T. considered.
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Figure 3.14 (a) HVFPC f(T) relatives to 30 days of stagnation (b) Absorber temperature frequency functions relative to 11
months of operation and 30 days of stagnation valid for HVFPCs considering 4 different operating temperatures (O.T. = 60
°C, 90 °C, 120 °C, 180 °C).
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Figure 3.15 Variation of T.¢ with stagnation periods length for 4 operating temperatures (O.T. =60 °C, 90 °C, 120 °C, 180 °C).

The difference in terms of Tefr Obtained at the different operating temperatures of 60 °C, 90 °C, 120
°C is negligible even from the first day of stagnation. After 10 days of stagnation, all the considered
operating temperatures become equivalent with respect to the Tefr calculation. Therefore, it is
important to predict a realistic period of inactivity for the industrial solar plant in order to calculate a
reliable effective temperature of the solar collectors.

The results clearly show that there is a difference in the evaluation of the f(T) when following the
current standard compared to using the simulation model with any operating temperature considered.
This difference leads to a different calculated value of Tefr and, consequently, a different failure time.
For this reason, the use of the simulation model to predict the f(T) for HVFPCs is more reasonable.
Furthermore, based on the data obtained from the HVFPC solar field of TVP Solar, it can be assumed
that the field operates without any unproductive days throughout the year, which is justified for
industrial applications. Accordingly, the evaluation of the temperature frequency function using the
above-presented simulation model is shown in Figure 3.16 for three different locations (Dubai,
Naples, Paris), with an operating temperature of 180 °C and considering a stagnation period length
of 0 days.

The procedure for evaluating f(T) described in this paragraph can be improved by replacing, in the
dynamic simulation, the standard efficiency expression with the new efficiency model specifically
designed for HVFPCs, as presented in Chapter 2.

This new efficiency model enables the calculation of f(T) even under stagnant conditions, making it possible

to perform the computation solely using the dynamic simulation model.
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Figure 3.16 Temperature frequency function evaluation for an operating temperature of 180 °C, with 0 days of stagnation period
length and for 3 different locations Dubai, Naples, and Paris (black, red, and blue column respectively).

Summarizing, in this chapter a methodology to derive the yearly absorber temperature frequency
function valid for High Vacuum Flat Plate Collectors (EFPC), guaranteeing high accuracy, is
presented. The methodology prescribes to reconstruct the absorber temperature frequency function
during operating conditions using a dynamic simulation based on an efficiency model characteristic
for HVFPCs. Using the simulation model for service-time and experimental data for stagnation, if
assumed the exact fallowing period for the solar plant, a greater accuracy of HVFPC failure time
evaluation is obtained. The flexibility of the simulation model consists in the possibility to obtain the
f(T) in every desired location, operating conditions, and for every collector by changing the efficiency
formula and input data and, for this reason, it is a very useful instrument not only to make life-

conditions prediction for the absorber but even to give energetic and economic forecasts.
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4. CASE-STUDY: PERFORMANCE MEASUREMENTS AND
SIMULATION OF AN HVFPCS TEST- FIELD

In this thesis we have discussed HVFPC technology, how we have worked over the years to develop
optimized components for these solar thermal collectors, and we have developed dedicated
procedures and mathematical models for characterizing their performance. In the literature, there is
still limited data on the actual production capabilities of fields equipped with HVFPCs, mainly
because they are often operated well below their optimal operating temperatures. To conclude this
work a Case-Study carried out during my internship period at TVP-Solar company will be explained.
This chapter focuses on the measurement and performance analysis of a High Vacuum Flat Collectors
(HVFPCs) field. The test facility consists of 25 arrays installed on the roof of the TVP-Solar
headquarters, serving as a valuable resource for the company to provide customers with collector
information. Due to some issues experienced by the company, the objective of this work was to
conduct performance measurements of the test field. The aim was to understand the parameters that
need to be considered to improve the regulation of the solar field.

The architectural constraints of the building roof have influenced the structure of the installation. The
field is divided into two sections, each forming a 6° angle with the horizontal plane. Each set
comprises seven panels: four on the east-facing surface and three on the west-facing surface. The tilt
angle of each collector in the arrays is set to 15° to maximize energy gain during the summer, with
an azimuth angle of 0°.

Initially, performance measurements were conducted using a single pyranometer positioned between
the two sides of the roof to measure solar irradiation. Subsequently, two pyranometers, one on the
left side and the other on the right side of the roof (both having the same tilt and azimuth as the
collectors), were used to measure irradiation independently. A comparison of these measurements
with numerical results obtained through dynamic simulation revealed that a comprehensive
evaluation of plant performance should account for the varying orientations of the collectors within
the arrays. These findings emphasize the importance of considering the impact of collector orientation
on system performance, even in cases where ideal orientations cannot be achieved due to installation
constraints. Understanding the influence of collector array orientation on system efficiency can guide
the development of improved flow rate regulation strategies, leading to enhanced performance and
energy utilization.

In the final section of the chapter, the plant simulation model was modified to incorporate the design
of HVFPCs equipped with an absorber optimized for operation at 300 °C (as described in Chapter 2).

A comparison was initially made by maintaining the same operating temperature as the real case
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presented. Subsequently, new results obtained by considering an operating temperature of 200 °C are

presented.

4.1 HVFPCs TEST-FIELD DESCRIPTION

This section provides a description of the analyzed HVFPCs test field and detailed information about

the installed components. The solar field consists of two main parts.

4.1.1 Solar field

The first part is the Solar Field that is located on the company building's roof and comprises 175 MT-
Power HVFPCs. The field is divided into 25 arrays, each containing 7 panels. Within each array, 4
panels are mounted on the east-facing side of the roof, while the remaining 3 panels are situated on
the west-facing side. The roof's two sides form a 6° angle with the horizontal plane, as shown in Fig.

4.1.

Figure 4.1 Frontal section of one array of collectors of the solar field.

The collectors in the arrays have a tilt angle (B) of 15° and an azimuth angle (y) of 0°. The collectors
of each array are connected in series using hose connectors and are interlinked through supply and
return pipelines (Fig. 4.2), while the arrays are connected in parallel. In addition to the supply and
return pipes, there is a third pipe that functions as a pressure equalizer. This pipe balances the pressure
between the two main pipes to prevent flow reversal in certain rows due to pressure differentials.
Furthermore, a vent valve is incorporated into the system to release excess pressure when necessary.
The solar field follows a single-side module format, where the pipelines run laterally through the
field. The distance between rows of collectors must be chosen by optimizing the available space;
usually, the minimum distance is calculated by imposing that there are no shadows at noon on the
winter solstice [117] (that is, for a fixed solar altitude: ¢ = (90-23.45-latitude), i.e., at central-southern
Italy latitudes, ¢ = 25°), or imposing the absence of shadows at least for solar altitudes higher than a

pre-set value (typically 20°):
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Buyin = L *sin (a) x cos(g)/tan(b + ¢) (4.1)

Where Bmin is the minimum passable distance between two subsequent rows that allows no shadows
at noon, c is the solar height, b is the collector's tilt angle, L is the collector's length, g is the azimuth

angle of the collectors (fig. 4.3).

Figure 4.2 Solar Field test facility on the roof of TVP-Solar company

Figure 4.3 schematic representation of two rows of collectors with the characteristic angle indicated.

At ground level, the thermal block consists of two subsystems. Subsystem 1 includes a pressurization
pump, an expansion vessel, and a buffer tank. These components work together to maintain the
system's pressure within the desired range of 0.6-1.0 MPa, preventing potential evaporation.
Subsystem 2 acts as a cooling subsystem for the test facility. As the facility does not have a specific
application, the heat transfer fluid (HTF) in this subsystem requires cooling when it reaches the set-
point temperature before being recirculated. It comprises an electromagnetic three-way valve and a
dry cooler. The purpose of this subsystem is to regulate the field outlet temperature and keep it within
pre-set values. When the HTF temperature at the field outlet exceeds the set value, the HTF is directed
to the dry cooler for cooling. In the next subsection, a detailed description of the components of the

thermal block system will be provided.

Dr. Eliana Gaudino XXXVI PhD Cycle, Industrial Engineering Department



9IPag.

4.1.2 Description of the components of the thermal block system

Figure 4.4 P&ID (Piping and Instrumentation Diagram) of the thermal block system of the TVP-Solar
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Figure 4.4 depicts the components that compose the thermal block system. In this section, the

structure and functionality of each represented component will be explained.

The connections between pipes incorporate various valves:

Ball valve (Fig. 4.5 (a)): It is a flow control device that utilizes a hollow, perforated, and
pivoting ball to regulate the liquid flow. In the solar field, this valve is installed in both the
return and supply pipelines of each row. Its main function is to disconnect the row from the
circuit during maintenance interventions.

Check valve (Fig. 4.5 (b)): A check valve, also known as a non-return valve or one-way valve,
allows fluid to flow through it in only one direction.

Pressure relief valve (PRV) (Fig. 4.4 (c)): This safety valve is used to control or limit the
pressure in a plant system. Its opening is proportional to the pressure increase in the tank.
Automatic air vent valves (Fig 4.5 (d)): These valves are employed to eliminate air from
heating systems. The presence of air can lead to corrosive phenomena, cavitation, and reduced
heating system efficiency. When the air level in the float chamber exceeds a certain threshold,
the valve opens, releasing the trapped air and allowing water to replace it.

Y-strainer (Fig. 4.5 (e)): Its purpose is to remove unwanted particles from steam, gas, or liquid
by using a straining element typically made of wire mesh.

Reducers (Fig. 4.5 (f)): A reducer is a kind of pipe fitting (accessory) that is used in process
piping to change the pipe size from a big bore to a smaller bore pipe. Mostly reducer is used
for a change in pipe size to meet flow requirements of the process system or connect to existing
small or big piping bores as per requirements. The length dimension of the reducer is almost
equal to the average of the big bore and smaller bore pipe diameters.

Line break valves (Fig. 4.5 (g)): These anti-pollution devices prevent backflows and the
contamination of water with chemicals or bacteria. Under normal conditions, the valves are
open, permitting fluid passage. However, if the upstream pressure drops due to a pipe fault,
the negative pressure automatically closes the valves, preventing backflow and opening the
discharge valve to empty the intermediate zone. These valves are essential after the pumps as
they act as non-return valves.

Three-way valve (Fig. 4.5 (h)): This valve is a constant flow rate and is a constant flow rate
valve used for either mixing or diverting applications. In these valves, the total flow rate
remains constant. These valves have three pipe connections and two orifices. When one orifice
is open, the other is closed, and vice versa. These valves can be normally closed, normally
open, or universal. They come with a T- or L- shaped fluid passageways inside the rotor. The

T valve might be used to permit the connection of one inlet to either or both outlets or the
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connection of the two outlets. The L valve could be used to permit disconnection or connection
of both, but not both of two inlets to one outlet.

() (b) (©)

(d)

(@) (h)

BVAYAN
N

Figure 4.5 Type of valves in the HVFPs Field : (a) ball valve; (b) check valve; (c) Pressure relief valve; (d)
automatic air vent valve; (e) Y-strainer; (f) concentric reducer; (g) line break valve; (h) three-way valve

The circulation of the Heat Transfer Fluid (HTF) in the solar field circuit is ensured by the Solar Field
Circulation Pump, which is a specialized pump used for circulating gases, liquids, or slurries in a
closed circuit. In this case, it is used to circulate the HTF in the plant's hydronic system. Since it only
circulates liquid within a closed circuit, its main challenge is to overcome the friction of the piping
system and, if necessary, lift the fluid from a lower potential energy point to a higher one (for instance,
pumping the fluid to the top of a building if the solar field is installed there). The primary function of

the pump is to regulate the flow rate. The system must always operate smoothly, meaning that the
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flow temperature, coming from the solar field, should reach the designated operating value. To
achieve this, considering the variability of solar thermal availability, the flow rate is adjusted
accordingly by controlling the Programmable Logic Controller (PLC) Cabinet.

The gas exerts pressure on the membrane, establishing a pre-charge pressure for the circuit. This
ensures that even the highest elements and pipes in the system are maintained at the operating
pressure. Without this pressure surplus, the highest parts of the system would be exposed to
atmospheric pressure, which could lead to undesired HTF evaporation and the formation of air
pockets in the upper sections of the system. It is recommended to install expansion vessels on the
pipeline containing the lowest temperature water, which, in this case, should be on the return pipe.
This is because the gas permeability of the membrane increases with higher temperatures, potentially

causing the presence of gas in the circuit.

~—

COMPRESSED
SIZE OF BLADDER AIR
AT HIGH WATER
PRESSURE

SIZE OF BLADDER
AT LOW WATER

"

Figure 4.5 Diaphragm membraned expansion vessel

In the thermal block P&ID, there is a system referred to as the Refilling System/Pressurization Pump.
This system utilizes a suitable pump to refill the circuit when it has experienced a loss of fluid. The
reduction in the liquid level within the circuit can occur due to natural micro-leaks that develop over
time, requiring occasional refilling, or it can be a result of pipe ruptures or malfunctioning valves.

Dry coolers are air/water-finned heat exchangers. They are employed in this type of plant to cool the
HTF flow using ambient air when the heat level exceeds the required threshold and poses a risk to
the circuit's integrity. In particular, when the temperature of the HTF exceeds the system design
temperature, the flow is directed through the dry cooler using a three-way valve (Figure 4.6 (b)).
When this occurs, the control system typically increases the load on the circulation pump to maximize
the flow rate and manage the sensible heat, thereby reducing the fluid temperature. If the fluid
temperature remains higher than the maximum operating temperature despite the maximum flow rate,

the dry cooler is activated. It is a straightforward and easy-to-install system. The cooling capacity is
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enhanced by fans that facilitate the movement of air across the pipes and increase the convective heat

transfer coefficient.

(@) (b)

Figure 4.6 Dry cooler of the HVFPCs field thermal block: (a) picture of the dry cooler installed at ground level ; (b) schematic
representation of the dry cooler and its circuit.

The size of the dry cooler is determined based on the mass flow rate circulating in the system and the
desired return temperature. Generally, when the dry cooler is activated, the fluid is cooled to the return
temperature of the solar field. It is a device that is unlikely to become blocked, and although necessary
for safety reasons, its activation results in energy wastage. For this reason, the plant should be
designed in the most efficient way possible to minimize the frequency of dry cooler activation events.
In this particular test field, the Heat Transfer Fluid (HTF) currently does not have a designated
application. As a result, the dry cooler serves as a substitute for a potential heat exchanger that is

typically utilized on the application side of the solar field circuit.

4.1.3  Field control by PLC (Programmable logic controller)

The PLC Cabinet, also known as a Programmable Logic Controller, plays a crucial role in regulating
all operational parameters through an HMI (Human-Machine Interface). This interface serves as a
communication dashboard between humans and machines.

The PLC system facilitates control over various components, including electronically actuated valves
and pump inverters, allowing for the adjustment of the flow rate and more.

In the context of the HVFPCs field, the PLC receives signals from sensors installed within the system.
These sensors provide essential measurements related to the operating conditions of the Heat Transfer
Fluid (HTF) and weather data. Table 4.1 presents a comprehensive overview of the signals received
by the PLC, excluding those from the electronic valves. Additionally, the table provides details about

the respective sensors responsible for generating these measurements.
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Tab. 4.1 PLC input signals from the HVFPCs field, description, and sensor details

ID TYPE Description Sensor Model
TT-001 Temperature Field return Thermometer PT-100 Easy temp TMR35
temperature on 3-way
field loop valve
TT-002 Temperature Field supply Thermometer PT-100 Easy temp TMR35
temperature
TT-003 Temperature Dry cooler supply Thermometer PT-100 Easy temp TMR35
temperature
TT-004 Temperature Dry cooler return Thermometer PT-100 Easy temp TMR35
temperature
TT-005 Temperature Weather temperature Air temperature sensor MTX FAR039 BA
(PT2100 trasducer)
PT-001 Pressure Solar field pump inlet | Piezoresistive pressure | KELLER series 21/21
pressure transmitter PRO
PT-002 Pressure Solar field pump outlet | Piezoresistive pressure | KELLER series 21/21
pressure transmitter PRO
PT-003 Pressure Expansion vessel Piezoresistive pressure | KELLER series 21/21
liquid side pressure transmitter PRO
measure
FT-001 Flow Solar field flow Electromagnetic Promag P100
measure flowmeter
LC-001 Level Field water storage Level sensor Autosen AF903
tank level
IT-001 Irradiance Meteo station Pyranometer MTX PCTRAOxx
Irradiance measure

The PLC can operate in either "Automatic mode" or "Manual mode." However, due to the absence
of a real application, it is challenging to achieve automatic regulation in this test field. Nevertheless,
the logical functioning of the system will be explained as follows:

1. Pre-heating Mode: This mode operates in the morning, from sunrise to sunset, when the
conditions are suitable for the pump to activate (Irradiation > Threshold value). Once the
desired temperature is reached, the system transitions, if activated, to the next mode.

2. De-freezing Mode: This mode prevents the fluid inside the system from freezing. During the
night or during the day when the irradiation and system temperature are below the set values,
the solar field pump turns on, facilitating fluid movement and preventing liquid solidification.
The pump switches off when the system temperature reaches an upper limit.

3. Dry cooler Mode: This mode is activated when the system temperature exceeds the design
value. In such cases, the three-way valve (previously described) directs all the fluid to the "dry
cooler,” which brings the system temperature back below the predefined limit.
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4. Automatic Refill: This mode prevents the system from running out of fluid in the event of a
leak. If the system pressure falls below a set value due to a hydraulic circuit fault, an electro-
actuated valve opens fully, activating the pressurization pump to refill the system until it
reaches the normal operating pressure. It is advisable to perform system maintenance when
the reintroduced fluid quantity reaches a critical value.

Due to some issues experienced by the company, the objective of this work was to conduct
performance measurements of the test field in manual mode under controlled conditions. The aim
was to understand the parameters that need to be considered to improve the regulation of the solar
field.

4.2 PERFORMANCE MEASUREMENTS OF TVPSoLAR HVFPCs FIELD

The objective of the performance measurements conducted on the solar field was to monitor its daily
productivity and field efficiency. Water was chosen as the Heat Transfer Fluid (HTF), and the set-
point temperature for each measurement day was determined accordingly. To assess the field's
performance, several quantities were measured, including HTF temperatures at the inlet and outlet of
the solar field and dry cooler, HTF flow rates at the inlet of the solar field and dry cooler, solar
irradiation, and ambient temperature.

Initially, the measurement campaign focused on monitoring solar irradiation using a single
pyranometer installed in the middle of the roof. A fixed HTF flow rate of 8 m3/h was maintained, and
the measurement results were compared with numerical results obtained from a simulation model
implemented in Simulink. However, discrepancies between the measured and simulated results led
to a repeat of the measurement campaign.

In the subsequent measurements campaign, solar irradiation was monitored separately on each side
of the building roof using two pyranometers (Fig. 4.7). This arrangement aimed to capture localized
variations in solar irradiation across the roof. The flow rate regulation took into account the average
value of irradiation measured by the two pyranometers. The measurements were conducted when the
solar irradiation (G) was greater than or equal to 150 W/m? to cover the full range of solar
illumination.

By measuring throughout the entire daylight period, the differences in solar radiation received by the
collectors due to their different orientations (east-facing and west-facing sides of the roof) could be
accurately assessed. The results obtained from both measurement configurations, along with the

analysis derived from them, will be presented subsequently.

Dr. Eliana Gaudino XXXVI PhD Cycle, Industrial Engineering Department



97 1 Pag.

The flow rate regulation aimed to maintain the set-point temperature while incorporating the localized
variations in solar irradiation across the roof. The measurement results included weather conditions

such as solar irradiation (G) measured by the pyranometers and ambient temperature (Tamb).

Figure 4.7 Arrangement of the two pyranometers for the second measurements campaign.

4.2.1 Results of experimental measurements conducted with single pyranometer

configuration.

Figure 4.8 presents the measurement results obtained during a single day of the measurement
campaign, where solar irradiation was monitored using a single pyranometer positioned in the middle
of the building roof. The selected day for presenting the results is March 18", 2023, with a set-point
temperature (field outlet) of 95 °C, which is a typical application temperature for a solar thermal field.
In Figure 4.8(a), the recorded weather conditions are depicted, including the solar irradiation (G)
measured by the single pyranometer and the ambient temperature (Tamb).

In Figure 4.8(b), the performance parameters of the solar field are presented. The temperature
difference (AT) represents the increase in HTF temperature achieved by the solar field. The observed
oscillations in AT are attributed to incorrect flow rate and dry cooler power regulation.

Pinc (W) represents the solar power incident on the surface of the collectors comprising the solar field.

It is calculated using the formula (1):
P = G* A. * N, (4.2)

Where A represents the collector surface, Nc is the number of panels of the solar field, and Pconv (W)
represents the amount of power converted by the solar field while maintaining the set-point

temperature. It is computed using the formula (4.2):

Peony= *cp, *AT (4.2)
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Figure 4.8 (a) 18/03/2023 acquired weather data, solar irradiation (black line, left scale), and ambient temperature (red line right
scale) ;(b) Measured field performance parameters with a set point temperature equal to 95 °C: incident power, produced power,

AT and efficiency.

n is the field efficiency and in the graph is represented for a set point operating temperature of 95

°C and (Tavg-Tamb) Of approximately 70 °C. It is computed using the formula:

PCOI’IV
n=—= (4.3)

Pinc
The measurements conducted with the single pyranometer configuration resulted in a conversion
efficiency of n = 0.5. However, it was observed that the collectors mounted on the east side of the
roof received better illumination in the morning compared to those on the west side. These
variations in collector exposure throughout the day introduce discrepancies in the heating and
cooling of the HTF, emphasizing the need for separate monitoring of solar irradiation on each side

of the roof.

4.2.2 Results of experimental measurements conducted with double pyranometer

configuration.

Regarding the results of the experimental measurements conducted with a double pyranometer
configuration, Figure 4.9 displays the results obtained on a specific day (July 9, 2023). Solar
irradiation was monitored using the double pyranometer configuration. The set-point temperature was
maintained at 100 °C. The solar irradiation measurements were recorded from the east-facing
pyranometer (Gest) and the west-facing pyranometer (Gwest). In this case, the HTF flow rate (depicted
in Figure 4.9 (a)) is regulated to maintain the set-point temperature while providing a specific cooling
power for the dry cooler. In Figure 4.9 (b), Pinc represents the sum of solar power incident on the

collectors positioned on the east-facing side of the roof (Gest * Ac * Nc_est) and the solar power incident
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on the collectors mounted on the west-facing side of the roof (Gwest * Ac * N¢_west), Where NC_estand

Nc_west are the number of collectors mounted on the east and west facing side of the roof respectively.

(a) (b)
Pinc(W) ~10 80
—— Tamb (°C) 3.5x10° i Peonv (W) |
3547 Gesl(W/ m2)2 A L 1000 3.0x10° : ! / N . ZT Field |
—— Gy (WirT) Zany ‘ oo e 08
' W \ \\ . i / \ I 60
\ L'y 2.5x10° / \

30 4 Flowrate (m3/h) M
/ // - 800 . .
25 s / \ 2.0x10° : ﬁ o
i L 600 : L 40
20 ! 1.5x10° :

HIES Y/ \ &

\ - 400 1.0x10° ; Mg

10 / a W\ ) k20
\ 5.0x10* 0.2
\ 200 (]

5 /

A/ \\k 0.04—= S ~ |
o -1 ™~ -0 b 00 Lo
04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 Time

Time

Figure 4.9 (a) 9/07/2023 acquired weather data, and flow rate (b) Measured field performance parameters with a set point

temperature equal to 100 °C.

In the analyzed HVFPC field operating at 100 °C, the measurements revealed a daily average
conversion efficiency of 56% under an average irradiation of Gag =650 W/m?2. These results are
considered, especially when compared to the findings in reference [118]. In that study, an 800 m?
solar thermal plant coupled to a District Heating system in Geneva was monitored for over a year.
The solar field comprised 400 MT-Power collectors and achieved a yearly efficiency of 46.4% with
an average operating temperature above 80°C.

These findings indicate that the HVFPCs in the analyzed field are highly efficient and capable of

generating significant thermal energy output even under varying irradiation conditions.

4.3 HVFPCs FIELD PERFORMANCES: COMPARISON BETWEEN NUMERICAL AND

EXPERIMENTAL RESULTS.

Similar to the dynamic model developed for the individual HVFPC performance assessment in
Chapter 3, a dynamic model of the TVPSolar HVFPC field test facility was implemented in Simulink.
The simulation model was validated using the daily experimental measurements reported earlier.

The solar field installed at TVPSolar Seath will soon be used to test new versions of HVFPCs
equipped with SSAs that have improved optical properties. A daily dynamic simulation was

implemented and executed to assess the performance of the solar field with these new HVFPCs.
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Similar to the test bench simulation, the dynamic model treats the collector as a box, with its behavior
mathematically described by an efficiency expression. To simulate the behavior of MT-Power field,
the standard efficiency expression (eq. 1.15) was used and, by utilizing the efficiency model
formulation presented in Chapter 2, it is possible to reconstruct the efficiency expression of the new
version of HVFPC equipped with an optimized SSAs but with the same architecture as MT-Power.

The last section of this chapter will present the results of a dynamic simulation illustrating the daily
production of a solar field operating at a temperature of 200 °C, equipped with SSAs optimized to

operate at 300 °C, as discussed in Chapter 2.

4.3.1 TVPSolar HVFPCs field dynamic simulation model description.

In order to simulate the solar field, Simulink with the Simscape library was chosen as the simulation
model, enabling the modeling and simulation of physical systems in a multidomain environment.
Similar to the Test-Bench model (Chapter 3), the solar field was divided into multiple subsystems,
mirroring the subsystems described in Section 4.1.

The "Solar Field" subsystem (Fig. 4.10(a)) represents the 25 collector strings, with each string
depicted as a single block. The number of collectors within each string is provided as input. The
strings are connected in parallel (Fig. 4.10(b)), as indicated by the connection to the supply and return
pipes at the input and output of each block (Fig. 4.10(c)). The required inputs for this subsystem are
solar irradiation and ambient temperature. Additionally, there is a block that models the connecting
pipes for fluid circulation.

The "Thermal Block™ system is represented in Fig. 4.11. In the simulation model, the dry cooler and
the expansion vessel are modeled as separate subsystems. In the thermal block, elements that regulate
the heat transfer fluid (HTF) circulation, such as the circulating pump and two 3-valves, are included
(Fig. 4.11(b)). The valve switch temperatures can be manually adjusted in the block interface, while
the flow rate must be provided as a vector input to the pump block.

In addition to the "solar field" subsystem, the "Thermal Block" is connected to the "expansion vessel"
(Fig. 4.12(a)) and "dry cooler" (Fig. 4.12(b)) subsystems. The "expansion vessel" is modeled using
the Simscape library's "gas-charged accumulator” element. It consists of a precharged gas chamber,
and a liquid chamber connected to a thermal liquid network. The chambers are separated by a bladder,
piston, or diaphragm. To design the element, the volume of the accumulator and the pre-charge
pressure must be provided. The "dry cooler" is modeled as a heat exchanger between the thermal
liquid network and the moist air network. The block's dimensions correspond to the actual dry cooler
installed in the solar field, and the cooling power is adjusted by controlling the cooling air velocity,
which is used as an input to the block.
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The simulation model contains also blocks in which the signals are elaborated to provide in output the

numerical physical quantities required.
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Fig. 4.10 Solar Field subsystem: (a) simulation model of the solar field subsystem; (b) structure of the block with the 25 arrays

connected in parallel; (c) zoomed-in view of Fig. (b) showing the solar field return pipe block.
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4.3.2 HVFPCs test-field performance daily simulation: comparison between numerical and

experimental results.

The measurements campaign presented in Section 4.2 was compared to the numerical results obtained
from the simulation model of the solar field implemented in Simulink. The simulation takes into
account various input parameters, including the HTF mass flow rate, solar irradiation, ambient
temperature, set-point temperature, and dry cooler air flow rate for controlling the cooling power. To
maintain consistency with the actual case, water was used as the circulating HTF with the same flow
rate.

Therefore, the comparison between the numerical and experimental results focused on the
comprehensive performance parameter, AT, achieved by the solar field.

Figure 4.13 (a) depicts the comparison between the measurements taken with the single pyranometer
configuration on the 18th of March and the numerical results. Specifically, it shows the average HTF
temperature, Tavg, Which is obtained by taking measurements between the inlet and outlet of the field,
and the AT achieved by the field. The numerical results tend to overestimate both the AT and Tavg
provided by the solar field. Moreover, when examining the trend of Tayg, significant differences are
observed, particularly at the beginning and end of the day during the field's warming up phase.
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Fig. 4.19 Comparison between experimental & numerical results: (a) Measured AT (red dashed line) and the Tavg (blue dashed

line) of the first experimental campaign carried out with single pyranometer configuration (18 March 2023) and comparison with
simulation results (black and green solid lines respectively); (b) Measured AT and the Tavg Of the second experimental campaign
carried out with double pyranometer configuration (9 July 2023) and comparison with simulation results

These discrepancies can be attributed to variations in collector exposure within each array. For
example, collectors mounted on the east side of the roof receive better illumination in the morning
compared to those on the west side. These variations in collector exposure throughout the day
introduce differences in the heating and cooling of the HTF, emphasizing the need for separate
monitoring of solar irradiation on each side of the roof. In Figure 4.13(b), the comparison between
the measurements and numerical results of the double pyranometer experimental campaign on the 9th
of July is illustrated. In this case, the simulation results differ from the experimental measurements
by approximately 5%, compared to the 25% difference observed in the previous experimental
configuration. When observing the trend of Tavg in Figure 4.13 (b), it is noticeable that the numerical
Tavg, calculated using the incident power data from Figure 4.9 (a), closely reproduces the
experimentally measured HTF heating curve. Furthermore, the oscillations observed after the solar
field reaches its operating temperature are significantly reduced, highlighting the importance of
considering the different illuminations of collectors for flow rate regulation. The graphs are presented
based on the simulation timestep, and each timestep corresponds to the sampling interval of the

measurements acquisition.

4.3.3 Daily performance forecasts of HVFPCs equipped with optimized SSA field.

The comparison between experimental and numerical results presented in the previous section
highlighted how the behavior of the analyzed solar field can be accurately reproduced numerically
only by considering the differential illumination received, especially during the early and late hours

of the day, by the collectors mounted on the east side compared to those mounted on the west side.
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To conclude the discussion initiated in this thesis work and summarize the acquired and presented
tools, it was chosen to simulate the behavior of the same test field as if it were equipped with HVFPCs
fitted with the optimized OPT3oo absorbers presented in Chapter 2 and having the same architecture
as the MT power (thus, the same conductive losses). It has been demonstrated how it was possible to
derive the efficiency formula for HVFPCs potentially equipped with optimized SSAs. In this case,
since the panels are mathematically described by their efficiency in the simulation model, the newly
formulated model was used to obtain numerical results by inputting the meteorological data acquired
during the measurement conducted with the configuration that includes the two pyranometers. First,
the simulation was conducted by replicating the same conditions as the case of the field composed of
MT-Power HVFPCs. Subsequently, the behavior of HVFPCs equipped with the optimized version of
the absorber was simulated, imposing a set point temperature of 200°C. In this case, the diathermic
oil Therminoil 66 was selected as the HTF. In both cases, the mass flow rate was set equal to the real
case. The power of the radiator was adjusted to maintain the operating temperature without significant
fluctuations for most of the day.

Figure 4.20 displays the simulation results for the operating day of July 9th, considering two cases:
panels with a commercial absorber and panels with the OPT300 absorber, with a set-point outlet
temperature of 100°C. In this case, the results are very similar. The, AT realized, so the output energy
provided by the solar field, in the case of HVFPCs equipped with optimized SSA, is lower that the
energy produced by the HVFPCs equipped with commercial absorber at the selected set- point outlet
temperature. This is because, at 100°C, the efficiency of the panel with the optimized absorber is
slightly lower than that of the panel with the commercial absorber.

Figure 4.21 presents the results of the daily simulation (July 9, 2023) of the HVFPC field, considering
the version equipped with optimized absorbers but setting a set-point outlet temperature of 200°C.
To avoid operating the field at excessively high pressures, which would require modifications to some
system components, the simulation was conducted using Therminol 66 diathermic oil as the heat
transfer fluid.

In Figure 4.21 (a), the plot shows the variation of the provided temperature difference (DT) and the
average fluid temperature during the simulation. In Figure 4.21 (b), the graph displays the total daily
energy generated by the field. Despite 200°C being a relatively high operating temperature for a flat
plate collector, the field performs well even at these temperatures (958 kWh produced in the selected
day), achieving a conversion efficiency of approximately 40%. Having a simulation model of the
field that allows for evaluating its performance even in the case of HVFPCs with optimized absorbers
will be beneficial for future developments.
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The company plans to replace the current HVFPCs installed in the test field with the optimized
version and configure the system to reach even higher temperatures. The simulation model will
support the design of a control strategy for adjusting operational parameters to maximize energy
output. Additionally, a stratified tank will be added to the field in the future to connect it to a practical

application. We are currently designing the model for this tank in collaboration with our research

group.
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5. CONCLUSIONS

In conclusion, this thesis has comprehensively addressed the key aspects of HVFPC (High Vacuum
Flat Plate Collector) technology and its optimization for enhanced performance. Through rigorous
research and experimentation, valuable insights have been gained into the design, fabrication, and
characterization of selective solar absorbers (SSAs) specifically tailored for HVFPCs. The
optimization of SSAs has been a primary focus of our research group’s work in recent years, resulting
in significant advancements in improving their optical properties and efficiency within HVFPC
systems. These advancements contribute to the overall enhancement of HVFPC performance,
enabling more effective and efficient utilization of solar energy. In particular, the investigation of
novel SSAs with substrates coated with low emissive materials has been pursued, and the
corresponding optical characterization procedures have been updated to cater to this specific
objective.

A crucial objective of this research was to establish a performance forecasting framework specific to
this optimized HVFPC technology, thereby creating a standardized approach distinct from the one
adopted for conventional flat collectors and bridging the literature gap. As such, a new efficiency
model for HVFPCs has been formulated and validated. This model enables precise performance
characterization of HVFPCs while considering variations in the optical properties of the absorber.
Unlike the standard efficiency formulation used for flat collectors, the new model explicitly accounts
for radiative losses, the primary source of efficiency reduction in HVFPCs, thereby facilitating
efficiency evaluation even at stagnation temperatures.

Another significant objective of this work was to evaluate the temperature frequency function of the
HVFPC absorber, a critical parameter in determining the collector's service lifetime. Through the
utilization of experimental data and a validated dynamic simulation model, the performance of the
MT-Power HVFPC absorber and its aging characteristics were successfully assessed. This
information plays a crucial role in accurately estimating the longevity and reliability of thermal
collectors in practical applications.

The experimental apparatus and simulation model developed throughout this research have played a
pivotal role in supporting our investigations. These tools have enabled precise analysis and evaluation
of HVFPCs, providing valuable insights into their behavior under varying operating conditions. The
knowledge gained from these experiments and simulations paves the way for further advancements
in HVFPC technology.

In summary, the results achieved throughout this doctoral journey contribute to the culmination of a
project initiated in preceding years, aimed at establishing High VVacuum Flat Plate Collectors as one
of the most competitive technologies for sustainable heat production in medium-temperature
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applications. The optimization process for this technology has been continually pursued, resulting in
the provision of effective evaluation and energy forecasting tools applicable to diverse conditions and
locations. Mathematical models and dedicated procedures have been developed and formulated, and
the acquired knowledge has been practically applied during a case study conducted during the

internship period at TVPsolar company.
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