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Abstract

Concentrating fluid-based spectral-splitting hybrid PV-thermal (SSPVT) collectors are capable of
high electrical and thermal efficiencies, as well as high-temperature thermal outputs. However, the
optimal optical filter and the maximum potential of such collectors remain unclear. In this study, we
develop a comprehensive two-dimensional model of a fluid-based SSPVT collector. The temperature
distributions reveal that these designs are effective in thermally decoupling the PV module from the
high-temperature filter flow-channel, improving the electrical performance of the module. For a Si
solar cell-based SSPVT collector with optical filter #Si400-1100, the filter channel is able to produce
high-temperature thermal energy (400 °C) with an efficiency of 19.5%, low-temperature thermal
energy (70 °C) with an efficiency of 49.5%, and electricity with an efficiency 17.5%. Of note is that
the relative fraction of high-temperature thermal energy, low-temperature thermal energy and
electricity generated by such a SSPVT collector can be adjusted by shifting the upper- and lower-
bound cut-off wavelengths of the optical filter, which are found to strongly affect the spectral and
energy distributions through the collector. The optimal upper-bound cut-off always equals the
bandgap wavelength of the solar cell material (e.g., 1200 nm for Si, and 850 nm for CdTe), while the
optimal lower-bound cut-off follows more complex selection criteria. The SSPVT collector with the
optimal filter has a significantly higher total effective efficiency than an equivalent conventional
solar-thermal collector when the relative value of the high-temperature heat to that of electricity is
lower than 0.5. Detailed guidance for selecting optimal filters and their role in controlling SSPVT
collector performance under different conditions is provided.
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1. Introduction

Photovoltaic (PV) cells are able to convert directly solar energy to electricity. The record electrical
efficiency of common single-junction silicon (Si) PV cells reached 24% in 2019 [1], which is
approaching the theoretical efficiency limit of ~30% [2]. The rest of the absorbed solar energy cannot
be utilized by the PV cells and is dissipated as waste heat. In hybrid photovoltaic-thermal (PVT)
collectors, this heat can be harvested by attaching a thermal absorber to the bottom the cells [3, 4],
thus simultaneously producing electricity and useful thermal energy. PVT collectors have been shown
to have significantly higher overall solar utilization efficiencies than standalone PV modules [5], and
well-designed PVT systems can cover a considerable fraction of the electrical and heating demands
of end-users in different applications, e.g., residential homes [6] or sport centres [7].
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However, although the thermal absorber of PVT collectors can effectively remove heat from
the PV cells, the PV cells still face a problem of overheating when delivering a high-temperature heat
output as the PV cells thermally couples with the thermal absorber in PVT collectors. The overheating
problem inevitably results in a compromised electrical efficiency and also a reduced lifespan of the
PV cells [8]. Therefore, a challenge is to identify PVT collector designs that can generate a high-
temperature thermal energy while not sacrificing the PV electrical efficiency.

Spectral splitting is a promising spectrum management approach to this challenge [9-11]. It
relies on the fact that a PV cell is only effective within a specific spectral range, e.g., 300-1100 nm
for Si solar cells and 300-850 nm for Cadmium telluride (CdTe) solar cells. Spectral splitting design
approaches are able to spectrally separate the solar spectrum into different parts, only one of which
is directed to the PV cell for electricity generation. The rest of the spectrum, which is not able to be
electrically utilized by the cell, is sent to a separate thermal absorber for thermal energy generation,
thus avoiding the unnecessary heating of the cell. The thermal absorber is thermally decoupled from
the PV cells. Therefore, spectral splitting PVT (SSPVT) collectors are capable of generating high-
temperature thermal energy while keeping the PV cell working at a lower temperature.

Current SSPVT collectors typically employ two types of optical filters, i.e., selectively
reflective film filters [12-14], and selectively absorptive fluid filters [15-18]. Film-based filters direct
part of the solar spectrum to the PV cells, with the rest reflected to a thermal absorber. These collectors
usually require optical concentrators [19] and sunlight tracers [20]. Fluid-based filters, on the other
hand, only allow a part of the solar spectrum to be transmitted through to the PV cells for electricity
generation, while absorbing the rest of the spectrum as thermal energy. Fluid-based filters act as both
optical filters, thermal absorbers and heat transfer fluids [15]. Thus, fluid-based SSPVT collectors are
usually more compact than film-based SSPVT collectors.

The most crucial requirements of the fluid-based filters are the optical and thermal properties that
have direct influence on the electrical and thermal efficiencies of SSPVT collectors. Some common
pure fluids, such as water and glycols [21], are good optical filter candidates capable of absorbing
photons in the infrared region, while slightly affecting the electrical efficiency of common solar cells.
The first concept of a water-based SSPVT collector was proposed in 1970s [22]. Heat transfer oils with
higher-temperature boiling points also have been employed to fluid-based SSPVT collectors, such as
Brayco 888 HF, which was selected as an optical filter for SSPVT collectors by Osborn et al. [23].
Brayco 888 HF has a high transmittance (~90%) within the wavelength range of 600-1100 nm, and a
high absorptivity (~90%) outside the above wavelength range. Other commercial heat transfer fluids
employed as optical filters in SSPVT collectors include Therminol 66, Therminol VP-1, Duratherm,
etc. [16]. Recently, nanotechnology has been applied to further improve the optical characteristics of
such fluids. Taylor et al. [24] have proved that Therminol VP-1 suspended with low concentrations of
nanoparticles (e.g., Ag/SiO2 and Au/SiOy) are effective in improving the performance of SSPVT
systems. Different nanoparticle suspensions (e.g., Ag [17, 25-27], Au [17, 27], ZnO [28], Ag/TiO- [29],
AU/SIO; [30-32], carbon nanotubes[33], FesOs [34], CusSs [35], polypyrrole [35]) have been fabricated
and tested in order to discover the optimal fluid-based filter for SSPVT collectors. In the experiments
performed by Hjerrild et al. [36], Ag/SiO2 nanoplates and Au/SiO2 nanorods were suspended in
different base fluids (water, heat transfer oils) to fabricate nanofluid filters for different solar cells (Si,
GaAs, and Ge). The Ag/SiO2 nanoplates were used to absorb in the ultraviolet and visible parts of the
spectrum, while the Au/SiO2 nanorods were used to absorb in the infrared. Huang et al. [37] introduced
a simple method to fabricate core-shell Ag/SiO nanoparticles for SSPVT collectors, and showed that
their employment allowed the collectors to reach an overall efficiency of 63%.

Furthermore, Liang et al. [28] proceeded to investigate the influence of nanoparticle
concentration on the performance of a SSPVT collector, and found that the thermal efficiency of their
investigated collector increased from 7.4% to 10.9% when the concentration of ZnO nanoparticles



increased from 11 ppm to 89 ppm. The same authors also suggested that ZnO nanofluid was the most
cost-effective nanofluid for SSPVT collectors, since the cost of ZnO nanoparticles was much lower
(only 0.13%, 0.08% and 0.17%) of those of Au, Ag and polypyrrole nanoparticles. More recently,
Walshe et al. [38] employed imidzo-phenanthroline-based luminescent down-shifting (LDS) liquid
as the optical filter in order to maximize the solar energy conversion efficiency of a SSPVT collector.
The overall efficiency of the LDS-based SSPVT collector was 18-20% points (in absolute terms)
higher than that of a standalone PV panel. Detailed modelling methodologies for simulating the
performance of fluid-based SSPVT collectors were introduced by Hassani et al. [39, 40], Brekke et
al. [30], Ni et al. [41] and Liang et al. [42]. Brekke et al. [30] found that it was essential to decouple
the flow between the filter channel and the bottom PV-cooling channel.

Three recent review papers have been published with excellent summaries of the start-of-art of
nanofluids research [43] and other nanomaterials [44, 45] in the context of SSPVT collector technology.
However, the optimal optical filter for practical fluid-based SSPVT collectors remains unclear, and
there is a lack of consensus in the literature concerning the definition of the optimal filter even for the
(most common) Si solar cell [44]. Furthermore, there remains a considerable gap between the optical
properties of currently-available fluid filters and the desired optical properties of ideal filters as
predicted from theoretical approaches. Therefore, the efficiency limits of fluid-based SSPVT collectors,
which depend strongly on the spectral-splitting fluid filter, remain unclear.

In this paper, we design a double-channel fluid-based SSPVT collector and develop a
comprehensive 2-D model to explore its electrical and thermal performance. Two most common solar
cells, i.e., Si and CdTe, are considered in this study. Different ideal fluid filters are assumed and
applied to the SSPVT collector, in order to explore the optimal optical filter and the maximum
potential of such fluid-based SSPVT collectors under different scenarios. The spectral, thermal and
temperature distributions through the collector are simulated and analysed, and the resulting electrical
and thermal efficiencies are investigated under different working conditions. Furthermore, we also
provide detailed maps for selecting optimal filters for the fluid-based SSPVT collector under different
scenarios, which can assist designers in developing high-performance fluid-based SSPVT collectors
and can also assist material scientists in developing optical filters for such collectors.

2. Modelling methodology

The fluid-based SSPVT solar collector investigated in this study is illustrated in Fig. 1. The incident
sunlight is concentrated by a parabolic trough collector and directed to the SSPVT collector as shown
in Fig. 1(a). A detailed structure of the SSPVT collector is shown in Fig. 1(b). A channel filled with
a suitable flowing fluid, which acts as the optical filter, is placed above the PV module. Part of the
incident solar spectrum is selectively absorbed by the filter fluid and converted to thermal energy (i.e.,
an increase in enthalpy), with the rest of the spectrum transmitted through the filter to the PV module.
The filter channel is surrounded by vacuum gaps to suppress the non-radiative heat losses.
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Figure 1. Conceptual concentrating fluid-based SSPVT collector design.




In this design, the flowing fluid in the filter channel acts not only as an optical filter but also a
heat transfer fluid to transport the collected thermal energy. Although the filter may be ideal in its
ability to absorb a specific region of the solar spectrum that the PV cells are not sensitive to, and
therefore to block this from reaching the cells, tremendous heat is still unavoidably generated in the
PV module under the high solar concentration ratio. Therefore, a bottom cooling channel is attached
to the back of the PV module in order to cool the PV module as shown in Fig. 1(b). The bottom
channel produces a low-temperature (60-80 °C) thermal-energy output. The optical filter fluid can be
heated to a much higher temperature through the top filter channel, generating a higher-temperature
(200-400 °C) thermal-energy output. The collector has a length of 1 m and a depth/height of 0.05 m.
The thicknesses of the fluid filter, cooling channel, and of all the gaps are taken as 10 mm.

As shown in Fig. 2, in spectral splitting concepts the solar spectrum is spectrally separated into
three parts, signified by the lower- and upper-bound cut-offs wavelengths, 4. and Au. Only the middle
part of the spectrum (A < 1 < Au) can pass through the fluid optical filter and arrive at the PV module
for electricity generation, while the rest (A < AL and A > Jn) is directly absorbed by the fluid for high-
temperature thermal energy generation. In this study, we investigate SSPVT collectors based on two
different types of cells, i.e., Si solar cell based SSPVT (Si-SSPVT), and CdTe solar cell based SSPVT
(CdTe-SSPVT) collectors. Si and CdTe cells are effective within different specific spectral ranges, i.e.,
300-1150 nm for Si cells and 300-850 nm for CdTe cell as shown in Fig. 2. The ideal filter can allow
all selected wavelengths to pass through to the PV cells, while the remaining light is all directly
absorbed by the filter itself as heat in order to maximize the thermal and electrical efficiencies., i.e.:

Tr=100%, a; = 0% (A, <1 < Ay) )
Tr = 0%, ay = 100% (A < A, A > Ay) @)

where 7t and as are the transmittance and absorptivity of the optical filter fluid. The values of AL and Au
should be carefully selected in order to maximize the overall performance of the SSPVT collector.
Existing references have already theoretically proved and reached an agreement that the optimal upper-
bound cut-off Ay of the filter should exactly equal to the bandgap wavelength of the solar cell [44], i.e.,
1100 nm (corresponding to ~1.12 eV) for Si-SSPVT collector [24, 25] and 850 nm (corresponding to
~1.44 eV) for CdTe-SSPVT collector [44]. However, the optimal lower-bound cut-off AL remains
unclear and still lacks consensus in existing literature. In this study, we assume six different ideal optical
filters for Si- and CdTe- SSPVT collectors as listed in Table. 1. The upper-bound iy of the optical filter
for Si-SSPVT is set to 1100 nm, while lower-bound A, varies from 400 to 800 nm. The upper-bound Ay
for CdTe-SSPVT is set to 850 nm, while lower-bound AL varies from 400 to 700 nm. The performance
of Si- and CdTe-SSPVT collectors with these different optical filters are simulated and analysed.
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Figure 2. Spectral irradiance (SI) of AML1.5, spectral responses (SR) of Si and CdTe cells, and bounds of
the optical filter. A_and Ay are the lower- and upper-bound cut-off wavelengths of the optical filter.
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Table 1. Ideal optical filters for Si- and CdTe-based SSPVT collectors.

Solar cell Filter type Lower bound, AL (hm)  Upper bound, Ay (hm)
#Si400-1100 400 1100
Si #Si600-1100 600 1100
#Si800-1100 800 1100
#CdTe400-850 400 850
CdTe #CdTe500-850 500 850
#CdTe700-850 700 850

A two-dimensional (2-D) finite volume method (FVM) is applied in the numerical model developed
in this work for the modelling of SSPVT collectors, as shown in Fig. 3. The comprehensive numerical
model comprises heat transfer, optical and PV sub-models, which are internally linked.
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Figure 3. Graphical representation of SSPVT collector numerical model.
2.1. Heat transfer model

The heat transfer model mainly includes two sets of governing equations, i.e., steady-state Fourier
heat conduction equation in the solid zones and steady-state fluid flow energy equation in the fluid
zones. The solid and fluid zones are conjugated via heat convection and radiation. Boundary
conditions for solving the equations include the mass flow rates and inlet temperatures of the two
channels, and heat convection/radiation between the outer walls and environment. The detailed
governing equations and boundary conditions are enumerated below.

(1) Steady-state Fourier heat conduction equation in the solid zones of glass layers, PV module
and thermal insulation layer:

0°*T 0°T
ks W-l‘a—yz +Qs=0 (3)

where ks is the thermal conductivity of the solid material, T is the temperature of the element. The
source term Qs (unit: W/m?) of Eq. (3) is the internal heat source of the solid elements, i.e., the
absorbed solar energy by glass layers and the heat generated in the PV modules, which are linked
with the optical and PV models.

(2) Steady-state fluid flow energy equation in flowing fluid zones in the top and bottom fluid channels:

0%T 0%T\ d(pcyuT
; n _ (pep )+
dx?  0dy? ox

Qr=0 (4)

where ks is the thermal conductivity of the fluid, p the density of fluid, ¢, the specific heat capacity, u
is the velocity of the fluid. The source term Qs (unit: W/m?) of Eq. (4) is the internal heat source of
the fluid elements. The source term Qs in the top filter fluid zone is the solar energy absorbed by the
filter fluid, which is linked with the optical model. The source term in the bottom fluid zone is zero
as no internal heat source in the bottom channel. The thermophysical properties of the fluids are taken
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to be the same as those of Therminol VP-1, which is a stable heat transfer oil that can be used over a
wide workable temperature range up to 400 °C. In addition, Therminol VP-1 is transparent in the
effective wavelength range of common solar cells. For these reasons, Therminol VP-1 is often selected
as a base fluid for spectral splitting filter designs, such as nanofluid filter designs [21, 50]. The
thermophysical properties of Therminol VP-1 refer to the manufacture’s datasheet [51].

(3) Boundary equation on the interfaces between solid and fluid zones:

oT
—k @ |interface = h AT (5)

where AT is the temperature difference between the fluid and solid elements, hc is heat convection
coefficient between the fluid and the solid wall. The heat convection coefficient in the filter channel
is given in Ref. [3] and [15]. Of note is the fact that heat convection enhancement with, e.g., micro-
fins, attached to the bottom cooling channel of concentrated PVT collectors [46-48] are crucial for
cooling the PV module effectively to lower temperatures under high concentration solar fluxes. The
effective heat convection coefficient in the bottom channel is assumed to be 1000 W/(m?-K) to model
the enhanced heat convection effect, which is in a reasonable range of forced oil flow in a channel [49].

(4) Boundary equation on the outer walls of the SSPVT collector, i.e., convection/radiation
between and outer walls and surroundings:

oT .

_k@ lwait = hw(Tw — To) + SO'(TVA\LI - Tsky) (6)
where Ty is the outer wall temperature, T, the ambient temperature, o is Stefan-Boltzmann constant.
The heat convection coefficient hw is related to the wind speed v, i.e., hw = 4.5 + 2.9vy [3]. The
equivalent sky temperature for radiation is Tsky = 0.0522T,1* [3, 50].

An in-house code is developed to numerically solve the above set of equations based on FVM
method. The grid with 100 elements in the x direction is chosen for the simulation according to the
result of grid independence investigation in order to balance calculation accuracy calculation cost.
Tridiagonal matrix algorithm (TDMA) is employed to solve the tridiagonal temperature matrixes. The
FVM method is detailed in Guarracino et al. [50]. The source term Qs in Eq. (3) and Q¢ in Eq. (4) are
inter-linked with the following optical and PV sub-models.

2.2. Optical model

An optical model is applied to calculate the absorbed, reflected and transmitted spectral energy in
each layer, in order to provide inputs to the heat transfer model and the PV model. The solar spectrum
and solar irradiance arrived at the SSPVT collector are:

Gin(1) = Gam1.5(4) - C *npr )
Ii, = Gin()dA
fo % ®)

where C and npr are the concentration ratio and the optical efficiency of the parabolic trough. The
solar energy absorbed by a certain layer can be calculated by:

Qavsi = | G232 ©)
0

where Gi(1) is the spectral distribution of the incident light onto layer i, and ai(1) is the absorptivity
of layer i. The transmitted spectrum can be calculated by:

Giv1 (D) = G;(D7;(A) (10)
where Gi+1(4) is the spectral energy distribution that is transmitted through layer i (also the incident
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spectrum of layer i+1), and z; (1) is the transmittance of layer i.

The absorbed solar energies Qans Of each layer are transferred to the heat transfer model as the
source terms. Of note is that the Qs of the PV module is more complicated as it not only related to the
optical module but also related to the following photovoltaic model.

2.3 Photovoltaic model

A model is applied to calculate the electricity and heat generated in the PV module. The spectrum
incident onto the module, Gpv(}), is calculated by the optical model above. Based on the spectrum
Gev()) and spectral response (SR) of the cell, the electrical efficiency can be calculated from:

Nl = Voc " Jsc " FF

T A T/t

where Vo, Jsc and FF are the open-circuit voltage, short-circuit current and filling factor, f and Tres
are the temperature coefficient (-0.45 %/°C for Si cells, and -0.25 %/°C for CdTe cells) and reference

temperature (25 °C) of the solar cells, and A is the area of the collector. The equations for Voc and FF
are given in Refs. [15] and [41]. The short-circuit current, Jsc, can be calculated from:

[1 + ﬁ(TPV - Tref)] (11)

Joe = A f "SRQD) Gou()dA (12)
0

where SR(}) is the spectral response of the solar cell, which is determined by not only the solar cell
material, but also the used manufacturing technique. In this study, the spectral responses of Si and
CdTe cells, shown in Fig. 2, were taken the manufacturers’ datasheets of SunPower (C60
monocrystalline silicon solar cell [52]) and First Solar (Series 4 thin film cadmium telluride solar cell
[53]). The heat generated in the PV cells is then calculated based on energy balance:

Qwstpv = Qabspv —Nel * C - Iam15 (13)

where Qapspv is the absorbed solar energy by the PV module (unit: W/m?), which is calculated from
EQ. (8). lam1s is the solar irradiance of AML1.5 spectrum. The heat Qustpv IS then transferred to the
heat transfer model as the source term of the heat transfer equation of the PV module.

Table 2. Optical and thermal properties, geometric characteristics, and other parameters related to the
modelled SSPVT collector.

Layer Parameter/variable Value Unit Refs.
Og Absorptivity 0.01 - [50,54]
Glazing glass, filter &g Emissivity 0.90 - [50, 54, 55]
channel glass walls, Ty Transmittance 0.95 - [50, 54]
PV cover glass Kg Thermal conductivity 1.80 W/m-K [50, 54]
g Thickness 0.003 m [50, 54]
Top filter fluid and Tin Inlet temperature 300 K -
bottom cooling fluid O, O¢ Thickness 0.01 m -
apv Absorptivity 0.93 - [54]
PV cell epv Emissivity 0.90 - [56]
Opv Thickness 0.00035 m [55]
EVA Keva Thermal conductivity 0.35 W/m-K [55]
OEVA Thickness 0.0005 m [55]
. Kad Thermal conductivity 0.85 W/m-K [55]
Adhesive O Thickness 0.00005 m [55]
Insulation Kins Thermal conductivity 0.035 W/m-K [3, 55]
Oins Thickness 0.05 m -
. net Optical efficiency 0.90 - [57]
Parabolic trough C Concentration ratio 10, 50, 100 - [58]




The above heat transfer, optical and PV models are strongly conjugated. The outputs of this
comprehensive model include the detailed 2-D temperature distributions through the SSPVT collector,
spectral distributions on each layers and electrical efficiencies of the solar cells. The thermal
efficiencies of the high-temperature outputs of the filter channel, and the low-temperature outputs of
the bottom cooling channel can be calculated by:

MyrCp(Tar—Tin)

= 14
NthHT A-C lpie (14)

_ myrCp(Tur—Tin) (15)
e LT A-C-lam1s

where m_t and myt are the mass flow rates through the low-temperature bottom channel and high-
temperature filter channel, Tin the inlet temperature of the bottom and filter channels, Tt and Thr are
the output temperatures of the low-temperature bottom channel and the high-temperature filter
channel. The reduced temperature of the concentrating SSPVT collector is defined as:

(16)

where Triit is the average temperature of the high-temperature fluid filter. In order to generate a high-
temperature thermal output (200-400 °C) in the filter channel while keeping the PV cells at a lower
temperature, the mass flow rate through in the filter channel is set to be much smaller than that of the
bottom cooling channel. The mass flow ratio is defined as:
MR = T (17)
myr

where myt and met are the mass flow rates (unit: kg/s) in the filter and bottom channels. The mass
flow rate in the bottom channel m.r needs to be carefully selected according to the sunlight
concentration ratio in order to ensure the PV cells can be well cooled to a suitable temperature limit
(<100 °C). The output temperature of the filter channel can be adjusted by changing MR.

2.4 Model validation

Commercial monocrystalline Si cells and thin-film CdTe cells from SunPower [52] and First Solar [53]
are used in this study. Fig. 4 shows their electrical efficiency as a function of temperature in the range
of 20-100 °C. The electrical efficiencies of these cells are calculated using the above PV model, and
compared to the manufacturers’ data to validate the model used here, with average deviations all < 5%.
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validated against the data from manufacturers (SunPower [52] and First Solar [53]).



The thermal and electrical efficiencies are the most crucial performance indicators of fluid-based
SSPVT collectors. The experimental results of these efficiencies from Han et al. [21] are selected here
to provide further validation of our model, for which all boundary conditions, optical properties, PV
characteristics and geometric parameters of our model are set to be the same as those in the experiments
by Han et al. [21]. The performances of the SSPVT collector for 13 different real optical fluids (e.g.,
water, ethylene, propylene, heat transfer oils, etc.) predicted by our model agree well with the
experimental results, as shown in Fig. 5, suggesting that our model is capable of accurately simulating
both the electrical and thermal performance of fluid-based SSPVT collectors for various optical filters.
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Figure 5. Electrical and thermal efficiencies of a fluid-based SSPVT collector for 13 different real
spectral-splitting fluids, validated against the experimental results from Han et al. [21]. (The numbers
on the x-axis correspond to different optical fluids: O- no fluid, 1- water, 2- CoSO4 solution, 3- Ni2SO4
solution, 4- CuSQs solution, 5- ethylene, 6- propylene, 7- glycerol, 8- glycerol and water mixture, 9-
glycol mixture, 10- silicon oil, 11- VP1 oil, 12- industrial white oil, 13- Valvoline oil).

3. Results and discussion

3.1. Spectral distribution and solar energy allocation

The incident sunlight is reflected and concentrated by the parabolic trough reflector. The concentrated
sunlight arrives at the SSPVT collector then passes through the glazing layer and the filter channel (two
glass walls sandwich a fluid layer) accordingly before arriving at the PV module. The selectively
absorptive fluid filter absorbs a part of the solar spectrum in advance, with the rest of the spectrum
being transmitted through the fluid filter to the PV module. The spectral distributions of the original
incident light, Gin, the filtered light to the PV module, Gpv, and solar energy allocations in the Si-SSPVT
collector with the #Si400-1100 optical filter is shown in Fig. 6. Most of the solar spectrum that can be
electrically utilized by the Si cells is successfully directed to the Si cells for electricity generation as
shown in Fig. 6(a), while the rest (1 <400 nm and A > 1100 nm) is absorbed by the #Si400-1100 optical
filter. The allocation of the incident solar energy through the Si-SSPVT collector is shown in Fig. 6(b).
Of the total incident solar energy to the parabolic trough, 24.9% is absorbed by the filter channel, and
19.3% is lost optically (via reflection losses at the glass layers and the PV cell surface, and optical loss
of the parabolic trough reflector). The rest (55.8%) of the solar energy is absorbed by the Si PV module,
such that 19.7% of the total incident solar energy is converted to electricity. Although the filter channel
absorbs electrically unusable sunlight in the first instance, a considerable fraction (36.1%) of the total
incident solar energy is still unavoidably converted to heat in the cells, which makes the bottom cooling
channel essential to the correct operation of this SSPVT collector design.
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Figure 6. (a) Spectral distributions, and (b) solar energy allocation through Si-SSPVT collector
(optical filter: #Si400-1100, C = 50).

The spectral distributions and solar energy allocations through the CdTe-SSPVT collector with
the #CdTe400-850 optical filter are shown in Fig. 7. The effective wavelength range of CdTe cells is
significantly narrower than that of Si cells, due to the higher bandgap energy of CdTe. Thus, the
#CdTe400-850 optical filter is able to absorb 38.8% of the incident solar energy, which is significantly
larger than that of the #Si400-1100 filter used previously in the Si-based SSPVT collector (27%). The
rest (43.6%) of the incident solar energy is absorbed by the CdTe PV module, of which 36.1% of the
incident solar energy is converted to heat in the CdTe cells. It is also noted that the electrical efficiency
of current commercial CdTe modules (17.2%) is slightly lower than that of the current commercial
SunPower Si module (19.7%) at the reference temperature of 25 °C. Both the #Si400-1100 and
#CdTe400-850 filters are able to generate considerable thermal energy without significantly
compromising the electrical efficiencies of Si and CdTe cells, as the #Si400-1100 and #CdTe400-850
filters transmit most of the PV effective spectrum to the solar cells as shown in Figs. 6(a) and 7(a).
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Figure 7. (a) Spectral distributions, and (b) solar energy allocation in CdTe-SSPVT collector (optical
filter: #CdTe400-850, C = 50).

The solar energy allocations in Si- and CdTe-SSPVT collectors for the different optical filters
and concentration ratios are illustrated in Table 3. From this table, it can be observed that the optical
filter strongly affects the performance of SSPVT collectors and, specifically, that as the lower-bound
cut-off of the optical filter increases (to longer wavelengths), the PV electrical efficiency decreases,
while the filter absorption increases and the heat from the PV cell decreases.
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Table 3. Solar energy allocations in Si- and CdTe-SSPVT collectors for different optical filters and
concentration ratios (C = 10, 50 and 100).

SSPVT Lo type Concentration Abl;)/s%rl?éerd Absorbed by PV module - gpical
type ratio channel  Electricity Heat loss

Si200. 10 24.9% 18.5% 37.3% 19.3%

1100 50 24.9% 19.7% 36.1% 19.3%

100 24.9% 20.2% 35.6% 19.3%

. . 10 491% 13.1% 21.2% 16.6%

SSSF’,'\'/T #?160000_ 50 491%  13.9% 20.4% 16.6%

100 49.1% 14.2% 20.1% 16.6%

Si800. 10 70.0% 6.6% 9.2% 14.2%

1100 50 70.0% 7.0% 8.8% 14.2%

100 70.0% 7.2% 8.6% 14.2%

10 38.8% 16.4% 27.2% 17.6%

#Cdg;goo' 50 38.8% 17.2% 26.4% 17.6%

100 38.8% 17.5% 26.1% 17.6%

10 50.4% 14.0% 19.2% 16.4%

SCSdI;r\?:I' #Cdg’goo' 50 50.4% 14.6% 18.6% 16.4%

100 50.4% 14.8% 18.4% 16.4%

10 62.9% 10.0% 12.2% 14.9%

#Cdg;goo- 50 629%  105% 11.7% 14.9%

100 62.9% 10.6% 11.5% 14.9%

In more detail, in the (50x) Si-SSPVT collector, the PV efficiency decreases from 19.7% to 7.0%,
the PV heat decreases from 36.1% to 8.8%, and the filter absorption increases from 24.9% to 70.0% as
the lower-bound cut-off of the optical filter increases from 400 nm to 800 nm. In the (50x) CdTe-
SSPVT collector, the PV efficiency decreases from 17.2% to 10.5%, the PV heat decreases from 36.1%
to 8.8%, and the filter absorption increases from 24.9% to 70.0% as the lower-bound cut-off of the
optical filter increases from 400 nm to 600 nm. The fraction of high-temperature thermal energy (i.e.,
the filter absorption), low-temperature thermal energy (i.e., PV heat) and PV electricity generated by
the SSPVT collector can be effectively adjusted by shifting the optical bounds of the optical filters, in
order to meet different demands and boost the overall effective efficiency in different applications.

The influence of the concentration ratio on the solar energy allocations in the SSPVT collectors
is also shown in Table 3. The electrical efficiencies of Si and CdTe solar cells absolutely increase by
around 1-2% as the concertation ratio increases from 10 to 100 [59]. The percentage of the PV heat
thus slightly decreases as the concentration ratio increases. The concentration ratio has no influence
on the filter absorption and optical loss of the SSPVT system.

3.2. Temperature distributions within SSPVT collectors

Both the mass flow rates in the filter channel and bottom cooling channel need to be carefully selected
in order to generate a considerably desired high-temperature (200-400 °C) thermal output in the filter
channel while keep the PV cells at a lower temperature. The mass flow rate through in the filter channel
in this work is set to be much smaller than that of the bottom cooling channel. The temperature
distributions through the (50x) Si- and CdTe-based SSPVT collectors with different optical filters at a
typical operation condition are shown in Fig. 8. The mass flow rate through the bottom cooling channel
is selected to be m.t = 0.0163 kg/s, which is constrained in order to cool the PV module below a
temperature limit (<100 °C) and above an imposed low-temperature thermal energy limit (>60 °C). The
mass flow rate through the filter channel is 12% of that through the bottom channel. As shown in Fig. 8,
the filter channels are able to generate higher-temperature thermal output (200-400 °C), while the
bottom channels effectively cool the PV cells to a much lower temperature. The 2-D temperature
distributions in Fig. 8 clearly show that the high-temperature thermal absorber (i.e., the filter channel)
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is successfully decoupled thermally from the PV module as expected. The output temperature of the
filter channel of the Si-SSPVT collector significantly increases from ~200 °C to ~400 °C as the optical
filter changes from #Si400-1100 to #Si800-1100. The output temperature of the filter channel increase
as the lower-bound cut-off of the filter increases because the increase of the filter absorption energy.
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CdTe module
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Figure 8. Temperature distributions through Si- and CdTe-SSPVT collectors with different optical
filters (C =50, m.t=0.0163 kg/s, MR = 12%).

Detailed temperature distribution curves (profiles) over the length of the bottom channel, filter
channel and PV module of the Si-SSPVT collector with the #Si400-1100 filter are shown in Fig. 9(a).
The working fluid is heated from 27 °C to 66 °C by the bottom channel and to 192 °C by the filter
channel. Although the energy absorbed by the filter (0.25Gin) is significantly less than that absorbed
by the bottom channel (0.39Gin), the filter is able to heat the fluid to a much higher temperature
because the temperature limit of the PV module does not constrain the filter temperature or the flow
rate through it. The PV module temperature is about 22 °C higher than the bottom cooling channel
due to the thermal resistance. Thus, the aforementioned heat convection enhancement method, e.g.,
micro-fins, is essential to the bottom channel for reducing the temperature difference between the PV
module and the cooling channel when the heat generated in the PV module is tremendous under high
concentration ratio situations. The temperature distributions over the length of the Si-SSPVT collector
with the #Si800-1100 filter are shown in Fig. 9(b). The working fluid is heated from 27 °C to 412 °C
by the filter channel, while the PV cells temperature is only 48 °C. The filter absorption energy
increases from 0.25Gi, to 0.70Gin, while the PV heat decreases from 0.36Gin to 0.09Gin. Therefore,
the #Si800-1100 filter can provide a significantly higher-temperature thermal energy and also reduce
PV cells temperature comparing to the #Si400-1100 filter.
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Figure 9. Temperature distributions in the bottom channel, filter channel and PV module of Si-SSPVT
collector with optical filters: (a) #Si400-1100, and (b) #Si800-1100 (C =50, mt= 0.0163 kg/s, MR = 12%).
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The temperature distributions through the CdTe-SSPVT collector with the #CdTe400-850 filter
are shown in Fig. 10(a) at the same operating condition. The working fluid is heated from 27 °C to
55 °C by the bottom channel, and to 266 °C by the filter channel. The high-temperature output of the
CdTe-SSPVT collector is 74 °C higher than that of the Si-SSPVT collector with the same lower-
bound cut-off of the optical filter, because that the #CdTe400-850 filter absorbs more solar energy
(0.39Gin vs. 0.25Gin). Increasing the lower-bound of the filter in the CdTe-SSPVT collector results in
a higher-temperature output of the filter channel as shown in Fig. 10(b). The temperature distributions
in the filter channels are nearly linear with the position in current condition as shown in Figs. 9 and
10 which means the filter does not reach its thermal limit and still has a potential to produce a higher-
temperature thermal by further reducing the value of MR or increasing the lower-bound of the filter.
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Figure 10. Temperature distributions in the bottom channel, filter channel and PV module of CdTe-SSPVT
collector with optical filters: (a) #CdTe400-850, and (b) #CdTe600-850 (C =50, m_1=0.0163 kg/s, MR = 12%).

3.3. Efficiencies of SSPVT collectors

The above sections have shown that both the solar energy allocation and temperature distribution
strongly depend on the optical properties of the filter fluid. In this section, the thermal and electrically
efficiencies for different optical filters under different operation conditions are investigated and
analysed. Fig. 11(a) shows the variations in the temperatures and efficiencies of the (50x) Si-SSPVT
collector for different mass flux ratios (MR). The optical filter is set to #Si400-1100. The mass flow
rate through of the bottom channel is set to the constant value of m.t = 0.0163 kg/s, while the mass
flow rate through of the filter, via the value of the ratio MR, is adjustable. The output temperature of
the filter channel thus can be adjusted by changing MR. The outlet temperature of the filter Thr,
increases significantly from 135 °C to 374 °C as MR decreases from 0.2 to 0.04. The filter channel
can produce a high-temperature thermal energy over an extended range of temperatures, and is thus
capable of meeting the thermal demands of a wide variety of applications.
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Figure 11. Thermal efficiencies and temperatures for different mass flux ratios: (a) Si-SSPVT
collector, and (b) CdTe-SSPVT collector, with m_t=0.0163 kg/s (C = 50).

Of note is that a decrease in MR leads to an increase in Twr, but also leads to a decrease in the
thermal efficiency with which high-temperature heat is delivered, as shown in Fig. 11(a). The value of
MR has slight influence on the outlet temperature of the bottom channel Tit, and on the maximum
temperature of the PV panel. The PV module in this SSPVT collector design retains a stable temperature
and electrical efficiency over a range of MR values. The Si-SSPVT collector is able to generate
simultaneously high-temperature heat (Twt =400 °C, 1T = 19.5%), low-temperature heat (T.t= 70 °C,
niLT = 49.5%), and electricity (e1= 17.5%). Here, Tur =400 °C is chosen as it is typically the limiting
operational temperature of common high-temperature heat transfer oils. The temperatures and
efficiencies can be adjusted as shown in Fig. 11(a) according to the end-use demand, however, # Ht Of
the Si-SSPVT collector is limited to the #Si400-1100 filter absorption efficiency of 24.9%. The
performance of the (50x) CdTe-SSPVT collector with the #CdTe400-850 filter is shown in Fig. 11(b).
The CdTe-SSPVT collector has a considerably better high-temperature thermal performance than the
Si-SSPVT collector, with Tyt and w1t of the CdTe-SSPVT collector are both significantly higher than
those of the Si-SSPVT collector for the same MR as shown in Fig. 11, owing to the higher absorption
efficiency of the #CdTe400-850 filter in the case of the CdTe-SSPVT collector, as discussed earlier.
The CdTe-SSPVT collector is able to generate simultaneously high-temperature heat (Twt = 400 °C,
niHT = 35.6%), low-temperature heat (Tt = 57 °C, st = 35.4%) and electricity (e = 17.3%). The
n,HT Of the CdTe-SSPVT collector is limited to the #CdTe400-850 filter absorption efficiency of 38.8%.
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Figure 12. Thermal and electrical efficiencies of Si-SSPVT collectors for different optical filters:
(a) #Si400-1100, (b) #Si600-1100, and (c) #Si800-1100; here Tr = (Tut— Ta)/lam1s.

Figure 12 shows the thermal and electrical efficiencies of the Si-SSPVT collector as a function
of reduced temperature T, for different optical filters and concentration ratios. The concentration ratio
has a significant influence on the thermal efficiencies. A higher concentration ratio results in a lower
percentage of the heat loss to the total incident solar energy for the same reduced temperature.
Therefore, the high-temperature thermal efficiency #u nr significantly increases as the concentration
ratio increases from 10 to 100. The reduced temperature T, has a very slight influence on PV electrical
efficiency, since the PV module is thermally decoupled from the high-temperature filter channel, as
expected. The high-temperature thermal efficiency nwnr Significantly increases, but the low-
temperature thermal efficiency #wu Lt and electrical efficiency #e both decrease as the lower-bound
cut-off of the optical filter increases. The increase of #m 1t compromises the electrical efficiency. The
optical filter is able to adjust the values of 7 nr, 7t LT and #e of the SSPVT collector.

The thermal and electrical efficiencies of the CdTe-based collectors for different optical filters
and concentration ratios are shown in Fig. 13. The influence of the concentration ratio and optical
filter on the CdTe-SSPVT collectors are similar to those on the Si-SSPVT collectors. The CdTe-
SSPVT collector generates its high-temperature thermal energy with a much higher efficiency than
the Si-SSPVT collector when the lower-bound cut-offs of the optical filters in both of these collectors
are set to 400 nm. The low-temperature thermal efficiency increases as the reduced temperature
increases, owing to the more intense radiative heating from the filter channel to the bottom channel.
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Figure 13. Thermal and electrical efficiencies of CdTe-SSPVT collectors for different optical filters:
(a) #CdTe400-850, (b) #CdTe500-850, and (c) #CdTe600-850; here Tr = (Tt — Ta)/lam1s.

3.4 Optimal optical filter in different scenarios

According to the results and discussion in the above sections, the optical filter has a significant
influence on the spectral distribution, solar energy allocation, high- and low-temperature thermal
efficiencies, and PV electrical efficiency of the SSPVT collector. A higher high-temperature thermal
efficiency results in a lower electrical efficiency, vice versa. Therefore, the optical filter needs to be
carefully selected in order to boost the benefit of the SSPVT collector. There are three outputs of the
SSPVT collector, i.e., high-temperature heat, low-temperature heat and electricity. Since the values
of high-temperature heat, low-temperature heat and electricity are different and depend strongly on
the demands for these three energy vectors, a total effective efficiency can be defined as:

Ntot = Mel T WHT * MthHT T WLT * Mth LT (18)

where wyt and wit are weight coefficients that convert the high- and low-temperature thermal energy
outputs to equivalent amounts of electricity, and reflect the relative worth of each thermal energy to that
of electricity. The coefficients can be based on cost values (e.g., through a price ratio of heat/electricity),
or thermodynamic values (e.g., via second-law arguments or heat engine conversion efficiencies), etc.
Considering the fact that the value of low-temperature heat is always lower than that of high-
temperature heat, and further lower than that of electricity, thus wxr is always less than 1, and wit is
always lower than wyr. In this section, the total effective efficiency in Eq. (18) is also treated as the
merit function to discover the optimal optical filter. It is difficult to define exact values for wyr and wiT,
as they strongly depend on the demands of end-users and specific application scenarios. Therefore, the
performance of the SSPVT collector in various application scenarios (i.e., different wyr and wyt) are
investigated and analysed in this section, in order to provide a general guidance for designers to select
the optimal optical filter for fluid-based SSPVT collectors according to their specified demands.
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Figure 14. Total effective efficiency of the Si-SSPVT collector for different values of wxt and wyr.
The red circle markers are the peak points of the curves (C =50, An = 1100 nm, T, = 0).

The total effective efficiency of the Si-SSPVT collector for different values of wyxr, wit and AL
at C =50 and T, =0 is shown in Fig. 14. The optimal upper-bound cut-off of the optical filter is fixed
to Au = 1100 nm. The maximum on each curve is marked by a red circle. Fig. 14(a) shows the total
effective efficiency of the Si-SSPVT collector for wit = 0, corresponding to application scenarios in
which the low-temperature heat is not recovered and/or has no value. The value of wyt has a
significant influence on the total effective efficiency and the optimal filter. The high-temperature
thermal output becomes more valuable (relative to electricity) as the weight coefficient wxr increases,
leading to a significant increase in the total effective efficiency. The optimal lower-bound cut-off A_
equals 1100 nm when wy is larger than 0.5, which means all the solar energy is absorbed by the filter
and the collector operates as a pure solar thermal (ST) collector. In this way, the spectral splitting
elements and PV cells are no longer necessary, and ST collectors are the best choice when wnt > 0.5.
The optimal AL increases as the weight coefficient wyt increases when wur < 0.5, i.e., more solar
energy is absorbed by the filter channel as the value of the high-temperature heat increases. The total
effective efficiency at any AL in the range of 300-400 nm is very close to that at the optimal /. when
wnT < 0.2, for any wit. Therefore, the optimal A can be selected anywhere inside the range of 300-
400 nm when wxt < 0.2. On the other hand, the value of AL needs to be more carefully selected when
wnt > 0.2 and wht < 0.5, as the total effective efficiency is more sensitive to A..

Let’s consider a concentrating solar power (CSP) application in which pure ST collectors are used
in conjunction with a power block. The cycle efficiency of current second-generation CSP plants varies
from 38-44% [60, 61], which corresponds to a relative (thermodynamic) weight value of wyt =~ 0.4. The
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total effective efficiency of the optimal SSPVT collector with this value of wyr is close to that of a pure
ST collector, as shown Fig. 14(a), which is obtained for 4. = An = 1100 nm. Thus, the advantage of
SSPVT technology is not significant in this application. Interestingly, the cycle efficiency of subcritical
organic Rankine cycle (ORC) systems is usually less than 20-25% [62, 63], or wxT = 0.2-0.25. On this
basis, optimized SSPVT-driven subcritical ORC systems have higher total effective efficiencies than
ST-driven ORC systems operating with lower-temperature ST collectors.

Figure 14(b) shows the total effective efficiency of the Si-SSPVT collector when wit = 0.2whr,
I.e., the value of the low-temperature heat is 20% of that of the high-temperature heat. Figures 12(c)
and (d) show the total effective efficiency of the Si-SSPVT collector when wyt further increases to
0.4wnT and 0.6wwnr. The optimal lower-bound A always equals 1100 nm (or, the value of u), i.e., the
collector operates as a pure ST collector for wyt > 0.5-0.6. More solar energy is directed to the PV
cells as the value of the lower-temperature heat (recovered from the PV cells) increases, thus the
optimal AL moves to lower values as wit increases when wut < 0.5-0.6. The maximum total effective
efficiency of the Si-SSPVT collector also significantly increases as the value of wit increases.
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Figure 15. Total effective efficiency of the CdTe-SSPVT collector for different values of wxt and
wet. The red circle markers are the peak points of the curves (C =50, A1 = 850 nm, T, = 0).

The total effective efficiency of the CdTe-SSPVT collector for different values of wxr and wit
is shown in Fig. 15. The optimal upper-bound cut-off of the optical filter is fixed to Ay = 850 nm. The
influence of wyt and wit on the performance of the Cd-SSPVT collector are similar to those of the
Si-SSPVT collector. The spectral splitting and PV cells are both not necessary when wut > 0.5, and
the collector operates as a ST collector. The optimal lower-bound /AL can be selected as any values in
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the range of 300-400 nm when 0 <wnT <0.2. The lower-bound cut-off of the optical filter needs to be
carefully selected when 0.2 <wnt < 0.4, of which the detailed selection can refer to Figs. 14 and 15.

The influence of the concentration ratio on the performance, i.e., in terms of the total effective
efficiency, of Si- and CdTe-SSPVT collectors for wer = 0 and T, = 0 is shown in Fig. 16. The
concentration ratio has a slight influence on the total effective efficiency and the optimal optical filter
when this is in the range C = 10-100. The PV electrical efficiency only increases by 1-2% as the
concentration ratio increases from 10 to 100 as had shown in Table 3. Therefore, the concentration
ratio has a slight influence on the total effective efficiency and the optimal filter for T, = 0.
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Figure 16. Influence of concentration ratio on total effective efficiency and optimal optical filter
(Wt =0, Tr=0).

Figures 12 to 14 show the optimal filter and total effective efficiency of SSPVT collectors when T,
= 0. The heat loss from the high-temperature filter channel needs to be considered as T increases. It is
necessary to analyse the optimal filter of these collectors for different values of Ty, which is of great practical
significance. As Tr increases, 7+t decreases and ;i Lt increases as shown in Figs. 12 and 13. The decrease
in 77t HT @nd increase in 7 LT When Ty increases from zero to a certain value can be found from:

AQHT
nth,HT A-C-1] s ( )

A __ tAQur
T T A T s

where AQHT is the heat loss of the filter channel, and AQLT is the heat gain of the bottom channel

when T; increases from zero to a certain value. The absolute values of AQnT and AQT are functions

of the temperatures of filter channel, bottom channel and ambient temperature for a given collector.

For a given ambient temperature and a bottom channel temperature within a narrow variation range,

AQnt and AQLTt mainly depend on the filter channel temperature of the SSPVT collector. Therefore,

the value of Az nt and ALt are functions of reduced temperature T, and concentration ratio C.
The total effective efficiency of the SSPVT collector at T, can be calculated as:

(20)

Ntot = NMtotT,=0 T Aot (21)

Aot = WhTANeh HT + WLTANh LT (22)

where Aot IS the change of total effective efficiency when the T increases from zero to the certain
value. The Antot Is mainly a function of Tr and C, but not a function of the A and in of the optical
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filter. The value of Aot is constant when the values of T, and C are specified. Therefore, the optimal
filters at any values of T, are the same as the optimal filters at T, = 0, as indicated in Figs. 14 and 15.

4. Conclusion

Spectral splitting is a design methodology capable of improving the performance of hybrid PVT
collector technology. In this study, we develop a comprehensive 2-D model of fluid-based SSPVT
collectors, and employ this to investigate the performance of SSPVT collectors, providing detailed
guidance for selecting the optimal filter in different application scenarios.

The SSPVT collector design investigated in the present work can produce high-temperature
heat, low-temperature heat and electricity from a filter flow-channel, a bottom cooling channel and
PV module, respectively. The temperature distribution through the collector shows that the PV
module is effectively decoupled thermally from the high-temperature filter channel. The filter channel
is able to produce high temperature (200-400 °C) heat, while the PV module is at a relatively lower
working temperature (<100 °C). The output temperature of the filter channel can be adjusted over a
wide temperature range by changing the flow rate through this channel or changing the optical filter,
in order to meet different temperature demands as required by different applications.

It is found that a Si-SSPVT collector variant, with an optical filter designated #Si400-1100 (i.e.,
the lower- and upper-bound cut-off wavelengths of the filter are 400 and 1100 nm), is able to generate
simultaneously: high-temperature heat (Tnut = 400 °C) with an efficiency of 19.5%, low-temperature
heat (TLt=70 °C) with an efficiency of 5 Lt=49.5%, and electricity with an efficiency of 7e = 17.5%,
whereas a CdTe-SSPVT collector with a filter designated #CdTe400-850 is able to generate high-
temperature heat (Thr = 400 °C) with an efficiency of 35.6%, low-temperature heat (Tt = 64 °C)
with an efficiency of 35.4%, and electricity with an efficiency of 17.3%.

The optical lower-bound cut-off of the fluid filter is found to have a significant influence on the
solar energy allocation through these collectors. More solar energy is absorbed by the filter channel and
less is absorbed by the PV module when the lower-bound cut-off of the filter moves to longer
wavelengths. Hence, the thermal efficiencies associated with the high- and low-temperature thermal
outputs, as well as the electrical efficiency strongly depend on the optical filter. The fraction of solar
energy absorbed by the filter channel increases from 25% to 70%, and the PV efficiency decreases from
19% to 7%, as the lower-bound of the filter increases from 400 to 800 nm in the Si-SSPVT collector.

Two important weighting coefficients, wyr and wit, which consider the relative values
(thermodynamic, economic, or otherwise) of the high- and low-temperature thermal outputs to that of
electricity, have significant influence on the total effective efficiency and optimal optical filter of
SSPVT collectors. Specifically, the total effective efficiency increases as wxr, wit, but also as the
concentration ratio increases. The optimal upper-bound cut-off of the optical filter equals the bandgap
wavelength of the solar cell material (i.e., 1100 nm for Si, and 850 nm for CdTe), while the optimal
filter lower-bound cut-off follows more complex selection criteria. The optimal filter lower-bound
wavelength can be any value within the range 300-400 nm when wnt < 0.2-0.3, but needs to be more
carefully selected when wur is between 0.2-0.3 and 0.5-0.6 in order to attain the highest total effective
efficiency. The optimal filter is independent of the reduced temperature T:. Interestingly, the
optimization results show that spectral splitting is no longer necessary, and that ST collectors are the
best choice when wyt > 0.5-0.6, however, in all other cases and scenarios, SSPVT collectors with
optimal filters have considerably higher total effective efficiencies than standalone PV or ST collectors.

In recent years, nanofluid-based optical filters have attracted particular attention, appearing as a
promising solution for SSPVT collector technology. Both the nanoparticles and the base fluid can be
effective as optical filters based on selective absorption. Synergy between the nanoparticles and base
fluid enables excellent absorption at both short and long solar wavelengths, outside the electrically-
sensitive spectral regions of PV cells. Although there remains a gap between the performance of
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current nanofluid filters and the requirements of ideal filters, nanofluid filters are under fast
development and have already shown significant improvement in recent years. In addition to nanofluid
filters, some common fluids are also good optical filter candidates for SSPVT collectors, e.g., water is
an excellent filter capable of absorbing in infrared spectral region (>1100 nm). Based on the fixed
optical properties of water, we can select optimal application scenarios and an optimal PV material for
water-based SSPVT collectors according to the detailed maps provided in this study.

In summary, detailed maps and results provide insights and a more complete understanding of
fluid-based SSPVT collectors, which can assist designers in selecting optimal filters for achieving
optimal overall performance. The maps can also assist designers in judging whether it is worth to
employ SSPVT technology, relative to conventional PV and ST options, in specified application
scenarios. Although this study is mainly based on assumed ideal working fluids as filters, it suggests
a significant potential for these fluid-based SSPVT collector designs. A significant gap remains
between real fluids (e.g., high-temperature oils, nanofluids, etc.) and optimal ideal filter. This study
also provides a guidance for material scientists when developing optical filters for SSPVT collectors.
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