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Photovoltaic/thermal (PV/T) collector can convert incident sunlight into electrical and heat energy simulta-
neously. However, compared with the solar thermal collector, the radiative heat loss of the PV/T absorber is
larger since the spectrally selective PV/T absorber is difficult to design and fabricate after introducing PV cells,

?I?::nll[:lsra diation which leads to lower thermal efficiency. Thus, an approach that can reduce the radiative heat loss of the PV/T
PV/T collector without the requirement for spectrally selective PV/T absorber is emergently needed. Here, a novel

aerogel-based PV/T collector is proposed to suppress radiative heat loss and improve efficiency by introducing
the silica aerogel that is highly transparent to sunlight and opaque to infrared light, as well as ultra-low effective
thermal conductive into the PV/T collector. A numerical model is established to evaluate the performance of the
aerogel-based PV/T collector, and the results present that the heat loss of the PV/T collector at the operating
temperature of 70°C can be dramatically reduced by approximately 75% after using the silica aerogel and the
thermal efficiency can also be increased by 46%. Moreover, a parametric study is conducted to investigate the
influence of solar radiation, ambient temperature, and emissivity of the PV/T absorber on the performance of the
aerogel-based PV/T collector. This study is devoted to exploring a new method to suppress the radiative heat loss
of the PV/T collector and enhance its solar harvesting performance correspondingly, which gives a reference for
the design of high-performance PV/T utilization.

optical coating to suppress the radiative loss and improve its overall
efficiency (Cox lii and Raghuraman, 1985; van Helden et al., 2004).

1. Introduction

In the 1970s, the photovoltaic/thermal (PV/T) collector was pro-
posed due to its high overall solar conversion efficiency (Wolf, 1976).
However, the thermal efficiency of the PV/T collector is significantly
lower than that of the solar thermal collector under the same conditions.
Besides, the thermal efficiency of the PV/T collector drops drastically as
the operating temperature increases. The main reason for this phe-
nomenon is that the PV/T absorber cannot achieve spectral selectivity.
The function of the spectral selectivity absorber is to achieve high ab-
sorption of solar energy in the 0.3-2.5 pm band to obtain a high solar
absorption rate, and low thermal emissivity in the 2.5-50 pm band to
reduce its radiative heat loss (Burlafinger et al., 2015). As illustrated in
Fig. 1, the solar collector can achieve higher thermal efficiency at a high
operating temperature, because its emissivity is much lower than the
PV/T absorber in the 2.5-20 pm band. As early as ten years ago, re-
searchers proposed a spectral selective PV/T absorber by adding an

* Corresponding authors.

E-mail addresses: zb630@ustc.edu.cn (B. Zhao), peigang@ustc.edu.cn (G. Pei).

https://doi.org/10.1016/j.solener.2021.09.077

However, the coating was not transparent enough to meet the require-
ment for electricity generation. So, the PV/T collector with excellent
spectral selectivity has not yet appeared.

The low thermal efficiency of the PV/T collector is caused by a high
radiative loss in the infrared band and this is because the PV/T absorber
cannot achieve spectral selectivity. Thus, the market of PV/T collectors
is focused on low-temperature level applications in buildings, such as
space heating, domestic hot water, and electricity generation. For
instance, Ji et al. (2011) conducted a dual-function solar collector
combined with the buildings to provide heat energy for space heating
and domestic hot water in cold and warm seasons, respectively. The
previously reported research has shown that the hybrid PV/T system can
efficiently provide electricity and serve as a heat source of domestic hot
water simultaneously, the economy of the system has been greatly
improved (Kalogirou and Tripanagnostopoulos, 2006).

In the previously published literature, the main method is to reduce
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Nomenclature

Radiative intensity field, W/m?

Phase function

Thermal conductivity of silica aerogel, W/m/K
Temperature, °C

Spatial radiative heat flux, W/m?

Total thermal loss, W/m?

Incident solar radiation, W/m?

The heat flux absorbed by PV/T absorber, W/m?
Price of electrical energy, USD/kWh

Price of thermal energy, USD/kWh

Annual money saving, USD

Money-saving during the useful life, USD

The complex refractive index of silica

The volume fraction of the silica particles

The diameter of the silica particles in the aerogel, nm
The output power density of the PV/T collector, W/m?
The area of the PV/T collector, m?
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Subscripts and abbreviations

DOM Discrete coordinate method
RTE Radiative transfer equation
Amb Ambient

PV/T Photovoltaic/thermal

a Aerogel layer

th Thermal energy

ad Adhesive

Greek letters

T Transmittance

n Energy efficiency

a Absorptivity

p Temperature coefficient of the PV cell, K

Absorption coefficient, m™!

Wavelength, nm
Scattering coefficient, m™
Packing factor
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Fig. 1. The emissivity of the solar thermal absorber and PV/T absorber.

heat conduction, convection between the PV/T absorber and environ-
ment to improve the overall efficiency. For instance, adding a glass cover
to suppress heat convection between PV/T absorber and environment is
the most common method. The reported experiment and simulation
results confirmed that the solar energy conversion efficiency of the PV/T
collector with a glass cover is always higher than that of the PV/T col-
lector without a glass cover (Chow et al., 2009). Although convection
and thermal conduction losses are reduced after adding glass cover,
radiative heat loss still exists and accounts for the majority of heat loss in
this condition since the radiation power of the PV/T absorber is pro-
portional to the fourth power of its temperature. Under this condition,
using the spectrally selective absorber is an alternative technology to
reduce radiative loss without affecting the absorption of the solar
spectrum, which has already been widely used in solar thermal collec-
tors (Ehrmann and Reineke-Koch, 2012). For the PV/T collector, due to
the difficulty in designing and manufacturing spectrally selective ab-
sorbers after the introduction of PV cells, there are few studies on
spectrally selective PV/T absorbers. In this regard, an alternative solu-
tion is proposed to minimize the radiative loss caused by PV/T absorber
by using a kind of low thermally conductive material that is transparent
to the solar radiation but opaque to the infrared radiation to replace the
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gap between the PV/T absorber and glass envelope. What’s more, when
the air gap is occupied by material with low thermal conductivity, the
heat transfer (conduction and convection) between hot PV/T absorber
and environment is suppressed.

The silica aerogel is a kind of potential thermally insulating material
that can be used for solar harvesting (Benz et al., 1996; Gunay et al.,
2018). Traditional aerogels are usually used in building windows. When
its thickness is 10 mm, its transmittance to the sun is usually low, less
than 60%. If those aerogels are used in PV/T collector, the high optical
loss caused by the scattering will result in a significant decrease in the
amount of incident sunlight and negates its thermal insulation, the
electricity generation by the PV cell is reduced. Consequently, the aer-
ogel has not been used in the PV/T collector. In 2017, Strobach et al.
(2017) optimized the manufacturing process of aerogel to improve its
ability to transmit sunlight. The sunlight transmittance of the silica
aerogel can achieve up to 96% at the thickness of 9.5 mm. Besides, Zhao
etal. (2019, 2020) optimized the microstructure of the aerogel to reduce
scattering and the transmittance of the silica aerogel is up to 95%. Thus,
the silica aerogel layer can achieve high solar transmission and low
infrared radiation transmission, so that the negative impact of silica
aerogel optical loss on PV cell electricity generation can be minimized
and the radiative loss can be reduced. Besides, silica aerogel is meso-
porous material so that its thermal conductivity could be optimized to be
lower than that of air (25 mW/m/K (Tang et al., 2008)).

According to the above analysis, radiative heat loss caused by the
high emissivity of the PV/T absorber makes the efficiency at a low level.
Therefore, a new PV/T absorber by coating PV cells with silica aerogel is
proposed to improve the efficiency of the PV/T collector by diminishing
the radiative loss. Besides, there is a knowledge gap on the topic of
introducing the silica aerogel into the PV/T collector to enhance the
thermal performance, and a further study of the performance of the
aerogel-based PV/T collector under different working conditions is also
needed. Under this context, a combined optical-thermal-electrical model
is developed to assess the performance of silica aerogel-based PV/T
collector. First, the transmittance of the silica aerogel layer under
different thicknesses and the heat loss of the different PV/T collectors
are investigated, respectively. Second, the thermal and electrical effi-
ciencies of the aerogel-based PV/T collector are evaluated and
compared with the traditional PV/T collector. Finally, a parametric
study is conducted to investigate the influence of incident radiation,
ambient temperature, and coating emissivity on the performance of the
aerogel-based PV/T collector.
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2. Methodology
2.1. Mathematical model

The collector is composed of an aerogel layer, a PV/T absorber
(composed of the polycrystalline silicon PV cell, TPT, EVA, and cell
substrate), and an insulation layer. The schematic of the aerogel-based
PV/T collector is illustrated in Fig. 2. Incident radiation that passes
through the aerogel layer is absorbed and converted into useful heat Qg
and electricity Ep, by PV/T absorber. The reflection of the aerogel layer
and the scattering of the aerogel layer reduces a small fraction of solar
radiation reaching the PV/T absorber. The silica aerogel layer can
absorb thermal radiation from the PV/T absorber and re-emitted part of
it back to the PV/T absorber, resulting in an enormous radiation loss
reduction of the PV/T absorber. To accurately calculate the radiation
transmission within the aerogel, we use the radiative transfer equation
(RTE) that describes the radiative intensity filed as the function of po-
sition (determined by a position vector Z) and a direction (determined
by a unit direction vector’s'), and wavelength(4). The RTE is described as
(Modest, 2013):

d]l(z, ?)

O, ’ ! ’
= kil (2) - (05 + k)L, ) +-= | Lz, §)Py(T ,5)dQ

E 4n
(€Y)
where I, is the radiative intensity field, ¢, and «, represent scattering

coefficient absorption coefficient, respectively. I, represents the
blackbody intensity coupled with the temperature filed within the aer-

ogel, P;(5",s) is the phase function which is assumed to be isotropic in

Ql" ec
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this paper and this assumption has already been used and validated (Li
etal., 2015; Tang et al., 2015). In this paper, radiation is divided into the
solar radiation band (A < 2.5 pm) and the thermal radiation band (A >
2.5 pm).

In the solar radiation band (A < 2.5 pm), the blackbody intensity Iy,
can be negligible, because the aerogel’s temperature is much lower than
the sun’s temperature (Gunay et al., 2018). Therefore, the RTE is
decoupled with temperature, and Eq. (1) can be simplified as:

d[;L (Z, ?)

[} ; ’
= (6, + k)L(z,5) + yp /4”12(z,?)d9 )

In the thermal radiation band (A > 2.5 pm), I, can’t be negligible
since the emission intensity of the aerogel is mainly concentrated in the
thermal band. Therefore, the RTE should be solved by coupling with the
temperature field.

d*T dq,
ko — e — 3
dz? dz @
k represents the solid thermal conductivity of the silica aerogel, q}_ .,
represents the spatial radiative heat flux obtained by RTE, which can be
described as:

g = / / L(3) 5 dQda 4)
0 4n

After the radiation field is calculated, the transmittance of the aer-
ogel can be obtained. In the aerogel, the AM1.5 (“AM1.5", 1.5-atmo-
sphere thickness, corresponds to a solar zenith angle of 48.2°, and the
solar irradiance is 1000 W/m?) weighted transmittance can be used,
which can be calculated by Zhao et al. (2016):

Convection Radiation loss| (s

Aerogel

PV/T absorber

Transparent TP

EVA

PV cell

Black TPT

Cell substrate

Fig. 2. Schematic of the aerogel-based PV/T collector.
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— fIAMl.s(ﬁ)T(AMl.s)(ﬁ)dfl
‘ fIAMl.s (A)da

)

the numerator is the total transmitted radiation of AM1.5, and the de-
nominator is the total radiation of AM1.5.

The thermal efficiency of the PV/T collector is the function of the
heat loss and solar radiation absorbed by the PV/T absorber, which can
be calculated by McEnaney et al. (2017):

- Qlos:

6
Ql‘(.‘l‘ ( )

where Qs represents the total heat loss of PV/T collector; Q. is the
incident solar radiation; Qg is the incident solar radiation absorbed by
PV/T absorber, which is determined by (Bhattarai et al., 2012):

Qah.& = QrecTaTada - CEp\' (7)

where 744 and 7, represent the transmittances of adhesive, and the aer-
ogel layer, respectively; ¢ denote the packing factor of the PV cells,
means the comprehensive absorption of the PV/T absorber which is
expressed as:

a = al+ay(l =) ®
ap and ap are the absorptivities of the PV/T absorber with and without
PV cells; E,, means the output power density of the PV/T collector which
can be calculated by (Yu et al., 2020):

Ep = QrecTaTadllerll = Bpo(T = Toy)] C)
N ref denotes the efficiency of PV cell under the standard testing condi-
tion (T = 25°C, 1000 W/m?) and it was taken from ref (Al-Waeli et al.,
2017), ppy is —0.4%/K that is the typical value of the temperature co-
efficient of the polycrystalline silicon PV cell (Dubey et al., 2013). At
present, the electrical efficiency decreases as the temperature rising,
which is caused by the negative temperature coefficient of the PV cell.
However, with the development of the new generation of PV cells that
have positive temperature coefficients, such as cells reported in ref.
(Huang et al., 2019), the output power of the PV cell will be improved
with increased operating temperature.
The electrical efficiency 7, is expressed as:

E,
Orec

Generally, the energy grade of the electricity is higher than the grade
of the thermal energy, thus the total efficiency of the PV/T collector is
not the simple accumulation of the electrical efficiency and thermal
efficiency. In this paper, the thermal energy is assumed to be converted
into thermal exergy and the thermal exergy efficiency is described as
(Du et al., 2019):

(1—52)-Qu
Exg

e (10)

Nexon = (€8]

where T, denotes the temperature of PV cells, Tyn is ambient
temperature.
The electrical exergy efficiency is defined as:

Ex,, E,,
Hexpw = B = Brg 12)
The exergy content of the incident radiation is calculated by:
Tam
ExG = Qree(l - T b) (13)

where Ty, = 5760 K is the apparent solar temperature (Ren et al., 2021).
Then, the overall exergy efficiency is defined as:

342

Solar Energy 228 (2021) 339-348

Nexpojt = SMexpy + Nexan a4

2.2. Economic analysis

In order the investigate the economic feasibility of the aerogel-based
PV/T collector, an economic analysis is developed, the price of the
electricity and thermal energy is taken into account, and the economic
saving during the useful life of the collector is analyzed. The annual
saving is calculated by Gagliano et al. (2019):

Ry = E])V'A'Priceel + (ch - Qaux)'A‘Priceth (15)
where Price,; and Pricey, represent the cost of electricity and thermal
energy per kWh, A is the area of collector, Qg is auxiliary heater energy
when the stored energy is not sufficient to meet the demand for hot
water.

Their discounted sum is calculated by (Gagliano et al., 2019):

(I+r)"—1

1
R =R,
Y (14 )"

(16)

where r represents the capitalization rate which is set as 3%, n is the
projection of the useful life which is set of 20 years.

2.3. Optical parameters of the silica aerogel layer

The scattering and absorption coefficients of the silica aerogel layer
are related to the porosity of the aerogel, the diameter of the silica
particles within the aerogel, and the wavelength of radiation. In this
study, silica particles are assumed as sphere particles and the scattering
process of silica particles is independent of each other, which is a
reasonable hypothesis and it has been proved in ref. (He and Xie, 2015;
Tang et al., 2015). The scattering coefficients ¢, and absorption co-
efficients x; are expressed as (Mishchenko et al., 2002):

2 253
4y M= 17d
o, = 4n°f, pran i a7)
m* — 1) 6xf,
- v
= ‘S{m2+2} i a8

where d is the diameter of the silica particles in the aerogel; f, represents
the volume fraction of the silica particles; A denotes wavelength; m is the
complex refractive index of silica obtained from ref (Palik, 1998).

2.4. Numerical solution

Since the scattering term in Eq. (1) and the radiative intensity of the
silica aerogel is the fourth power of the temperature field, it is difficult to
obtain its analytical solution. Therefore, the discrete coordinate method
(DOM) is used to solve the problem in this paper. First, Eq. (1) is
numerically solved by DOM with the corresponding boundary condi-
tions. Then, after obtaining the radiative intensity within the aerogel,
the radiative flux can be obtained by Eq. (4). The divergence of the
radiative flux is put into Eq. (3) as the heat generation term. Eq. (4)
should be solved with the boundary conditions to obtain temperature
filed within the aerogel. The iterations were not stopped until
‘T‘%:T"‘slo“'. The detailed process is shown in Fig. 3 and the numerical

model is carried out using the MATLAB code.

2.5. Model validation

To validate the radiative and conductive heat transfer within the
silica aerogel, the comparative study between the current simulation
results and experimental results from reported research developed by
Heinemann et al. (1996) is carried out. The thickness of the aerogel is
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Aerogel parameter :silica particle
diameter d, volume fraction f,,

Calculate 0, and k,

!

The initial temperature field 7;(x)
and environment parameters

Ii(x) =Tt
Radiative transfer equation [¢ 1) = T(x)
Calculate q}_qo
kﬂ_ quZONoo :0
dz’ dz
Calculate temperature

filed T(x)

No
Yes

Output 7(x)

End
Fig. 3. Flowchart of the heat transfer simulation.

7.9 mm and the density of the aerogel is 220 kg-m~>, and all boundary
conditions and parameters are the same as those of ref (Heinemann
et al., 1996). The simulation results of the effective thermal conductivity
of the aerogel slab under different mean temperatures of aerogel are
shown in Fig. 4(a). It is observed that the simulation results are in good
agreement with the experimental results, and the relative difference
<8.8% in the whole temperature range, which validates the current
model.

Moreover, to validate the model of the PV/T collector, a previously
reported case (McEnaney et al., 2017) is simulated using the current
model and the simulated results are compared with the original data
from the case. During the simulation, the input parameters of the glass,
aerogel, and boundary conditions are the same as those in ref (McEna-
ney et al., 2017). As shown in Fig. 4(b), it can be found that the simu-
lated results predicted using the current model is very close to that
reported in ref (McEnaney et al., 2017) with a maximum relative error of
4%, and the small difference between simulation results and data from
literature is likely caused by the simplification of the model. The
reasonable agreement and the slightly relative error show that the model
is reliable for performance prediction.

3. Results and discussions

In this sub-section, the aerogel properties and performance of the
aerogel-based PV/T collector are first investigated. Then, the effects of
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Fig. 4. (a) Simulated effective thermal conductivity compared to the experi-
mental data. (b) The simulated thermal efficiency of the aerogel-based PV/T
collector at the absorber temperature of 100°C using the current model and
previously published model (McEnaney et al., 2017).

ambient temperature and incident radiation on the performance of the
aerogel-based PV/T collector are analyzed and the performance of the
aerogel-based PV/T collector with selective surface and the non-
selective surface is investigated. Finally, the economic analysis of the
aerogel-based PV/T collector is investigated.

3.1. The transmittance of the silica aerogel layer

The simulated transmittance of the bulk silica aerogel layer in the
wavelength range from 0.3 pm to 20 pm is shown in Fig. 5(a). It can be
observed that the silica aerogel layer is transparent to solar radiation but
opaque to mid-infrared radiation. To explore the effect of the thickness
of the silica aerogel layer and the diameter of silica particles in the silica
aerogel layer on its solar transmittance, the transmittance of the silica
aerogel layer is calculated under the different thickness of the silica
aerogel layer and diameters of silica particles. The simulated results (i.e.,
the AM1.5 weighted transmittance of the silica aerogel) are presented in
Fig. 5(b). It has been found that the transmittance of the silica aerogel
layer decreases with the increased thickness of the aerogel layer and the
diameter of silica particles. For instance, when silica particles diameter
d is 6 nm, as the aerogel thickness increases in 10 mm to 40 mm, the
transmittance of the silica aerogel layer decreases from 95.9% to 87.0%.
However, when silica particles diameter d changes to 9 nm, the
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Fig. 5. (a) The direct-hemispherical transmittance spectrum of the aerogel with
a thickness of 20 mm and d = 6 nm. (b) The transmittance of aerogel at d = 6
nm and d = 9 nm were plotted.

transmittance of the silica aerogel layer decreases from 91.2% to 75.6%
when the aerogel thickness increases from 10 mm to 40 mm. This dif-
ference is because more solar radiation is scattered or absorbed by the
aerogel as the thickness silica aerogel layer and the diameter of the silica
particles increases. According to the results, if the thickness of the aer-
ogel layer and diameter of silica particles are respectively set as 15 mm
and 6 nm, the transmittance of the silica aerogel can be 94.2%, which
indicates that the transmittance of the aerogel can be designed to be
equivalent to that of glass.

3.2. Heat loss of the aerogel-based PV/T collector

The heat loss of the aerogel-based PV/T collector, traditional PV/T
collector, and the stand-alone PV module is calculated and shown in
Fig. 6(a). During the simulation, Tgnp is set at 25°C. Heat loss is the sum
of convection/conduction loss and radiation loss. For simplicity, the
convective heat transfer coefficient between the surface of collectors and
environment is assumed as a constant of h = 10 W/m?/K, and this is a
commonly selected value in the reported cases (Gallandat et al., 2017)
for natural convection in the air. The results present that compared with
the other two types of collectors, the heat loss of the aerogel-based PV/T
collector is significantly reduced. For example, at a temperature (70°C),
the heat loss of the traditional PV/T collector is 2.1 times that of the
aerogel-based PV/T collector. The above results indicate that the heat
loss is suppressed significantly by the silica aerogel.

The heat loss from the PV/T absorber at different aerogel thicknesses
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Fig. 6. (a) The heat loss of the aerogel-based PV/T collector, the traditional
PV/T collector, and the stand-alone PV module. (b) The heat loss of the aerogel-
based PV/T collector at different aerogel thicknesses.

is also presented in Fig. 6(b). At the same aerogel thickness, the heat loss
raises with the increase of the PV/T absorber temperature since the
temperature difference between the environment and the PV/T absorber
increases. Besides, heat loss drops with the increased aerogel thickness
due to the decreased heat transfer coefficient between the environment
and the PV/T absorber. However, it is noted that the increased thickness
of the silica aerogel will damage the high solar transmittance of the
aerogel layer, thus the effect of the thickness of the aerogel on the
overall exergy efficiency of the aerogel-based PV/T is further explored
and the results are shown in Fig. 7. As shown in Fig. 7(a), there exists an
optimal thickness of the aerogel for a specific PV/T absorber tempera-
ture. For example, when the PV/T absorber temperature is 60°C, the
optimal thickness of the aerogel layer is approximately 20 mm. More-
over, the optimal aerogel thickness increases with the raising PV/T
absorber temperature (Fig. 7(b)) and this is due to that minimizing the
heat loss is important at high operating temperatures.

3.3. Thermodynamics analysis of the aerogel-based PV/T collector

Fig. 8(a) illustrates the electrical and thermal efficiencies of the PV/T
collector where the aerogel thickness is 20 mm. When the temperature
of the PV/T absorber increases from 40°C to 70°C, the thermal efficiency
of the aerogel-based PV/T collector drops from 60.0% to 57.1% while
that of the traditional PV/T collector decreases from 57% to 39.1%,
which shows that the aerogel-based PV/T thermal efficiency is much
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Fig. 7. (a) The overall exergy efficiency of the aerogel-based PV/T collector
varies with the thickness of the aerogel (b) Optimal aerogel thickness and
maximum overall exergy efficiency.

higher than that of the traditional PV/T collector, especially at a higher
temperature. The main reason is that the aerogel is opaque to the mid-
infrared radiation and the aerogel can absorb the radiation from the
PV/T absorber and re-emitted part of it back to the PV/T absorber, thus
the radiation loss of the PV/T absorber can be minimized, which greatly
contributes to the overall efficiency of the collector. Besides, the elec-
trical efficiency of the aerogel-based PV/T collector is higher than that of
the traditional PV/T collector due to the high transmittance of the aer-
ogel. As shown in Fig. 8(a), the electrical efficiency is also affected by the
operating temperature of the PV/T absorber, and this scenario depends
on the physical properties of the PV cell. If PV cells with a positive
temperature coefficient (Huang et al., 2019) are used, the electrical ef-
ficiency will be further improved by high operating temperature and this
is a good feature for PV/T collectors.

Fig. 8(b) presents the overall exergy efficiency and thermal exergy
efficiency of the aerogel-based PV/T collector and the traditional PV/T
collector. The aerogel-based PV/T achieves higher overall exergy effi-
ciency at all the operating temperatures since the aerogel prevents heat
loss from the hot absorber to the environment. For example, at the
operating temperature of 70°C, the overall exergy efficiency of the
aerogel-based PV/T collector is 16.2% greater than that of the tradi-
tional PV/T collector. Interestingly, the overall exergy efficiency of
traditional PV/T collector increases and then drops, reaching a
maximum of 15% at the operating temperature of 60°C. However, the
overall exergy efficiency of the aerogel-based PV/T collector increases
with the rising operating temperature, indicating that the collector can
be more efficient at higher temperatures. The overall exergy efficiency
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of the aerogel-based PV/T collector achieves up to 20.4% at the PV/T
absorber temperature of 140°C (beyond the values shown in the plot).
Fig. 8(b) presents the thermal exergy efficiency of the two types of
collectors, aerogel-based PV/T collector has higher thermal exergy ef-
ficiency than the traditional PV/T collector. For example, the thermal
exergy efficiency is 1.46 times that of the traditional PV/T collector at
the PV/T absorber temperature of 70°C. The overall exergy efficiency of
the aerogel-based PV/T collector is also compared to that of PV/T col-
lectors reported in previous studies. (Table 1).

The thermal performance comparison between the aerogel-based
PV/T collector and the spectrally selective PV/T collector under
different long-wave panel emissivity is presented in Fig. 9, the results
show that the thermal efficiency of the spectrally selective PV/T col-
lector decreases with the increases of infrared emissivity of PV cells.
When the long-wave panel emissivity of a spectrally selective PV/T
collector is 0.1, its thermal efficiency is equivalent to that of an aerogel-
based PV/T collector. When the operating temperature is low, the

Table 1
Comparison of the exergy efficiency values between aerogel-based PV/T col-
lector and reported conventional PV/T collectors.

Investigator (s) PV type Exergy efficiency (%)
Aberoumand et al. (2018) Crystalline silicon 11.9-14.2%

Mousavi et al. (2018) - 16.7%

Wu et al. (2018) Crystalline silicon 13.8%

Hassani et al. (2016) Crystalline silicon 11.8%

This study Poly-crystalline silicon 20.4%
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Fig. 9. The thermal performance comparison between the aerogel-based PV/T
collector and the spectrally selective PV/T collector under different long-wave
panel emissivity.

thermal efficiency of the aerogel-based PV/T collector is a little lower
than that of the spectrally selective PV/T collector. On the contrary,
when the operating temperature becomes larger, compared with the
spectrally selective PV/T collector, the aerogel-based PV/T collector has
higher thermal efficiency, because the convective and conductive loss in
the spectrally selective PV/T collector became violently.

3.4. Sensitivity analysis

3.4.1. The effect of solar radiation and ambient temperature

Fig. 10(a) illustrates the relationship between the overall exergy ef-
ficiency and the thickness of aerogel. The overall exergy efficiency boost
then drops with the increase of aerogel thickness and reaches the ceiling
at a certain aerogel thickness. For instance, the overall exergy efficiency
reaches a maximum value of 17.31% at a thickness of 25 mm. The
thermal resistance increases with the aerogel thickness, thermal exergy
efficiency increases, so the overall exergy efficiency increases gradually
before 25 mm. However, the transmittance of the aerogel decreases with
the increasing thickness, and overall exergy efficiency decreases due to
optical loss. The optimal aerogel thickness and maximum exergy effi-
ciency at different incident radiation range from 500 to 1000 W/m? are
plotted in Fig. 10(b). The optimal aerogel thickness decreases gradually
with the growing incident radiation, the maximum overall exergy effi-
ciency increases with the raising incident radiation. When the incident
radiation increases from 500 W/m? to 1000 W/m?, the optimal aerogel
thickness decreases from 44 mm to 25 mm while maximum overall
exergy efficiency increases 15.80% to 17.31%. The variation curves of
thermal and electrical power with the increase of incident radiation are
observed in Fig. 10(c). The amount of electricity and thermal energy is
positively linearly correlated with the intensity of incident radiation.

The thermal exergy efficiency and overall exergy efficiency of the
aerogel-based PV/T collector at different ambient temperatures are
shown in Fig. 11. Thermal exergy efficiency and overall exergy effi-
ciency are functions of ambient temperature and decrease as the
ambient temperature increases. As presented in Fig. 11(a), the higher
ambient temperature makes the temperature gradient between the PV/T
absorber and the environment smaller and then decreases the exergy
efficiency. In Fig. 11(b), when ambient temperature boosts from 0°C to
30°C, at the PV/T absorber temperature of 40°C, the overall exergy ef-
ficiency of the aerogel-based PV/T collector drops from 19.03% to
13.09%, while the overall exergy efficiency at an operating temperature
of 60°C decreases from 21.10% to 15.42%.
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3.4.2. PV/T absorber emissivity

Theoretically, taking advantage of spectral selective PV/T absorbers
is an effective way to suppress heat loss. Here, the performance of
aerogel-based collectors with and without the spectral selective PV/T
absorber is calculated and analyzed to further demonstrate the influence
of the aerogel on the heat collection capacity of aerogel collectors.
During the calculation, the values of thermal emissivity of the collector
with and without the spectral selective PV/T absorber are set as 0.1 and
0.9, respectively, while the values of solar absorptivity of the two ab-
sorbers are set both as 0.9. The comparison results are shown in Fig. 12.
The overall exergy efficiency of the aerogel-based PV/T with the spectral
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Fig. 12. Effect of the absorber emissivity on the performance of the aerogel-
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selective absorber is nearly consistent with that of the aerogel-based PV/
T without the spectral selective absorber. For instance, with the tem-
perature increases from 60°C to 120°C, the thermal efficiency of the
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aerogel-based PV/T collector with the spectral selective absorber de-
creases from 58.06% to 57.91%, while the thermal efficiency of the
aerogel-based PV/T without the spectral selective absorber decreases
from 58.05% to 57.83%. The overall exergy efficiency of the aerogel-
based PV/T collector with the spectral selective absorber increases
from 16.34% to 21.39% as the temperature increases from 60°C to
120°C, while the overall exergy efficiency of the aerogel-based PV/T
without the spectral selective absorber boosts from 16.33% to 21.36%.
These results mean that the emissivity of the PV/T absorber surface has a
negligible effect on the aerogel-based PV/T performance, which is a
good characteristic for PV/T collectors.

3.5. Economical results

An economic analysis of the aerogel-based PV/T is performed, and
the price of the electricity and thermal energy is considered. The output
of the aerogel-based PV/T collector is calculated under the climatic
conditions of Hefei for domestic hot water applications, so the operating
temperature of the aerogel-based PV/T collector is selected as 60°C. The
energy price is shown in Table 2 and the costs of equipment, material,
and installation of the aerogel-based PV/T are shown in Table 3. Eco-
nomic savings are estimated based on the investment cost of operating
cost savings over 20 years. Results show that the aerogel-based PV/T
system (The area of the aerogel-based PV/T collector is selected as 20
m?) can save 4293.3 USD during the useful life, and the time for the
investment recovery of the aerogel-based collector is 11.6 years. It is
noted that the thermal and overall exergy efficiencies of the PV/T col-
lector are improved by 46% and 16.7%, respectively, but the total cost of
the aerogel-based PV/T collector is just 1.4% high than that of the
conventional PV/T collector. The economic saving of the aerogel-based
PV/T collector mainly depends on the initial investment. If the gov-
ernment can subsidize the initial investment, it will greatly shorten the
time for investment recovery and can significantly increase economic
savings. Fortunately, the market for PV/T collectors is constantly
growing, and the cost of these systems will be reduced in the future,
which is conducive to economic saving.

4. Conclusions

In this paper, a novel PV/T collector is proposed by integrating the
optically transparent thermally insulating silica aerogel layer into the
PV/T collector to reduce radiative heat loss and improve its perfor-
mance. An optical-thermal-electrical model is developed for perfor-
mance analysis of the aerogel-based PV/T collector, including the effect
of solar radiation, ambient temperature, and the emissivity of the PV/T
absorber. The main conclusions are presented as follow:

(1) The heat loss of the PV/T collector is significantly reduced after

introducing silica aerogel into the collector. At a temperature of
70°C, the heat loss of the traditional PV/T collector is 301.1 W/
m?, which is 2.1 times that of the aerogel-based PV/T collector
(140.1 W/m?).
The aerogel-based PV/T collector can get higher thermal and
overall exergy efficiencies than those of the traditional PV/T
collector. At the temperature of 70°C, the thermal and overall
exergy efficiencies of the aerogel-based PV/T collector are 57.1%
and 17.3%, respectively, which are 46% and 16.2% higher than
those of the traditional PV/T collector.

®)]

Table 2
Price of electricity and thermal energy (Lin and Wu, 2017; China
Southern Power Grid, 2021).

Electricity price (USD/kWh)
Thermal energy price (USD/kWh)

0.1272
0.05404
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Table 3
Cost of the system components (Aguilar-Jiménez et al., 2020;
Bhattarai et al., 2013; Xu et al., 2020).

Panels and structure (USD/m?) 300
Evaluation period (years) 20
Solar tank (USD) 119.34
Installation cost (USD) 1000
Aerogel cost (USD/L) 4

(3) The efficiency of the PV/T collector is significantly influenced by
the thermal emissivity of the PV/T absorber. Importantly, the
performance of the aerogel-based PV/T collector is equivalent to
that of the spectrally selective PV/T collector with a thermal
emissivity of 0.1.

At the temperature of 60°C, the thermal efficiency of the aerogel-
based PV/T collector without the spectral selective absorber is
58.05%, which is only a little lower than that of the aerogel-based
PV/T with the spectral selective absorber (58.06%), indicate that
the emissivity of the PV/T absorber surface has a negligible effect
on the aerogel-based PV/T performance, which is a good char-
acteristic for PV/T collectors.

4

—

In a summary, the silica aerogel-based PV/T collector can suppress
the radiative heat loss of the PV/T collector and enhance its solar har-
vesting performance, which gives a reference for the design of high-
performance PV/T utilization.
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