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Abstract: This work deals with the performance evaluation of novel flat photovoltaic-thermal (PV-
T) modules under vacuum. Through a 1D (dimensional) steady-state-energy-balance numerical
model developed in MATLAB, two different layouts are studied: the first consisting of a
photovoltaic (PV) cell installed just below the glass encapsulating the flat panel, and the second
where the PV cell is placed on the selective solar absorber (SSA). In both cases the thermal and
electrical efficiencies have been evaluated at different SSA operating temperatures, in the range of
323 K to 423 K. The analysis has been conducted at different energy bandgap (Evg) of the PV cell and
assuming a variable transmittance or emittance of the PV cell, depending on the design. The two
systems efficiency comparison has been carried out at the same operating temperature. Overall, this
work highlights the importance of high vacuum insulation, which guarantees the reduction of
convective thermal losses, and shows that the maximum energy is produced for PV cells with Ebsg
~1.5-1.7 eV, depending on layout and operating temperature, by including the thermal output in the
PV-T optimization. The energy and exergy efficiencies obtainable using the proposed PV-T systems
are considerably improved compared to the results previously reported in the literature.
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1. Introduction

While green electricity is the indisputable key energy carrier for a climate neutral
future in energy supply, nearly half of the energy consumed globally is finally used as
heat, ranging from low temperature domestic hot water and space heating, up to medium
and high-grade industrial-scale applications. In this context, solar-thermal (ST) and
photovoltaic (PV) panels represent key solutions to the mitigation of the climate crisis and
the production of decarbonized electricity and heating. Despite the photovoltaic solar
energy capacity worldwide has grown, commercial PV panels convert only
approximately the 25% of the absorbed solar energy into electricity (Green et al., 2020),
dissipating the rest of the absorbed energy as waste heat (Teo et al., 2012) that causes an
increase of temperature in the PV cell and leads to a decrease in the PV efficiency (Dubey
etal., 2013). Distributed multi-energy systems can offer advantages in clean energy supply
in terms of overall performance and enhanced flexibility. In the case of hybrid solar/PV-
Thermal (PV-T) technologies, it allows to maximize the energy yield per unit of available
space and to deliver it at lower cost, by generating both heat and electricity (Herrando et
al., 2014). Thermal and electrical energy outputs depend on many factors: irradiance,
ambient temperature, wind speed, circulating fluid temperature, flowrate, etc. (de Keizer
etal., 2016). However, solar electricity and solar heat combined can serve the heating and
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cooling (H&C) applications, while also powering new industrial processes to produce
new green energy carriers, like hydrogen or processes for Carbon Capture and Utilization
(CCU), and any other future application which will require both electricity and heat
vectors to operate.

PV-T technologies have been studied since the 1970s, including variation in designs,
working fluids and other performance-influencing factors (Chow, 2010; Zondag, 2008).
Nevertheless, research continues with the aim of obtaining a design offering a
combination of high thermal and electrical efficiencies, reliability, and low cost. The most
common PV-T collector type has a flat-plate design, although a recent work (Baljit et al.,
2017) modeled a dual-fluid concentrating PV-T solar collector showing that the total
equivalent efficiencies ranged from approximately 30 to 60% in the case of single fluid
condition and reached approximately the 90% in the case of the dual fluids. Indeed, the
dual fluids operation mode reduced the solar cells temperature and hence increased the
electrical output. However, those systems are linked with high costs and reduced
performance in areas with high proportion of diffuse solar irradiance (Khlief et al., 2021).
In the flat-plate layout, the performance of PV-T systems has been estimated by different
numerical models using steady-state (Sahlaoui et al.,, 2021; Salameh et al., 2021) or
transient conditions (Maleki et al., 2021). However, all the PV-T systems developed and
designed so far have been driven in the perspective of maximizing the production of
electricity, conveying only the residual energy towards thermal conversion. Indeed,
normally the thermal energy generated by such collectors would be useful for domestic
use or low-temperature industrial processes (Herrando et al., 2021; Shaari et al., 2014):
experimental analysis on existing PV-T systems have shown that users can satisfy their
needs for low temperature heat (e.g., water at 30-40 °C) during summer, but the high
thermal losses forbid to generate usable heat during winter or at temperatures higher than
50 °C even during summer.

The recent introduction on the market of evacuated flat plate (EFP) collectors
(Buonomano et al.,, 2016) have opened new possibilities in the development of high
efficiency systems that include a standard PV-T collector in a flat and evacuated layout:
Mellor et al. (Mellor et al., 2018) demonstrate the great energetic advantage obtained by
using evacuated flat PV-T collectors in combination with low-emissive coatings. Indeed,
compared to present commercial TPVs, a system that employs an evacuated glazing cavity
combined with a low emissive coating (£=0.15) is expected to have double the thermal
efficiency, and to provide 1.5 and 2 times the revenue or carbon savings of PV modules
and solar thermal collectors, respectively. However, the proposed configuration presents
two disadvantages: on one hand the metallic sheet reflects the photons with energy lower
than the silicon energy bandgap (Ebs=1.1 eV), losing about the 19% of the total solar
energy; on the other hand, the PV cell is laminated on the metal foil using
polymeric/organic foils, a technique not suitable for high vacuum. Nevertheless, the idea
of a PV cell under vacuum paves the way for improving the performance of PV-T systems
by increasing the production of thermal energy at high operating temperatures. Therefore,
we propose a new generation of hybrid solar collectors that allow us to maximize solar energy
conversion and meet the demand for medium temperature heat while producing
electricity for a wide range of multi-energy systems. Consequently, we reconsider the
definition of the optimal energy bandgap of a single PV cell taking into account the
production of thermal energy along with the Shockley-Queisser (SQ) limit (Queisser, 2009;
Riihle, 2016). In this work we present and compare two under-vacuum PV-T layouts: the
first one where the PV cell is positioned just below the glass encapsulating the flat panel,
acting as a spectral splitter (Huang and Markides, 2021) (layout A), and the second one
where the PV cell is placed on the absorber, which is mainly developed as a selective solar
absorber (SSA, layout B). It is equipped with a high thermal conductive and low emissive
substrate, such as aluminum, which draws the heat away and allows the vessel to remain
at ambient temperature. Fig. 1 shows the simplified cross-section of both layouts (Fig. 1 a,
b) and the correspondent solar spectrum utilization (Fig. 1 c, d).
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Figure 1. Cross-section schematic of the two evacuated PV-T collectors’ layouts: (a) layout A (PV
cell below the glass encapsulating the flat panel) and (b) layout B (PV cell above the absorber). Solar
irradiation spectrum (ASTMG173) utilization of a semi-transparent solar cell with Axg=730 nm,
which defines a PV band (A<Avg) and a thermal band (A>Avg). The integration of the PV cell into the
glass (c) allows to transfer only the 48% of the solar radiation to the SSA for thermal energy
conversion, while the integration of the PV cell into the SSA (d) allows the entire portion of the solar
spectrum not converted into electricity by the PV cell to reach the SSA below (71%).

It is evident how the PV material energy bandgap determines the percentage of
photons that are i) absorbed by the PV cell and useful for solar-to-electrical conversion
(available, green area in Fig. 1), ii) either not absorbed/lost (thermalization) or useful for
thermal conversion, depending on the layout. The integration of the PV cell into the glass
(layout A) decouples the thermal and electric output: the PV cell temperature can be
controlled by the choice of an appropriate material, which also guarantees a spectral
selectivity. However, in this configuration, the fraction of the solar spectrum with E>Ebg
(A<Avg) absorbed by the PV cell and not converted into electricity (blue and light blue areas
in Fig. 1 c)) is transformed into heat, and hence wasted. Conversely, if the PV cell is
fabricated on the SSA (layout B), this excess energy will generate heat which adds to the
heat produced by the SSA. Thus, the entire portion of the solar spectrum that is not
converted in electricity can be recovered by the SSA below, increasing the fraction of solar
radiation available for thermal conversion: in the case of a PV cell with Evg =1.7 eV it
reaches the 71% (Fig. 1 d), grey area) versus the 48% of the previous case (Fig. 1 c), grey
area).

In both layouts we evaluate the thermal and electrical efficiencies as a function of the
PV cell bandgap. We show that, by analyzing the exergy of the system, the optimal
bandgap of the PV cell results a function of the PV-T collector layout and of the thermal
output temperature.

The manuscript is structured as follows: in Section 2 we show details of our
methodology for simulating the performance of high-vacuum PV-Ts in both layouts; in
Section 3 we present the main results of the efficiency analysis. Finally, we conclude by
summarizing our findings and proposing new perspectives in Section 4.
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2. Methodology

The PV-T collectors under study are based on high-vacuum flat plate (HVEP)
collectors designed and produced by TVP Solar (“TVP Solar”): they consist of a PV cell
and an SSA enclosed between a highly transparent glass cover and a stainless-steel vessel,
as schematically shown in Fig. 1. Since the HVFP is 1 m x 2 m wide and only 0.05 m thick,
we can safely assume the infinite layers approximation, since the distances between each
layer are much smaller than the panel lateral widths. Therefore, the system can be
described by the equation of radiative exchange between flat parallel plates in a 1D
thermal model that neglects thermal gradient and boundary effects, as already validated
a previous work (D’Alessandro et al., 2021). The two different layouts are modeled by
using steady state energy balance equations on the three main components of the system:
glass cover, PV cell, SSA. In both designs we assumed the Shockley—Queisser limit
(Queisser, 2009; Riihle, 2016) to assess the PV cell electrical efficiency, whilst we
considered an SSA optimized for non-concentrating applications with high absorptance
(assa=0.95) and low thermal emittance (essa=0.05) (De Maio et al, 2021a, 2021b) to
estimate the thermal efficiency at different SSA operating temperatures (from 323 K to 423
K). The geometric, thermal, and optical characteristics of the modules used in the analysis
are reported in Table 1.

Table 1. Geometric, thermal, and optical parameters of each PV-T module.

Layer Parameter Variable Value Unit Ref.
ag Absorptance 0.02
Tg Transmittance 0.94
Glass .
kg Thermal conductivity 1.06 W m1K:2
tg Thickness 5E-3 m
B Temperature coefficient -0.2
tev Thickness 1.50E-6
oy Absorptance 0 for E<Epg
var. for E>Ebg %/K
PV cell ™V Transmittance 1 for E<Eng m
var. for E>Ebg
epv Emittance 0.90/var.
o Electrical efficiency at Ty var. (“Infinity PV”)
assa Absorptance 0.95
A
55 £ssA Emittance 0.05
I Sc.>lar irradiance 1000 W me
Ambient Temperature
Tamb 300 K
Vessel Temperature
Tes _ ) 300 K
Nominal Operating Cell Temperature
Tnocr ) 323 K
Others Vessel emittance
Eves . 0.15 . .
Substrate emittance (Sample and Virtuani,
Esub . . 005
v Wind velocity N m/s 2009)
Krv.ssn Equivalent SSA—PY 'cell thermal 100 W m K1
conductivity

2.1. Layout A: PV cell under the glass

Design. The simplified cross-section of a basic PV-T collector in this layout has been
shown in Fig. 1 a): a semi-transparent PV cell is placed on the top layer of the PV-T
collector, right under the encapsulating glass. The PV cell acts as a spectral-splitting
optical filter (Huang and Markides, 2021): it selectively absorbs part of the incident solar
spectrum, which can be partially converted to electricity, and let the remaining fraction of
solar radiation pass through and reach the absorber, where thermal energy is produced.
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7, f G(A) apy (A, Epg)dA +
0

In this setup, the PV-T performance have been studied as a function of the PV cell
bandgap, assuming the cell transmittance spectra (trv) to be a step function with height
equal to 1 for all A>Avg (E<Ebg), while tev(M) in [0;1] for E<Ebg: the higher the tev(}), the
higher the fraction of the solar spectrum hitting the SSA. Hence, more thermal energy is
expected to be produced at the expense of electrical energy.

Thermal model equations. The 1-D thermal model consists of a steady state energy
balance equation for each layer of the PV-T module.

The glass cover energy balance takes into accounts both convective losses to the external
ambient and conductive exchange with the PV cell, in addition to the absorption of the
glass itself (ag):

kPV—g
At

@y [ G+ Ay Ty = Ty) 4 =72 Ty = T) = 0 )
where G(A) is the spectral distribution of the incident solar radiation, hw is the heat
convection coefficient, hw = 4.5 + 2.9 uw (uw<5 m/s is the wind speed) (Herrando et al.,
2014), kev-g the equivalent thermal conductivity of the couple PV cell-glass. Note that kev-
g = kg as the PV cell thickness is much smaller than that of the glass (= um Vs mm). Hence,
At=t,. Finally, the ambient temperature, Tamb, is set to 300 K, while Tg and Tev are two of
three unknowns of the system. The solar irradiance, I= fom G (A)dA in this study is equal to
1000 W/m?2.

The PV module energy balance considers the energy absorbed by the solar cell through
the absorption coefficient, defined as awv(A, Eng) = 1- tev(A, Ebg). A fraction of this absorbed
radiation is then converted into electrical power; to keep the calculation independent on
the choice of the PV material, the converted fraction is calculated using the SQ limit.

Besides the conductive exchange with the glass (already introduced in the previous
equation), the PV cell experiences a radiative thermal exchange with the SSA. Hence, the
balance equation of the PV module will be:

o0

(Ty = Tpy) + €py—ssaM)o(Tésa — Toy) + N7, J- G apy (A, Epg)dd =0 (2)
0

kPV—g
At

where o is the Stephan-Boltzmann constant, and €py.gsa is the equivalent emissivity of the
PV cell facing the SSA, calculated as a reduced equation of the radiative heat transfer
(Sample and Virtuani, 2009):

1
Epy—ssa = 1T 1 (3)
&y Essa
The quantity
Net = Mo - [1+ B(Tev — Tnocr)] 4)

describes the electrical efficiency of the PV cells, calculated considering the electrical
efficiency measured at the Nominal Operating Cell Temperature (Tyocr) of 323 K (n,) and
the temperature coefficient of the PV cell, . Hence, the conversion efficiency of the
incident radiation on the PV-T into electricity is assumed to decrease linearly with the
operating temperature of the PV cell.

Finally, the SSA module energy balance considers the SSA radiative exchange with both
PV cell and vessel:

Tg f G apy (4, Ebg)‘”L + epy—ssaM) o (Ty — Tss4) + Esup—vesT (Toes — Ts41-1b) = Qssa(Tssa) )
0

where &sspves 15 the equivalent emissivity of the SSA substrate facing the underlying
vessel, defined as:
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1

Esub-ves = ﬁ (6)

Epes Esub

and either Tsgy or Qgsa(Tssa) is the third unknown of the system. In fact, Qgsa(Tssa)
represents the amount of thermal energy produced when the SSA operates at a
temperature Tsgy lower than the stagnation temperature (T ) and Qgs4=0 defines the
stagnation condition. Hence, this set of three equations (Eqgs. 1, 2, and 5) can be
numerically solved either to find the equilibrium temperatures of the collector
components in the stagnation conditions (when Qssa(Tssn ) =0) or to calculate the thermal
output for a given absorber operating temperature (Tssp < T ).

2.2. Layout B: PV cell above the SSA

Design. The simplified cross-section of this layout is shown in Fig. 1 b): the PV cell is
grown on the SSA. The direct contact of the PV cell with the SSA establishes a conductive
exchange between the two layers; therefore, the PV cell transmittance (tpy) becomes less
significant: in fact, even the heat produced by fraction of the solar spectrum below Avg that
is not converted into electricity can be transferred to the SSA and collected as thermal
output. Conversely, the PV cell emissivity (g, ) gains importance, as it regulates the
radiative exchange towards the glass, which would result in a radiative loss. Hence, the
PV cell transmittance is described as a step function with unitary and constant step height
which varies with Ebg, while the PV cell emittance spectrum varies between 0 and 1.

Thermal model equations. As in the previous case, we consider energy balance
equations for each layer.

The glass cover energy balance takes into account both convective losses to the external
ambient and the radiative exchange with the PV cell:

@ [ GGYAA+ Ty = T) + &0v—g (A Eag)o Ty = T3) = 0 %
0
where
1
G N ®)
St
Epy + gg

In the PV module energy balance now appears a term describing the conductive heat
exchange with the SSA and a radiative loss to the glass. Also, as in the previous setup,
part of the absorber radiation is converted in electrical power:

oo

(Tssa = Tpy) + epy—g(A Epg)a(Ty — Ty) + r)elrgf G(A) apy (4, Epg)dd =0 )
0

kPV—SSA

At

7 f G(A) apy (A Epg)dA +
0

Note that kpy.ssa is the equivalent thermal conductivity of the couple PV cell-SSA,
while At represents the total thickness of PV cell and SSA. Because the latter is negligible
(approximately 200 nm), we assumed At = tpy =3 pum.

The SSA module energy balance considers the heat exchanges of the SSA with vessel
and PV cell, respectively radiative and conductive:

oo k _ .
Tg f G tpy (D assadd + %:SA (Tev = Tssa) + Esub—vesT (Tyes — Toup) = Qssa(Tssa) (10)
0

Hence, as already mentioned in the previous layout, the set of three equations (Egs.
7,9, and 10) must be solved to find the equilibrium temperatures of the collector of the
absorber (if Qggp (Tsss ) = 0) or the produced heat (Tssp< Ty ).

2.3. Efficiency calculation

For each layout and various SSA operating temperature in the range of 323 K to 423
K we evaluated
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e thermal efficiency, ngr, calculated as

_ Qssa(Tssa) -
ST — 7o . < -
J; G da
. electrical efficiency, npy,
Npy = Pet _ Netty f: G(Dapy(4,t) da )
R [T G)yda
e total efficiency of the PV-T collector, nror,
e _ Pr;i + (‘v)Sn‘;A(TSS’A)
nri-(.if. - f“(x_. (;(A}d}' .
| (13)

The exergetic efficiency, ng,, also known as the second-law efficiency, is considered. It
is the most crucial parameter for the thermal assessment of energy systems as it gives the
idea of the effectiveness of a system relative to its performance in reversible conditions.
Its definition is based on the Carnot efficiency, 1c = 1-Tamb/Tssa:

Pe; + Qssa(Tssa) * Nc
T o0

1 — Lamby . (* ey da

(-7 76

NEx =

(14)

3. Results

In the following, we show the relevant results of our analysis divided in two different
sub-sections, one for each layout investigated. A comparison between the two layouts has
also been carried out.

3.1. Layout A: thermal and electrical efficiencies

The study conducted on layout A (PV cell placed under the highly transparent glass)
provided a stagnation temperature for the SSA in the range of 385 K to 660 K, depending
on the PV cell transmittance and bandgap energy (Fig. 2 c)). As expected, both the PV cell
and the glass experience a lower temperature gradient, varying from 360 K to 410 K (Fig.
2 a) and b)). It can be noted how, for tpy= 0, the increasing of the PV cell bandgap energy
Ebg translates into a decreasing of the PV cell temperature, due to a smaller fraction of the
solar spectrum absorbed. The PV cell temperature reaches a minimum at approximately
Ebg = 2.3 eV, whereas above this value the temperature increases again due to the thermal
load originated from the high temperature of the SSA (at approximately 600 K).

The analysis conducted on the electrical and thermal efficiencies are reported in Fig.
3 a)-d) and Fig. 3 e)-h), respectively, for different SSA working temperatures. Results
showed that the electrical efficiency only slightly depends on the change in the absorber
temperature (Fig. 3 a)-d)). The maximum electrical efficiency curve is reminiscent of the
Shockley—Queisser limit curve and scales with the cell transparency.
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Figure 3. Electrical (a-d) and thermal (e-h) efficiency of a PV-T collector in layout A at different PV
cell transmittance and bandgap, and at various temperatures: 323 K (a, e), 353 K (b, f), 373 K (¢, g),
423 K (d, h).

At each SSA temperature, the maximum electrical efficiency of approximately =~ 30%
is reached for PV cells characterized by low PV cell transmittance (tpy <0.1) and bandgap
energy Ebg in 0.90-1.75 eV. For Evg lower than 0.8 eV the fraction of the solar spectrum
transmitted to the SSA is not sufficient to bring the SSA at 423 K. Hence, for such values
of temperature and Ebg the efficiency is schematized as a dashed area in Fig. 3 d).
Conversely, the maximum thermal efficiency is obtained for high values of tpy and Ebg
(Fig. 3 e)-h)). At a fixed PV cell bandgap energy and transmittance, the thermal power
decreases with increasing the SSA working temperature. In addition, at a fixed PV cell
transmittance, the thermal efficiency increases with increasing the bandgap energy, at the
expense of electrical efficiency. In this setup, the PV cell temperature below Ts: only
slightly depends on Tssa (Fig. 4).
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Figure 4. PV cell temperature (layout A) at different SSA operating temperatures: 323 K (a), 353 K
(b), 373 K (c), 423 K (d). The black lines correspond to the numerical values reported in the legend
on the right.

3.2. Layout B: thermal and electrical efficiencies

The study conducted on layout B (PV cell placed right above the SSA) showed that,
at the stagnation point, the PV cell temperature is strongly dependent on that of the SSA,
due to the conductive exchange between the two layers. Conversely, the glass temperature
is much lower and varies by approximately 20 K in 393 - 413 K (Fig. 5). To avoid unreal
stagnation temperatures, the study is limited to thermal emittances equal to or higher than
0.1. Below such value, the thermal emittance is represented by a dashed area in Fig. 5 a)-

).
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Figure 5. Glass a), PV cell b), and SSA c) temperature at the stagnation point for different values of
erv and Epg (layout B).

At temperatures below the absorber stagnation temperature, the analysis shows that
the electrical efficiency of the PV-T collector in layout B strongly depends on the PV cell
bandgap energy, whereas its variation with the cell emissivity is negligible. At a fixed Tssa,
the electrical efficiency reaches its maximum (> 0.25) for Ebg of 1.0-1.5 eV, where the
thermal counterpart experiences the maximum reduction. However, at fixed conditions,
both quantities experience a decrease with the increasing of the SSA operating
temperature. The results of this analysis are depicted in Fig. 6 a)-d) for the electrical
efficiency and e)-h) for thermal efficiency.

In this layout, the maximum of electrical efficiency (approximately 30%) is obtained
at Tssa= 323 K and for bandgap energies in the range of 1 to 1.6 eV (Fig. 6 a)). As expected,
results show that the temperature reached by the PV cell matches with Tssa and is
independent on the bandgap energy. Consequently, the electrical efficiency reduces with
the operating temperature.
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Figure 6. Electrical (a-d) and thermal (e-h) efficiency of a PV-T collector in layout B at different PV

cell emittance and bandgap, and at various SSA operating temperatures: 323 K (a, e), 353 K (b, f),
373K (c, g), 423 K (d, h).

3.3. Comparison between the two layouts of PV-T systems

The various efficiency contributions - e.g., thermal, electrical, total, exergetic - have
been calculated for both layouts and various absorber temperatures (Fig. 7). The
comparison between the two models of PV-T systems shows that the total efficiency (Eq.
13) considerably increases with the increase of Evg for the collector in layout A, while
slightly decreases when the PV cell is placed above the SSA (layout B). We limit the
comparison between the two layouts to the most efficient cases, i.e., 7p;,(A) =0 for layout
A and &py = 0.1 for layout B.
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Figure 7. Thermal (ngr, squares), electrical (npy, empty pentagons), total (nror, triangles), exergetic
(nEx circles) efficiencies calculated for a) layout A and b) layout B at various absorber temperatures:
323 K (blue curves), 353 K (green curves), 373 K (red curves), and 423 K (cyan curves). Note that the
PV cell transmittance and emittance have been fixed: tpy=0 for layout A and &py=0.1 for layout B.

As for the exergetic component (Eq. 14), the model shows that both layouts allow to
produce an exergy higher than that produced by a single PV cell, particularly at high
Tssa. For layout A the maximum exergy is produced at approximately Evg=1.50 eV, and it
moves towards higher values of Ebg when the temperature increases (Fig. 7 a)). Instead,
the maximum of exergy shifts towards lower energies (= 1.25 eV) if the cell is placed above
the SSA: in this configuration the PV cell bandgap energy plays a more important role
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(Fig. 7 b)). Fig. 7 shows that, particularly at high operating temperatures, moving around
these Ebg values, the relative amount of electricity and heat produced changes, but the
exergetic efficiency is not significantly affected. Both material and thickness of the PV cell
can be chosen to regulate the relative amount of electrical and thermal outputs, according
to the energy demand. It is also clear that electrical efficiency reduces with temperature in
layout B, whereas it remains unchanged in layout A.

A deeper analysis of the exergetic efficiency has been performed by varying the PV
cell transmittance/emittance values. Results are presented as colormaps in Fig. 8 a)-d) for
layout A and Fig. 8 e)-h) for layout B. The latter study highlights the importance of
controlling the value of epy to obtain a high nex, particularly at high Tssa (Fig. 8 g)-h)).
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Figure 8. Exergetic efficiency of a PV-T collector in layout A (a)-d)) and B (e)-h)) at different PV cell
emittance and bandgap and various SSA operating temperatures: 323 K (a, €), 353 K (b, f), 373 K (c,
g), 423K (d, h).

4. Conclusion

In this work the investigation of the performance of two layouts of novel flat
photovoltaic-thermal (PV-T) modules under vacuum is carried out through a 1D
(dimensional) steady-state-energy-balance numerical model. The PV cell can be either
placed below the glass encapsulating the solar collector (layout A) or in a direct contact
with the absorber (layout B). The thermal, electrical, total (thermal+electrical), and
exergetic efficiencies have been estimated, assuming a variable transmittance or emittance
of the PV cell, depending on the layout.

The analysis shows that, if on the one hand the PV cell is placed under the glass
(layout A), the PV-T system can efficiently produce electrical and thermal energy. Using
high bandgap materials, it is possible to obtain a PV cell temperature close to ambient
temperature, and let a larger fraction of the solar spectrum reach the SSA to produce
thermal heat at temperatures as high as 150 °C. If, on the other hand, the photovoltaic cell
is placed above the absorber (layout B), the maximum of electrical efficiency can be
obtained at Tssa = 323 K and for PV cell with bandgap energy in the range of 1.1 eV to 1.5
eV. Increasing the operating temperature, it became essential to obtain low emittance
values to reach high thermal and exergy efficiencies.

Overall, the work highlights the importance of the high vacuum insulation, which
reduces convective and conductive losses to negligible levels, and indicates that it is
possible to fully exploit the solar spectral radiation and maximize the generation of usable
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energy (electrical and heat) by rethinking the solar energy conversion process from the
point of view of the energy demand. The energy and exergy efficiencies obtainable from
the proposed PV-T systems are considerably improved compared to results of the
previous literature: with such a promising prospect, PV-Ts can certainly be part of future
highly efficient and climate neutral multi-energy systems that hold the key for an
accelerated and full decarbonization of the global economy.
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Nomenclature
Abbreviations and subscripts

abs Absorber
amb Ambient

bg Bandgap

C  Carnot

E Energy, eV

Ex Exergy

I Solar irradiance, W m-2
g Glass

k Thermal conductivity, W m1K

NOCT Nominal Operating Cell Temperature
PV  Photovoltaic

PV-T Photovoltaic-Thermal

SSA Selective Solar Absorber

ST  Solar Thermal

t Thickness, m

T Temperature, K

st  Stagnation

sub Substrate

tot Total

ves Vessel

w  Wind

Greek Symbols

o Absorptance

B Temperature coefficient, % K-
n Efficiency

A Wavelength, um

o Stefan-Boltzmann constant, W m-2K-+
T Transmittance

€ Emissivity
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