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ABSTRACT 

Photovoltaics and solar thermal collectors each face limitations in efficiently harnessing solar energy. This study presents a 
hybrid semi-transparent perovskite-photovoltaic and concentrating solar thermal (SPV-CST) collector designed to maximize 
solar energy utilization through spectral splitting. The perovskite solar cell captures both diffuse and direct solar irradiance, 
converting shorter-wavelength sunlight into electricity while transmitting the near-infrared spectrum. The SPV-CST collector 
achieves effective thermal decoupling between the photovoltaic and thermal components. Specifically, the lens concentrates the 
transmitted light onto a solar-thermal collector, producing heat at temperatures ranging from 88.0◦C to 154.9◦C. Meanwhile, the 
operating temperature of the perovskite solar cell is limited to 38.5◦C to reduce thermal stability issues and preserve its electrical 
efficiency at 13.8%. Using state-of-the-art semi-transparent perovskite cells from the literature, the SPV-CST collector is projected 
to improve its electrical efficiency from 13.8% to 21.3%, with only a slight reduction in thermal efficiency from 20.7% to 19.2% at 
100◦C output temperature. This work provides insights into the design, modeling, and operational optimization of hybrid solar 
collectors, paving the way for sustainable solar energy applications across diverse conditions and climates. 

1

S  

e  

c  

t  

a  

o  

i  

m  

i  

2  

t  

G  

 

 

 

 

 

 

 

 

 

 

 

 

 

T
o
©

A
h

 Introduction 

olar energy is the world’s most abundant, green, and renewable
nergy source, holding immense promise for the transition to
leaner energy systems. Photovoltaic (PV) and solar thermal
echnologies are the primary methods for harnessing solar radi-
tion. While the solar thermal sector continues to expand, its
verall growth has slowed in recent years. The global cumulative
nstalled capacity of solar thermal collectors reached approxi-
ately 544 GWth at the end of 2024, following 17.8 GWth of new
nstallations, representing a decline of about 14% compared with
023 [ 1 ]. In contrast, the PV sector has sustained a strong upward
rend, with global cumulative PV capacity rising to roughly 2,156
Wp by the end of 2024, corresponding to a compound annual
his is an open access article under the terms of the Creative Commons Attribution Licen
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growth rate of about 27% between 2014 and 2024 [ 2 ]. In terms of
energy output, solar thermal systems supplied approximately 443
TWh of thermal energy in 2024 [ 1 ], while photovoltaics generated
around 1641 TWh of electricity in 2024 [ 2 ]. Heating accounts
for a significant share of global energy demand, representing
nearly half of total energy consumption across the residential
and industrial sectors. Thus, advancing solar energy systems for
both electricity and heat production is critical for a successful
transition to sustainable energy solutions. At the same time,
increasing population and rising energy demand place growing
pressure on the limited surface areas available for solar deploy-
ment, particularly rooftops and building facades. To maximize
energy yield per unit area, higher solar conversion efficiencies are
essential. 
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V is limited in its ability to harness the full solar spectrum,
s it can only utilize photons with energies exceeding the
emiconductor bandgap. Several loss mechanisms hinder the
fficiency of solar cells. For photons with energies below the
andgap, transparency losses occur as these photons pass through
he material without being absorbed. For photons with energies
ignificantly above the bandgap, thermalization losses dominate,
here excess energy is dissipated as heat, raising the PV cell’s
perating temperature and further reducing its efficiency. 

ybrid PV-thermal collectors offer a potential solution for more
fficient solar energy utilization by co-generating electricity and
eat. In these systems, a thermal absorber is coupled with the PV
ells to extract waste heat, enhancing electrical efficiency while
roducing useful thermal energy [ 3 ]. However, conventional PV-
hermal collectors face a trade-off between electrical and thermal
erformance. To prioritize electricity generation, the thermal
bsorber is typically maintained at temperatures below 60◦C
o prevent degradation of the PV cells’ electrical efficiency [ 4 ].
his limitation highlights the importance of thermal decoupling
etween the PV cells and the thermal absorber to further optimize
ybrid systems. 

pectral splitting has emerged as a promising approach to
chieve thermal decoupling and enable more efficient utilization
f the solar spectrum [ 5–8 ]. By selectively harvesting specific
arts of the spectrum, this technique can simultaneously
ptimize electricity and heat generation. Spectral splitting
an be achieved using optical filters, such as film-based
r liquid-based filters [ 9–11 ]. Thin-film spectral splitters
ypically employ multilayer dielectric or nano-structured
ptical coatings that selectively transmit the wavelength
ange suitable for photovoltaic conversion while reflecting or
edirecting the remaining spectrum for thermal harvesting
 12, 13 ]. Recent studies continue to demonstrate high spectral
electivity using multilayer beam-splitting films in PV-thermal
ollectors. Liquid-based spectral splitters generally employ
avelength-selective absorbing fluids, particularly nanofluids
ontaining metallic, metal-oxide, carbon-based, or core-shell
anoparticles [ 14–16 ]. Their optical response can be tailored
hrough nanoparticle composition, size, concentration, and
ptical path length, while the fluid can simultaneously serve as
 heat-transfer medium. Recent reviews and system-level studies
ave highlighted the rapid development of nanofluid-based
pectral-splitting PV-thermal collectors and their potential for
hermally decoupled full-spectrum solar-energy utilization
 17 ]. 

owever, these filters introduce challenges, including optical
osses that reduce PV efficiency and increased system complexity
 18 ]. An alternative method involves using semi-transparent solar
ells as an optical filter. Such PV devices selectively absorb part of
he solar spectrum for electricity generation while transmitting
he remainder to a thermal receiver for heat production. The
xperimental work by Codd et al. [ 19 ], Liang et al. [ 20 ]. and Huang
t al. [ 21 ], and the modeling study by Huang and Markides [ 22 ]
ave demonstrated the feasibility of integrating semi-transparent
V cells with solar thermal absorbers under concentrated sun-
ight to achieve high-temperature heat output. They also noted
hallenges in managing PV cell temperatures under high solar
oncentration. 
of 17
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Recently, perovskite PV cells have garnered significant attention.
Perovskite PV cells have already demonstrated high power con-
version efficiencies [ 23 ], though further efforts are needed to
improve their stability [ 24 ] and scalability [ 25 ]. Perovskite solar
cells offer a tuneable bandgap ranging from 1.5 to 2.3 eV by varying
their chemical composition, which is higher than the indirect
bandgap of conventional silicon cells (1.12 eV). This allows a
larger portion of the solar spectrum, specifically photons with
wavelengths in the near-infrared (e.g., > 775 nm for a bandgap
of 1.6 eV), to pass through the semi-transparent perovskite PV
cells for heat generation, making them highly promising for
next-generation spectral-splitting hybrid PV-thermal collectors.
However, the design and performance of these emerging solar
collectors using perovskite solar cells remain unclear. 

In this study, we present a hybrid semi-transparent perovskite-
photovoltaic and concentrating solar-thermal (SPV-CST) collec-
tor that employs spectral splitting to simultaneously generate
electricity and high-temperature heat. The system integrates a
semi-transparent perovskite (SPV) module with a bandgap of
1.6 eV (corresponding to 775 nm) to split the solar spectrum and
generate electricity. The SPV module is positioned above a Fresnel
lens to capture both diffuse and direct sunlight ( < 775 nm) before
the sunlight being concentrated by the Fresnel lens, eliminating
the need for intensive active cooling for the SPV module. The
Fresnel lens then concentrates transmitted sunlight ( > 775 nm)
onto a solar thermal absorber to produce high-temperature heat.
This configuration allows the solar thermal receiver to achieve
high output temperatures without overheating the SPV module,
offering an efficient approach to hybrid solar energy harvesting.
To achieve normal incidence of sunlight on the Fresnel lens in
a practical system, a biaxial tracker is required. In this study,
however, the focus is on modeling and proof-of-concept testing
under a solar simulator; therefore, a solar tracker is not employed
in this research. 

2 Results 

2.1 The Concept of Hybrid Semi-Transparent 
Perovskite-Photovoltaics and Concentrated 

Solar-Thermal (SPV-CST) Collectors 

The design concept of the SPV-CST solar collector is illustrated
in Figure 1 . A SPV module, with an approximate area of 1 m2 ,
is positioned above a Fresnel lens to capture both direct and
diffuse solar irradiance. The SPV module selectively absorbs
photons with energy equal to or greater than its bandgap (i.e.,
> 1.6 eV, or corresponding to < 775 nm), converting them
into electricity. Photons that cannot be utilized for electricity
generation ( > 775 nm) are transmitted through the SPV module.
These transmitted photons are then concentrated by the Fresnel
lens onto a concentrated solar thermal (CST) absorber, which
generates high-temperature thermal energy. 

It is important to note that natural sunlight contains a significant
proportion of diffuse light. For instance, approximately 21% and
51% of incident sunlight is diffuse in Cairo and Berlin, respectively
[ 26 ]. In conventional concentrated PV-thermal collectors, only
direct sunlight can be concentrated and utilized, leaving all the
diffuse light unexploited. However, in this SPV-CST design, the
Advanced Science, 2026
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FIGURE 1 Schematic diagram illustrating the design concept of the hybrid semi-transparent perovskite-photovoltaic and concentrated solar 
thermal (SPV-CST) collector. The SPV module is positioned above a Fresnel lens, absorbing a portion of the global solar irradiance to generate electricity. 
The Fresnel lens concentrates only the transmitted direct solar irradiance onto the solar thermal absorber. For example, the direct and diffuse fractions 
in AM1.5G (Air Mass 1.5 Global Spectrum) are ∼ 90% and ∼ 10%. 
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iffuse light can be fully utilized for electricity generation, with
nly the diffuse near-infrared component being unused for heat
roduction. 

he CST absorber is coated with a spectrally-selective coating that
as a high absorption for the solar spectrum range and a low
hermal emissivity in the middle infrared range to maximize solar
bsorption and reduce radiative heat loss. The built-in channels
re incorporated within the CST absorber to efficiently transfer
eat to the heat transfer fluid. The CST absorber is housed
nside a vacuum chamber to reduce heat convection loss. The
nner walls of the chamber are provided with a low-thermal-
missivity coating to minimize thermal radiation loss. In this
esign, the CST absorber is placed on the focus of the Fresnel
ens, around 1.4 m away from the SPV module, enabling thermal
ecoupling between the CST absorber and the SPV module.
his configuration allows the thermal absorber to achieve high
emperatures while eliminating the need for intensive active
ooling of the SPV module. In addition, practical applications
f Fresnel-lens solar concentrators require a biaxial tracker to
ccurately follow the sun [ 27 ]. 

n previous studies of semi-transparent-photovoltaic-based
pectral-splitting PV-thermal collectors, most designs placed
he semi-transparent photovoltaic device under concentrated
unlight, typically near the focal region of the solar concentrator
 19, 22 ]. Both modeling and experimental studies have shown
hat, under such configurations, the photovoltaic device is
till subjected to a substantial thermal load and therefore
equires intensive cooling, even though part of the infrared
pectrum is transmitted. An alternative approach is to position
he semi-transparent photovoltaic module above the Fresnel
dvanced Science, 2026
lens, before solar concentration, so that only the transmitted
portion of the spectrum is concentrated for heat generation. This
configuration avoids overheating of the photovoltaic module
and enables thermal decoupling between the photovoltaic and
thermal components. For example, Gupta et al. demonstrated
a hybrid PV-thermal system using a transparent cadmium
telluride photovoltaic panel positioned above a Fresnel lens
concentrator [ 28 ]. Liang et al. adopted a related architecture
based mainly on semi-transparent silicon photovoltaics [ 20 ].
Therefore, the present work does not claim novelty from
the generic optical layout or from the general concept of
using a semi-transparent photovoltaic element as a spectral-
splitting component alone. Instead, this study focuses on
the implementation and analysis of a semi-transparent
perovskite-based SPV-CST collector. Semi-transparent perovskite
photovoltaics offer several characteristics that are particularly
attractive for this configuration [ 29 ]. Compared with silicon
photovoltaics, their larger and compositionally tuneable
bandgap allows the absorption edge to be shifted toward
shorter wavelengths, enabling high-energy photons to be
harvested for electricity generation while transmitting a
larger fraction of the near-infrared spectrum for thermal
harvesting. Moreover, recent semi-transparent perovskite
cells have demonstrated a favorable combination of high
electrical efficiency and near-infrared transmittance. In
the present module, the 1.6 eV bandgap corresponds to an
absorption-edge wavelength of approximately 775 nm, allowing
the transmitted near-infrared spectrum to be subsequently
concentrated for heat generation. These properties make semi-
transparent perovskites particularly promising for spectrally
splitting electricity and heat generation within the SPV-CST
configuration. 
3 of 17
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FIGURE 2 Key properties of the components in the SPV-CST collector. (a) Component breakdown of the SPV-CST collector, showing the spectral- 
weighted average absorptance, transmittance, and reflectance of the SPV module. (b) Wavelength-dependent absorptance, reflectance, and transmittance 
of the SPV module. (c) Spectral distribution of sunlight absorbed and transmitted by the SPV calculated using AM1.5G accounting for both direct and 
diffuse sunlight. (d) Wavelength-dependent absorptance and reflectance of the CST absorber. (e) The spectral distribution of the solar spectrum (direct 
component only) absorbed by the CST absorber. 
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.2 Characteristics of the Key Components 

erovskites have emerged as a promising material for solar
nergy harvesting, with a tuneable bandgap [ 30–32 ]. We fab-
icated and tested a small-sized perovskite module (4 cm2 )
omprised of 7 monolithically-interconnected solar cells [ 33 ].
he structure of the SPV fabricated in our lab involves the
ayer structure glass/indium tin oxide (ITO) / [2-(9H-carbazol-
-yl)ethyl]phosphonic acid (2PACz) / Cs0.17 FA0.83 Pb(I0.92 Br0.08 )3 /
ithium fluoride (LiF) / fullerene (C60 ) / bathocuproine (BCP) /
in dioxide (SnO2 ) / indium zinc oxide (IZO). The ITO serves
s a transparent front electrode. The 2PACz layer acts as a
elf-assembled hole transport layer to enhance hole extraction
nd interfacial contact. The Cs0.17 FA0.83 Pb(I0.92 Br0.08 )3 perovskite
unctions as the photoactive absorber, combining high efficiency
ith improved thermal and chemical stability. The LiF interlayer
assivates interface defects, followed by C60 as an electron
ransport layer, while the IZO top electrode provides high infrared
ransmittance and serves as the transparent rear contact. The
odule achieved a power conversion efficiency of 14.2% with
 temperature coefficient of -0.23%/K, as detailed in Figure S1 .
or this study, it is assumed that the large-scale module exhibits
imilar optical and electrical performance. The optical losses in
arge-scale modules caused by busbars and blank areas (the frame
round the edge of the module) are also ignored. An exploded
iew of the SPV-CST collector is presented in Figure 2a . Incident
unlight sequentially interacts with the SPV module, Fresnel lens,
nd CST absorber, enabling efficient spectral splitting and energy
onversion. 

erovskite exhibits high absorptance for wavelengths shorter
han 775 nm, corresponding to its bandgap ( ∼ 1.6 eV), while also
xhibiting parasitic absorption in the infrared region (due to free-
arrier absorption in the TCO layers), as shown in Figure 2b .
of 17
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The SPV module transmits a significant portion of the infrared
spectrum but reflects a fraction of it due to reflection losses at the
transparent conductive oxide interfaces. The overall spectrally-
weighted absorptance, transmittance, and reflectance of the SPV
module are 53%, 29%, and 18%, respectively, calculated using
the AM1.5G solar spectrum including both direct and diffuse
sunlight (with the direct sunlight accounting for ∼ 90% and the
diffuse for ∼ 10%), as summarized in Figure 2a . Parasitic infrared
absorption in TCO electrodes can be reduced by lowering the free-
carrier concentration while maintaining high carrier mobility.
Hydrogenated indium oxide (IO: H) is a promising approach
because hydrogen incorporation can improve this balance and
significantly reduce near-infrared free-carrier absorption com-
pared with conventional indium tin oxide (ITO), while retaining
sufficient electrical conductivity. This strategy could increase
the near-infrared transmittance available for subsequent thermal
harvesting [ 34 ]. Spectral distribution of sunlight absorbed and
transmitted by the SPV module is shown in Figure 2c . The
SPV module effectively splits the solar spectrum at 775 nm. A
Fresnel lens, with a geometric concentration ratio of ∼ 99, is
positioned below the SPV module to focus the transmitted light.
The transmittance of the Fresnel lens as a function of wavelength
is detailed in Figure S2 , with a spectrally weighted transmittance
of 88.5% for the spectrum passing through the SPV module. In this
study, the incident light is assumed to be normal to the Fresnel
lens. 

The CST absorber measures 10 × 10 × 1.2 cm and is equipped with
two inlet and outlet tubes, each with a length of 7 cm. The inlet
tube branches into a central straight channel and symmetrically
bending channels that diverge from the center. These channels
converge at the outlet tube. This built-in channel configuration
efficiently enhances heat transfer between the solid domain and
the fluid flowing within the channels. Aluminum is selected
Advanced Science, 2026
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s the material for the CST absorber due to its high thermal
onductivity. The top surface is coated with a commercially
vailable low-emissivity solar thermal coating, offering high
bsorptivity over a wide range of wavelengths, as shown in
igure 2d . The absorptance exceeds 98% for wavelengths between
00 and 1500 nm and gradually decreases to 40% at 2500 nm.
owever, the solar irradiance transmitted by the SPV module is
elatively low for wavelengths above 1500 nm and negligibly small
eyond 1800 nm, indicating minimal optical loss for the CST
bsorber. The spectrum absorbed by the CST absorber, shown in
igure 2e , reaches 95% (only the direct spectrum absorbed by the
ST absorber). The emissivity of the CST absorber across long
avelengths (2–20 µm), shown in Figure S3 , remains below 0.2
ver a wide range, effectively reducing thermal radiation losses.
his low emissivity is a critical characteristic for enhancing the
hermal efficiency of the CST absorber. 

he relatively high reflectance of the SPV module in the near-
nfrared region originates mainly from refractive-index mismatch
nd optical interference at interfaces within the semi-transparent
evice, particularly those associated with the transparent con-
uctive oxide layers. These losses could be reduced through
ptical-management strategies such as anti-reflection coatings,
ptimization of transparent electrodes and interlayers, graded-
ndex coatings, and refractive-index matching between the SPV
odule and Fresnel lens. Interference-related reflection may also
e reduced by introducing controlled roughness or a slightly
edge-shaped substrate. However, because the SPV-CST design
equires precise light concentration, the impact of such mod-
fications on optical focusing should be carefully evaluated.
gF2 anti-reflection coatings applied to the outer glass surface
f PV modules and transparent-electrode optical engineering
ave previously been demonstrated to reduce reflection losses
n perovskite and semi-transparent perovskite solar cells, while
roadband graded-index coatings provide further potential for
uppressing reflection over the visible-to-infrared spectrum [ 35–
7 ]. Based on the measured spectrum of the present SPV module,
he AM1.5G-weighted reflectance over 780–2500 nm is 26.7%,
orresponding to approximately 11.4% of the total incident solar
nergy. Assuming that the reduction in reflected power is
onverted into additional transmission while the absorptance
emains unchanged, every 10% relative reduction in infrared
eflectance would increase the transmitted solar-energy fraction
y approximately 1.1% (absolute value). Accordingly, the trans-
itted fraction would progressively increase from the present
8.6% toward an ideal upper limit of approximately 40.0% if
nfrared reflection were completely eliminated. Therefore, reduc-
ng infrared reflection represents an important route for further
mproving the thermal output of the SPV-CST collector. 

.3 Modeling and Theoretical/Experimental 
alidation 

o evaluate and optimize the performance of the SPV-CST
ollector, this study develops a comprehensive model to simulate
ts optical-thermal performance. The comprehensive simulation
ntegrates two primary physics: ray optics and conjugate heat
ransfer and fluid dynamics, to model solar energy interaction,
hermal management, and fluid flow dynamics. The analysis pro-
ides an integrated assessment of optical and thermal efficiencies,
dvanced Science, 2026
with electrical efficiency indirectly derived from temperature
results. The ray optics simulation is applied to the SPV module,
Fresnel lens, glazing, and solar thermal coating. Given that the
device’s geometric structure is significantly larger than the wave-
lengths of incident solar radiation, propagating waves are treated
as rays that can undergo reflection, refraction, or absorption.
The measured optical properties of the perovskite module are
directly used. Heat transfer mechanisms, including conduction,
convection, and radiation, are applied across all device domains
and are detailed in Figure S4 . To minimize heat losses to
the ambient, the thermal compartment is insulated with glass
wool, reducing both convective and radiative losses. Detailed
modeling methodologies are provided in the Methods section.
Key parameters used in the SPV-CST modeling are summarized
in Table 1 . Optical properties and thermal emissivity are derived
from the above experimental results on tested samples, while
thermal insulation characteristics and convection parameters are
obtained from the literature. 

The performance of the SPV-CST collectors is characterized by
the electrical and thermal efficiency. The electrical efficiency ηel 
is obtained from the following equation [ 38 ]: 

𝜂el = 𝜂el , 0 ( 1 + 𝛽 ( 𝑇cell − 𝑇ref ) ) (1)

where ηel,0 represents the electrical efficiency under standard test
conditions ( Tref = 25◦C, IAM1.5G = 1000 W/m2 ), β is the temper-
ature coefficient of the PV cell. The module achieved a power
conversion efficiency of 14.2% with a temperature coefficient of
-0.23%/K, as detailed in Figure S1 . The thermal efficiency is
defined as the ratio of useful generated heat to total incident solar
irradiance on the collector, given as following [ 39 ]: 

𝜂th =
. 
𝑚 × 𝐶p × ( 𝑇out − 𝑇in ) 

𝐼AM 1 . 5G × 𝐴S 

(2)

where ṁ is the mass flow rate, Cp is the specific heat capacity
of the fluid, Tin is the temperature of the fluid at the inlet, Tout 
is the temperature at the outlet of the collector, and AS is the
solar receiving area (i.e., area of the solar perovskite module or
the Fresnel lens). 

The underlying physics used in the modeling, namely, ray optics
and conjugate heat transfer and fluid dynamics, are validated
both theoretically and experimentally. To ensure the quality of the
mesh and the adequacy of the rays in the optical model, an addi-
tional optical simulation is performed under ideal conditions,
where the transmittances of the lens and glass are set to 100%,
and the absorptance of the solar thermal absorber is assumed to
be 100%. The measured transmittance, absorption curves for SPV
(Figure 2b ) are used. The simulated solar power at the SPV and
CST ( PSPV and PCST ) is then compared with the theoretical values,
which are calculated using the below equations: 

𝑃SPV _theo = ∫
2500 nm 

300 nm 𝛼SPV ( 𝜆) IAM 1 . 5G ( 𝜆) d 𝜆 (3)

𝑃CST _theo = ∫
2500 nm 

300 nm 𝜏SPV ( 𝜆) 𝜏FL ( 𝜆) 𝜏glas ( 𝜆) 𝛼CST ( 𝜆) IAM 1 . 5D ( 𝜆) d 𝜆

(4)
5 of 17
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TABLE 1 Key parameters for the hybrid SPV-CST solar collector. 

Parameter Value Data source 

αSPV Absorptance of SPV 53.0% Measured 
τLens Transmittivity of Fresnel lens 88.5% Measured 
τglass Transmittivity of glazing glass above CST 92.0% Measured 
ΑCST Absorptivity of CST 94.8% Measured 
εSPV Emissivity of SPV 0.90 Measured 
εCST Emissivity of CST 0.23 Measured 
εglass Emissivity of glazing glass above CST 0.90 Measured 
εPMMA Emissivity of Fresnel lens 0.90 Measured 
εwall Emissivity of the inner wall coating 0.04 Measured 
δins Thickness of thermal insulation 0.03 m Design setting 
kins Insulation layer’ thermal conductivity 0.03 W/m.K Ref. 40 
υwind Wind speed 1 m/s Design setting 
hcv,wind Convective heat transfer coefficient due to wind 7.40 W/m2 .K Ref. 42 
Uins Convective heat transfer coefficient through insulation 0.88 W/m2 .K Ref. 42 
β Temperature coefficient of SPV − 0.23%/K Measured 
LF Focus distance of the Fresnel lens concentrator 1.4 m Design setting 
AS Solar receiving area 1 m2 Design setting 
ACST Concentrated solar-thermal receiving area 100 cm2 Design setting 
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he simulated power absorption values for SPV and CST are 520
nd 264 W, respectively, in agreement with the theoretical values
f 520 and 264 W. 

he conjugated heat transfer and fluid dynamics model in the
ST absorber is a critical and complex component of the SPV-CST
ollector. The internal CST absorber is modeled using conjugated
eat transfer and fluid dynamics because the built-in channel
eometry, nonuniform concentrated heat flux, and coupled solid-
luid heat transfer cannot be captured adequately by a single
ffective heat-transfer coefficient. By contrast, literature-based
eat-transfer coefficients are used only for external boundary
onditions, where such treatment is appropriate. To validate this
odel, a solar thermal absorber was fabricated and tested, as
hown in Figure 3a,b . The solar thermal absorber was manufac-
ured using additive aluminium alloy and designed with the same
eometry as the CST absorber in the SPV-CST collector. The solar
hermal absorber was mounted within a polymethyl methacrylate
PMMA) chamber and tested under a solar simulator. The
urpose of this experiment was to validate the conjugated heat
ransfer and fluid dynamics model. For practicality and to meet
alidation requirements, certain adjustments were made during
he testing. Liquid water, with a flow rate ranging from 1.5 to
.8 kg/h (1.5, 2.2, 3.1, and 3.8 kg/h), was used as the heat transfer
luid instead of heat transfer oil. The top surface of the absorber
as coated with matte black paint, as shown in Figure 3b . The
hamber was filled with air instead of being vacuum-sealed,
nd insulation layers were not applied to the outer surface.
he detailed optical properties of the matte black coating are
rovided in Figure S5 . In the modeling, the same parameters as
hose of the real solar thermal absorber were applied, as detailed
n Table S1 . A comprehensive description of the experimental
of 17
setup and modeling validation can be found in the Methods
section. 

The experimental data for the temperature difference between
the inlet and outlet of the solar thermal absorber, as a function
of flow rate, is plotted in Figure 3c alongside the simulated data.
The inlet temperature is 16.7, 16.5, 16.6, and 16.6◦C at mass flow
rates of 1.5, 2.2, 3.1, and 3.8 kg/h, respectively, and detailed steady-
state experimental data are shown in Figure S6 . The thermal
efficiency of the solar thermal absorber is shown in Figure 3d .
A comparison of these experimental results with the simulation
data demonstrates that the developed model accurately replicates
the thermal performance of the solar thermal collector, with
a maximum variation of less than 4%. Figure 3d compares
the experimental and simulated thermal efficiencies over the
accessible flow-rate range used for model validation. It is not
intended to determine the upper limit of thermal efficiency.
These findings validate the reliability of the model, as it employs
the same heat transfer and fluid dynamics physics used in
the concentrating device. Overall, the agreement between the
analytical calculation, simulation, and experiment supports the
consistency of the modeling framework for the present SPV-CST
configuration and operating conditions. 

2.4 Performance Assessment of the SPV-CST 

Collector 

In this section, the optical, thermal, and electrical performance of
the SPV-CST collector is investigated and analyzed. Geometrical
optics simulations are used to assess the ray tracing within the
SPV-CST collector and the solar flux distribution on the surface
Advanced Science, 2026
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FIGURE 3 Experimental process for validating the developed model. (a) Schematic diagram of the experimental setup used for testing. (b) 
Photograph of the solar thermal collector under the solar simulator. (c) Comparison of experimental and simulated temperature differences between 
the inlet and outlet of the solar thermal absorber across various flow rates. (d) Variation of thermal efficiency with flow rate. 
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f the CST absorber, as shown in Figure 4a . In this study,
M1.5G is used as the input solar irradiance with a total of
000 W/m2 , comprising ∼ 900 W/m2 direct irradiance that can be
oncentrated and ∼ 100 W/m2 diffuse irradiance that cannot be
oncentrated. As discussed earlier, the SPV utilizes both direct
nd diffuse components, whereas the CST can only harness the
oncentrated direct component. The ray trajectories confirm the
fficient concentration of solar rays by the Fresnel lens onto
he CST absorber, with no stray rays observed. The optimized
ositioning of the solar thermal absorber, 1.4 m from the lens,
nsures effective capture and uniform distribution of rays across
he absorber surface. The lens produces a nonuniform square
ntensity distribution on the thermal absorber, with the highest
ntensity at the center gradually decreasing toward the edges.
his illumination effectively covers nearly the entire area of the
hermal absorber. The integrated solar intensity over the CST
bsorber is 2.1 × 104 W/m2 . This efficiency accounts for absorption
y the SPV module and optical losses through the Fresnel lens,
lazing glass on the CST, and reflections from the CST absorber.
he solar energy flux absorbed by the SPV module is measured
t 539 W/m2 . A portion of this absorbed energy is converted to
lectricity based on the electrical efficiency of the SPV module,
hile the remainder is dissipated as waste heat within the SPV
odule. 

he temperature distributions in the SPV module and Fresnel
ens are shown in Figure 4b , while the temperature distribution
n the CST absorber under conditions of a total direct incident
ntensity of 1000 W/m2 , ambient temperature of 25◦C, wind speed
f 1 m/s, inlet temperature of 30◦C, and flow rate of 4 kg/h is
dvanced Science, 2026
presented in Figure 4c . The fluid is gradually heated from 30◦C
to 135.1◦C by the CST, while the top surface of the CST (solar
absorbing surface) has a more uniform temperature distribution
within around 120◦C to 160◦C. The results clearly demonstrate
that the SPV module is thermally decoupled from the CST
absorber. The SPV is under non-concentrated sunlight, while only
the CST is under concentrated sunlight. This thermal decoupling
allows the CST absorber to operate at elevated temperatures
without negatively impacting the SPV module or requiring active
cooling systems. The average temperature of the CST absorber
is 146◦C, with the outlet temperature of the heat transfer oil
recorded at 135◦C. In contrast, the SPV module maintains a low
operating temperature of 38.5◦C. 

The CST absorber exhibits a temperature gradient along the fluid
flow path, as shown in Figure 4c . The temperature within the
fluid domain is lower than that of the solid domain, due to
thermal resistance during heat transfer from the solid absorber
to the heat transfer fluid. The arrows within the fluid domain
illustrate the fluid flow patterns and velocity variations as the
fluid moves through the tubes and channels of the thermal
absorber. 

The strength of the modeling lies in its ability to analyse system
dynamics that cannot be fully captured through experiments.
The velocity distribution, shown in Figure S7 , indicates that
the fluid velocity is highest at the centre of the channel and
gradually decreases toward the channel walls due to the no-
slip condition and viscosity effects, resulting in a parabolic
velocity profile characteristic of laminar flow. The temperature
7 of 17
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FIGURE 4 Performance of the SPV-CST collector. (a) Ray trajectories demonstrating the efficient concentration of solar rays onto the CST absorber, 
with a square intensity distribution showing higher concentration at the centre produced by the Fresnel lens. (b) Temperature distribution of the SPV 

module and Fresnel lens. (c) Temperature distribution and fluid streamlines within the CST absorber under the following conditions: total incident 
intensity of 1000 W/m2, ambient temperature of 25◦C, wind speed of 1 m/s, inlet temperature of 30◦C, and flow rate of 4 kg/h. (d) Output temperatures 
of the CST absorber as a function of flow rate. (e) Thermal and electrical efficiencies of the SPV-CST collector as a function of output heat temperatures. 
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istribution, also presented in Figure S8 , illustrates the evolution
f the fluid temperature as it flows through the CST absorber.
he results reveal a uniform temperature distribution at the
utlet, which is crucial for practical applications. A stable outlet
emperature ensures consistent performance and reliability in
arious industrial processes, such as chemical reactions and
aterial processing. 

he average outlet temperature of the CST absorber ( Tout ) and
he average SPV module temperature ( TSPV ) as a function of flow
ate are plotted in Figure 4d . The outlet temperature increases
rom 88.0◦C to 154.9◦C as the mass flow rate decreases from 7.5
o 2.9 kg/h, demonstrating the SPV-CST collector’s capability to
enerate thermal energy over a wide range of temperatures to
eet diverse thermal demands. Despite the variation in outlet
emperature, the operating temperature of the SPV module
emains nearly constant at approximately 38.5◦C, unaffected by
hanges in the mass flow rate. Detailed temperature distributions
ithin the CST absorber for flow rates ranging from 2.9 to
.5 kg/h are shown in Figure S9 . The thermal and electrical
fficiencies of the SPV-CST collector are plotted as a function of
utput temperature in Figure 4e for the specified flow rate range.
he thermal efficiency is calculated from the energy balance in
quation ( 2 ). While the thermal efficiency varies between 18.8%
nd 21.0%, the electrical efficiency remains consistent at 13.8%. 

he SPV-CST concept should not be interpreted as a universal
eplacement for standalone photovoltaic modules, solar-thermal
of 17
collectors, or separated photovoltaic-plus-thermal systems. If the
objective is only to maximize electricity generation, opaque high-
eff iciency photovoltaic modules remain preferable. Similarly,
when sufficient installation area is available, separate photo-
voltaic and thermal collectors may offer a simpler and more
mature solution. The value of the SPV-CST configuration lies
instead in co-harvesting electricity and heat from the same
solar aperture (with limited area) while maintaining thermal
decoupling between the photovoltaic and thermal components.
The performance benefit therefore depends on the efficiency
penalty associated with semi-transparency, the useful thermal
output recovered from the transmitted spectrum, the direct irra-
diance level, the diffuse fraction, and the required heat-delivery
temperature. For example, if an opaque photovoltaic module
provides a 3% absolute electrical-efficiency advantage over a semi-
transparent module, using this additional electricity to drive a
heat pump with a COP of 3 would yield an equivalent thermal
output of around 9% of the incident solar energy. This provides
an illustrative benchmark for evaluating the thermal contribution
of the SPV-CST collector. Under favorable direct-irradiance con-
ditions, the simulated thermal output of the SPV-CST collector
can exceed this value, although the advantage decreases under
highly diffuse conditions or when the photovoltaic efficiency
penalty becomes larger. Therefore, the present study positions
the SPV-CST collector as an early-stage co-harvesting concept for
aperture-limited applications with simultaneous electricity and
heat demand, rather than as a universally superior alternative to
mature separated systems. 
Advanced Science, 2026
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n practical applications, the performance is influenced by
eather conditions, particularly solar irradiance and ambient
emperature. As shown in Figure S10a , the output temperature
ecreases from 135.1◦C to 74.5◦C as solar irradiance drops from
000 to 400 W/m2 at a constant mass flow rate of 4 kg/h. Despite
his significant reduction in output temperature, the thermal
fficiency remains stable at approximately 19.6%. Figure S10b
lso demonstrates that the thermal efficiency decreases only
lightly from 19.6% to 19.2% as the ambient temperature drops
rom 30◦C to 0◦C. This minimal change in thermal efficiency
an be attributed to the effective thermal insulation techniques
mployed in the collector, including the vacuum gap, low-
missivity coating, and thermal insulation layers. The thermal
nergy can be stored for practical applications [ 43 ]. 

hese results demonstrate that the adopted spectral splitting
pproach, utilizing an SPV module, effectively achieves thermal
ecoupling between the CST and SPV components. This decou-
ling is evident from the temperature distribution and analyzed
ata, which clearly indicate that the SPV module’s temperature
emains independent of the high-temperature solar thermal
bsorber. This finding highlights the effectiveness of the devel-
ped design in overcoming the trade-off between thermal and
lectrical efficiencies. The electrical efficiency remains entirely
naffected by variations in the thermal collector, enabling the
aximization of solar irradiance utilization and, consequently,
nhancing the overall system efficiency. 

.5 Analysis of the Potential of the SPV-CST 

ollector 

t should be noted that the electrical efficiency adopted in this
tudy is based on the perovskite PV module fabricated in our
aboratory. The main purpose of this work is to evaluate the
easibility and performance of the SPV-CST concept. The electri-
al performance of perovskite solar modules still has substantial
oom for improvement, and ongoing progress in perovskite
hotovoltaics provides an opportunity to further enhance the
erformance of the SPV-CST collector. 

ecent semi-transparent perovskite PV cells have already
chieved efficiencies of 22.0% [ 44 ]. To analyze the potential
f the SPV-CST collector with improved SPV performance,
e investigate and compare three different semi-transparent
erovskite PV cells in this section: the one developed in our
aboratory and used in the previous sections (denoted as SPV1),
nd two additional semi-transparent perovskite PV cells reported
n the literature (denoted as SPV2 [ 44 ] and SPV3 [ 45 ]). Figure 5a
hows the measured transmittance spectra of SPV1, SPV2, and
PV3. These three PV cells have similar bandgaps, corresponding
o wavelengths of around 770 to 800 nm. All three exhibit
ow transmittance in the in-band wavelength range and high
ransmittance in the out-of-band wavelength range. For SPV2 and
PV3, the transmittance data beyond 1300 nm are not available
n the literature. Therefore, for wavelengths beyond 1300 nm, the
ransmittance spectrum of SPV1 is used as an approximation for
PV2 and SPV3 in the SPV-CST modeling. 

igure 5b shows the spectral-weighted average transmittance and
lectrical efficiency of SPV1, SPV2, and SPV3. The transmittances
dvanced Science, 2026
of SPV1, SPV2, and SPV3 are 29%, 26%, and 30%, respectively,
while their electrical efficiencies are 14.2%, 22.0%, and 19.5%,
respectively. SPV2 has an absolute electrical-efficiency advantage
of 7.8% over SPV1, while its transmittance is only 3% lower in
absolute terms. SPV3 also shows a higher electrical efficiency
than SPV1, with an absolute increase of 5.3%, while maintaining
a very similar transmittance, with a difference of only around 1%
in absolute terms. 

We then model the SPV-CST collectors based on SPV2 and
SPV3 and compare them with the collector based on SPV1. The
electrical and thermal efficiencies of the SPV-CST collectors
based on SPV1, SPV2, and SPV3 are shown in Figures 5c,d .
Owing to the effective thermal decoupling between the perovskite
solar cells and the solar-thermal absorber, the electrical efficiency
remains independent of the heat output temperature, and the
SPV-CST collector based on SPV2 shows the highest electrical
efficiency. The electrical efficiencies of the SPV-CST collectors
based on SPV1, SPV2, and SPV3 are 13.8%, 21.3%, and 18.9%,
respectively. The thermal efficiencies of the SPV-CST collectors
based on SPV1, SPV2, and SPV3 are 20.7%, 19.2%, and 21.6%,
respectively, at an output temperature of 100◦C. These results
indicate that the electrical efficiency of the SPV-CST collector
can be further improved by using higher-performance semi-
transparent PV cells without significantly compromising the
thermal efficiency. By using SPV2 instead of SPV1, the electrical
efficiency of the SPV-CST collector increases by 7.5% in absolute
terms, while the thermal efficiency decreases by only 1.5% in
absolute terms. This comparison highlights the strong potential
of improved semi-transparent perovskite PV cells for enhancing
the overall performance of SPV-CST collectors. 

The best opaque perovskite PV cells have achieved efficiencies
above 26% [ 46 ]. However, it should be noted that semi-transparent
perovskite PV cells generally have lower electrical efficiencies
than opaque ones. Semi-transparent PV cells are not expected
to reach the same power conversion efficiency as opaque cells,
because the required transparent conductive oxide back contacts
do not provide equally low electrical resistance and also reduce
the optical path length associated with back-side reflection. While
the current record efficiency for opaque perovskite solar cells
exceeds 26%, semi-transparent perovskite PV cells have reached
22% to the best of our knowledge, as represented here by SPV2. 

The bandgap wavelength is fixed at 775 nm in this study. It would
also be valuable to investigate the influence of bandgap on the
electrical and thermal performance of the SPV-CST collector.
However, such an analysis is not carried out here because
sufficiently complete optical data across the full solar spectrum
range (300–2500 nm) are not yet available in the literature for
semi-transparent perovskite cells with different bandgaps. Most
semi-transparent perovskite cells reported in the literature have
bandgaps around 1.5 to 1.6 eV in order to achieve high electrical
efficiency, and their optical spectra are often measured only up to
1300 nm because most studies focus on tandem PV applications.
This remains an important direction for future work on SPV-CST
collectors. 

We also investigate the thermal potential of the SPV-CST collec-
tor. In the previous section, the main objective was to demonstrate
thermal decoupling between the perovskite solar cells and the
9 of 17
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FIGURE 5 Analysis of the potential of the SPV-CST collector. (a) Measured transmittance spectra of three semi-transparent perovskite photovoltaic 
cells used for comparison in this study: SPV1 from this work, and SPV2 and SPV3 from the literature. (b), Spectral-weighted average transmittance and 
electrical efficiency of SPV1, SPV2, and SPV3. (c), Simulated electrical efficiencies of the SPV-CST collectors based on SPV1, SPV2, and SPV3 as a function 
of output temperature. (d) Simulated thermal efficiencies of the SPV-CST collectors based on SPV1, SPV2, and SPV3 as a function of output temperature. 
(e) Thermal efficiency of the SPV-CST collector based on SPV1 as a function of output temperature for different heat loss coefficients ( U = 0, 10, and 
20 W/m2 /K), representing ideal, good, and normal thermal insulation, respectively. (f) Electrical and thermal efficiencies of the SPV-CST collector with 
SPV1, SPV2, and SPV3, as a function of diffuse light ratio, showing the influence of diffuse solar irradiance on system performance. Representative cities 
with different annual-average diffuse fractions are marked to illustrate the relevance of the simulated range to different climatic conditions. 
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olar-thermal absorber. To limit the computational cost of the
onjugated heat transfer and fluid dynamics simulations, the
nalysis in Figure 4e is restricted to heat output temperatures
p to about 150◦C. However, the achievable output temper-
ture can be considerably higher, depending on the thermal
nsulation performance of the solar-thermal collector. As shown
n Figure 5e , the thermal efficiency of the SPV-CST collector
s evaluated for heat loss coefficients (U-values) of 0, 10, and
0 W/m2 /K, corresponding to ideal insulation without heat loss,
ood insulation achievable with vacuum insulation, and normal
nsulation, respectively. Based on the energy balance, much
igher output temperatures can in principle be reached if an
ppropriate heat transfer medium is used, such as molten salts
r liquid metals. 
0 of 17
Another advantage of the SPV-CST collector is its ability to
utilize diffuse solar radiation for electricity generation. In con-
ventional concentrating solar collectors (e.g., concentrated PV,
concentrated solar-thermal collectors), diffuse light cannot be
concentrated and is therefore not utilized. In the SPV-CST
design, by contrast, the diffuse component can still contribute
to electricity generation, with only the diffuse near-infrared
component remaining unused for thermal production. In the
previous section, the system performance is evaluated for a
standard diffuse ratio of 10%. Here, additional simulations are
conducted to examine the influence of the diffuse ratio on
the electrical and thermal performance over a range from 10%
to 50% for the SPV-CST collectors based on SPV1, SPV2, and
SPV3, as shown in Figure 5f . The results show that the dif-
Advanced Science, 2026
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use ratio has no effect on the electrical efficiency, whereas
he thermal efficiency at ambient temperature ( ηth,0 ) decreases
inearly as the diffuse ratio increases. It is important to note
hat the diffuse fraction of natural sunlight varies substantially
ith geographical location and climate. For example, diffuse
rradiation accounts for approximately 20%, 24%, 26%, 30%, 34%,
3%, and 45% of the annual global horizontal irradiation in
hoenix, Cairo, Madrid, Rome, New York, Berlin, and London,
espectively [ 26 ]. These representative values cover much of the
0%–50% diffuse-radiation range investigated in Figure 5f , linking
he simulation conditions to a broad range of real-world solar
limates. Regions with lower diffuse fractions are more favorable
or the concentrating thermal branch, whereas the SPV module
an continue to harvest both direct and diffuse irradiance for
lectricity generation. For a broader system-level perspective,
he key performance metrics of representative thin-film-filter-
ased, nanofluid-based, and semi-transparent-PV-based spectral-
plitting PV-thermal collectors reported in the literature are
uantitatively compared with those of the present SPV-CST
ollector in Table S2 . 

he bandgap of semi-transparent perovskite photovoltaics is
unable and therefore provides an additional degree of free-
om for balancing electricity and thermal-energy generation. To
llustrate this fundamental trade-off, Figure S11 compares the
hockley–Queisser photovoltaic efficiency limit with the ideal
pper limit of solar energy available for thermal harvesting over
andgaps from 1.5 to 2.3 eV. As the bandgap increases from 1.5
o 2.3 eV, the theoretical photovoltaic efficiency decreases from
pproximately 32.1% to 16.7%, while the fraction of AM1.5D solar
nergy at wavelengths longer than the corresponding absorption
dge increases from approximately 39.4% to 72.4%. This analysis
ighlights the intrinsic spectral trade-off in selecting the SPV
andgap: increasing the bandgap shifts a larger fraction of the
olar spectrum toward the thermal branch, while decreasing the
andgap increases the photovoltaic conversion potential at the
xpense of transmitted thermal energy. 

 Conclusions 

his study demonstrates the potential of spectral splitting to opti-
ize solar spectrum utilization through a novel hybrid SPV-CST
ollector. The design integrates a semi-transparent perovskite
SPV) module placed in front of a Fresnel lens to harvest global
olar irradiance, while the lens focuses the transmitted direct
pectrum onto a concentrated solar thermal (CST) absorber for
igh-temperature thermal energy generation. The CST absorber,
quipped with built-in channels, ensures enhanced heat transfer
nd uniform temperature distribution. The present configuration
chieves thermal decoupling between the photovoltaic module
nd the high-temperature thermal receiver by placing the semi-
ransparent photovoltaic module before the concentrator, so that
he photovoltaic branch operates under unconcentrated sunlight
hile only the transmitted spectrum is concentrated for thermal
arvesting. In this study, the experiment establishes the feasibility
f the concept and validates the thermal model, while the
ull SPV-CST performance under higher-temperature operating
onditions is evaluated using the validated multiphysics model. 

he performance of the SPV-CST collector was thoroughly
valuated using coupled optical, thermal, and fluid dynamic
dvanced Science, 2026
simulations, validated through theoretical analysis and experi-
mental testing of a prototype under no concentration conditions.
Results reveal effective thermal decoupling, maintaining the SPV
module temperature at a consistent 38.5◦C across all flow rates,
thereby eliminating the need for active cooling. The thermal
absorber achieves temperatures up to 154.9◦C at a flow rate
of 2.9 kg/h, while the electrical efficiency remains stable at
13.8%, independent of absorber temperature. These outcomes
confirm the system’s ability to maintain independent thermal and
electrical performance. 

Future efforts will focus on advancing perovskite photovoltaic
technologies to enhance the efficiency of the SPV module and
further optimize the system’s overall performance. Research
aimed at minimizing optical losses in the SPV module, Fresnel
lens, and CST absorber will be critical for maximizing solar
energy capture and utilization. Additionally, the integration of
high-efficiency, record-breaking perovskite PV cells, with effi-
ciencies exceeding 26%, offers the potential to elevate the system’s
electrical efficiency to approximately 25% with minimal impact
on thermal performance. 

These findings underline the proposed SPV-CST collector’s
potential to provide a sustainable and efficient solution for simul-
taneous electricity and thermal energy generation. The design
is adaptable to various operational conditions and applications,
supporting the global energy sector’s transition toward net-zero
emissions. By addressing key challenges in solar energy utiliza-
tion, this work contributes to the advancement of hybrid solar
energy systems, aligning with sustainability goals and paving the
way for future innovations in renewable energy technologies. 

Improving the long-term operational stability of perovskite solar
cells is critically important. Previous studies have shown that
perovskite materials are susceptible to degradation under thermal
cycling, humidity, and prolonged UV exposure, which can lead
to phase instability, ion migration, and performance loss [ 47, 48 ,
49 ]. In particular, UV irradiation is known to accelerate chemical
decomposition, defect formation, and interfacial degradation
[ 50, 51 ]. Recent advances, including compositional engineering,
surface passivation, interface optimization, and improved encap-
sulation strategies, have demonstrated promising progress in
enhancing device stability under realistic operating conditions
[ 51, 52 ]. Recent studies further show that, in semi-transparent
perovskite solar cells, stability can also be limited by degradation
at the transparent-contact interfaces [ 44 ]. In particular, lithium
species from the doped hole-transport layer can diffuse into the
metal-oxide buffer layer, accelerating fill-factor loss and long-
term degradation. Interface engineering that converts reactive
lithium species into more stable lithium oxides has enabled semi-
transparent devices with an electrical efficiency of ∼ 22%, > 99%
shelf stability after 400 h, and > 99% operational stability for
240 h. These findings are directly relevant to the present SPV-
CST system (the SPV2 used in this study), where the long-term
robustness of transparent-contact interfaces will be important
for practical application. Future research on SPV–CST systems
should therefore focus on systematic stability evaluation of semi-
transparent perovskite modules under realistic solar irradiation,
ambient thermal cycling, humidity, and UV exposure, as well
as on the development of durable encapsulation approaches for
long-term operation. 
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or practical outdoor operation, the SPV-CST collector requires
olar tracking to maintain near-normal incidence on the Fresnel
ens and preserve optical concentration performance. The results
resented in this study therefore represent the performance
nder ideal optical alignment, as achieved in the experiments
nder a solar simulator. Under off-normal incidence, the optical
fficiency of the concentrating path would decrease, leading
rimarily to a reduction in the thermal output of the CST
bsorber. In contrast, the SPV module is positioned before the
oncentrator and can still directly harvest both direct and diffuse
olar irradiance, so the photovoltaic branch is expected to be
ess sensitive to tracking errors than the thermal concentrating
ranch. Like those faced by conventional solar materials and
evices, UV irradiation, humidity, thermal cycling, and soiling
an affect the practical deployment and long-term performance of
he proposed SPV-CST collector. UV-induced degradation can be
itigated by using UV-resistant optical materials, such as glass-
ased Fresnel lenses, together with UV-stabilized encapsulation
aterials such as ethylene-vinyl acetate (EVA). The influence
f humidity can be reduced through effective encapsulation
nd edge sealing, while degradation caused by repeated thermal
ycling can be minimized through appropriate material selection
nd mechanically robust interfaces that accommodate thermal
xpansion. Particularly, soiling is another important factor for
utdoor operation of the SPV-CST collector. Dust deposition
n the SPV surface reduces both photovoltaic output and the
ear-infrared flux transmitted toward the thermal branch, while
dditional soiling on the bottom surface of the Fresnel lens
urther decreases the optical power reaching the CST absorber.
s a first-order sensitivity analysis, assuming spectrally uniform
ttenuation, equal soiling losses of 5%, 10%, and 20% on the
PV and Fresnel lens would reduce the electrical output by 5%,
0%, and 20%, respectively, and the thermal input by approx-
mately 9.8%, 19.0%, and 36.0%. Actual soiling losses are site-
nd wavelength-dependent, and future outdoor studies should
nvestigate dust accumulation, spectral attenuation, cleaning fre-
uency, and suitable anti-soiling strategies. For the solar tracking
ystem, tracking errors primarily affect the CST branch rather
han the SPV branch. For the SPV module, the incident direct
rradiance approximately follows a cos θ dependence; therefore,
racking offsets of θ = 0.5◦, 1◦, and 2◦ reduce the direct irradiance
y only approximately 0.004%, 0.015%, and 0.061%, respectively.
n contrast, angular deviations shift the focal region of the Fresnel
ens relative to the CST absorber. For the present focal distance
f 1.4 m, tracking errors of θ = 0.5◦, 1◦, and 2◦ correspond to
ocal shifts of approximately 1.22, 2.44, and 4.89 cm, respectively.
ssuming a 10 cm receiver matching the nominal focal foot-
rint, a first-order two-dimensional geometrical analysis gives
orresponding spillover losses of approximately 12.2%, 24.4%,
nd 48.9%. In practical systems, a receiver larger than the
ominal focal footprint can provide additional optical acceptance
olerance; for example, a 15 cm receiver can accommodate
pproximately 1◦ tracking deviation with negligible spillover in
his simplified analysis. Receiver sizing therefore represents a
rade-off between tracking tolerance and thermal heat losses. 

rom a practical perspective, the SPV-CST collector studied
ere can be regarded as an upgraded Fresnel-lens-concentrated
olar-thermal collector, in which a semi-transparent perovskite
odule is added above the Fresnel lens to enable simultaneous
lectricity generation. In this sense, the additional system cost is
2 of 17
mainly associated with the semi-transparent perovskite module
and its integration, while the concentrating solar-thermal part
remains largely based on an existing collector architecture. A
first-order estimate therefore suggests that the capital cost of
the SPV-CST system may be approximated as the sum of a
Fresnel-lens-concentrated solar-thermal collector and a semi-
transparent perovskite module. Based on this view, the overall
payback time of the SPV-CST collector is expected to be on the
order of that of the two subsystems, although a more rigorous
estimate will require detailed analysis of integration cost, system
lifetime, maintenance, and the application-specific values of
electricity and high-temperature heat. On the other hand, the
SPV-CST collector offers the ability to simultaneously generate
electricity and high-temperature heat from the same collector
area, which may provide practical and economic advantages
in applications where both outputs are required and available
installation area is limited. This will be an important subject
for future techno-economic analysis. SPV-CST collector occupies
a different application space from both separate PV plus CST
systems and conventional non-concentrating PV/T collectors.
Separate PV and CST systems offer greater technological maturity
and allow independent optimization of electricity and thermal
generation, but generally require separate collector areas and
balance-of-system components. In contrast, the SPV-CST archi-
tecture co-generates electricity and medium- to high-temperature
heat from the same solar aperture, which can be advantageous
where installation area is limited and both energy outputs are
required. Conventional non-concentrating hybrid PV-thermal
collectors offer simpler system architectures and are well suited
to low-temperature heat applications, but their thermal output
temperature is constrained by the thermal coupling between
the PV module and thermal absorber. The hybrid SPV-CST
concept in this study is therefore attractive under high-direct-
irradiance conditions with simultaneous demand for electricity
and medium- to high-temperature heat, whereas it is likely to
be less favorable when installation area is abundant, irradiance
is highly diffuse, only one energy product is required, or the
additional costs of semi-transparent perovskite modules and
optical integration outweigh the benefits of co-generation. 

The present study combines experimental characterization and
model-supported system analysis. The semi-transparent per-
ovskite photovoltaic module is characterized experimentally
through its measured optical transmittance, absorptance, electri-
cal efficiency, temperature coefficient, and operating temperature
under solar-simulator illumination. The CST absorber is experi-
mentally tested under controlled conditions because it represents
the most complex part of the coupled model, involving optical
absorption, heat conduction, convective heat transfer to the
working fluid, and fluid dynamics in the internal flow channel.
The full SPV-CST collector performance is then assessed using
the measured SPV properties, measured optical properties of the
collector components, and the validated CST absorber model. An
integrated experimental demonstration of the complete SPV-CST
collector would provide further validation of the full architecture
and is an important direction for future work. 

Although the present study evaluates the SPV-CST concept at
a collector aperture of approximately 1 m2 , the experimentally
fabricated semi-transparent perovskite module in this study from
our lab is currently limited to 4 cm2 . However, commercial-
Advanced Science, 2026
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cale perovskite photovoltaic modules with dimensions up to
pproximately 1.2 × 2.4 m have already been demonstrated [ 53 ],
ndicating substantial progress in large-area perovskite module
abrication, although further development is still required for
igh-performance semi-transparent modules. A key step toward
ractical deployment is therefore the scalable fabrication of
arge-area, stable semi-transparent perovskite modules and their
ptical integration with Fresnel-lens-based thermal collectors.
urther upscaling can follow a modular approach, in which
ultiple SPV-Fresnel-CST units are arranged in arrays with
hared tracking structures, thermal manifolds, and electrical
nfrastructure. At larger scales, alternative concentrating archi-
ectures, such as linear Fresnel reflector systems integrated with
emi-transparent perovskite photovoltaics, may also provide a
romising pathway for simultaneous electricity and thermal-
nergy generation [ 21 ]. Future development should therefore
ocus on large-area SPV fabrication, long-term outdoor stability,
ptical alignment and integration, thermal-system integration,
racking strategies, and system-level techno-economic assess-
ent. 

 Methods 

.1 Experimental Method 

he measurements are conducted using a dual-lamp continuous
olar simulator (Wacom, class AAA) that replicates sunlight
ntensity and spectral distribution under standard test conditions
AM1.5). The incident light intensity is calibrated with a pyra-
ometer. A gravity-driven water flow system, controlled by the
levation of the water tank, eliminates the need for a pump. Flow
ate is regulated at the outlet by a valve and measured manually
ith a measuring cylinder and stopwatch. K-type thermocouples
onitor inlet and outlet water temperatures, recorded along with
mbient temperature using a data logger (PicoLog). Experimental
esults are validated against simulation data using inlet and
mbient temperatures as input parameters. The measurements of
he reflection and transmission properties were carried out using
 UV–vis–NIR spectrophotometer (Agilent Cary 7000). 

.2 Modeling Methods 

his study employs COMSOL Multiphysics 6.0 to simulate
he optical-thermal performance of a semi-transparent photo-
oltaic (SPV) and concentrated solar thermal (CST) collector.
sing the finite element method (FEM), the simulation involves
wo main physics: ray optics, conjugated heat transfer and
luid dynamics, to model solar energy interaction, thermal
anagement, and fluid flow dynamics. In addition to the
ain physics interfaces, the simulation includes three cou-
ling multiphysics interfaces: ray heat source, non-isothermal
low, and heat transfer with surface-to-surface radiation. This
nsures an integrated assessment of optical and thermal effi-
iencies, with the electrical efficiency indirectly derived from
emperature results. A two-step simulation process is used:
he first step involves a time-dependent optical simulation to
ssess the concentration performance of the Fresnel lens and
etermine solar power received by SPV and CST. The results
btained from the first step are fed into the second step,
dvanced Science, 2026
which involves steady-state heat transfer and fluid dynamics
analysis to study the thermal response and optimize system
performance. 

The model inputs and boundary conditions are defined
from measured data and tabulated material parameters.
The wavelength-dependent transmittance and absorptance
of the semi-transparent perovskite photovoltaic module are
taken from the measured spectra shown in Figure 2 , while the
optical properties of the Fresnel lens, glazing glass, absorber
coating, and insulation materials are summarized in Table 1 .
The electrical efficiency of the semi-transparent perovskite
module and its temperature coefficient are obtained from
the measured photovoltaic performance shown in Figure S1 .
Thermal boundary conditions, including ambient temperature,
wind speed, external convective heat transfer, inlet water
temperature, and mass flow rate, are specified according to the
experimental or simulation conditions described in the main
text and Table 1 . The thermophysical properties of standard solid
and fluid materials are taken from the COMSOL Multiphysics
material database unless otherwise specified. 

The following assumptions and settings are adapted to develop
the COMSOL model: 

∙ The released rays are polychromatic with a bandwidth (300–
2500 nm) with the number of rays specified as 10 000, and they
are set to be unpolarized with intensity 1000 W/m2 , with the
fraction of direct sunlight ∼ 90% and diffuse ∼ 10%. 

∙ Real and imaginary parts of the refractive index of the
materials are specified through the default Medium Properties
defined for all domains. 

∙ A default Material Discontinuity boundary condition is gen-
erated for all boundaries to account for the reflection and
refraction between different materials. 

∙ To accurately model Fresnel lens concentration, solar rays
are released as light cones with a disk angle of 4.65 mrad,
accounting for the sun’s angular divergence caused by its
finite size [ 54, 55 ]. 

∙ An air gap between the SPV and the lens is considered for
accurate estimation of the reflection at the exit interface of the
SPV and the front interface of the lens. 

∙ The reflection from the lens to the SPV is computed from the
Material Discontinuity node, a default feature applied to all
boundaries. 

∙ As the thermal absorber is placed in a vacuum, the heat loss
by convection and conduction is negligibly small. 

∙ Heat Flux nodes are assigned for the exterior boundaries of
the STPV module, lens, glass, and the compartment, flux type
is chosen to be convective heat flux. 

∙ Surface-to-Ambient radiation boundary conditions are added
for each of the SPV module, lens, glass, and the compart-
ment. The surface emissivity is defined for each associated
boundary, and the ambient temperature is set as 25◦C. 

∙ Blackbody/Graybody is selected in the initial values boundary
condition. 
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∙ Custom diffuse surfaces are provided for different surfaces
with assigning the associated emissivity and defining the
ambient temperature ( T amb = 25◦C), and layer opacity is
generated at each diffuse surface to determine whether the
surface is transparent or opaque to the emitted radiation from
the surface. 

∙ Radiative thermal exchanges within collector channels are
neglected [ 56 ]. 

∙ The flow is considered steady, fully laminar, and incompress-
ible [ 57 ]. 

∙ No-slip condition is imposed on the wall to state that the fluid
velocity at the channels’ walls is zero [ 58 ]. 

.2.1 Ray Optics 

ll ray tracing phenomena are simulated by employing Snell’s
aw and Fresnel equations. The ray trajectory can be computed
y solving six coupled first-order ordinary differential equations
or the components of the 3D ray vector k , the position vector q ,
nd angular frequency ω. 

𝑑𝑘 

𝑑𝑡 
= −𝜕𝜔 

𝜕𝑞 
𝑞, 𝑘 = 𝑥, 𝑦, 𝑧 (5)

𝑑𝑞 

𝑑𝑡 
= −𝜕𝜔 

𝜕𝑘 
𝑞, 𝑘 = 𝑥, 𝑦, 𝑧 (6)

.2.2 Heat Transfer and Fluid Dynamics 

he heat transfer mechanism is considered as a conjugate heat
ransfer of conduction and convection in the fluid domain inside
he channels, and it is solved by the following equation: 

𝜌𝐶p 𝑢 ⋅ ∇ 𝑇 + ∇ ⋅ ( − 𝑘∇ 𝑇 ) = 𝑄 (7)

he fluid dynamics inside the channels are governed by the
avier–Stokes Equations ( 8 ), representing the conservation of
omentum, associated with the continuity Equation ( 9 ), which
epresents the conservation of mass. The equations are given at
teady state [ 58 ]. 

𝜌 ( 𝑢. ∇ ) 𝑢 = ∇ . ( − 𝑃 𝐈 ) + ∇ .

( 

𝜇
(
∇ 𝑢 + ( ∇ 𝑢 ) 

𝐓 
)
− 2 

3 
𝜇 ( ∇ ⋅ 𝑢 ) 𝐈 

) 

+ 𝐹𝐕 

(8)

∇ . ( 𝜌𝑢 ) = 0 (9)

adiative heat exchange is simulated using the Surface-to-Surface
adiation interface in the Radiation Heat Transfer Module of
OMSOL Multiphysics. This interface is coupled to the Heat
ransfer in Solids and Fluids interface through the Heat Transfer
ith Surface-to-Surface Radiation multiphysics coupling. The
odel calculates the irradiation incident on each participating
urface and its radiosity, defined as the sum of emitted and
eflected radiation. The radiosities of all participating surfaces are
olved simultaneously, thereby accounting for repeated emission,
nterception, reflection, and re-emission between the SPV module
nd Fresnel lens, as well as among the CST absorber, glazing, and
nclosure walls. 
4 of 17
In the vacuum chamber, radiative heat transfer is the dominant
mechanism. The radiative heat flux is determined by both
incoming and emitted radiation, with the latter represented by the
radiosity J , which accounts for emitted and reflected radiation.
For opaque, diffuse-grey surfaces, the blackbody emissive power
eb ( T ) is given by the Stefan–Boltzmann law. 

𝑒b ( 𝑇) = 𝜎𝑇4 (10)

The total incident irradiation G comprises ambient irradiation
Gamb , external irradiation Gext coming from solar irradiance
heat flux, and mutual irradiation Gm 

originating from other
surfaces. The radiosity equation, derived from these relations,
is implemented in COMSOL, with the net radiative heat flux
incorporated into the heat transfer equation at boundaries. 

𝐽 = 𝜀𝑒b ( 𝑇) + ( 1 − 𝜀 ) ( 𝐺amb + 𝐺ext + 𝐺m ) (11)

𝑞r ,net = 𝜀 ( 𝐺 − 𝑒b ( 𝑇) ) (12)

Heat source boundaries for SPV and CST are defined as gen-
eral sources, with each boundary heat source Qb set based on
deposited ray power from ray tracing simulations. The SPV values
are manually assigned, while CST values are directly linked to the
GOP interface’s sub-node to account for the solar flux gradient
from the Fresnel lens. 

Heat loss from exterior surfaces, governed by Equations ( 13 )–( 15 )
[ 58 , 59 ], occurs primarily through convection and radiation: 

𝑞loss = 𝑞cv + 𝑞rad (13)

Convective heat exchange with the surroundings qcv is modeled
using a convective heat transfer coefficient hcv,wind , dependent
on wind speed υwind . Various estimation methods exist [ 60, 61 ],
with an intermediate expression (Equation 16 ) adopted for υwind 
< 5 m/s [ 42 ]. Convective heat flux follows Equation ( 15 ) for
SPV outer surfaces, the Fresnel lens, and glazing, while for
thermally insulated compartment walls, it is determined using
Equation ( 17 ). 

𝑞cv = ℎcv ,wind ( 𝑇 − 𝑇amb ) (14)

ℎcv ,wind = 4 . 5 + 2 . 9𝜐wind (15)

𝑞cv ,ins = 𝑈𝑖𝑛𝑠 ( 𝑇 − 𝑇amb ) (16)

where Uins is the heat transfer coefficient between the thermal
compartment outer walls and the environment (through the
insulation), calculated as follows: 

𝑈ins =
1 

𝛿ins 

𝑘ins 
+ 1 

ℎcv ,wind 

(17)

where δins and kins are the thickness and thermal conductivity of
the insulation respectively. 

The surface-to-ambient radiation boundary condition is used to
model the heat radiation to the ambient, calculated from the
Advanced Science, 2026
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ollowing equation: 

𝑞rad = 𝜀𝜎
(
𝑇4 − 𝑇4 

amb 

)
(18)

here ɛ is the emissivity of each respective diffuse surface, and σ
s the Stefan–Boltzmann constant. 

he validation model is configured to reproduce the laboratory-
cale experiment as closely as possible, using the same materials
nd boundary conditions as the test setup. By contrast, the later
ull-system simulations use parameters representative of a prac-
ical SPV-CST collector design intended for high-temperature
peration. In addition, the temperature variation within the CST
hannels is explicitly resolved by the conjugated heat-transfer
nd fluid-dynamics model, while the electrical output of the SPV
odule is evaluated from its simulated operating temperature
sing the measured temperature coefficient. 
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