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The modern development of renewable energy sources requires the improvement of energy conversion 
technologies for sustainable power supply. One of the most promising methods of generating electricity is the use 

of photovoltaic (PV) converters, which directly transform solar radiation into electricity. However, a major 

drawback of PV modules is their tendency to heat up, which leads to a decrease in output power. This paper presents 

a review of hybrid PV-TE systems consisting of photovoltaic modules, thermoelectric generators, and an 
intermediate heat-conducting layer. Such systems not only allow cooling of the photovoltaic cells but also provide 

additional electricity generation through the Seebeck effect, which converts a temperature gradient into a potential 

difference. The main design approaches were analyzed, in particular tandem configurations with thermal 

concentration and systems with spectral splitting. The main challenges for further system optimization were 
identified and reviewed. Specifically, these include issues of thermal management, the limited efficiency of 

commercial thermoelectric materials, and the electrical integration of two components with fundamentally different 

current-voltage characteristics (CVCs). 
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Introduction 

The modern development of renewable energy 

sources plays a key role in ensuring sustainable energy 

supply and reducing environmental impact [1]. One of the 

most promising methods of electricity generation is the 

use of photovoltaic (PV) converters, which enable the 

direct conversion of solar radiation into electricity. The 

most common technology involves silicon-based solar 

panels with flat photovoltaic cells [2–4]. 

However, solar panels boperates a single 
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semiconductor material operates effectively only within a 

limited range of the solar spectrum, thereby reducing their 

efficiency [5,6]. One way to partially overcome this 

limitation is through the use of heterostructures consisting 

of multiple photovoltaic layers with different band gaps. 

This approach allows for more effective utilization of the 

solar spectrum. Theoretically, such structures can achieve 

efficiencies up to 86.8% with an unlimited number of 

layers [7]. In practice, however, each additional layer 

increases technological complexity and cost; therefore, 

modern multijunction solar cells typically consist of 3–4 

layers and achieve maximum efficiencies of about 45%. 

The operating temperature of photovoltaic modules 

directly affects their efficiency. An increase in 

temperature leads to a change in the semiconductor band 

gap, a reduction in open-circuit voltage, and an increase in 

recombination losses–all of which reduce the system’s 

output power [8]. Elevated temperatures also accelerate 

the degradation of materials used in solar panels, 

shortening their service lifetime [9,10]. Thus, the 

development of efficient cooling strategies for 

photovoltaic cells remains one of the key challenges in 

solar energy research. 

A promising approach to address this issue is the use 

of hybrid photovoltaic–thermoelectric (PV–TE) systems. 

Such systems not only cool the photovoltaic elements but 

also generate additional electrical power via the Seebeck 

effect, which converts a temperature gradient into an 

electric potential difference [11,12]. Thermoelectric 

generators (TEGs) can operate effectively at elevated 

temperatures by utilizing the excess heat produced 

through the absorption of solar radiation [13,14]. 

Hybrid PV–TE systems consist of photovoltaic 

modules, thermoelectric generators, and an intermediate 

thermally conductive layer that ensures efficient heat 

transfer between the components [15,16]. The 

implementation of such designs can enhance the overall 

efficiency of the system by 5–15%, depending on the 

operating conditions and materials used [17,18]. Studies 

have also shown that the incorporation of TE elements into 

PV systems can extend the service lifetime of photovoltaic 

modules by stabilizing their operating temperature [19]. 

In recent years, numerous experimental and 

theoretical studies of hybrid PV–TE systems have been 

conducted using various modeling techniques, including 

finite element analysis (FEM) in software such as 

COMSOL [20]. These investigations help determine 

optimal system parameters and evaluate performance 

under real operating conditions [21,22]. 

Advances in materials science have also contributed 

to improving the efficiency of thermoelectric generators. 

In particular, the use of novel nanostructured materials –

such as alloys based on Bi₂Te₃, Sb₂Te₃, and SiGe–has led 

to higher thermoelectric figures of merit (ZT), making 

these generators even more efficient [23–26]. 

Thus, the integration of thermoelectric modules into 

photovoltaic systems represents a promising direction for 

improving the efficiency of solar energy conversion. This 

article discusses modern approaches to enhancing PV–TE 

systems, their physical operating principles, advantages 

and disadvantages, as well as the results of experimental 

and theoretical studies in this field. 

I. Comparative analysis of materials 

and configurations of PV–TE systems 

Table 1 presents the comparative characteristics of the 

main photovoltaic materials used in modern solar cells, 

including both laboratory and commercial efficiency 

values. The data indicate that the highest laboratory 

efficiencies are typical for multijunction III–V structures 

based on InGaP/InGaAs/Ge, where the efficiency exceeds 

40%; however, under industrial conditions these values 

decrease to 30–35% due to technological and economic 

limitations [27]. Monocrystalline silicon cells remain the 

most widespread in the commercial sector owing to their 

optimal balance of efficiency, stability, and cost, 

demonstrating efficiencies of 19–22% [2]. Polycrystalline 

and amorphous silicon are inferior in terms of efficiency, 

yet they are widely used in low-power and budget systems 

[4]. Thin-film technologies such as CdTe and CIGS 

exhibit competitive characteristics, including stability at 

elevated temperatures and good spectral sensitivity, which 

makes them promising for integration into hybrid PV-TE 

systems [2,10]. Perovskite solar cells deserve particular 

attention, as they have shown a rapid increase in 

laboratory efficiency to 25–27% within a relatively short 

Table 1.  

Photovoltaic materials and their efficiencies with references 

Material 
Typical laboratory 

efficiency 

Commercial 

efficiency 
Reference 

Monocrystalline silicon (c-Si) 26–27% 19–22% NREL Efficiency Chart [27] 

Polycrystalline silicon 22–24% 16–19% 
Razykov et al., Solar 

Energy (2011) [2] 

Amorphous silicon (a-Si) 10–12% 6–9% 
Parida et al., Renewable 

Energy Rev. (2011) [4] 

CdTe thin films solar cells 22–23% 17–19% Fedenko et al. (2025) [10] 

CIGS (Cu(In,Ga)Se₂) 23–24% 15–19% Razykov et al. (2011) [2] 

GaAs (III–V) 29–30% ≈25% 
Nelson, Physics of Solar 

Cells (2003) [5] 

MultijunctionIII–V 

(InGaP/InGaAs/Ge) 
40–47% 30–35% NREL Efficiency Chart [27] 

Perovskites  25–27% ~20% 
Green, Third Generation 

Photovoltaics (2006) [6] 
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time; however, their widespread deployment is 

constrained by issues of durability and degradation [6]. 

Table 2 summarizes the main thermoelectric materials 

that are used or considered for the development of 

thermoelectric generators in hybrid systems, along with 

typical values of the thermoelectric figure of merit ZT and 

the approximate efficiency of thermal-to-electric energy 

conversion. The most common materials in the low-

temperature range remain Bi₂Te₃-based alloys and 

Bi₂Te₃–Sb₂Te₃ solid solutions, which, at ZT ≈ 1, provide 

efficiencies of 4–7% and are well-matched to the 

operating temperature ranges of photovoltaic modules 

[28]. Materials based on PbTe and SiGe are more effective 

in medium- and high-temperature applications; however, 

their use in conventional PV-TE systems is limited due to 

temperature mismatches [25,29]. Promising candidates 

include SnSe and nanostructured Bi₂Te₃, which–owing to 

reduced thermal conductivity and optimized electronic 

properties–exhibit enhanced ZT values reaching 2 or 

more, potentially enabling thermoelectric conversion 

efficiencies of 8–10% [22,26]. Nevertheless, such 

materials require complex synthesis technologies and 

currently remain the subject of intensive scientific 

research. 

Table 3 presents a comparative analysis of the 

efficiency of hybrid photovoltaic–thermoelectric systems 

depending on configuration, the type of thermoelectric 

material, and cooling conditions. The results show that 

conventional tandem PV–TE systems with passive 

cooling provide a moderate increase in overall efficiency 

of about 3–7% due to the utilization of thermal losses from 

the photovoltaic cell [18,30]. The use of active air or liquid 

cooling on the cold side of the TEG makes it possible to 

maintain a higher temperature gradient, increasing the 

system efficiency gain to 8–12% [17,19]. The greatest 

potential is demonstrated by systems employing spectral 

Table 2.  

Thermoelectric materials, ZT values, and conversion efficiencies with references 

Material ТЕ Typical ZT 
Approximate 

efficiency 
Reference 

Bi₂Te₃ (n/p) 0.9–1.2 4–6% 
Goldsmid, Introduction to 

Thermoelectricity (2010) [28] 

Bi₂Te₃–Sb₂Te₃ alloys 1.1–1.4 5–7% Tritt, Vining – Nat. Mater. (2009) [24] 

PbTe 1.0–1.5 6–8% 
Snyder & Toberer, Nat. Mater. (2008) 

[25] 

SiGe alloy 0.5–1.0 3–5% DiSalvo, Science (1999) [29] 

SnSe (p-type) 1.5–2.6 8–10% 
Dresselhaus et al., Adv. Mater. (2007) 

[26] 

Organic / polymer thermoelectric 

materials 
0.1–0.3 <1% Zhu et al. (2019) [31] 

Nanostructured Bi₂Te₃ 1.5–2.0 7–9% Kraemer et al., Nat. Mater. (2011) [22] 

 

Table 3. 

Efficiency of hybrid PV/TE systems as a function of configuration and operating conditions 

PV/TE system configurations 
Type of TE 

material 

Cooling 

conditions 

Increase in overall 

system efficiency 
Reference 

Tandem conventional PV–TE system Bi₂Te₃ 
Passive 

(radiator) 
+3–7% 

Meng, Li (2014) 

[18] 

PV–TE system with air cooling on the 

cold side 
Bi₂Te₃ 

Active air 

cooling 
+5–10% 

Omer & Infield 

(2000) [19] 

PV–TE system with water or liquid 

cooling 
Bi₂Te₃ 

Active liquid 

cooling 
+8–12% 

Garud & Lee 

(2022) [17] 

PV–TE system with thermal 

concentration (copper plate / increased 

TE area) 

Bi₂Te₃–
Sb₂Te₃ 

Passive cooling +6–10% 
Zhang & Xuan 

(2019) [32] 

PV–TE system with spectral splitting 

(separation of IR and visible light) 

PbTe або 

Bi₂Te₃ 
Passive + optical 

filter 
+10–15% 

Ju et al. (2012) 

[33] 

PV–TE system with reflective 

component and light focusing 
Bi₂Te₃ Passive +12–18% 

Yang et al. 

(2023) [34] 

PV–TE system under solar 

concentrators (CPV–TE) 

III–V + 

Bi₂Te₃ або 

SnSe 

High - 

temperature 
до +20% 

Faddouli et al. 

(2024) [26] 

PV–TE system with high ZT 

(nanostructured Bi₂Te₃ or SnSe) 

SnSe, Bi₂Te₃ 
nano 

active/passive 15–22% (modeling) 
Kraemer et al. 

(2011) [22] 
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splitting, thermal concentration, and optical focusing, 

where the total efficiency gain can exceed 15%, and in 

some modelling, studies may reach 20% or more [32,33]. 

However, such approaches require complex optical and 

thermal infrastructures, which limits their practical 

implementation and highlights the need for an optimal 

compromise between efficiency, complexity, and 

economic feasibility in hybrid PV–TE systems. 

II. Principle of operation and key 

characteristics of system components 

The efficiency of a hybrid photovoltaic –

thermoelectric (PV-TE) system is a complex function 

determined by the characteristics of its individual 

components. A deep understanding of the physical 

principles underlying their operation, as well as their 

strengths and weaknesses, is essential for the analysis, 

modeling, and optimization of the hybrid system [35]. 

The core of any solar module is the photovoltaic 

converter – a semiconductor device that operates based on 

the internal photoelectric effect within a p-n junction 

structure (Fig. 1). The process of energy conversion 

begins when a photon of solar radiation with energy 

exceeding the semiconductor band gap (Eg) is absorbed 

by the material. This absorption leads to the generation of 

a pair of free charge carriers – an electron and a hole. The 

internal electric field of the p-n junction, which exists in 

the depletion region, spatially separates these charge 

carriers before they can recombine: electrons are driven 

toward the n-region, while holes move toward the p-

region. This directed motion creates a photogenerated 

current (Iph) and a potential difference in the element’s 

output. Depending on the technology, solar cells can be of 

several types: from the most common and economically 

viable crystalline silicon (c-Si) to thin-film types, for 

example, based on amorphous silicon (a-Si), as well as 

highly efficient multi-junction (MJ) heterostructure 

devices composed of several semiconductor layers with 

different band gap energies (e.g., InGaP/InGaAs/Ge). The 

latter allow for more complete utilization of the solar 

spectrum, achieving efficiencies of up to about 35% [27]. 

 

 
Fig. 1. Principle of operation of a photovoltaic cell [39]. 

 

The output power of the photovoltaic cell is calculated 

from its current–voltage (I–V) characteristics: 

 

 𝑃𝑃𝑉 = max⁡(𝐽𝑃𝑉𝑉𝑃𝑉)    (1) 

 

where 𝐽𝑃𝑉 is photovoltaic current, 𝑉𝑃𝑉 – photovoltaic 

voltage. 

The photovoltaic efficiency is expressed as: 

 

 𝜂𝑃𝑉 =
𝑃𝑃𝑉

𝐴𝐺𝐺
   (2) 

 

where 𝐴𝐺 – illuminated area, 𝐺 – solar radiation intensity. 

A fundamental problem of all PV elements is the 

significant energy loss caused by thermalization. Photons 

with energies lower than Eg pass through the material 

without absorption, while the energy of photons that 

greatly exceeds Eg is only partially used for the generation 

of charge carrier pairs; the excess energy is rapidly 

dissipated as thermal vibrations of the crystal lattice 

(phonons). As a result, a substantial portion of the 

absorbed radiation is not converted into electricity but 

instead degrades into heat (Qh), heating the working 

surface. 

An increase in temperature is a key negative factor 

that reduces performance: it leads to changes in the band 

gap width, increases the intrinsic leakage current –causing 

a decrease in open-circuit voltage (Voc)–and accelerates 

carrier recombination, which lowers the overall output 

power. This issue turns heat from an undesirable 

byproduct into a valuable resource for the second 

component of the hybrid system – the thermoelectric 

generator (TEG). 

TEG is a solid-state device that directly converts 

thermal energy into electrical energy through the Seebeck 

effect [28]. Its module consists of a large number of n-type 

and p-type semiconductor “legs” connected electrically in 

series by metallic electrodes. When a temperature gradient 

(Th > Tc) is established across the module, charge carriers 

(electrons in the n-type and holes in the p-type) begin to 

diffuse more intensively from the hot side to the cold side. 

The accumulation of charges on the cold side creates a 

potential difference, generating a Seebeck current 

(Iseebeck) in the external circuit (Fig. 2). 

 

 
Fig. 2. Thermoelectric module [34]. 

 

The efficiency of the thermoelectric generator is 

defined as the ratio of the generated electrical power to the 

amount of heat passing through the hot junction. (𝑄ℎ): 

 

 𝜂𝑇𝐸𝐺 =
𝑃𝑇𝐸𝐺

𝑄ℎ
.   (3) 
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The maximum efficiency of a TEG depends on the 

average operating temperature  

(𝑇𝑎𝑣𝑔 =
𝑇ℎ+𝑇𝑐

2
) and dimensionless thermoelectric figure of 

merit 

 

 𝑍𝑇 =
𝑆2𝜎𝑇

𝜅
,    (4) 

 

where σ – conductivity, 𝜅– thermal conductivity. The 

formula for maximum efficiency is as follows: 

 

 𝜂𝑇𝐸𝐺,𝑚𝑎𝑥 =⁡
𝑇ℎ−𝑇𝑐

𝑇ℎ
∙
√1+𝑍𝑇𝑎𝑣𝑔 ⁡−1

√1+𝑍𝑇𝑎𝑣𝑔+
𝑇𝑐
𝑇ℎ

   (5) 

 

The efficiency of this process for a specific material 

is described by the dimensionless thermoelectric figure of 

merit (ZT), which depends on the Seebeck coefficient (S), 

the electrical resistivity (ρ), and the thermal conductivity 

(κ). For high efficiency, a material should possess a high 

Seebeck coefficient to generate greater voltage, low 

electrical resistivity to minimize Joule losses, and – 

critically–low thermal conductivity to maintain the 

maximum temperature gradient between the hot and cold 

sides.The most common materials used for TEGs are 

chalcogenide alloys based on bismuth telluride (Bi₂Te₃) 
and antimony telluride (Sb₂Te₃) [28]. In a hybrid system, 

the TEG performs a dual function: it generates additional 

power (PTE) from the waste heat of the photovoltaic 

element while simultaneously cooling it. This cooling 

occurs not only through passive heat dissipation but also 

due to the Peltier effect – the phenomenon inverse to the 

Seebeck effect – which involves heat absorption at the hot 

junction of the TEG when current passes through it [29]. 

Thus, both components of the system operate in 

symbiosis: the TEG enhances the performance of the PV 

element by stabilizing its temperature and simultaneously 

converts the unused thermal energy into additional 

electricity, thereby increasing the overall solar energy 

conversion efficiency. The overall efficiency of the PV-

TE system (ηtotal) is determined as the sum of the 

efficiency of the PV element (ηPV) and the additional 

efficiency provided by the TEG. If the TEG utilizes the 

heat that has passed through the PV element, part of the 

energy that could have been converted by the PV cell is 

already used. A more accurate formulation accounts for 

the fact that the TEG converts only a portion of the energy 

not transformed by the PV element. One of the common 

models is: 

 

 𝜂заг = 𝜂𝑃𝑉 + 𝜂𝑇𝐸𝐺 ∙ (1 −⁡𝜂𝑃𝑉 − 𝛼𝑜𝑝𝑡),  (6) 

 

where 𝛼𝑜𝑝𝑡 – optical loss fraction (reflection, partial 

absorption), and (1 −⁡𝜂𝑃𝑉 − 𝛼𝑜𝑝𝑡) represents the thermal 

energy available for the TEG.  

Another simplified model often used is: 

 

 𝜂заг = 𝜂𝑃𝑉 + 𝜂𝑇𝐸𝐺 ∙ 𝛽   (7) 

 

Where β –is the fraction of heat from the PV that 

reaches the TEG. 

III. Designs and configurations of hybrid 

PV-TE systems 

The design of an efficient hybrid PV–TE system 

requires careful consideration and optimization of optical, 

thermal, and electrical aspects. Depending on the method 

of solar spectrum utilization, the quality of thermal contact 

between components, and the overall architecture, 

existing systems can be classified according to several 

main approaches, each aimed at addressing specific 

challenges and improving overall efficiency [37]. The 

most common approach is the tandem configuration, in 

which the photovoltaic cell is placed directly on top of the 

thermoelectric generator. In this architecture, the PV cell 

absorbs the visible and ultraviolet portions of the solar 

spectrum to generate electricity, while the unutilized solar 

energy converted into heat is transferred to the hot side of 

the TEG for additional power generation. 

 

3.1. Classic design with a thermal concetrator 

The typical hybrid system, shown in Fig. 3(a), is a 

multi-layer structure [32]. The design consists of a PV 

panel that absorbs solar radiation, a ceramic plate that acts 

as an electrical insulator, the hot side, the cold side of the 

TEG, and a heat sink (radiator) for dissipating heat into 

the ambient environment. 

A classical thermoelectric (TE) module consists of a 

ceramic plate, electrodes, and thermoelectric “legs.” The 

area of the thermoelectric element is smaller than that of 

the photovoltaic (PV) element due to the use of the thermal 

concentration method. The solar energy absorbed by the 

PV element is partially converted into electrical energy 

and partially into thermal energy, which is subsequently 

utilized by the TE module. A copper plate is used to ensure 

uniform temperature distribution across the PV element. 

   
Fig. 3. Schemes of (a) a conventional PV-TE system, (b) a PV-TE system without ceramic plates, and (c) a PV-TE 

system with a V-shaped groove [32]. 
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The application of this method reduces the system cost by 

minimizing the size of the thermoelectric module. 

The main objective of the integrated design proposed 

in this paper is to simplify the PV-TE structure to improve 

heat transfer. As shown in Fig. 3(a), the classical PV-TE 

system requires a copper plate with high thermal 

conductivity to provide heat concentration. However, 

since the metallic electrodes of the thermoelectric legs 

also possess high thermal conductivity, they can serve as 

thermal concentrators. 

Because the metallic electrodes of the thermoelectric 

legs have high thermal conductivity, a new design was 

proposed in which the TE area was increased and both the 

copper and ceramic plates were removed (Fig. 3(b)). 

Electrical connections between the n-type and p-type legs 

in the TE module were implemented using electrical 

wires. 

An important factor in PV-TE systems is the 

utilization of reflected solar radiation. However, in the 

design shown in Fig. 3(b), photons reflected from the PV 

element are scattered into the surrounding environment, 

which significantly decreases system efficiency. If, 

however, an angle is formed between two adjacent PV 

elements, photons reflected by one element can be 

absorbed by another [32]. 

Based on this principle, the PV-TE system employs a 

V-shaped groove structure that enhances the absorption of 

solar radiation, as illustrated in Fig. 3(c). To further 

explain the effectiveness of the V-shaped structure, the 

study presents an equation describing the process of 

multiple absorption of reflected light. 

 

 𝑎𝑚 = 𝑎𝑓 + 𝑎𝑓(1 − 𝑎𝑓)   (8) 

 

where 𝑎𝑚 – V-groove absorption efficiency, а 𝑎𝑓 – 

efficiency absorption flat surface. From this equation, it 

can be seen that a V-type groove can enhance solar light 

absorption. 

 

3.2. Systems with a spectral splitting 

In general, there are two main types of hybrid PV-

TEG systems based on spectral separation. The first type 

does not include a reflector, and the photovoltaic (PV) 

modules and thermoelectric generators (TEGs) are 

arranged parallel to each other, as shown in Fig. 4 [38]. 

The PV modules mainly absorb ultraviolet and visible 

light, while infrared radiation is transmitted to heat the 

upper side of the TEG, thus creating a temperature 

difference between its hot and cold sides. The second type 

incorporates a reflective component, as shown in Fig. 5 

[38]. In this hybrid configuration, the PV modules and the 

TEG are positioned perpendicularly, and solar radiation is 

directed by a reflector according to a cutoff wavelength 

[34]: radiation with wavelengths longer than the cutoff is 

reflected toward the TEG, while shorter wavelengths are 

directed to the PV module. 

Figure 4 illustrates a typical structure of a combined 

hybrid PV-TEG module, where PV panels and TEGs are 

interconnected either in parallel or in series [39]. When the 

PV and thermoelectric elements are connected in series, 

power losses are minimized because such a configuration 

requires fewer power electronic switches. To establish the 

necessary temperature difference, the PV panel is placed 

on one surface of the TEG, while a heat sink is positioned 

on the opposite side. TEG not only collects waste heat and 

reduces the temperature of the PV modules but also 

effectively improves the overall utilization efficiency of 

the solar spectrum. 

The configuration shown in Fig. 4 is relatively simple 

and does not require a complex optical design. Higher 

efficiency in such a system can be achieved under diffuse 

light conditions and low-intensity solar radiation. The 

second configuration includes a reflective component; 

therefore, effective light focusing requires a sufficient 

amount of direct sunlight (Fig. 5). Consequently, the first 

type is widely used in the design and research of 

Maximum Power Point Tracking (MPPT) for hybrid 

systems [40], and most MPPT methods mentioned in this 

paper are based on this configuration. 

In real-world conditions, solar photovoltaic (PV) 

systems experience power losses due to partial shading 

(PSC), which occurs because of obstacles such as trees, 

 

Fig. 4. Structure of a typical hybrid module [38]. 
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clouds, or buildings. Under such shading, the shaded PV 

panels begin to behave as energy consumers rather than 

generators. They function as diodes under reverse bias, 

leading to a significant voltage drop, excessive energy 

dissipation, and heat generation. This phenomenon is 

known as the “hot spot effect.” Severe hot spots can 

irreversibly damage entire solar modules [33]. 

 
3.3. Methods of Cooling the Cold Side of a TEG 

As shown in Fig. 6, an amorphous silicon–based 

photovoltaic (PV) cell was used in the PV-TE system [38]. 

In this study, the PV cell was manufactured by 

Qiangsheng Solar Ltd. and had an area of 30 × 30 mm². 

The lower side of the PV cell possesses good insulating 

properties, allowing it to be directly attached to the 

thermoelectric (TE) electrode using thermally conductive 

adhesive. 

For the fabrication of the TE module, an n-type 

(Bi₂Te₃) thermoelectric ingot supplied by Wangu 

Electronic Technology Ltd. was used. Thermoelectric legs 

were formed from an ingot using the Wire Electrical 

Discharge Machining method. The TE electrodes were 

made of copper, and their connections with the TE legs 

were established using Cu-211 electrically conductive 

adhesive (Erbond). 

Additionally, four nickel sheets were attached to the 

TE electrodes using the same Cu-211 conductive 

adhesive. These nickel sheets served as connectors 

between the TE electrodes and the electrical testing 

system. To improve heat transfer, the PV cell was fixed 

onto the top electrode of the TE module using thermally 

conductive adhesive. 

The study analyzes the influence of two cooling 

methods: water cooling and air cooling. As shown in 

Fig. 6(a), in the air-cooling system, a fan is used to provide 

airflow through the lower part of the TE module. In the 

water-cooling system, a mixture of ice and water is used 

for TE cooling, and an aluminum radiator is placed 

between the PV-TE system and the cooling liquid 

(Fig. 6(b)). 

To measure the efficiency of the PV-TE system, a 

solar simulator (94023A) and an I–V test station (PVIV-

1A) developed by Newport Corporation are used 

(Fig. 6(c)). During the experiment, the voltage 

 

Fig. 5. Photo-thermoelectric device with a reflecting component [38]. 

 

  
Fig. 6. Schematic diagram of (a) a PV-TE system with an air-cooling system, (b) a PV-TE system with a V-

type groove, and (c) the entire testing system [38]. 
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measurement accuracy is ±0.02%, and the current 

measurement accuracy is ±0.23% [41]. 

To simplify the experiment, the open-circuit voltage 

of the TE module is used to calculate the output power. It 

should be noted that this method can also eliminate the 

error caused by the electrical contact resistance of the 

conductive adhesive. When using welding technology to 

connect the TE legs to the electrodes, a mold must be 

fabricated. Although the cost of the mold can be neglected 

in mass production, it is too expensive for producing test 

samples in the laboratory. Therefore, conductive adhesive 

is used to connect the TE legs and the TE electrodes. 

However, the conductive adhesive introduces significant 

electrical contact resistance. To avoid the error caused by 

this resistance, the output power is calculated only from 

the open-circuit voltage of the TE module [41]. 

 

 𝑃𝑇𝐸 =
𝐴𝑇𝐸𝑉𝑇𝐸

2

4𝜌𝐻𝑇𝐸
  (9) 

 

where 𝜌 electrical resistivity of the TE material, 𝑉𝑇𝐸  – 

open-circuit voltage of the TE module, 𝐴𝑇𝐸 and 𝐻𝑇𝐸 – area 

and height of the TE leg. 

IV. Thermal Management Issues 

The efficiency of a thermoelectric generator (TEG) is 

directly determined by the temperature gradient (ΔT) 

between its hot and cold sides; therefore, controlling heat 

flows is one of the key challenges in hybrid PV/TEG 

systems. In a tandem structure consisting of a photovoltaic 

(PV) cell, an intermediate adhesive or insulating layer, a 

thermoelectric module, and a heat sink, each additional 

layer introduces a certain thermal resistance. As a result, 

part of the heat is retained within the PV cell, causing its 

to overheat, while the heat flux reaching the hot side of the 

TEG is reduced. Consequently, the efficiency of both 

system components decreases [42]. 

The issue is further complicated by the imperfections 

of cooling systems. Passive heat sinks are technologically 

simple and inexpensive; however, their efficiency is often 

insufficient to dissipate large heat fluxes under high solar 

irradiance and elevated ambient temperatures. In contrast, 

active cooling systems (using fans or liquid pumps) 

provide significantly better heat removal but have a major 

drawback – additional electrical power consumption. This 

reduces the overall energy gain of the system while also 

complicating its design, increasing both cost and failure 

risk. 

 

4.1. Limitations of Materials and Interfaces 

The durability and performance of a hybrid system 

largely depend on the choice of materials and the quality 

of interfacial contacts. Among the main challenges is the 

limited efficiency of current thermoelectric materials. 

Despite decades of research, the figure of merit (ZT) of 

commercial compounds, such as Bi₂Te₃, remains around 

1, which restricts the maximum thermoelectric conversion 

efficiency to only a few percent. This raises questions 

regarding the economic feasibility of employing TEGs in 

combination with photovoltaic modules in large-scale 

solar installations [43]. 

Another critical issue is thermomechanical 

degradation. Since PV cells, thermoelectric modules, and 

heat-dissipating components (e.g., radiators) are made of 

materials with different coefficients of thermal expansion 

(such as silicon, ceramics, copper, and aluminum), regular 

heating–cooling cycles between day and night induce 

significant mechanical stresses at the layer interfaces. 

Over time, this leads to microcracks, delamination, and 

degradation of joints. 

Additionally, challenges related to thermal interface 

materials (TIMs) should be noted. These materials are 

used to reduce the thermal resistance between layers. 

Conventional thermal pastes and adhesives tend to dry out 

and degrade under elevated temperatures and cyclic 

thermal loading, which significantly worsens heat 

transfer. Therefore, the stability and durability of thermal 

interfaces are critical factors for ensuring the reliable 

operation of hybrid systems. 

 

4.2. Issues of Electrical Optimization and Cost 

A significant challenge for PV/TEG complexes lies in 

the electrical integration of two components with 

fundamentally different current–voltage characteristics 

and maximum power points (MPP). Photovoltaic cells 

exhibit performance dependence on illumination intensity, 

whereas the efficiency of a TEG is primarily determined 

by the thermal gradient. As a result, in simple series or 

parallel configurations, one of the components always 

operates outside its optimal regime. To ensure efficient 

operation, specialized controllers with two independent 

MPPT algorithms are required, which considerably 

complicates the system architecture and increases its cost. 

Another limiting factor is the high cost of 

thermoelectric modules, which at the current stage of 

technological development make their use in photovoltaic 

installations economically constrained. The additional 

energy gain often fails to offset the increased initial 

equipment cost, thereby reducing the investment 

attractiveness of hybrid solutions. 

Various strategies to overcome these limitations have 

been discussed in scientific literature. These include the 

search for and development of new thermoelectric 

materials with enhanced ZT values (for example, based on 

nanostructured compounds or topological insulators), the 

implementation of highly efficient heat dissipation 

systems such as heat pipes and microchannel cooling 

structures, as well as the design of thermally stable, high-

conductivity thermal interfaces. Attention is also devoted 

to the development of intelligent energy management 

algorithms capable of simultaneously optimizing the 

operation of both PV and TEG subsystems, thereby 

minimizing losses and improving the overall efficiency of 

the hybrid system. 

Conclusions 

The conducted analysis shows that hybrid 

photovoltaic–thermoelectric (PV–TE) systems are 

capable of partially addressing one of the key challenges 

in solar energy – the inefficient utilization of the thermal 

component of solar radiation. A significant portion of the 

energy that is not converted into electricity by the 
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photovoltaic cell inevitably becomes heat, which degrades 

the operational performance of the module. The 

integration of a thermoelectric generator allows this 

adverse factor to be transformed into an additional source 

of electrical energy while simultaneously stabilizing the 

temperature regime of the photovoltaic cell. Material 

analysis indicates that thin-film photovoltaic technologies 

are the most rational choice for such systems, as they 

exhibit lower temperature sensitivity, and the use of well-

established Bi₂Te₃-based thermoelectric materials ensures 

a predictable and reproducible efficiency gain. 

At the same time, it has been established that the 

efficiency of a PV–TE system is determined not so much 

by the individual parameters of the PV or TE module, but 

by the quality of their thermal and electrical integration. 

Even moderate reductions in thermal resistances between 

layers and improvements in heat removal from the cold 

side of the thermoelectric generator can significantly 

influence the total system output. More complex 

configurations, particularly those employing spectral 

splitting or radiation concentration, offer the potential for 

higher efficiencies, but require substantially greater 

resources for implementation. In this context, hybrid PV–

TE systems should be considered as a promising solution 

for autonomous and specialized applications, whereas 

further progress in the field is directly linked to the 

development of more efficient thermoelectric materials, 

stable thermal interfaces, and adaptive energy 

management schemes. 

 

 

Yavorska L.O. – Ph.D. student Department of Physics and 

Astronomy; 

Yavorskyi R.S. – Ph.D., Head of research labs of the 

Department of Physics and Astronomy; 

Nykyruy L.I. – Ph.D, Prof., Head of Department of 

Physics and Astronomy; 

Yavorskyi R.S. – Ph.D., Department of Physics and 

Astronomy. 

 

 

[1] G. Wisz, L. Nykyruy, V. Yakubiv, I. Hryhoruk, & R. Yavorskyi, Impact of advanced research on development of 

renewable energy policy: case of Ukraine. International Journal of Renewable Energy Research (IJRER), 8(4), 

2367-2384 (2018); https://doi.org/10.20508/ijrer.v8i4.8688.g7538. 

[2] T.M. Razykov, C.S. Ferekides, D. Morel, E. Stefanakos, H.S. Ullal, H.M. Upadhyaya, Solar photovoltaic 

electricity: Current status and future prospects, Solar energy, 85(8), 1580 (2011); 

https://doi.org/10.1016/j.solener.2010.12.002.  

[3]  G. Wisz, P. Sawicka-Chudy, M. Sibiński, D. Płoch, M. Bester, M. Cholewa, J. Woźny, R. Yavorskyi, L. Nykyruy, 

& M. Ruszała, TiO2/CuO/Cu2O Photovoltaic Nanostructures Prepared by DC Reactive Magnetron Sputtering. 

Nanomaterials, 12(8), 1328 (2022); https://doi.org/10.3390/nano12081328. 

[4]  B. Parida, S. Iniyan, R. Goic, A review of solar photovoltaic technologies, Renewable Sustainable Energy Rev. 

15, 1625 (2011); https://doi.org/10.1016/j.rser.2010.11.032.  

[5]  J. Nelson, The Physics of Solar Cells, (Imperial College Press, London, 2003). 

[6] M. A. Green, Third Generation Photovoltaics, (Advanced Solar Energy Conversion. Springer, 2006). 

[7]  A. De Vos, H. Pauwels, On the thermodynamic limit of photovoltaic energy conversion, Appl. Phys. 25, 119 

(1981). 

[8]  G. Wisz, P. Sawicka-Chudy, A. Wal, M. Sibiński, P. Potera, R. Yavorskyi, L. Nykyruy, D. Płoch, M. Bester, M. 

Cholewa, & O.M. Chernikova, Structure Defects and Photovoltaic Properties of TiO2:ZnO/CuO Solar Cells 

Prepared by Reactive DC Magnetron Sputtering. Applied Sciences, 13(6), 3613 (2023); 

https://doi.org/10.3390/app13063613.  

[9]  E. Skoplaki, J.A. Palyvos, On the temperature dependence of photovoltaic module electrical performance, Solar 

Energy, 83 (5), 614 (2009); https://doi.org/10.1016/j.solener.2008.10.008.  

[10]  V.Y. Fedenko, R.S. Yavorskyi, A.I. Kashuba, B.S. Dzundza. Spectral and Temperature Properties of Solar 

Cells Based on Cadmium Telluride Thin-Films. Physics and Chemistry of Solid State, 26(3), 658(2025); 

https://doi.org/10.15330/pcss.26.3.658-665.   

[11] L. Bell, Cooling, Heating, Generating Power, and Recovering Waste Heat with Thermoelectric Systems, 

Science, 321(5895), 1457(2008); https://doi.org/10.1126/science.1158899. 

[12] M. Maksymuk, B. Dzundza, O. Matkivsky, I. Horichok, R. Shneck, Z. Dashevsky, Development of the high 

performance thermoelectric unicouple based on Bi2Te3 compounds, J. Power Sources, 530, 231301 (2022); 

https://doi.org/10.1016/j.jpowsour.2022.231301.  

[13] G. Chen. Nanoscale Energy Transport and Conversion: A Parallel Treatment of Electrons, Molecules, Phonons, 

and Photons (Oxford: Oxford University Press, 2005).  

[14] V. Prokopiv, L. Nykyruy, O. Voznyak, B. Dzundza, I. Horichok, Y. Yavorskyi, T. Mazur, The thermoelectric 

solar generator, Physics and Chemistry of Solid State, 18(3), 372 (2017).  

[15] K.S. Garud, M.Y. Lee, Thermodynamic, environmental and economic analyses of photovoltaic/thermal-

thermoelectric generator system using single and hybrid particle nanofluids, Energy, 255, 124515 (2022); 

https://doi.org/10.1016/j.energy.2022.124515.  

[16] S. Mamykin, B. Dzundza, R. Shneck, L.M. Vikhor, & Z. Dashevsky, Development of Solar Energy Systems 

Based on High Performance Bulk and Film Thermoelectric Modules. Journal of Thermoelectricity, (1), 60-80 

(2025); https://doi.org/10.63527/1607-8829-2025-1-60-80. 

[17] F. Meng, Q. Li, H. Zhang, Optimization and analysis of a hybrid photovoltaic-thermoelectric system, Energy 

Convers. Manage, 88, 321 (2014). 

https://doi.org/10.20508/ijrer.v8i4.8688.g7538
https://doi.org/10.1016/j.solener.2010.12.002
https://doi.org/10.3390/nano12081328
https://doi.org/10.1016/j.rser.2010.11.032
https://doi.org/10.3390/app13063613
https://doi.org/10.1016/j.solener.2008.10.008
https://doi.org/10.15330/pcss.26.3.658-665
https://doi.org/10.1126/science.1158899
https://doi.org/10.1016/j.jpowsour.2022.231301
https://doi.org/10.1016/j.energy.2022.124515
https://doi.org/10.63527/1607-8829-2025-1-60-80


L.O. Yavorska, Y.S. Yavorskyi, L.I. Nykyruy, R.S. Yavorskyi 

 962 

[18] T. Seetawan, S. Pothisatt, P. Nithipattana, J. Laoungboun, B. Limsuwan, K. Jaroenjittichai, V. Siripul, 

Thermoelectric power generation and applications, J. Phys.: Conf. Ser., 747, 012015 (2016). 

[19] S.A. Omer, D.G. Infield, Design and thermal analysis of a combined PV-TE system, Appl. Therm. Eng., 20, 

1159 (2000). 

[20] COMSOL Inc. COMSOL Multiphysics Reference Manual. Stockholm: COMSOL Inc., 2021.  

[21] H. Lee. Thermoelectrics: Design and Materials. Weinheim: Wiley-VCH, 2016.  

[22] D. Kraemer, B. Poudel, H.-P. Feng, J. C. Caylor, B. Yu, X. Yan, Y. Ma, X. Wang, D. F. B. L. C., Solar 

thermoelectric power generation using nanostructured materials, Nat. Mater., 10, 532 (2011). 

[23] C.B. Vining, An inconvenient truth about thermoelectrics, Nat. Mater., 8, 83 (2009). 

[24] G.J. Snyder, E.S. Toberer, Complex thermoelectric materials, Nat. Mater., 7, 105 (2008). 

[25] M.S. Dresselhaus, G. Chen, Z.F. Ren, G.P. Zhang, G.P. Chen, S.D. W.K., New directions for low-dimensional 

thermoelectric materials, Adv. Mater., 19, 399 (2007). https://doi.org/10.1002/adma.200600527.  

[26] M. Zebarjadi, K. Esfarjani, A. Shakouri, Z.F. Ren, E. P. T. D. J., Perspectives on thermoelectrics: From 

fundamentals to device applications, Energy Environ. Sci., 5, 5147 (2012). https://doi.org/10.1039/C1EE02497C.  

[27] NREL, Best Research-Cell Efficiency Chart. Available at: https://www.nrel.gov/pv/cell-efficiency.  

[28] H.J. Goldsmid. Introduction to thermoelectricity (Springer, Berlin, 2010). 

[29] F.J. DiSalvo, Thermoelectric cooling and power generation, Science, 285(5428), 703 (1999); 

https://doi.org/10.1126/science.285.5428.703.  

[30] L. Nykyruy, O. Zamurujeva, R. Yavorskyi, B. Naidych, Y. Yavorskyi, O. Novosad, S. Fedosov. Perspective 

thermoelectric materials and technologies, Naukovi notatki, 71, 202-209 (2021); 

https://doi.org/10.36910/6775.24153966.2021.71.29.  

[31] X. Zhu, Y. Yu, F. Li, A review on thermoelectric energy harvesting from asphalt pavement: Configuration, 

performance and future, Constr. Build. Mater., 228, 116818 (2019); 

https://doi.org/10.1016/j.conbuildmat.2019.116818.  

[32] J. Zhang, Y. Xuan, An integrated design of the photovoltaic-thermoelectric hybrid system, Solar Energy, 177, 

293 (2019); https://doi.org/10.1016/j.solener.2018.11.012. 

[33] B. Yang, J. Wang, X. Zhang, G. C. J. C. W. Z., Comprehensive overview of meta-heuristic algorithm 

applications on PV cell parameter identification, Energy Convers. Manage., 208, 112595 (2020); 

https://doi.org/10.1016/j.enconman.2020.112595.  

[34] X. Ju, Z. Wang, G. Flamant, L. H. X. J. W. Z., Numerical analysis and optimization of a spectrum splitting 

concentration photovoltaic thermoelectric hybrid system, Solar Energy, 86(6), 1941 (2012); 

https://doi.org/10.1016/j.solener.2012.02.024.  

[35] A. Faddouli, M. Hajji, S. Fadili, B. Hartiti, H. Labrim, A. Habchi, A comprehensive review of solar, thermal, 

photovoltaic, and thermoelectric hybrid systems for heating and power generation, Int. J. Green Energy, 21(2), 

413 (2024); https://doi.org/10.1080/15435075.2023.2196340.  

[36] M.A.B. Siddique, D. Zhao, A.U. Rehman, Emerging maximum power point control algorithms for PV system: 

review, challenges and future trends, Electr. Eng., 1 (2025); https://doi.org/10.1007/s00202-025-03002-0.  

[37] P. D. Raut, V. V. Shukla, S. S. Joshi, Recent developments in photovoltaic-thermoelectric combined system, Int. 

J. Eng. Technol., 7(4), 2619 (2018); https://doi.org/10.14419/ijet.v7i2.18.12709.   

[38] B. Yang, R. Xie, J. Duan, J. Wang, State-of-the-art review of MPPT techniques for hybrid PV-TEG systems: 

Modeling, methodologies, and perspectives, Global Energy Interconn., 6(5), 567 (2023); 

https://doi.org/10.1016/j.gloei.2023.10.005.  

[39] A. Ruzaimi, S. Shafie, W. Z. W. Hassan, N. Azis, M. Effendy Ya’acob, E. Elianddy, W. Aimrun, Performance 

analysis of thermoelectric generator implemented on non-uniform heat distribution of photovoltaic module, 

Energy Rep., 7, 2379 (2021); https://doi.org/10.1016/j.egyr.2021.04.029.  

[40] D.T. Cotfas, P.A. Cotfas, S. Mahmoudinezhad, B. F. P. A. S., Critical factors and parameters for hybrid 

photovoltaic-thermoelectric systems; review, Appl. Therm. Eng., 215, 118977 (2022); 

https://doi.org/10.1016/j.applthermaleng.2022.118977.  

[41] L. Liu, X. S. Lu, M. L. Shi, Y. K. Ma, J. Y. Shi, Modeling of flat-plate solar thermoelectric generators for space 

applications, Solar Energy, 132, 386 (2016); https://doi.org/10.1016/j.solener.2016.03.028.  

[42] R.K. Rajamony, Cutting-edge cooling techniques for photovoltaic systems: A comprehensive review, 

Interactions, 246(1), 41 (2025); https://doi.org/10.1007/s10751-025-02267-y.  

[43] R. Knura, Achieving high thermoelectric conversion efficiency in Bi2Te3-based stepwise legs through bandgap 

tuning and chemical potential engineering, Dalton Trans., 53(1), 123 (2024); 

https://doi.org/10.1039/D3DT03061J.  

 

 

 

 

 

 

https://doi.org/10.1002/adma.200600527
https://doi.org/10.1039/C1EE02497C
https://www.nrel.gov/pv/cell-efficiency
https://doi.org/10.1126/science.285.5428.703
https://doi.org/10.36910/6775.24153966.2021.71.29
https://doi.org/10.1016/j.conbuildmat.2019.116818
https://doi.org/10.1016/j.solener.2018.11.012
https://doi.org/10.1016/j.enconman.2020.112595
https://doi.org/10.1016/j.solener.2012.02.024
https://doi.org/10.1080/15435075.2023.2196340
https://doi.org/10.1007/s00202-025-03002-0
https://doi.org/10.14419/ijet.v7i2.18.12709
https://doi.org/10.1016/j.gloei.2023.10.005
https://doi.org/10.1016/j.egyr.2021.04.029
https://doi.org/10.1016/j.applthermaleng.2022.118977
https://doi.org/10.1016/j.solener.2016.03.028
https://doi.org/10.1007/s10751-025-02267-y
https://doi.org/10.1039/D3DT03061J


Design and Optimization of Hybrid Thin-Film PV-TE Energy Conversion Systems 

 963 

 

Л.О. Яворська, Я.С. Яворський, Л.І. Никируй, Р.С. Яворський 

Проєктування та оптимізація гібридних тонкоплівкових PV-TE систем 

перетворення енергії 

Карпатський національний університет імені Василя Стефаника, Івано-Франківськ, Україна, lilia.katanova@pnu.edu.ua  

Сучасний розвиток відновлюваних джерел енергії вимагає вдосконалення технологій перетворення 

енергії для сталого енергозабезпечення. Одним із найбільш перспективних методів отримання 

електроенергії є використання фотоелектричних (PV) перетворювачів, що дозволяють безпосередньо 

перетворювати сонячне випромінювання в електрику. Проте одним з їх недоліків є те, що вони 
нагріваються, в результаті чого зменшується потужність. У даній статті проведений огляд гібридних PV-

TE систем, що складаються з фотоелектричних модулів, термоелектричних генераторів і проміжного 

теплопровідного шару. Такі системи дозволяють не тільки охолоджувати фотоелектричні елементи, але й 

додатково генерувати електроенергію за рахунок ефекту Зеєбека, який перетворює температурний градієнт 
у різницю потенціалів. Проаналізовано основні конструктивні підходи, зокрема тандемні конфігурації з 

тепловою концентрацією та системи зі спектральним розділенням. Виявлено та розглянуто основні виклики 

для подальшої оптимізації системи. Зокрема, це проблеми термічного управління, обмежена ефективність 

комерційних термоелектричних матеріалів, електрична інтеграція двох компонентів із принципово різними 
ВАХ.  

Ключові слова: відновлювальна енергетика, фотоелектричний модуль (PV), термоелектричний 

генератор (TEG), гібридні системи, фото-термоелектричні (PV-TE) системи. 
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