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ABSTRACT 

Photovoltaic-thermal (PVT) solar collectors offer a promising solution for the co-generation of electricity and heat. Here, we 
investigate a spectral-splitting PVT collector that integrates a selectively-absorptive hybrid liquid-solid optical filter (LSOF). The 
LSOF offers a stable and efficient alternative to conventional nanofluid-based optical filters for spectral-splitting PVT collectors. 
Two photovoltaic (PV) configurations are examined—a silicon (Si) solar cell operated under non-concentrated sunlight, and a 
gallium arsenide (GaAs) solar cell operated under concentrated sunlight. A Fresnel lens with a geometric concentration ratio 
of 100 is employed to focus sunlight onto the LSOF, which selectively absorbs ultraviolet and sub-bandgap infrared radiation 
for heat generation. The remaining solar spectrum is transmitted to the PV cells for electricity generation. This configuration 
enables fluid temperatures of up to 86.8◦C, while maintaining the PV cell temperature as low as 38.2◦C, demonstrating effective 
thermal decoupling between the PV and solar thermal absorber. The PV cells have electrical efficiencies of 7.9% for the Si cell and 
5.7% for the GaAs cell. Although the efficiency and output heat temperature of the current LSOF-based PVT collectors remain 
modest owing to optical losses and elevated temperatures, the system demonstrates the potential of hybrid optical filtering for 
solar co-generation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

The global demand for energy is driven by requirements for
electricity and heat, accounting for approximately 20% and 50%
of total energy consumption worldwide [ 1, 2 ]. Heat and electricity
production remains reliant on fossil fuels in many regions.
Mitigating emissions from these sectors is therefore critical to
achieving international climate targets [ 3 ]. 

Solar energy is the most abundant and environmentally friendly
energy resource and offers significant potential for the concurrent
generation of heat and electricity via photovoltaicthermal (PVT)
solar systems. The highest commercially available Si PV modules
from SunPower currently achieve efficiencies of about 24% [ 4 ]. In
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real-world applications, standard test conditions are rarely met, as
module operating temperatures often reach around 50◦C, leading 
to a relative efficiency reduction of ∼ 6.8% due to the negative
temperature coefficient of Si cells [ 4 ]. The remaining incident
solar energy is mostly dissipated as heat. In a PVT solar collector,
integration of a PV module with a thermal absorber enables
capture of these thermal losses: the heat sink cools the PV cells,
thereby lowering operating temperature and enhancing electrical 
output, while the recovered thermal energy is available for
downstream applications. This effect results in combined system
efficiencies that surpass those of standalone PV modules. For
example, a SunPower PV module achieves an electrical efficiency
of ∼ 24% at 25◦C, whereas an Abora PVT collector delivers
18% electrical efficiency and 71% thermal efficiency at 25◦C [ 5 ].
its use, distribution and reproduction in any medium, provided the original work is properly 
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Commercially available PVT systems are primarily configured
for low-temperature applications such as space heating. In these
designs, the PV module is thermally coupled to a heat absorber
to recover waste heat. However, the operating temperature of
the PV cells and the delivery temperature of the thermal fluid
are inherently linked, creating a trade-off between electrical
performance and high-temperature heat output [ 6 ]. 

Advanced solar-concentrated spectral-splitting PVT technolo-
gies can potentially overcome this limitation by allowing for
decoupling the PV and thermal absorber, although decoupling
is not an inherent outcome of the approach, e.g., optical filters
direct high-energy photons to the PV cells and lower-energy
photons to the thermal absorber. This approach enables elevated
thermal outputs at the expense of increased optical losses and
increased system complexity [ 7 ]. Spectral-splitting PVT collectors
offer advantages for the deep decarbonisation of heat and power
generation [ 8 ]. Additionally, when employing concentrated PV
cells, the increased irradiance elevates the open-circuit voltage,
thereby enhancing electrical efficiency [ 8–10 ]. Recent advances
in spectral-splitting PVT technologies are well summarised in
several review articles [ 11, 7, 12–14 ]. Two main types of optical
filters are employed in spectral-splitting PVT collectors: (1) Bragg-
mirror-based filters [ 15–17 ], which are relatively mature and
widely used in optics, and (2) selectively absorptive liquid-based
filters [ 18, 19 ], which are still under development but offer dual
functionality, i.e., spectral selectivity and direct heat transfer. The
most common liquid-based optical filters are nanofluid optical
filters. In these systems, metallic nanoparticles (e.g., silver, gold,
aluminium) are engineered to absorb ultraviolet (UV) radiation,
while the base fluid (e.g., water or heat transfer oils) absorbs
infrared radiation. Taylor et al. pioneered the use of nanofluid
filters in spectral-splitting PVT, demonstrating their potential as
efficient, compact, and low-cost optical components [ 18 ]. Subse-
quent experimental studies by Liang et al. confirmed the spectral-
splitting capabilities of Zinc oxide (ZnO) nanofluids [ 20, 21 ].
Many other nanoparticle-based nanofluids have been explored,
including Ag/ZnO [ 22 ], polypyrrole [ 23 ], Carbon Nanotubes
(CNT)/Ag [ 24 ], Au/ZnO [ 25 ], with additional examples reviewed
in detail by Huang et al. [ 7 ] and Sajid et al. [ 26 ]. Ongoing research
seeks to optimise nanofluids’ spectral properties to approach the
ideal filter, i.e., high absorption in UV (which cannot be used
efficiently by PV cells) and infrared bands (which cannot be used
by PV cells) for heating generation, and high transmittance in the
visible and near-infrared for electricity generation [ 27 ]. However,
current nanofluid filters face some limitations to be overcame,
including inadequate spectral selectivity, optical losses from
scattering, and long-term stability issues such as nanoparticle
agglomeration [ 11, 7 ], which hinder overall system efficiency and
highlight the need for improved filter designs. 

In this study, we present a hybrid liquid-solid optical filter (LSOF)
designed for spectral-splitting PVT collectors. The LSOF com-
bines a UV–vis selective absorber film that targets wavelengths
below 490 nm with a water layer whose absorption increases
gradually from around 900–1400 nm. This configuration provides
spectral selectivity, where useful visible and near-infrared light
passes through for electricity generation, while unwanted ultra-
violet and sub-bandgap infrared light is harvested as heat. We
experimentally evaluate this system using two types of photo-
voltaic cells, Si and GaAs. Prototype solar collectors integrating
2 of 11
the LSOF were fabricated and tested to assess their thermal and
electrical performance under a dual lamp solar simulator. 

2 Results 

2.1 The Concept of Spectral-Splitting PVT Solar 
Collectors Employing Hybrid Liquid-Solid Optical 
Filters (LSOF) 

We demonstrate the concept of a spectral-splitting PVT collector
using a LSOF. This selectively absorptive approach employs a
tailored optical filter to convert sub-bandgap infrared radiation, 
which cannot be used by photovoltaic (PV) cells, into heat, while
also harvesting a portion of the high-energy UV–vis and short-
 avelength visible light that PV cells convert inefficiently. The

remaining portion of the solar spectrum is transmitted to the
PV cells for electricity generation. This design, in combination
with light concentration, reduces thermal stress on the PV cells
and enables the collection of high-temperature heat without 
overheating the PV cell. As shown in Figure 1a , a Fresnel
lens with a geometric concentration ratio of 100 concentrates
sunlight onto the LSOF, which selectively absorbs a part of
the solar spectrum for heat generation, and redirects specific
spectral components to PV cells. The transmitted radiation is
used by a non-solar-concentrated Si cell (effective area of 100
× 100 mm2 ) as the Option 1, where the light is defocused by
increasing the distance from the focal point. Alternatively, a gas-
cooled solar-concentrated GaAs PV cell (effective area of 10 ×
10 mm2 ) is used as the Option 2, to generate electricity. In both
Option 1 and Option 2 designs, the LSOF receives highly concen-
trated sunlight, enabling the generation of higher-temperature 
heat. 

The structure of the LSOF is detailed in Figure 1b . It comprises
a 10-mm-thick water layer enclosed by a 1-mm-thick fused silica
top cover and a 1-mm-thick UV–vis selective absorber layer at the
bottom. The housing is made of polymethylmethacrylate, with 
silicone gaskets sealing the water layer. The LSOF chamber has
two ports on the side walls. One port serves as a thermocouple
port, allowing thermocouple cables to pass into the middle of the
LSOF to measure its internal temperature; the other serves as an
expansion valve to reduce the risk of breakage during the heating
process due to water expansion. 

As shown in Figure 1c , the water layer absorbs infrared radiation
beyond a cutoff wavelength λH ( ∼ 1100 nm), taking advan-
tage of water’s strong absorption in this spectral range, along
with its high heat capacity and non-toxic, low-cost proper-
ties. The UV–vis selective absorber is a commercially available
optical filter that absorbs light with wavelengths below λL ,
around 490 nm in this study. As a result, the LSOF is highly
transparent to the spectral band between λL and λH , while
absorbing the remainder for thermal use. The LSOF therefore
functions simultaneously as an optical filter and as a thermal
absorber. 

According to a previous theoretical analysis, the optimal selection
of λL depends on the weighting coefficient w , which reflects
the relative value of thermal energy compared to electricity
[ 28 ]. This coefficient can be defined in thermodynamic terms
Advanced Optical Materials, 2026
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FIGURE 1 Design concept and experimental implementation of the spectral-splitting PVT solar collector using a hybrid liquid-solid optical 
filter (LSOF). a) Schematic of the spectral-splitting PVT system, in which a Fresnel lens concentrates sunlight onto the LSOF. The LSOF selectively 
absorbs parts of the solar spectrum for thermal energy harvesting at high temperature, while transmitting the remaining wavelengths to either a non- 
concentrated silicon (Si) PV cell by defocusing or a gas-cooled concentrated gallium arsenide (GaAs) PV cell for electricity generation. b) Structure 
of the LSOF, consisting of a 1-mm-thick fused silica plate, a 10-mm-thick water layer, and a 1-mm-thick UV–vis selective absorber, enclosed within a 
polymethylmethacrylate frame. c) Spectral absorption scheme of the LSOF. The UV–vis selective absorber filters out wavelengths below λL to reduce 
parasitic ultraviolet heating, while the water layer absorbs infrared radiation above λH , contributing to high-temperature thermal output. The spectral 
window between λL and λH is transmitted to the PV cell for efficient electricity generation. d) Photograph of the fabricated LSOF integrated into the 
experimental setup. 
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(e.g., using second-law efficiency or Carnot factors), economic
terms (e.g., cost ratio of heat to electricity), or environmental
metrics (e.g., emissions reductions). For example, as w decreases,
thermal energy becomes less valuable, and the optimal λL shifts
toward shorter wavelengths to allocate less of the spectrum to heat
generation. 

In this proof-of-concept study, we intentionally select λL = 490
nm to represent an application scenario in which thermal energy
has a relative value of 30%–40% compared to electricity ( w = 0.3–
0.4) [ 28 ]. This weighting corresponds directly to several realistic
use cases. For example, it is consistent with heat supplied by
an air-source heat pump with a coefficient of performance of
COP = 1/ w , i.e., 2.5–3.3, which lies within the typical operating
range of widely deployed air-source heat pumps for space and
water heating [ 29 ]. It also aligns with industrial low- to mid-
temperature heat demand at 425–500 K when evaluated based
on thermodynamic value via the Carnot factor. Furthermore, this
weighting is representative of real energy-price conditions; for
instance, in Denmark in 2024, the price of natural gas for heating
was approximately 1.13 DKK/kWh compared to 2.8 DKK/kWh for
electricity [ 30 ], corresponding to a w value of around 0.4. 

It should be emphasised that λL = 490 nm is used here solely to
demonstrate the proof-of-concept of our spectral-splitting hybrid
Advanced Optical Materials, 2026
solar collector in this study. This value is not necessarily optimal,
but reflects the specific application scenario described above. 
Both λL and w can be adjusted to suit different application
contexts. 

Figure 1d shows a photograph of the fabricated LSOF. For
comparison, we also built and tested a reference water optical
filter (WOF), consisting of a 10-mm-thick water layer enclosed
between two 1-mm-thick fused silica plates, without the UV–vis
selective absorber. Details of the WOF design are provided in
Figure S1 . To minimise conductive and radiative heat losses, both
the LSOF and WOF chambers were thermally insulated using
extruded polystyrene foam wrapped in aluminium foil. 

In the concentrated-PV configuration, the GaAs cell was encap-
sulated between a 0.5-mm-thick fused silica cover and a 0.5-mm-
thick copper mounting plate, bonded with polydimethylsiloxane. 
An infrared temperature sensor was used to monitor the back
surface temperature of the encapsulated GaAs cell, as shown in
Figure S2 . To provide active cooling, nitrogen gas was flushed
across the rear surface at a flow rate of 25 L/min. For the Si
cell, temperature was monitored using a thermocouple mounted 
at the back, as shown in Figure S3 . All components were
arranged to operate within the spatial constraints of a dual-lamp
(xenon/halogen) solar simulator. 
3 of 11
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FIGURE 2 Optical properties of optical components in the spectral-splitting PVT solar collectors. a) Photographs of the optical components (fused 
silica, WOF, UV–vis absorber, and LSOF) placed in front of the KIT logo for visual comparison. b) Measured transmittance of the fused silica, showing 
high and uniform transmission (93.0%) across the full solar spectrum (300–2500 nm) with negligible absorption or reflection. c) Optical characterisation 
of the WOF. It exhibits high transmittance below 900 nm and strong absorption above 1400 nm. d) Spectral-splitting performance of the WOF under AM 

1.5D, indicating the fraction of irradiance absorbed for heat, transmitted to the PV cell, and lost to optical reflections. e) Measured optical properties of the 
UV–vis selective absorber, demonstrating a sharp cutoff near 490 nm and optical properties similar to WOF in the longer wavelength range. f) Measured 
optical properties of LSOF. The LSOF well combines the selective optical filtering of the water layer and the UV–vis selective absorber. g) Beam splitting 
effect of the LSOF under AM 1.5D, showing enhanced thermal absorption and clear spectral division between heat and electricity channels, along with 
quantified optical losses. 
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2.2 Optical Characterisation of Optical 
Components in the Spectral-Splitting PVT Solar 
Collectors 

The optical performance of each component utilised in our
spectral-splitting PVT collector is characterised using a UV–
vis-NIR spectrophotometer, with transmittance, absorptance,
and reflectance measurements detailed in the Methods section.
These measurements enable quantitative evaluation of beam
splitting efficiency. Figure 2a displays photographs of the optical
components, from left to right, i.e., fused silica, WOF, UV–vis
selective absorber, and LSOF. The fused silica and WOF are visibly
transparent, whereas the UV–vis selective absorber and the LSOF
appear semi-transparent yellow. As shown in Figure 2b , fused
silica exhibits high and uniform transmittance across the solar
spectral range (300–2500 nm), with a spectrally weighted trans-
mittance of 93.0% and negligible selective absorption throughout
4 of 11
the measured wavelength range. Figure 2c illustrates the selective
spectral transmittance and absorption characteristics of the WOF. 
The transmittance remains high (90.7%) within the 300–900 nm
range and then declines as the wavelength increases, approaching
opacity beyond 1400 nm. This behaviour is attributable to the
strong vibrational absorption bands of water molecules, enabling 
selective absorption of most infrared radiation starting from 900
nm. The spectral-splitting effect of the WOF under the AM 1.5D
solar spectrum (representing direct normal sunlight at an air
mass of 1.5), where only the direct component is considered
because it is the portion of the solar spectrum that can be
concentrated, considering the transmission through the Fresnel 
lens, is detailed in Figure 2d . The solar spectrum is effectively
divided into two distinct components. The WOF transmits 87.6%
of radiation within 300–1100 nm suitable for Si solar cells, and
90.9% within 300–870 nm ideal for GaAs solar cells. In total,
the WOF absorbs 15.7% of the incident radiation for thermal
Advanced Optical Materials, 2026

 C
om

m
ons L

icense



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 21951071, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202502756 by K
arlsruher Institut Fã¼

R
, W

iley O
nline L

ibrary on [02/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative 
harvesting, while optical losses from reflections (Fresnel lens and
WOF surfaces) account for 18.0%. With an effective optical area of
38 × 38 mm2 and a total incident solar radiation power of 8.9 W,
this results in 1.4 W absorbed for thermal use, 5.9 W transmitted
to the PV cells, and 1.6 W lost optically. 

Figure 2e reveals the optical characteristics of the UV–vis selective
absorber, which strongly absorbs (92.5%) wavelengths below ∼ 490
nm. Photons in this high-energy region exceed the bandgap
energy of typical Si and GaAs PV cells, leading to significant ther-
malisation losses and reduced electrical conversion efficiency.
Thus, converting this UV–vis spectrum portion directly into heat
through absorption is more beneficial than photovoltaic conver-
sion. As depicted in Figure 2f , the LSOF integrates the spectral
selectivity of both the water layer and the UV–vis selective
absorber, achieving a well-defined and efficient beam splitting
performance. The relative uncertainty of the transmittance is
less than 1 rel.%. Figure 2g quantifies this effect, demonstrating
sharp spectral separation. The Si solar cell exhibits an effective
spectral response from approximately 300–1100 nm, whereas the
GaAs solar cell responds over a narrower range of approximately
300–870 nm. Based on the optical properties of LSOF, 83.8% of
the radiation within the 490–1100 nm range is transmitted for Si
solar cells, and 87.6% within 490–870nm is transmitted for GaAs
solar cells. The LSOF absorbs 29.2% of the incident radiation for
thermal energy, while optical reflection losses remain constant
at approximately 18.0%. Given the same effective area as WOF
and incident irradiance (8.9 W), the LSOF absorbs 2.6 W for heat,
transmits 4.7 W to the PV cells, and loses 1.6 W optically. 

Considering these optical properties, the presence of the WOF
slightly reduces the electrical efficiency of the Si solar cell due
to infrared absorption in 900–1100 nm range. Conversely, the
GaAs cell remains largely unaffected since its bandgap ( ∼ 870
nm) lies outside the primary absorption range of water. The
introduction of the UV–vis selective absorber further decreases
the electrical efficiency for both Si and GaAs cells but significantly
enhances thermal energy capture. In general, water serves as
an effective, low-cost, and environmentally friendly infrared
absorber, although it lacks a sharp cutoff wavelength. In contrast,
the UV–vis selective absorber provides a precise spectral cutoff
in the UV–vis region, complementing the infrared absorption of
water and enabling comprehensive beam splitting. 

The Fresnel lens, made of polymethylmethacrylate, matches the
transmittance of polymethylmethacrylate plate across the solar
spectrum, with a spectrally-weighted transmittance of 88.5%.
Experimental tests reveal that placing the Si PV cell directly
behind the Fresnel lens reduces its electrical efficiency to approx-
imately 92% compared to the efficiency measured without the
Fresnel lens, aligning well with the measured transmittance
characteristics of polymethylmethacrylate in the active range of
the Si PV cell. However, angular optical losses increase at the lens
edges due to steep micro-groove angles. 

2.3 Performance of the Spectral-Splitting PVT 

Collector Based on a Non-Concentrated Si PV Cell 

To investigate the electrical and thermal performance of the
spectral-splitting PVT collector using a Si PV cell (Option 1
Advanced Optical Materials, 2026
in Figure 1a ), we design and fabricate a prototype, as shown
in Figure 3a . A Fresnel lens with an area of 100 × 100 mm2 

and a focal length of 90 mm is positioned above the system
to concentrate sunlight from a solar simulator. The WOF or
LSOF optical filter is placed at the lens’s focal point. The Si PV
cell, with an effective area of 100 × 100 mm2 , is positioned 160
mm below the Fresnel lens, where it achieves maximum power
output and is arranged with some surrounding space to allow
natural convection cooling, as shown in Figure S4 . The overall
dimensions of the test rig for the spectral-splitting PVT collector
based on a non-concentrated Si PV cell (Figure 3a ) are 100 × 100
× 160 mm (width × depth × height). The Fresnel lens is required
to generate high irradiance at the LSOF for thermal harvesting.
The Si PV cell itself operates under de-focused, non-concentrated
illumination, ensuring near one-sun conditions while enabling 
high-temperature heat generation upstream. 

Thermal efficiency is determined by recording the transient tem-
perature change in the water chamber at a frequency of 1 Hz, as
shown in Figure 3b for the WOF and Figure 3c for the LSOF. The
transient temperature refers to the time-dependent temperature 
evolution of the optical filters during heating under illumination,
which is used to determine the thermal performance of the sys-
tem. The slope of the temperature-time curve is used to calculate
thermal efficiency based on the water chamber’s heat capacity,
as described in the Methods section. The LSOF configuration
reaches a higher peak temperature (86.8◦C) compared to the
WOF (82.1◦C), owing to greater absorption of UV–vis radiation.
Compared with conventional nanofluid-based optical filters in 
spectral-splitting PVT collectors, the LSOF achieves compara- 
ble or higher heat-generation temperatures without relying on 
nanoparticle suspensions. Reported heating temperatures in the 
literature include ∼ 50◦C for ZnO nanofluids [ 20, 21 ], ∼ 80◦C for
Ag–ZnO h ybrid nanofluids [ 22 ], ∼ 70◦C for polypyrrole nanofluids
[ 23 ], and ∼ 60◦C for CNT–Ag hybrid nanofluids [ 24 ]. 

Consistent with this mechanism, the maximum Si PV cell
temperature in the LSOF setup is 38.4◦C, slightly lower than
41.5◦C observed with the WOF, owing to less waste heat in
the Si PV cell in the LSOF setup. Minor fluctuations in PV
cell temperature are due to current-voltage (I-V) measurements
conducted every 10 min, during which power extraction altered
the thermal equilibrium of the cell. 

Temperature fluctuations are observed in the WOF configuration, 
as shown in Figure 3a , and are attributed to the formation of small
gas bubbles around the thermocouple, as illustrated in Figure S5 .
These bubbles begin to form at temperatures of approximately
70◦C and locally insulate the thermocouple, impairing heat 
transfer and leading to fluctuations in the measured temperature.
In contrast, the temperature evolution in the LSOF configuration
is smooth, as shown in Figure 3b . Although small gas bubbles
also form in the LSOF, they do not accumulate around the
thermocouple (Figure S5 ). As a result, the presence of small
gas bubbles has only very slight impact on the overall thermal
performance of the optical filters, and temperature fluctuations
occur only when bubbles directly surround the thermocouple, 
leading to localized measurement artefacts. 

Figure 3d presents IV curves for various configurations. The
Si PV cell without the Fresnel lens and filters achieves the
5 of 11
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FIGURE 3 Electrical and thermal performance of the spectral-splitting PVT collector using a Si PV cell with WOF and LSOF configurations. 
a) Experimental setup showing the Si PV cell with the Fresnel lens and the LSOF optical filter. b) Heating curves of the WOF-based spectral-splitting 
PVT collector. c) Heating curves of the LSOF-based spectral-splitting PVT collector. Water reaches a higher temperature due to increased absorption 
in the UV–vis range, while the PV cell temperature remains lower due to reduced irradiance in non-contributing spectral bands. d) Current-voltage 
(I-V) curves of the Si PV cell under different configurations. The bare cell exhibits the highest output, while the addition of the Fresnel lens, WOF, and 
especially LSOF introduces progressive losses. e) Electrical and thermal efficiencies of the WOF-based spectral-splitting PVT collector, compared to the 
bare PV cell, with electrical efficiency plotted as a function of PV cell temperature and thermal efficiency plotted as a function of WOF temperature. 
f) Electrical and thermal efficiencies of the LSOF-based spectral-splitting PVT collector, over their respective temperatures. The LSOF demonstrates 
improved thermal performance but reduced electrical efficiency relative to the WOF, consistent with its optical absorption characteristics. 
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highest electrical efficiency of 16.4%. The addition of optical
elements, such as the Fresnel lens, WOF, or LSOF, resulted in
reduced electrical output due to optical losses. While the open-
circuit voltage is only slightly affected, the short-circuit current
experienced significant reduction, due to the lower light intensity
on the PV cell in its active range. Losses observed between the
bare cell and the Fresnel-only configuration are due to Fresnel
lens absorption, reflection, and misalignment. Further losses
with the WOF stemmed from fused silica reflection and water
absorption in the 900–1100 nm range. Transitioning to the LSOF
introduces additional losses via UV–vis absorber absorption. 

The electrical and thermal efficiencies of the WOF-based spectral-
splitting PVT collector as a function of temperature are shown in
Figure 3e . The electrical efficiency is 9.7% at 21.7◦C, decreasing
to a stable efficiency of 9.4% at 41.5◦C. Thermal efficiency is
10.1% at 40◦C but declined to 4.0% at 60◦C due to increased
heat loss to the ambient environment. In comparison, the LSOF-
based collector demonstrated higher thermal but lower electrical
efficiency, as shown in Figure 3f . The electrical efficiency is 8.4%
at 22.6◦C, decreasing to a stable value of 7.9% at 38.2◦C, while
thermal efficiency reaches 11.1% at 40.0◦C and 5.8% at 60◦C.
These results are consistent with the optical properties of the
WOF and LSOF. At elevated temperatures in both the WOF and
LSOF configurations, the formation of small gas bubbles leads to
increased scattering and diffusion of incident sunlight away from
the active PV area. As a result, the irradiance reaching the PV
cell is reduced, leading to decreases in both PV cell temperature
(as shown in Figure 3b,c ) and electrical efficiency (as shown
6 of 11
in Figure 3e,f ). The bubble-induced light diffusion causes an
approximately 14 rel.% reduction in PV electrical efficiency in
both configurations. 

The bare Si PV cell exhibits an electrical efficiency of 16.4%
at an operating temperature of 55.0◦C, which is significantly
lower than the datasheet efficiency at the standard test con-
dition (STC) of between 21.8 to 22.5% due to some mismatch
in the solar simulator’s spectrum; elevated cell temperature 
from 25◦C to 55◦C; and imperfect manual soldering of cables
to the solar cells. The Si PV cell temperatures in the WOF and
LSOF configurations were significantly lower (41.5◦C and 38.2◦C, 
respectively), owing to reduced thermal load. However, the 
corresponding electrical efficiencies drop to 9.4% and 7.9%, repre-
senting relative reductions of 42.7% and 51.8%, respectively. These
declines are consistent with the optical losses observed in each
configuration. 

Specifically, in the WOF configuration, the Fresnel lens accounts
for 42.6 rel.% of the total losses for the PV cell, while the hybrid
spectral-splitting absorber contributes to 57.4 rel.%. In the LSOF
configuration, the corresponding contributions are 35.1 and 64.9 
rel.%, respectively. Although both the WOF and LSOF configura-
tions gain thermal output, the thermal gain is roughly comparable
to the electrical loss resulting from added optical elements.
Thus, minimising optical losses remain critical. Strategies such 
as applying anti-reflective coatings or designing alternative liquid 
compositions better matched to Si PV absorption characteristics
should be considered to enhance overall system efficiency. 
Advanced Optical Materials, 2026
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FIGURE 4 Electrical and thermal performance of the spectral-splitting PVT collector using a GaAs PV cell with WOF and LSOF configurations. 
a) Experimental setup showing the GaAs PV cell positioned at the focal point of the Fresnel lens. b) Heating curves of the WOF-based spectral-splitting 
PVT collector. c) Heating curves of the LSOF-based spectral-splitting PVT collector. Water reaches higher temperatures due to additional absorption 
in the UV–vis range, while the PV cell remains cooler. d) I-V curves of the GaAs PV cell. The WOF configuration shows minimal electrical loss, while 
the LSOF introduces more significant current loss due to absorption in the 300–490 nm range. e) Electrical and thermal efficiencies of the WOF-based 
spectral-splitting PVT collector, with electrical efficiency plotted as a function of PV cell encapsulation temperature and thermal efficiency plotted as a 
function of WOF temperature. f) Electrical and thermal efficiencies of the LSOF-based spectral-splitting PVT collector, over their respective temperatures. 
The LSOF achieves higher thermal efficiency but reduced electrical output, consistent with its stronger spectral absorption. 
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2.4 Performance of the Spectral-Splitting PVT 

Collector Based on a Concentrated GaAs PV Cell 

The water layer in the WOF and LSOF optical filters absorbs
part of the solar spectrum in the 900–1100 nm range, which
reduces the electrical efficiency of the Si PV cell due to its bandgap
wavelength of approximately 1100 nm. To minimise this spectral
mismatch, we also select and test a GaAs PV cell in the spectral-
splitting PVT collector, as the bandgap wavelength of GaAs is
around 870 nm, below which the water layer remains highly
transparent. 

To investigate the electrical and thermal performance of the
spectral-splitting PVT collector using a GaAs PV cell (Option
2 in Figure 1a ), we design and fabricate a prototype, shown in
Figure 4a . The GaAs PV cell is positioned at the focal point (90
mm) of the Fresnel lens (100 × 100 mm2 ) and has an active area of
10 × 10 mm2 , resulting in a geometric concentration of 100. In this
configuration, the absorber chamber is placed slightly in front of
the focal point, resulting in a reduced concentration ratio on the
optical filters compared to the Si-based configuration. Additional
thermal insulation layers (not shown in Figure 4a ) are wrapped
around the optical filter, as shown in Figure S6 . Flowing nitrogen
gas at a flow rate of 25 L/min flushes the back of the GaAs PV
cell for cooling, as shown in Figure S2 . The overall dimensions
of the test rig for the spectral-splitting PVT collector based on a
concentrated GaAs PV cell (Figure 4a ) are 100 × 100 × 90 mm
(width × depth × height). 

To determine thermal efficiency, we measure the transient tem-
perature change, shown in Figure 4b for the WOF and Figure 4c
Advanced Optical Materials, 2026
for the LSOF. The LSOF reaches a higher peak temperature
(76.0◦C) compared to the WOF (65.5◦C), due to greater absorption
in the UV–vis spectrum. The measured maximum temperature 
on the back of the encapsulated GaAs PV cell in the LSOF
configuration is 34.6◦C, lower than the 38.5◦C observed in the
WOF configuration. Minor fluctuations in PV cell temperature 
occur during IV curve measurements taken at 10-min inter-
vals, as power extraction momentarily alters the cell’s thermal
equilibrium. 

It is important to note that under concentrated sunlight, the
actual temperature of the GaAs cell is significantly higher than
the temperature measured at the back of the encapsulated
module due to thermal resistance. As shown in Figure S7 , the
GaAs cell can be 30◦C–50◦C hotter than the measured backside
temperature under the solar concentration. Bubble formation is 
minimal in this configuration, primarily due to lower optical
filter temperatures. No bubbles form in the WOF setup, con-
sistent with prior observations at or below 65◦C. In the LSOF
configuration, minor bubble formation appears above 70◦C but 
does not occur near the thermocouple, minimising its thermal
impact. Additionally, the reduced light concentration (30 × 30 
mm2 compared to 17 × 17 mm2 ) mitigates hotspot formation at
the thermocouple, contributing to overall stability, as shown in
Figure S5 . 

Figure 4d shows IV curves for various configurations. As with the
Si-based system, adding optical filters (WOF or LSOF) introduces
unavoidable optical losses. However, the WOF filter has minimal
impact on electrical performance since both the fused silica and
water layer are highly transparent in the spectral range below 870
7 of 11
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nm. Transitioning from WOF to LSOF leads to further losses due
to UV–vis absorber absorption. 

Electrical and thermal efficiencies of the WOF-based configura-
tion as a function of water temperature are shown in Figure 4e .
Electrical efficiency is 6.3% at 22.2◦C, decreasing to a stable
value of 6.0% at 38.2◦C. Thermal efficiency reaches 7.5% at 40◦C
and drops to 1.5% at 60◦C due to increasing thermal losses
to the ambient. Compared to WOF, the LSOF configuration,
shown in Figure 4f , achieves higher thermal efficiency but
lower electrical efficiency. Electrical efficiency is 5.9% at 21.7◦C,
decreasing slightly to a stable value of 5.7% at 34.2◦C, with thermal
efficiencies of 11.7% at 40◦C and 4.9% at 60◦C. 

The bare, non-concentrated GaAs PV cell used in this study
achieves an electrical efficiency of 17.9% under the solar simulator
at an operating temperature of 22.0◦C. Under concentrated
illumination, however, the electrical efficiency decreases signif-
icantly to 6.5%, corresponding to a relative reduction of 63.7%.
This reduction can be attributed to three primary factors: (i)
a 9.9 rel.% loss due to optical attenuation by the Fresnel lens
and fused silica cover, based on measured optical properties;
(ii) a 30.2 rel.% loss resulting from elevated cell operating
temperatures under concentrated sunlight, estimated using the
temperature coefficient of GaAs PV cells [ 31–33 ]; and (iii) a 23.6
rel.% loss caused by optical misalignment between the Fresnel
lens and the small-area GaAs cell. These results indicate that
improved thermal management and more precise optical align-
ment are critical for enhancing electrical performance in future
designs. 

In the literature, GaAs electrical efficiencies of approximately 8%
have been reported for spectral-splitting PVT collectors operating
at around 60 × concentration ratios [ 34 ]. However, it should
be noted that state-of-the-art non-concentrated single-junction
GaAs solar cells can achieve efficiencies of approximately 25%,
while concentrated multi-junction GaAs devices can reach effi-
ciencies of around 35% [ 35 ]. Therefore, the use of higher-quality
GaAs PV cells, specifically designed for concentrated opera-
tion, represents a clear pathway for further improving electrical
performance in spectral-splitting PVT systems. 

At their respective peak temperatures, the GaAs PV cells in the
WOF- and LSOF-based configurations exhibit electrical efficien-
cies of 6.0% and 5.7%, respectively; 7.7% and 12.3% lower than
the solar-concentrated GaAs PV cell without optical filters. The
WOF filter has minimal impact on efficiency due to its high
transmittance ( ∼ 90.9%) in the 300–870 nm range. By contrast,
the LSOF filter significantly reduces electrical efficiency by
absorbing the 300–490 nm portion of the spectrum. Overall,
compared to the Si-based configuration, both WOF and LSOF
exert less influence on the electrical performance in the GaAs-
based system, while still enabling meaningful thermal energy
recovery. In future work, improving PV cell alignment is critical
for further enhancing electrical efficiency. 

The LSOF was exposed to 100 × high-concentrated light for a
cumulative duration of around 20 h during the experiments.
After the high-concentration light testing, the optical properties
of the LSOF were measured again and compared with its original
optical properties. The results show that the optical properties
8 of 11
remain nearly unchanged after the 20 h exposure (Figure S8 ),
demonstrating the good optical stability of the LSOF. 

3 Conclusion 

This study demonstrates the feasibility and performance potential
of spectral-splitting photovoltaic-thermal (PVT) collectors incor- 
porating hybrid liquid-solid optical filters (LSOF) for thermal–
electrical decoupling. By integrating a UV–vis selective absorber
with a water-based optical chamber, the LSOF enables effective
spectral filtering: high-energy and sub-bandgap photons are 
redirected for thermal use, while the remaining spectrum is
transmitted to photovoltaic (PV) cells for electricity generation. 
This strategy successfully lowers PV cell temperature while 
enhancing thermal energy harvesting. 

For the Si PV cell under solar concentration, electrical efficiency
decreases from 13.4% (no optical filter) to 9.4% with the water opti-
cal filter (WOF), and further to 7.9% with the LSOF. These losses
correlate directly with the spectral absorption characteristics of 
the filters, i.e., infrared absorption above 900 nm by the WOF and
additional UV–vis absorption below 490 nm by the LSOF. Despite
these reductions, thermal efficiency increases significantly, with 
steady-state fluid temperatures reaching 86.8◦C in the LSOF 
configuration and 82.1◦C with the WOF. For the GaAs PV cell,
which has a shorter bandgap wavelength ( ∼ 870 nm), the WOF
imposes only a slight reduction in electrical efficiency (6.5%–
6.0%), due to its high transparency in the relevant spectral range.
The LSOF reduces electrical efficiency further to 5.7% by absorb-
ing short-wavelength radiation but simultaneously increases 
thermal output. Although the absolute electrical performance 
of the GaAs cell remains lower than expected, primarily due
to alignment sensitivity and elevated cell temperatures under 
concentration, the GaAs-based configuration confirms the value 
of spectral selectivity in tailoring system performance to specific
PV materials. 

Overall, this work validates the spectral-splitting approach for 
thermally decoupling the PV and thermal components of PVT
systems. The LSOF presents an alternative to nanofluid-based 
filters, with advantages in stability, tunability, and optical clarity.
While the current system exhibits reduced electrical performance 
compared to standalone PV modules, it opens a promising path
toward hybrid solar energy utilisation. 

The thermal efficiency of both spectral-splitting PVT collectors is
low at elevated operating temperatures, particularly above 60◦C, 
due to increased convective and radiative heat losses to the ambi-
ent environment. In the present laboratory-scale prototype, these 
losses are further amplified by limited thermal insulation of the
WOF and LSOF chambers. Future designs should therefore incor-
porate improved thermal insulation (e.g., vacuum insulation), 
optimized flow or heat-extraction strategies, and anti-reflective or 
low-emissivity surface treatments to mitigate optical and thermal 
losses at high operating temperatures. Regarding scalability, the 
LSOF concept relies on commercially available materials and 
simple planar geometries, indicating good potential for scale- 
up to larger-area collectors. However, translating the current
lab-scale demonstration to practical installations will require 
system-level optimization, including improved optical alignment, 
Advanced Optical Materials, 2026
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modular filter integration, and validation under realistic outdoor
operating conditions. 

The LSOF represents an alternative to nanofluid-based spectral
filters for spectral-splitting PVT applications. The hybrid liquid–
solid design enables stable spectral filtering using commercially
available materials and simple planar geometries, while avoid-
ing the need for nanoparticle dispersion control (nanoparticle
agglomeration or long-term optical degradation). Nanofluid-
based filters, on the other hand, offer high tunability and have
demonstrated promising performance in various configurations.
Although a detailed levelized cost analysis is beyond the scope of
this proof-of-concept study, the present results suggest that LSOF-
based systems warrant further investigation from a system-level
and techno-economic perspective in future work. 

4 Method 

4.1 Prototype Fabrication 

The Fresnel lens is made of polymethylmethacrylate, with a
surface area of 100 × 100 mm2 and a focal length of 90 mm
( Six Seasons ). The fused silica components are cut from a 5-
inch fused silica wafer ( Wafer Universe ). The UV–vis selective
absorber is a commercially available optical filter ( JB490 type,
Shenzhen Infrared Laser Technology ). The silicon (Si) solar cell is a
C60 model from SunPower [ 36 ]. Electrical contacts are manually
soldered, which introduces a degree of contact resistance and
minor performance loss. The gallium arsenide (GaAs) solar cell
is obtained from XiaYi Solar . The frames of both the water
optical filter (WOF) and the liquid-solid optical filter (LSOF) are
fabricated from polymethylmethacrylate. The entire prototype
structure, including optical filter chambers and supporting frame,
is made of PMMA and is designed to be mountable on the
platform of the solar simulator ( class AAA, Wacom) . 

4.2 Optical Characterisation 

To comprehensively characterise the optical properties of each
component, a UV-Vis-NIR spectrophotometer ( Agilent Cary
7000 ) was used. Spectral measurements were taken across the
250 nm to 2500 nm range in 10 nm intervals. The spectral
absorption was determined from the measured reflectance and
transmittance. To assess the total absorbed power in the liq-
uid absorber and in the PV cell, as well as the weighted
transmittance and absorption, the recorded spectral data were
multiplied pointwise with the AM1.5D solar spectrum (900
W/m2 ). This procedure allowed for accurate quantification of
spectrally resolved absorption under standard direct irradiance
conditions. 

4.3 Electrical Characterisation 

The electrical performance of both the Si and GaAs PV cells
was evaluated using a continuous dual-lamp (xenon/halogen)
solar simulator ( class AAA, Wacom ) in combination with a high-
precision source meter ( Keithley 2618B ). To replicate the solar
spectrum and irradiance conditions, a dual-light source consist-
Advanced Optical Materials, 2026
ing of a xenon arc lamp ( Wacom KXL-500F ) and a halogen lamp
( Ushio JC-36V-400W ) was employed. The solar simulator is cali-
brated to approximate the AM1.5G solar spectrum; however, some
spectral mismatch remains. The detailed spectral distribution of 
the simulator output is shown in Figure S9 . All the experiments in
this study were conducted under the solar simulator with AM1.5G
spectrum (1000 W/m2 ). Due to the ± 3.0 A current limitation
of the source meter within the operating voltage range, shading
was required during standalone measurements of the Si PV cell
to avoid saturation caused by its high short-circuit current. I-V
curves were obtained by sweeping the voltage from 0 V to the
open-circuit voltage ( VOC ) in increments defined by the specific
characteristics of the cell under test. The electrical efficiency is
calculated based on the electrical power output of the PV cell
relative to the total direct irradiance of the solar simulator. For
the Si PV cell, the voltage step size was initially set to 0.04 V,
with measurements recorded every 25 s for the first 40 min. After
thermal stabilisation of the PV cell, the step size was reduced to
0.01 V, and the measurement interval was increased to 10 min to
capture long-term behaviour under steady-state conditions. The 
GaAs PV cell, operating under higher light concentration and
exhibiting rapid thermal response, required shorter measurement
intervals and a more targeted voltage range. Initially, measure-
ments were performed every 16 s by sweeping the voltage from
0.4 V to VOC in steps of 0.05 V. In the experiment with the selective
absorber, the protocol included 35 repetitions at 16-s intervals,
followed by 30 measurements at 60-s intervals with a voltage
sweep from 0 V to VOC and a step size of 0.05 V. Finally, the system
was monitored at 5-min intervals with a finer step size of 0.01 V
over the full voltage range. Based on the results of this initial
experiment, the protocol was adapted for the IV configuration.
Here, IV curves were recorded 45 times at 16-s intervals using
a 0.05 V step size over the 0.4 V to VOC range. Subsequent
measurements were performed every 5 min with a 0.01 V step
size across the full voltage range, which proved sufficient to
capture the dynamic and steady-state electrical behaviour of the
system. 

4.4 Thermal Characterisation 

The thermal performance of the system was evaluated by contin-
uously monitoring the temperatures of the water chamber and
the photovoltaic cells. For the Si PV cell and water chamber,
Type T thermocouples (measurement range: − 200◦C to 260◦C)
were connected to a Pico Technology TC-08 data logger to
record temperature data with a sampling rate of 1 Hz. For
the GaAs PV cell, temperature measurements were taken using
an IR temperature sensor ( Optris GEN CSS LE ), positioned to
monitor the back surface of the encapsulated cell. To improve
measurement accuracy, the rear surface was coated with black
spray paint to enhance emissivity and therefore reduce noise.
Calibration of the IR sensor was performed by simultaneously
heating the encapsulated cell and recording the temperature with
both a thermocouple and the IR sensor. The calibrated IR-based
temperature measurements aligned closely with thermocouple 
measurement with an error less than 1 K. To further evaluate
the thermal gradient between the rear encapsulation and the
actual PV cell, a control measurement was performed using a
second encapsulation equipped with a solar thermal absorber
( Alanod EtaPlus ) and a thermocouple. The resulting temperature
9 of 11
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differences, presented in Figure S7 , confirm that the true maxi-
mum cell temperature of the GaAs PV was not reached during the
experiments. Temperature readings for both the thermocouples
and the IR sensor were recorded at a frequency of 1 Hz. Each
experiment continued until thermal equilibrium was reached,
defined as a temperature gradient below 1 K per h. Thermal and
electrical characterisations were performed concurrently under
illumination from the same solar simulator. Thermal efficiency
was calculated from the rate of temperature increase in the water
chamber, taking into account the thermal mass of the water.
To reduce noise while preserving the trend, the temperature
gradient was averaged over 25-s intervals. The thermal mass
was determined by weighing the water in the absorber chamber
(16.6 g) and multiplying by the specific heat capacity of water
(4190 J/kg/K). Variations in heat capacity with temperature were
neglected, and pressure was considered constant due to the use of
an expansion tube. Uniform temperature distribution within the
water chamber was assumed, facilitated by natural convection.
Thermal efficiency was calculated relative to the total direct
energy input of 10 W provided by the calibrated solar simulator.
Initial transients during the heating phase were excluded from
the efficiency analysis to ensure that only steady-state behaviour
was considered. 

The solar simulator is calibrated to the AM1.5G spectrum, which
is standard for commercial simulators, and all electrical and
thermal efficiencies are calculated based on the total calibrated
irradiance. AM1.5D is therefore used only for theoretical optical
analysis relevant to concentrated systems, while AM1.5G is
adopted for the experimental measurements to ensure consis-
tency with the simulator output. 
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