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Abstract 
 

Photovoltaic technology is a direct and effective way to utilize solar energy. The mismatch between the absorption band of 
solar cells and the solar light band restricts solar energy's efficient use. Full-spectrum conversion of solar energy with spectral 
modification and coupling solar thermal application are reviewed. Additionally, implementing machine learning (ML) 
methods to improve solar energy utilization is also examined. With the utilization of up-conversion materials for solar cells, 
the solar-energy-utilization efficiency is enhanced. Combining PV and thermal applications have been validated to be 
promising for improving efficiency. With the development of computer science and the urgent need to design solar energy 
materials and forecast PV performances, ML methods in solar energy utilization have been successfully implemented into 
solar energy utilization. 
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1. Introduction 

Solar energy is the most abundant alternative to fossil fuel, 
converted into electricity sustainably.[1,2] In recent years, the 
solar energy utilization industry has experienced vigorous 
development and made rapid research or commercial 
achievements. Convert the sunlight into electric energy 
through semiconductor photovoltaic (PV) technology is a 
direct and effective way to utilize solar energy. According to 
the development history of solar cells (SCs), Green et al.[3] 
proposed that it could be divided into three stages: the first 
generation of bulk silicon solar cells including 

monocrystalline silicon and polycrystalline silicon,[4] the 
second generation of thin-film solar cells including amorphous 
silicon,[5] gallium arsenide (GaAs),[6] cadmium telluride (CdTe) 
and copper indium gallium selenium (CIGS) thin-film cells,[7] 
and the third generation new battery with improved structure 
and battery performance. The current commercial solar 
modules are mostly based on crystalline silicon (c-Si) single-
junction solar cells. In 2017, laboratory silicon heterojunction 
solar cells with record power conversion efficiency (PCE) 
over 26%[8] had been demonstrated to approach the theoretical 
PCE limit of Si solar cells, 29.1%.[9] Meanwhile, perovskite 
solar cells (PSCs) have become a hot research area recently. 
Since the first use in 2009, the PCE of thin-film perovskite 
solar cells has increased from 3.8%[10] to 25.2%, according to 
statistical data from NREL.[11] The maximum efficiency of 
different kinds of laboratory SCs is shown in Fig. 1. 

Despite the ongoing improvement of SCs, the PCE of 
single-junction solar cells is curtailed by the Shockley-
Queisser (SQ) efficiency limit of 31%.[12] The energy 
utilization of sunlight mainly comes from solar radiation, 
which has a vast continuous spectrum and tens of thousands 
of absorption and emission lines. The main difficulty in 
improving photovoltaic energy conversion efficiency lies in 
the spectral mismatch between the energy distribution of 
photons in the incident solar spectrum and the bandgap of 
semiconductor material. As well known, the spectral  
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Fig. 1 Statistical chart of maximum efficiency of laboratory solar cell by NREL reproduced with the permission from [11], Copyright 
the National Renewable Energy Laboratory, Golden, CO. 
 

distribution of sunlight consists of photons with broad 
wavelengths ranging from UV to IR (280 nm–2500 nm). In 
the total radiation energy, the infrared region with a 
wavelength greater than 780 nm accounts for about 52% of the 
total solar energy, followed by the visible region with a 
spectral wavelength between 390-780 nm, accounting for 
about 45% of the total solar energy.[13] However, the catalytic 
material is limited by the particular energy level structure and 
can only absorb the sunlight in a specific band. The photon 
below the bandgap does not have quantum interaction with the 
catalytic material, which means that a large proportion of 
infrared light energy will eventually be converted into heat.  

 
Fig. 2 Flexible paths of full-spectrum solar conversion. 

 

As full-spectrum sunlight can harvest solar energy 
utilization, a lot of research has been conducted to minimize 
the incident photons' loss. Fig. 2 shows the three primary paths 
to achieve this purpose. As shown in Fig. 2, solar energy full 
spectrum conversion can be realized by stacking solar cells of 
appropriate bandgaps in multijunction configuration, 
modifying the incident spectrum, and coupling solar thermal 
application (PV/T) to utilize the heat converted from the 
infrared light. Multijunction configuration is technically 

simple by stacking solar cells with different materials. Spectral 
modification is to modify the incident photons to appropriate 
energy by spectral modification materials.[14] Up-conversion 
(UC), down-conversion (DC), and luminescent down-shifting 
(LDS) materials[15] are introduced to deal with the incident 
light making the infrared low-frequency and high-frequency 
ultraviolet light that cannot be effectively used in the light with 
proper frequency. As solar thermal technology utilizes a full 
spectrum of sunlight by converting photonic energy into heat, 
coupling solar thermal application with the PV is also 
promising. The PV/T system consists of a PV component and 
a thermal collector placed at the bottom of the PV component. 
The PV/T system's PV/T system can be enhanced due to a 
lower operating temperature since the solar electrical 
efficiencies for crystalline silicon cells and amorphous silicon 
cells decrease by 0.5% and 0.25%, respectively, for 1 oC 
temperature increasing.[16] The thermal collector absorbs the 
heat from the PV component and releases it for thermal 
applications, including domestic hot water. In this paper, full-
spectrum conversion and solar energy utilization with spectral 
modification and coupling solar thermal application are 
reviewed extensively. Accompany with the converging 
technology of spectral modification and coupling solar 
thermal application, another cutting-edge technology, i.e., the 
machine learning (ML) method, has attracted worldwide 
attention in solar energy utilization to the development of 
computer science and data science. Sharing the same objective 
to utilize solar energy, they are also coupled for better 
performance. Besides the conventional perspectives of 
materials and systems in solar energy full spectrum utilization, 
this paper also provides the recent progress of utilizing the ML 
method in solar energy utilization. 
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Fig. 3. (a) Single-junction solar cells suffer from considerable 
losses (indicated in red) because photons with energies below the 
solar cell's absorption threshold do not provide sufficient energy 
for the excitation of electron-hole pairs. By converting at least 
two low-energy photons into one usable high-energy photon, up-
conversion reduces these losses. (b) The photograph shows an 
upconverting solar cell device under laser illumination, 
reproduced with the permission from [18], Copyright 2015 
WILEY‐VCH Verlag GmbH & Co. 
 

2. Spectral conversion materials 

There are three spectral modification processes, i.e., up-
conversion, down-conversion, and luminescent downshifting. 
Up-conversion material[17] is a kind of optical conversion 
material that can convert low-energy photons into high-energy 
photons. In other words, it is a kind of fluorescence material 
with short wave excitation and long-wave emission. A single-
photon with energy less than the bandgap cannot be absorbed. 
But when the energies of two or more photons are combined 
into a single photon, this new photon with high energy could 
excite electrons into the conduction band and produce more 
currents. As shown in Fig. 3(a), the extent of these 
transmission or sub-bandgap losses depends on the considered 
solar-cell technology's absorption threshold. The up-
conversion would help to reduce these losses, especially for 
perovskite and organic solar cells. Fig. 3(b) gives a sample of 
an upconverting solar cell device under laser illumination. The 
upconverter is placed at the rear side of a bifacial solar cell. A 

rear reflector helps to capture the upconverter's emission. A 
mirror is placed underneath the device such that the 
upconverter and the visible up-conversion luminescence can 
be seen.[18] 

On the other hand, solar cells give the best photovoltaic 
response at wavelengths closer to the bandgap. Therefore, 
spectral modification in the opposing direction would also 
work. Both down-conversion and luminescent down-shifting 
processes can produce lower energy photons from ones of 
higher energy. But until recently, there were few physical DC-
PV systems fabricated or experiments reported to demonstrate 
an efficiency lifting with DC materials. But studies for the 
utilization of DC materials in solar cells increased recently. 
Dumont et al. prepared Tb3+ - Yb3+ co-doped Silicon- Nitride 
matrix DC layers, and its yield was improved from prior 
studies. It was deemed suitable for applying a silicon solar cell 
due to the efficient emission of 980 nm light following 325 nm 
illumination.[19]  

 
Fig. 4. UC mechanism of the lanthanide UC materials (a) Yb3+ 
and Er3+, (b) Yb3+ and Tm3+ and (c) Yb3+ and Ho3+, reproduced 
with permission from [23], Copyright 2014 American Chemical 
Society. 
 

In this paper, we focus on up-conversion materials and 
their application for solar cells. Up-conversion was first 
proposed by Bloembergen[20] in 1959. He found that rare earth 
metal compounds could absorb IR radiation then reemit at a 
shorter wavelength, acting as quantum counters known as up-
conversion. To date, two main classes of materials have been 
studied for UC emission. These are the UC emission of 
lanthanide ions, Lnx+, [such as Erbium (Er3+), Holium (Ho3+), 
and Thulium (Tm3+)], in an inorganic host and the triplet-
triplet annihilation (TTA)- based UC. Upconverting 
nanocrystals are generally comprised of an inert host material 
doped with sensitizer and activator lanthanide ions. Usually, 
fluorides exhibit lower phonon energies and high chemical 
stability and are often used as host materials for UC processes. 
NaYF4 is the most popular host for lanthanide UC materials.[21, 

22] Yb3+ has a larger absorption cross-section than those of the 
other dopant lanthanide activators, such as Er3+, Tm3+, and 
Ho3+. The 2 F7/2 − 2 F5/2 transition of Yb3+, which can be 
excited by a 980-nm laser, is conveniently resonant with many 
f − f transitions of Er3+, Tm3+, and Ho3+, facilitating efficient 
ET from Yb3+ to these ions, as shown in Fig. 4.[23] The most 
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Fig. 5 (a) Schematic diagram of DSSCs with UC and plasmonic rear reflector film. (b) J–V curves of DSSCs with different films, 
reproduced with the permission from [31], Copyright 2014 Royal Society Of Chemistry. 

 

efficient up-conversion has been reported for the lanthanide 
ion couples (Yb, Er) and (Yb, Tm).[24] Like UC via rare-earth 
ions, the TTA process can be evidenced by the fluorescent 
intensity's quadratic dependence on incident light power since 
TTA involves an interaction between two sensitized triplet 
acceptor molecules.[25] 

So far, up-conversion materials [26] have been synthesized 
and used to minimize the solar-cell-based energy conversion 
process losses. For further utilization of solar energy, the up-
conversion effect has been considered as a promising route for 
spectral widening in photovoltaic devices, such as dye-
sensitized solar cells (DSSCs),[27] organic solar cells, silicon-
based solar cells, and perovskite solar cells.[28] Since its 
discovery, up-conversion materials have been widely used in 
lasers, biomedicine, and display. Compared with the 
traditional fluorescent materials, there is an anti-Stokes 
phenomenon in this material. The earliest up-conversion 
materials were realized on phosphors. Then, the up-conversion 
luminescence phenomenon also appeared in selenides, with 
the conversion efficiency greatly improved. At present, there 
are three types of up-conversion luminescence, i.e., excited-
state absorption, energy transfer, and photon avalanche.[29] 
Although researchers have gradually noticed the idea of up-
conversion materials used in efficient solar energy conversion, 
it is mainly used in solar cells. A. Shalav et al. attached the up-
conversion luminescent material NaYF4: Er3+ on the back of 
the solar cell to improve the photoelectric conversion 
efficiency by enhancing the near-infrared partial responsivity 
of the solar cell.[30] In the application process, it is found that 
the external quantum efficiency of the battery is the highest 
when using 2.5% up-conversion phosphor. Ramasamy and 
Kim reported Ag particles' use with an upconverting layer for 
dye-sensitized solar cells (DSSCs).[31] The authors then 
investigated the effect of five different layers on the solar cell 
performance. The schematic diagram of the constructed DSSC 
is shown in Fig. 5.[31] The introduction of an up-conversion 

layer can adjust the solar spectrum and improve the 
photoelectric performance of DSSCs from the effective 
matching between the response curve and the spectrum. 

Up-conversion in solar cells was calculated to lead to a 
maximum conversion efficiency of 47.6% potentially. Applied 
on the back of silicon solar cells, the efficiency limit would be 
approximately 37%.[26] The analysis of the incident AM1.5G 
spectrum's energy content shows that silicon SCs with an 
upconverter layer would benefit from an extra amount of 35% 
incident light.[32] The application of rare-earth-doped up-
conversion in double-sided silicon solar cells was described 
by Pan.[33] They believe that the two-sided structure can absorb 
the light emitted from the conversion luminescence layer to 
verify that they take two practical methods to test the battery 
piece: one is directly coated with up-conversion phosphor 
solar cell, the other uses powder dissolved in silicone gel. The 
results of both methods show that these phosphors can be 
effectively used by solar cells. Bernd Ahrens et al. used the 
heat treatment method to compound neodymium and chloride 
ions to enhance fluoroacetate glass luminescence. They found 
that Er glass's doping makes the phosphor more suitable to be 
used as the up-conversion luminescence layer of silicon solar 
cells in theory.[34] J. De Wild et al. applied NaYF4: Yb3+, Er3+ 
near-infrared conversion luminescent materials on the back of 
porous silicon solar cells. Because the materials absorb the 
reflected light and convert them into near-infrared light, the 
infrared radiation effect is enhanced.[35, 36] The results show 
that the current per unit area increases by 10 μM/cm2 under 
laser irradiation.  

The UC luminescent nanomaterials have emission spectra 
in the range of 400–700 nm, which coincides with the 
absorption of perovskite solar cells (PSCs). The application of 
UC materials in PSCs is beneficial for efficiency lifting. There 
have been different approaches in choosing where to put the 
UC materials. Fischer et al.[37] applied a visibly transparent 
LiYF4: Yb3+, Er3+ single crystal on top of the PSC to increase 



ES Energy & Environment                                                                                                                                                                         Review article 

© Engineered Science Publisher LLC 2021                                                                                                                               ES Energy. Environ., 2021, 11, 3-18 | 7 

Table 1 Lanthanide-doped up-conversion materials used for PV applications. 

Dopant 
ion  

Host Excitation(nm) Emission(nm) Solar cell Ref 

Er3+ NaYF4 1523 550,660,800,980 c-Si [30] 
Er3+ Fluoride 

glasses 

1532 550, 660, 820, 980 c-Si [40] 

Ho3+ Glass-ceramics 
containing PbF2 
nanocrystals 

1170 650, 910 c-Si [41] 

Er3+–
Yb3+ 

Y6W2O15 973 516-570 GaAs [44] 

Er3+–
Yb3+ 

NaYF4 980 524, 540, 660 a-Si [43] 

Er3+–
Yb3+ 

LaF3 980 543, 655 Dye-
sensitized 

[45] 

Tm3+–
Yb3+ 

Lu2O3 980 476, 653 Dye-
sensitized 

[42] 

Er3+–
Yb3+ 

YF3 975 510-560 Organic [46] 

 

the PCE by 7.9% under 7-8 sun illumination. It is a 
straightforward method to apply UC materials to PSCs and 
broaden the absorption. Also, using UC materials in the 
electron transport layer (ETL) is a popular pathway. He et al. 
reported the utilization of NaYF4:Yb/Er up-conversion  
nanoparticles (UCNPs) to replace the mesoporous layer of 
TiO2 in PSCs firstly.[28] The power conversion efficiency (PCE) 
was increased to 17.8%. The major challenge of using UC 
material in solar cells is that the defect and ligands on the 
surface of UC material would trap many photo-generated 
electrons and decrease the photocurrent in solar cells. To 
overcome the difficulty, Wang et al. reported the utilization of 
Er and Yb doped TiO2 (Er-Yb: TiO2) nanorod arrays as ETL 
of the PSCs and the PCE was enhanced to 20.8%.[38] The 
introduction of UC nanomaterial into the commonly applied 
active layer of PSC was the most efficient way for improving 
the photoelectric performance of PSCs. A hydrophilic IR806 
dye-sensitized UC nanocrystal IR806-β-NaYF4: Yb, Er 
(IR806-UCNCs) was fabricated in 2017.[39] By incorporating 
IR806-UCNCs into planar PSC, a PCE of 17.49% was 
received, made an increment of 29% compared with IR806-
UCNCs free devices. Table 1 gives more examples of up-
conversion materials used for PV applications.[30, 40-46] 

The results show that the up-conversion materials can 
optimize the solar energy spectrum. Up to now, up-conversion 
materials in solar hydrogen production lack systematic 
theoretical research and experimental level practical 
application, especially from the micro point of view, to explore 
the impact of various physical factors on the performance of 
such systems and their synergistic effects. How to select and 
control the up-conversion materials with the highest efficiency 
is worth investigating deeply. 

 

3. PV/T 

PV/T technology has been investigated with various types of 
PV cells, including monocrystalline silicon (c-Si), 
polycrystalline silicon (p-Si), ribbon silicon (r-Si), amorphous 
silicon (a-Si), cadmium telluride (CdTe), and copper indium 
gallium selenide (CIGS).[47] PV/T systems can be divided into 
different categories based on heat extraction method or 
structure.  

 
Fig. 6 Cross-sectional views of: (a) Model 1: single-path, bifacial 
PVT collector (b) Model 2: double-path, parallel flow, bifacial 
PVT collector (c) Model 3: double-path, counter flow, bifacial 
PVT collector (d) Model4: double-pass, returning flow, bifacial 
PVT collector, reproduced with the permission from [49], 
Copyright 2016 Elsevier. 
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Fig. 7 The cross section of the flat heat pipe based solar hybrid PV/T solar panels, reproduced with the permission form [58], 
Copyright 2016 Elsevier. 

 

Based on the heat extraction method, PV/T systems can be 
categorized into air-based, liquid-based, heat pipe-based, 
phase change material (PCM)-based, and thermoelectric-
based systems. Air-based PV/T systems have a wide 
application, especially in space heating, ventilation, and 
drying of agricultural products due to their minimal use of 
materials and low operating costs.[47,48] Ooshaksaraei et al.[49] 
investigated four air-based bifacial photovoltaic thermal 
collectors in Fig. 6. The single-path collector design is the best 
option if electrical energy is the dominant desired output 
energy. However, a double-path parallel flow design is the best 
option if the thermal energy is the dominant desired output 
energy. The single-path design had the highest exergy 
efficiency (8.2%–8.4%), followed by the double-path parallel 
flow design (7.2%–8%). Liquid-based PV/T systems have a 
better performance compared to air-based PV/T systems due 
to a higher thermal capacity. While water is the most 
accessible and the cheapest liquid coolant, nanofluids have 
been extensively proposed as more efficient coolants and 
optical filters for PV/T systems. So far, various nanoparticles, 
including carbon,[50] SiC,[51] silver [52] and gold[53] have been 
used for the nanofluid-based PV/T. Based on the analysis 
performed by Hassani et al.,[54] nanofluid-based PV/T 
configuration with optimized optical and thermal properties 
produces more than twice of high-grade exergy annually than 
the water-based PV/T. Zhang et al.[55] proposed a method to 
select proper nanofluids to decouple the solar irradiance for 
electricity and heat. Their results through the technique 
indicate that nanoparticle radius, ranging from 20 nm to 60 nm, 
drove peak absorption movement from 395 nm to 520 nm. Si 
cells' electrical efficiency and merit function value were 11.85% 
and 1.61 for 20 nm nanofluid, 11.0% and 1.66 for 20/40 nm 
(8:2) nanofluid. In comparison, those of GaAs cell were 9.30% 
and 1.92 for 20 nm nanofluid, 9.03%, and 2.05 for 20/40 nm 
(8:2) nanofluid, respectively. As the heat pipe has very high 
thermal conduction, maintaining almost constant temperature 
has excellent application potential to be integrated with the 
PV/T system.[56,57] Taking the advantage of the efficient heat 
transfer process achieved by the heat pipe, Jouhara et al.[58,59] 
developed a flat heat pipe based solar hybrid (PV/T) collector. 
Fig. 7 shows the cross section of the flat heat pipe based solar 
hybrid PV/T solar panels. The flat heat pipes were made from 
aluminum as the shell material and ammonia as the working 
fluid. They found the conversion efficiency of solar to thermal 
energy for the solar flat heat pipe collector was between 45.4 

and 64.2%. Additionally, Chen et al.[60] proposed a heat-pipe 
solar (HPS) photovoltaic/thermal (PV/T) heat pump system 
(shown in Fig. 8), combining the HPS PV/T collector with a 
heat pump. A heat pump uses the extracted heat from the HPS 
PV/T collector. They found that the increase of PV backboard 
absorptivity leads to improving thermal application 
performance. The increases of supply water temperature in the 
condenser, PV packing factor, and heat pipe pitch impact the 
thermal application performance.  

 
Fig. 8 Cross-section view of the HPS PV/T collector, reproduced 
with the permission from [60], Copyright 2017 Elsevier. 
 

Phase change material (PCM), which can efficiently 
decrease a PV module's temperature by phase change, has also 
been used in PV/T.[61-63] Preet et al. [64] investigated the 
enhancement of using paraffin wax RT-30 in the PV/T system. 
Compared with water-based PV/T, PCM based PV/T has a 
lower operating temperature but a higher voltage. Yang et al.[61] 
proposed that integrating a PCM layer into a PV/T panel 
(shown in Fig. 9) reduced its heat loss to ambient effectively. 
The heat stored into the PCM can be discharged into the 
working fluid when the solar radiation is less intensive or 
unavailable, which improves the system's energy performance. 
Hossain et al.[65] developed a photovoltaic/thermal-phase 
change materials (PV/T-PCM) system and evaluated its energy, 
exergy, and economic performance. Lauric acid as PCM in 
leak-proof aluminum foil packets is placed around the flow 
channel, allowing an extended thermal storage period. They 
have achieved an exergy efficiency of 12.19% for the PV/T-
PCM system. As the thermoelectric (TE) module can provide 
an electrical output with a temperature difference, it can be 
attached to the PV cell backside as a tandem hybrid system to 
absorb electricity generation heat.[66, 67] However, the TE 
utilization is at the expense of reducing the system 
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Fig. 9 Configuration of the PV/T-PCM module, reproduced with 
the permission from [61], Copyright 2017 Elsevier. 
 

security and stability since the photovoltaic cell in the tandem 
hybrid system works at a higher temperature.[68] Also, the PV-
TE generally requires concentrators to achieve such a high 
temperature, which is unnecessary for other heat extraction 
methods.[69, 70] Tiwari et al.[71] analyzed photovoltaic, 
thermoelectric flat plate collectors, which integrates the TE 
and water-based heat sink at the bottom of the PV panel (see 
Fig. 10). As shown in Fig. 10, the TE and water-based heat 
extraction methods are in series, i.e., the integrated TE 
modules produce electricity.  

 
Fig. 10 Cross-sectional view of photovoltaic, thermoelectric flat 
plate collector, reproduced with the permission from [71], 
Copyright 2019 Elsevier. 
 

 
Fig. 11 PV-TE system with the V-type groove , reproduced with 
the permission from [73], Copyright 2018 Elsevier. 
 

Simultaneously, the water, through tube-in-sheet collector 
configuration, extracts heat from the bottom surface of TE 
modules. Li et al.[72] studied the geometry of the thermoelectric 
device in a PV-TE device. They pointed out that the optimum 

thermoelectric geometry in a hybrid PV-TE device 
dependedon the PV cell type. Zhang et al.[73] designed a V-type 
groove shown in Fig. 11, to improve the heat transfer process 
leading to higher efficiency. Zhang et al.[74] used the thermal 
lubricant between the PV cell and the TE device, which 
significantly improves the performance due to the enhanced 
heat transfer. 

 
(a) 

 
(b) 

Fig. 12 Harp-channel (a) and grid-channel (b) absorber plate, 
reproduced with the permission from [64], Copyright 2019 
Elsevier. 
 

PV/T systems can be classified into a flat plate for the 
structural aspect, building integrated systems, and 
concentrating systems. For the flat plate collectors, Yu et al.[64] 
investigated the performance of a harp-channel configuration 
in Fig. 12(a) and a grid-channel arrangement in Fig. 12 (b). In 
their system, the working fluid of water is heated for domestic 
hot water supply. They found that the grid-channel PV/T 
collector had higher thermal and PV power efficiencies than 
those of the harp-channel collector, while the harp-channel 
PV/T collector had much lower water flow pressure drop. 
Building integrated photovoltaic (BIPV) systems can be ideal 
for densely built environments, where traditional ground-
mounted systems cannot be easily used.[75] Moreover, the 
BIPV/T system becomes cheaper than ground-mounted 
systems due to the sharing of resources like materials and 
functions in the integration.[76] Farshchimonfared et al.,[77] 
investigated the effect of the depth on a PV/T air collector 
linked to the mechanical air distribution system of a typical 
residential building. Fig. 13 shows the schematics of the PV/T 
air collector and integration of the PV/T collector into the air 
distribution system of the building. Their results show that a 
smaller depth offers good performance at a higher air 
temperature rise, while a larger depth can deliver a better  
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(a) 

 
(b) 

Fig. 13 A PV/T air collector (a) and integration of the PV/T 
collector to the air distribution system (b) of the building, 
reproduced with the permission from the [77], Copyright  2016 
Elsevier. 
 

overall energy output but a lower temperature rise. 
Khanmohammadi et al.[47] investigated an integrated system of 
a photovoltaic/thermal (PV/T) system with a thermal wheel 

(TW) system for residential applications, which is capable of 
pre-heating/pre-cooling the ambient fresh air in 
winter/summer as well as producing electricity. They proposed 
that the coupled BIPV/T-TW system has a better thermal 
performance compared with the separated BIPV/T and TW 
systems, i.e., the annual energy efficiency and TW 
effectiveness of the optimized BIPV/T-TW system is 118.3% 
and 59.7% higher than that of the un-optimized system, while 
it has a slightly lower electrical performance compared with 
the BIPV/T system. Guo et al.[78] developed a desiccant air 
dehumidification and cooling cycle that coupled ground 
source heat exchange and flat plate photovoltaic thermal 
(PV/T) collectors to provide conditioned air. The system 
cannot only maintain an office space within the thermal 
comfort zone for up to 93% of the time but save electrical 
energy up to 87% in comparison to a conventional dew point 
air dehumidification and cooling process. 

Compared with conventional flat-plate PV/T system, 
concentrating PV/T system not only achieves larger solar 
irradiation for a fixed area but also generates hot working fluid 
at a higher temperature.[79, 80] In contrast, the major defect of 
the concentrating PV (CPV) technologies depends on the 
higher operating temperature caused by the concentrated solar 
energy, which weakens the power generation efficiency,[81, 82] 
There have been many types of research conducted relevant to 
the concentrator. While the solar irradiance on the flat-plate 
collector is relatively uniform, the concentrating PV's flux 
distribution appears to be non-uniform. Li et al.[83] proposed a 
novel asymmetric compound parabolic concentrator 
concentrating PV with uniform flux distribution. 

 

 

Fig. 14 Conceptual design of the hybrid PV/T receiver, reproduced with the Permission form [86], Copyright 2017 Elsevier. 
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Fig. 15 Spectral beam splitting retrofit for existing CSP parabolic troughs to add concentrating photovoltaic power to output, 
reproduced with the permission from [87], Copyright 2020 International Solar Energy Society.  

 

Furthermore, Bahaidarah et al.[84] investigated the effect of 
glazing on the concentrator. An unglazed PV-CPC system is 
recommended for greater electric power output, and a glazed 
system is recommended for higher thermal gain. As the 
efficiency can be improved by ~5% for unconcentrated 
sunlight with the spectrum splitting system,[85] i.e., wavelength 
below the bandgap-wavelength is directed to the PV 
component and the rest is directed to the thermal collector, the 
spectrum splitting PV/T system with concentrator is also 
anticipated with higher efficiency. By controlling the material, 
size, and shape of nanoparticles, it is possible to achieve 
spectrally selective optical properties. Crisostomo et al.[86] 
used Ag-SiO2nanoparticles in water to filter out the ideal 
spectrum for creating electricity from Si PV cells. Fig. 14 
shows the design of the hybrid PV/T receiver. They pointed 
out that 12% more energy output can be achieved from this 
PV/T prototype compared with a stand-alone PV system under 
the same illumination. Wingert et al.[87] designed a spectral 
beam splitting retrofit (shown in Fig. 15) for existing 
concentrating solar power (CSP) parabolic troughs to add 

concentrating photovoltaic power to output. The photovoltaic 
modules achieved an average efficiency of 12.4%. 
Meanwhile, there is a decrease in thermal performance. Still, 
the overall design can provide a path to retrofit existing 
parabolic trough power plants to provide a 13% increase in 
power output using commercially available photovoltaic 
technology. Han et al.[88] proposed a concentrating 
photovoltaic/thermal (CPV/T) system, shown in Fig. 16, 
which combines the advantages of Ag/CoSO4-propylene 
glycol (PG) nanofluid based spectral beam splitter and heat 
pipe cooling technologies to enhance the solar energy 
conversion efficiency. Their results showed that when the 
concentration ratio varies from 1 to 8 suns, the average 
difference in the system average total efficiency of heat pipe 
cooling mode and no heat pipe mode is 10.4%. Under the solar 
irradiance on a typical day with a concentration ratio of 5 suns, 
the system's instantaneous total efficiency reaches a maximum 
value of 73.20% at 17: 00, with 7.55% coming from electricity. 
Its average total efficiency for the whole day is 53.66%. 

 

 
Fig. 16 Schematic of the nanofluid based spectral beam splitting CPV/T receiver with heat pipe cooling: (a) cross-section of the 
CPV/T receiver and (b) 3D diagram of the CPV/T receiver, reproduced with the permission from [88], Copyright 2020 Elsevier.
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Fig. 17 Schematic of the photovoltaic-thermoelectric/thermal system, reproduced with the permission from [89], Copyright2019 
Elsevier.  

 

 
Fig. 18 The hybrid concept for generating electricity from solar 
power: concentrated sunlight is stored and converted via 
photovoltaics (PV), thermoelectrics (TE), and mechanical 
engines (ME) to achieve 50% conversion efficiency, reproduced 
with the permission from [91], Copyright 2016 Royal Society of 
Chemistry. 

 

Recently, more diverse hybrid systems are proposed to 
couple multi-devices for efficient utilization of full-spectrum 
solar energy. Zhou et al.[89] developed a photovoltaics-
thermoelectric/thermal (PV-TE/T) system capable of full solar 
spectrum utilization. Fig. 17 shows the schematic of the PV-
TE/T system, which is composed of a tandem PV-TE 

component and a thermal collector with spectrally selective 
absorbing fluid. They proposed that the thermal collector in 
the PV-TE/T system cannot only make the output power more 
stable but enhance the efficiency. Yu et al.[90] investigated a 
solar Micro-Channel Loop-Heat-Pipe Photovoltaic/ Thermal 
(MC-LHP-PV/T) system, which employs the co-axial tubular 
heat exchanger as the condenser, PV-bound multiple micro-
channel tubes array as the PV/evaporator, the upper-end liquid 
header with tiny holes as the liquid header and liquid/vapor 
separator, and the upper-end vapor header as the vapor 
collector and distributor. Under some specific operational 
conditions and the real weather solar radiation, the solar 
thermal efficiency of the system was in the range of 25.2% to 
62.2%, which are 17.20% and 33.31% higher than the overall 
solar efficiency of the existing PV/T and BIPV/T systems. 
Bermel et al.[91] proposed a 
photovoltaic/thermoelectric/mechanical (PV/TE/ME) hybrid 
system. Fig. 18 shows the schematics of the PV/TE/ME 
system. In advance of other PV-TE system, the PV/TE/ME 
system is incorporated with a mechanical engine (e.g., a 
steam-driven Rankine cycle), which connects to thermal 
storage and the mechanical engine 550oC. The thermal storage 
allows for significant dispatchability at a modest cost. As they 
proposed, the system can produce power for hours after sunset. 
Ideally, the system can achieve efficiencies over 50% using a 
combination of an InAlAs/InGaPt and em photovoltaics, 
ErAs:(InGaAs)1-x(InAlAs)x thermoelectrics, and mechanical 
Rankine cycles.  
 

4. Machine learning in solar energy utilization 

As mentioned in Arthur Samuel's work in 1959,[92] machine 
learning (ML) refers to techniques, which can give computers 
the ability to learn automatically from experience (i.e., dataset) 
without being explicitly programmed by human beings. ML 
algorithms can be classified into three major algorithms: 
supervised learning, unsupervised learning, and reinforcement 
learning. Similar to the process of human learning  
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Fig. 19 The typical structures of machine learning algorithms, reproduced with the permission from [97], Copyright 2020 Elsevier. 
 

summarize the rules of past events and form the experience to 
deal with events in the future, machine learning is divided into 
three stages: input, learning, and output. The first stage is the 
collection and preprocessing of the sample data; the second is 
the training learning stage, which constantly updates the 
model through the training data until the expected 
optimization goal is achieved; the final output stage is to use 
the optimized model to make predictions or decisions on 
unknown data (or events). 

Algorithms are the core of machine learning. The ML 
algorithms include artificial neural networks (ANN), support 
vector machine （SVM,[93] extreme learning machine 
(ELM),[94] recurrent neural network (RNN),[95] ensemble 
learning[96] and random forest (RF). The structures of typical 
ML algorithms are shown in Fig. 20(a-f).[97] It is necessary to 
have sufficient skill and patience to choose the proper model 
and adjust different hyperparameters to reach the optimal ML 
prediction. 

So far, the ML method has been desirable in many fields, 
including designing materials[98] and forecasting solar PV 
electricity generation.[99] As discussed above, perovskites are 
one of the next-generation SC materials. Nevertheless, it is 
hard to find a novel, stable and environmental-friendly 
perovskite. Due to the massive database like Inorganic Crystal 
Structure Database (ICSD),[100] and ML model based on the RF 
classification was successfully trained to predict the bandgap 
of inorganic perovskite materials, and 15,000 ABC2X 
structures of perovskite were used as training sets.[101] Thirty 
previously unreported Li- and Na-based perovskite with 
suitable bandgap (1.7–3.0 eV) were successfully found using 
this ML model. By using 212 sets of DFT calculation data as 
a training set, an ML model based on gradient boosting 
regression (GBR) algorithm was extended to predict the 

bandgaps of about 5000 hybrid organic-inorganic perovskites 
(HOIPs).[102] Six lead-free HOIPs were expected with 
appropriate bandgaps, further verified by density functional 
theory (DFT) calculation. With the aid of ML methods, the 
amount of DFT calculations has been reduced. 

For intelligent forecasting of the performances in PV/T 
collectors, Shamshirband et al. developed ELM models.[103] 
The experimental procedure was induced to measure the 
temperatures, solar radiations, mass flow rate. ELM model can 
predict the PV/T's performance under the different 
personalized input variables. The PV/T performance can be 
optimized by the algorithm and procedure applied in solving 
the model. For one day ahead of power forecasting regarding 
a large-scale PV plant in China, Gao et al.[104] classified the 
weather into ideal and non-ideal conditions and developed a 
discrete grey model for the power prediction. Based on 
different weather conditions, both PV forecasting models can 
be used by PV plant owners for hourly electric energy sale bids 
(based on forecasted PV hourly production) to day-ahead 
electric markets. 

Photoelectrochemical (PEC) water splitting is the way to 
sustain carbon-free hydrogen production.[105] Since Fujishima 
and Honda first demonstrated the PEC splitting of water in 
1972,[106] hydrogen's PEC production has advanced 
significantly. The ultimate target for PEC hydrogen cost is 
$2.10/kg,[107] which needs continuous efforts and technique 
improvements. In PEC hydrogen production, ML methods 
were used to predict new candidate materials for water 
splitting. For example, Greeley and Nørskov identified several 
surfaces and bulk alloys comparable to platinum from around 
750 binary TM alloys.[108] To understand the EC 
(Electrochemical) activity of materials for water splitting, 
Wexler et al. used a regularized-random-forest ML model to  
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Fig. 20 A DFT workflow accelerates the experimental workflow for searching for catalysts (a) for screening the catalysts ab initio 
(b). (c), Traditional workflows (blue) require scientific intuition to select candidates for DFT screenings. (d), the workflow (red) uses 
machine learning (ML) to select candidates systematically and automatically. The red text outlines the framework that this study used 
to perform active machine-learning and surrogate-based optimization, reproduced with the permission from [110], Copyright 2018 
Kevin Tran et al.  

 

describe the charge in determining the HER (hydrogen 
evolution reaction) activity of non-metal-doped 
Ni2P(0001).[109] Tran and Ulissi created a framework (Fig. 8) 
that produces and stores DFT data continuously, which 
combines task and calculation management software with 
active machine-learning and surrogate-based optimization to 
enable the automated, systematic selection and execution of 
DFT calculations.[110] They used this framework to identify 
258 candidate surfaces from 102 intermetallics suitable for the 
HER. The studies indicate the promise of ML strategies in 
discovering new water-splitting photo-electrocatalysts. 

Fig. 20. A DFT workflow accelerates the experimental 
workflow for searching for catalysts (a) for screening the 
catalysts ab initio (b). (c), Traditional workflows (blue) require 
scientific intuition to select candidates for DFT screenings. (d), 
the workflow (red) uses machine learning (ML) to select 
candidates systematically and automatically. The red text 
outlines the framework that this study used to perform active 
machine-learning and surrogate-based optimization.[110] 

 

5. Conclusions 

Solar energy is the most abundant alternative to fossil fuel. 
Photovoltaic technology is a direct and effective way to utilize 
solar energy. The mismatch between the absorption band of 
solar cells and the solar light band restricts solar energy's 
efficient use. In this paper, full-spectrum conversion and solar 
energy utilization with spectral modification and coupling 
solar thermal application are reviewed. Additionally, this 
paper also provides the recent progress of utilizing the ML 
method in solar energy utilization. 

Spectral modification has been proposed as a way to 
achieve higher solar cell efficiencies. With the utilization of 

UC materials for solar cells, a few studies have successfully 
harnessed greater energy from the solar spectrum. Although 
spectral modification has not broken the SQ limit, the 
continued research on both UC and DC to match the spectrum 
can excite prospects for expansion of solar PV.  

Combining PV and thermal applications have been 
extensively studied. The technology has been proved to be 
effective in efficiency improvement. Still, it is challenging to 
balance the cooling performance and the utilization of the heat. 
There is an inevitable trade-off between improving the high-
grade thermal energy utilization and lower PV efficiency. 
Therefore, the spectrum splitting method offers the potential 
for higher efficiencies, as each technology utilizes the solar 
spectrum over its optimal wavelength range. It is particularly 
recommended that higher-energy solar photons are being used 
with photovoltaics while the lower-energy solar photons are 
decoupled for thermal applications. With both theoretical and 
lab-scale experimental demonstrations, the hybrid systems are 
anticipated to have a promising efficiency. 

With the development of computer science and the urgent 
need to design solar energy materials and forecast PV 
performances, ML methods in solar energy utilization can be 
introduced for remarkable achievements. There have been 
many successful examples to implement ML methods into 
solar energy utilization, in which circumstances, complicated 
computations, or predictions are necessary.  
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