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This paper presents a comprehensive analysis of the design, implementation, experimentation, and optimization
of a novel evacuated flat-plate solar thermal collector characterized by a vacuum level between the glass cover
and the absorber plate. The paper addresses different research themes, primarily focusing on developing a low-
cost evacuated solar thermal collector with a high innovation level. Additionally, it introduces a comprehensive
approach for the conceptualization, design, fabrication, testing, and optimization of solar thermal collectors.
Specifically, this study aims to highlight the characteristics of a vacuum-enhanced solar thermal collector and
demonstrate a step-by-step process involved in its design, fabrication, testing, and optimization. The proposed
methodology is based on the adoption of two software tools and an extensive experimental analysis: the com-
mercial software ANSYS is utilized for structural analysis, while MatLab is employed to develop a suitable
mathematical tool for assessing the energy performance of the system and optimizing it. The outcomes show the
reliability of the methodology and the performance of the low-cost evacuated solar thermal collector under
different vacuum levels, providing insights into energy, economic, and environmental aspects. This work in-
novates by presenting a thorough analysis covering all solar thermal collector production phases, from
conceptualization to optimization. The conclusions highlight the production of a reliable approach, and proof-of-
concept results demonstrate how increasing the vacuum level enhances the thermal efficiency of a solar collector.

1. Introduction

The need for innovative renewable energy technologies is increasing
on a global scale, as demonstrated by the notable growth in world en-
ergy consumption [1] and the alarming rise in greenhouse gas emissions
[2], both of which significantly worsen the pressing issue of climate
change [3]. This concerning trend is mostly due to the extensive usage of
fossil fuels in many different economic sectors, such as industry [4],
electricity and heat production [5] transportation systems [6,7], urban
communities [8,9], island communities [10,11], infrastructure [12,13],
etc.

Scientists and researchers strongly support sustainable energy tran-
sitions, emphasizing the need to prioritize energy-efficient solutions
[14], and to strategically adopt renewable energy sources [15,16].
Nowadays, other than fossil fuel, many alternative solutions allow for
producing energy from natural sources, such as solar energy [17], wind
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[18], geothermal [19,20], hydropower [21], ocean energy [22], and
bioenergy [23]. However, solar energy is the most abundant and easily
to be exploited [24]. Therefore, its exploitation is essential to the
paradigm shift towards sustainable energy systems [25]. Due to its
inherent flexibility, solar energy can be converted into power or heat
using various methods [26].

Over the past three decades, there has been a significant increase in
scientific publications focused on the utilization of solar energy [27].
This research has led to the identification and classification of different
types of solar collectors based on a range of features, including their
geometry [28], elements used [29], the type of output they provide,
such as electricity, heat, or both [30], the heat transfer fluid they adopt
[31], and many other features [32]. Solar thermal collectors are
designed to convert solar energy into heat, which can then be used to
provide hot air [33], hot water [34], or just for directly supplying heat to
a fluid (e.g. in direct solar-assisted heat pumps [35]). Furthermore, these
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systems can be adopted in stand-alone configuration or can be adopted
as part of the building envelope [36,37]. While many studies have
proposed enhancements to these systems, it is clear from the scientific
literature that most of these have focused only on specific cases and
features. To develop high performance solar thermal collectors, a ho-
listic approach is needed that simultaneously considers many aspects of
the design and implementation of a solar thermal collector prototype. In
this paper, a novel step-by-step procedure that considers all possible
factors during all stages of the design, implementation, experimentation,
and optimization of a novel solar thermal collector.

1.1. Literature review

When solar energy is adopted for meeting the heating needs for air
conditioning or domestic hot water preparation, evacuated tube col-
lectors are one of the most often used types, accounting for around 70 %
of solar-powered systems installed worldwide [38,39]. This prevalence
can be attributed to high thermal efficiency with a low gross area
occupation [40]. However, flat-plate solar thermal collectors are char-
acterized by a simpler geometry and more straightforward installation
and maintenance procedures compared to evacuated tube collectors
[32]. Specifically, these systems represent a highly adaptable and effi-
cient choice, encompassing advantages that span from easy integration
into diverse applications to the inherent simplicity of their design [32].
Basically, flat-plate solar thermal collectors comprise an absorbent
surface suitably engineered to capture solar radiation. Subsequent to the
absorption of solar energy, it undergoes conversion into heat, which is
efficiently transmitted to a heat transfer fluid circulating externally to
the absorbent surface [41]. The primary limitation of a flat-plate col-
lector stems from convective heat losses occurring between the absorber
plate and the glass cover, in the case of a glazed collector, or the outdoor
environment, in the case of an unglazed collector [42]. This is another
reason why evacuated tube collectors are preferred instead of flat plate
solar thermal collectors [43]. A promising solution to fill this gap is
developing a flat plate solar thermal collector with vacuum technology
[44]. This approach allows remarkably containing the convective mo-
tions occurring in the collector and the relative heat losses with a
consequential increase in the thermal energy efficiency of these systems
[45]. However, a vacuum cavity is critical to be realized for flat shapes,
whereas the technical realization is easier for cylindric geometry [46],
but in the case of cylindrical geometry, a loss of gross receiving area is
obtainable with a consequential reduction in terms of the total amount
of energy converted [47]. Therefore, the study of this kind of system also
under the mechanical and stress point of view is crucial for obtaining a
high performed flat-plate solar thermal collector [48].

A comprehensive body of scientific literature exists about various
aspects of flat plate solar thermal collectors [33]. In particular, diverse
methodologies and strategies associated with all constituent elements
involving flat plate solar thermal collectors have been thoroughly
examined and documented [49]. Moreover, numerous methodologies
have been used to evaluate the effectiveness of these enhanced solutions,
ranging from simulation-based analyses to experimental investigations
[50-53]. A significant point to consider is whether vacuum insulation
between the absorber plate and the glass cover can be accomplished.
This approach serves to mitigate convective heat losses within the sys-
tem. Various alternatives exist for realizing this goal. The easier way to
seal the glass cover on the absorber plate is the adoption of a silicon film
[54]. However, this solution allows for obtaining quite low vacuum
levels because it requires more strength than an adhesive bond
vacuum-seal [55]. Therefore, for this application other solutions such as
innovative materials adopted for sealing electronic materials are
adoptable. A sealing system, employing a tin-based alloy known as
Cerasolzer 217, exhibits commendable optical and thermal character-
istics, rendering it a viable sealing method [56]. In particular, this so-
lution imparts durability to the system by its elevated mechanical
strength and effective resistance to airtightness leaks [57]. Another
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solution is represented by laser glass frit sealing, which is a prominent
joining method widely adopted in electronics [58]. This solution is
adapted to laser glass frit sealing, traditionally used for display panels, to
encapsulate vacuum insulation glass. However, to realize this sealing
and avoid cracks, precise thermal management is required [59].
Whether the formation of a vacuum is attributable to one solution rather
than another, prototyping a system utilizing vacuum technology for
thermal insulation requires a comprehensive examination of both ma-
terial and geometry [60]. This phenomenon is specifically induced by
the mechanical stresses to which the components are subjected, and any
mistake in properly sizing may result in the implosion of the panel.
Therefore, a mechanical stress analysis is required to properly design all
elements composing the solar thermal collectors [61]. Various ap-
proaches were explored to harness the benefits of vacuum insulation
while maintaining the straightforward design of flat-plate solar collec-
tors. One possible solution is the adoption of a curved cover, enabling
the achievement of robust vacuum insulation. This approach could
result in substantial thermal efficiency gains of 7.13 % and 28.32 %
when compared to standard flat plate solar collectors and evacuated
tube solar collectors, respectively [62]. This innovative approach shows
considerable promise as a cost-effective solution for hot water produc-
tion, thereby enhancing its viability in diverse settings. Another
approach for sustaining the vacuum is the adoption of suitable pillars
that prevent the collapse of the glass cover on the absorber plate.
However, this approach requires a customized study regarding the
proper size of support pillars to minimize thermal bridges and prevent
the increase in thermal efficiency, because vacuum insulation is
compensated by thermal bridges provided by pillars [60]. Due to the
elevated level of vacuum achievable through the proper utilization of
pillars and advanced sealing methods, the evacuated solar collectors
exhibits a promise potential to generate heat for space heating, during
the heating season, and generate steam in the non-heating season. This
effectively addresses the issue of seasonal misalignment in traditional
solar thermal heating systems [63]. Another widely investigated tech-
nology adopted to increase the energy efficiency of solar thermal col-
lectors is the utilization of solar coatings [64]. This solution allows an
increase in the absorbance of the solar collector within the solar wave-
length spectrum and a simultaneous reduction in emissivity in the
infrared wavelength spectrum [65]. A critical aspect in adopting this
technology is the deposition of the solar coating layer on the absorber
plate. Here, the thickness of the solar coating layer constitutes a crucial
factor in increasing energy efficiency of solar thermal collectors [66].
Hence, the installation technique necessary for accurately displacing the
layers of solar coating must be meticulously devised to achieve the
desired thickness and positioning [67]. Different materials are also
adopted in solar coatings [68], however, the most widely and effective
used paint is a silicone polymer with xylene solvent [69].

1.2. Motivation

The scientific literature reported in the previous section underlines
the need for a detailed research methodology for the design of solar
thermal collectors with the integration of innovative technologies. It is
evident that the focus within scientific articles is mainly directed to-
wards aspects relating to the conceptualization of innovative solar
thermal collectors. Particularly, these articles primarily concentrate on
single factors involving technologies, design methodologies, and the
optimization of specific parameters. Nevertheless, there is a marked lack
of a holistic viewpoint that encompasses the whole range of activities,
from the first stages of conceptualization to the latter phases of design,
experimentation, and optimization. This significant gap highlights the
need of further investigation and integration synthesis of findings
throughout all stages of developmental, in order to guarantee a holistic
comprehension of the complex dynamics involved in the development of
solar thermal collector systems.

To address this gap, a comprehensive research methodology aimed at
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conceptualizing, designing, and optimizing novel solar thermal collec-
tors is presented. Furthermore, it is applied to realize a novel low-cost
flat plate evacuated thermal collector. The main milestone obtained in
this paper are as follows.

e Development of a comprehensive and highly organised methodology
that allows for the production and optimization of solar thermal
collectors characterized by a high innovation level with low initial
costs.

Implementation of a cost-effective vacuum cavity between the
absorber plate and the glass cover that significantly mitigates
convective losses to the environment.

Incorporation of a corrugated shape in the absorber plate that en-
hances the heat exchange with the pipe risers and facilitates the
installation of steel pillars, thereby preventing system implosion.
To ensure proper system design and the structural integrity of the
pillars required to withstand the vacuum, a suitable structural and
thermal stress analysis is conducted by using a 3-D geometrical CAD
model imported into the ANSYS environment.

To investigate the energy, economic, and environmental perfor-
mance of the considered system under diverse operating conditions,
a dynamic simulation model based on a resistive-capacitive thermal
network is also developed in the MatLab environment.
Experimental validation of the model is carried out using experi-
mental data collected during an extensive experimental campaign,
revealing exceptional agreement between experimental and simu-
lation results.

The effects of vacuum quality levels on the energy performance of an
innovative flat plate solar thermal collector prototype are assessed
through a suitable experimental campaign and various simulation
results.

To summarize, the novel solar thermal collector produced according
to the proposed methodology has great potential in terms of energy ef-
ficiency, economic feasibility, and environmental impact.

2. Material and method

In this section, the step-by step procedure adopted for conceptualize,
design, test and assess the energy performance of the novel low-cost flat
plate evacuated thermal collector prototype is presented. The method-
ology adopted in this study is reported in Fig. 1. The prototype design
procedure starts with the conceptualization of the novel low-cost flat
plate evacuated thermal collector prototype, that it is theorized starting
from the lacks reported in the literature review, related to previous
studies on solar thermal collectors. As reported, the primary goal of this

Design Construction

Vacuum technology
Material analysis
Cost-effective

Materials selection
Stress analysis

Manufacturing process
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study is to provide a reliable methodology for design solar thermal
collectors. The system is coincided for working with high efficiency
compared to standard flat plate solar thermal collectors and be cost-
effective to manufacture. Therefore, to accomplish this goal, the vac-
uum technology is selected and to implement it into the system, a suit-
able preliminary structural analysis is conducted. This analysis is
required for define the proper number, size, and dimension of all ele-
ments comprising the solar thermal collector prototype. The structural
design of the prototype is based on a detailed analysis of the materials
and components. The prototype is designed to have an evacuated flat
plate design, with a vacuum insulation layer between the absorber plate
and the glass cover. The absorber plate is designed to maximize solar
radiation absorption and minimize heat losses through conduction and
radiation. Further details related to the structural analysis are reported
in a separate section. Finally, after sizing all elements composing the
solar thermal collector, the prototype is realized by using a combination
of sheet metal forming, and artisanal welding techniques.

After that, to properly assess the energy performance of the devel-
oped prototype and develop a suitable instrument tool able to optimize
the energy performance of the prototype, a suitable dynamic simulation
model is written in MatLab environment. The model is based on a three-
dimensional resistive-capacitive thermal network and it includes
detailed descriptions of the radiation and conduction heat transfer
mechanisms. Thus, to assess the reliability of the developed tool and
experimentally validate it, an extensive experimental analysis is con-
ducted. The experimental setup used to evaluate the performance of the
prototype consists of a set of different thermocouples, flowmeters, pyr-
anometer, data acquisition systems and other test facilities. The per-
formance of the prototype are evaluated under various operating
conditions, including different solar radiation and ambient tempera-
tures. Temperature sensors have been installed at various locations on
the collector to measure the temperature distribution and to experi-
mentally assess the heat transfer rate. The experimental data obtained
from the thermal test facility are compared with the predictions of the
simulation model. The agreement between the experimental data and
the simulation results has been found to be excellent, indicating that the
model accurately simulate the performance of the collector under
different operating conditions. In the following, details regarding all the
steps adopted in the proposed methodology are provided in suitable sub-
sections.

2.1. Conceptualization

In this section, the development of the novel low-cost flat plate
evacuated thermal collector prototype is presented. The collector is
composed of six distinct elements, as illustrated in Fig. 2a. These include

Optimization Validation

IDigie

3D thermal network
Heat transfer assessment

Experimental campaign
Data acquisition

Parametric analysis Performance analysis

Fig. 1. Methodology adopted for conceptualize, design, test the novel evacuated flat plate solar thermal collector prototype.
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Fig. 2. Sketches of the developed solar thermal collector: a) 3D geometrical model; b) physical prototype.

a glass cover with dimensions of 1.50 m length (Igjass), 0.97 m width
(Wglass), and 8.0 mm thickness (tgass), with a gross area of 1.46 m?
(Aglass)- The collector also contains a set of eight rows of eighteen hex-
agonal screws with a diameter of 19.1 mm (Dj;j1a) and a length of 0.40 m
(lpinar); @ corrugated metal sheet used as an absorber plate with di-
mensions of 1.51 m length (Ipjate), 0.96 m width (Wpjaee), and 4.0 mm
thickness (tplare); @ set of two headers with a diameter of 19.0 mm
(Dheader) and a length of 1.00 m (Ipeader); Nine risers with a diameter of
12.7 mm (Dyiser). Moreover, an insulated plate with dimensions of 1.80
m length (lj5s), 0.80 m width (wins), and 80 mm thickness (tis) and an
edge cover with dimensions of 2.10 m length (legg), 1.15 m width (Weqg),
and 6.0 mm thickness (teqq) are included in the prototype assembly to
shape the collector, as shown in Fig. 2b.

To form the pipes system for heat exchange, the two headers are
welded to the nine risers, and the pipes system is then welded to the
bottom face of the absorber plate. Furthermore, the glass cover is sealed
to the absorber through a suitable silicon bonding row.

2.2. Structural design

The structural analysis of the novel low-cost flat plate evacuated
thermal collector prototype is conducted by initially prototyping the
system using Creo Parametric 3D Modelling Software [70] and ANSYS
Workbench  Platform software [71]. Initially, a suitable
three-dimensional geometrical model is developed and imported into
ANSYS for static structural analysis under varying levels of vacuum in-
side the collector. The objective of this preliminary analysis is to assess
the reliability of the number of pillars, as well as define the optimum
thickness of both glass cover and absorber plat needed to withstand the
desired vacuum level. The sketch of the three dimensional geometrical
model with the relative mesh grid for the novel evacuated flat plate solar

Fig. 3. Mesh for structural analysis: adaptive size with a characteristic size of
1.764¢10 % mm.

thermal collector is reported in Fig. 3.

Here, an adaptive geometry with a maximum characteristic size of
1.764 x 10~* mm is utilized, as it is determined to be a suitable trade-off
between the computational time and the results reliability. Based on the
dimensions provided in the Conceptualization section, the structural
analysis is conducted with an 8.0 mm thickness of glass cover, a 4.0 mm
thickness of absorber plate, and a total of 144 pillars arranged in 8 rows
with 18 strips each. In Fig. 4 displays the results of the structural analysis
for both the absorber plate and the glass cover.

The left side of Fig. 4 illustrates the mechanical deformations
observed in the absorber plate, while the right side presents the de-
formations observed in the glass cover. The structural analysis is con-
ducted at three different vacuum quality levels with eight different
pressure levels: low-vacuum pressure (i.e. between 10! and 102 mbar,
top figures), medium-vacuum pressure (i.e., between 10~ and 107°
mbar, middle figures), and high-vacuum pressure (i.e., between 1077
and 1078 mbar, bottom figures). The figures demonstrate that higher
vacuum pressure levels result in greater mechanical deformations. The
maximum mechanical stress (o6max) and corresponding deformation
(emax) occur at the edge of the absorber and the centre of the glass cover.
Specifically, a mechanical stress ranging from 6.7¢10° to 7.2¢10° MPa,
with a mechanical deformation ranging from 8.3¢107° to 1.0e10% mm,
is observed as vacuum pressure increases from low to high. Additional
details regarding mechanical stress and deformation can be found in
Table 1. This table provides insight into the vacuum quality level
achievable with the selected thickness, and for the selected design
structure, a medium vacuum (102 mbar) can be sustained with a
deformation of 1.110~° mm.

2.3. Dynamic simulation model

The third step in the methodology involves the development of a
suitable dynamic simulation model purposely designed to evaluate the
energy, economic, and environmental performance of the novel evacu-
ated flat plate solar thermal collector prototype. The dynamic simula-
tion model is tailored to the conceptualized system, and it is written in
MatLab environment. It is intended to be integrated into in-house
building energy performance simulation tools to enable diverse ana-
lyses concerning the integration of the system into the building envelope
and optimize the energy performance by varying different design pa-
rameters [72]. The development of the dynamic simulation model starts
with the discretization procedure. Here, each element is divided into
several sub-volumes and their thermal behavior is evaluated by
considering a temperature node for each sub-volume. The discretization
procedure involves the absorber plate, the risers, and the volume in
which the water flow is included, whereas the glass cover and edge cover
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Fig. 4. Total deformation for the absorber plate (left figures) and glass cover (right figures), for low (up), medium (middle), and high vacuum (bottom).

Table 1
Mechanical stress and deformation for each vacuum level.
Vacuum quality Pressure Omax €max
[mbar] [MPa] [mm]
Low 107! 6.7010°° 8.3010°°
1072 2.3¢107° 2.10107°
Medium 1072 8.20107* 5.7¢10*
107 5.4e1073 4301073
107° 4.201072 1.8¢1072
107° 6.80107! 1.1e107}
High 1077 0.8010° 0.3010°
1078 1.5¢10% 1.7¢10!

*Boundary conditions Tamp = 20 °C, Gyor = 800 W/m? T, ‘max, absorber ~ 240 °C.

are not discretized, and a single temperature is considered for these two
elements. Specifically, the discretization procedure is show through the
two cross sections (x-y), and (x-z) of the system reported in Fig. 5.

Here, all the elements comprising the prototype can be distinguished
and the discretization procedure is clearly defined. Due to the shape of
the absorber plate, a discretization technique is employed, where two
different configurations are considered. The first configuration involves
10 sub-volumes characterized by the temperature node Tapsq, Which
correspond to the part of the absorber plate in contact with the pillars
and insulation. The second configuration involves 9 sub-volumes char-
acterized by the temperature node Typs y, Which allow for heat supply to
the risers that the water flows through.

This approach is necessary since the absorber plate exchanges heat
with two distinct elements (i.e., the risers and the insulation). The pri-
mary objective of this system is to maximize the heat exchange between
the absorber plate and the risers while minimizing heat losses through

Fig. 5. Cross sections of the solar thermal collector with the relative temperature nodes and sub-volumes.
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the insulation, pillars, and vacuum gap cavity. The vacuum gap cavity
plays a crucial role in reducing convective heat losses across the system.
Furthermore, the temperature nodes along the z-axis, as depicted in
Fig. 5b, are categorized into three sub-volumes, namely, the “bottom,’
“middle,” and “upper’ sub-volumes, highlighted in red, blue, and green
dotted areas, respectively. For the bottom sub-volume, Taps d bottom and
Tabs,ubottom are defined. Similarly, for the middle and upper sub-
volumes, Tabs,d,middle and Tabs,u,middle, as well as Tabs,d,upper and Tabs,u,
upper> are defined, respectively. This approach necessitates the use of 19
x 3 temperature nodes to assess the temperature field of the absorber
plate. A similar approach is taken for the other temperature nodes along
the (x-z) section.

Regarding the risers, each pipe is subdivided into three distinct sub-
volumes, namely, Tpipe, bottoms Tpipe, middle> and Tpipe, upper, T€QUITing a
total of 9 x 3 temperature nodes to evaluate the temperature distribu-
tion along the risers. The pillars are also discretized into eight pillars
each for the bottom, middle, and upper sub-volume areas, characterized
by Tpillar, bottom, Tpillar, middle, and Tpillar, uppers reSPeCtiVel}’- Finally, the
water flowing into the risers is similarly discretized. However, for the
glass cover, insulation, and edge cover, a different discretization
approach is employed, where a single temperature node is used for each
of the three elements. Consequently, a total of 111 temperature nodes
are utilized to assess the temperature.

To evaluate the energy performance of the innovative system, a
suitable dynamic simulation model based on a 3D resistive-capacitive
thermal network is developed and the relative thermal network is pre-
sented in Fig. 6. This methodology facilitates the evaluation of
conductive, convective, and radiative heat transfer among the various
components of the solar thermal collector.

In Fig. 6, seven distinct temperature node colors can be observed.
The light grey temperature node corresponds to the edge cover, while
the orange temperature node signifies the insulation layer. The light
green temperature node represents the pipe sub-volume, and the black
temperature node denotes the absorber pipe. The light blue color is
assigned to the glass cover. Furthermore, the weather boundary condi-
tions are represented by dark blue and red nodes, indicating the sky

Cin S

Renewable Energy 232 (2024) 120967

temperature and outdoor air temperature, respectively. Note that, for
the sake of clarity, temperature nodes regarding the water flow are not
reported in the figure but are included in the energy balance of the
system. Furthermore, temperature node referred to the gap cavity is also
not reported in the figure, but it is included in the heat exchange phe-
nomena. To assess the temperature distribution across the solar thermal
collector, an energy balance analysis is performed for each temperature
node using the MatLab dynamic simulation tool.

The temperature of the glass cover is assessed by considering the
following equation:

dTy
Cglass% = aglassGtotAglass + Qc, 1 b + Qr, 1 ky 1 Qc, lass—gap
k
+ Qk.,glassfpillars + Z Qr‘glassfabs.n (1)
n=1

In this equation several parameters are include and described in
detail as follow. The thermal capacity of the glass cover, denoted as
Cglass, the temperature of the glass cover, denoted as Tglass, and the
timestep of the simulation, denoted as . Additionally, the model in-
corporates the absorbance of the glass cover, denoted as dglass, the
incident solar radiation on the glass cover, denoted as Gy, and the
surface area of the solar collector, denoted as Agjass. Moreover, the model
considers several other factors, such as the convective thermal power
exchanged between the glass cover and the ambient, denoted as Qcglass-
amb, the radiative thermal power exchanged between the glass cover and
the sky, denoted as Qpglass.gap, and the convective thermal power
exchanged between the glass cover and the gap cavity, denoted as Q,
glass-gap- The number of sub-volumes in which the absorber plate is dis-
cretized, denoted as k, and the conductive thermal power exchanged
between the glass cover and the pillars, denoted as Qx,glass-pillars, are also
incorporated into the model. Finally, the radiative thermal power
exchanged between the glass cover and the nth absorber plate sub-
volume is denoted as Q glass-abs,n-

The temperature of the absorber plate is assessed by considering the
following equation:

@)
Coo N

g

Fig. 6. Resistive-capacitive 3D thermal network.
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dTabs n
CabsAnT: 7:glassGtv.)tAabs.n + Qk.abs.n—pipe + Qc,abs.n—gap + Qr,abs.n—glass

n-1
+ E Qk,abs.n—abs._i (2)

=1

where Cgpsp, is the thermal capacity of the nth sub-volume absorber
plate, Taps n is the temperature of the nth sub-volume absorber plate, 7 is
the transmittance of the glass cover, Aaps n is the surface area of the nth
sub-volume of the absorber plate, Qi abs,n-pipe i the conductive thermal
power exchanged between the nth sub-volume of the absorber plate and
the corresponding pipe placed beyond, Qcabsn-gap is the convective
thermal power exchanged between the nth sub-volume of the absorber
plate and the gap cavity, Qpabsnglass is the radiative thermal power
exchanged between the nth sub-volume of the absorber plate and the
glass cover, and Qg abs,n-abs,j is the conductive thermal power exchanged
between the nth sub-volume of the absorber plate and the adjacents j.

The temperature of the riser pipes is assessed by considering the
following equation:

Cpipe n dT(};lpe =

_Qcplpen w +Qkp1pen abs +Qkp1pen ins § Qkplpen pipe.n—j
Jj

3)

where Cpipe, is the thermal capacity of the nth sub-volume riser pipe,
Tpipe,n is the corresponding temperature of the sub-volume, Qc pipe,n-w is
the convective thermal power exchange between the nth sub-volume of
the riser pipe and the flowing water beyond, Qy pipe,n-abs is the conduc-
tive thermal power exchange between the nth sub-volume of the riser
pipe and the absorber plate, Qj pipe,n-ins is the conductive thermal power
exchange between the nth sub-volume of the riser pipe and the insu-
lation layer, and Qg pipe,n-pipenj iS the conductive thermal power ex-
change between the nth sub-volume of the riser pipe and the adjacent
sub-volume.

The temperature of the insulation layer is assessed by considering the
following equation:

dT
Cms ins

Z kas pipe.u + Z kas abs,v + kas edge (4)

where Cips represents the thermal capacity of the insulation layer, Ty, is
the temperature of the insulation layer, Qg ins-pipe,u is the conductive
thermal power exchanged between the insulation layer and uth riser
pipe, Qxjins-abs,yv represents the conductive thermal power exchanged
between the insulation layer and vth sub-volume absorber plate; Qj ins.
edge is the conductive thermal power exchanged between the insulation
layer and the edge cover.

The temperature of the edge cover is assessed by considering the
following equation:

dT.
Cedge degge = Qk,edgefins + Qc‘edgefamh (5)

where Ceqge represents the thermal capacity of the edge cover, Teqge is
the temperature of the edge cover, Qg edge-ins represents the conductive
thermal power exchanged between the edge cover and the insulation
layer, and Qc,edge-amb is the convective thermal power exchanged be-
tween the edge cover and outdoor air.

The temperature of the fluid included into the gap cavity between the
glass cover and the absorber plate is assessed by considering the
following equation:

dT,
Cgap d?l’ Z chap absy T Qc gap—glass + Qc gap—pillar (6)
where Cgap, represents the thermal capacity of the gap cavity, Tg,p is the
temperature of the gap cavity, Qcgap-abs,v represents the convective
thermal power exchanged between the gap cavity and the vth sub-
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volume absorber plate, Qcgap-glass represents the convective thermal
power exchanged between the gap cavity and the glass cover, and Qc,gap-
pillar is the conductive thermal power exchanged between the gap cavity
and the pillars.

The temperature of the water flowing into the pipe risers is assessed
according to the following equation:

dTwater

Cwater

Z Qe water.j + Qc pipe—water (7a)

where Cyater represents the thermal capacity of the water included in the
pipe riser, Tyater is the temperature of the water included in the pipe
riser, Qc,water,j is the convective thermal power exchanged between the
water included in the pipe riser and the adjacent water volumes, and Q.
pipe-water Tepresents the convective thermal power exchanged between
the riser pipe and the water included in the pipe riser.

The results of this modelling are shown in the following section
together with the experimental validation.

2.4. Experimental validation

The novel solar thermal collector is developed at Cyprus University of
Technology in Limassol (CY) by designing and shaping various elements
suitable for standing a medium vacuum level, as illustrated in Fig. 2b.
Post-construction, the system is subjected to an extensive experimental
campaign in which the prototype is tested under diverse operating
conditions and vacuum levels. To accurately assess the energy perfor-
mance of the novel solar thermal collector, a suitable experimental setup
is assembled, and the collector is tested during the period that lasted
from September 13th to November 25th, 2022. This timeframe is chosen
because it is the most representative period of the year in terms of solar
irradiance in the region, as demonstrated in Table 2, which shows that
the solar irradiance on the horizontal surface in Limassol varies from
2.40 kWh/(mzday) in December to 7.64 kWh/(mzday) in June.

Thus, to ensure accurate representation of energy performance under
different solar irradiance and weather conditions, the months between
September and November are considered suitable for testing the per-
formance of the prototype for summer and mid-season conditions. To
assess the performance of the prototype, various experimental analyses
are conducted, and several parameters are measured. The analysis
involved using different sensors that are connected through a selector to
three different data readers, model OM-DaqPro 5300, 8 channels, with a
range of utilization of 0-24 mA, a resolution of 4.76 pA, and an accuracy
of +£0.50 %. The placement of these sensors is shown in Fig. 7, where
temperatures, flowrates, and solar radiation measurements are ob-
tained, according to the follow list.

i) Inlet (Twater,in), and outlet (Twater,out) Water temperature flowing
at the inlet and outlet of the novel solar thermal collector.

ii) Water temperature of the storage tank (Trnk) that is suitably
coupled to the solar thermal collector.

iii) Surface pipe temperatures at the bottom (Tpipe,1, Tpipe,4, and
Tpipe,7); middle (Tpipe,2; Thipe,ss and Tpipe,S)a and top (Tpipe,3:
Tpipe,6> and Tpipe,o) of the risers placed on the back of the solar
thermal collector.

iv) Surface absorber temperature at the bottom (Tabsorber,1*s
Tabsorber, 4+ and Tabsorber,7*); middle (Tabsorber,z*; Tabsorber,5* and
Tabsorber,s*)y and top (Tabsorber,?»*, Tabsorber,6*» and Tabsorber,g*) of the
absorber placed on the back of the solar thermal collector.

v) Surface glass cover in the centre of the glass cover (Tgass)-

vi) Outdoor air temperature for the weather boundary condition
assessment.

vii) Solar radiation assessment (Gyot) through the adoption of a suit-
abzle Kipp and Zonen CM11 pyranometer (sensitivity: 10 pW/(W/
m*).
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Table 2

Monthly distribution of solar irradiance for the weather zone of Limassol.
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
[kWh/(m?day)] 2.57 3.44 4.89 5.72 6.94 7.64 7.33 6.56 5.72 4.53 3.14 2.40

Fig. 7. Experimental setup with sensors arrangement: a) sensors placed on the back of the collector; b) sensors positioned on the front of the collector.

viii) A vacuum pump for assessing different pressure level into the gap
cavity.

This section presents the results of the experimental analyses con-
ducted and the corresponding validation of the investigated configura-
tion system. The developed dynamic simulation model is verified against
the experimental data by comparing the calculated parameters with the
measured ones. These parameters include the water flow temperature at
the outlet of the system (Twater,out), absorber surface temperature at the
bottom, middle, and top (Tabsorber,1 - Tabsorber,9), surface pipe tempera-
ture (Tpipe,1 - Tpipeo), and glass cover temperature (Tglass). The

simulation model requires input data such as ambient air temperature
(Tamp), incident solar radiation (Gio), and wind velocity (Wspeed) to
assess these parameters. The validation procedure spanned a duration of
multiple weeks, specifically from September 13th to November 25th,
2022. However, for the sake of brevity, in the following only the results
pertaining to three highly significant hot days (September 15th - 18th)
and three moderately significant mild days (October 19th - 21st) are
reported.

Fig. 8 illustrates the time history of the ambient air temperature and
the global horizontal radiation for the selected hot and mild days, where
the former are depicted on the left side, and the latter are depicted on the
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Fig. 8. Weather boundary conditions: a) September 15th - 18th; b) October 19th - 21st.
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right side.

The analysis reveals that the global solar radiation exhibits a
significantly high intensity, peaking at approximately 1020 W/m? dur-
ing the Sept 16th,13:00 and at 1015 W/m? during the Oct 21st, 13:00.
Thus, negligible variations are observed between the two sets of sample
days in terms of solar radiation. However, noteworthy dissimilarities are
observed in the outdoor air temperature between the three selected hot
days and mild days. Specifically, the maximum outdoor air temperature
during the hot days reaches 34.9 °C at the Sept 17th, 15:00, while the
minimum temperature of 22.3 °C is recorded at the Sept 15th, 4:00. In
contrast, the maximum outdoor air temperature during the mild days is
28.6 °C at the Oct 21st, 15:00, whereas the minimum temperature of
17.0 °C is observed at the Oct 21st, 5:00. Based on these boundary
conditions, the subsequent section details the experimental validation
procedure.

Figs. 9 and 10 provide a comprehensive account of the experimental
validation procedure carried out on the nine temperatures obtained
from the riser pipes and the nine temperatures measured on the absorber
plate, respectively, against the corresponding simulated temperatures.

Fig. 9 comprises nine individual subplots, each representing the
temporal evolution of the pipe riser temperatures for the selected hot
days. A comparison between the measured temperatures, represented by
the blue solid lines labelled as EXP, and the corresponding simulated
values, denoted by the red solid lines labelled as SIM, is carried out. The
comparison results demonstrate good agreement between the measured
and simulated temperatures. Additionally, Fig. 9 enables a detailed
assessment of the maximum temperature attained by the solar collector,
whereby the riser pipes reach a peak temperature of approximately 94
°C at the September 15th, 10:00.

Similarly, Fig. 10 presents a comparative analysis of the measured
and simulated temperatures for the absorber plate readings. The results
indicate a high level of correspondence between the experimental
measurements and the simulated values. Moreover, the absorber plate
exhibits an even higher temperature, reaching approximately 102 °C at
the September 15th, 10:00. Furthermore, the developed dynamic
simulation model provides an effective means of evaluating the tem-
perature distribution throughout the system.
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The experimental validation results obtained for the entire experi-
mental campaign are summarized in a suitable scatter plot reported in
Fig. 11. Here, the measured temperatures are reported against the
simulated ones. The scatter plot is divided into four subplots, each
representing a different comparison parameter. In the top left subplot of
Fig. 11, the comparison is made between the measured nine temperature
of the absorber plate and the simulated ones. The plotted points on the
red solid line show 0 % error, while the dotted black lines near the red
line represent the points with an error of approximately +5.0 %, and so
on. The experimental results exhibit a good agreement between the
measured and simulated temperatures for these parameters, with an R
value of approximately 0.975, a mean average error (MAE) of approxi-
mately 2.67 °C, and a mean average percentage error (MAPE) of
approximately 5.82 %.

The top right subplot of Fig. 11 represents the comparison between
the measured nine temperature of the riser pipes and the simulated ones.
The experimental results reveal a good agreement between the
measured and simulated temperatures for these parameters, with an R?
value of approximately 0.987, a MAE of approximately 1.99 °C, and a
MAPE of approximately 4.97 %. The bottom left subplot of Fig. 11 de-
picts the comparison between the measured temperature of the glass
cover and the simulated temperature. The experimental results indicate
a good agreement between the measured and simulated temperatures
for these parameters, with an R? value of approximately 0.882, a MAE of
approximately 2.25 °C, and a MAPE of approximately 7.47 %. Finally, in
the bottom right subplot of Fig. 11, the comparison is made between the
measured temperature of the outlet water and the simulated one. The
experimental results reveal a good agreement between the measured
and simulated temperatures for these parameters, with an R? value of
approximately 0.924, a MAE of approximately 1.72 °C, and a MAPE of
approximately 4.23 %.

2.5. Proof of concept

The energy performance of different versions of the novel low-cost
flat plate evacuated thermal collector is experimentally tested and
simulated through the dynamic simulation model. These versions of the
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Fig. 9. Experimental validation via riser pipes temperature comparisons: for the three sample days from October 19th (7008 h) to October 21st (7080 h).
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Fig. 10. Experimental validation via absorber plate temperature comparisons: for the three sample days from September 15th (6192 h) to September 18th (6264 h).
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Fig. 11. Simulated vs. experimental results (for the entire period of the conducted tests).
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collector are characterized by different vacuum levels occurring into the
gap cavity. Specifically, five different configurations were tested: the
Ref. Case that correspond to no vacuum level or, what is the same, a
standard flat plate solar thermal collector, two low vacuum quality
levels (10~ and 10~2 mbar for Ver.01 and Ver.02), and two medium
vacuum quality levels (10’3 and 10~° mbar for Ver.02 and Ver.03). For
each of these versions, the effects on the energy efficiency are assessed
through the assessment of characteristics curves. Finally, to evaluate the
environmental and economic profitability of these systems a suitable
analysis is also conducted [73]. It is hypothesized to produce hot water
for satisfy the domestic hot water demand of a single-family house. The
novel low-cost flat plate evacuated thermal collector produces hot water
for end users at about 60 °C by heating tap water at 15 °C. As a backup, a
natural gas boiler with a design efficiency of 0.85 and a nominal power
of 15.0 kW is also included. Furthermore, a unitary cost of natural gas
(jng) of 0.80 €/Sm® and an emission factor related to primary energy
(fng) of 0.202 kgco2/kWh,, are taken into consideration. As assumption,
the electricity supplied to the water pump equipped on the solar loop is
not accounted. The hourly weather conditions included in TMY2 data
files form the basis of the annual simulations, which run from 0:00 on
January 1st to 24:00 on December 31st [74]. The simulations are
referred to the weather zone of Limassol, Cyprus, which has a global
incident solar radiation of 1854 kWh/(m2y) and 698 heating degree
days.

3. Result and discussion

In the initial testing phase, the solar thermal collector underwent
comprehensive evaluation without incorporating a vacuum, wherein its
energy performance is assessed to establish a reference case. This
approach is employed to determine a performance reference, thereby
facilitating subsequent comparisons with distinct vacuum levels. The
operational configuration of the system excluded any auxiliary backup,
relying solely on a solar loop to supply feed water to the solar collector,
seamlessly interconnected with a designated tank serving as a reservoir
for hot water storage. Throughout this configuration, the system un-
derwent a total of 346 between simulations and measurements, gener-
ating a diverse set of scatter points that are subsequently organised and
shown in Fig. 12.

In the presented figure, an array of scattered points is observable,
illustrating the correlation between thermal efficiency and the param-
eter (Tyy, - Ta)/Gior- Here, Ty, represents the average inlet and outlet water
temperature, T, is the outdoor air temperature, G, denotes the incident
solar radiation on the solar thermal collector, and 7o stands for the
thermal efficiency, expressed as the ratio of the useful heat Q, to the heat
captured by the gross area Ao X Gior- Notably, the configuration of the
interpolation curve closely resembles that of a conventional flat-plate
solar thermal collector. The intercept point, equating to 0.82, corre-
sponds to optical losses, and thermal efficiency can be swiftly assessed
through the adoption of the 5co = a X AT/Gyot + b, where ais —17.3 W/
m?K, and b is 0.82.

1.0 T T T

0.01

0.02 0.03 0.04
(T - Ta)/ Giot [Km?/W]

0.06

Fig. 12. Characteristic curve for Ref. Case — standard flat plate solar collector.
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Subsequent to these observations, the experimentation extended to
incorporate the integration of a suitable vacuum valve, a manometer
positioned at the edge of the collector, and a vacuum pump connected to
the valve to establish and regulate the vacuum level within the gap
cavity between the absorber plate and the glass cover. The experimental
analysis at different vacuum levels was conducted for twenty days and
data was collected every minute during the sun hours, for a total of nine
thousand points. Consequently, through a combined approach involving
simulations and experiments, a substantial dataset comprising two
thousand points was exploited, systematically plotted across four
distinct graphs that characterize four different version of the evacuated
flat plate solar thermal collector, as depicted in Fig. 13. In this figure, the
dataset has been categorized based on varying vacuum levels, and it has
been depicted across four different graphs. Each graph features a char-
acteristic curve alongside a scattered plot specific to the corresponding
vacuum quality. In each graph it is possible to distinguish the modelled
and experimental assessed points with a dark and light marked edge,
respectively. To elaborate, the green scattered plot and its corresponding
interpolation line pertain to a low vacuum quality of approximately
107! mbar, the orange scattered plot and its relative interpolation line
correspond to a low vacuum quality of approximately 102 mbar, the
violet scattered plot and its associated interpolation line are indicative of
a medium vacuum quality around 10~ mbar, while the black scattered
plot and its corresponding interpolation line represent a medium vac-
uum quality of about 10~ mbar.

This categorization allows for a comprehensive visual examination of
the relationship between vacuum quality and thermal efficiency across a
diverse range of conditions. Specifically, all these graphs are charac-
terized by the same optical losses, and this can be observed by the
interception point that is equal to 0.82, as also previous assessed for the
standard flat plate with no vacuum. Thus, as expected, the vacuum level
does not affect the optical losses, whereas what is changing is the slope
of the lines. This is more evident in Fig. 14, in which all the dataset with
the interpolated characteristic curves are reported.

Upon examination of the reference case illustrated in Fig. 12, the
quick assessment of energy efficiency can be performed by utilizing the
characteristic curve as outlined in the following equation:

(Tm — Ta)

7b
Giot 7b)

Neon =@ X +b
Extending this analysis to different version of the evacuated solar
collector, a similar investigation can be conducted. Specifically, by
analysing Fig. 14, a trend emerges: as the vacuum quality level in-
creases, the corresponding b parameter exhibits a decrease. Notably, all
interpolation lines employed for the thermal efficiency evaluation of
diverse evacuated solar thermal collectors exhibit an R? value higher
than 0.90. The parameters defining eq. (7) are reported in Table 3.

This comprehensive examination facilitates an understanding of the
relationship between vacuum quality levels, the b parameter, and the
ensuing thermal efficiency across different iterations of evacuated solar
collectors.

Finally, to conclude the analysis of the impact of vacuum quality on
the performance of solar thermal collectors, it was assumed that they
would be employed to provide domestic hot water for a single-family
house, as described earlier in the preceding section. The yearly en-
ergy, economic and environmental results are reported in detailed in
Table 4.

Promising results in terms of primary energy, ranging from 6.4 to
12.0 %, simple pay back from 3.93 to 5.21 years, and avoided CO; gas
emissions from 124 to 200 kg/y are achievable.

4. Conclusions
This study proposes a comprehensive approach to the design,

implementation, and optimization of a novel evacuated flat-plate solar
thermal collector, characterized by a vacuum level between the glass
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Fig. 13. Characteristic curves for evacuated flat plate solar collector with low (Ver.01 and Ver.02) and medium (Ver.03 and Ver.04) vacuum quality levels.
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Fig. 14. Characteristic curves comparison between the standard flat plate solar
collector (Ref. case), the evacuated flat plate solar collector with low (Ver.01
and Ver.02), and medium (Ver.03 and Ver.04) vacuum quality levels.

Table 3
Parameters characterizing characteristic curves.

cover and the absorber plate. The research aimed to address the gap in
existing literature by offering a methodology that covers all phases of
solar thermal collector development, from conceptualization to opti-
mization. The proposed methodology, relying on structural analysis and
energy performance assessment and optimization, has proven to be
reliable and effective. The innovation of this study lies in providing a
thorough analysis of all production phases and showcasing a step-by-
step process for designing, fabricating, testing, and optimizing a low-
cost evacuated solar thermal collector.

Motivated by the need for a holistic perspective in the field, the
research methodology is applied to produce a low-cost flat plate evac-
uated thermal collector. By incorporating a cost-effective vacuum cavity
and a corrugated shape in the absorber plate, the collector demonstrated
promising results. The vacuum cavity mitigated convective losses, and
the corrugated shape enhanced heat exchange with pipe risers, ensuring
structural integrity and preventing system implosion. In the following,
the main findings of this paper are summarized.

e Development of a comprehensive and highly organised methodology
that allows for the production and optimization of solar thermal

Ref. Ver.01  Ver.02  Ver.03  Ver.04 collectors characterized by a high innovation level with low initial
Case costs.
Vacuum [-1 - Low Low Medium  Medium e Development of a cost-effective vacuum cavity between the absorber
level plate and the glass cover that significantly mitigates convective
a -1 0.820 0.820 0.820 0.820 0.8200 losses to the environment. Furthermore, the absorber plate has a
b % 17.3 7.72 5.32 4.98 2.72 corrugated shape that enhances the heat exchange with the pipe
2, . Tl . . .
mK] risers and facilitates the installation of steel pillars, thereby pre-
venting system implosion.
Table 4
Yearly energy, economic, and environmental results.
Version Vacuum Qstc PE PES J AJ SPB VAN i3 ACO,
[-] [-] [MWh/y] [€/y] [yl [€] [kg/yl [%]
Ref. Case - - 0.216 - 215 - - - - - -
Ver.01 Low 0.54 0.152 0.064 142 73 5.21 521 1.39 124 28.3
Ver.02 Low 0.78 0.131 0.085 118 97 4.40 829 2.21 175 40.7
Ver.03 Medium 0.86 0.118 0.098 109 105 4.04 937 2.50 193 45.1
Ver.04 Medium 0.89 0.096 0.120 106 108 3.93 973 2.59 200 46.5

12



G. Barone et al.

e Stress analysis for design the number of pillars and the thickness of
glass cover able to stand different vacuum levels. A number of 144
pillars, and a glass cover about 8.0 mm are selected. For these fea-
tures, a vacuum level ranging from 10~! mbar (low vacuum quality)
to 1078 mbar (high vacuum quality) are simulated for assessing the
mechanical deformation that ranges from 8.3 x 10°® mm to 1.7 x
10' mm.

Dynamic simulation model able to investigate the energy, economic,
and environmental performance of the considered system is devel-
oped in MatLab environment. It is experimentally validated with a
good agreement between the measured and simulated temperatures.
For absorber pipe temperatures, a R? value of approximately 0.975, a
mean average error of approximately 2.67 °C, and a mean average
percentage error of approximately 5.82 % are obtained.

Four different vacuum levels were assessed, revealing promising
outcomes in terms of primary energy savings, simple payback pe-
riods, and avoided CO; gas emissions: primary energy savings ranged
from 6.4 to 12.0 %, simple payback periods varied from 3.93 to 5.21
years, and avoided CO, gas emissions showed a range of 124-200
kg/y.

This research contributes a reliable methodology for solar collector
development and provides evidence of the positive impact of increasing
vacuum levels on the thermal efficiency of solar collectors. The pre-
sented novel collector holds promise for enhanced energy efficiency,
economic feasibility, and reduced environmental impact, making a
valuable contribution to the advancement of sustainable energy systems.
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Nomenclature

Abbreviations

EXP experimental 0 time (s)

MAE mean average error 4 mechanical stress (MPa)

MAPE mean average percentage error

Ref reference case Subscript

SIM simulated abs absorber

T™MY typical meteorological year amb ambient

Ver version c convective
coll collector

Symbol d down face

A Surface area (m?) edg edge cover

C capacitance (J/K) gap gap cavity

D diameter (mm) glass glass

G incident solar irradiance (W/m?) header pipe heated

L length (m) ins insulation

Q thermal power (W) k conductive

R? coefficient of determination (—) middle middle

T thickness (m) pillar pillar

T temperature (°C) pipe pipe

w width (m) plate absorber plate
r radiative

Greek Letter sky sky

a absorbance (—) tot total

13 mechanical deformation (mm) u upper face

n thermal efficiency (—) water water
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