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Abstract 

Photovoltaic (PV) cells represent a promising technology for solar energy conversion, yet their 

efficiency is fundamentally limited by inherent operational limitations such as thermal losses and 

spectral mismatch. During operation, more than 50% of incident solar energy is not being 

converted to electrical energy; part of it is unabsorbed, while the rest is converted to heat due to 

post-bandgap and thermalization losses, resulting in significant efficiency degradation. Integrating 

thermoelectric generators (TEGs) with PV cells offers a potential solution for maximizing solar 

energy harvesting and enhancing conversion efficiency. However, the hybrid photovoltaic 

thermoelectric (PV-TEG) systems present several challenges, including configuration type, 

complexity, optimization, and thermal management. This dissertation addresses these challenges 

through a systematic investigation of hybrid PV-TEG systems.  

An enhanced single diode model (SDM) for solar cells is proposed, incorporating spectral 

dependence to accurately predict PV performance under different solar spectra. This extended 

model enables more precise analysis of spectral effects on system efficiency and provides the 

theoretical foundation for subsequent system designs, particularly in the context of hybrid solar 

systems and spectrum-splitting applications.  

The research investigates two distinct configurations of PV-TEG integration: stacked and 

parallel configurations through proposed comprehensive thermal-electrical modeling, revealing 

their respective advantages and challenges. In the stacked configuration, the TEG unit is thermally 

coupled directly to the PV cell, creating a compact, series-connected system to mitigate the heat 

generated within the standalone PV cell. It poses challenges in maintaining optimal PV operating 

temperatures and maximizing heat transfer from the PV cell to TEG. The parallel configuration 

presents an approach where the PV and TEG components operate thermally independently but 

share a common heat collection system, addressing the limitations due to the post-bandgap losses. 

This arrangement offers greater flexibility in thermal management.  

The research demonstrates that careful selection of key parameters, such as the temperature 

coefficient of the PV cell, material characteristics of the TEG legs, and their geometric dimensions, 

help balance the competing thermal requirements of both components, especially for a stacked 

configuration. Simulation results indicate that optimizing these key parameters achieves a 

significant improvement in overall system efficiency compared to standalone PV systems, 

particularly under high light concentration levels. 

Finally, an innovative spectrum-splitting technique is proposed to address the limitation due 

to the thermalization losses. This novel approach employs selective wavelength distribution for 

efficient utilization of solar radiation. Moreover, it optimizes energy conversion in both 

components, in which photons with energy equal to the bandgap are directed to the PV cell while 

the other is directed to the TEG unit.  Detailed simulation results demonstrate that this approach 

achieves superior overall efficiency compared to spectrum splitting. 

Keywords: Photovoltaic Cells, Thermoelectric Generators, Hybrid Energy Systems, Stacked 

Configuration, Parallel Configuration, Thermal Management, Spectrum splitting. 
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Chapter 1 

1 Introduction  
 

1.1 Background 

The global energy sector faces unprecedented challenges due to increasing energy demands, 

diminishing fossil fuel reserves, and growing environmental concerns [1]. Global energy 

consumption is projected to rise by 50% between 2018 and 2050, driven by industrial growth and 

rising living standards in developing nations [2]. This escalating energy demand, coupled with the 

environmental impacts of conventional energy sources, has intensified the search for sustainable 

and efficient renewable energy technologies [3]. 

Among various renewable energy sources, solar energy represents the most abundant and 

promising alternative to conventional fossil fuels [4]. The Earth receives approximately 174,000 

terawatts (TW) of incoming solar radiation at the upper atmosphere, with about 70% reaching the 

Earth's surface [5]. This amount of solar energy reaching the Earth's surface in one hour exceeds 

the world's total annual energy consumption, highlighting the immense potential of solar power 

technologies [6].  

Photovoltaic (PV) technology has emerged as one of the most viable solutions for converting 

solar energy into electrical power. It generates electric current without moving parts or emissions. 

PV systems offer a promising pathway to reducing carbon emissions, transitioning toward 

renewable energy sources, mitigating climate change, and promoting energy independence. They 

are widely used in applications ranging from rooftop solar panels and utility-scale power plants to 

portable chargers and space satellites. The global PV market has experienced remarkable growth 

over the past decades, with total installed capacity increasing exponentially from less than 10 GW 

in 2007 to over 700 GW in 2025. This growth has been supported by significant technological 

improvements and cost reductions, with the levelized cost of electricity (LCOE) for utility-scale 

PV systems decreasing by more than 80% between 2010 and 2025.5 [9]. 

1.2 Photovoltaic Solar Cells 

PV solar cells are semiconductor devices made from silicon or other semiconductor materials that 

convert sunlight directly into electricity through the photovoltaic effect. PV cells form the building 

blocks of solar panels, representing a critical component of sustainable energy strategies. The PV 

technology has progressed through continuous innovation, driven by the need for higher efficiency 

and cost-effective solutions [10]. Solar cells have achieved steady efficiency improvements 

through various technological innovations, including surface texturing, anti-reflection coatings, 

and improved contact designs [11]. Commercial silicon-based solar cells currently dominate the 

market, accounting for approximately 90% of global PV production [12].  
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1.2.1 PV Cell Technology 

The technology of PV cells includes diverse methods and materials used to convert solar radiation 

into electricity. These technologies are classified according to materials, structures, and 

manufacturing processes employed, each with distinct characteristics, performance, and cost 

implications [13]. Silicon (Si) is the primary material used in solar cells due to its abundance, 

electronic characteristics, and well-established manufacturing processes [14]. Crystalline Si 

technology dominates the market, accounting for approximately ωυϷ of global production [15]. 

Monocrystalline silicon (mc-Si) solar cells are considered the most efficient and mature form 

among crystalline and amorphous technologies. The Czochralski technique stands as one of the 

most popular and widely adopted methods for mc-Si rod extraction [16]. In this process, a seed 

crystal is dipped into molten polycrystalline Si and slowly withdrawn while rotating, forming a 

single-crystal Si ingot. The resultant ingot is sliced into thin wafers, polished, and treated with 

doping agents to create the p-n junction [17].  Monocrystalline silicon solar cells offer a relatively 

high efficiency, typically ranging from ρχϷ to ςςϷ, with laboratory efficiencies exceeding 

ςφȢχϷ [18]. This stems from their uniform structure, which minimizes defects and enables 

effective charge carrier mobility [19]. In addition, mc-Si solar panels last for ςυ to σπ years with 

minimal performance degradation, allowing them to be used for long-term applications [20]. 

Moreover, they are characterized by a favorable temperature coefficient, making them ideal for 

high-temperature applications [21]. However, mc-Si technology is subject to certain limitations. 

The production process is energy and material-intensive, leading to higher costs compared to other 

technologies [22]. Moreover, a significant portion of the silicon ingot (τπϷ) is lost as kerf loss 

during the wafer slicing, contributing to higher production expenses [23]. Recent technological 

advances, such as diamond wire sawing and kerf-less wafer technologies, aim to address these 

limitations [24]. Technological advancements, such as surface passivation, anti-reflecting 

coatings, and improved metallization techniques, have effectively enhanced PV cell performance 

by reducing energy losses [25]. 

Concentrated photovoltaic (CPV) technology represents an advanced approach to solar energy 

conversion that uses optical elements to concentrate sunlight into electricity. The principle 

involves focusing solar radiation with the use of optical concentrators, achieving concentration 

ratios ranging from ς to ςπππ suns, where ρ sun is ρπππ 7ȾÍ  [26]. Based on the concentration 

ratios, the concentrated systems are classified into low-concentration PV (LCPV), ranging from ς 
to τπ suns, medium-concentration PV (MCPV), ranging from τπ to σππ suns, and high-

concentration PV (HCPV), ranging from σππ to ςπππ suns [27]. The concentration ratio can be 

defined as the geometric concentration ratio # as follows 

ὅ ὃ Ȣὃ ȟϳ  (1-1) 

where ὃ Ȣ and ὃ  represent the area of the concentrator and the PV cell, respectively [m2]. 

The optical concentrators utilize Fresnel lenses or parabolic mirrors, often complemented by 

secondary optics to sustain uniformity and acceptance angle [28]. These optical elements focus 

light onto high-efficiency solar cells, particularly multijunction cells based on III-V 

semiconductors, which have achieved records exceeding τχϷ under concentration [29]. The 
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concentrated solar radiation necessitates thermal management systems, including either active or 

passive cooling mechanisms, to maintain the temperature of the solar cell and ensure system 

reliability [30].  

This technology allows for minimizing the required semiconductor material size while 

maximizing the output power through a higher concentration level of solar flux, enabling a reduced 

cost of the overall system [31]. Additionally, the high-efficiency PV cells employed in such 

systems demonstrate superior performance at elevated temperatures, leading to a log-linear 

increase in voltage with concentration, cooling, and improved temperature coefficient compared 

to conventional Si solar cells [32]. However, the CPV technology has multiple disadvantages that 

influence its market, such as the complexity, precise optical alignment, and regular maintenance, 

and the demands for higher technical expertise [33]. Furthermore, the complex manufacturing 

processes of such systems raise the systemôs initial costs [34]. Developments in CPV technology 

have focused on addressing these limitations through various innovations. This includes novel cell 

architectures optimized for concentration and the development of hybrid systems combining CPV 

with thermal collectors (CPVT) or with thermoelectric generators (CPV-TEG) [35]. 

1.2.2 PV Working Principle  

The photovoltaic effect, first discovered by Edmund Becquerel in 1839 [36], is the fundamental 

physical process by which a solar cell converts incident light into electrical energy. PV cells 

typically comprise a ὴ ὲ junction made by doping the semiconductor with impurities to create 

regions of positive (p-type) and negative (n-type) charges [37]. This structure enables the 

formation of an electric field necessary for charge separation. The modern understanding of this 

process in semiconductor materials involves several key steps [38]: 

¶ Photon Absorption: When photons with energy (Ὤὺ) equal to or greater than the 

semiconductor's bandgap energy (Ὁ) strike the solar cell, they are absorbed by the 

material. For silicon, with a band gap of approximately ρȢρς Å6, this corresponds to 

photons with wavelengths shorter than 1107 ÎÍ [39]. The photon energy excites 

electrons from the valence band to the conduction band, creating electron-hole pairs. 

¶ Charge Carrier Generation: The absorbed photon energy creates free electron-hole 

pairs in the semiconductor material. For efficient conversion, the photon energy should 

closely match the bandgap energy; excess energy is typically lost as heat through 

thermalization [40]. 

¶ Charge Carrier Separation: The built-in electric field at the ὴ ὲ junction separates 

the photo-generated electron-hole pairs, preventing their recombination. Electrons are 

swept to the n-type region, while holes move to the p-type region [41]. 

¶ Charge Carrier Collection: The separated charges are collected by the front and rear 

contacts of the solar cell. Electrons flow through the external circuit, delivering power 

to the load before recombining with holes at the rear contact [42]. 

Fig. 1.1 shows the working principle of the PV cell, including photon absorption, charge 

carrier generation, separation, and collection. 

 



4 
 

 

Fig. 1.1 Block diagram of the basic working principle of the PV cell. 

1.2.3 PV Cell Output Characteristics 

The ideal single solar cell can be represented as a current source that models the photo-generated 

current (Ὅ  [A]) and a parasitic diode (Ὀ) that models the ὴ ὲ junction, capturing the 

nonlinearity due to the recombination of the charge carriers [43]. Fig. 1.2 shows a simple 

equivalent circuit of the ideal single solar cell.  

 

 

 

 

Fig. 1.2 Equivalent circuit of a simple PV solar cell. 

The current of the parasitic diode (Ὅ [A] ) can be modeled using the Shockley equation as 

follows [44] 

Ὅ  Ὅ Ὡ ρȟ 
(1-2) 

Ὅ  [A]  refers to the reverse saturation current; a small leakage current flows through the diode 

as the PV cell is reverse-biased. Its value depends mainly on the recombination of the charge 

carrier within the depletion region in the diode. In addition, it is a temperature-dependent parameter 

that significantly increases with the increase in temperature [45]. On the other hand,  ὲ [-] refers 

to the ideality factor, a dimensionless constant that indicates the quality of the diode and its 

deviation from ideal behavior. For the ideal diode, ὲ ρ. However, in practical solar cells, ὲ 
typically ranges from ρ to ς based on the recombination mechanism [46]. Ultimately,  ὠ [V] 

refers to the thermal voltage, a key parameter in the Shockley diode equation, which is a group of 

constants related to thermal and electrical properties defined as ὑὝȾή. ὑ  is the Boltzmann 

constant of ρȢσψρρπ  *Ⱦ+, ή is the elementary charge of the electron of ρȢφπςρπ  ὅ, and 
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Ὕ [K] represents the absolute temperature of the PV cell. Therefore, by illuminating the PV cell, 

the net current (Ὅ [A]) that flows in the external circuit is equal to the difference between the photo-

generated and the diode currents as follows [47] 

Ὅ  Ὅ Ὅ Ὡ ρȢ 
(1-3) 

Fig. 1.3 shows the current-voltage (Ὅ ὠ) and power-voltage (ὖ ὠ) characteristics of the 

single PV solar cell at the standard test conditions (ὛὝὅ). These conditions are a set of standardized 

environmental parameters used to measure the performance of the PV solar cell under consistent 

conditions, including a fixed PV cellôs temperature (Ὕ ) of ςυ ᴈ, a solar irradiance (Ὃ) of 

ρπππ 7ȾÍ , and using a global Air Mass (AM1.5G) as a reference standard solar spectrum [48]. 

The Ὅ ὠ characteristics of a single illuminated PV solar cell, describing the relationship between 

output current and voltage. As seen in the Ὅ ὠ characteristics of a PV cell, two key points should 

be explained. 

¶ Short circuit current point (╘╢╒ [A] ) represents the maximum light-generated current that 

the PV cell can produce, which occurs when the voltage across the cell is zero [49].  

¶ Open circuit voltage point (╥╞╒ [V] ) represents the maximum output voltage that the PV 

cell can generate, which occurs when the current passing through the PV cell is zero [50]. 

Eq. (1-3) shows that the ὠ  is the logarithm of the ratio of Ὅ  to Ὅ. It means a lower Ὅ, 

the higher ὠ , indicating its dependency on material equality. 

Ὅ   and ὠ  are typically given in the PV cellôs datasheet provided by the manufacturer. The 

ὖ ὠ characteristics of the single cell describe the relationship between output power and voltage. 

These characteristics provide additional insights into PV solar cell performance and define two 

more key points. 

¶ Maximum output power (╟□ ἥ ) represents the maximum output power of the solar cell, 

which corresponds to the maximum point in the P-V curve [51]. 

¶ Maximum power points (╘□ Ἃ, ╥□ ἤ) represent the maximum current voltage points, 

respectively, generating the maximum output power [51]. 
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Fig. 1.3 The electrical characteristics of an ideal single solar cell. 
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Generally, Ὅ and ὠ  are less than their maximum values Ὅ  and ὠ , respectively, due to the 

fundamental physics of the p-n junction, as not all generated charge carriers contribute to current 

at the maximum power point, some energy is lost in overcoming the built-in potential of the p-n 

junction [52]. In addition, it can be attributed to the maximum output power transfer theorem. The 

transferred output power is governed by the load resistance, where the maximum power is obtained 

at a load resistance that matches the internal resistance of the cell. This occurs at a point where the 

current and the voltage are less than their maximum values [53], [54]. Consequently, Fig. 1.4 

illustrates the definition of two key parameters that are used to describe the performance of the PV 

cell as 
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Fig. 1.4 PV cellôs fill factor and efficiency definition. 

Fill factor (╕╕) represents the ratio of the maximum output power to the product of the 

short circuit current and open circuit voltage.  

ὊὊ  
Ὅὠ

Ὅὠ
Ȣ 

(1-4) 

The fill factor is a unitless metric that indicates how square the Ὅ ὠ curve is. As the red 

square is closer to the blue square, the fill factor is much closer to unity, indicating much 

higher performance of the PV cell. By definition, the fill factor value is always less than ρ 
[55]. 

Power conversion efficiency (PCE) represents the ratio of the maximum output power to 

the input incident light power. The PCE can be expressed in terms of fill factor, as described 

in the following equation. 

ὖὅὉ Ϸ
ὊὊὍὠ

ὖ
 ȟ 

(1-5) 

where ὖ  represents the input incident power 7 . It is a metric that indicates the ability 

of the solar cell to convert light energy into electricity [56]. 
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However, real-world PV solar cells go beyond the ideal condition by incorporating the 

complex realities of solar cells. The modeling of practical PV solar cells represents a critical 

approach that comprehensively addresses the nuanced interactions between semiconductor 

material properties, performance limitations, and environmental factors [57]. 

1.2.4 PV Cell Modeling 

The evolution of modeling is crucial to understanding, predicting, and optimizing solar cell 

performance through mathematical and computational techniques. Accurate PV cell models enable 

researchers to simulate the electrical performance of solar cells under various environmental 

conditions [57]. The complexity of PV cell modeling lies in accounting for various loss 

mechanisms, such as recombination, resistive losses, and leakage currents [58]. The reverse 

leakage losses in the p-n junction of the parasitic diode reflect its nonidealities; the resistive losses 

due to the current flow through the contacts are modeled as a series resistance (Ὑ Џ), and the 

leakage paths of the current between the terminals are modeled as a shunt resistance (Ὑ  [Џ]). 

The nonidealities of the diode, alongside the two parasitic resistances, complement the 

characteristics of the PV solar cell, causing a greater reduction in the maximum power points and 

then a lower PCE compared to ideal solar cells [59]. To address this, practical PV cells are 

represented using mathematical models, typically based on equivalent electrical circuits. Several 

mathematical models have been developed to simulate the behavior of PV cells, categorized based 

on the complexity of the equivalent circuit. Among the commonly used models are the single-

diode model (SDM), the double-diode model (DDM), and other simplified models [60].  

1.2.4.1 SDM of the PV Cell  

The SDM is the most widely adopted model, which introduces a single diode that represents the 

primary p-n junction of the solar cell, modeling the semiconductor physics of charge carrier 

generation and recombination. It represents both charge carrier diffusion and recombination in the 

space charge region. Fig. 1.5 shows the equivalent circuit of the SDM of a practical solar cell [61]. 

 

 

 

 

Fig. 1.5 SDM equivalent circuit. 

The mathematical representation of the SDM of a practical solar cell can be described as 

follows [61] 

Ὅ  Ὅ Ὅ Ὡ ρ
ὠ ὍὙ

Ὑ
Ȣ 

(1-6) 
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The SDM of a practical solar cell contains five parameters (Ὅ , Ὅ, Ὑ, Ὑ , and ὲ), so only 

five equations are required to accurately extract these five parameters [61].  

1.2.4.2 DDM of the PV Cell 

While the first diode in DDM mirrors the SDM's basic junction behavior, DDM introduces a 

second diode to account for additional recombination losses, particularly representing interface-

related and defect-induced carrier recombination processes. The second diode accounts for more 

complex recombination dynamics at semiconductor interfaces, such as Shockley-Read-Hall 

recombination, providing a more nuanced representation of solar cell electrical characteristics [62]. 

Therefore, DDM is more accurate, especially under low-light conditions and for high-efficiency 

PV cells [62].  Fig. 1.6 shows the equivalent circuit of the DDM of a practical solar cell. 

 

 

 

Fig. 1.6 DDM equivalent circuit. 

The mathematical formula that shows the Ὅ ὠ characteristics of DDM of a practical solar 

cell can be described as follows 

Ὅ  Ὅ Ὅ Ὡ ρ Ὅ Ὡ  ρ
ὠ ὍὙ

Ὑ
ȟ 

(1-7) 

where Ὅ  and Ὅ  are the reverse saturation current [A], while ὲ, ὲ are the ideality factors of the 

first and second diodes [-], respectively. The DDM of a practical solar cell contains seven 

parameters (Ὅ , Ὅ , Ὅ , Ὑ, Ὑ , ὲ, ὲ). Thus, seven equations must be developed to determine 

these parameters. The increased accuracy comes at the cost of greater complexity, as the DDM 

requires additional parameters and is computationally intensive [62]. 

The SDM provides a good tradeoff between accuracy and simplicity, with a lower number of 

equations [63]. In addition, the SDM offers the possibility to estimate the optimal parameters of 

the PV device under various conditions of the PV system [64]. Based on these considerations, this 

work uses SDM for the PV cell modeling. Extracting the SDM parameters accurately is critical for 

performance evaluation, optimization, and simulation of PV cells. Researchers have developed 

various methods in the literature to estimate these parameters of the PV cell, each with its 

advantages, limitations, and areas of application [65].  

The numerical iterative methods provide an approach by solving the equation of the SDM 

iteratively to minimize the error between the theoretical and modeled Ὅ ὠ curves. Methods such 

as Newton-Raphson, nonlinear least squares, and Gauss-Seidel are based on iterative algorithms 

to adjust parameter estimates. The Newton-Raphson technique is specifically efficient for highly 
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nonlinear equations. However, it demands significant computational resources and can have 

convergence issues in poorly conditioned systems. In addition, curve fitting techniques are 

commonly used to optimize the fit between experimental and theoretical data by the use of 

software tools such as MATLAB  [66]. 

Metaheuristic methods are characterized by robustness in solving complex, nonlinear 

parameter estimation problems. These techniques are inspired by natural phenomena that optimize 

an objective function that quantifies the error between the model and experimental data. Genetic 

Algorithms (GA), Particle Swarm Optimization (PSO), Ant Colony Optimization, and Grey Wolf 

Optimizer are the most common techniques used in literature. Reference [67] demonstrated the 

application of improved metaheuristic techniques for parameter extraction, achieving high 

accuracy and robustness against local minima. In [68], the PSO is adopted for its fast convergence 

properties. Despite the effectiveness of Metaheuristic methods for global optimization, they 

require careful parameter tuning and can be computationally expensive.  

Analytical methods provide alternative approaches based on direct mathematical formulations 

derived from the SDM equation. These methods use three key points on the I-V curve and rely on 

simplifying assumptions, making the problem tractable and the calculations simpler and quicker. 

However, they suffer from a relatively reduced accuracy, which depends on the degree of 

simplifying assumptions made [69]. The approach introduced in [69] proposes a simplified circuit-

based analytical approach leveraging approximations that perform effectively under specific 

conditions. This approach is particularly appealing due to its simplicity and efficiency. The three 

standard formulas of the introduced analytical technique are derived by evaluating Eq. (1-6) at the 

short circuit, open circuit, and maximum power operating points at STC. Eqs. (1-8) and (1-9) 

demonstrate the short and open circuit cases, respectively, as follows  

Ὅ  Ὅ   Ὅ Ὡ
 

  ρ  
Ὅ Ὑ

Ὑ
ȟ 

(1-8) 

π  Ὅ  Ὅ Ὡ   ρ 
ὠ

Ὑ
Ȣ 

(1-9) 

The values of each term of these expressions are estimated and used to evaluate the relative 

importance of each term. Based on that, the second term on the right side of Eq. (1-8) can be 

neglected, and the second term inside the brackets of Eq. (1-9) can be approximated to eVocÎVTϳ . 

Therefore, the photo-generated and reverse saturation currents can be evaluated as follows 

Ὅ   Ὅ ρ
Ὑ

Ὑ
ȟ 

(1-10) 

Ὅ
Ὑ Ὑ   Ὅ  ὠ

Ὑ   Ὡ

Ȣ 
(1-11) 

The third formula can be derived by evaluating Eq. (1-6) at the maximum power point as 

follows 
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Ὅ  Ὅ  Ὅ Ὡ
   

  ρ
ὠ  Ὅ Ὑ

Ὑ
Ȣ 

(1-12) 

Using Eqs. (1-8) and (1-9), the Eq. (1-12) can be evaluated without the dependence of Ὅ  and 

Ὅ as follows 

Ὅ  Ὅ  Ὅ
ὠ   Ὅ  Ὑ

Ὑ
Ὡ

   ὠ  Ὅ Ὑ  Ὅ Ὑ

Ὑ
Ȣ 

(1-13) 

To make sure that our solution satisfies the maximum power point, which in turn results in a 

more precise simulation, the following expression is obtained by applying the peak power 

condition (ὖ  π). 

‬Ὅ

‬ὠ ȟ 
 
Ὅ

ὠ
Ȣ  

(1-14) 

By differentiating Eq. (1-6) with respect to ὠ, and using Eq. (1-14), it is possible to obtain the 

following expression  

ὨὍ

Ὠὠ
   

Ὅ

ὲ ὠ
ρ
ὨὍ

Ὠὠ
 Ὑ Ὡ

  

 
ρ

 Ὑ
ρ  

ὨὍ

Ὠὠ
Ὑ Ȣ 

(1-15) 

 Using Eqs. (1-8), (1-9), and (1-13), it is possible to derive an implicit expression of the series 

resistor Ὑ from Eq. (1-15), as follows  

ὲ ὠ ὠ ς Ὅ  Ὅ

ὠ Ὅ  ὠ Ὅ  Ὅ ὠ  Ὅ Ὑ  ὲ ὠ ὠ Ὅ ὠ Ὅ

 Ὡ
  

Ȣ 

(1-16) 

Combining Eq. (1-16) with Eq. (1-13), the final expression of the shunt resistor Ὑ  as a 

function of Ὑ and the initial parameters can be described as follows 

Ὑ   
ὠ  Ὅ Ὑ  ὠ  Ὑ Ὅ  Ὅ   ὲ ὠ

ὠ  Ὅ Ὑ Ὅ  Ὅ   ὲ ὠ Ὅ
Ȣ 

(1-17) 

 The introduced method is used based on a previous estimate of the ideality factor ὲ. It is 

proposed that for single-junction solar cells, an initial value of this factor can be in the range of ρ 
to ς.  
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The introduced parameters extraction analytical method was applied to the mc-Si solar cell 

manufactured by SUNPOWER [70]. The selected value of the ideality factor of the diode that 

results in the best curve fitting is ρȢσς. The other four electrical parameters are extracted by solving 

Eqs. (1-10), (1-11), (1-16), and (1-17). The five electrical parameters of the SDM of the mc-Si 

solar cell evaluated by the introduced method are tabulated in Table 1-1. 

Table 1-1 Five parameters of the mc-Si solar cellôs SDM. 

Solar 

Cell 
▪  ╡▼ ♦  ╡▼▐ ♦  ╘ ▫═ ╘▬▐ ═ 

Si ρȢσς πȢππρ ρȢυσςρπ ωȢωπψρπ φȢςψπ 

 

Fig. 1.7 shows the Ὅ ὠ and ὖ ὠ characteristics of the mc-Si solar cell at the STC 

conditions, in which the maximum power points are estimated. The maximum point current, 

voltage, output power, and power conversion efficiency are evaluated and compared to their 

respective datasheet values, as shown in Table 1-2.  
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Fig. 1.7 Ὅ ὠ and ὖ ὠ characteristics of the mc-Si solar cell. 

The mc-Si solar cell shows an excellent agreement with its corresponding datasheet values. 

The very low discrepancies between the calculated and datasheet values can be attributed to the 

assumptions of the introduced analytical method, which relies on simplified mathematical models. 

However, the minimal discrepancies validate the introduced analytical method for SDM parameter 

extraction. 

 

Table 1-2 Verification of the introduced analytical method. 

Solar Cell ╘□ ═ ╥□ ╥ ╟□ ╥ Ɫ Ϸ  

Si 
Calculated υȢωυπ  πȢυψπ σȢτυρ ςςȢυυυ 

Datasheet υȢωσπ πȢυψς σȢτυρ ςςȢυυχ 

 

The performance of a PV solar cell is influenced by several parameters, including the series 

resistance, shunt resistance, and ideality factor [71]. In addition, it is affected by the high 

temperatures the solar cell experiences during its operation and by the solar irradiance of the 

incident radiation [72]. All these parameters affect the PV cellôs Ὅ ὠ and ὖ ὠ characteristics, 

dictating the PCE of the solar cell.  
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Fig. 1.8 shows the Ὅ ὠ and ὖ ὠ characteristics for different Ὑ values for the mc-Si solar 

cell. Fig. 1.8 (a) shows that higher values of Ὑ reduce the slope (flatter) of the Ὅ ὠ curve near 

the open circuit voltage region. Meanwhile, higher values of Ὑ have a minimal impact on the Ὅ  

with no significant effect on the ὠ . Fig. 1.8 (b) shows that higher values of Ὑ shifts the 

maximum power point towards lower voltage values, indicating reduced maximum power output. 

Consequently, a reduced fill factor and thus a lower efficiency are obtained. Therefore, lowering 

the Ὑ improve the cell efficiency, but requires high-quality materials and optimized fabrication 

[73]. 

Fig. 1.9 shows the Ὅ ὠ and ὖ ὠ characteristics of the mc-Si solar cell for different shunt 

resistor values. Fig. 1.9 (a) shows that a lower value of the Ὑ  makes the Ὅ ὠ curve more 

inclined, which causes a significant drop in the current near the short circuit current region, 

indicating increased recombination and leakage losses [74]. In addition, a very small reduction in 

the ὠ  is observed that can be neglected. However, a very low shunt resistance causes a significant 

decrease in the ὠ  that cannot be ignored. Fig. 1.9 (b) ensures that a lower Ὑ  value increases 

the leakage, reduces the total current contributing to power generation, and results in a reduced 

maximum output power. 

Fig. 1.10 shows the Ὅ ὠ and ὖ ὠ characteristics of the mc-Si solar cell for different 

ideality factor values of the parasitic diode. Fig. 1.10 (a) shows that higher ὲ values slow the 

exponential rise in current with voltage due to a non-ideal recombination, reducing the steepness 

of the Ὅ ὠ curve. In addition, neither the Ὅ  or ὠ  is largely affected by n. Fig. 1.10 (b) shows 

the reduced peak of ὖ ὠ curve with the increase of n. As n increases, the maximum power point 

Ὅ and ὠ  decreased slightly due to the increased recombination, indicating a reduced ὖ  and in 

turn the cellôs efficiency. It can be concluded that when ὲ  ρ, the carrier transport is dominated 

by a diffusion process with minimal recombination losses, resulting in a steeper Ὅ ὠ curve and 

a sharply peaked ὖ ὠ curve. In contrast, when ὲ  ρ, meaning significant recombination losses 

in the depletion region or surface defects, leading to a flatter Ὅ ὠ curve and a reduced maximum 

output power in the ὖ ὠ curve. At ὲ ς, the recombination dominates, significantly reducing 

the cellôs performance [75].  

Fig. 1.11 shows the PV cellôs Ὅ ὠ and ὖ ὠ characteristics for different temperature values. 

Fig. 1.11 (a) shows that high-temperature values significantly decrease the ὠ  of the PV cell due 

to the increase in the recombination process, indicating that ὠ  is a temperature-dependent 

parameter with a negative temperature coefficient [76]. In the meantime, the Ὅ  slightly increases 

at higher temperature values due to the increase in the carrier generation process, indicating its 

temperature dependence with a positive temperature coefficient [76]. Fig. 1.11 (b) shows that at 

higher temperatures, the maximum output power decreases, meaning that the reduction in the ὠ  

is dominant over the increase in the Ὅ . This indicates that the output power is a temperature-

dependent parameter with a negative temperature coefficient [76].  The temperature coefficients 

of the current, voltage, and output power are given in the datasheet provided by the manufacturer. 

It can be concluded that effective thermal management is a key to keeping a higher performance 

of PV solar cells, and it becomes more crucial in concentrated PV systems where higher 

temperatures exist. 

Fig. 1.12 shows the PV cellôs Ὅ ὠ and ὖ ὠ characteristics for different solar irradiance 

values. Fig. 1.12 (a) shows an upward shift of the Ὅ ὠ curve at a higher Ὃ values. As the 

irradiance increases, more photon strikes the cell, generating more carriers proportionally, 

resulting in a linear increase in the Ὅ .   
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Fig. 1.8 Effect of the series resistor on the PV cellôs (a) Ὅ ὠ and (b) ὖ ὠ characteristics. 
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Fig. 1.9 Effect of the shunt resistor on the PV cellôs (a) Ὅ ὠ and (b) ὖ ὠ characteristics. 
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Fig. 1.10 Effect of the ideality factor on the PV cellôs (a) Ὅ ὠ and (b) ὖ ὠ characteristics. 
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Fig. 1.11 Effect of temperature on the PV cellôs (a) Ὅ ὠ and (b) ὖ ὠ characteristics. 
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Fig. 1.12 Effect of solar irradiance on the PV cellôs (a) Ὅ ὠ and (b) ὖ ὠ characteristics. 

According to the equation of the ὠ  that can be evaluated from Eq. (1-3), the logarithmic 

nature of the ratio of Ὅ  and Ὅ cause the ὠ  to rise slowly compared to Ὅ . The increase in the 

Ὅ  and ὠ   with the increase in Ὃ contributes to increasing the maximum power points Ὅ and 

ὠ , resulting in a significant increase in the maximum output power, mainly due to the higher 

current generation [77] as seen in Fig. 1.12 (b). 

1.3 Problem Statement 

Despite the considerable progress in the development of single-junction solar cells, several 

constraints continue to impede their PCE. The operational limitations have a high-scale effect on 

the PCE of the single-junction solar cells. The critical operational limitations are deeply rooted in 

the fundamental operating principles of solar cells 

First, only photons with energy equal to or slightly higher than the bandgap energy of the solar 

cell material can generate an electron-hole pair within the PV cell. Consequently, solar cells utilize 

only a portion of the solar spectrum, while photons with energy below the bandgap are absorbed 

as heat. (Post-Bandgap Losses) 

Second, the bandgap of a semiconductor material sets the maximum energy of photons that have 

the ability to generate an electron-hole pair. Only energy equaling the band gap can be extracted 

from each above-bandgap photon, particularly the high-energy photons, while excess energy 

thermalizes into heat. (Thermalization Losses) 

Ultimately,  the accumulation of byproduct waste heat of the PV process leads to high 

temperatures, significantly decreasing the efficiency of the PV cell.  Therefore, for single-junction 

solar cells, there is a fundamental limit to the PCE imposed by the Shockley-Queisser limit, which 

is approximately σσȢχϷ for silicon solar cells.  

Fig. 1.13 illustrates a block diagram that describes the problem statement and outlines the key 

factors limiting the power conversion efficiency of silicon solar cells. 
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Fig. 1.13 The summary of the problem statement. 

1.4 Thermoelectric Generators 

Thermoelectric generators (TEGs) represent a promising technology for direct energy conversion, 

transforming thermal energy into electrical energy through the Seebeck effect. TEGs possess 

several unique characteristics that distinguish them from conventional energy conversion 

technologies. TEGs convert thermal energy directly into electrical energy without intermediate 

mechanical processes, resulting in high reliability and minimal moving parts [78]. Unlike 

traditional thermal engines, TEGs operate without combustion or mechanical movement, which 

significantly reduces maintenance requirements and increases operational longevity [79]. Since its 

initial discovery, thermoelectric technology has evolved considerably, with major advancements 

in materials science and semiconductor engineering [80]. 

1.4.1 TEG Working Principle  

The Seebeck effect is a fundamental thermoelectric phenomenon discovered by German physicist 

Thomas Johann Seebeck in ρψςρ, representing a remarkable physical mechanism that enables the 

direct conversion of thermal energy into electrical potential. At its core, the Seebeck effect arises 

from the complex quantum mechanical interactions of charge carriers within materials subjected 

to a temperature gradient [81]. When two dissimilar electrical conductors or semiconductors are 

connected and experience different temperatures, a spontaneous movement of charge carriers, 

primarily electrons, occurs from the hotter region to the cooler region. The charge carrier migration 

generates a potential difference and converts thermal energy into electrical energy. The magnitude 

of this voltage depends critically on the specific materials used and the temperature differential 

between their junctions [81]. 

Beyond its scientific significance, the Seebeck effect has profound technological implications, 

serving as the foundational principle for TEGs, which can convert heat into usable electrical 

energy, thereby offering a promising avenue for improving energy efficiency and exploring 

sustainable power generation technologies [82]. The construction of a TEG typically involves two 

types of thermoelectric semiconductor materials: n-type material, where the charge carriers are 
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primarily electrons, and p-type material, where the charge carriers are primarily holes, which are 

paired to create thermocouples. These materials are carefully engineered and connected 

electrically in series and thermally in parallel between two ceramic plates to optimize heat flow 

and current generation [83]. Fig. 1.14 shows a schematic diagram of a TEG thermocouple unit. 

 

Fig. 1.14 Schematic diagram of the TEG unit: working principle. 

When one side of the TEG, known as the hot side, is exposed to a heat source and the other 

side, the cold side, is kept at a lower temperature using a heat sink (HS) or cooling system, the 

temperature gradient causes charge carriers within the thermoelectric materials to move. In n-type 

semiconductors, electrons migrate from the hot side to the cold side, while in p-type 

semiconductors, holes move in the same direction, creating an electric current if the circuit is 

closed. The voltage generated is proportional to the temperature difference between the hot and 

cold sides. The magnitude of this voltage depends critically on the specific materials used and the 

temperature differential between their junctions [84]. 

Among these, bismuth telluride (Bi2Te3) stands out as the most widely used material for TEGs 

operating at low temperatures, making it particularly suitable for consumer and low-temperature 

industrial applications. Bi2Te3 exhibits exceptional thermoelectric properties due to its unique 

crystalline structure, which enables high electrical conductivity while maintaining low thermal 

conductivity. This makes it highly effective for generating significant temperature gradients and 

converting heat into electricity. Moreover, its stability, ease of manufacturing, and cost-

effectiveness have solidified its position as a dominant material for commercial TEG modules. 

Variants of Bi2Te3, enhanced through doping with elements such as antimony (Sb) or selenium 

(Se), further optimize its performance by improving carrier concentration and reducing thermal 

losses. These properties make Bi2Te3 an ideal choice for the TEG system used in this study, 

ensuring reliable and efficient operation under controlled conditions [85].  

1.4.2 TEG Limit ations and Applications 

The efficiency of TEGs is fundamentally constrained by the complex interplay of material 

properties and thermodynamic principles. The energy conversion efficiency (ECE) of TEGs is 

limited by two major factors. 
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¶ Carnot cycle efficiency is fundamentally determined by the temperature difference 

between its hot and cold sides, following the classic Carnot efficiency equation [86]. 

–  ρ Ὕ Ὕϳ , (1-18) 

where Ὕ and Ὕ are the temperatures of the hot and cold sides of the TEG unit [K] . 

¶ Figure of merit (ZT) is a dimensionless measure that represents the material's potential for 

thermoelectric conversion [87]. The figure of merit is characterized by three key factors:  

1. Seebeck coefficient (Ὓ) which represents the ability of the material to convert 

temperature differences directly into electrical voltage. It is defined as the voltage 

produced per unit temperature gradient across the material. The units are typically 

volts per kelvin (6Ⱦ+). 

2. Thermal conductivity (Ὧ) that represents the ability of the material to conduct heat 

through it. This parameter is measured in watts per meter-kelvin (7ȾÍ+). 
3. Electrical conductivity („) that represents the ability of the material to conduct 

electric current through it. Electrical conductivity is typically measured in siemens 

per meter (3ȾÍ). 

The figure of merit is a parameter that quantitatively evaluates the overall 

thermoelectric performance of a material by simultaneously considering its Seebeck 

coefficient, electrical conductivity, and thermal conductivity. It provides a comprehensive 

measure of a material's effectiveness in converting temperature differences into electrical 

energy by integrating these three key physical properties. 

ὤὝ Ὓ„Ὧϳ  ὝȢ (1-19) 

These properties are inherently temperature-dependent parameters that exhibit 

complex variations across different temperature ranges. Based on these, the theoretical 

maximum efficiency (– ) of a thermoelectric device is governed as follows [88]  

–  –  
ρ ὤὝ ρ

ρ ὤὝ Ὕ Ὕϳ
ȟ 

(1-20) 

where Ὕ represents the average temperature of the hot and cold sides [K] .  

Materials with high ὤὝ are critical for improving performance, and extensive research has 

focused on developing and optimizing these materials. Nano-structuring techniques allow precise 

manipulation of material properties at the molecular level, reducing thermal conductivity and 

improving electron scattering [89]. Material innovations involve sophisticated composition 

modifications, including advanced doping, alloy development, and exploration of novel material 

systems such as skutterudites and topological insulators [90]. On the other hand, the geometric 
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configuration of TEG legs, thermal management strategies, and architectural designs play crucial 

roles in optimizing energy conversion efficiency. By integrating approaches such as advanced leg 

geometry, sophisticated heat sink designs, and multi-stage module configurations, researchers are 

pushing the boundaries of thermoelectric technology to achieve more efficient and effective 

thermal-to-electrical energy conversion [91]. 

TEGs have found applications in a wide range of fields due to their versatility and scalability. 

In waste heat recovery, TEGs are deployed in industrial processes and automotive exhaust systems 

to capture and reuse lost thermal energy, reducing overall energy consumption and improving 

efficiency [92]. In space exploration, TEGs are a critical technology for powering spacecraft and 

planetary rovers, such as NASA's Mars rovers, where radioisotope thermoelectric generators 

(RTGs) use radioactive decay as a heat source to maintain a consistent power supply in harsh 

environments [93]. In consumer electronics, TEGs are increasingly being incorporated into 

wearable devices, using body heat to power small sensors or electronics for health monitoring and 

fitness applications [94]. Despite remarkable progress, significant challenges persist in 

thermoelectric technology, including high material costs, complex fabrication processes, and 

challenges of long-term stability under thermal stress. The fundamental limitation of their 

relatively low absolute efficiency has prompted researchers to develop innovative solutions, such 

as integrating TEGs with complementary PV cells. These hybrid systems utilize TEGs to convert 

waste heat from photovoltaic cells into additional electricity, addressing the inherent thermal 

inefficiencies of solar panels. By capturing this heat, PV-TEG systems not only improve the 

overall energy conversion efficiency but also extend the operational lifespan of solar cells by 

mitigating thermal degradation. This dual-energy harvesting approach represents a cutting-edge 

application of TEG technology and aligns closely with the objectives of this thesis, which focuses 

on optimizing the performance of hybrid PV-TEG systems under concentrated solar radiation [95]. 

1.4.3 TEG Modeling 

TEG modeling provides a framework for understanding and predicting the performance of these 

devices, which convert thermal energy directly into electricity. TEG modeling involves analyzing 

the heat transfer and electrical transport within the thermoelectric couples and considering the 

influence of geometric parameters and system-level integration. This foundational knowledge 

forms the basis for developing detailed mathematical models and simulation tools for the design 

optimization and implementation of efficient TEG systems. With a comprehensive modeling 

approach, we can unlock the full potential of thermoelectric technology for a wide range of energy 

harvesting and power generation applications [96]. 

1.4.3.1 Controlling Equation of TEG 

The mathematical model enables precise prediction and optimization of TEG performance under 

various operational conditions [97]. Fig. 1.15 represents heat transfer within a single 

thermocouple, at which the geometry dimension, labels, and a differential element are shown. For 

the TEG unit, it was assumed that the n-type legôs length ὒ, height Ὄ  and width ὡ  are identical 

to the p-type legôs length ὒ, height Ὄ  and width ὡ  [ÍÍ] respectively.  
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Fig. 1.15 Schematic diagram of the TEG unit - heat transfer. 

Employing the thermal heat balance (THB) equation for a one-dimensional steady-state 

condition. The energy equation of the differential element is shown in Fig. 1.15 considering its 

position within the p-type semiconductor leg can be expressed as follows 

ὗ ὗ ὗ π, (1-21) 

ὗὼ ὗὼ Ὠὼ  ὗ πȟ (1-22) 

Where ὗ , ὗ , and ὗ represents the input, output, and Joule heating generated within the 

differential element [W] . Using Taylor expansion  

ὗὼ ὗὼ
‬ὗὼ

‬ὼ
Ὠὼ

Ὅ

„ ὃ
Ὠὼ πȟ 

(1-23) 

‬ὗὼ

‬ὼ
Ὠὼ

Ὅ

„ ὃ
Ὠὼ πȟ 

(1-24) 

 Where Ὅ represents the induced current within the TEG unit [!], ʎ represents the p-type 

material electrical conductivity [3Í ], and ὃ  represents the cross-sectional area of the p-type 

leg [Í ]. The one-dimensional conductive heat of p-type can be defined in terms of Fourierôs law 
of conduction as  

ὗὼ Ὧὃ 
‬Ὕ

‬ὼ
ȟ 

(1-25) 

where Ὧ represents the thermal conductivity of the p-type material [7Í + ]. Substituting 

Eq. (1-25) into Eq. (1-24)  
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‬

‬ὼ
Ὧὃ 

‬Ὕ

‬ὼ
 Ὠὼ

Ὅ

 „ ὃ
Ὠὼ πȢ 

(1-26) 

 Provided those thermoelectric properties are temperature-independent, Ὧ can be taken out 

of derivative and Eq. (1-26) can be expressed as follows 

Ὧὃ
ὨὝ

Ὠὼ
 Ὠὼ

Ὅ

„ ὃ
Ὠὼ πȢ 

(1-27) 

 Integrating Eq. (1-27)  

Ὧὃ
ὨὝ

Ὠὼ
 Ὠὼ

Ὅ

„ ὃ
Ὠὼ πȟ 

(1-28) 

Ὧὃ
ὨὝ

Ὠὼ

ὨὝ

Ὠὼ

Ὅ

„ ὃ
ὼ πȟ 

(1-29) 

ὗ π Ὧὃ
ὨὝ

Ὠὼ
ȟ 

(1-30) 

where ὗ π represents the conductive heat at the top of the p-type leg [7]. Using the boundary 

conditions as Ὕ at ὼ π and Ὕ at ὼ ὒ, Eq.(1-29) can be integrated from π to ὒ and leads to  

Ὧὃ
ὨὝ

Ὠὼ
Ὠὼ

Ὅ

„ ὃ
ὼὨὼ ὗ πὨὼȟ 

(1-31) 

Ὧὃ Ὕ ὒ Ὕ π
Ὅ

„ ὃ

ὒ

ς
ὗ πὒȟ 

(1-32) 

ὗ π
Ὧὃ 

ὒ
Ὕ Ὕ πȢυ Ὅ

ὒ

„ ὃ
ȟ 

(1-33) 

Considering the Peltier effect happening at the hot junction of the p-type leg  

ὗ ὛὍὝ
Ὧὃ 

ὒ
Ὕ Ὕ πȢυ Ὅ

ὒ

„ ὃ
Ȣ 

(1-34) 

where 3 represents the Seebeck coefficient of the p-type material [ὠὑ ]. Eq. (1-34) represents 

the heat transfer at the hot side of the p-type. Following a similar way, the heat transfer equation 

for n-type can be derived as  
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ὗ ὛὍὝ
Ὧὃ 

ὒ
Ὕ Ὕ πȢυ Ὅ

ὒ

„ ὃ
ȟ 

(1-35) 

where 3 [6+ ], Ὧ [7Í + ], and „ [3Í ] represent the Seebeck coefficient, thermal 

conductivity, and electrical conductivity of the n-type material, and ὃ  represents the cross-

sectional area of the n-type leg of the TEG thermocouple. The total absorbed at the hot junction of 

both p- and n-type semiconductor legs is, therefore 

ὗ ὗ ὗ ȟ (1-36) 

ὗ  Ὓ Ὓ  ὍὝ
Ὧὃ 

ὒ

Ὧὃ 

ὒ
Ὕ Ὕ πȢυ 

ὒ

„ ὃ

ὒ

„ ὃ
ὍȢ 

(1-37) 

 Consequently, the heat rejected at the cold junction of p-type and n-type legs as follows 

ὗ  Ὓ Ὓ  ὍὝ
Ὧὃ 

ὒ

Ὧὃ 

ὒ
Ὕ Ὕ πȢυ

ὒ

„ ὃ

ὒ

„ ὃ
ὍȢ 

(1-38) 

 The material properties can be added together using the following equations  

ὑ  
Ὧὃ 

ὒ

Ὧὃ 

ὒ
ȟ 

(1-39) 

Ὑ  
ὒ

„ ὃ

ὒ

„ ὃ
ȟ 

(1-40) 

Ὓ  Ὓ Ὓ ȟ (1-41) 

where 3 [6+ ], Ὑ [Џ], and ὑ [7+ ] are the total Seebeck coefficient, electrical internal 

resistance, and thermal conductance of the couple, respectively. Simplified expressions of heat 

flow through the hot and cold sides for ὔ semiconductor thermocouples can therefore be expressed 

as follows 

ὗ ὔ  Ὓ ὍὝ ὑὝ Ὕ πȢυ ὙὍȟ (1-42) 

ὗ ὔ Ὓ ὍὝ ὑὝ Ὕ πȢυὙὍȢ (1-43) 

Equations (1-42) and (1-43) are known as the standard equations of the thermoelectric 

generator. The first term (3 ὍὝ) is the Seebeck effect, the second term (πȢυὙὍ) is known as the 

Joule heating, and the third term (ὑὝ Ὕ ) is the thermal conductance, which is also an 

irreversible process. The power generated by TEG is defined as the difference between the heat 

absorbed at the hot side and the heat removed at the cold side 



22 
 

ὖ  ὗ ὗ  (1-44) 

 Or 

ὖ ὔ Ὓ ὍὝ Ὕ ὙὍȢ (1-45) 

Moreover, the induced Seebeck voltage ὠ  [ὠ] current Ὅ [ὃ], and the output power ὖ [ὡ] 

can be written as follows   

ὠ Ὓ Ὕ Ὕ Ȣ (1-46) 

Ὅ  
Ὓ Ὕ Ὕ

Ὑ Ὑ
ȟ 

(1-47) 

ὖ  ὍὙ
Ὓ Ὕ Ὕ

Ὑ Ὑ
Ὑȟ 

(1-48) 

where Ὑ [Џ] is the external resistance load. To get the optimum electrical current induced, and 

output power within the TEG, the external resistance needs to be equal to the total internal 

electrical resistance of p- and n-type semiconductor legs  

Ὅ  
Ὓ Ὕ Ὕ

ςὙ
ȟ 

(1-49) 

ὖ  

Ὓ Ὕ Ὕ

τὙ
Ȣ 

(1-50) 

1.4.3.2 Output Characteristics of TEG 

The electrical characteristics of the TEG are described by the aforementioned series of equations 

that account for material properties, geometric configurations, and thermal conditions. The voltage 

can be calculated using Seebeck coefficient and temperature difference, while the maximum power 

output depends on factors such as load resistance, internal resistance, and thermal constraints. A 

numerical example is presented to optimize and analyze the effects of heat transfer governing 

equations on output power, efficiency, and induced voltage of the TEG unit. 

The geometry and properties of the TEG used in the simulation are adopted according to [97]. The 

simulation is carried out at the hot-side temperature range from Ὕ τυπ +  to φυπ + with a step 

of υπ + and a fixed cold-side temperature of Ὕ συπ ὑ.   

Fig. 1.16 depicts the voltage output as a function of the applied current across a range of 

temperature differences. At each temperature difference, the TEG generates a fixed open circuit 

voltage when no current is flowing. However, as the current increases, the voltage output decreases 

linearly due to the voltage drop across the internal resistance. In addition, the maximum current 

drawn from the TEG is at the load short circuit condition (ὠ  π). This linear relationship 
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indicates that the TEG operating underload behaves as an electrical power source with an internal 

resistance that determines the slope of the line. A steeper slope will  correspond to a higher internal 

resistance. At larger temperature gradients across hot and cold sides of TEG, the output voltage 

and current increase, reflecting the higher power-generating capability of the TEG unit.   

Fig. 1.17 (a) shows the output power as a function of the applied current for different 

temperature gradients across the hot and cold sides of the TEG unit. For each temperature gradient, 

the output power behaves as a parabola with a maximum power value at a specified current, 

denoted as the maximum current. As the current increases further, power decreases due to the 

dominance of resistive losses in TEGôs internal resistance. Therefore, currents higher than the 

maximum current generate an output power less than the optimum value. The value of the 

maximum current point depends on the interplay between the Seebeck voltage and the internal 

resistance of the TEG. A higher temperature gradient results in higher maximum output power as 

a higher Seebeck voltage is produced, where the current point for maximum power is shifted to 

higher values. The power curves are parabolic in shape, with a clear maximum point. This is 

characteristic of a power source with an internal resistance, where the power is maximized when 

the load resistance matches the internal resistance of the source. Fig. 1.17 (b) depicts the 

dependence of the output power on the load resistance. 

Fig. 1.18 il lustrates the efficiency of the TEG unit, which also follows a parabolic shape, 

reaching its maximum at the maximum current. In practice, the TEG is consistently operated at 

the optimal current. Notably, the line connecting the maximum-efficiency points appears more 

linear than compared to the curved line connecting the maximum-output-power points. This is 

because efficiency is not directly proportional to output power but depends on the ratio of output 

power to input thermal power. The efficiency of TEG remains low compared to other energy 

conversion methods. However, given that the heat source is plentiful  and free, TEGs could be a 

promising solution when employed for waste heat harvesting in hybrid systems [98].  

Fig. 1.19 depicts the dependence of the TEG unitôs efficiency on the figure of merit. It is clear 

that for each temperature gradient, the efficiency increases with the increase of the ὤὝ. 
Specifically, a high Seebeck coefficient value ensures superior voltage generation, high electrical 

conductivity (minimizes resistive losses), and low thermal conductivity (reduces the heat leakage), 

maintaining an optimum temperature gradient. Therefore, employing thermoelectric materials 

possesses high ὤὝ values lead to great TEG efficiency. However, achieving high ὤὝ requires 

materials with an optimal balance of electrical and thermal properties, which is challenging in 

practice [99]. 
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Fig. 1.16 Voltage-current characteristics of the TEG unit. 
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Fig. 1.17 Output power of the TEG unit as a function of (a) current and (b) load resistance. 
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Fig. 1.18 Efficiency of TEG as a function of current.   
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Fig. 1.19 Efficiency of the TEG as a function of the figure of merit. 
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1.5 Thesis Contribution  and Structure 

The contribution of this research focuses on integrating a TEG unit with a PV cell to introduce two 

hybrid PV-TEG configurations, thereby overcoming the limitations of a single-junction PV cell 

operating without active cooling mechanisms. 

Chapter 2 extends the SDM of a solar cell by incorporating a spectral dependence into the 

photogenerated current, under ideal and realistic operating conditions. This chapter tests the 

hypothesis stating that if the wavelength of light that a solar cell is exposed to is changed, then the 

output of the solar cell would be affected, showing the spectral behavior of solar cells and their 

applicability for spectrum splitting applications 

Chapter 3 develops a unified electrical-thermal modeling framework for stacked and parallel 

configurations. This model integrates thermal dynamics with electrical behavior across varying 

light concentration levels. In addition, it provides a direct side-by-side comparison of both the 

component and configuration levels under identical operating conditions. Thereby, offering 

insights to maximize solar energy harvesting and enhance conversion efficiency. 

Chapter 4 comprehensively investigates the impact of key parameters on both the PV cell and 

TEG unit, and their thermal and electrical interaction through a unified comparative framework. 

In addition, it evaluates the configuration-dependent parametric optimization to determine how 

specific improvements influence each configuration differently, revealing which arrangement 

benefits most from specific parameter enhancements. 

Chapter 5 proposes a novel spectrum-splitting principle for the parallel configuration to address 

the limitations due to thermalization and post-bandgap losses in single-junction PV cells. In 

addition, it identifies the optimal configuration across varying light concentration levels to 

maximize solar energy harvesting and enhance power conversion. 

Fig. 1.20 outlines the main chapters and contributions of this dissertation. 

 

Fig. 1.20 Dissertation Structure. 
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Chapter 2 

2 Extending the SDM with Spectral Sensitivity for Different  PV 

Materials Under Varying Solar Spectra 
 

2.1 Background 

The power conversion efficiency (PCE) of photovoltaic (PV) solar cells is the most critical 

parameter in solar energy technology. The framework for understanding the limits of efficiency is 

characterized by the Shockley-Queisser limit (SQ). However, these calculations assume standard 

test conditions (STC), which donôt reflect the dynamic nature of the real world. Due to 

environmental and atmospheric variability, solar cells are susceptible to operating under different 

spectral conditions. The geographical location significantly impacts the path length of solar 

radiation, where longer paths lead to greater scattering of shorter wavelengths and more 

absorption, especially of UV and infrared radiation, demonstrating changes in spectral distribution. 

Meanwhile, the temporal variation of the sun's position through the day alters the incident angle 

and the atmospheric absorption, further influencing the spectral distribution [100]. In addition, 

atmospheric conditions such as cloud cover, humidity, and aerosol content impact the spectral 

distribution incident on the surface of the Earth [101]. Consequently, variations in the incident 

photon spectrum directly influences the behavior of the solar cell [102]. The relationship between 

the photovoltaic response and the photon energy is inherently complex, with the cell output rising 

and falling in a jagged curve as the wavelength changes from shorter to longer [103]. Spectral 

sensitivity directly influences photogenerated current, which varies with the changes of the spectral 

distribution under different atmospheric conditions determined by different air mass values [104]. 

The American Society for Testing and Materials (ASTM) has established different solar spectra 

references to standardize the performance of PV cells [105]. The AM0 represents the unfiltered 

solar spectral irradiances that exist outside the Earth's atmosphere, typically used for space 

applications [106]. The direct solar spectral irradiance at the Earthôs surface with an air mass of 

ρȢυ are denoted as AM1.5D, which is used for terrestrial applications operating at clear sky 

conditions [107]. Ultimately, AM1.5G is the solar spectral irradiance on the Earth's surface for 

direct sunlight, with the scattered light from the atmosphere integrated over a hemisphere [108]. 

2.1.1 Literature Review 

Previous studies have considered the wavelength dependence of solar cells through both 

experimental and simulation-based approaches. These studies have typically employed colored 

filters, which are made from different materials. The approaches studied vary from long-term 

outdoor testing and seasonal variation to controlled indoor experiments under artificial lighting. 

Some studies have introduced unique experimental designs, such as an all-but-one filter 

combination technique, while others have utilized simulation software or combined empirical data 

with analytical modeling. Table 2-1 provides a summary of representative studies categorized by 

system structure, applied method, and key novel contribution. 
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Table 2-1 Comparative summary of literature studies highlighting system description, methods, and 

novelties. 

Study System Description Applied method Novelty 

[109] 

¶ χππ Í7 monocrystalline PV 
module (σφ cells, ρψπρςπ ÍÍ). 

¶ φ colored polythene filters (red, 
orange, 6ellow, green, blue, violet). 

Experimental: Outdoor testing 
with filters placed directly on 
the module. 

¶ Low-cost polythene materials are 
used as filters, making spectral 
testing accessible. 

¶ Spectral response test in tropical 
climate conditions, providing base 
line data from equatorial regions. 

[110] 

¶ Two identical ςς7 polycrystalline 
panels (STP022-12/D, σφ cells). 

¶ ψ Cotech filters - Primary: visible 
light, red, green, blue; Secondary: 
yellow, frost, amber, lavender 

Experimental: Year-long 
study (Oct 2015 to Sep 2016, 
ρυυ valid measurements). 

¶ Longest study duration (1 year) 
with statistically robust dataset. 

¶ Two mathematical correction 
factors to eliminate intrinsic panel 
differences.  

[111] 
¶ Silicon PV cell model (ρςφȢφ ÃÍ, 

emitter thickness πȢσσÍÍ, base 
thickness σππʈÍ) 

Simulation: P-Spice 
simulation using analytical 
solar cell model. 

¶ Theoretical foundation with 
detailed mathematical modelling 
of photonic energy equations 

¶ Spectral analysis covering entire 
electromagnetic spectrum. 

[112] 

¶ Two υπ7Ð polycrystalline panels 
(SSPV 50 model). 

¶ υ cellophane filters (red, yellow, 
green, blue, magenta) + visible light 
filter. 

Experimental: Full-day 
outdoor testing (πψȡππ
ρφȡππ). 

¶ Seasonal variation analysis with 
radiation level classification 
system. 

¶ Detailed temperature impact 
analysis, revealing wavelength-
dependent thermal effects.  

[113] 

¶ Polycrystalline modules 
(ρυφØρυφ ÍÍ, SPM050-P, υπ7). 

¶ χ colored filters (red, yellow, 
orange, green, blue, violet, Neely).  

¶ Incandescent (ρππ7) and LED 
lamps (ρς7, ρυ7) for artificial 
light. 

Experimental: Dual testing: 
outdoor sunlight and indoor 
artificial lighting. 

¶ Comparative study between 
natural and artificial light sources 
on PV performance. 

¶ Investigation of indoor PV 
applications for electricity 
generation during artificial 
illumination periods. 

[114] 

¶ ρπ7 monocrystalline panel (ρχ6 
peak voltage, πȢυω! peak current). 

¶ χ colored filters tested individually 
and in combination. 

Experimental: Two test cases: 
(1) Single filter coverage; (2) 
All filters except one; repeated 
5 times for repeatability 

¶ Introduces unique ñall-but-oneò 
filter combination testing method. 

¶ Dual experimental approach. 
¶ Five-fold repetition protocol with 

controlled environmental 
parameters. 

[115] 

¶ σφ7Ð monocrystalline module (σφ 
cells, ωυπØτςυØσυÍÍ, Tata BP 
ρψττυω). 

¶ 6 color filters (violet, blue, green, 
yellow, orange, red). 

Experimental: Outdoor testing 
with solar power meter and 
analytical model. 

¶ Integrates photonic theory directly 
into experimental PV performance 
analysis. 

¶ Develops combined experimental- 
analytical methodology. 

 

2.1.2 Objective 

Although previous studies have grasped how the PV cell behaves at different spectral conditions, 

the conventional SDM still overlooks the spectral dependence of the incoming solar radiation. This 

limits their ability to accurately represent the complex interaction between the solar cells and the 

incoming light spectrum. Accordingly, our study aims to bridge this gap by extending the SDM to 

account for spectral sensitivity through the introduction of a wavelength-dependent 

photogenerated current [Êρ]. A systematic framework in MATLAB/Simulink is proposed that 

integrates readily available datasheet parameters, such as external quantum efficiency (EQE), and 
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spectral photon flux data into the SDM, resulting in a practical platform for spectral analysis that 

was not emphasized in earlier wavelength-dependent models. This framework enables the first-

principles calculations of current-voltage characteristics under arbitrary solar spectra. In addition, 

it introduces a new analytical metric of wavelength-based efficiency, offering valuable insights 

that are absent from standard efficiency calculations. Consequently, it defines the concept of 

wavelength-based efficiency for calculating the overall efficiency under different solar spectra 

[ὧυ]. Furthermore, the study compares three different semiconductor materials, such as silicon 

(Si), gallium arsenide (GaAs), and germanium (Ge), at both ideal and realistic conditions, thereby 

generalizing the approach and demonstrating how material properties and bandgaps influence 

spectral responses under identical solar spectra. Finally, this work establishes an approach for 

model verification in which the calculated efficiencies of ideal solar cells are verified against the 

Shockley-Queisser limit and those of realistic solar cells are verified against their respective 

datasheet. Accordingly, this work offers insights into potential strategies for spectrum-specific 

optimization of solar cell-based designs, such as tandem solar cells and hybrid photovoltaic-

thermoelectric generator systems. 

2.2 Method and Procedure 

The simulation is conducted for Si, GaAs, and Ge solar cells. These materials are chosen as their 

bandgaps span a broad range, demonstrating how spectral sensitivity manifests across different 

bandgap energies and validating the generality of the proposed model. In addition, they provide a 

solid foundation to validate the accuracy of the extended model against both theoretical (Shockleyï

Queisser limit) and practical benchmarks (datasheets), as their reliable datasheet values and 

experimental data are readily available. However, the proposed approach can be directly applied 

to any single-junction solar cells, such as perovskite solar cells.  

The full wavelength spectrum of the solar spectra, AM0 and AM1.5G, is segmented into 

discrete wavelengths in a specific step for both the ideal and real solar cells. To ensure the 

readability and clarity of the (Ὅ ὠ) and power-voltage (ὖ ὠ) curves, the corresponding 

spectrum is partitioned into a limited number of wavelengths that effectively illustrate the results. 

The spectrum partitioning patterns of the ideal and real Si [116], GaAs [117], and Ge [118] solar 

cells for the different solar spectra are tabulated in Table 2-2 [Ὦσ]. The proposed spectrum 

partitioning of the ideal solar cells is based on the standard solar spectrum defined b ASTM. The 

wavelength spectrum range of all ideal solar cells starts with the wavelength of ρρω ÎÍ and ends 

at their bandgap wavelengths. Meanwhile, the spectrum partitioning of the real solar cells is based 

on the spectral external quantum given in their datasheets.  

Table 2-2 Spectrum Partitioning Pattern of the ideal/real Solar Cells. 

Solar Cell 
Ideal Real 

Si GaAs Ge Si GaAs Ge 

Range [nm] ρρωρρπχ ρρωψχσ ρρωρψυπ συπρςππ σςυωππ σππχυπ 

Step Size [nm] σψ ςω φφȢυψ στ ςσ υψ 

Number [#] ςχ ςχ ςχ ςφ ςφ ςφ 

The proposed model was implemented in MATLAB/Simulink to simulate the spectral 

response of PV cells. The Simulink model consists of a PV module block, configured with the 

standard SDM circuit with constant temperature and varying irradiance density as input 
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parameters, and current, voltage, and power as output parameters. The model starts with the input 

block that processes the wavelength-dependent parameters, including the spectral short circuit 

current (Ὅ ‗ !), which incorporates spectral external quantum efficiency  (ὉὗὉ) and spectral 

photon flux density (•‗ [Π ÐÈÏÔÏÎÓ Ó  Í ]) as follows [119] 

 Ὅ ‗  ή ὃ ὉὗὉ •‗ȟ (2-1) 

where ή is the elementary electric charge of ρȢπφςρπ  #, ὃ  is the surface area of the PV 

cell [Í ]. The spectral external quantum efficiency of the ideal solar cells are taken as unity, while 

for the real solar cells, they are extracted from their datasheets and vary with wavelength as 

adjusted according to Table 2-2. The spectral photon flux is a function of the spectrum wavelength, 

which can be assessed as follows [120] 

•‗  Ὃ  
‗

Ὤ ὧ
 ȟ (2-2) 

where Ὃ indicates the solar power density, which is ρσφφȢρ 7ȾÍ  and ρπππ 7ȾÍ  for the solar 

spectra AM0 and AM 1.5G, respectively [35], Ὤ represents Planckôs constant of φȢφςφρπ  

*ȢÓ, and ὧ represents the light speed of ςȢωωχρπ ÍȾÓ. Consequently, a spectral sensitivity is 

incorporated into the photogenerated current of the solar cell as follows [121] 

Ὅ ‗ Ὅ ‗ ρ
Ὑ

Ὑ
ȟ  (2-3) 

where Ὑ is the series resistance and Ὑ  is the shunt resistance [Џ]. For ideal solar cells, Ὑ is 

typically zero, and Ὑ  is considered as infinity, whereas for real solar cells, these parameters are 

extracted based on the analytical method presented in section 2.3. The reverse-biased saturation 

current of ideal solar cells is determined based on the detailed balance calculations as a function 

of bandgap, which is reported in  [122]. However, for real solar cells, it was extracted based on the 

introduced analytical method. By incorporating Eq. (2-3), along with the corresponding parameter 

settings such as the saturation current values, into the framework of Eqs. (1-3) and (1-6), the SDM 

acquires spectral sensitivity. The Simulink model employs a systematic solver approach where the 

simulation is executed using the Sim () command for each wavelength in the partitioned spectrum. 

The solver processes the SDM equations, Eqs. (1-3) or (1-6), iteratively for each wavelength point, 

generating complete Ὅ ὠ and ὖ ὠ characteristics at the specific wavelength range. Output 

variables, including current, voltage, and power, are extracted as arrays from the simulation results. 

The maximum output power at each wavelength (ὖ ʇ 7 ) can be evaluated as follows 

ὖ ‗  ὓὥὼ Ὅ  ὠȟ (2-4) 

This approach ensures accurate calculations of the operating point that yields the maximum 

power extraction for each wavelength component. The MATLAB environment processes the 

Simulink outputs through several computational steps. First, the wavelength-dependent open 

circuit voltage (ὠ ‗ 6) is calculated as follows 
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ὠ ‗   ὲ ὠ  ὰὲ
Ὅ ‗

Ὅ
ρ Ȣ (2-5) 

 Second, the wavelength-based efficiency of the ideal and real solar cells (–‗ Ϸ ) is 

evaluated as follows  

–‗     
ὖ ‗  

ὖ
ȟ (2-6) 

where ὖ  represents the input power corresponding to the solar spectra AM1.5G 7 . Third, 

polynomial functions are fitted to the wavelength-based efficiency curves to establish continuous 

curves that can be used to evaluate the efficiency of each solar cell at any wavelength point. Fourth, 

the real wavelength-based output power at the solar spectrum of AM0 and AM1.5G 

(ὖ‗ ȟ   Ȣ  7 ) are evaluated as the mathematical product of wavelength-based 

efficiency and the input spectral irradiance of both solar spectra, as follows  

ὖ‗ ȟ   Ȣ   –‗ Ὁ ȟ   Ȣ ȟ (2-7) 

where Ὁ ȟ Ȣ   represents the spectral irradiance of AM0, and AM1.5G solar spectra 

[7ȾÍÎÍ]. Fig. 2.1 illustrates the computational workflow of the proposed model. 

 

Fig. 2.1 Computational workflow of the proposed model. 
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To validate the concept findings, power conversion efficiency is evaluated for both ideal and real 

solar cells. The power conversion efficiency of the solar cell (–) is the integral of the real 

wavelength-dependent output power over its bandgap wavelength range, divided by the input 

power (ὖ  ȟ   Ȣ  7 ) as follows 

– 
᷿ ὖ‗ ȟ   Ȣ  Ὠ‗

ὖ  ȟ   Ȣ
 Ȣ (2-8) 

The calculated power conversion efficiency of the ideal solar cells is compared with the 

theoretical limit established by Shockley-Queisser, whereas with respective datasheet values for 

real solar cells. 

2.3 Parameters Extraction of SDM 

The introduced parameters extraction method was applied to the Si, GaAs, and Ge real solar cells. 

The diode ideality factor of each solar cell is selected to achieve the best curve fitting, while the 

remaining four electrical parameters are extracted by solving Eqs. (1-10), (1-11), (1-16), and 

(1-17). Accordingly, the five electrical parameters of the SDM for the three real solar cells are 

tabulated in Table 2-3. The evaluated parameters indicate distinct characteristics of each solar cell. 

The GaAs solar cell demonstrates the lowest saturation current and the highest shunt resistance, 

indicating superior cell performance. The Ge solar cell exhibits the highest resistance and 

saturation current, resulting in the lowest performance compared to Si and GaAs cells. In contrast, 

the Si solar cell shows moderate values across all parameters.  

Table 2-3 Five parameters of three different solar cells. 

Solar 

Cell 
▪ [-] ╡▼ [ ] ╡▼▐ [ ] ╘▫ [Ἃ] ╘▬▐[Ἃ] 

╢░ ρȢσς πȢππρ ρȢχπυρπ         ωȢωσςρπ φȢςψπ 

╖╪═╢ ρȢςπ ρȢσσσ ρȢωψρρπ        χȢτσρρπ  πȢπσπ 

╖▄ ρȢρπ ωȢωψσ ςȢψφψρπ        τȢσρτρπ πȢππρ 

 Fig. 2.2 shows the Ὅ ὠ and ὖ ὠ characteristics of the three solar cells at the STC 

conditions, in which the maximum power points are estimated. The Si cell shows excellent 

agreement with datasheet values, exactly matching the power conversion efficiency of ςςȢυυϷ. 
The results of the GaAs cell demonstrate a slight discrepancy in efficiency. Similarly, the Ge solar 

cell shows a close fit  to the datasheet values. The discrepancies between the calculated and 

datasheet values can be attributed to the assumption introduced within the analytical method, 

which relies on simplified mathematical models. In addition, the interdependence of the SDM 

parameters potentially can lead to small cumulative deviations. However, the minimal 

discrepancies validate the introduced analytical method for SDM parameter extraction.  

The maximum point current, voltage, output power, and power conversion efficiency are 

evaluated and compared to their respective datasheet values, as shown in Table 2-4. 
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Fig. 2.2 Calculated Ὅ ὠ and ὖ ὠ of (a) Si, (b) GaAs, and (c) Ge solar cells at STC. 

Table 2-4. Verification of the proposed parameter extraction method. 

Solar Cell ╘□[ɋ] ╥□[V]  Ɫ [%]  

╢░ 
Calculated υȢωτω πȢυψπ ςςȢυυ 

Datasheet υȢωσπ πȢυψς ςςȢυυ 

╖╪═▼ 
Calculated ςχȢχψρπ πȢωφφ ςφȢψσ 

Datasheet ςψȢφπρπ πȢωφσ ςχȢφπ 

╖▄ 
Calculated πȢχφυρπ πȢρπς ςȢφπς 

Datasheet πȢχφχρπ πȢρπσ ςȢφσπ 

2.4 Spectral Performance of PV Cells 

The simulation is carried out for the Si, GaAs, and Ge solar cells at a PV cell temperature of ςυ 
ᴈ, and a power density of ρπππ 7ȾÍ . The ideal solar cells have the same surface area of ρ ÃÍ, 

while the physical and electrical parameters of the real solar cells are given in their datasheet. 

2.4.1 Output  Characteristics    

Fig. 2.3 illustrates the spectral characteristics of the ideal and real Si solar cells for the ςχ and ςφ 
wavelengths, starting from ρρω ÎÍ and συπ ÎÍ up to ρρπχ ÎÍ and ρςππ ÎÍ with step sizes of 

σψ ÎÍ and στ ÎÍ, respectively. The short circuit current density in both cells increases as more 

electron-hole pairs are generated due to the increased number of photons at the fixed light intensity 

of ρπππ 7ȾÍ . As shown in Fig. 2.3 (a), for the ideal Si cell, the short circuit current increases 

from ωȢυωφ Í!ȾÃÍ at the short wavelength of ρρω ÎÍ to ψωȢςχ Í!ȾÃÍ at the longer 

wavelength of ρρπχ ÎÍ. This demonstrates efficient photon-to-electron conversion efficiency at 

a longer wavelength spectrum. As open circuit voltage depends on the logarithm of the 

photogenerated current, it shows a slight increase as the wavelength increases. Accordingly, the 
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open circuit voltage increases from πȢψςπρ 6 to πȢψχχ 6 with the increase of wavelength. This 

assures that the maximum open circuit voltage produced from the ideal Si cell is at its 

corresponding bandgap wavelengths of ρρπχ ÎÍ. The maximum output power of the ideal Si cell 

increases with the increase in wavelength. At the bandgap wavelength, the photon energy is just 

sufficient to excite electrons across the bandgap, where the highest maximum output power can be 

obtained. The output power density of the ideal Si cell at its bandgap wavelength of ρρπχ ÎÍ is 

with a maximum value of φψȢρ Í7ȾÃÍ. The maximum power current density and voltage of the 

ideal Si cell result in ψφȢχ Í!ȾÃÍ and πȢχψφ 6, respectively. As shown in Fig. 2.3 (b), for the 

real case, the short circuit current increases from ςπȢωτ Í!ȾÃÍ at συπ ÎÍ to χφȢχφ Í!ȾÃÍ at 

a peak wavelength of ρπσπ ÎÍ and then decreases up to ρȢτφψ Í!ȾÃÍ at the wavelength of 

ρςππ ÎÍ. This is because of the low absorption and carrier collection efficiency due to 

recombination, reduced photon energy, and other real-world losses incorporated with the real solar 

cells. The open circuit voltage follows the current density trend where it reaches a value of πȢυσψ 6 

at the peak wavelength of ρπσπ ÎÍ and then decreases up to πȢτπφ 6 at ρςππ ÎÍ. That reflects 

the inefficient separation of electron-hole pairs at longer wavelengths. Consequently, the 

maximum output power density of the real Si cell peaks at a value of τσȢς 7ȾÃÍ at the peak 

wavelength of ρπσπ ÎÍ, as seen in Fig. 2.3 (b). This lower value compared to the ideal case is 

attributed to many loss mechanisms and non-ideal factors that limit the ability of the solar cell to 

utilize completely the energy of available photons. This leads to a lower current and voltage 

maximum power points of χςȢφ Í!ȾÃÍ and πȢυωφ 6 at ρπσπ ÎÍ, respectively. 
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Fig. 2.3 Output characteristics of (a) ideal and (b) real Si solar cells for ςχ and ςφ wavelengths with step 

sizes of σψ ὲά and στ ὲά, respectively. 
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Fig. 2.4 depicts the spectral characteristics of the ideal and real GaAs solar cells for the ςχ 
and ςφ wavelengths, starting from ρρω ÎÍ and σςυ ÎÍ up to ψχσ ÎÍ and ωππ ÎÍ with steps of 

ςω ÎÍ and ςσ ÎÍ, respectively.  Due to GaAsôs higher bandgap energy of ρȢτς Å6, it exhibits a 

narrower spectral response compared to the Si cell. As shown in Fig. 2.4 (a), the short circuit 

current density of the ideal GaAs solar cell starts from ωȢυωφ Í!ȾÃÍ at the wavelength of 

ρρω ÎÍ (same as Si) and extends to reach only a value of χπȢτ Í!ȾÃÍ at the wavelength of 

ψχσ ÎÍ. GaAs solar cells have a higher open circuit voltage than Si due to their wider bandgap 

energy (ρȢτς Å6 Vs. ρȢρς Å6 for Si). Additionally, it can be attributed to its lower recombination 

rates due to its direct bandgap nature. The open circuit voltage of the ideal GaAs cell increases 

linearly from ρȢρπρ 6 to ρȢρυς 6 as the wavelength increases from ρρω ÎÍ to ψχσ ÎÍ, 
respectively. Consequently, the maximum output power density of the ideal GaAs cell is 

χςȢφ Í7ȾÃÍ at the bandgap wavelength of ψχσ ÎÍ, in which the maximum current density and 

voltage are φψȢχ Í!ȾÃÍ and ρȢπυφ 6, respectively. As shown in Fig. 2.4 (b), for the real GaAs 

cell, the short circuit current density starts from ρȢσ Í!ȾÃÍ at σςυ ÎÍ and peaks at 

φσȢσ Í!ȾÃÍ at the peak wavelength of ψσρ ÎÍ before decreasing to πȢψπχ Í!ȾÃÍ at ωππ ÎÍ. 
The real GaAs solar cell shows a sharp decrease in the current beyond its peak wavelength 

compared to the Si cell, which reflects the direct bandgap materialôs abrupt absorption edge 

characteristics. Similarly, the open circuit voltage increases up to a maximum value of ρȢρσρ 6 at 

the peak wavelength of ψσρÎÍ, then starts decreasing to reach πȢωωφ 6 at ωππ 6. The maximum 

output power density of the real GaAs cell decreases to  υχȢσ Í7ȾÃÍ at the bandgap wavelength 

of ψσρÎÍ, with a lower maximum current density and voltage of φπȢτ Í!ȾÃÍ and πȢωτψ 6, 

respectively. The discrepancy in the maximum output power between the ideal and real cells 

results in notable changes in their respective maximum power points. Fig. 2.3 and Fig. 2.4 

demonstrate that despite the broader absorption spectrum of Si, the GaAs solar cell has a better 

output power at each wavelength compared to Si solar cells.  This is due to the higher bandgap 

energy of the GaAs cells, which results in larger open circuit voltages, and its direct bandgap, 

which contributes to exceptional absorption properties with a coefficient around ρπ ÃÍ . In 

addition, the superior carrier properties of GaAs, such as higher electron mobility, lower carrierôs 

effective mass, and reduced recombination losses, lead to efficient carrier collection and transport. 

Fig. 2.5 shows the spectral characteristics of the Ge solar cells, comparing ideal and real cells' 

performance across discrete wavelength ranges. The characteristics of ideal and real Ge solar cells 

for ςχ and ςφ wavelengths, starting from ρρω ÎÍ and σππ ÎÍ up to ρψυπ ÎÍ and ρχυπ ÎÍ with 

steps of φφȢυψ ÎÍ and υψ ÎÍ, respectively, were investigated. Ge solar cells demonstrate a 

remarkably broad spectral response owing to their significantly lower bandgap energy of πȢφχ Å6 
compared with that of Si (ρȢρς Å6) and GaAs (ρȢτς Å6). This allows for photon absorption across 

a wide spectrum range, extending to the infrared region. As shown in Fig. 2.5 (a), the short circuit 

density of the ideal Ge cell increases once again from the same value of ωȢυω Í!ȾÃÍ at the 

wavelength of ρρω ÎÍ and reaches a relatively high value of ρτωȢρ Í!ȾÃÍ at the wavelength of 

ρψυπ ÎÍ. Ideal Ge solar cells show superior current capability compared to ideal Si and GaAs 

cells due to their ability to harvest lower-energy photons. Furthermore, it is clear that the Ge solar 

cell serves a very low open circuit voltage compared to other studied solar cells, Si and GaAs. This 

is attributed to its lower bandgap and higher recombination rates as well. The open circuit voltage 

of the ideal Ge cell increases from πȢτρτ 6 to πȢτψυ 6 with the increase of the wavelength from 

ρρω ÎÍ to ρψυπ ÎÍ, respectively. As shown in Fig. 2.5 (b), for the real case, the real Ge cell 

shows the same trends mentioned in the real Si and GaAs cells, in which the current density reaches 
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a maximum value of υφȢχ Í!ȾÃÍ at the peak wavelength of ρςψφ ÎÍ and then tends to decrease 

at longer wavelengths till it reaches πȢσωπ Í!ȾÃÍ at ρψυπ ÎÍ. The real cell demonstrates 

comparable behavior to real Si and GaAs cells, where the non-ideality exists. Also, the open circuit 

voltage increases up to πȢςφψ 6 at the peak wavelength of ρςψφ ÎÍ and then dramatically 

decreases to πȢρςψ 6 at ρχυπ ÎÍ. This sharp reduction outweighs the relatively higher current 

densities across the broader spectral range, resulting in the lowest maximum output power among 

the other two cells. Fig. 2.5 (a) and (b) demonstrates this disparity, where the maximum output 

power density of the ideal and real Ge solar cell is 57.8 Í7ȾÃÍ and 4.865 Í7ȾÃÍ at 

wavelengths of ρψυπ ÎÍ and ρςψφ ÎÍ, respectively. For instance, a notable discrepancy between 

the ideal and real cells exists, which underscores the practical limitations of the Ge-based solar 

cell technology. This is further reflected in their respective maximum power points, in which the 

real cell exhibits a much lower maximum power point current density and voltage of 

τσȢτστ Í!ȾÃÍ and πȢρρς 6, compared to the ideal cell of ρτπȢσ Í!ȾÃÍ and πȢτρς 6, 

respectively. Despite its significantly low output voltages, it allows for the absorption of lower 

energy photons at longer wavelengths, which indicates its capability in harvesting infrared portions 

of the solar spectrum, which is valuable in multi-junction cell designs. 
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Fig. 2.4 Output characteristics of (a) ideal and (b) 

real GaAs solar cells for ςχ and ςφ wavelengths 

with step sizes of ςω ὲά and ςσ ὲά, respectively. 
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Fig. 2.5 Output characteristics of (a) ideal and (b) 

real Ge solar cells for ςχ and ςφ wavelengths with 

step sizes of φφȢυψ ὲά and υψ ὲά, respectively. 
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Fig. 2.3, Fig. 2.4 and Fig. 2.5 show that the short circuit current is strongly related to the 

spectral response and the spectral irradiance. These results show that the respective bandgaps and 

photon absorption capabilities are critical for optimizing solar cell performance based on spectral 

conditions and material properties. Ideal solar cells demonstrate efficient carrier collection at the 

highest maximum power points, which indicates high fill factors. The real solar cells demonstrate 

a lower peak current compared to the ideal case. The practical limitations, such as low absorption, 

surface recombination, surface reflection, and other losses that do not exist in the ideal models, are 

the causes of the lower current density and the decrease beyond the peak response wavelength. In 

addition, the shift in the peak value at a shorter wavelength could be attributed to the wider 

effective bandgap of commercial solar cells due to doping or other material modifications. 

Moreover, all real solar cells have lower open circuit voltage values compared to the ideal case 

due to non-radiative losses and other non-idealities that exist in real cells. The real GaAs cell 

exhibits open circuit voltage values closer to the ideal counterpart. Meanwhile, the Ge commercial 

solar cell demonstrates dramatically lower values compared to its ideal case.  

Table 2-5 summarizes the short circuit current density, open circuit voltage, maximum point 

current and voltage densities, and output power density at the bandgap wavelengths for the ideal 

cells and peak response wavelengths for the real cells, under a power density of ρπππ 7ȾÍ . 

Table 2-5 Output parameters of the ideal and real solar cells at the bandgap and peak wavelengths, 

respectively. 

Solar 

Cell 

Ἔ[nm]  ἔἡἍ
 [mA/cm2] ἤἛἍ [V]  ἔἵ [mA/cm2] ἤἵ [V]  Ἔἵ [mW/cm2] 

Ideal Real Ideal Real Ideal Real Ideal Real Ideal Real Ideal Real 

Si ρρπχ ρπσπ ψωȢσ   χφȢχ  πȢψχχ   πȢυσψ  ψφȢχ χςȢφ  πȢχψφ πȢυωφ  φψȢρ τσȢς 

GaAs ψχσ ψςρ χπȢτ φσȢσ  ρȢρυς ρȢρσρ  φψȢχ  φπȢτ  ρȢπυφ πȢωτψ  χςȢφ υχȢσ 

Ge ρψυπ ρςψφ ρτωȢρ υφȢχ πȢτψυ πȢςφψ  ρτπȢσ τσȢτ  πȢτρς πȢρρς  υχȢψ τȢψφ 

2.4.2 Wavelength-Based Efficiency 

Fig. 2.6 illustrates the wavelength-based efficiency of the ideal Si, GaAs, and Ge solar cells. The 

wavelength-based efficiency of all solar cells increases linearly at different slopes with the increase 

in wavelength.  

 

Fig. 2.6 Wavelength-based efficiency of Si, GaAs, and Ge ideal cells. 
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The increase in efficiency with wavelength reflects the increasing number of photons available 

for absorption as the wavelength approaches the bandgap, where maximum efficiency can be 

obtained at the bandgap wavelength. The maximum efficiency of the ideal Si, GaAs, and Ge cells 

is about φψȢρχρϷ, χςȢφπχϷ, and υχȢψτπ Ϸ at the bandgap wavelengths of ρρπχ ÎÍ, ψχσ ÎÍ, 
and ρψυρ ÎÍ, respectively. The sharp drop in efficiency beyond the bandgap wavelengths 

corresponds to their inability to absorb lower-energy photons. This provides valuable insights into 

each materialôs spectral sensitivity. The GaAs cell demonstrates a steeper rise in efficiency in the 

visible spectrum due to its optimal direct bandgap, which enables it to absorb and convert visible 

light more efficiently than Si and Ge cells.  

In real solar cells, only photons with energy equal to or just above the bandgap contribute 

efficiently to electron-hole pair generation. However, photons with much higher energy generate 

carriers deeper in the material or in high-field regions, where they experience increased 

thermalization and non-radiative recombination losses, and those with lower energy are not 

absorbed, resulting in no carrier generation. This reflects the fact that the external quantum 

efficiency of real solar cells is not unity across the spectrum. Additionally, surface and bulk defect 

states act as recombination centers that further reduce carrier collection probability, especially 

under longer-wavelength illumination, where carrier diffusion lengths are comparable to the 

absorption depth. Accordingly, the wavelength-based efficiency of the real cells rises to a 

maximum value near a peak wavelength, close to the bandgap wavelength, and then decreases with 

wavelength, reflecting practical limitations such as recombination, non-radiative losses, and 

inefficient absorption. The peak wavelength of the real Si, GaAs, and Ge cells based on the 

wavelength spectrum partitioning tabulated in Table 2-2 is ρπσπ ÎÍ, ψσρÎÍ, and ρςψφ ÎÍ, 
respectively. However, it could be shifted slightly forward or backward according to the size of 

the wavelength step. For smaller step sizes, there is a higher probability of sampling the precise 

peak wavelength where the maximum efficiency occurs.  

Fig. 2.7 shows the wavelength-based efficiency of the real Si, GaAs, and Ge solar cells at 

lower step sizes of ςυ ÎÍ.The peak wavelength of the real Si, GaAs, and Ge cells based on the 

new wavelength step sizes is ρπςυ ÎÍ, ψςυÎÍ, and ρσςυ ÎÍ, where the maximum efficiency is 

about υχȢτςϷ, σωȢωυπϷ, and φȢςψψϷ respectively.  

 

Fig. 2.7 Wavelength-based efficiency of Si, GaAs, and Ge real cells. 

The GaAs cell exhibits a maximum efficiency within the visible spectrum of ψππ  ψχπ ÎÍ, 
followed by a sharp drop. The Si cell peaks slightly later around ωυπ  ρπυπ ÎÍ with a lower 

peak efficiency due to its indirect bandgap and keeps a moderate efficiency across a broader 
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spectrum range. While Ge exhibits a broad response to the far infrared spectrum with maximum 

efficiency at around ρςππρτυπ ÎÍ, its lower bandgap allows for higher recombination rates 

and lower open circuit voltage, which reduces its efficiency. Moreover, it allows absorbing more 

of the far-infrared parts of the spectrum, which makes it more susceptible to heat losses. However, 

it can be used in multi-junction solar cells where Ge is often used as a bottom cell and is 

advantageous for certain applications, such as infrared and low-light applications, where the 

broader spectrum is required, despite the low power output. In addition, GaAs solar cells with their 

highest open circuit voltages and very good light absorption properties are preferable for high 

efficiency and power applications such as space or satellite systems, where they can harvest the 

unfiltered spectrum more effectively, concentrated systems, and specialized terrestrial uses. 

Moreover, the Si cells with their moderate characteristics make them the dominant technology for 

residential, commercial, and terrestrial installations. 

2.4.3 Wavelength-Dependent Output Power 

The concept of wavelength-based efficiency can be verified using the solar irradiance datasheets 

given by the ASTM. Fig. 2.8 illustrates the solar irradiances of both AM0 and AM1.5G solar 

spectra according to ASTM G173-03 reference standard. The absence of atmospheric filtering at 

AM0 allows a broader and more intense spectrum to reach the solar cell beginning at a wavelength 

of ρρω ÎÍ. In contrast, the AM1.5G spectrum is filtered by the atmosphere and loses its shorter 

wavelength components, resulting in a spectrum that starts at ςψπ ÎÍ.  

 

Fig. 2.8 The AM0 and AM1.5G solar spectra. 

The real wavelength-dependent output power of the ideal and real solar cells under AM0 

and AM1.5 G solar spectra can be calculated based on a straightforward procedure. This involves 

the multiplication of the wavelength-based efficiency (as depicted in Fig. 2.6 and Fig. 2.7) by the 

solar spectra (as given in Fig. 2.8). The calculations are tailored to the specific bandgap of each 

solar cell. 

Fig. 2.9 shows the real wavelength-dependent output power of the ideal solar cells for the 

different solar spectra. The GaAs solar cell shows a higher wavelength-based output power up to 

its bandgap among the other solar cells, followed by the ideal silicon solar cell. This ensures the 

results obtained from the section 2.4.1.  The performance gap between AM0 and AM1.5G 

conditions is most pronounced for Si cells. This underscores the importance of spectral 

considerations in predicting the real-world performance of terrestrial solar installations.  
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Fig. 2.10 shows the real wavelength-dependent output power of the real solar cells under 

AM1.5G solar. The GaAs cell demonstrates the highest output power through its operating 

wavelength range, indicating its superior performance in the visible spectrum. The Si cell exhibits 

a lower peak output power through the visible to near-infrared wavelength spectrum, featuring a 

broader spectral response compared to the GaAs solar cell. While the Ge cell offers the broadest 

spectrum response extending to the far infrared spectrum, it demonstrates the lowest output power 

among the three solar cells. Both the ideal and real solar cells show similar spectral responses for 

each material. However, the real cells demonstrate reduced magnitudes of output power due to 

practical limitations.  

Comparing Fig. 2.9 and Fig. 2.10 shows that the real GaAs cell exhibits a narrower and lower 

peak power response compared to the ideal case. In addition, the real Si cell shows a more 

pronounced reduction in the peak power region. While the Ge solar cell shows the most substantial 

deviation between ideal and real performance. 
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Fig. 2.9 Real wavelength-dependent output power of the ideal Si, GaAs, and Ge solar cells under a) AM0 

and b) AM1.5G solar spectra. 

 

Fig. 2.10 Real wavelength-dependent output power of commercial a) Si, b) GaAs, and c) Ge solar cells 

under AM1.5G solar spectrum. 
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2.5 Concept Validation 

Curve fitting of the real wavelength-dependent output power curves have been evaluated to 

describe their formula as a function of the wavelength. The integration of the wavelength-

dependent real output power functions of each ideal and real solar cell along its corresponding 

wavelength spectrum range results in the average output power under the different solar spectra. 

The average output power of the ideal Si, GaAs, and Ge solar cells under AM0 and AM1.5G solar 

spectra is (τπ Í7 and σςȢω Í7), (σω Í7 and σςȢχ Í7) and (ςω Í7 and ςς Í7), 

respectively. On the other hand, the average output power of the real Si, GaAs, and Ge solar cells 

under the AM1.5G solar spectrum is σȢτςω 7, ςχȢσ Í7, and φφȢυψυ ʈ7, respectively. Then the 

power conversion efficiency of the ideal and real solar cells under the different solar spectra is 

evaluated and compared to the ShockleyïQueisser limit and their respective datasheet values. 

Table 2-6 compares the calculated efficiency of the ideal and real solar cells with their theoretical 

values. The close agreement between the calculated efficiencies and the SQ limit (within ρȢςϷ for 

all cases) validates the accuracy of our concept and calculations. This suggests its potential as a 

reliable tool for predicting ideal cell performance across various materials and conditions. 

Table 2-6 SQ Limit and Datasheet Validation of the Ideal and Real Solar Cells, respectively. 

Solar cell 

Ideal Real 

AM0 AM1.5G AM1.5G 

Calculated 

(%) 

SQ Limit 

(%) 

Calculated 

(%) 

SQ Limit 

(%) 

Calculated 

(%) 

Datasheet 

(%) 

Si  Ȣ  Ȣ   Ȣ   Ȣ   Ȣ   Ȣ  

GaAs Ȣ  Ȣ   Ȣ   Ȣ   Ȣ  Ȣ  

Ge Ȣ  Ȣ   Ȣ   Ȣ   Ȣ  Ȣ  

Based on the results shown above, I summarize the main points as follows 

 

¶ The SDM of a solar cell is extended for spectral sensitivity, and the simulation was performed for 

three different solar cells (Si, GaAs, and Ge). The analysis incorporated the ideal and real-world 

solar cells with the spectrum partitioning pattern, as shown in Table 2-2. 

¶ The ideal solar cells exhibit maximum short circuit current, open circuit voltage, and power points 

at their respective bandgap wavelengths. However, real solar cells show these maximum 

parameters at wavelengths shorter than the bandgap wavelength due to the real-world losses, as 

seen in Fig. 2.3, Fig. 2.4 and Fig. 2.5. 

¶ As GaAs has the largest bandgap, it exhibits a narrower spectral response among the other solar 

cells (i.e., Si and Ge), followed by the Si solar cell, as seen in Fig. 2.3, Fig. 2.4 and Fig. 2.5. 

¶ Although Ge has the broadest absorption spectrum among the other solar cells, GaAs solar cells 

exhibit better output characteristics due to their higher bandgap and direct bandgap, which 

contributes to exceptional absorption properties.  

¶ Fig. 2.6 illustrates the wavelength-based efficiency of the ideal solar cells and demonstrates that 

the ideal GaAs cell exhibits a steeper rise in efficiency in the visible spectrum due to its optimal 

bandgap and direct bandgap nature. 
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¶ Fig. 2.7 illustrates the wavelength-based efficiency of the real solar cells. It demonstrates that the 

real GaAs cell exhibits maximum efficiency within the visible spectrum, while the real Si cell peaks 

slightly later. In contrast, the real Ge exhibits a broad response to the far infrared spectrum.  

¶ The respective bandgaps and photon absorption capabilities are critical for optimizing solar cell 

performance based on spectral conditions and material properties. 

¶ Ge solar cells can be used in multi-junction solar cells, often as a bottom cell, and in infrared and 

low-light applications. GaAs solar cells with their highest open circuit voltages and very good light 

absorption properties are preferable for high efficiency and power applications such as space or 

satellite systems. Si cells with their moderate characteristics make them the dominant technology 

for residential, commercial, and terrestrial installations. 

2.6 Model Limitations and Future Work  

While the extended SDM model with spectral sensitivity provides improved accuracy in 

representing PV cell performance under varying spectral conditions, it has several limitations that 

should be addressed: 

First, the model assumes constant semiconductor material properties, including the bandgap 

energy, which varies with temperature. Temperature changes can modify the bandgap energy, 

carrier mobility, and recombination rate. Therefore, incorporating a temperature-dependent 

bandgap model would increase accuracy, particularly for applications where the solar cell 

temperature fluctuates significantly.  

Second, the solar incidence angle varies throughout the day and across seasons, influencing 

the absorbed photon flux and the effective spectral distribution at the cell surface. Future work 

could include angle-dependent optical modeling to better capture these effects. 

Third, while the simulation is based on standardized spectral conditions (AM0, AM1.5G), the 

solar spectrum includes both direct and diffuse components that vary dynamically with 

atmospheric conditions. Accounting for the ratio of diffuse to direct irradiance and its spectral 

content would further refine the model predictions under cloudy or partially shaded conditions. 

Fourth, the current model focuses on single-junction solar cells. The application of the model 

to more complex architectures like multi-junction or tandem solar cells would require significant 

further development to account for spectral splitting and current matching between sub-cells with 

different bandgaps. 

2.7 Summary 

The spectrum wavelength dependency has been introduced into the photocurrent allowing for 

extending the single-diode model of solar cells with spectral sensitivity. The simulation was 

carried out for ideal and real Si, GaAs, and Ge solar cells under different solar spectra according 

to the spectrum partitioning summarized in Table 2-2.  This model requires evaluating the spectral 

external quantum efficiency or the spectral response of the real solar cells and the spectral photon 

flux density as well.  

The results show that the wavelength-based efficiency of ideal solar cells increases linearly 

with the wavelength up to the bandgap limit. While in the case of real solar cells, it increases to a 

specific wavelength (peak wavelength) before the bandgap, then tends to decrease up to the 

bandgap limit. This is attributed to the recombination, non-radiative losses, and inefficient 

absorption. The proposed method was verified by comparing the calculated power conversion 



42 
 

efficiency of the ideal and real solar cells with the Shockley-Queisser limit, and with their 

respective datasheet, as seen in Table 2-6.  The results highlighted that by introducing spectral 

dependency into the SDM equation of the solar cells, a more accurate representation of the cell's 

performance can be achieved under varying spectral conditions, which is crucial for both 

predicting real-world behavior and optimizing solar cell designs for various applications. The 

spectral dependence directly correlates with the material properties and their respective band gaps. 

This approach provides a more nuanced understanding of how each material responds to specific 

wavelengths of light. By optimizing the spectral response of solar cells, their efficiency and 

performance under different lighting conditions can be significantly improved, leading to more 

effective photovoltaic devices.  

The comparison between ideal and commercial solar cells demonstrates the practical 

limitations of real-world devices and highlights the importance of considering spectral sensitivity 

in solar cell modeling. The extended SDM successfully captures these nuances, providing a more 

accurate representation of how different materials and cell designs respond across the solar 

spectrum. This approach offers valuable guidance for optimizing cell designs, selecting materials 

for specific applications, and understanding the performance gaps between theoretical limits and 

practical achievements in solar cell technology. 

 

Our contributions are summarized as follows 

 

 

 

 

 

 

 

Related Publications: The thesis's main concept has been published in [Êρ] and [Ãυ]. 

 

 

 

Thesis 1 I have extended the single diode model (SDM) of the solar cell by incorporating 

spectral sensitivity into the photogenerated current. I have implemented this model for three 

solar cells characterized by different bandgap energies, including silicon (Si), gallium arsenide 

(GaAs), and germanium (Ge) solar cells, at both ideal and realistic operating conditions. The 

model is capable of handling changes in the input spectrum and adjust power output of the 

modelled solar cells, accordingly, showing different output characteristics, even though their 

theoretical limits are nearly identical. In addition, the model is capable of determining the 

wavelength-based efficiency and wavelength-dependent real power output of each solar cell 

at both ideal and realistic operating conditions across different solar spectra. Furthermore, the 

model reproduces both the Schockley-Queisser limit in the case of ideal solar cells and the 

correct nominal efficiency value and power rating for real solar cells with sufficient accuracy 

(below 1.5 % and below 2.5 % MAPE, respectively). 
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Chapter 3 

3 Thermal-Electrical Model of Hybrid  Photovoltaic-

Thermoelectric Generator Systems 

Renewable energy technologies continue to evolve, seeking innovative solutions to enhance 

energy conversion efficiency and address global energy challenges. The demand for high-

efficiency renewable energy solutions has driven interest in hybrid systems that can capture and 

convert solar energy more effectively [123]. The integration of the PV and TEG devices makes 

hybrid PV-TEG systems represent a promising approach to address some of the inherent 

limitations of standalone PV cells. Consequently, hybrid PV-TEG systems represent a cutting-

edge approach, offering a pathway to enhanced overall efficiency. By leveraging the 

complementary nature of PV and TEG technologies, these systems utilize the solar spectrum more 

effectively: PV cells convert sunlight into electricity, while the TEG modules either harness the 

waste heat generated by the PV cells or the portion of the spectrum that PV cells cannot efficiently 

convert into electricity. Accordingly, this synergistic combination can maximize the harvesting of 

the solar spectrum, offering a pathway to enhanced overall efficiency [124].  

This chapter delves into the configurations, modeling techniques, and performance 

characteristics of PV-TEG systems, highlighting their potential to revolutionize energy harvesting 

by fully utilizing both the electrical and thermal aspects of solar energy. 

3.1 Background 

The hybrid PV-TEG systems can be implemented in various configurations, each offering 

unique advantages and applications. The configurations of hybrid PV-TEG systems can vary based 

on the arrangement and integration of PV and TEG components [125].  This chapter focuses on 

studying two key configurations of hybrid PV-TEG systems:  

One often-suggested configuration is the stacked PV-TEG configuration, in which the TEG 

unit is mounted on the backside of the PV cell and arranged in stacked layers [126]. In this 

configuration, the PV cell captures sunlight and converts a portion into electrical energy, while 

generating heat due to conversion process losses (see Fig. 1.13). Instead of this heat being wasted, 

it is conducted to the TEG units, which convert it into additional electric power. This vertical 

integration allows efficient utilization of available surface area [127]. However, stacked 

configurations face thermal management challenges, mainly arising from the contradictory 

temperature requirements of PV cells and TEG units: PV cells perform optimally at lower 

temperatures, while TEG efficiency increases with a higher temperature gradient. The performance 

of both components is primarily determined by the thermal resistance at their interface. This 

resistance directly elevates the operating temperature of the PV cell, which increases the intrinsic 

carrier concentration, resulting in a significant drop in open circuit voltage and a consequent 

reduction in power output. Simultaneously, the thermal resistance of the TEG unit can reduce the 

heat flow through it, leading to a lower temperature gradient [128]. These challenges could be 
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compounded by factors such as heat transfer resistances, thermal interface materials, and cooling 

system designs.  

An alternative approach is the parallel PV-TEG configuration, which positions the PV cell 

and TEG unit to work independently, allowing for direct energy harnessing from the sun for 

electrical energy generation. The parallel arrangement enables more effective heat management 

through the use of a spectrum-splitting approach [129]. This approach employs an optical beam 

splitter to divide the full spectrum between the PV cell and TEG unit based on the wavelength, 

introducing thermal decoupling between components [130]. A dichroic or hybrid optical filter can 

be engineered to transfer photons with energies below or even much above the bandgap of the PV 

cell into TEGs. This spectral allocation mitigates the primary loss mechanisms in the PV cells and 

directly converts them into useful thermal flux for the TEG [131]. Consequently, it potentially 

allows the PV cell to operate at lower temperatures, while enabling the TEG unit to function at 

higher temperatures with improved ECE [132]. Moreover, the parallel configuration offers greater 

flexibility in system design and enables independent optimization of each component for specific 

environmental conditions. However, parallel configurations may encounter challenges related to 

space constraints and system integration [133]. 

Addressing these configurations within the same chapter facilitates a comparative analysis 

and discussion, enabling a deeper understanding of their relative intricate interactions, 

performance, challenges, and optimization opportunities. This unified approach ensures a 

comprehensive evaluation of their potential for achieving higher energy efficiency at identical 

operational conditions. 

3.1.1 Literature Review 

Various methodologies, innovative approaches, and modeling techniques of hybrid PV-TEG 

systems are presented in the literature. A thorough review of existing research provides a nuanced 

understanding of the technological advancements, performance characteristics, and potential 

challenges in such hybrid systems. This section aims to explore the findings of prior studies, 

identify gaps in current knowledge, and establish the objectives that guide this analysis. The 

selected studies represent a cross-section of contemporary research driving the development of 

more efficient and adaptable PV-TEG systems.  

The authors in [134] analyzed a stacked PV-TEG configuration in which the TEG unit directly 

utilizes the thermal energy emitted from the backside of the PV cell. The system was examined 

using an analytical model for four different types of commercial solar cells: crystalline Si (c-Si), 

amorphous Si (a-Si), copper indium gallium selenide (CIGS), and cadmium telluride (CdTe) cells, 

and a commercial bismuth telluride TEG. The degradation of PV performance with temperature is 

shown to dominate the increase in power produced by the TEG unit, due to the low TEG 

efficiency. For c-Si, CIGS, and CdTe PV cells, the hybrid system produces lower power and 

exhibits lower efficiency than the PV alone, whereas for an a-Si cell, the total system performance 

may be slightly improved by the TEG unit.  

In [135] the authors presented a stacked PV-TEG system with a comprehensive heat transfer 

model developed in MATLAB, incorporating airflow cooling of the TEG modules. The authors 

demonstrated that under high irradiation conditions, recovered waste heat from the PV panels 

increased the system energy yield. The optimal placement and number of TEG modules were the 
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key parameters influencing the systemôs performance, making it viable for practical application in 

hot climates. Similarly, the authors in [136], proposed a non-concentrated flat-plate PV-TEG 

system with a copper absorber plate that integrates multi-crystalline PV modules with bismuth 

telluride TEG modules. They developed mathematical models of PV and TEG using 

MATLAB/ SIMULINK  environment to simulate the performance of the system under varying 

irradiance and temperature conditions, achieving φϷ improvement in overall efficiency compared 

to the standalone PV cell case at STC conditions. The TEGs contributed an additional energy of 

ρ σ Ϸ, while cooling the PV panel further enhances their electrical efficiency.  

As the concentration has a significant impact on the behavior of each subsystem and the 

performance of the hybrid system, the authors in [137] explored a theoretical model for a 

concentrating PV-TEG system. The authors proposed detailed semiconductor equations for 

various PV materials such as crystalline silicon, polycrystalline thin film, polymer, and copper 

indium gallium selenide PV cells. The model integrated the semiconductor equations of the PV 

cells and the thermal energy balance of the TEG. The results showed that crystalline silicon thin 

film PV cells were most suitable for the concentrated system through an optimized convective heat 

transfer coefficient and concentration ratio. In addition, the results showed that the polymer PV 

cells performed better in non-concentrated setups.  

Expanding on these designs, the authors in [138] focused on a concentrated PV-TEG system, 

incorporating advanced thermodynamics that accounted for the Thomson effect, often neglected 

in earlier studies. A theoretical model of the CPV-TEG was developed using MATLAB  

environment, including conductive, convective, and radiative heat transfer. The findings revealed 

a significant positive impact of the TEG on system efficiency by recovering thermal energy from 

the CPV, indicating that the overall efficiency and output power of the hybrid system have been 

improved as compared to that of the conventional PV system alone. The authors demonstrated that 

optimizing the concentration and number of thermocouples in the TEG module plays a crucial role 

in maximizing the systemôs performance. The results showed that the output power of the stacked 

PVïTEG system is maximum at an optimum value of the concentration ratio of σ, and the number 

of thermocouples is ρςχ. 

Despite the contribution above, the researchers shifted their focus to parallel configurations. 

In [139] the authors reviewed direct coupling and spectral splitting methods for hybrid PV-TEG 

systems with a focus on cooling systems and temperature management. For the parallel 

configurations, the authors explored numerical and experimental approaches incorporating the 

effect of effective cooling, optimal design, and high solar concentration ratios. The results showed 

that splitting spectrum techniques enhance efficiency, allowing independent operation without a 

thermal interface. Experimental results, such as with gallium arsenide solar cells, demonstrated an 

ψȢχϷ efficiency increase, while hybrid tandem systems achieved efficiencies up to ςχȢτσϷ, 
surpassing the standalone PV cells. The used approaches outperformed conventional methods by 

maximizing energy conversion through wavelength-specific utilization.  

In [140] the authors proposed a mathematical model for a parallel hybrid PV-TEG system 

using a spectrum splitter. The model simulated a hybrid system using an amorphous Si PV cell, 

Bismuth Telluride (Bi2Te3) TEG, and a hot mirror spectrum splitter to split the full spectrum 

between the two devices. The wavelength ranges from τππ to φωπ nm and from φωπ ÔÏρρυπ ÎÍ 
are directed to the PV cell and the TEG, respectively. The results showed that the hybrid system 

achieved a relatively high performance. However, the authors recommended that the choice of 
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construction and material of both the PV and TEG needs to be considered, as it influences internal 

factors such as material resistivity and thermal conductivity.  

In [132] the authors evaluated the performance of a parallel hybrid PV-TEG system using 

beam-splitting techniques under moderate solar concentrations. The authors tested the individual 

PV cell, TEG unit, and the hybrid parallel PV-TEG system. A Fresnel lens for solar concentration 

and a beam splitter to direct appropriate wavelength ranges to the PV and TEG components. The 

results showed that using a spectrum splitter reduces PV temperature and improves efficiency by 

directing the non-useful wavelength to the TEG component. The results demonstrated that the 

hybrid system demonstrated a ςȢυὼ improvement in the power output compared to the standalone 

PV cell in the tested solar concentration range.  

Similarly, the authors in [141] proposed a numerical model of a parallel hybrid PV-TEG 

system using a Fresnel lens and a dichroic splitter. The authors developed a one-dimensional model 

to simulate the thermal and electrical performance of a parallel hybrid system under high solar 

concentration conditions. Key parameters such as cutoff wavelength, solar concentration, and 

cooling effectiveness are analyzed. The results showed that the hybrid system is preferable 

compared to the PV-only system, especially under higher solar concentration and an effective 

cooling system. In addition, the authors demonstrated the optimal cutoff wavelength to be between 

ψυπ and ωυπ ÎÍ.  
However, the authors in [142] optimized the performance of the hybrid PV-TEG system 

experimentally at different cutoff wavelengths of ψψπ, ωωπ, and ρρππ ÎÍ. A steady-state 

experimental setup was used to investigate system performance under varying conditions. The 

system also featured a Fresnel lens for light concentration, coated spectral beam splitting, and 

active cooling for both the PV cell and the TEG device. The results showed that the hybrid system 

demonstrated a τωȢρϷ improvement in the output power over the standalone PV cell at a cutoff 

wavelength of ψψπ ÎÍ.  

3.1.2 Objective 

Achieving optimal performance of hybrid PV-TEG systems requires a thorough understanding of 

their configurations, the interaction of operational mechanisms between PV cells and TEG 

components, and performance metrics [ὧσ] [ὧτ]. The literature of hybrid PV-TEG systems remains 

fragmented. Most previous studies have investigated either stacked or parallel configurations 

separately using conventional approaches, primarily focusing on general performance or advanced 

integration approaches. For example, in the stacked configuration, phase change materials are used 

to target thermal energy buffering and temperature stabilization, and graphene-based sheets are 

implemented to enhance thermal transport and heat spreading from the PV cell to the TEG unit. 

Moreover, these studies are often conducted under different operating conditions, component 

specifications, and modeling conditions, making it difficult to rigorously assess the relative merits 

of each configuration or identify which arrangement performs best under specific conditions. This 

study builds on existing research to address these gaps by presenting a unified thermal-electrical 

modeling framework that systematically integrates thermal dynamics and electrical behavior 

across varying concentration levels, enabling the evaluation of physical phenomena and their 

interactions. Additionally, it provides the first direct side-by-side comparison at both the 

component and configuration levels, under identical operating conditions, enabling rigorous 

assessment of their relative merits [Ὦς]. 
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By employing identical component specifications, environmental conditions, and validation 

datasets for both arrangements, this work establishes design maps and highlights critical tradeoffs 

between configuration type, key parameters, and temperature management, providing actionable 

insights for optimizing next-generation PV-TEG systems to maximize solar energy harvesting and 

enhance conversion efficiency. Accordingly, this represents the first time such an analysis has been 

conducted in the context of hybrid PVïTEG systems. 

The subsequent sections will systematically unpack the theoretical foundations, 

computational modeling techniques, and other insights that underpin the development of these 

advanced hybrid energy conversion systems, with a particular focus on understanding their 

performance characteristics, efficiency mechanisms, and potential technological implications. 

3.2 Thermal-Electrical Modelling Considerations 

This section discusses the physical structure and describes the parameters that affect the behavior 

of the thermal-electrical model of the hybrid PV-TEG systems. In addition, it describes the energy 

balance and the heat transfer mechanisms within both configurations. 

3.2.1 Physical Structure of the Hybrid  PV-TEG Systems 

Understanding the structure of each configuration is fundamental and crucial for comprehending 

its operating mechanisms. In addition, it provides insights to systematically identify, describe, and 

optimize key parameters affecting its behavior [143]. Fig. 3.1 shows the schematic diagram of the 

stacked and parallel hybrid PV-TEG configurations [Ὦρ]. Both configurations are composed of two 

main subsystems, the PV cell and the TEG subsystem. The PV cell is an mc-Si solar cell, and the 

TEG subsystem consists of a heat collector (HC), a TEG unit made from Bi2Te3, and a heat sink 

(HS). The total solar input power for both hybrid configurations is calculated over the full spectral 

range of σππ to τπππ ÎÍ. This range was chosen because photons outside of it contribute 

negligibly; those below σππ ÎÍ are absorbed by the atmosphere, and those beyond τπππ ÎÍ have 

very low flux.  

In the stacked configuration, the two subsystems are thermally coupled through the heat 

collector, which serves as a critical interface between the two subsystems, as seen in Fig. 3.1 (a). 

For the parallel configuration, the two subsystems are thermally decoupled, indicating an 

independent operation mechanism. A spectral beam splitter has been used to split the solar 

spectrum into two bands so that each device can operate efficiently, as seen in Fig. 3.1 (b). While 

the spectrum beam splitters introduce optical losses due to reflection, transmittance, and 

absorption, nowadays modern hard-coated dichroic or hot mirrors optics achieve very high band-

specific transmittance or reflectance, often ωφ% to ωωϷ [144]. This makes the error introduced 

by treating the splitter as ñnearly idealò small for device-level modeling. Accordingly, in the 

present study, spectrum splitting was modeled as ideal. This approximation simplifies the model 

to compare the performance of the stacked and parallel configurations under controlled conditions.   

According to the energy of the incident photons, as the silicon PV cell bandgap is ρȢρς Å6, 
the within-bandgap spectrum of the range from σππ to ρρππ ÎÍ is transmitted to the PV cell, and 

the post-bandgap spectrum of the range from ρρππ to τπππ ÎÍ is transmitted to the TEG 

subsystem. This arrangement ensures that both devices operate at their optimal temperatures.     
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     (a)                                                                                                                                                (b) 

Fig. 3.1 The schematic diagram of (a) the stacked and (b) parallel hybrid PV-TEG configuration. 

3.2.2 Key Parameters of the Hybrid  PV-TEG System 

The performance of the PV cells and the TEGs is governed by a complex interplay of critical 

parameters that significantly influence their electrical and thermal characteristics [145]. 

Temperature emerges as a pivotal factor. It is taken for granted that the efficiency of the PV cell 

degrades with the increase in temperature. It was found in the literature that the maximum output 

power of the PV cells decreases by πȢσ  πȢυ Ϸ per kelvin increase [146]. This is mainly 

attributed to the negative dependence of the open circuit voltage on temperature rise, despite the 

slight increase in the short circuit current. For the TEG, the temperature difference is paramount, 

where the output power is directly related to the temperature gradient across its hot and cold sides. 

However, the hybrid system gives insights into additional parameters that directly or indirectly 

affect the temperature and the behavior of the whole system. Environmental, optical, thermal, and 

electrical parameters were considered in the model construction, as listed below [147]ï[151] 

¶ The amount and homogeneity of total incident solar irradiance. 

¶ Spectral distribution. 

¶ Ambient temperature. 

¶ PV Technology 

¶ The PV cellôs power conversion efficiency. 

¶ The PV cellôs thermal properties, including emissivity, absorptivity, conductivity, etc. 

¶ The Heat collectorôs thermal properties, including absorptivity, conductivity, etc. 

¶ TEG Technology 

¶ Thermal and electrical properties of TEG unit material. 

¶ The geometry of TEG p- and n-type legs, including length, width, and height. 
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3.2.3 Energy Balance and Heat Transfer Mechanisms  

In thermal-electrical modeling of the hybrid PV-TEG, accurately addressing the temperature is 

crucial, as it fundamentally impacts the performance of both subsystems and the hybrid system. 

The ὴ ὲ junction temperature of the PV cells and the interface temperatures of the TEG units 

are inherently challenging to measure directly due to their inaccessibility and complex thermal 

dynamics. Modeling approaches typically treat each subsystem or layer as a single block of 

material, applying a unified THB equation, which transforms intricate multi-layered thermal 

interaction into more manageable computational representations [152]. This approach enables 

integrated analysis and optimization of the hybrid PV-TEG system through detailed temperature 

interaction between components. The modeling strategy integrates THB equations with electrical 

circuit models, representing a comprehensive framework for analyzing system operation 

mechanisms and potential performance improvements. In the hybrid PV-TEG system, the total 

input energy (ὗ ) can be mathematically represented as the sum of the gain (ὗ ) and lose 

energy (ὗ ) [7 Í ] as follows  

ὗ  ὗ , (3-1) 

ὗ  ὗ  ὗ . (3-2) 

Each energy component requires individual definition and modeling, necessitating a 

comprehensive literature review to set up appropriate estimation methods. 

3.2.3.1 Total input energy  

The total input energy quantifies the entire incident energy to the system, which is the standalone 

PV cell, PV cell in the stacked configuration, and the PV cell and TEG subsystem in the parallel 

configuration. The total input power is governed by several factors, such as the intensity and 

spectral distribution of the incident irradiance, surface area of the subsystem, and optical 

parameters. The most common equation used to estimate the total input power 

(0ȟ Ⱦ Ⱦ Ⱦ  7 ) based on their corresponding minimum (‗ ȟ Ⱦ Ⱦ Ⱦ  ) and 

maximum (‗ ȟ Ⱦ Ⱦ Ⱦ ) spectral wavelength limits is given as follows [141] 

ὖ ȟ Ⱦ Ⱦ Ⱦ   –  ὅȟ Ⱦ   ὃ Ⱦ ȟ  

᷿  Ὂ‗
Ⱦ Ⱦ Ⱦ

ȟ ȟ Ⱦ

ȟ ȟ ȟ Ⱦ
Ὠ‗, 

(3-3) 

where Ὂ‗
Ⱦ Ⱦ Ⱦ  is the solar spectral irradiance directed to the standalone PV cell, the PV 

cell in the stacked and parallel configurations, or to the TEG subsystem in the parallel 

configuration [7 Í ], –   is the optical efficiency of the concentrator, chosen as ωυϷ, 

 ὃ Ⱦ ȟ  is the surface area of  the PV cell or HC in the parallel configuration [Í ], and Cg, PVȾ4%' 

is the geometric concentration ratio of the PV cell or the TEG [-]. In the stacked configuration, the 

geometric concentration ratio of the PV cell (Cg, PV [-]) is calculated as [153] 



50 
 

ὅȟ  ὃ Ȣὃϳ . (3-4) 

While for the parallel configuration, for the same concentrator area (ACon.[Í ]), the 

geometrical ratio of the TEG ( Cg, TEG [-]) is coupled with that of the PV cell for equivalent energy 

harvesting of both devices, as follows 

ὃ Ȣ  ὅȟ ὃ   ὅȟ ὃ ȟ . (3-5) 

Through the application of Eqs. (3-3) and (3-5), considering the designated surface areas of 

the PV cell and HC alongside a specified geometric concentration ratio of the PV cell, it becomes 

possible to ascertain the geometric concentration ratio for the TEG unit and evaluate the spectrum-

based input power transferred to both devices. The input power of both hybrid systems is calculated 

at the full spectrum ranges from σππ to τπππ ÎÍ with a power density of ωωχȢυ 7ȾÍ .  

3.2.3.2 Gain Energy 

The gain energy captures the electrical energy produced (ὗ Ȣ [7 Í ]) and the internal thermal 

energy generated (ὗ Ȣ [7 Í ]) within the device, as described in Eq. (3-6).  

ὗ  ὗ Ȣ  ὗ . (3-6) 

Distinguishing between usable and nonproductive thermal energy provides insights into the 

deviceôs energy conversion efficiency and thermal management characteristics. In the case of a 

PV cell alone, thermal energy might be considered nonproductive. However, in hybrid PV-TEG 

systems, the generated thermal energy becomes valuable and usable, highlighting the complex 

energy transformation process within the system. In the stacked configuration, a portion of the 

gained energy is converted into electrical energy by the PV cell, while the rest heats the cell, and 

the waste heat can be used by the TEG subsystem. In the parallel configuration, splitting the 

spectrum between the PV cell and the TEG subsystem allows for efficient utilization of the energy. 

The part of the spectrum that drives electricity generation with minimal heat side effects is used 

by the PV cell, while the thermal energy is effectively transferred to the TEG subsystem for 

additional electrical harvesting.  

The electrical energy produced by the PV cell in both hybrid systems can be accurately 

determined by evaluating their temperature-dependent output power through Eqs. (3-7) to (3-12) 

[123]ï[126], recognizing that the temperature abruptly follows the changes in the absorbed energy 

[76]. It should be noted that the front and back surface temperatures of the PV cell are assumed to 

be practically identical, as the PV cell is very thin; a single temperature is considered for the PV 

cell. The temperature-dependent short circuit current (ISCTPV !), can be given as follows 

Ὅ Ὕ    Ὅȟ  ‎  Ὕ   Ὕ   ὋὋϳ , (3-7) 
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where ɔ is the current temperature coefficient [άὃȾᴈ], TPV is the temperature of the PV cell ὑ, 

Tn is the temperature of the PV cell at STC of 298 +, Ὃ is the solar irradiance [7 Í ], Gn is the 

solar irradiance at STC, and Ὅȟ  is the standard short circuit current, which is estimated as follows  

Ὅȟ  ή ὃ ᷿  ὉὗὉ  • Ὠ‗, (3-8) 

where ὉὗὉ is the external quantum efficiency [-], which is given in the datasheet of the PV cell, 

and • is the accumulated photon flux Π ÐÈÏÔÏÎÓ Í Ó , and ‗  and ‗  are the minimum 

and maximum spectral wavelength of the incident solar radiation Í . The temperature-dependent 

open circuit voltage (ὠ Ὕ  6) can be defined as follows 

ὠ Ὕ   ὠ ȟ  ‍  Ὕ   Ὕ  ὥ  ὰὲὋὋϳ , (3-9) 

where ‍ is the voltage temperature coefficient [άὠȾᴈ], while a is the irradiance correction factor 

[-], and ὠ ȟ  is the standard open circuit voltage, which is estimated as follows 

ὠ ȟ  ὲ ὠ ὰὲ Ὅȟ Ὅ   ρϳ . (3-10) 

The temperature-dependent fill factor (ὊὊὝ   [-]) can be evaluated based on the PV cellôs 
fill factor at the STC condition (FFÎ [-]), and the fill factor temperature coefficient (ɿ ϷȾὑ) as 

follows 

ὊὊὝ   ὊὊ  ρ Ὕ  ‏  Ὕ  . (3-11) 

 Thus, the temperature-dependent output power of the PV cell (ὖ Ὕ   ὡ ) at a specific 

light concentration level is evaluated as follows 

ὖ Ὕ    Ὅ Ὕ   ὠ Ὕ   ὊὊὝ . (3-12) 

The temperature-dependent output power is evaluated in Eq. (3-12) satisfies the output power 

of the PV cell in both configurations, which will be derived from the energy flow chart later. On 

the other hand, to accurately determine the output energy generated by the TEG unit in both hybrid 

systems, Eqs. (1-22) to (1-44) should be evaluated as aforementioned in the section 1.4.3.1 

according to the corresponding thermal energy. 

3.2.3.3 Lose Energy 

The second part of the thermal heat energy balance equation represents the heat losses released to 

the environment through different heat transfer mechanisms, such as conductive, convective, and 

radiative. While these three main heat transfer mechanisms are essential for the evaluation of heat 

losses, many of the existing models share common assumptions that neglect them. The following 

points list many assumptions [157]ï[162]. 
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¶ The heat losses from the side edges of the PV cell and the heat collector subsystems are negligible 

due to their smaller surface areas. 

¶ The conductive heat transfer between adjacent components dominates over the radiative heat 

transfer. 

¶ The heat losses resulting from partial shadow, low irradiance, dirt accumulation, joule heating 

through wire contacts, and diode losses are all neglected. 

¶ The impact of the Anti-reflecting coating is neglected due to its smaller thickness. 

¶ The effect of the metallic contacts and frame that surround the PV cell subsystem structural layer 

is neglected. 
¶ The physical and optical parameters of the PV cell and the TEG Subsystemsô material are 

homogeneous, isotropic, and temperature independent. 
¶ The temperature has a homogeneous distribution over the surface of the PV cell and the heat 

collector layer. 
¶ The ground temperature is equal to the ambient temperature. 
¶ The ambient temperature is homogeneous all around the PV cell and TEG subsystems. 
¶ Wind speed is considered neglected. 

¶ Spectrum splitting is modeled ideally. 

Convective heat transfer demonstrates the transport mechanism between the surface of an object 

and the surrounding air based on Newtonôs law of cooling [163]. The convective heat is governed 

by a constant parameter denoted as the convective heat transfer coefficient (ÈÃ 7 Í  + ). It 

can be evaluated as follows  

ὗ  ὃ Ὤ  Ὕ   Ὕ , (3-13) 

where 4  and  4  are module and ambient air temperatures +, respectively. The 

convective heat transfer involves two mechanisms; the forced convective mechanism is 

characterized by the forced convective coefficient (ÈÆÏÒÃÅÄ), and the free or natural convective 

mechanism, which is characterized by the free convective coefficient (ÈÆÒÅÅ). The type of 

convective heat transfer mechanism is based on the environmental conditions. Most of the recent 

literature handling hybrid PV-TEG modeling incorporates the free convective mechanism [164]ï

[167]. The free convective coefficient is evaluated through the Eqs. (3-14) to (3-18) [168]. 

Ὃ  
Ὣ   ‍ Ὕ Ὕ  ὒ

ὺ
ȟ 

(3-14) 

ὖ ‘  ὅ Ὧϳ , (3-15) 

Ὑ  Ὃ   ὖ, (3-16) 

ὔό
πȢυτ  Ὑ ϳȟ ὌὩὥὸὩὨ ίόὶὪὥὧὩ ὪὥὧὭὲὫ όὴ

πȢςχ  Ὑ ϳȟ ὌὩὥὸὩὨ ίόὶὪὥὧὩ ὪὥὧὭὲὫ Ὠέύὲ
 

(3-17) 

Ὤ  ὔό  
Ὧ

ὒ
 Ȣ 

(3-18) 
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 The following points set some notes and define the parameters of the equations (3-14) to 

(3-18)  

¶ Ὃ [-] refers to the Grashof Number describing the ratio of buoyancy forces to viscous forces in a 

fluid; here, it is the air. 
¶ Ὣ Í Ó  refers to gravitational acceleration. 

¶ ‍ +  refers to the volumetric thermal expansion coefficient. It is a representation of the inverse 

of the average temperature between the surface and ambient temperatures. 

¶ ὒ Í  refers to the characteristic length. 

¶ ὺ Í Ó refers to kinetic viscosity. 

¶ ὖ[-] refers to the Prandtl Number describing the ratio of momentum diffusivity to thermal 

diffusivity. 

¶ ‘ [ËÇ Í  Ó ] refers to dynamic viscosity. 

¶ ὅ * ËÇ +  refers to specific heat capacity. 

¶ Ὧ 7 Í  +  refers to thermal conductivity. 

¶ Ὑ [-] refers to the Rayleigh Number characterizing the type of fluid flow and heat transfer in natural 

convective heat transfer. 

¶  Ὧ  7 Í  +  refers to air thermal conductivity. 

¶ ὔό  [-] refers to the Nusselt Number of the free convective heat transfer. Eq. (3-18) is applied 

for a horizontal plate condition, where the vertical plate case has a different equation. 

Radiative heat transfer mechanism occurs through electromagnetic waves emitted by surfaces at 

different temperatures [160]. Radiative energy transfer depends on the surface properties, 

emissivity, and temperature difference. The radiative heat transfer can be described based on 

StefanïBoltzmann as follows 

ὗ ‐  ὃ  „   Ὕ   Ὕ , (3-19) 

where  ůSB is the StefanïBoltzmann constant 7 Í  +  , and ʀ is the emissivity of a surface [-

].  Table 3-1 list different methods for estimating the amount of radiative energy from the literature 

review.  

Table 3-1 Radiation heat transfer equations. 

# Method Expression Eq. # Ref. 

1 Stefan-Boltzmann Law ὗ ‐  ὃ  „   Ὕ   Ὕ  
T 3-1 

[169] 

2 View Factor Method ὗ ‐  ‭  ὃ  „    Ὂ   Ὕ   Ὕ  
T 3-2 

[170] 

3 
Kirchhoff-Planck Radiation 

Model 
12!$ ʀ ‗ȟὝὄ ‗ȟὝ Ä‗ T 3-3 

[171] 

4 
Diffuse Gray Surface 

Radiation Exchange 
12!$  „    ὃ  Ὕ   Ὕ ρʀϳ ρʀ ϳ ρϳ  

T 3-4 
[172] 

5 

Absorbed Solar Radiation 

and Thermal Radiation 

Model 

12!$ ‌  Ὅ ʀ   ʎ3"  4
τ 

T 3-5 
[173] 
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The following points define the parameters and other notes that are common between the different 

expressions listed in Table 3-1. 

¶ The subscripts ρ and ς refer to two distinct surfaces that are exchanging thermal radiation; surface 

ρ might be the solar cell surface or the TEG subsystem surface, while surface ς could be the sky 

or the surrounding environment. 

¶ ὃ Í  refers to the total surface area participating in radiation exchange.  

¶ ʀ [-] describes the surface efficiency for thermal radiation-emitting. ‭ and ‭ refer to the emissivity 

of surface ρ and surface ς, respectively. 

For polished metals ʀ πȢπςπȢπυȟ painted surfaces ʀ πȢψ πȢω. 
¶ &  [-] represents a dimensionless geometric parameter, referring to the view factor between 

surfaces. & ρfor surfaces that can completely see each other.  

¶ ‗ ς refers to the spectral wavelength of electromagnetic radiation. 

¶ ‭ ‗ȟὝ [-] refers to the spectral emissivity.  

¶ ὄ ‗ȟὝ 7Í ÓÒÍ  refers to Planckôs spectral radiance. It describes the energy emitted by 

a black body at a specific wavelength and temperature. ὄ ‗ȟὝ  
ϳ

ϳ , where ὧ is the speed 

of light of σ ρπ Í Ó . 

¶ ‌ [-] refers to the solar absorption coefficient. 

¶ Ὅ  7 Í  refers to incident solar radiation. 

¶ 4 + refers to the temperature of the surface participating in radiation exchange. 

Conductive heat transfer is a fundamental thermal transport mechanism characterized by the 

direct transfer of thermal energy between two surfaces in physical contact [160]. In the stacked 

hybrid PV-TEG configuration, conductive heat transfer occurs primarily through the PV and the 

HC interface. This mechanism is evaluated based on the thermal conductivity and the physical 

geometry of the PV cell as follows 

ὗ   Ὧ ὃὨϳ  Ὕ   Ὕ , (3-20) 

where 4  and  4  are the temperatures of the hot and cold surfaces +, Ὧ is the thermal 

conductivity of the material 7 Í  +  , ὃ is the cross-sectional area of the contact surface and 

Ὠ is the thickness of the PV cell Í . Table 3-2 compiles different theoretical and empirical 

techniques from the literature review that describe the conductive heat transfer mechanisms, 

particularly in hybrid PV-TEG systems. 

Table 3-2 Conductive heat transfer equation. 

# Method Expression Eq. # Ref. 

1 Fourierôs Conduction Law 1 Ὧ  !  ὨὝὨὼϳ  
T 3-6 

[169] 

2 Thermal Contact Resistance Model 1   ρὙϳ Ў4 
T 3-7 

[174] 

3 Modified Thermal Interface Model 1 ρὙϳ Ў4 Ὤ  ὃ  Ὕ Ὕ  
T 3-8 

[175] 

The following points set some notes and define the parameters of the equations that are 

mentioned in Table 3-2. 
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¶ Eq. T 3-6 describes the steady-state heat flow through a homogeneous material. The negative sign 

indicates the heat flow from higher to lower temperatures. ὨὝὨὼϳ  + Í  refers to the temperature 

gradient in the direction of heat flow. 

¶ Eq. T 3-7 quantifies heat transfer resistance at material interfaces. Ὑ refers to thermal contact 

resistance Í + 7  that depends on material properties, contact pressure, surface topology, and 

interstitial material. Ў4 refers to the temperature difference across the interface + . 
¶ Eq. T 3-8 combining conductive and convective heat transfer mechanisms. Ὑ  refers to the total 

thermal resistance + 7  that models the parallel heat transfer paths or multiple layers. The 

computational approach for estimating the total thermal resistance of parallel heat transfer paths or 

multiple layers can be described as ρὙϳ ρὙϳ  ρὙϳ Ễ ρὙϳ  and  Ὑ Ὑ  Ὑ Ễ  Ὑ  

respectively.  ὙȟὙȟȣὙ  refers to the thermal resistances of individual paths or layers + 7 , 

which can be calculated as Ὑ  ὒὑ ὃϳ , where ὑ, ὒ, and ὃ represent the thermal conductivity, 

thickness, and cross-sectional area of the interface layer [53], [54]. The other part of Eq. T 3-8 

represents the convective heat mechanism where Ὤ refers to the convective heat transfer coefficient 

[7Í + ], ὃ refers to the interface area Í , and Ὕ, and Ὕ refer to surface temperatures on 

either side of the interface +. 

3.3 Detailed Model of the Standalone PV Cell 

Fig. 3.2 shows the energy flow chart of the standalone PV cell that operates on its own without 

any cooling mechanism.  

 

Fig. 3.2 Energy flow chart of the standalone PV cell. 

The front and back surfaces of the PV cell in the standalone PV cell are subjected to radiative 

(ὗ ȟ ȟ  7 ) and convective ( ὗ ȟ ȟ  7 ) heat losses, which can be calculated as 

follows  

ὗ ȟ ȟ ȟȾ Ὕ ȟ ‐ ȟȾ ὃ „ Ὕ ȟ   Ὕ ȟ (3-21) 

 ὗ ȟ ȟ ȟȾ Ὕ ȟ  ὃ Ὤ ȟ ȟ ȟȾ Ὕ ȟ   Ὕ ȟ (3-22) 

where ‐ ȟȾ  represents the emissivity of the front and back surfaces of the solar cell [-], Ὕ ȟ  

is the temperature of the standalone PV cell +,  Ὤ ȟ ȟ ȟȾ   is the free convective heat transfer 

coefficient of the front and back surfaces of the standalone PV cell 7Í + . Following the 

energy flow of Fig. 3.2, the thermal balance equation describing the output power of the standalone 

PV cell (ὖ ȟ ) is described as follows [44] 

tƛƴΣ t±Σ {!

vw!5Σ t±Σ {! v/hb±Σ t±Σ {!Σ Ŧ

tt±Σ {!

vw!5Σ t±Σ {! v/hb±Σ t±Σ {!Σ ō
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ὖ ȟ Ὕ ȟ  ‌ ὖ ȟ ȟ    ὗ ȟ ȟ ȟȾ  ὗ ȟ ȟ ȟȾȟ  (3-23) 

where ‌  is the absorptivity of the PV cell and ὖ ȟ ȟ  is the input power transferred to the 

standalone PV cell of the full spectrum, ranging from σππ to τπππ ÎÍ, with a power density of 

ωωχȢυ 7ȾÍ . 

3.4 Detailed Model of the Stacked Configuration 
 

Fig. 3.3 represents the energy flow chart of the stacked configuration that has a thermal coupling 

between the PV cell and the TEG subsystems [ὧτ].  

 

Fig. 3.3 Energy flow chart of the stacked PV-TEG configuration. 

The PV cell in the stacked configuration is subjected to radiative (ὗ ȟ ȟ  7 ) and 

convective (ὗ ȟ ȟ  7 ) heat losses only through its front surface, which can be calculated 

as follows  

ὗ ȟ ȟ  Ὕ ȟ ‐ ȟ ὃ „ Ὕ ȟ   Ὕ , (3-24) 

 ὗ ȟ ȟ Ὕ ȟ  ὃ Ὤ ȟ ȟ Ὕ ȟ   Ὕ , (3-25) 

where Ὕ ȟ  is the PV cellôs temperature in the stacked configuration +,  Ὤ ȟ ȟ  is the free 

convective heat transfer coefficient of the front surface of the PV cell in the stacked configuration 

7Í + . A conductive heat (ὗ  7 ) is transferred to the TEG unit through the HC, which 

can be evaluated as follows   

 ὗ Ὕ ȟ ȟὝ ȟ  Ὧ ὃ Ὠϳ Ὕ ȟ   Ὕ ȟ , (3-26) 

where Ὕ ȟ  is the temperature of the HC in the stacked configuration +, Ὧ  is the thermal 

conductivity of the PV cell 7Í + , and Ὠ  is the thickness of the PV cell Í . These heat 

v/Σ {¢

vIΣ {¢
t¢9DΣ {¢

tƛƴΣ t±Σ {¢

vw!5Σ t±Σ {¢ v/hb±Σ t±Σ {¢

tt±Σ {¢

v/hb5
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losses, along with the conducted heat, depend entirely on the temperature of the junction point 

between the PV cell and the TEG unit (i.e., the PV cellôs temperature). Following the energy flow 

of Fig. 3.3, the thermal balance equation describing the output power of the PV cell can be 

evaluated as follows [141] 

ὖ ȟ Ὕ ȟ ȟὝ ȟ   ‌ ὖ ȟ ȟ   ὗ ȟ ȟ   ὗ ȟ ȟ   ὗ , (3-27) 

where ɻ06 is the absorptivity of the PV cell [-], and ὖ ȟ ȟ  is the input power transmitted to the 

PV cell in the stacked configuration of the full spectrum, ranging from σππ to τπππ ÎÍ, with a 

power density of ωωχȢυ 7ȾÍ . The surface area of the HC is assumed to be identical to the surface 

area of the PV cell.  

The absorbed heat at the hot side of the TEG unit in the stacked configuration (ὗȟ  7 ) is 

related to the absorptivity of the HC (‌ [-]), which can be described as follows [176] 

ὗȟ Ὕ ȟ ȟὝ ȟ   ‌ ὗ , (3-28) 

In addition, it is defined as the conducted heat from the heat collector governed by the temperature 

difference between the heat collector temperature and the temperature of the hot side  of the TEG 

unit in the stacked configuration ( Ὕȟ  +), which is as follows [177] 

 ὗȟ Ὕ ȟ ȟὝȟ  Ὧ ὃ ȟ Ὠϳ Ὕ ȟ   Ὕȟ . (3-29) 

where Ὧ , ὃ ȟ  and Ὠ  ρ ÍÍ are the thermal conductivity, surface area, and thickness of 

the HC, respectively. The HS is affixed to the cold side of the TEG unit, where the heat can be 

removed. The heat removed at the TEG unitôs cold side in the stacked configuration (1#ȟ 34 7 ) 

can be represented as follows [177] 

ὗȟ Ὕȟ   Ὤ ὃ ȟ  Ὕȟ   Ὕ , (3-30) 

where Ὕȟ   and  Ὕ  are the temperatures of the TEG unitôs cold side in the stacked 

configuration and the coolant temperatures, respectively +, Ὤ is the heat transfer coefficient of 

the HS 7Í+ , and ὃ ȟ  is the surface area of the HS in the stacked configuration Í , 

which is identical to the surface area of the HC.  

3.5 Detailed Model of the Parallel Configuration 

Fig. 3.4 shows the schematic diagram of the parallel hybrid PV-TEG configuration where the two 

subsystems are thermally decoupled [ὧσ]. A spectral beam splitter has been used to split the solar 

spectrum based on the energy of the incident photons. A solar concentrator directs the 

corresponding solar spectrum onto the PV cell and the TEG subsystems at different concentration 

levels. 
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                                                      (a)                                                                                                  (b) 

Fig. 3.4 Energy flow chart of the parallel PV-TEG configuration. 

Unlike the stacked configuration, there is no conducted heat between the PV cell and TEG 

subsystems due to their thermal decoupling. The PV cell in the parallel configuration experiences 

radiative (ὗ ȟ ȟ ȟȟ 7 ) and convective (ὗ ȟ ȟ ȟȟ 7 ) heat losses through front and 

back surfaces, which can be calculated as follows 

ὗ ȟ ȟ ȟȾ Ὕ ȟ ‐ ȟȾ ὃ „ Ὕ ȟ   Ὕ , (3-31) 

 ὗ ȟ ȟ ȟȾ Ὕ ȟ  ὃ Ὤ ȟ ȟ ȟȾ Ὕ ȟ   Ὕ , (3-32) 

where Ὕ ȟ  is the PV cellôs temperature in the parallel configuration +,  Ὤ ȟ ȟ ȟȾ  is the 

free convective heat transfer coefficient of front and back surfaces of the PV cell in the parallel 

configuration 7Í + . Following the energy flow of Fig. 3.4 (a), the output power of the PV 

cell in the parallel configuration can be characterized as follows [141] 

ὖ ȟ Ὕ ȟ   ‌ ὖ ȟ ȟ   ὗ ȟ ȟ ȟȾ  ὗ ȟ ȟ ȟȾ , (3-33) 

where ὖ ȟ ȟ   is the input power transmitted to the PV cell in the parallel configuration of the 

full spectrum, ranging from σππ to ρρππ ÎÍ, with a power density of ψπςȢς 7ȾÍ . The HC has 

no thermal contact with the PV cell, so the sun is the heat energy source for the TEG subsystem. 

Following the energy flow of Fig. 3.4 (b), the TEG subsystem in the parallel configuration is 

subjected to radiative heat losses (ὗ ȟ ȟ  7 ), and convective ( ὗ ȟ ȟ  7 ) which can 

be evaluated as follows  

ὗ ȟ ȟ Ὕ ȟ  ‐  ὃ ȟ  „  Ὕ ȟ  Ὕ , (3-34) 

  ὗ ȟ ȟ Ὕ ȟ  ὃ ȟ  Ὤ ȟ ȟ   Ὕ ȟ   Ὕ , (3-35) 

where ὃ ȟ  is the surface area of HC in the parallel configuration Í , which is independent of 

the surface area of the PV cell, Ὕ ȟ  is the temperature of the HC in the parallel configuration 

tƛƴΣ t±Σ t[

vw!5Σ t±Σ t[ v/hb±Σ t±Σ t[Σ Ŧ

tt±Σ t[

vw!5Σ t±Σ t[ v/hb±Σ t±Σ t[Σ ō
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+, and Ὤ ȟ ȟ  is the free convective heat transfer coefficient of the HC in the parallel 

configuration 7Í + . As a consequence of the decoupling, the absorbed heat at the hot side 

of the TEG unit is related to the spectrum-based input solar energy, HCôs specification, and the 

radiative and convective heat losses of the TEG unit. This relationship can be described as follows 

[178] 

ὗȟ Ὕ ȟ   ‌ ὖ ȟ ȟ   ὗ ȟ ȟ    ὗ ȟ ȟ  , (3-36) 

where ὖ ȟ ȟ  is the input power transferred to the TEG unit of the bandgap spectrum, ranging 

from ρρππ to τπππ ÎÍ, with a power density of ρωυȢσ 7ȾÍ . Similarly, the absorbed heat at the 

hot side of the TEG in the parallel configuration (1(ȟ 0, 7 ) is described as follows 

 ὗȟ Ὕ ȟ ȟὝȟ  Ὧ ὃ ȟ Ὠϳ Ὕ ȟ   Ὕȟ , (3-37) 

whereὝ ȟ  and  Ὕȟ  are the temperatures of the HC and hot side of the TEG unit in the parallel 

configuration, respectively +. The heat removed at the TEG unitôs cold side in the parallel 

configuration (1#ȟ 0, 7 ) can be represented as follows 

ὗȟ Ὕȟ   Ὤ ὃ ȟ  Ὕȟ   Ὕ , (3-38) 

where 4#ȟ 0,  is the temperature of the TEG unitôs cold side in the parallel configuration +, and 

!(3ȟ 0, is the surface area of HS in the parallel configuration Í , which is identical to the surface 

area of the HC.  

3.6 Mathematical Model Framework 

Two distinct thermal-electrical mathematical models are proposed through sections 1.4.3.1, 

3.2.3.2, 3.4, and 3.5. The standalone PV cell is simply modeled by the equations (3-7), (3-9), 

(3-11), (3-12), and (3-23). For the stacked configuration, this model is expanded to include the 

TEG subsystem by considering their thermal coupling and  energy balance dynamics. Accordingly, 

the stacked configuration is represented by equations (1-42), (1-43), (1-47), (3-7), (3-9), (3-11), 

(3-12), and (3-27) to (3-30). While, for the parallel configuration, the two components are 

thermally decoupled, and each device is modeled independently, PV cell is described by equations 

(3-7), (3-9), (3-11), (3-12), (3-33) whereas the TEG subsystem is modeled by equations (1-42), 

(1-43), (1-47), and (3-36) to (3-38). The proposed mathematical model is programmed in 

MATLAB R2021a, in which the flow chart of the simulation process is summarized in Fig. 3.5 

[j2]. The simulation starts by defining input parameters such as irradiance, ambient temperature, 

material properties, and system geometry. Depending on the configuration, the model calculates 

the PV cell temperature based on the energy balance approach that accounts for the input solar 

power, optical losses, thermal losses, and electrical power. Eleven nonlinear equations described 

each hybrid system. In the stacked configuration, they are solved to account for their thermal 

interaction. The parallel configuration solves them separately in two stages. The MATLAB 

simulation uses the ȰὪίέὰὺὩȱ function with optimized settings to iteratively solve the equation 

system Ὂὢ  π, where ὢ is the solution vector. The solver employs a Newton-Raphson iterative 

approach, computing the Jacobian matrix at each iteration to update the solution vector until 
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convergence is achieved within specified tolerance, typically ρπ. If convergence is not achieved, 

the solver updates the solution vector using the Jacobian matrix and continues iteration. Upon 

convergence the simulation exports the unknown parameters Ὅ , ὠ , ὊὊ, ὖ , Ὕ , Ὕ, Ὕ, Ὕ , 

ὗ , ὗ  and Ὅ of each hybrid system. 

 

Fig. 3.5 The Simulation Process in MATLAB R2021a. 

The PCE of the standalone PV cell, and the PV cell in the stacked and parallel configurations 

(– ȟ Ⱦ Ⱦ  Ϸ ) can be calculated as follows 

–Ὕ ȟ Ⱦ Ⱦ ȟ Ⱦ Ⱦ  
 ὖὝ ȟ Ⱦ Ⱦ ȟ Ⱦ Ⱦ

ὖȿ  
 ȟ 

(3-39) 

where ὖ  represents the total input power. The total input power is determined by optical 

efficiency, light concentration level, and device area. The heat absorbed and removed by the hot 

and cold sides of the TEG unit is the means of the output power of the TEG unit ( ὖ ȟ Ⱦ  Ϸ ), 

which can be evaluated as follows [179] 
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 ὖ ȟ Ⱦ  ὗȟ Ⱦ   ὗȟ Ⱦ . (3-40) 

The energy efficiency of the TEG unit in the stacked and parallel configurations (– ȟ Ⱦ  

Ϸ ) can be calculated as follows 

– ȟ Ⱦ  
 ὖ ȟ Ⱦ

ὖȿ  
 Ȣ 

(3-41) 

The overall efficiency of the stacked configuration (– ȟ  Ϸ ) and parallel 

configuration (– ȟ  Ϸ ) can be evaluated as follows  

– ȟ  
ὖ ȟ  ὖ ȟ  

 
 

ὖȿ  
 ȟ 

(3-42) 

– ȟ  
ὖ ȟ  

 
 ὖ ȟ  

 

ὖȿ  
 Ȣ 

(3-43) 

The technical specifications, physical parameters, and material properties of the PV cell [180] 

and the TEG subsystem [181] are tabulated in Table 3-3.  

Table 3-3 Specifications, physical parameters, and material properties of the PV cell and TEG subsystem. 

PV Cell [151], [182], [183] 

Parameter Value Unit Parameter Value Unit 

╘╢╒ȟ▫ φȢσυ ὃ ▐█►▄▄ȟ╟╥ȟ█ ρπ ὡȾά ὑ  

╥╞╒ȟ▫ πȢφψπ ὠ ▐█►▄▄ȟ╟╥ȟ╫ ρ ὡȾά ὑ  

╕╕▫ ψπȢχς Ϸ  ═╟╥ ρυσ ὧά  

♫ ρȢψτ άὠȾᴈ  ♪╟╥ πȢωπ  

♬ ςȢφ άὃ Ⱦᴈ  Ⱡ╟╥ȟ█ πȢψυ  

♯ πȢρς Ϸ Ⱦᴈ  Ⱡ╟╥ȟ╫ πȢς  

▀╟╥ ρυπ ‘ά ▓╟╥ ρτψ ὡȾάὑ  

▐█►▄▄ȟ╟╥ȟ╢╣ υ ὡȾά ὑ  ╪ πȢπφ  

TEG Subsystem [141], [181] 

╛▪Ⱦ▬ χ άά ▓▪ ρȢπρρ ὡȾάὑ  

╦▪Ⱦ▬ ρπ άά ╢▬ ςȢπσχρπ ὠȾὑ  

╗▪Ⱦ▬ ρπ άά ╢▪ ρȢχςρρπ ὠȾὑ  

Ɑ▬ χφρπτ ὛȾά  ╚╗╒ ςυ ὡȾάὑ  

Ɑ▪ ψωσφφ ὛȾά  ♪╗╒ πȢω  

▓▬ ρȢςφυ ὡȾάὑ  Ⱡ╗╒ πȢς  

▐█►▄▄ȟ╗╒ȟ╟╛ ρπ ὡȾά ὑ  ▀╗╒ 1 άά 

Others 

╣╪░► ςωψ ὑ  ╣╒▫▫■╪▪◄ ςωψ ὑ  

▐╬ ρπππ ὡȾά ὑ  ʎ3" υȢφχπρπ ὡȾά  ὑ  

ⱢÏÐÔ πȢωυ  'Î ρπππ ὡȾά  
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3.7 Simulation Results and Discussion 

The performance analysis of the standalone PV cell system and hybrid PV-TEG configurations 

has been conducted under steady-state conditions. Section 3.7.1 analyzes the performance of the 

standalone PV cell for different light concentration levels of 1 to 5 suns.  Meanwhile, section 3.7.2 

performs a comparative investigation of the stacked and parallel hybrid PV-TEG configurations. 

The performance of the PV cell is compared between the configurations with an identical 

comparison performed to the TEG unit, to underscore their respective contribution to the 

performance of the hybrid system. Then the overall efficiencies of both configurations are 

evaluated and compared, alongside the PCE of the standalone PV cell. Ultimately, the overall 

efficiency of both the stacked and parallel configurations is evaluated and compared, along with 

the PCE of the standalone PV cell.  

3.7.1 Standalone PV Cell 

The temperature of the standalone PV cell is evaluated to assess its influence on heat losses, 

electrical parameters, and subsequently on the output power and efficiency of the PV cell. 

3.7.1.1 Thermal and Electrical Analysis 

Fig. 3.6 (a) shows the input solar power transferred to the standalone PV cell (ὖ ȟ ȟ  [7]), 

calculated based on Eq. (3-3), where the solar radiation spectrum is the full solar spectrum ranging 

from σππ to τπππ ÎÍ with a power density of ωωχȢυ 7ȾÍ . With the increase in light intensity, 

the irradiated power 0ȟ ȟ  increases from ρτȢτωψ 7 at ὅȟ   ρ to χςȢτωσ 7 at ὅȟ   υ. 

Without any cooling mechanism, this raises the temperature of the PV cell from σσσȢςρ + at ὅȟ  

 ρ to ττφȢυυ + at ὅȟ   υ, as seen in Fig. 3.6 (b). This temperature rise significantly exceeds 

the recommended operational range for crystalline Si solar cells, indicating thermal stress 

conditions. The thermal response can be analyzed based on Eq. (3-23), where the temperature-

dependent total heat losses of the standalone PV cell (ὗ ȟ  7 ) comprise the radiation 

ὗ ȟ ȟ  7 ), and convection (ὗ ȟ ȟ  7 ) heat losses as depicted in Fig. 3.6 (c). The 

ὗ ȟ  of the standalone PV cell increases rapidly with the increase in the light intensity (up to 

υτȢπσψ 7 at ὅȟ υ), which is primarily attributed to the radiative losses.  In other words, the 

ratio of the heat losses to the input solar power (ὗ ȟ Ⱦὖ ȟ ȟ  [-]), indicates that at  ὅȟ  

 υ, only ςυȢτφϷ of the input power remains available for conversion, which degrades the 

performance of the standalone PV cell.  

 

Fig. 3.7 ὥ ὧ shows the Ὅ , ὠ , and ὊὊ of the standalone PV cell for the different levels 

of light concentration. It can be concluded that with the increase in the light concentration level; 

the temperature of the standalone PV cell increases, and the number of photons striking the surface 

of the PV cell increases generating a higher density of photogenerated electron-hole pairs within 

the semiconductor material which result in a higher current density, including the Ὅ , as seen in 

Fig. 3.7 (a). The Ὅ  increases from φȢττς ὃ at ὅȟ    ρ to σσȢφψρ ὃ at ὅȟ   υ, with the 

temperature coefficient accounting for τȢφϷ of the change and light intensity contributing ωυȢτϷ. 
This increased current density can lead to further significant recombination of electron-hole pairs, 

thus reducing the effective lifetime of the charge carriers within the cell, which results in a decrease 
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in the ὠ , as seen in Fig. 3.7 (b). The ὠ  of the PV cell decreases from πȢφρυ 6 at ὅȟ   ρ to 

πȢυπσ ὠ at ὅȟ   υ, demonstrating a significant temperature penalty. Also, a higher current 

passing through the cell increases the voltage drop across the series resistance, which reduces the 

voltage available from the cell, thereby reducing the ὊὊ, i.e., the reduced ὠ  and the increased 

leakage current, both of which can lower the ὊὊ of the cell, as depicted in Fig. 3.7 (c). The ὊὊ 
decreases from χχȢυωϷ at ὅȟ   ρ sun to φφȢρρϷ at ὅȟ   υ.  

 

3.7.1.2 Output Power and Power Conversion Efficiency 

Fig. 3.8 (a) depicts the output power of the standalone PV cell across different light concentration 

levels. A portion of the input solar power transferred to the PV cell is inevitably lost due to optical 

losses (ὗ ȟ  7 ), which is a ρπϷ of ὖ ȟ ȟ  according to the value of the PV cellôs 

absorptivity. These optical losses increase proportionally with the concentration ratio, reducing the 

effective input power available for conversion. However, the input solar power transferred to the 

standalone PV cell is partially able to offset the increasing total losses, despite the increasing 

ὗ ȟ Ⱦὖ ȟ ȟ  ratio with the increase in the light intensity. Consequently, this sustains the 

increasing output power of the standalone PV cell with the increase in the light intensity, as seen 

in Fig. 3.8 (a). On the other hand, the notable increase in the Ὅ  is more significant and outweighs 

the anticipated decrease in the ὠ  and ὊὊ. As shown in Fig. 3.8 (a), the output power of the 

standalone PV cell rises σȢφτ times at ὅȟ   υ. This reveals that the rate of increase in output 

power is impeded by the fraction of increased thermal losses relative to the input power, resulting 

in a decrease in electrical efficiency. Therefore, operating the PV cell under these conditions 

negates the advantage of light concentration, underscoring the importance of the PV cellôs 

temperature coefficient parameters. Fig. 3.8 (b) illustrates that the PCE of the standalone PV cell 

diminishes with the increase in the light intensity, e.g., it decreases to ρυȢτυφϷ at ὅȟ   υ.  

The thermal, electrical, and output performance of the standalone PV cell at different light 

concentration levels are tabulated in Table 3-4. 
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Fig. 3.6 (a) Input power, (b) temperature, and (c) heat losses of the standalone PV cell under different 

light concentration levels. 
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Fig. 3.7 (a) Short circuit current, (b) open circuit voltage, and (c) fill factor of the standalone PV cell 

under different light concentration levels. 
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Fig. 3.8 (a) Output power and (b) PCE of the standalone PV cell under different light concentration 

levels. 

Table 3-4 Output performance of the standalone PV cell at different light concentration levels. 

╒▌ȟ╟╥ 

Input Power Thermal Analysis Electrical Analysis Performance 

╟░▪ȟ╟╥ȟ╢═  

ἥ  

╠╞▬◄ȟ╟╥ȟ╢═   

ἥ  

╣╟╥  

ἕ 

╠╛▫▼▼▄▼ȟ╟╥  

ἥ  

╠╛▫▼▼▄▼ȟ╟╥Ⱦ

 ╟░▪ȟ╟╥ȟ╢═  

Ϸ  

╘╢╒  

Ἃ 

╥╞╒  

ἤ 

╕╕  

Ϸ  

╟ ╟╥ȟ╢═   

ἥ  

Ɫ╟╥ȟ╢═    

Ϸ  

 ρτȢτωψ ρȢτυπ σσσȢςρ ωȢωχτ    φψȢχω φȢττς πȢφρυ χχȢυω σȢπχυ ςρȢςπχ 

 ςψȢωωχ ςȢωππ σφτȢωσ ςπȢςσφ    φωȢχψ ρσȢπτψ πȢυωψ χυȢπφ υȢψφρ ςπȢςρς 

 τσȢτωφ τȢσυπ σωτȢςς σρȢπρς    χρȢσπ ρωȢψππ πȢυφω χςȢςρ ψȢρσσ ρψȢφωω 

 υχȢωωτ υȢψππ τςρȢσφ τςȢςωσ    χςȢως ςφȢφψσ πȢυσφ φωȢςρ ωȢωπς ρχȢπχτ 

 χςȢτωσ χȢςτω ττφȢυυ υτȢπσψ    χτȢυτ σσȢφψρ πȢυπσ φφȢρρ ρρȢςπυ ρυȢτυφ 



65 
 

3.7.2 Stacked and Parallel Configurations 

The method by which solar energy is transferred to the stacked configuration differs from that of 

the parallel configuration, owing to their distinct configuration structure. In the stacked 

configuration, solar energy of the full spectrum passes through a single surface area, that of the 

PV cell, while the parallel configuration utilizes two surface areas, those of the PV cell and the 

TEG subsystem. These distinctions in energy transfer pathways inherently affect component 

performance. Therefore, the operational behavior of the PV cell and TEG subsystem has been 

analyzed side-by-side in-depth across configurations. Accordingly, the overall performance of the 

stacked and parallel configurations has been evaluated and compared, as well as the performance 

of the standalone PV cell. 

3.7.2.1 PV Cell Performance 

To precisely quantify the influence of the PV cell in both configurations on overall output power 

and efficiency, a comparative analysis of their thermal behavior and temperature-dependent 

electrical parameters is presented. 

3.7.2.1.1 Thermal and Electrical Analysis 

In the stacked configuration, nearly ρππϷ of the total solar energy reaches the PV cell, while only 

ψπȢτςρϷ is transferred to the PV cell in the parallel configuration as a result of the spectrum 

splitting principle. Consequently, the input power transferred to the PV cell in the stacked 

configuration is higher than that in the parallel configuration, and gets more pronounced at higher 

concentration levels, as seen in Fig. 3.9 (a). Specifically, the PV cell in the stacked configuration 

consistently receives about ςτϷ more input power than in the parallel configuration. This is one 

of the reasons for the higher temperature of the PV cell in the stacked configuration compared to 

that in the parallel configuration, as seen in Fig. 3.9 (b). Furthermore, the stacked configuration 

introduces a thermal resistance between the components, thereby influencing the temperature of 

the PV cell. As a result, the PV cell in the stacked configuration experiences a temperature that is 

18 K higher than that in the parallel configuration at ὅȟ   ρ, which widens to φπȢσ + at 

ὅȟ   υ, as seen in Fig. 3.9 (b). While the PV cell in the stacked configuration dissipates 

radiative and convective heat from only the front surface, it exhibits ὗ ȟ  that is συϷ higher 

at ὅȟ   ρ and increasing to σωϷ at ὅȟ   υ compared to that in the parallel configuration, 

which dissipates heat from both surfaces, as seen in Fig. 3.9 (c). As relative to the input power 

transferred to the PV cell in each configuration, the heat losses ratio (ὗ ȟ Ⱦὖ ȟ  [-]) reaches 

χφȢωτςϷ in the stacked configuration and φψȢφπρϷ in the parallel configuration at ὅȟ   υ . 

These results demonstrate that the stacked configuration is under significantly greater thermal 

stress than the parallel configuration or the standalone PV cell. The input solar power, the 

temperature, the heat losses, and their ratio to the input power of the PV cell in both configurations 

are tabulated in Table 3-5. 

Fig. 3.10 illustrates how the temperature-dependent electrical parameters, Ὅ , ὠ , and ὊὊ, 
vary in each system under different levels of light concentration. Consistent with the results in Fig. 

3.9 (b), Fig. 3.10 (a) shows a corresponding increase in the Ὅ  of the PV cell in both configurations. 

However, at each light concentration level, the PV cell in the stacked configuration maintains 

higher current values compared to the parallel configuration, attributed to its higher transferred 
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input power (e. g. higher incoming photon number) and temperature. The Ὅ  of the PV cell in the 

stacked and parallel configurations is φȢτφφ ! and φȢρυχ ! at ὅȟ   ρ, and στȢπφω ! and 

σρȢωχσ! at ὅȟ   υ, respectively. Unlike Ὅ , both ὠ  and ὊὊ of the PV cell in both 

configurations decrease with increasing light concentration level due to elevated operating 

temperatures ( ςυ ᴈ ) experienced by the PV cells. As the PV cell in the stacked configuration 

experiences a higher temperature, its ὠ  at ὅȟ   υ is ρωȢφϷ lower than that in the parallel 

configuration, as seen in Fig. 3.10 (b). Similarly, the ὊὊ of the PV cell in the stacked configuration 

degrades from χψȢσχϷ to φρȢωψϷ at ὅȟ   υ, as seen in Fig. 3.10 (c). This is attributed to the 

increased series resistance and higher recombination rates in the PV cell of the stacked 

configuration. The input solar power, temperature distribution, heat losses, and output electrical 

parameters of the PV cell in both configurations are tabulated in Table 3-5. 

Table 3-5 Thermal and electrical output parameters of the PV cell in both hybrid Systems. 
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 χςȢτωσ υψȢςωω τχφȢτπ τρφȢπω χφȢωτς φψȢφπρ στȢπφω σρȢωχσ πȢττψ πȢυυψ φρȢωψ φωȢωτ 

3.7.2.1.2 Output Power and Power Conversion Efficiency 

Fig. 3.11 (a) depicts that the output power of the PV cell in both configurations increases with the 

increase in the light concentration level. This is mainly a result of the increase in current (seen 

through Ὅ  here), however, it is somewhat counteracted by the decrease in both the ὠ  and ὊὊ 
of the PV cell. Although the PV cell in the stacked configuration receives greater solar input power, 

its output power is ultimately lower. This is due to the elevated operating temperatures and 

associated thermal losses, which outweigh the current gain, as shown in Fig. 3.10 (a). 

Consequently, the performance difference demonstrates the dominance of both  ὠ  and ὊὊ when 

comparing across the two configurations. At ὅȟ   ρ, it shows a comparable output power of 

the PV cell between the two configurations, while at ὅȟ   υ, it is much reduced. The PCE of 

the PV cell in both configurations decreases with increasing light concentration level, as shown in 

Fig. 3.11 (b). That is, portions of the input power are lost rather than converted to electrical energy, 

which increases with concentration levels. In the stacked configuration, this power is primarily 

lost as heat losses, whereas in the parallel configuration, it is mainly lost through spectrum 

splitting. However, at each concentration level, the efficiency of the PV cell in the parallel 

configuration is higher than that in the stacked configuration. At ὅȟ   ρ, the efficiency of the 

PV cell in the parallel configuration is marginally higher, a difference that gets more notable at 

higher concentration levels. By comparing Fig. 3.8 (b) and Fig. 3.11 (b), the PCE of the PV cell in 

the stacked configuration is lower than that of the standalone PV cell, because the thermal 

resistance introduces higher temperatures. On the other hand, splitting the spectrum in a parallel 

configuration reduces the thermal stress, resulting in lower PV temperature.  
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Fig. 3.9 (a) Input power, (b) temperature, and (c) heat losses of the PV cell in both configurations under 

different light concentration levels. 
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Fig. 3.10 (a) Short circuit current, (b) open circuit voltage, and (c) power of the PV cell in both 

configurations under different light concentration levels. 
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Fig. 3.11 (a) power and (b) efficiency of the PV cell in both configurations under different light 

concentration levels. 
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However, at ὅȟ   ρ, the electrical efficiency of the standalone PV cell is still slightly 

higher than that in the parallel configuration, demonstrating the effectiveness of spectrum splitting 

at higher concentration levels. The output power and the PCE of the PV cell in both configurations 

at different light concentration levels are tabulated in Table 3-6. 

Table 3-6 Output performance of the PV cell in the stacked and parallel hybrid systems. 

Performance 
╒▌ȟ╟╥ 

     

╟╟╥ȟ╢╣ ἥ  ςȢωφσ υȢτφχ χȢστψ ψȢφυχ ωȢτφφ 

Ɫ╟╥ȟ╢╣ Ϸ  ςπȢτσυ ρψȢψυυ ρφȢψωσ ρτȢωςψ ρσȢπυχ 

╟╟╥ȟ╟╛ ἥ  σȢπσχ υȢωφτ ψȢυςφ ρπȢφωτ ρςȢτχυ 

Ɫ╟╥ȟ╟╛ Ϸ  ςπȢωτφ ςπȢυφψ ρωȢφπρ ρψȢτσω ρχȢςπψ 

3.7.2.2 TEG Subsystem Performance 

On the other hand, to completely analyze the overall performance of both configurations, a 

comprehensive investigation and comparison of the behavior of the TEG subsystem in each system 

is required. In the parallel configuration, the geometric concentration ratio of the TEG should 

follow Eq. (3-5) to have equivalent input power density as that of the PV cell. For ὅȟ  ranging 

from ρ to υ suns, the corresponding ὅȟ  values at the given surface area of the PV cell, and the 

HC are calculated to be φρȢς, ρςςȢτ, ρψσȢφ, ςττȢψ, and σπφ, respectively. 

3.7.2.2.1 Thermal and Electrical Analysis 

Fig. 3.12 (a) shows the input power transferred to the TEG subsystem in both configurations at 

different light concentration levels. In the stacked configuration, the thermal coupling between the 

PV cell and the TEG unit reduces the heat transfer efficiency to the TEG unit, primarily due to 

ὗ ȟ , as quantified in Fig. 3.8 (c). Only ρυȢψϷ of the total input power is conducted to the 

TEG subsystem in the stacked configuration, which slightly decreases with the increase in the light 

concentration level, where higher ὗ ȟ  exist. This represents one of the major drawbacks of 

the stacked configuration, particularly since the PV cell has a much larger surface area. In addition, 

the TEG unit has no direct contact with the concentrator, unlike in the parallel configuration, which 

is considered another drawback. Thatôs why Fig. 3.12 (a), at each light concentration level, shows 

that the input power transferred to the TEG subsystem in the parallel configuration is higher than 

that in the stacked configuration. A higher ratio of ρωȢφϷ of the total input power is transferred to 

the TEG subsystem, which remains constant at each light concentration level. The difference in 

transferred power becomes more significant at higher light concentration levels. Fig. 3.12 (b) 

shows that due to the possibility of secondary light concentration, the TEG subsystem in the 

parallel configuration experiences higher Ὕ  compared to that of the stacked configuration. 

Therefore, decoupling the two components in parallel configurations enables the TEG subsystem 

to operate at higher temperatures without affecting the PV cell. This is attributed to its direct 

interaction with the concentrator and the separately optimized geometric ratio of the HC. As the 

HC in the stacked configuration is sandwiched between the PV cell and the TEG unit, only the HC 

in the parallel configuration is subjected to radiative and convective heat losses, as shown in Fig. 

3.12 (c). Due to the distinct spectral and thermal coupling mechanisms, the ὗ  of the TEG unit in 
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the parallel configuration is ρυϷ higher, despite being subjected to heat losses. This effect 

becomes more pronounced at higher light concentration levels, as depicted in Fig. 3.13 (a). A heat 

sink with a heat transfer coefficient of ρπππ 7ȾÍ+ is attached to the cold side of the TEG unit 

in both configurations to dissipate heat and maintain a low cold side temperature. As shown in Fig. 

3.13 (b), the higher ὗ  of the TEG unit observed in the parallel configuration reflects the greater 

heat input, indicating that the corresponding heat sink has to dissipate more energy to sustain 

thermal equilibrium. Consequently, this highlights the importance of advanced heat management 

in such parallel configurations. Accordingly, Fig. 3.13 (c) shows that the temperature difference 

(ЎὝ) across the TEG unit terminals in the parallel configuration is approximately φ ᴈ higher than 

that in the stacked configuration at ὅȟ   φρȢς  and increases up to τσȢτ ᴈ at ὅȟ   σπφ. 

The transferred input power, temperature difference between the hot and cold sides, and the 

absorbed and removed heat of the TEG unit in both configurations are tabulated in Table 3-7. 

 
Table 3-7 Thermal output parameters of the TEG subsystem in both hybrid systems. 
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3.7.2.2.2 Output Power and Energy Conversion Efficiency 

 

The ratio of removed to absorbed heat of the TEG unit (ὗȾὗ  [-]) serves as an indicator of the 

thermal transport efficiency and effectiveness of heat dissipation across different configurations. 

This ratio depends primarily on the heat transfer coefficient of the HS and the thermal resistance 

of the TEG itself. A higher convective coefficient enhances effective heat removal, thereby 

lowering this ratio, while greater TEG thermal resistance reduces conductive heat and raises this 

ratio. At the given parameters, the ὗȾὗ  of the TEG unit in the stacked and parallel 

configurations decreases to ωςȢχϷ and ωρȢτϷ at ὅȟ   υ and ὅȟ   σπφ, respectively, 

reflecting the intensified heat transfer through the TEG. Hence, Fig. 3.14 (a) shows that the output 

power of the TEG unit in both configurations increases with the increase in light concentration 

levels. Accordingly, Fig. 3.14 (b) depicts that the ECE of the TEG unit in both configurations 

increases with the increase in light concentration level, reaching efficiencies of up to χȢσϷ in the 

stacked and ψȢυϷ in the parallel configuration. However, relative to the total input power density 

of ωωχȢυ 7ȾÍ , its contribution to the overall efficiency of the stacked and parallel configurations 

reaches up to πȢωπτϷ and ρȢσωωϷ at ὅȟ   υ and ὅȟ   σπφ, respectively.  

In addition, at each concentration ratio, the TEG unit in the stacked configuration exhibits a 

higher ὗȾὗ  ratio than that in the parallel configuration, resulting in a lower output power, as 

seen in Fig. 3.14 (a). This is attributed to the stacked configuration, where a larger HS enhances 

the heat extraction on the cold side relative to the heat absorption on its hot side. Accordingly, at 

each concentration level, the ECE of the TEG unit in the parallel configuration exceeds that in the 
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stacked configuration, as seen in Fig. 3.14 (b). For example, the ECE of the TEG unit in the parallel 

configuration is 1.5 times higher than that in the stacked configuration at ὅȟ   υ and ὅȟ  

 σπφ. The output power and the ECE of the TEG unit in both configurations at different light 

concentration levels are tabulated in Table 3-8. 

Table 3-8 Output power and ECE of the TEG unit in both hybrid systems. 
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Fig. 3.12 (a) Input power, (b) heat collector temperature, and (c) heat losses of the TEG unit in both 

configurations under different light concentration levels. 
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Fig. 3.13 (a) Absorbed and (b) removed heat, and (c) temperature difference of the TEG unit in both 

configurations under different light concentration levels. 
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3.7.2.3 Overall Performance of PV-TEG Hybrid System 

Based on the performance analysis of the PV cell and the TEG subsystem in both configurations, 

the overall efficiency of both configurations is evaluated and compared. The intrinsic thermal 

resistance introduced by the stacked configuration elevates the junction temperature, resulting in 

a reduced output power. Simultaneously, the TEG unit fails to compensate for this reduction, 

primarily due to the low conducted input power to the TEG unit, as shown in Fig. 3.14 (a).  

Accordingly, the overall output power of the stacked configuration is ςȢσϷ lower than that of the 

standalone PV cell at ὅȟ ρ, decreasing to ωȢχϷ lower at ὅȟ υ, as shown in Fig. 3.15 (a). 

Compared to a mathematical thermal resistance-based model reported in the literature, the output 

power of the stacked configuration at ὅȟ υ is σȢςϷ lower relative to that of a cooled single 

PV cell.  
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Fig. 3.14 (a) Output power and (b) ECE of the TEG unit in both configurations for different light 

concentration levels. 
 

On the other hand, spectrum splitting in the parallel configuration enables the PV cell to 

operate at a lower temperature, resulting in slightly higher PV output power than that in the stacked 

configuration, and gets more significant at higher light concentration levels. Meanwhile, the TEG 

unit receives considerably more input power than that in the stacked configuration, leading to a 

substantially higher output power, particularly at higher light concentration levels. This results in 

an overall output power of the parallel configuration that is σϷ higher than that of the stacked 

configuration at ὅȟ ρ & ὅȟ φρȢς, increasing to σσϷ higher at ὅȟ υ & ὅȟ
σπφ , as seen in Fig. 3.15 (a). Accordingly, at each concentration ratio, the parallel configuration 

has a higher overall efficiency than the stacked configuration and becomes more significant at 

higher concentration levels,  as seen in Fig. 3.15 (b).  In addition, it shows that the overall efficiency 

of both configurations decreases with increasing light concentration levels. This is because the 

TEG unit does not fully compensate for the ongoing reduction in the PV efficiency across the 

concentration levels. As shown in Fig. 3.15 (b), the decrease in the overall efficiency of the stacked 

configuration decreases more steeply than that of the parallel configuration.  

Based on the results shown above, I summarize the main points as follows 
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¶ Thermal-electrical models for a standalone PV cell and stacked and parallel PV-TEG 

configurations were proposed. 

¶ The PV cell in the stacked configuration experiences the highest heat losses, followed by the 

standalone PV cell. This is due to the elevated operating temperatures, despite the PV cell in the 

parallel configuration dissipating heat from both sides, as shown in Fig. 3.6 (C) and Fig. 3.9 (C). 

¶ The efficiency of the PV cell in the stacked configuration is less than that of the standalone PV. 

This is because thermal coupling increases the intrinsic thermal resistance. For example, it is less 

by 15.5 % at  ὅȟ  = 5.  

¶ The efficiency of the PV cell in the parallel configuration is higher than the efficiency of the 

standalone PV cell, except at ὅȟ  = 1. For example, it is higher by 11 % at ὅȟ  = 5. This is 

shown in Fig. 3.8 (b) and Fig. 3.11 (b). 

¶ The efficiency of the PV cell in the stacked configuration is less than that in the parallel 

configuration, where the PV cell receives only about 80 % of the input power. For example, at 

ὅȟ  = 5, the efficiency of the PV cell in the stacked configuration is 24 % lower , as shown in 

Fig. 3.11 (b).  

¶ The thermal resistance introduced by the stacked configuration forces the majority of heat to 

dissipate through the PV cellôs front surface, leading to less input power transferred to the TEG 

subsystem. For example, the efficiency of the TEG in the stacked configuration is less by 35.35 % 

at ὅȟ  = 5, as seen in Fig. 3.14 (b).  

¶ Despite the TEG subsystem in the parallel configuration being subjected to radiative and convective 

heat losses through the heat collector, the absorbed heat at the hot side of the TEG unit is still higher 

than that in the stacked configuration. 

¶ The parallel configuration achieves a higher overall efficiency than both the stacked configuration 

and the standalone PV cell. For example, at ὅȟ  = 5 & ὅȟ  = 306, its efficiency is 20.4% higher 

than the standalone PV and 33.3% higher than the stacked configuration. These results are observed 

through Fig. 3.8 (b) and Fig. 3.15 (b).  

¶ The results indicate that available TEG devices in the market may not be sufficient to compensate 

for the decrease in PV cell efficiency with the increase in the light concentration ratios. 
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Fig. 3.15 (a) Output power and (b) efficiency of the standalone PV cell and both configurations for 

different light concentration levels. 
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The overall output power and efficiency of both configurations at different light concentration 

levels are tabulated in Table 3-9. 

Table 3-9 Overall efficiencies of both hybrid configurations. 

Stacked 
╒▌ȟ╟╥ 

     

╟╟╥╣╔╖ȟ╢╣ ἥ  σȢππτ υȢφρς χȢφσχ ωȢρςπ ρπȢρςρ 

Ɫ╟╥╣╔╖ȟ╢╣ Ϸ  ςπȢχςπ ρωȢσυς ρχȢυυψ ρυȢχςυ ρσȢωφς 

Parallel 
╒▌ȟ╟╥  &  ╒▌ȟ╣╔╖ 

 Ǫ Ȣ  Ǫ Ȣ  Ǫ Ȣ  Ǫ Ȣ  Ǫ  

╟╟╥╣╔╖ȟ╟╛ ἥ  σȢπωρ φȢρφς ψȢωτρ ρρȢσψτ ρσȢτψω 

Ɫ╟╥╣╔╖ȟ╟╛ Ϸ  ςρȢσρυ ςρȢςυρ ςπȢυυυ ρωȢφσπ ρψȢφπχ 

 

3.8 Model Validation 

The model verification focuses on validating the individual components, rather than a specific 

complete PV-TEG system. The purpose of this validation is to provide a robust theoretical 

approach that accurately visualizes the governing coupling of physical phenomena and their 

interactions within both configurations, thereby enabling rigorous side-by-side comparative 

analysis that constitutes the primary contribution of this work. 

3.8.1 PV Cell Model Validation  

 

The commercial PV cell from SUNPOWER used in this study was simulated using the proposed 

model based on the parameters provided in its datasheet. The solar cell is assumed to be illuminated 

by the full spectrum with solar irradiance of ρπππ 7ȾÍ  (AM1.5 G) and cooled using a heat sink 

with a heat transfer coefficient of ρππππ 7ȾÍ+, maintaining the temperature of the PV cell at 

ςυ ᴈ. Under these conditions, the PV cell operates under STC conditions. The output power of 

the PV cell calculated using the proposed model is σȢτψυψ 7, whereas its corresponding value 

provided in the manufacturer's datasheet is σȢτω 7. The calculated and literature values show close 

agreement with a relative error of 0.12%. Likewise, the calculated efficiency of the PV cell is 

ςςȢχψ Ϸ, while its corresponding value provided in the datasheet is ςςȢχπ Ϸ. These values also 

show close agreement with a relative error of 0.35%. Moreover, the commercial PV cell was 

simulated at different temperatures in the range from ςωψ + to τςυ +, where the power temperature 

coefficient was determined as seen in Fig. 3.16. The calculated power temperature coefficient is 

 πȢσυπω ϷȾᴈ, which is identical to that one provided in the datasheet, which is  πȢσυ ϷȾᴈ, 

showing a relative error of 0.26%. Despite the strong agreement between simulated and datasheet 

values, the small discrepancies arise from the assumption made in the proposed model. While the 

uniform cell temperature enables a tractable analysis of the fundamental balance analysis, a real 

experimental setup can create localized hot spots that increase the cell temperature and slightly 

decrease its efficiency. In addition, neglecting edge losses reduces model complexity. However, it 

may slightly overpredict the operating temperature of an isolated cell in a lab setting, where such 

losses can provide additional cooling. 
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3.8.2 TEG Subsystem Model Validation 

The proposed model of the TEG subsystem was validated against the literature [184]. The 

geometric dimensions and material properties of the n and p-type legs of the TEG unit, along with 

other relevant parameters, were incorporated into the proposed model. The ECE of the TEG unit 

was calculated at different figures of merit values. A curve fitting was then applied to the efficiency 

of the experimental data across the figure of merit, and it is compared to the calculated values, as 

depicted in Fig. 3.17. The comparison demonstrates a strong agreement with a square mean error 

of φȢχ ρπ . The variation in energy efficiency can be attributed to the inherent simplification 

and assumptions of the proposed theoretical model. However, these relatively slight differences 

demonstrate the accuracy and reliability of the proposed model. The close agreement between 

model and experimental data confirms the modelôs capability to predict TEG performance. The 

minor variation in energy efficiency can be attributed to the inherent simplification and 

assumptions of the proposed theoretical model. The assumption of constant material properties, 

including Seebeck coefficient and electrical and thermal conductivities, and the neglect of 

interfacial contact resistances, were necessary to create a unified and computationally efficient 

framework for parametric analysis across both configurations. However, in a physical TEG, its 

material properties are temperature-dependent, and the thermal contact resistances at the interfaces 

reduce the effective temperature gradient across TEG legs. 
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Fig. 3.16 Output power of the PV cell as a function of temperature at STC. 
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Fig. 3.17 Efficiency of the TEG unit for different figures of merit values. 
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3.8.3 Model Accuracy Validation 

On the other hand, to validate the accuracy of the proposed model and the results, the total input 

power of each system should equal the sum of optical losses, thermal losses, and output power 

according to the energy balance theory. The energy balance is assessed, where each power 

component is expressed as a percentage of the total input power and is verified, for example, at 

ὅȟ   ρ, ὅȟ   φρȢς. 

The standalone PV cell is subjected to optical losses and thermal losses, which are the sum of 

the radiative and convective losses for both surfaces of the PV cell system. The energy balance 

expressed in percentages is as follows 

 
 ὗ ȟ ȟ   ὗ ȟ ȟ   ὖ ȟ

ὖ ȟ ȟ
ρππϷ 

 
ρȢττωψ ωȢωχτρ σȢπχτχ

ρτȢτωψφ
ρππϷ 

ρππϷ  

(39) 

For the stacked configuration, the PV cell is subjected to optical losses and thermal losses, 

which are the sum of the radiative and conductive losses for the front surface of the PV cell. While 

the TEG subsystem experiences optical losses. The energy balance is as follows 

 ὗ ȟ ȟ   ὗ ȟ ȟ   ὖ ȟ  ὗ ȟ ȟ   ὖ ȟ  ὗȟ

ὖ ȟ ȟ
 ρππϷ 

 
ρȢττωψ χȢχωρ ςȢωφςωπȢςςωτω πȢπτρσ ςȢπςτρ

ρτȢτωψφ 
 ρππϷ 

ρππϷ  

(40) 

For parallel configuration, the PV cell experiences optical losses and thermal losses, which 

are the sum of the radiative and convective losses for both surfaces of the PV cell. While the TEG 

subsystem experiences optical losses and thermal losses, which are the sum of the radiative and 

convective heats. The energy balance is as follows 

 ὗ ȟ ȟ   ὗ ȟ ȟ   ὖ ȟ  ὗ ȟ ȟ  ὗ ȟ ȟ   ὖ ȟ  ὗȟ

ὖ ȟ ȟ
 

ρππϷ 

 
ρȢρφφ χȢτυχ σȢπσχππȢρχυχ πȢςψσψχπȢπυσυ ςȢσςυχ

ρτȢτωψφ 
 ρππϷ 

ρππϷ  

(41) 

That ensures that the total sum of their percentages to the total input power density of ωωχȢυ 7ȾÍ  

is equal to ρππϷ. Indicating the accuracy of the proposed model and the obtained results. 
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3.9 Model Limitations and Future Work  

Although the proposed model provides a comprehensive and validated framework for analyzing 

the thermal-electrical interaction of hybrid PV-TEG systems, it has several limitations that should 

be addressed to enhance its predictive capability and practical relevance. These limitations arise 

from the simplifying assumptions adopted in the modeling.  

First, the ρ$ uniform PV temperature assumption provides a reasonable first-order 

approximation at low concentration ranges examined in this study (ὅȟ  υ), enabling fewer 

calculations and easier evaluation of physical phenomena and their interactions. However, under 

concentrated flux or non-uniform irradiance conditions, local hot spots and temperature gradients 

may occur within the PV cell. As a next step, a 2D/3D thermal-electrical modeling and 

experimental infrared thermography are required to capture non-uniform heating and hot-spot 

formation under high-flux conditions. Second, a free convection heat assumption was adopted as 

a standard baseline condition in comparative studies, and a constant ambient temperature was used 

to enable steady-state analysis and systematic comparison across various concentration ratios. 

However, forced convection would enhance heat dissipation in the system, while higher ambient 

temperatures would elevate all component temperatures. A comprehensive sensitivity analysis, 

including environmental variations and CFD simulations, represents important future work for 

site-specific system design and deployment optimization. 

Beyond modeling assumptions, several practical challenges should be addressed for commercial-

scale deployment.  

First, the cost of optical splitters used in parallel configurations remains a significant 

challenge. High-quality dichroic mirrors and beam splitters are currently expensive, and their cost-

effectiveness requires further techno-economic analysis. Therefore, assessing the practical 

competitiveness of hybrid configurations from an economic perspective is a crucial next step. Such 

an assessment, for example, a detailed levelized cost of energy (LCOE) analysis, would require 

additional inputs like material costs, optical splitter fabrication, integration costs, and system 

lifetime considerations. Second, as ὄὭὝὩ relies on Tellurium, a relatively rare element with 

limited global supply, TEG material availability presents a constraint. Therefore, scaling to 

widespread deployment will necessitate either an increase in the production capacity or the 

development of alternative thermoelectric materials with comparable performance; for example, 

skutterudites offer high performance but are more expensive. Third, while the proposed model has 

been validated using a datasheet and experimental dataset, experimental prototyping is essential to 

validate the modeling predictions and address practical issues such as long-term material 

degradation, optical component durability, and system integration with existing solar 

infrastructure. 

3.10 Summary 

A mathematical thermal-electrical model for hybrid PV-TEG systems is proposed that can be used 

for both stacked and parallel configurations. The stacked configuration employs direct thermal 

contact between the two devices, i.e., the PV cell and the TEG unit, creating a sequential energy 

conversion process. In the meantime, the spectral-splitting approach has been introduced to the 

parallel configuration, in which the full spectrum is divided into two major spectrum partitions: 
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the within-bandgap spectrum, which is transferred to the PV cell, and the post-bandgap spectrum, 

which is transferred to the TEG unit. Therefore, the two devices operate separately in such parallel 

hybrid systems. A MATLAB simulation was carried out at different light concentration levels of 

both devices. The thermal and electrical analyses of the stacked configuration showed that its 

overall efficiency is less than that of the parallel configuration due to the higher temperature of the 

junction between the two devices, which degrades the PV cellôs PCE even though higher input 

energy is received. Additionally, only a low amount of heat energy is conducted through the TEG 

unit, due to its high thermal resistance, which forces the majority of the PV cellôs waste heat to be 

dissipated through its front surface, leading to less absorbed heat at its hot side and then lower 

ECE. As a result, the contribution of the TEG unit to higher concentrations is still not sufficient to 

overcome the sharp decrease in the PV cellôs PCE. Splitting the full spectrum of the solar radiation 

between the two devices, the PV cell and the TEG unit, in such parallel configurations enables the 

PV cell to operate at lower temperatures. At the same time, higher input energy is transferred to 

the TEG unit, which increases its contribution, resulting in higher performance. 

Our contributions are summarized as follows. 

  

 

 

 

 

 

 

 

 

 

Related Publications: The thesis's main concept has been published in [Êς]. Some modeling 
concepts of the presented model have been published in [Ãρ], [Ãσ], and [Ãτ. 

Thesis 2 I have developed an accurate and reliable thermal-electrical mathematical modeling 

framework applicable for stacked and parallel hybrid PV-TEG configurations to address the 

fundamental performance limitations of standalone PV cells operating without active cooling 

mechanisms. 

2.1 I have proved that the thermal resistance introduced by the stacked configuration forces 

most of the heat to dissipate through the PV cell and reduces heat conducted to the TEG 

unit (approx. 15 % of the input power). However, spectrum-splitting reduces the PV cell 

temperature by 60 K at ὅȟ  = 5 and enables a higher heat transferred to the TEG unit up 

to 19.6%. 

2.2 I have demonstrated that at  ὅȟ  = 5 & ὅȟ  = 306, the overall efficiency of the parallel 

configuration is 20.4% higher than the standalone PV cell efficiency and 33.3% higher 

than the stacked configuration efficiency. 

2.3 I have found that the efficiency improvement of the parallel configuration with current 

TEG technologies is more attributed to the temperature decrease of the PV (92.5% of the 

yield) than the power generated by the TEG (7.5% of the yield). 
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Chapter 4 

4 Key Parameters Investigation and Optimization  of Hybrid  PV-

TEG Systems 
 

4.1 Background 

The output performance of the PV-TEG hybrid systems varies by configuration. The stacked 

configuration does not prove superiority over the parallel configuration or even the standalone PV 

cell, although the parallel configuration offers a more effective solution through improved energy 

harvesting. By investigating and carefully optimizing various key parameters such as the 

temperature coefficient of the PV cell, material properties of the TEGôs legs, and their geometric 

dimensions, the stacked configuration has the potential to become a promising solution, and the 

performance of the parallel configuration can be further improved [145]. For example, the PV 

cellôs efficiency is influenced mainly by the temperature, while the TEGôs efficiency is based on 

the temperature gradient across its sides, the Seebeck coefficient, the thermal and electrical 

conductivity of the thermoelectric material, and the height and cross-sectional surface area of the 

TEGôs legs. Moreover, the overall efficiency highly depends on the implemented cooling 

mechanism. Optimizing these parameters is a complex process that requires a balance between the 

thermal and electrical aspects. 

4.1.1 Literature Review 

Recently, various studies have focused on the parameter optimization of hybrid PV-TEG systems 

to enhance overall performance and efficiency.  

In [179] the authors optimized the performance of a stacked hybrid PV-TEG configuration 

based on the temperature-dependent properties of a TEG material. The authors emphasized the 

significance of geometric parameters, including the height and the cross-sectional area of the 

TEGôs legs, on the overall performance. They demonstrated that lower height and larger cross-

sectional area of the TEGôs legs yield higher efficiency. Moreover, the study discussed the 

importance of solar irradiation and cold side temperature as critical parameters that constrain the 

performance of the hybrid system. 

In [142] the authors optimized a spectrum-splitting PV-TEG system by varying key 

parameters such as splitter cutoff wavelength, TEGôs leg height, concentration ratio, and cooling 

water conditions. The authors demonstrated that an ψψπ ὲά splitter provides the best performance, 

increasing the output power by τωȢρϷ compared to a standalone PV system. In addition, they 

showed that increasing the TEGôs leg height by 50%, raising the concentration ratio from υυ to 

ρτφ, and lowering the water temperature from σπψ + to ςχψ + resulted in power improvements 

by ςτȢς Ϸ, φυ Ϸ, and ςπȢςϷ respectively. 

Besides the evaluation of the electric and thermal performance of the stacked hybrid PV-TEG 

configuration described by a mathematical thermal resistance model. The authors in [185] 

optimized the selection of an appropriate PV cell, addressing the challenge of heat losses in such 
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hybrid systems. The authors demonstrated that PV cells such as CdTe and a-Si cells show lower 

efficiency losses compared to c-Si and CIGS solar cells. These findings underscore the importance 

of selecting PV materials to optimize the overall system performance under thermal stress. 

 On the other hand, the authors in [145] optimized the thermoelectric material to enhance the 

overall performance. The authors identified Bi2Te3 as the most suitable material for temperatures 

up to υππ +, while Lead-Telluride and Silicon-Germanium materials are more effective at higher 

temperatures up to and above ωππ +, respectively. Furthermore, the authors in [186] demonstrated 

that enhancing the ὤὝ of the thermoelectric material to ςȢτ results in a υπϷ improvement in the 

overall efficiency of a stacked hybrid PV-TEG configuration. However, the authors in [187] 

mentioned that higher ὤὝ materials may decrease the overall efficiency on account of some 

specific parameter values. The authors in [188] demonstrated the importance of the cooling system, 

they concluded that a better overall performance of a stacked hybrid PV-TEG configuration is 

obtained by using an effective cooling system rather than a PV+TEG-only system. This study was 

confirmed by [185], which demonstrated that optimizing the surface of the heat sink showed an 

increase in the overall efficiency. 

4.1.2 Objective 

Based on the results achieved in Chapter 3, key parameters, like the temperature coefficient of the 

PV cell, the geometric dimensions of the TEG unit leg, and its material characteristics, are the 

most significant factors that have a substantial impact on enhancing the performance of both 

configurations [Êς].  
Literature provides insufficient understanding of the intricate interaction that governs the 

conversion efficiency of hybrid systems. For instance, the temperature coefficient of the PV cell 

has been traditionally studied in isolation, yet its intricate interaction within the hybrid system 

remains inadequately understood. Similarly, the geometric dimension of the TEG unitôs legs 

represents a domain where limited comprehensive literature exists, particularly in understanding 

their behavior within hybrid configurations. The material characteristics of the TEG emerge as a 

particularly novel area of investigation, with existing literature providing minimal insights into 

how each individual characteristic can impact overall efficiency alongside their intricate 

interaction. This chapter employs the computational modeling techniques of both configurations 

proposed in Chapter σ to bridge these significant knowledge gaps. Thus, exploring how these key 

parameters influence the thermal and electrical performance of each component and their 

interaction across configurations. In addition, unraveling the effect of geometric dimensions and 

material properties of the TEG unit independently offers a comprehensive framework to 

understand and improve the operational characteristics of hybrid PV-TEG systems. Moreover, 

analyzing the configuration-dependent parametric optimization to evaluate how improvements 

affect stacked and parallel configurations differently [Êς]. Accordingly, this chapter provides 

optimization strategies that can enhance conversion efficiency, minimize thermal losses, and 

provide insight for more efficient designs. 

4.2 Simulation Results and Discussion 

This section presents a comprehensive comparative analysis of the changes in the performance of 

the stacked and parallel hybrid PV-TEG configurations under different key parameters. In 

addition, it provides the optimized parameters of both hybrid configurations. 
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4.2.1 Key Parameters Investigation 

4.2.1.1 Temperature Coefficient of PV Cell 

The voltage temperature coefficient of the PV plays a crucial role in defining the PV cell 

temperature coefficient and its PCE, particularly at higher concentration ratios. The voltage 

temperature coefficient of the used PV cell, as indicated in its datasheet, is ρȢψτ Í6ȾᴈȢ A ρπϷ 
reduction in the magnitude of the voltage temperature coefficient of -ρȢφυφ Í6Ⱦᴈ is applied to 

assess the changes in the performance of both components and the overall efficiency of each 

configuration.  

As shown in Fig. 4.1 (a), the lower voltage temperature coefficient has an almost negligible 

effect on the temperature of the PV cell in both configurations, as the input power transferred to 

the PV cell and thermal boundary conditions are the same. However, in the stacked configuration 

and at higher concentration levels, a minimal change in PV temperature is observed. Fig. 4.1 (b) 

shows that the PCE of the PV cell in both configurations improves compared to the standard case 

(at ‍ ρȢψτ Í6Ⱦᴈ), and this improvement becomes more noticeable at higher concentration 

levels. This is because the PV cell in both configurations converts a slightly larger portion of the 

input power into electricity and a slightly smaller portion into heat. Additionally, the increase in 

PV cells' efficiency is more significant in the stacked configuration than in the parallel 

configuration. This is because the mitigation of temperature-related voltage loss in the stacked 

configuration yields a larger proportional gain in efficiency as the PV cell operates under higher 

thermal stress, especially at higher concentration levels. For example, at ὅȟ   υ, the PCE of 

the PV cell increases by ρρȢυϷ in the stacked configuration and by only υȢχϷ in the parallel 

configuration. On the other hand, the performance of the TEG unit in the parallel configuration is 

unaffected by the PV cell due to spectrum splitting, whereas in the stacked configuration, it is 

governed by the PV cell due to their thermal coupling. 
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Fig. 4.1 (a) Temperature and (b) PCE of the PV cell in each configuration, and (c) overall efficiencies of 

both configurations for different voltage temperature coefficients. 
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 At a reduced voltage temperature coefficient value, the ECE of the TEG in the stacked 

configuration decreases. This occurs because an improvement in PV efficiency leads to better 

electrical conversion and less generated heat, which directly reduces the temperature gradient 

across the TEG unit. However, this decrease is relatively small compared to the increase in the 

PCE of the PV cell. For example, at ὅȟ   υ, the ECE of the TEG unit decreases by πȢπςτϷ 

against an increase of ρȢυϷ in the PV cell efficiency. Accordingly, as shown in Fig. 4.1 (c), the 

overall efficiency of both configurations increases with the increase in concentration levels. This 

increase is more notable in the stacked configuration, which is ρπȢφϷ at ὅȟ   υ compared to 

υȢσϷ at ὅȟ   σπφ for the parallel configuration, indicating the predominance of the PV cell 

contribution over that of the TEG unit. 

4.2.1.2 Geometric Dimension of TEG Legs 

The performance of the TEG unit is related to the ὒȟ, and ὃȟ. ὃ ρπϷ change in length, width, 

and height of the TEG unitôs n and p-legs are implemented as summarized in Table 4-1. 

Table 4-1 Geometric dimensions of the TEG unit's legs with 10% enhancement. 

Dimension of n and p-

type Legs  

Length [ἵἵ] Area [ἵἵ ] 

Lower Higher Higher Lower 

Improved values φȢσ χȢχ ρρρρ ω ω 

Standard values 7 ρπρπ 

Fig. 4.2 illustrates the efficiency of the PV cell and TEG unit in both configurations and the 

overall efficiency of both configurations for the ὒȟ of φȢσ ÍÍ, and χȢχ ÍÍ. In the parallel 

configuration, adjusting the length of the TEG unitôs legs doesnôt affect the performance of the PV 

cell due to the thermal decoupling, as seen in Fig. 4.2 (a). However, longer legs contribute to 

raising the temperature of the hot side, which increases the ECE of the TEG unit, and becomes 

more significant at higher concentration levels, as seen in Fig. 4.2 (b). In contrast, shorter legs 

reduce thermal resistance, which allows for more heat to flow, resulting in a lower temperature 

gradient and efficiency. The case is different in the stacked configuration, in that the longer legs 

increase the PV cellôs temperature and thus decrease its efficiency. In addition, this leads to higher 

ὗ ȟ , which reduces the power conducted to the TEG unit, resulting in a decrease in its 

efficiency. Consequently, shortening the length of the TEGôs legs in the stacked configuration 

limits these constraints.  It can be seen that increasing the length of the TEGôs legs in such stacked 

configurations results in lower overall efficiency due to reduced efficiency of both the PV cell and 

the TEG unit. Meanwhile, the parallel configuration provides higher overall efficiency due to the 

thermal decoupling between the two devices and the increase in the TEG unit efficiency, as seen 

in Fig. 4.2 (c). 

On the other hand, Fig. 4.3 shows the efficiency of the PV cell and TEG unit in both 

configurations, and the overall efficiency of both configurations for the ὃȟ of ω ω ÍÍ , and 

ρρρρ ÍÍ . Adjusting the surface area of the TEG unitôs n and p-type legs affects only the 

performance of the PV cell in the stacked configuration, as seen in Fig. 4.3 (a). In the stacked 

configuration, the TEG acts as a heat sink for the PV cell, where the larger surface area of the TEG 

legs enhances its ability for heat extraction, reducing the PV cell temperature and then increasing 

its efficiency. At the same time, this interprets the increase in ECE of the TEG unit, where the hot 
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side has a higher temperature, as seen in Fig. 4.3 (b). In the parallel configuration, larger surface 

areas increase the thermal conductance, which means more heat flows through the device. This 

results in a lower temperature gradient and consequently decreases the ECE of the TEG unit, which 

becomes notable at higher concentration levels, as seen in Fig. 4.3 (b). As a result, a larger surface 

area of the TEG unitôs legs increases the overall efficiency of the stacked configuration due to the 

increase in the efficiency of both components, and decreases the overall efficiency of the parallel 

configuration due to the notable decrease in the ECE of the TEG unit, as seen in Fig. 4.3 (c).   

Fig. 4.4 depicts the efficiency of the PV cell and TEG unit in each configuration and the 

overall efficiencies of stacked and parallel configurations, with the TEG legsô dimensions of 

φȢσ ρρρρ ÍÍ  and χȢχ ω ω ÍÍ , respectively. Fig. 4.4 (a) shows that only the PV cell 

in the stacked configuration can be affected. Fig. 4.4 (b) demonstrates that TEG efficiency 

increases in both configurations, with a more notable increase in the parallel configuration. 

Consequently, Fig. 4.4 (c), shows that both configurations have higher overall efficiency compared 

to the standard case, with a more pronounced enhancement observed for the stacked configuration. 
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Fig. 4.2  Efficiency of the (a) PV cell and (b) TEG 

unit in each configuration, and (c) the overall 

efficiency of both configurations for different 

lengths of the n and p-type legs of the TEG unit. 
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Fig. 4.3  Efficiency of the (a) PV cell and (b) TEG 

unit in each configuration, and (c) the overall 

efficiency of both configurations for different areas 

of the n and p-type legs of the TEG unit. 

4.2.1.3 Material Prosperities of TEG Unit 

The characteristics of the TEG unitôs material, such as the Seebeck coefficient and electrical and 

thermal conductivities, determine its figure of merit, showing how efficient the TEG unit is. Table 

4-2 shows a 1πϷ increase in the Seebeck coefficient and electrical conductivity, along with a ρπϷ 
reduction in the thermal conductivity. These enhancements improved the figure of merit of the 

TEG unit from πȢχφψ to ρȢρστ at a temperature of 300 K, representing an improvement of 

approximately τχȢφϷ.  
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Table 4-2 The characteristics of the TEGôs material with a 10% enhancement. 

Materialôs 

Characteristics 

Seebeck Coefficient Electrical Conductivity  
Thermal 

Conductivity  

╢▬  

ʈ6Ⱦ+ 

╢▪  

ʈ6Ⱦ+ 

Ɑ▬  

3ȾÍ  

Ɑ▪  

3ȾÍ  

╚▬  

7ȾÍ + 

╚▪  

7ȾÍ + 

Improved values ςςτȢπχ ρψωȢσρ ψȢσχρρπ ωȢψσπρπ ρȢρσω πȢωρπ 

Standard values ςπσȢχ ρχςȢρ χȢφρπρπ ψȢωσχρπ ρȢςφυ ρȢπρρ 

In the stacked configuration, as compared to the standard case, increasing the Seebeck coefficient 

increases the rate at which the TEG can absorb heat from the PV cell. Moreover, enhances the 

Peltier effect at the cold side, which helps in removing more heat from the PV-TEG junction and 

slightly lowers the PV cell temperature, leading to an increase in the PCE of the PV cell, as seen 

in Fig. 4.5 (a). In addition, increasing the electrical conductivity of the TEGôs material decreases 

the Joule heat losses. This results in a more efficient conversion of the thermal heat, which 

contributes to removing more heat from the PV cell, leading to an increase in the PV cellôs 

efficiency, as seen in Fig. 4.5 (a). Ultimately, decreasing thermal conductivity impedes the heat 

flow through the TEG unit due to the increased thermal resistance. This increases the PV cell 

temperature and decreases its PCE, which becomes more notable at higher concentration ratios, as 

seen in Fig. 4.5 (a). Even though these changes are very small, they cannot be neglected.  

On the other hand, increasing the Seebeck coefficient or electrical conductivity or decreasing 

the thermal conductivity all increase the ECE of the TEG unit in both configurations, as seen in 

Fig. 4.5 (b). In the stacked configuration, the Seebeck effect exerts the strongest effect on the ECE 

of the TEG among the other characteristics, followed by the electrical conductivity. However, in 

the parallel configuration, thermal conductivity has the highest influence, followed by the Seebeck 

coefficient.  As a result, a higher Seebeck coefficient or electrical conductivity increases the overall 

efficiency of the stacked configuration, while the reduced thermal conductivity makes it lower, as 

seen in Fig. 4.5 (c). However, the parallel configuration shows higher overall efficiency for the 

reduced thermal conductivity, as seen in Fig. 4.5 (c). This demonstrates the importance of taking 

the configuration of hybrid systems into account when optimizing the thermoelectric performance.  

Fig. 4.6 shows the efficiency of the PV cell and TEG unit in each system, as well as the overall 

efficiencies of configurations for the case where the Seebeck coefficient and electrical conductivity 

are increased while thermal conductivity is reduced. As shown in Fig. 4.6 (a), a slight increase in 

the PCE is observed only for the PV cell in the stacked configuration. Meanwhile, the ECE of the 

TEG unit in both configurations increased compared to the standard case, where it's more obvious 

in the case of the parallel configuration, as seen in Fig. 4.6 (b). Consequently, this results in higher 

overall efficiencies of both configurations as compared to the standard case, as shown in Fig. 4.6 

(c).  

Based on the investigation of key parameters, employing solar cells with a low temperature 

coefficient exerts the strongest impact on the overall efficiencies of both configurations. This is 

followed by optimizing the geometric dimensions of the TEG unitôs legs while material properties 

exhibit the least influence. For example, at ὅȟ   υ, the overall efficiency of the stacked 

configuration improved by ρπȢυψϷ, φȢρφχϷ and ςȢχφυϷ for ρπϷ enhancement of these factors, 

respectively. Table 4-3 summarizes the overall efficiency of both configurations for the ρπϷ 
enhancement of the voltage temperature coefficient, the TEG unitôs geometry, and characteristics. 
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Fig. 4.4  Efficiency of the (a) PV cell and (b) TEG 

unit in each configuration, and (c) the overall 

efficiency of both configurations for different 

lengths and areas of the n and p-type legs of the 

TEG unit. 
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Fig. 4.5  Efficiency of the (a) PV cell and (b) TEG 

unit in each configuration, and (c) the overall 

efficiency of the stacked and parallel hybrid 

systems for each material characteristic of the TEG 

unit. 
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Fig. 4.6 Efficiency of the (a) PV cell, and (b) TEG 

unit in each configuration, and (c) the overall 

efficiency of both configurations for the different 

material characteristics of the TEG unit. 
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Fig. 4.7 Efficiency of the (a) PV cell and (b) TEG 

unit in each configuration, and (c) the overall 

efficiency of both configurations for the ρπϷ, 
ρςȢυϷ, and ρυϷ optimized working parameters. 
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Table 4-3 Overall efficiency for the different optimized key parameters of both hybrid systems. 

Stacked configuration 
╒▌ȟ╟╥ 

1  2 3  4 5 

♫  Ϸ ςρȢπχτ ςπȢπσς ρψȢυσυ ρφȢωφω ρυȢτσω 

╓▪ȟ▬   Ϸ    Ϸ    Ϸ  ςρȢπρψ ρωȢψφφ ρψȢςσπ ρφȢυπω ρτȢψςσ 

╢▪ȟ▬   ϷȟⱭ▪ȟ▬   Ϸ and ▓▪ȟ▬   Ϸ ςπȢψσς ρωȢυυτ ρχȢψστ ρφȢπφς ρτȢστψ 

Parallel configuration 

╒▌ȟ╟╥  &  ╒▌ȟ╣╔╖ 

1 &  

61.20 

2 &  

122.4 

3 &  

183.6 

4 &  

244.8 

5 &  

306.0 

♫  Ϸ ςρȢυρψ ςρȢφυσ ςρȢρυφ ςπȢτςφ ρωȢυωρ 

╓▪ȟ▬   Ϸ    Ϸ    Ϸ  ςρȢτρχ ςρȢτςυ ςπȢχψρ ρωȢψωσ ρψȢψωχ 

╢▪ȟ▬   ϷȟⱭ▪ȟ▬   Ϸ and ▓▪ȟ▬   Ϸ ςρȢτρπ ςρȢτρς ςπȢχφυ ρωȢψχφ ρψȢψψρ 

 

4.2.2 Optimized Parameters-Based Overall Performance 

The simulation was carried out for ρπϷ, ρςȢυϷȟ and ρυϷ enhancement of the key parameters, 

including the voltage temperature coefficient, the TEG leg material properties, and its geometric 

dimensions, as seen in Table 4-4. At ρυϷ enhancements and the other implemented specifications, 

the TEG unit reaches its maximum operating temperature.  

Fig. 4.7 compares the efficiency of the PV cell and TEG unit in each configuration and the 

overall efficiencies of both configurations for the ρπϷ, ρςȢυϷ, and ρυϷ enhancements. Fig. 4.7 

(a) demonstrates that, at each concentration level, the PCE of the PV cell in the stacked and parallel 

configurations exceeds that under the standard conditions i.e., without enhancement, as shown in 

Fig. 3.11 (a), which becomes more significant at higher concentration levels. Furthermore, the 

increase in the PCE of the PV cell in the stacked configuration relative to the standard case is 

greater than that in the parallel configuration. This is because the low voltage temperature 

coefficient of the PV cell offers a greater advantage for the stacked configuration. For example, at 

#ȟ   υ and ρυϷ enhancement, the PCE of the PV cell in the stacked configuration increased 

by σχȢσϷ while it is just ψȢυϷ rise in the case of the parallel configuration, relative to the standard 

case. Moreover, at #ȟ  ρ, the PCE of the PV cell in the stacked configuration is higher than 

that in the parallel configuration for all enhancements. While at #ȟ  ς, this superiority is 

observed just at ρςȢυϷ and ρυϷ enhancements. This occurs because the optimized parameters 

more effectively compensate for the limitation of the stacked configuration. However, at higher 

concentration levels, their effectiveness diminishes as the influence of the elevated temperature 

becomes dominant, leading to a higher PV cell efficiency in the parallel configuration.  

On the other hand, Fig. 4.7 (b) shows that the ECE of the TEG unit in both configurations 

exceeds that of the standard case, as shown in Fig. 3.14 (b). In addition, it demonstrates that this 

increase is more pronounced in the parallel configuration than in the stacked configuration, due to 

the advantage of thermal decoupling.  For example, at #ȟ   υ and  #ȟ   σπφ, and ρυϷ 

enhancement, the ECE of the TEG unit in the stacked and parallel configurations increased by 

τπϷ and φφȢχϷ, respectively, compared to the standard case. Therefore, the thermal coupling 

between the PV cell and TEG unit in such stacked configurations makes adjusting these parameters 

crucial, i.e., the interaction effects should be taken into consideration. Moreover, it is important to 
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investigate which device is more sensitive and plays a more dominant role in enhancing the overall 

efficiency of the stacked configuration.  

As a result, Fig. 4.7 (c) shows that the overall efficiency of the stacked configuration at 

#ȟ   ρ is higher than that of the parallel configuration. Otherwise, the parallel configuration 

is higher. Comparing Fig. 3.15 (b) and Fig. 4.7 (c), indicates that the increase in the overall 

efficiency of the stacked configuration is higher than that of the parallel efficiency, compared to 

the standard case. For example, for a ρυϷ enhancement, at #ȟ   υ and #ȟ   υ & #ȟ  

 σπφ, the overall efficiencies of the stacked and parallel configurations increased by σχȢτϷ and 

ρσϷ, respectively. This demonstrates that the PV cell contributes more significantly to the overall 

efficiency than the TEG unit for the optimized parameters. Moreover, comparing Fig. 3.8 (b) and 

Fig. 4.7 (c), demonstrate that the optimized key parameters have improved the contribution of each 

device, making the stacked configuration a promising solution compared to the standalone PV cell. 

It is worth mentioning that in both configurations, the simultaneous application of these 

optimized key parameters enhances the complementary operation of both devices, achieving an 

overall efficiency higher than the sum of individual key parameter overall efficiencies.                                  

Based on the results shown above, I summarize the main points as follows 

¶ A reduced voltage temperature coefficient of the PV cell increases the efficiency of the PV cell in 

both configurations and decreases the efficiency of the TEG only in the stacked configuration, as 

seen in Fig. 4.1. A ρπϷ lower PV cellôs voltage temperature coefficient increases the overall 

efficiency of the stacked and parallel configurations by ρπȢφϷ at ὅȟ   υ and υȢσϷ at ὅȟ  

 5 & ὅȟ   σπφ, respectively, as shown in Table 4-3. 

¶ Shorter TEG Legs with larger surface area are ideal for stacked configuration designs, while longer 

legs with smaller surface area are ideal for parallel configuration, as seen in Fig. 4.2 and Fig. 4.3. 

A ρπϷ change in these parameters increases the overall efficiency of the stacked and parallel 

configurations by φȢςϷ at ὅȟ   υ and ρȢφϷ at ὅȟ   υ & ὅȟ   σπφ, respectively, as 

shown in Table 4-3. 

¶  In both configurations, a higher Seebeck coefficient, higher electrical conductivity, or reduced 

thermal conductivity of TEGôs material increases the efficiency of the TEG unit. In the stacked 

configuration, a higher Seebeck coefficient or electrical conductivity increases the PV cellôs 

efficiency, while a lower thermal conductivity decreases the PV cellôs efficiency. In the parallel 

configuration, these parameters don't affect the efficiency of the PV cell, as seen in Fig. 4.5 and 

Fig. 4.6. Overall, a ρπϷ change in these parameters increases the overall efficiency of the stacked 

and parallel configurations by ςȢψϷ at ὅȟ   υ and ρȢυϷ at ὅȟ   υ & ὅȟ   σπφ, 

respectively, as shown in Table 4-3. 

¶ Regarding the figure of merit of TEG, the Seebeck coefficient, followed by the electrical 

conductivity, has the most positive influence on the TEG efficiency in the stacked configuration, 

while in the parallel configuration, the thermal conductivity, followed by the Seebeck coefficient, 

is the most beneficial factor. 

¶ The simultaneous optimization of key parameters demonstrates a synergistic effect, resulting in an 

overall efficiency that exceeds the cumulative improvement from optimizing each parameter in 

isolation. 

¶ Optimizing the key parameters showed that the increase in the PCE of the PV cell in the stacked 

configuration is greater than that in the parallel configuration, while the increase in ECE of TEG 

unit is more pronounced in the parallel configuration. 
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Table 4-4 Optimized key parameters for 10%, 12.5% and 15% improvements. 

Key Parameters Ϸ ȢϷ Ϸ 

Temperature coefficient  άὠȾᴈ  ρȢφυφ ρȢφρ ρȢυφτ 

Geometric Dimensions 

ἘἶȟἸȟἡἢ άά φȢσ φȢρςυ υȢωυ 

ἋἶȟἸȟἡἢ άά  ρρρρ ρρȢςυρρȢςυ ρρȢυ ρρȢυ 

ἘἶȟἸȟἜἘ άά χȢχ χȢψχυ ψȢπυ 

ἋἶȟἸȟἜἘ άά  ω ω ψȢχυψȢχυ ψȢυ ψȢυ 

Material properties 

ἡἸ 6Ⱦ+ ςȢςτρρπϖώ ςȢςωςρπϖώ ςȢστσρπϖώ 

╢▪ 6Ⱦ+ ρȢψωσρπϖώ ρȢωσφρπϖώ ρȢωχωρπϖώ 

Ɑ▬ 3ȾÍ  ψσχρτȢτ ψυφρχ ψχυρωȢφ 

Ɑ▪ 3ȾÍ  ωψσπςȢφ ρππυσφȢχυ ρπςχχπȢω 

╚▬ 7ȾÍ + ρȢρσω ρȢρπχ ρȢπχυ 

╚▪ 7ȾÍ + πȢωρπ πȢψψυ πȢψυω 

The overall efficiency of both configurations for the ρπϷ, ρςȢυϷ, and ρυϷ optimized key 

parameters are tabulated in Table 4-5. 

Table 4-5 Overall efficiency for the ρπϷ, ρςȢυϷ and ρυϷ optimization of both hybrid systems. 

Stacked 

configuration 

╒▌ȟ╟╥ 

1 2 3 4 5 

Standard ςπȢχςπ ρωȢσυς ρχȢυυψ ρυȢχςυ ρσȢωφς 

Ϸ  ςρȢψφω ςρȢττψ ςπȢττσ ρωȢςφς ρψȢπσπ 

Ȣ Ϸ ςςȢπρς ςρȢχρψ ςπȢψςχ ρωȢχτψ ρψȢφπχ 

Ϸ ςςȢρυχ ςρȢωωπ ςρȢςρτ ςπȢςσω ρωȢρωρ 

Parallel 

configuration 

╒▌ȟ╟╥  &  ╒▌ȟ╣╔╖ 

1 &  61.20 2 &  122.4 3 &  183.6 4 &  244.8 5 &  306 

Standard ςρȢσρυ ςρȢςυρ ςπȢυυυ ρωȢφσπ ρψȢφπχ 

Ϸ  ςρȢχτπ ςςȢπςτ ςρȢφσσ ςπȢωχψ ςπȢρωω 

Ȣ Ϸ ςρȢψυφ ςςȢςσρ ςρȢωρτ ςρȢσςτ ςπȢφπς 

Ϸ ςρȢωχψ ςςȢττς ςςȢρωω ςρȢφχσ ςρȢππχ 

4.3 Summary 

The same thermo-electrical model proposed in Chapter 3 is employed to investigate various key 

parameters, including the PV cellôs voltage temperature coefficient and the geometric dimensions 

and material properties of the TEG unitôs legs. This chapter examines these key parameters to 

reveal the intricate interaction between the PV cell and the TEG subsystem, and to optimize them 

for improving the overall efficiency of both hybrid systems. The results show that enhancing the 

voltage temperature coefficient increases overall efficiency for both stacked and parallel 

configurations. For the parallel configuration, increasing the leg length and decreasing its height 

and width (surface area) improves overall efficiency. Conversely, the stacked configuration 

benefits from decreasing leg length and increasing surface area. Furthermore, a higher Seebeck 

coefficient and electrical conductivity, hybrid with lower thermal conductivity, lead to improved 

efficiency in both configurations. Notably, a 15% enhancement in these material properties results 



88 
 

in the stacked configuration achieving a higher overall efficiency than the parallel configurationð

but only under ὅȟ   ρ and ὅȟ   υ & ὅȟ   σπφ. This indicates that such 

improvements have a more pronounced impact on the stacked configuration, suggesting that with 

advanced TEG materials, the stacked configuration could become a viable and competitive option. 

Our contributions are summarized as follows 

 

 

 

 

 

 

 

 

 

 

 

 

Related Publications: The thesis's main concept has been published in [Êς].  Some optimization 

concepts of the presented model have been published in [Ãς].  

 

 

Thesis 3 I have conducted a comprehensive performance investigation and multi-parameter 

optimization of stacked and parallel PV-TEG configurations for different key parameters, 

including the temperature coefficient of the PV cell (voltage temperature coefficient), 

geometric dimensions of the TEG legs (width, height, and length), and their material properties 

(Seebeck coefficient, thermal and electrical conductivities). 

3.1 I have shown that at ὅȟ  = 5 & ὅȟ  = 306, a  10% improvement in the PV voltage 

temperature coefficient, TEG leg geometry, and TEG material properties increases the 

overall efficiency of the stacked configuration by 10.6%, 6.2%, and 2.8%, and of the 

parallel configuration by 5.3%, 1.6%, and 1.5%, respectively. 

3.2 I have proved that at ὅȟ  = 5 & ὅȟ  = 306 with 15% multi parameter- optimization, 

the enhancement in PV cell efficiency is greater in the stacked configuration (37.3% vs. 

8.5%), whereas the TEG efficiency improvement is more pronounced in the parallel 

configuration (66.7% vs. 40%). 

3.3 I have demonstrated that a shorter leg, larger surface area and higher thermal conductivity 

are ideal for the stacked configuration, whereas the opposite trends apply to the parallel 

configuration. Additionally, TEG efficiency benefits most from Seebeck coefficient in the 

stacked configuration and from thermal conductivity in the parallel configuration. 
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Chapter 5 

5 Spectrum Splitting-Based Performance of Hybrid  PV-TEG 

Parallel Configuration 
 

5.1 Background 

The hybrid PV-TEG system has emerged as a promising solution to enhance conversion efficiency 

through the photovoltaic and Seebeck effects. While the stacked configuration enables full 

spectrum utilization, it suffers from significant heat management issues since the conversion 

efficiency of PVs strongly depends on the operating temperature. The parallel hybrid system with 

the conventional spectrum splitting introduced in Chapter 3 presents a proactive approach to 

overcome these thermal limitations. However, it does not completely provide an efficient and 

optimal utilization of solar radiation, as shorter wavelengths may lead to thermalization. Splitting 

the within-bandgap spectrum (WBS) between the PV cell and TEG subsystem using an optical 

spectrum-splitting beam or filters is an innovative approach [189]. 

5.1.1 Literature Review 

Recently, some literature has studied spectrum management strategies, trying to enhance the 

overall efficiency of such hybrid systems.  

In [129] the authors proposed a hybrid PV-TEG system using a cold mirror as a spectral 

splitter to divide the solar radiation at approximately ψππ ÎÍ. The authors intended to transfer the 

visible and ultraviolet light wavelengths (ςππψππ ÎÍ) to the PV cell, and the infrared radiation 

(ψππσπππ ÎÍ) to the TEG. The authors introduced two setups. In the first setup, a ρυρυ ÃÍ 

mc-Si solar cell and a ρȢυ ρȢυ ÃÍTEG were used, and a monitored cooling system was applied 

for both devices. The authors showed that the cold mirror achieved approximately a υπȾυπ energy 

split with a cutoff wavelength (χππ ÎÍ) lower than the desired one of ψππ ÎÍ. In the second 

setup, the hybrid system consisted of a custom ρυρυ ÃÍ PV panel and a ςȢω ςȢω ÃÍ Bi2Te3 

TEG. The authors demonstrated that at low irradiance levels up to 700 7ȾÍ , the hybrid PV-TEG 

system outperformed a comparable-sized PV-only system by τπϷ in power output. However, at 

higher irradiance levels of above χππ 7ȾÍ , the PV-only cell performed better. On the other 

hand, the authors in [140] used a hot mirror spectrum splitter to split the full spectrum between the 

two devices. They proposed a mathematical model for a parallel hybrid PV-TEG system using an 

amorphous Si PV cell and Bi2Te3TEG. The wavelength ranges from τππ to φωπ ÎÍ and φωπ to 

ρρυπ ÎÍ are directed to the PV cell and the TEG, respectively. The results showed that the hybrid 

system achieved a relatively high performance compared to the standalone PV cell case. 

Despite the contribution of conventional splitting, the determination of an appropriate cutoff 

wavelength is crucial in such systems. The authors in [141] proposed a numerical model of a 

parallel hybrid PV-TEG system using a Fresnel lens and a dichroic splitter. The authors 

demonstrated the optimal cutoff wavelength to be between ψυπ and ωυπ ὲά. However, the authors 

in [142] optimized experimentally the performance of the hybrid PV-TEG system at different 
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cutoff wavelengths of ψψπ, ωωπ, and ρρππ ÎÍ.  The system featured a Fresnel lens for light 

concentration, a coated spectral beam splitting, and active cooling for both the PV cell and the 

TEG device. The results showed that the hybrid system demonstrated a τωȢρϷ improvement in 

the power output over standalone PV cell systems at a cutoff wavelength of ψψπ ÎÍ.  
The authors in [190] developed an optimization method for a spectrum-splitting PV-TEG 

hybrid system. The optimum cutoff wavelengths ‗ȟ and ‗ȟ can be obtained from the intersection 

between the spectral efficiency of the solar cell and the solar TEG. For example, in one 

configuration of a hydrogenated mc-Si solar cell, the optimum cutoff wavelengths are ‗ȟ
 στω ÎÍ, and ‗ȟ ωσω ÎÍ. Therefore, φωȢσςϷ of the solar radiation is converted by the solar 

cell, while ρȢσυϷ and ςψȢυυϷ of the short and long wavelengths, respectively, are directed to the 

TEG. The results showed that the proposed spectrum splitting achieved overall efficiency 

significantly exceeding that of the standalone system. In addition, the results demonstrated that 

hybrid systems utilizing thin-film Si or polymer solar cells could enhance system performance by 

efficiently directing solar energy. 

5.1.2 Objective 

While the basic splitting spectrum approach discussed in literature has shown improvements in the 

overall conversion efficiency, it may not represent the optimal utilization of the solar spectrum 

[c3]. Instead, there is a potential for an advanced spectral strategy by further splitting the within-

bandgap spectrum and selectively distributing portions between the PV and TEG subsystems. This 

is attributed to several observations. First, photons with energy significantly exceeding the 

bandgap of the Si lead to thermalization losses in the PV cells, where excess energy is converted 

to heat rather than electrical energy. Second, the external quantum efficiency of the PV cells varies 

considerably over the solar spectrum, where some wavelength ranges show a significantly lower 

conversion efficiency in the PV cells. Third, the TEG subsystem operates at higher temperature 

gradients, leading to higher conversion efficiency. This chapter aims to investigate the  effect of a 

novel spectrum-splitting principle of the full solar spectrum in combination with a low-level light 

concentration on the output performance of PV, TEG, and the hybrid PV-TEG system. In addition, 

it determines the optimal spectrum splitting configuration for maximizing overall efficiency. 

Moreover, it delivers a model that enables an easy calculation of the overall efficiency of the hybrid 

system with different spectrum-splitting patterns at different light concentration levels [Êσ].  

5.2 Novel Spectrum-Splitting  Concept 

The novel spectrum splitting concept recognizes that certain spectrum wavelength ranges within 

the within-bandgap spectrum might be more effectively used by the TEG subsystem rather than 

the PV cells. The proposed spectrum-splitting concept of the parallel hybrid PV-TEG system is 

illustrated in Fig. 5.1 [Ὦς]. The full spectrum of συπτπππ ÎÍ is divided into two main spectrums, 

the within-bandgap spectrum and the post-bandgap spectrum (PBS). As a Si solar cell is used, the 

WBS is from συπ to ρρππ ÎÍ while the PSB spectrum is from ρρππ to τπππ ÎÍ, which is the case 

in the parallel configuration described in Chapter 3. The novel contribution is that the WBS is divided 

into 15 spectrum partitions with a step of υπ ÎÍ, starting from the συπ  τππ ÎÍ partition to the 

ρπυπ ρρππ ÎÍ partition. The step of υπ ÎÍ was chosen as a good compromise between the 

depictability and presentability of the results and the resolution of the calculations. In addition, the 

υπ ÎÍ step size satisfies that υπ ÎÍ range represents approximately υϷ of the entire incoming 
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energy, with the maximum being χȢψϷ in the τυπυππ ÎÍ range, and the minimum being ςȢχϷ 
in the ωππωυπ ÎÍ range. These spectrum partitions are distributed between the PV and TEG 

devices, while the post-bandgap spectrum range from ρρππ to τπππ ÎÍ is always transmitted to the 

TEG device. Therefore, fifteen different spectrum-splitting configurations were investigated. In the 

first configuration, the entire within-bandgap spectrum is transferred to the PV, and the post-bandgap 

spectrum is directed to the TEG. In the second configuration, the PBS and the spectrum range from 

συπ to τππ ÎÍ are transferred to the TEG device, and the spectrum range from τππ to ρρππ ÎÍ is 

transmitted to the PV cell, and so on. Finally, in configuration fifteen, the post-bandgap spectrum and 

the spectrum range from συπ to ρπυπ ÎÍ are transmitted to the TEG device, and only the spectrum 

part from ρπυπ to ρρππ is directed to the PV cell.  

 

Fig. 5.1 Spectrum splitting pattern of the hybrid system. 

Fig. 5.2 illustrates the fifteen configurations of the proposed novel spectrum splitting concept [Ὦς]. It 
demonstrates alternative schemes for allocating wavelengths between the PV cell and TEG subsystem. 

 

Fig. 5.2 The ρυ configurations of the proposed novel spectrum splitting concept. 
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5.3 Spectrum-Splitting  System Model 

The schematic diagram of the parallel hybrid configuration was described in the chapter 3 as shown 

in Fig. 3.1 (b). The system is composed of a concentrator, a spectral beam splitter, a 

monocrystalline silicon (mc-Si) solar cell [28], and a Bismuth Telluride (Bi2Te3) TEG device. The 

same light collection area is assumed for efficiency definitions and calculation simplification. In 

addition, the geometrical concentration ratios of the PV cell (ὅȟ  and the TEG subsystem 

(ὅȟ ) are coupled according to Eq. (3-5), ensuring identical solar energy harvesting by the two 

subsystems. Different surface areas of the PV cell and the TEG subsystem result in different ὅȟ  

and ὅȟ . Through the application of Eq. (3-5) and considering the designated surface areas of 

the PV cell and heat collector, it becomes possible to ascertain the geometric concentration ratio 

for the TEG device at a specified geometric concentration ratio of the PV cell. For PV cellsô 

concentration ratios from ρ to υ, and a surface area of the HC of ςυπ ÍÍ, the concentration ratios 

of the TEG device are υρ, ρπς, ρυσ, ςπτ, and ςυυ, respectively.  The spectrum-based input power, 

which is transferred to the PV cell 0ÉÎȟ 06 ‗   and the TEG device 0ÉÎȟ 4%' ‗  can be evaluated 

as follows  

ὖ ȟ ‗   –  ὅȟ   ὃ  ᷿  Ὂ‗Ὠ‗, (5-1) 

ὖ ȟ ‗  –  ὅȟ   ὃ  ᷿  Ὂ‗  ᷿  Ὂ‗ Ὠ‗, (5-2) 

where ɚc is the configuration-based cutoff wavelength. The minimum and maximum wavelength 

spectrum-wavelength limit corresponds to the spectrum-splitting pattern shown in Fig. 5.1. The 

Thermal-electrical mathematical model is proposed in chapters 1 and 3. The parallel configuration 

is mathematically described by the set of equations of (1-42), (1-43), (1-47), (3-7), (3-9), (3-11), 

(3-12), (3-33), and (3-36 to (3-38). For each configuration, by simultaneously solving the set of 

equations of the parallel configuration, the unknown parameters  Ὅȿʇ
ρρππ, ὠ ȿʇ

ρρππ, ὊὊȿʇ
ρρππ , 

ὖ ȿʇ
ρρππ, Ὕ ȿʇ

ρρππ, Ὕȿ
ʇ

 , Ὕȿ
ʇ

, Ὕ ȿʇ , ὗȿ
ʇ

, ὗȿ
ʇ

 and 

Ὅȿ
ʇ

 can be evaluated. The output power of the TEG unit can be evaluated as follows [179] 

ὖ ȿʇ  ὗȿʇ  ὗȿ
ʇ . 

(5-3) 

The overall output power of the parallel configuration ὖ ȿσυπ
τπππ for each configuration 

can be evaluated as follows 

ὖ ȿσυπ
τπππ  ὖ ȿʇ 006

ʇ

ρρππ ÎÍ

Ȣ (5-4) 

The overall efficiency ʂ ȿσυπ
τπππ

 of the hybrid system can be evaluated at each 

configuration as 
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ʂ ȿσυπ
τπππ 

ὖ ȿʇ 006
ʇ

ρρππ ÎÍ

0ÉÎ συπ ÎÍ
τπππ ÎÍ Ȣ 

(5-5) 

5.4 Simulation Results and Discussion 

The MATLAB simulation was performed using the PV cell and thermoelectric generator parameters 

shown in Table 5-1. The environmental, optical, thermal, and electrical parameters considered in 

the model construction are identical to those mentioned in the section 3.2.2. In addition, the 

assumptions considered in this simulation are identical to those mentioned in the section 3.2.3.3. 

Table 5-1 Specifications, physical parameters, and material properties of PV, cell, and TEG subsystems. 

PV Cell [151], [182], [183] 

Parameter Value Unit Parameter Value Unit 

╘╢╒ȟ▫ φȢσυ ὃ Ɫ╟╥ ςςȢχ Ϸ  

╥╞╒ȟ▫ πȢφψπ ὠ ═╟╥ ρυσ ὧά  

╕╕▫ ψπȢχς Ϸ  ♪╟╥ πȢωπυ  

♫ ρȢψτ άὠȾᴈ  ╟ꜗ╥ πȢω  

♬ ςȢφ άὃ Ⱦᴈ  ▓╟╥ ρτψ ὡȾάὑ  

▀╟╥ ρυπ ‘ά ╪ πȢπφ  

TEG Subsystem [141], [181] 

Parameter Value Unit Parameter Value Unit 

╛▪Ⱦ▬ φ άά ▓▪ ρȢπρρ ὡȾάὑ  

╦▪Ⱦ▬ ρς άά ╢▬ ςȢπσχρπ ὠȾὑ  

╗▪Ⱦ▬ ρς άά ╢▪ ρȢχςρρπ ὠȾὑ  

Ɑ▬ χφρπτ ὛȾά  ╚╗╒ πȢς ὡȾὑ  

Ɑ▪ ψωσφφ ὛȾά  ♪╗╒ πȢω  

▓▬ ρȢςφυ ὡȾάὑ  ╗ꜗ╒ πȢπψ  

Others 

Parameter Value Unit Parameter Value Unit 

╣╪░► ςωψ ὑ  ╣╒▫▫■╪▪◄ ςωψ ὑ 

▐╬ ρπππ ὡȾά ὑ  ʎ3" υȢφχπρπ ὡȾά  ὑ  

ⱢÏÐÔ ρ  'Î ρπππ ὡȾά  

 

5.4.1 Two-Split Spectrum Case 

As a reference, the performance of a standalone PV cell has been evaluated at different light 

concentration levels. It has been compared with the performance of the hybrid system, where the entire 

WBS is transferred to the PV cell, while PBS is directed to the TEG device. Fig. 5.3 shows the 

efficiency of the fully illuminated standalone PV cell versus the efficiency of the parallel hybrid system 

at different light concentration levels. At a concentration level of 1 sun, the standalone PV cell 

efficiency is about ςπȢχσςϷ and the hybrid systemôs efficiency is ςπȢχχχϷ. While at a light 

concentration level of υ suns, the PV cell efficiency decreases to about ρφȢυφυϷ and the hybrid 

systemôs efficiency is ρωȢρψχϷ.  

The performance of the PV-TEG system in terms of different light concentration levels is 

tabulated in Table 5-2. 
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Fig. 5.3 Efficiency of a standalone PV cell against the parallel hybrid system of the two-split spectrum. 

Table 5-2 Standalone PV cell Vs. two-slit hybrid system. 

Parameter 
╒ ▌ȟ╟╥ 

1 2 3 4 5 

╣╟╥ ╚  σςτȢτχ στωȢφχ σχτȢςς σωψȢρς τςρȢσρ 

Ɫ╟╥ Ϸ] ςπȢχσς ςπȢςωτ ρωȢςσσ ρχȢωτφ ρφȢυφυ 

Parameter 
╒▌ȟ╟╥ & ╒▌ȟ╣╔╖ 

1 & 51 2 &102 3 & 153 4 & 203 5 & 255 

Ɫ╟╥╣╔╖ Ϸ  ςπȢχχχ ςρȢπτς ςπȢφυυ ρωȢωωυ ρωȢρψχ 

 

5.4.2 Proposed Spectrum-Splitting Case 

5.4.2.1 Effect of Spectrum Splitting 

As a next step, the possibility of splitting the within-bandgap spectrum was investigated, with the 

configurations listed in Fig. 5.2. Once again, geometrical concentration ratios of ρ and υρ are used 

for the PV cell and TEG device, respectively.  

Fig. 5.4 (a) shows the temperature of the PV cell for the different solar spectrum splitting 

cases. As can be anticipated, the PV cell temperature decreases as the spectrum range transferred 

to the PV device is narrowed. Fig. 5.4 (b) shows that the solar cell efficiency decreases due to the 

decrease in the PV cell input power density as the spectrum partition ranges get smaller. The 

maximum PV efficiency is ςπȢυφωϷ at the spectrum partition of συπ  ρρππ ÎÍ. Fig. 5.4 (c) 

shows the efficiency and temperature difference across the TEG terminals in terms of the different 

spectrum partitions of the within-bandgap spectrum, in addition to the post-bandgap spectrum. 

With the increasing number of spectrum partitions (and thus the power density) directed to the 

TEG, the temperature difference between the TEG sides rises, which in turn increases the TEG 

efficiency. Fig. 5.4 (d) shows the overall efficiency of the hybrid PV-TEG system of the fifteen 

configurations. The overall efficiency decreases as the configuration goes from ρ to ρυ, e. g. more 

and more spectral components are directed to the TEG. The maximum overall efficiency is about 

ςπȢχχχϷ at configuration ρ, where the spectrum partitions of συπ  ρρππ ÎÍ and ρρππ 
 τπππ ÎÍ are transmitted to the PV cell and TEG device, respectively. The calculations of the 

hybrid PV-TEG system according to the spectrum-splitting pattern are tabulated in Table 5-3.  

Comparing Fig. 5.4 (b) and (c) it can be clearly seen that the decrease in solar cell efficiency 

is higher than the increase in TEG efficiency, thus reducing overall system efficiency, as shown in 

Fig. 5.4 (d). Therefore, even though the solar cell temperature decreases, it cannot compensate for 
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the low PCE that is characteristic of TEG devices. However, comparing the results of Table 5-2 

and Table 5-3 indicates that splitting the spectrum could counteract the negative effect of the high 

temperature in the case of a concentrator standalone PV cell, since the TEG can compensate for 

the decrease in the PV output power due to the decreased input power density of the limited 

spectrum.  

 

   

Fig. 5.4 (a) Temperature and (b) efficiency of the PV cell, (c) TEG efficiency, and (d) Overall efficiency. 

Table 5-3 Output performance of parallel configuration at ὅȟ   ρ and ὅȟ   υρȢς. 

Configuration 
╣╟╥  

╚  

Ɫ╟╥    

Ϸ  

◕╣╣╔╖  

ᴈ  

Ɫ╣╔╖ 

Ϸ  

Ɫ╟╥╣╔╖ 

Ϸ  

 σρχȢυτ ςπȢυφω ςωȢωτχ πȢςπψ ςπȢχχχ 

 σρφȢυρ ςπȢτπφ στȢχρπ πȢςχω ςπȢφψτ 

 σρτȢχχ ρωȢτςω τσȢφψσ πȢττς ρωȢψχπ 

 σρςȢφυ ρχȢωωω υτȢχτφ πȢφωσ ρψȢφωσ 

 σρπȢφτ ρφȢτππ φυȢσυφ πȢωψψ ρχȢσψψ 

 σπψȢχς ρτȢφχς χυȢυςσ ρȢσρρ ρυȢωωπ 

 σπφȢως ρςȢψσχ ψυȢρςς ρȢφχχ ρτȢυρτ 

 σπυȢσρ ρπȢωτχ ωσȢωςφ ςȢπτρ ρςȢωψχ 

 σπσȢωπ ωȢρτυ ρπρȢφτ ςȢσωπ ρρȢυσυ 

 σπςȢχπ χȢττυ ρπψȢσχ ςȢχρψ ρπȢρφς 

 σπρȢφς υȢψρω ρρτȢτχ σȢπσς ψȢψυρ 

 σππȢφς τȢςσχ ρςπȢρτ σȢστπ χȢυχφ 

 σππȢπχ σȢςτρ ρςσȢσω σȢυςσ φȢχφυ 

 ςωωȢτυ ςȢρσυ ρςχȢππ σȢχσς υȢψφχ 

 ςωψȢχπ πȢωππ ρσρȢρω σȢωψσ τȢψψσ 
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The PV-TEG system of configuration ρ has the highest overall efficiency, slightly higher than for 

a standalone PV cell. 

5.4.2.2 Concentration-Based Spectrum Splitting 

The overall efficiency of a hybrid PV-TEG system with within-bandgap splitting has also been 

evaluated at higher light concentration levels. Fig. 5.5 (a) shows that the PV cell temperature 

increases for each spectrum partition as the PV cellôs concentration ratio increases from ς to υ 
suns. However, with increasing concentration levels, the temperature reduction effect of the 

spectrum-splitting becomes more definite. 

Fig. 5.5 (b) shows that at the different PV concentration ratios, the PV cell efficiency decreases 

as the spectrum partition gets smaller due to the decrease in the input power density. It can also be 

seen that the efficiency of the PV cell decreases with concentration level when the entire within-

bandgap spectrum, including the low wavelengths, is passed to the PV cell. However, by directing 

lower wavelength ranges (below φππ ÎÍ) to the TEG, the efficiency of the PV cell starts to 

increase with the light concentration level. This is due to the fact that at lower wavelengths, where 

the photons have significantly higher energy than the bandgap, a lot of excess heat is generated, 

and this heating effect is dominant over the light concentrationôs positive effect. However, at 

higher wavelengths, the photons with above-bandgap energy are much less, thus the heat load is 

significantly reduced, and the light concentration can exert its efficiency-increasing effect. The 

maximum PV efficiencies at ὅȟ  of ς, σ, τ, and υ suns are ςπȢφυςϷ, ςπȢρπρϷ, ρωȢσφωϷ, and 

ρψȢυπωϷ respectively. Compared with the efficiencies of the standalone PV cell from Table 5-2, 

it can be seen that the efficiencies are higher for all concentration ratios, and the efficiency 

difference increases, to the benefit of the hybrid system. In the case of υ suns, the efficiency 

increases from ρφȢυχϷ to ρψȢυπωϷ, albeit reducing the spectrum transferred to the PV cell by 

υπ ÎÍ (the συπτππ spectral range being redirected to the TEG).   

Fig. 5.5 (c) shows the overall output power of the fifteen different configurations for different 

light concentration levels. For each configuration, the overall output power increases significantly 

with the increase of the PV cell or TEG device concentration ratio. The maximum overall output 

power and efficiency at concentration ratios of ς, σ, and τ suns were found to be at configuration 

ς. Whereas at υ suns, configuration 4 showed the highest output, indicating a shift towards higher 

wavelengths in the optimal splitting wavelength with increasing concentration level (see also Fig. 

5.5 (d)). The fact that at configurations ρ to σ, the overall efficiency decreases with concentration 

levels, and from configuration υ it increases, also hints towards an increase in the optimal splitting 

wavelength with increasing concentration level. It has to be noted that the maximum overall 

efficiency decreases with increasing concentration levels. This indicates that current TEG device 

efficiencies are still unable to compensate for the decrease in PV cell efficiency due to the 

decreased input power density of the limited spectrum and the side effects of the high temperature 

as well. The numerical values of Fig. 5.5 are tabulated in Table 5-4.  

Comparing Fig. 5.5 (d) and Fig. 5.3 shows that the spectrum splitting principle introduced in 

Fig. 5.2 demonstrates higher overall efficiency than that of the standalone PV cell, as summarized 

in Fig. 5.6.  Configuration ρ of the hybrid system at #ȟ  ρ sun and #ȟ   υρ suns, has an 

efficiency higher than that of the standalone PV cell at #ȟ  ρ sun, which is the maximum, 

while the other configurations are less.  
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Fig. 5.5 a) temperature and b) efficiency of PV cell, and overall c) output power, and d) efficiency. 

At higher concentrations, the hybrid system figures out more than a configuration that has 

higher efficiency than the standalone PV cell at the corresponding PV cellôs concentration level. 

For example, at #ȟ   υ suns and #ȟ   ςυυ suns, the first nine configurations have higher 

efficiencies with the fourth configuration being the maximum, than that of the standalone PV cell 

at #ȟ    υ suns. Moreover, higher concentration ratios demonstrate a higher efficiency of more 

configurations compared to the efficiency of the standalone PV cell.  For example, as the 

concentration ratios increase from (#ȟ    ρ & #ȟ   υρ) to (#ȟ    τ & #ȟ   ςπτ) 

suns, the first υ, φ, χ, and ψ configurations, respectively, have a higher efficiency than that of the 

standalone PV cell at a concentration ratio of #ȟ    υ suns. 

 

Fig. 5.6 Performance of the hybrid system against the standalone PV cell. 
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Table 5-4 Output performance of the spectrum splitting-based hybrid system at higher concentration ratios. 

 

Configuration 

╒▌ȟ╟╥  , ╒▌ȟ╣╔╖   ╒▌ȟ╟╥  , ╒▌ȟ╣╔╖   ╒▌ȟ╟╥  , ╒▌ȟ╣╔╖   

 

╒▌ȟ╟╥  , ╒▌ȟ╣╔╖   

 

PV PV-TEG PV PV-TEG PV PV-TEG PV 

 

PV-TEG 

 

╣╟╥  

╚  

Ɫ╟╥   

Ϸ  

Ɫ╟╥╣╔╖  

Ϸ  

╣╟╥  

╚  

Ɫ╟╥   

Ϸ  

Ɫ╟╥╣╔╖  

Ϸ  

╣╟╥  

╚  

Ɫ╟╥   

Ϸ  

Ɫ╟╥╣╔╖  

Ϸ  

╣╟╥  

╚  

Ɫ╟╥   

Ϸ  

Ɫ╟╥╣╔╖  

Ϸ  

 σσφȢρχ ςπȢφυς ςρȢπτς συτȢυχ ςπȢρπρ ςπȢφυυ σχςȢψπ ρωȢςωφ ρωȢωωυ σωπȢψτ ρψȢσυψ ρωȢρψχ 

 σστȢρτ ςπȢυφτ Ȣ  συρȢυψ ςπȢπωτ Ȣ  σφψȢψω ρωȢσφω Ȣ  σψφȢπχ ρψȢυπω ρωȢυψω 

 σσπȢχς ρωȢχρρ ςπȢυςπ στφȢυπ ρωȢσωυ ςπȢυρχ σφςȢρω ρψȢψστ ςπȢςςτ σχχȢψς ρψȢρτπ ρωȢχφρ 

 σςφȢυσ ρψȢτπω ρωȢφυχ στπȢςφ ρψȢςφχ ρωȢωφψ συσȢωτ ρχȢψωχ ρωȢωχσ σφχȢυψ ρχȢτπρ Ȣ  

 σςςȢυφ ρφȢωπσ ρψȢφυπ σστȢσσ ρφȢωπυ ρωȢςυπ στφȢπυ ρφȢφωω ρωȢυςυ συχȢχφ ρφȢσχψ ρωȢυωσ 

 σρψȢχχ ρυȢςσσ ρχȢυςφ σςψȢφψ ρυȢστχ ρψȢσψσ σσψȢυσ ρυȢςχφ ρψȢψωρ στψȢσχ ρυȢρπρ ρωȢρχσ 

 σρυȢςτ ρσȢτςπ ρφȢςωπ σςσȢτπ ρσȢφρρ ρχȢσφυ σσρȢυπ ρσȢφτρ ρψȢπφτ σσωȢυψ ρσȢυψς ρψȢυρφ 

 σρςȢπψ ρρȢυρφ ρτȢωφς σρψȢφω ρρȢχυπ ρφȢςπψ σςυȢςτ ρρȢψτχ ρχȢπυπ σσρȢχυ ρρȢψφψ ρχȢφςυ 

 σπωȢστ ωȢφχσχ ρσȢφφς σρτȢφσ ωȢωςπω ρυȢπσσ σρωȢψτ ρπȢπυσ ρυȢωχσ σςυȢπρ ρπȢρςς ρφȢφςχ 

 σπχȢππ χȢωρτσ ρςȢτπτ σρρȢρφ ψȢρυςυ ρσȢψφρ σρυȢςυ ψȢςωφυ ρτȢψφς σρωȢςω ψȢσψψω ρυȢυφπ 

 σπτȢωρ φȢςρττ ρρȢρχψ σπψȢπψ φȢτςχς ρςȢφωτ σρρȢρω φȢυφυυ ρσȢχσρ σρτȢςτ φȢφφσρ ρτȢττψ 

 σπςȢωω τȢυτυχ ωȢωφχψ σπυȢςχ τȢχρωυ ρρȢυςπ σπχȢτω τȢψσψπ ρςȢυχρ σπωȢφχ τȢωςφτ ρσȢςψψ 

 σπρȢωτ σȢτψψχ ωȢρψςω σπσȢχσ σȢφσπω ρπȢχτχ σπυȢτψ σȢχσπς ρρȢχωφ σπχȢρψ σȢψπφπ ρςȢυπσ 

 σππȢχφ ςȢσπφω ψȢσπψπ σπςȢπσ ςȢτπψυ ωȢψχχχ σπσȢςυ ςȢτψρπ ρπȢωρψ σπτȢτυ ςȢυσχφ ρρȢφπψ 

 ςωωȢσυ πȢωχωυ χȢσττω ςωωȢωφ ρȢπςχφ ψȢωρσυ σππȢυφ ρȢπφςω ωȢωσφπ σπρȢρυ ρȢπωρρ ρπȢυωψ 
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Based on the results shown above, I summarize the main points as follows 

 

¶ A novel spectrum-splitting concept is proposed, in which the within-bandgap spectrum is further 

divided into fifteen partitions with a step of υπ ÎÍ, as seen in Fig. 5.1. These fifteen partitions are 

distributed between the PV cell and the TEG subsystem, while the post-bandgap spectrum is 

directed entirely to the TEG subsystem. Overall, fifteen different configurations were simulated, as 

seen in Fig. 5.2. 

¶ At ὅȟ   ρ & ὅȟ   υρ, the proposed spectrum-splitting shows that the first configuration 

exhibits a maximum overall efficiency among the other configurations, as seen in Fig. 5.4 (d). It's 

due to that the decrease in the PV cell efficiency is higher than the increase in the TEG efficiency 

as seen in Fig. 5.4 (b) and (c)  

¶ Table 5-2 and Table 5-3 show that at ὅȟ   ρ & ὅȟ   υρ, the configurations ρ, ρǪς, ρ

σ, ρ τ, and ρ υ achieve an overall efficiency higher than that of the standalone PV cell at 

ὅȟ  = ρ, ς, σ, τ, and υ, respectively. 

¶ At higher concentration levels, the proposed spectrum-splitting shifted the optimal splitting 

wavelength toward higher wavelengths. At ὅȟ   ς & ὅȟ   ρπς, ὅȟ   σ & ὅȟ  

 ρυσ and ὅȟ    τ & ὅȟ   ςπτ, configuration ς exhibits the maximum overall efficiency. 

Whereas at ὅȟ    υ & ὅȟ   ςυυ, configuration τ showed the maximum overall efficiency 

as seen in Fig. 5.5 (d). 

¶ Table 5-2 and Table 5-4 show that at ὅȟ   υ suns & ὅȟ   ςυυ, the first nine 

configurations have higher efficiencies than that of the standalone PV cell at ὅȟ    υ with the 

fourth configuration being the maximum, providing a ρωȢυϷ higher efficiency compared with a 

ρυȢψϷ with the case of just two-split (configuration ρ).  

5.5 Summary 

This chapter investigated a novel spectrum-splitting approach for parallel hybrid PV-TEG systems, 

exploring the potential of selective spectral distribution between the PV and TEG subsystems to 

enhance overall system efficiency. This chapter proposed an innovative splitting concept that 

divides the within-bandgap spectrum range from συπ to ρρππ ÎÍ into fifteen partitions of υπ ÎÍ 
each, while consistently directing the post-bandgap spectrum range from ρρππ to τπππ ÎÍ to the 

TEG subsystem. The introduced methodology involved analyzing fifteen different configurations 

under various concentration ratios, as stated in Fig. 5.2. The PV cellôs concentration ratios range 

from ρ to υ suns, and the corresponding TEG concentration ratios range from υρ to ςυυ suns. The 

MATLAB simulation was carried out using the mathematical thermal-electrical model proposed 

in Chapter 3. A fully illuminated standalone PV cell was used as a reference. The results show that 

the spectrum-splitting used in the parallel configuration can achieve higher overall efficiencies 

than standalone PV systems in the investigated light concentration levels, as summarized in Fig. 

5.6. At ρ sun concentration, configuration ρ achieved a slightly higher overall efficiency compared 

to the standalone PV cell. With increasing concentration levels, this concept helped to increase 

overall efficiency, i.e., for a PV cellôs concentration level of 5 suns, overall system efficiency 

improved to ρωȢχωρϷ compared to the ρφȢυχϷ of a standalone PV system. This higher efficiency 

is caused on the one hand, by the reduction of the heat load and thus the temperature of the PV 

cell, and on the other hand, by the electric power contribution of the TEG. It was also shown that 

the optimal splitting wavelength shifted towards higher wavelengths with increasing concentration 
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levels (configuration τ at a concentration of υ suns). Moreover, the results demonstrated that at 

higher concentrations (υ suns), the first nine configurations consistently outperformed the 

standalone PV cell. However, the results also showed that system efficiency still decreases with 

concentration level, meaning that todayôs TEG efficiencies are not enough to fully compensate for 

the temperature-induced efficiency loss of common PV devices. Altogether, it can be concluded 

that a spectrum splitting-based combination of PV-cells and TEG-s seems to be a viable option for 

low-level concentration applications from the energy balance view, albeit current TEG device 

efficiencies set strong limitations for this concept. 

 Our contributions are summarized as follows 

 

 

 

 

 

 

 

 

 

Related Publications: The thesisȭÓ main concept has been published in [Êσ]. Some modeling 
concepts of the presented model have been published in [Ãσ].  

 

 

Thesis 4 I have investigated and optimized a double spectrum-splitting concept for the parallel 

configuration to mitigate the limitations associated with post-bandgap and thermalization losses 

in standalone PV cells operating without active cooling mechanisms. The proposed spectrum-

splitting approach directs the post-bandgap wavelength and a varying amount of the higher 

energy wavelength to the TEG. I have introduced fifteen distinct configurations of spectrum 

wavelength allocations, each analyzed through a thermal-electrical modeling framework. 

4.1 I have proved that the maximum overall efficiency shifts towards higher wavelengths with 

the light concentration level, being located at wavelength of 400 nm for ὅȟ   ς & 

ὅȟ   ρπς, and at  wavelength of 500 nm for ὅȟ    υ & ὅȟ   ςυυ. 

4.2 I have found that the optimum overall efficiency among the investigated light concentration 

levels is achieved at ὅȟ   ς & ὅȟ   ρπς, which offers a trade-off between a 

moderate PV cell temperature of 334 K and an optimal splitting wavelength of 400 nm. 

4.3 I have demonstrated that the cutoff wavelength, at which the overall efficiency exceeds 

that of the standalone PV cell, increases with light concentration level. At ὅȟ   ς & 

ὅȟ   ρπς, the cutoff wavelength is 450 nm (first three configurations), while at 

ὅȟ   υ & ὅȟ   ςυυ, it reaches 750 nm (first nine configurations). 

 



101 
 

Publications 

Publications Summary 

Number of publications:          12 

Number of peer-reviewed journal papers (written in English):     3 

Number of articles in journals indexed by WOS or SCOPUS:     3 

Number of publications (in English) with at least 50% contribution of the author:  12 

Number of peer-reviewed publications:        12 

Number of independent citations:         28  

 

Related Publications 

 Journal Papers Conferences and Workshops Papers 

Thesis I  Êρ Ãυ 
Thesis II  Êς Ãρ Ãσ Ãτ 
Thesis III  Êς Ãς 
Thesis IV  Êσ Ãσ 

 

International Journals 

[j1] Ahmed Issa Alnahhal and B. Plesz, "Extending the Single Diode Model with Spectral Sensitivity for Different 

PV Materials Under Varying Solar Spectra." Advanced Theory and Simulations (2025): e01529. 

https://doi.org/10.1002/adts.202501529. (Q1, IF 2.9) 

[j2] Ahmed Issa Alnahhal and B. Plesz, "Comparative assessments of configuration type and parameter optimization 

effects on the performance of a hybrid PV-TEG system," in Energy Conversion and Management X ,2025, 

https://doi.org/10.1016/j.ecmx.2025.101428. (D1, IF 7.6) 

[j3] Ahmed Issa Alnahhal and B. Plesz, "Spectrum Splitting-Based Performance of Combined Photovoltaic 

Thermoelectric Generator System," in IEEE Transactions on Components, Packaging and Manufacturing 

Technology, vol. 14, no. 9, pp. 1560-1567, Sept. 2024, https://doi.org/10.1109/TCPMT.2024.3446590. (Q1, IF 3) 

International Conferences 

[c1] Ahmed Issa Alnahhal, A. Halal and B. Plesz, "Model for Electricity Generation by Thermoelectric Generators 

used in Spectrum-Splitting Applications," 10th International Workshop on Teaching in Photovoltaics, Prague, Czech 

Republic, 2022. 

[c2] Ahmed Issa Alnahhal, A. Halal and B. Plesz, "Temperature-Dependent Performance of Concentrated 

Monocrystalline Silicon Solar Cell," 2022 22nd International Scientific Conference on Electric Power Engineering 

(EPE), Kouty nad Desnou, Czech Republic, 2022, pp. 1-6, https://doi.org/10.1109/EPE54603.2022.9814124. 

https://doi.org/10.1002/adts.202501529
https://doi.org/10.1016/j.ecmx.2025.101428


102 
 

[c3] Ahmed Issa Alnahhal, A. Halal and B. Plesz, "Thermal-Electrical Model of Concentrated Photovoltaic 

Thermoelectric Generator Combined System for Energy Generation," 2022 28th International Workshop on Thermal 

Investigations of ICs and Systems (THERMINIC), Dublin, Ireland, 2022, pp. 1-4, 

https://doi.org/10.1109/THERMINIC57263.2022.9950655. 

[c4] Ahmed Issa Alnahhal and B. Plesz, "Performance Analysis of Stacked Photovoltaic-Thermoelectric Generator 

Using Mathematical Thermal-Electrical Model," 2023 29th International Workshop on Thermal Investigations of ICs 

and Systems (THERMINIC), Budapest, Hungary, 2023, pp. 1-5 

https://doi.org/10.1109/THERMINIC60375.2023.10325680. 

[c5] Ahmed Issa Alnahhal and B. Plesz, "Studying the Effect of Photon Wavelength on Solar Cell Efficiency," 2024 

IEEE 7th International Conference and Workshop Óbuda on Electrical and Power Engineering (CANDO-EPE), 

Budapest, Hungary, 2024, pp. 000077-000082, https://doi.org/10.1109/CANDO-EPE65072.2024.10772963. 

Other Publications 

[C6] A. Halal, A. I. Alnahhal and B. Plesz, "Numerical Simulation Based Physical Parameter Analysis of Perovskite/c-

Si Tandem PV Cells," 10th International Workshop on Teaching in Photovoltaics, Prague, Czech Republic, 2022. 

[C7] A. Halal, A. I. Alnahhal and B. Plesz, "Numerical Simulation and Design Optimization of Highly Efficient Lead-

free Perovskite/c-Si Tandem Solar Cell," 2022 22nd International Scientific Conference on Electric Power 

Engineering (EPE), Kouty nad Desnou, Czech Republic, 2022, pp. 1-6 

https://doi.org/10.1109/EPE54603.2022.9814136 

[C8] A. Halal, A. I. Alnahhal and B. Plesz, "Performance Analysis of Perovskite Solar Cell by Considering 

Temperature Effect on Physical Parameters of the Absorber Layer," 2022 28th International Workshop on Thermal 

Investigations of ICs and Systems (THERMINIC), Dublin, Ireland, 2022, pp. 1-4, 

https://doi.org/10.1109/THERMINIC57263.2022.9950644. 

[c9] Mohammed A. Alhanjouri, Ahmed Issa Alnahhal Dc Motor Speed Control System Using Particle Swarm 

Optimization Technique In: 5th International Conference on Engineering and Sustainability (ICES5) (2014) p. 1 

 

 

 

 

 

 

 

 

 

https://m2.mtmt.hu/gui2/?type=authors&mode=browse&sel=10080475
https://m2.mtmt.hu/gui2/?mode=browse&params=publication;32865013
https://m2.mtmt.hu/gui2/?mode=browse&params=publication;32865013
https://m2.mtmt.hu/gui2/?mode=browse&params=publication;32865009


103 
 

Bibliography  
 

[1] M. Bektas, ñEnergy Outlook,ò Artif. Intell. Tech. Soc. Adv., p. 316, 2024. 

[2] S. Nalley and A. LaRose, ñInternational energy outlook 2021,ò US Dep. Energy Washington, DC, USA, pp. 

1ï21, 2021. 

[3] D. Gibb, N. Ledanois, L. Ranalder, and H. Yaqoob, ñRenewables 2022 global status report,ò REN21 Paris, 

Fr., 2022. 

[4] A. K. Pandey, V. V Tyagi, A. Jeyraj, L. Selvaraj, N. A. Rahim, and S. K. Tyagi, ñRecent advances in solar 

photovoltaic systems for emerging trends and advanced applications,ò Renew. Sustain. Energy Rev., vol. 53, 

pp. 859ï884, 2016. 

[5] S. A. Kalogirou, Solar energy engineering: processes and systems. Elsevier, 2023. 

[6] M. Pagliaro, ñPreparing for the future: Solar energy and bioeconomy in the United Arab Emirates,ò Energy 

Sci. Eng., vol. 7, no. 5, pp. 1451ï1457, 2019. 

[7] P. Würfel and U. Würfel, Physics of solar cells: from basic principles to advanced concepts. John Wiley & 

Sons, 2016. 

[8] M. M. Khaleel, S. A. Abulifa, I. M. Abdaldeam, A. A. Abulifa, M. Amer, and T. M. Ghandoori, ñA current 

assessment of the renewable energy industry,ò African J. Adv. Pure Appl. Sci., pp. 122ï127, 2022. 

[9] D. Abu, ñRenewable power generation costs in 2020,ò IRENA Abu Dhabi, United Arab Emirates, 2021. 

[10] M. A. Green, ñSolar cells: operating principles, technology, and system applications,ò Englewood Cliffs, 1982. 

[11] A. PSE, ñFraunhofer institute for solar energy systems ise,ò Photovoltaics Report.(nd), 2022. 

[12] K. Yoshikawa et al., ñSilicon heterojunction solar cell with interdigitated back contacts for a photoconversion 

efficiency over 26%,ò Nat. energy, vol. 2, no. 5, pp. 1ï8, 2017. 

[13] M. A. Green, ñHow did solar cells get so cheap?,ò Joule, vol. 3, no. 3, pp. 631ï633, 2019. 

[14] C. Battaglia, A. Cuevas, and S. De Wolf, ñHigh-efficiency crystalline silicon solar cells: status and 

perspectives,ò Energy Environ. Sci., vol. 9, no. 5, pp. 1552ï1576, 2016. 

[15] C. Ballif, F.-J. Haug, M. Boccard, P. J. Verlinden, and G. Hahn, ñStatus and perspectives of crystalline silicon 

photovoltaics in research and industry,ò Nat. Rev. Mater., vol. 7, no. 8, pp. 597ï616, 2022. 

[16] K. Kakimoto, ñDevelopment of crystal growth technique of silicon by the Czochralski method,ò Acta Phys. 

Pol. A, vol. 124, no. 2, pp. 227ï230, 2013. 

[17] S. W. Glunz et al., ñThe irresistible charm of a simple current flow patternï25% with a solar cell featuring a 

full -area back contact,ò in Proceedings of the 31st European Photovoltaic Solar Energy Conference and 

Exhibition, 2015, pp. 259ï263. 

[18] M. A. Green, ñSolar cell efficiency tables,ò Prog. Photovolt. Res. Applic., vol. 8, 2000. 

[19] J. Zhao, A. Wang, and M. A. Green, ñ24Ŀ 5% Efficiency silicon PERT cells on MCZ substrates and 24Ŀ 7% 

efficiency PERL cells on FZ substrates,ò Prog. photovoltaics Res. Appl., vol. 7, no. 6, pp. 471ï474, 1999. 

[20] D. C. Jordan and S. R. Kurtz, ñPhotovoltaic degradation ratesðan analytical review,ò Prog. photovoltaics 

Res. Appl., vol. 21, no. 1, pp. 12ï29, 2013. 

[21] O. Dupr®, R. Vaillon, M. A. Green, O. Dupr®, R. Vaillon, and M. A. Green, ñTemperature coefficients of 

photovoltaic devices,ò Therm. Behav. Photovolt. devices Phys. Eng., pp. 29ï74, 2017. 

[22] R. E. Statistics, ñInternational Renewable Energy Agency (2022).ò 2022. 



104 
 

[23] H. J. Mºller, ñBasic mechanisms and models of multi wire sawing,ò Adv. Eng. Mater., vol. 6, no. 7, pp. 501ï

513, 2004. 

[24] J. M. Serra, J. M. Alves, and A. M. Vallera, ñProgress and challenges for cost effective kerfless Silicon crystal 

growth for PV application,ò J. Cryst. Growth, vol. 468, pp. 590ï594, 2017. 

[25] D. Chen et al., ñ24.58% total area efficiency of screen-printed, large area industrial silicon solar cells with the 

tunnel oxide passivated contacts (i-TOPCon) design,ò Sol. Energy Mater. Sol. Cells, vol. 206, p. 110258, 

2020. 

[26] S. R. Kurtz, Opportunities and challenges for development of a mature concentrating photovoltaic power 

industry. Citeseer, 2012. 

[27] F. Almonacid, E. F. Fernandez, A. Mellit, and S. Kalogirou, ñReview of techniques based on artificial neural 

networks for the electrical characterization of concentrator photovoltaic technology,ò Renew. Sustain. Energy 

Rev., vol. 75, pp. 938ï953, 2017. 

[28] K. Shanks, S. Senthilarasu, and T. K. Mallick, ñOptics for concentrating photovoltaics: Trends, limits and 

opportunities for materials and design,ò Renew. Sustain. Energy Rev., vol. 60, pp. 394ï407, 2016. 

[29] H. Cotal et al., ñIIIïV multijunction solar cells for concentrating photovoltaics,ò Energy Environ. Sci., vol. 2, 

no. 2, pp. 174ï192, 2009. 

[30] L. Micheli, E. F. Fern§ndez, F. Almonacid, T. K. Mallick, and G. P. Smestad, ñPerformance, limits and 

economic perspectives for passive cooling of High Concentrator Photovoltaics,ò Sol. Energy Mater. Sol. Cells, 

vol. 153, pp. 164ï178, 2016. 

[31] P. Pérez-Higueras and E. F. Fernández, High concentrator photovoltaics: fundamentals, engineering and 

power plants. Springer, 2015. 

[32] I. Garc²a, M. Victoria, and I. Ant·n, ñTemperature effects on CPV solar cells, optics and modules,ò Handb. 

Conc. Photovolt. Technol., pp. 245ï292, 2016. 

[33] E. F. Fernández, F. Almonacid, P. M. Rodrigo, and P. J. Pérez-Higueras, ñCPV systems,ò in McEvoyôs 

Handbook of Photovoltaics, Elsevier, 2018, pp. 931ï985. 

[34] Y.-L. He et al., ñPerspective of concentrating solar power,ò Energy, vol. 198, p. 117373, 2020. 

[35] K. Menoufi, D. Chemisana, and J. I. Rosell, ñLife cycle assessment of a building added concentrating 

photovoltaic system (BACPV),ò Energy Procedia, vol. 128, pp. 194ï201, 2017. 

[36] R. H. Bube, ñPhotovoltaic Materials Imperial college press.ò London, 1998. 

[37] R. P. Smith, A. A.-C. Hwang, T. Beetz, and E. Helgren, ñIntroduction to semiconductor processing: 

Fabrication and characterization of pn junction silicon solar cells,ò Am. J. Phys., vol. 86, no. 10, pp. 740ï746, 

2018. 

[38] A. Kitai, Principles of Solar Cells, LEDs and Diodes: The role of the PN junction. John Wiley & Sons, 2011. 

[39] A. Riverola, A. Vossier, and D. Chemisana, ñFundamentals of solar cells,ò in Nanomaterials for Solar Cell 

Applications, Elsevier, 2019, pp. 3ï33. 

[40] A. Luque and S. Hegedus, Handbook of photovoltaic science and engineering. John Wiley & Sons, 2011. 

[41] J. Nelson, ñThe physics of solar cells,ò Imp. Coll. Press google Sch., vol. 2, pp. 62ï68, 2003. 

[42] S. M. Sze and K. K. Ng, ñLEDs and lasers,ò Phys. Semicond. devices, vol. 3, pp. 601ï657, 2006. 

[43] T. Markvart and L. Castañer, Principles of solar cell operation. Elsevier Ltd, 2018. doi: 10.1016/B978-0-12-

809921-6.00001-X. 

[44] O. Murat, K. Hasan, A. Abdi, and P. Huuml seyin, ñThe effects of adding the aluminum sulfate to the urea 



105 
 

formaldehyde adhesive applied on plywood,ò Int. J. Phys. Sci., vol. 8, no. 19, pp. 1017ï1021, 2013, doi: 

10.5897/ijps2013.3878. 

[45] M. A. Husain, Z. A. Khan, and A. Tariq, ñA novel solar PV MPPT scheme utilizing the difference between 

panel and atmospheric temperature,ò Renew. Energy Focus , vol. 19ï20, no. June, pp. 11ï22, 2017, doi: 

10.1016/j.ref.2017.03.009. 

[46] A. M. Humada, M. Hojabri, S. Mekhilef, and H. M. Hamada, ñSolar cell parameters extraction based on single 

and double-diode models: A review,ò Renew. Sustain. Energy Rev., vol. 56, pp. 494ï509, 2016, doi: 

10.1016/j.rser.2015.11.051. 

[47] M. Azzouzi, D. Popescu, and M. Bouchahdane, ñModeling of Electrical Characteristics of Photovoltaic Cell 

Considering Single-Diode Model,ò J. Clean Energy Technol., vol. 4, no. 6, pp. 414ï420, 2016, doi: 

10.18178/jocet.2016.4.6.323. 

[48] R. O. Carl, ñTesting , Monitoring and Calibration Standards , Calibration and Testing o f PV Modules and 

Solar Cells,ò Pract. Handb. Photovoltaics Fundam. Appl., pp. 793ï816, 2003. 

[49] E. Saloux, A. Teyssedou, and M. Sorin, ñExplicit model of photovoltaic panels to determine voltages and 

currents at the maximum power point,ò Sol. Energy, vol. 85, no. 5, pp. 713ï722, 2011, doi: 

10.1016/j.solener.2010.12.022. 

[50] S. Irvine, Solar cells and photovoltaics. 2017. doi: 10.1007/978-3-319-48933-9_43. 

[51] P. Midya, P. T. Krein, R. J. Turnbull, R. Reppa and J. Kimball, "Dynamic maximum power point tracker for 

photovoltaic applications," PESC Record. 27th Annual IEEE Power Electronics Specialists Conference, 

Baveno, Italy, 1996, pp. 1710-1716 vol.2, doi: 10.1109/PESC.1996.548811.  

[52] U. K. Mishra and J. Singh, ñJunctions in Semiconductors: P-N Diodes,ò Semicond. Device Phys. Des., pp. 

146ï215, 2007, doi: 10.1007/978-1-4020-6481-4_4. 

[53] M. Patel, ñPhotovoltaic Power Systems,ò Wind Sol. Power Syst., pp. 163ï181, 2005, doi: 

10.1201/9781420039924.ch9. 

[54] R. T. Moyo, P. Y. Tabakov, and S. Moyo, ñthe Efficacy of the Maximum Power Transfer Theorem in 

Improving the Efficiency of Photovoltaic Modules: a Review,ò South. African Sol. Energy Conf. East London, 

South Africa, pp. 25ï27, 2019. 

[55] A. Khanna, T. Mueller, R. A. Stangl, B. Hoex, P. K. Basu, and A. G. Aberle, ñA fill factor loss analysis method 

for silicon wafer solar cells,ò IEEE J. Photovoltaics, vol. 3, no. 4, pp. 1170ï1177, 2013, doi: 

10.1109/JPHOTOV.2013.2270348. 

[56] T. Pipit Muliyah, Dyah Aminatun, Sukma Septian Nasution, Tommy Hastomo, Setiana Sri Wahyuni Sitepu, 

ñFundamentals of Solar Cells: Photovoltaic Solar Energy Conversionò J. GEEJ, vol. 7, no. 2, 2020. 

[57] A. Gregg, T. Parker, and R. Swenson, ñA óreal worldô examination of PV system design and performance,ò 

Conf. Rec. IEEE Photovolt. Spec. Conf., no. December, pp. 1587ï1592, 2005, doi: 

10.1109/PVSC.2005.1488448. 

[58] T. Ma et al., ñPerformance modelling of photovoltaic modules under actual operating conditions considering 

loss mechanism and energy distribution,ò Appl. Energy, vol. 298, no. May, p. 117205, 2021, doi: 

10.1016/j.apenergy.2021.117205. 

[59] T. Dittrich, ñBasic Characteristics and Characterization of Solar Cells,ò Mater. Concepts Sol. Cells, pp. 3ï43, 

2018, doi: 10.1142/9781786344496_0001. 

[60] K. Tifidat and N. Maouhoub, ñAn efficient method for predicting PV modules performance based on the two-

diode model and adaptable to the single-diode model,ò Renew. Energy, vol. 216, no. July, p. 119102, 2023, 

doi: 10.1016/j.renene.2023.119102. 

[61] J.-H. Jung and S. Ahmed, ñModel construction of single crystalline photovoltaic panels for real-time 



106 
 

simulation,ò in 2010 IEEE Energy Conversion Congress and Exposition, 2010, pp. 342ï349. 

[62] S. B. Prakash, G. Singh, and S. Singh, ñModeling and Performance Analysis of Simplified Two-Diode Model 

of Photovoltaic Cells,ò Front. Phys., vol. 9, no. October, pp. 1ï9, 2021, doi: 10.3389/fphy.2021.690588. 

[63] E. I. Batzelis and S. A. Papathanassiou, ñA Method for the Analytical Extraction of the Single-Diode PV 

Model Parameters,ò IEEE Trans. Sustain. Energy, vol. 7, no. 2, pp. 504ï512, 2016, doi: 

10.1109/TSTE.2015.2503435. 

[64] Y. Han, W. Chen, A. A. Heidari, H. Chen, and X. Zhang, ñBalancing ExplorationïExploitation of Multi-verse 

Optimizer for Parameter Extraction on Photovoltaic Models,ò J. Bionic Eng., vol. 21, no. 2, pp. 1022ï1054, 

2024, doi: 10.1007/s42235-024-00479-6. 

[65] A. K. Abdulrazzaq, G. Bogn§r, and B. Plesz, ñEvaluation of different methods for solar cells/modules 

parameters extraction,ò Sol. Energy, vol. 196, no. December 2019, pp. 183ï195, 2020, doi: 

10.1016/j.solener.2019.12.010. 

[66] A. W. Leedy, M. Abdelraziq, and K. Booth, ñA Comparison of Numerical Techniques used for PV Module 

Model Parameter Extraction,ò in 2022 IEEE Green Energy and Smart System Systems (IGESSC), Nov. 2022, 

pp. 1ï6. doi: 10.1109/IGESSC55810.2022.9955323. 

[67] M. A. Navarro, D. Oliva, A. Ramos-Michel, and E. H. Haro, ñAn analysis on the performance of metaheuristic 

algorithms for the estimation of parameters in solar cell models,ò Energy Convers. Manag., vol. 276, p. 

116523, Jan. 2023, doi: 10.1016/j.enconman.2022.116523. 

[68] S. M. Ebrahimi, E. Salahshour, M. Malekzadeh, and Francisco Gordillo, ñParameters identification of PV 

solar cells and modules using flexible particle swarm optimization algorithm,ò Energy, vol. 179, pp. 358ï372, 

Jul. 2019, doi: 10.1016/j.energy.2019.04.218. 

[69] J. Cubas, S. Pindado, and M. Victoria, ñOn the analytical approach for modeling photovoltaic systems 

behavior,ò J. Power Sources, vol. 247, pp. 467ï474, Feb. 2014, doi: 10.1016/j.jpowsour.2013.09.008. 

[70] SunPower Corp, ñC60 Solar Cell Mono Crystalline Silicon,ò Sunpower Corp., pp. 3ï4, 2010. 

[71] M. N. I. Sarkar, ñEffect of various model parameters on solar photovoltaic cell simulation: a SPICE analysis,ò 

Renewables Wind. Water, Sol., vol. 3, no. 1, p. 13, Dec. 2016, doi: 10.1186/s40807-016-0035-3. 

[72] V. Perraki and P. Kounavis, ñEffect of temperature and radiation on the parameters of photovoltaic modules,ò 

J. Renew. Sustain. Energy, vol. 8, no. 1, Jan. 2016, doi: 10.1063/1.4939561. 

[73] A. Dass and A. Moridi, ñState of the Art in Directed Energy Deposition: From Additive Manufacturing to 

Materials Design,ò Coatings, vol. 9, no. 7, p. 418, Jun. 2019, doi: 10.3390/coatings9070418. 

[74] A. D. Dhass, E. Natarajan, and L. Ponnusamy, ñInfluence of shunt resistance on the performance of solar 

photovoltaic cell,ò in 2012 International Conference on Emerging Trends in Electrical Engineering and 

Energy Management (ICETEEEM), Dec. 2012, pp. 382ï386. doi: 10.1109/ICETEEEM.2012.6494522. 

[75] G. H. Yordanov, O.-M. Midtgard, and T. O. Saetre, ñIdeality factor behavior between the maximum power 

point and open circuit,ò in 2013 IEEE 39th Photovoltaic Specialists Conference (PVSC), Jun. 2013, pp. 0729ï

0733. doi: 10.1109/PVSC.2013.6744254. 

[76] P. Singh and N. M. Ravindra, ñTemperature dependence of solar cell performanceðan analysis,ò Sol. Energy 

Mater. Sol. Cells, vol. 101, pp. 36ï45, Jun. 2012, doi: 10.1016/j.solmat.2012.02.019. 

[77] C. Xiao, X. Yu, D. Yang, and D. Que, ñImpact of solar irradiance intensity and temperature on the performance 

of compensated crystalline silicon solar cells,ò Sol. Energy Mater. Sol. Cells, vol. 128, pp. 427ï434, Sep. 

2014, doi: 10.1016/j.solmat.2014.06.018. 

[78] H. Jouhara et al., ñThermoelectric generator (TEG) technologies and applications,ò Int. J. Thermofluids, vol. 

9, p. 100063, Feb. 2021, doi: 10.1016/j.ijft.2021.100063. 



107 
 

[79] N. Jaziri, A. Boughamoura, J. M¿ller, B. Mezghani, F. Tounsi, and M. Ismail, ñA comprehensive review of 

Thermoelectric Generators: Technologies and common applications,ò Energy Reports, vol. 6, pp. 264ï287, 

Dec. 2020, doi: 10.1016/j.egyr.2019.12.011. 

[80] J. He and T. M. Tritt, ñAdvances in thermoelectric materials research: Looking back and moving forward,ò 

Science (80-. )., vol. 357, no. 6358, Sep. 2017, doi: 10.1126/science.aak9997. 

[81] D. D. Pollock, ñThermoelectric Phenomena,ò Phys. Prop. Mater. Eng. 2ND Ed., vol. 36, pp. 229ï268, 2020, 

doi: 10.1201/9781003068082-7. 

[82] B. Singh Bhathal Singh, ñThermoelectric Generators: Design, Operation, and Applications,ò in New Materials 

and Devices for Thermoelectric Power Generation, IntechOpen, 2023. doi: 10.5772/intechopen.1002722. 

[83] S. Shittu, G. Li, X. Zhao, and X. Ma, ñReview of thermoelectric geometry and structure optimization for 

performance enhancement,ò Appl. Energy, vol. 268, p. 115075, Jun. 2020, doi: 

10.1016/j.apenergy.2020.115075. 

[84] S. Kim, ñAnalysis and modeling of effective temperature differences and electrical parameters of 

thermoelectric generators,ò Appl. Energy, vol. 102, pp. 1458ï1463, Feb. 2013, doi: 

10.1016/j.apenergy.2012.09.006. 

[85] S. Kumar Bhukesh, A. Kumar, and S. Kumar Gaware, ñBismuth telluride (Bi2Te3) thermoelectric material as 

a transducer for solar energy application,ò Mater. Today Proc., vol. 26, pp. 3131ï3137, 2020, doi: 

10.1016/j.matpr.2020.02.646. 

[86] Y. Hua and Z.-Y. Guo, ñMaximum power and the corresponding efficiency for a Carnot-like thermoelectric 

cycle based on fluctuation theorem,ò Phys. Rev. E, vol. 109, no. 2, p. 024130, Feb. 2024, doi: 

10.1103/PhysRevE.109.024130. 

[87] H. S. Kim, W. Liu, G. Chen, C.-W. Chu, and Z. Ren, ñRelationship between thermoelectric figure of merit 

and energy conversion efficiency,ò Proc. Natl. Acad. Sci., vol. 112, no. 27, pp. 8205ï8210, Jul. 2015, doi: 

10.1073/pnas.1510231112. 

[88] C. L. Hapenciuc, T. Borca-Tasciuc, and I. N. Mihailescu, ñThe relationship between the thermoelectric 

generator efficiency and the device engineering figure of merit Zd,eng. The maximum efficiency 

&#120636;max,ò AIP Adv., vol. 7, no. 4, Apr. 2017, doi: 10.1063/1.4979328. 

[89] H. S. Daraghma, D. B. Ferry, S. G. Rao, M. A. Hawwa, M. A. Gondal, and J. P. Rojas, ñMaterials &amp; 

design approaches for enhanced performance of mechanically compliant thermoelectric generators (TEGs): a 

review,ò Smart Mater. Struct., vol. 33, no. 10, p. 103003, Oct. 2024, doi: 10.1088/1361-665X/ad791b. 

[90] X.-L. Shi, J. Zou, and Z.-G. Chen, ñAdvanced Thermoelectric Design: From Materials and Structures to 

Devices,ò Chem. Rev., vol. 120, no. 15, pp. 7399ï7515, Aug. 2020, doi: 10.1021/acs.chemrev.0c00026. 

[91] H. Alghamdi et al., ñPerformance optimization of nanofluid-cooled photovoltaic-thermoelectric systems: A 

study on geometry configuration, steady-state and annual transient effects,ò Energy, vol. 296, p. 131022, Jun. 

2024, doi: 10.1016/j.energy.2024.131022. 

[92] T. Hendricks and W. Choate, ñEngineering Scoping Study of Thermoelectric Generator Systems for Industrial 

Waste Heat Recovery,ò Nov. 2006. doi: 10.2172/1218711. 

[93] M. B. Naseem, J. Lee, and S.-I. In, ñRadioisotope thermoelectric generators (RTGs): a review of current 

challenges and future applications,ò Chem. Commun., vol. 60, no. 96, pp. 14155ï14167, 2024, doi: 

10.1039/D4CC03980G. 

[94] A. Nozariasbmarz et al., ñReview of wearable thermoelectric energy harvesting: From body temperature to 

electronic systems,ò Appl. Energy, vol. 258, p. 114069, Jan. 2020, doi: 10.1016/j.apenergy.2019.114069. 

[95] M. Jabri, S. Masoumi, F. Sajadirad, R. P. West, and A. Pakdel, ñThermoelectric energy conversion in 

buildings,ò Mater. Today Energy, vol. 32, p. 101257, Mar. 2023, doi: 10.1016/j.mtener.2023.101257. 



108 
 

[96] S. Twaha, J. Zhu, Y. Yan, and B. Li, ñA comprehensive review of thermoelectric technology: Materials, 

applications, modelling and performance improvement,ò Renew. Sustain. Energy Rev., vol. 65, pp. 698ï726, 

Nov. 2016, doi: 10.1016/j.rser.2016.07.034. 

[97] E. Kanimba and Z. Tian, ñModeling of a Thermoelectric Generator Device,ò in Thermoelectrics for Power 

Generation - A Look at Trends in the Technology, InTech, 2016. doi: 10.5772/65741. 

[98] F. Tohidi, S. Ghazanfari Holagh, and A. Chitsaz, ñThermoelectric Generators: A comprehensive review of 

characteristics and applications,ò Appl. Therm. Eng., vol. 201, p. 117793, Jan. 2022, doi: 

10.1016/j.applthermaleng.2021.117793. 

[99] G. Tan, L.-D. Zhao, and M. G. Kanatzidis, ñRationally Designing High-Performance Bulk Thermoelectric 

Materials,ò Chem. Rev., vol. 116, no. 19, pp. 12123ï12149, Oct. 2016, doi: 10.1021/acs.chemrev.6b00255. 

[100] M. P. Brennan, A. L. Abramase, R. W. Andrews, and J. M. Pearce, ñEffects of spectral albedo on solar 

photovoltaic devices,ò Sol. Energy Mater. Sol. Cells, vol. 124, pp. 111ï116, May 2014, doi: 

10.1016/j.solmat.2014.01.046. 

[101] M. O. Andreae, ñClimatic effects of changing atmospheric aerosol levels,ò 1995, pp. 347ï398. doi: 

10.1016/S0168-6321(06)80033-7. 

[102] R. Syahputra and I. Soesanti, ñRenewable energy systems based on micro-hydro and solar photovoltaic for 

rural areas: A case study in Yogyakarta, Indonesia,ò Energy Reports, vol. 7, pp. 472ï490, Nov. 2021, doi: 

10.1016/j.egyr.2021.01.015. 

[103] J. L. Schnapf and D. A. Baylor, ñHow Photoreceptor Cells Respond to Light,ò Sci. Am., vol. 256, no. 4, pp. 

40ï47, Apr. 1987, doi: 10.1038/scientificamerican0487-40. 

[104] Y. Bicer, I. Dincer, and C. Zamfirescu, ñEffects of various solar spectra on photovoltaic cell efficiency and 

photonic hydrogen production,ò Int. J. Hydrogen Energy, vol. 41, no. 19, pp. 7935ï7949, May 2016, doi: 

10.1016/j.ijhydene.2015.11.184. 

[105] G. S. Kinsey et al., ñImpact of measured spectrum variation on solar photovoltaic efficiencies worldwide,ò 

Renew. Energy, vol. 196, pp. 995ï1016, Aug. 2022, doi: 10.1016/j.renene.2022.07.011. 

[106] G. Xu et al., ñMeasurements and analysis of solar spectrum in near space,ò Energy Reports, vol. 9, pp. 1764ï

1773, Sep. 2023, doi: 10.1016/j.egyr.2023.04.229. 

[107] T. H. Choi, Kelvin, H. Brindley, N. Ekins-Daukes, and R. Escobar, ñDeveloping automated methods to 

estimate spectrally resolved direct normal irradiance for solar energy applications,ò Renew. Energy, vol. 173, 

pp. 1070ï1086, Aug. 2021, doi: 10.1016/j.renene.2021.03.127. 

[108] C. A. Gueymard, ñThe SMARTS spectral irradiance model after 25 years: New developments and validation 

of reference spectra,ò Sol. Energy, vol. 187, pp. 233ï253, Jul. 2019, doi: 10.1016/j.solener.2019.05.048. 

[109] E. P. Ogherohwo, B. Barnabas, and A. O. Alafiatayo, ñInvestigating the Wavelength of Light and Its Effects 

on the Performance of a Solar Photovoltaic Module,ò Int. J. Innov. Res. Comput. Sci. Technol., vol. 3, no. 4, 

pp. 61ï65, 2015, [Online]. Available: www.ijircst.org 

[110] E. Gouv°a, P. Sobrinho, and T. Souza, ñSpectral Response of Polycrystalline Silicon Photovoltaic Cells under 

Real-Use Conditions,ò Energies, vol. 10, no. 8, p. 1178, Aug. 2017, doi: 10.3390/en10081178. 

[111] M. Shazzadul, I. Muhammad, F. Khan, and M. S. Islam, ñSolar PV output under different wavelength of light: 

A Simulation Based Study,ò 2018. [Online]. Available: http://www.ijser.org 

[112] B. Ramkiran, C. K. Sundarabalan, and K. Sudhakar, ñPerformance evaluation of solar PV module with filters 

in an outdoor environment,ò Case Stud. Therm. Eng., vol. 21, p. 100700, 2020. 

[113] A. Y. Al -Rawashdeh, O. Albarbarawi, and G. Qaryouti, ñResponse of Polycrystalline Solar Cell Outputs to 

Visible Spectrum and other Light Sources-a Case Study,ò Int. J. Electr. Comput. Eng., vol. 8, no. 6, p. 4096, 

Dec. 2018, doi: 10.11591/ijece.v8i6.pp4096-4103. 



109 
 

[114] H. A. Kazem and M. T. Chaichan, ñThe Impact of Using Solar Colored Filters to Cover the PV Panel in Its 

Outcomes,ò Sch. Bull., vol. 2, no. 7, pp. 464ï469, Jul. 2016, doi: 10.21276/sb.2016.2.7.5. 

[115] K. Sudhakar, N. Jain, and S. Bagga, ñEffect of color filter on the performance of solar photovoltaic module,ò 

in 2013 International Conference on Power, Energy and Control (ICPEC), Feb. 2013, pp. 35ï38. doi: 

10.1109/ICPEC.2013.6527620. 

[116] S. Brownsberger, N. Mondrik, and C. W. Stubbs, ñInitial assessment of monocrystalline silicon solar cells as 

large-area sensors for precise flux calibration,ò J. Astron. Telesc. Instruments, Syst., vol. 6, no. 02, p. 1, Apr. 

2020, doi: 10.1117/1.JATIS.6.2.026001. 

[117] B. M. Kayes et al., ñ27.6% Conversion efficiency, a new record for single-junction solar cells under 1 sun 

illumination,ò in 2011 37th IEEE Photovoltaic Specialists Conference, Jun. 2011, pp. 000004ï000008. doi: 

10.1109/PVSC.2011.6185831. 

[118] V. Sorianello, L. Colace, C. Maragliano, D. Fulgoni, L. Nash, and G. Assanto, ñGermanium-on-Glass solar 

cells: fabrication and characterization,ò Opt. Mater. Express, vol. 3, no. 2, p. 216, Feb. 2013, doi: 

10.1364/OME.3.000216. 

[119] C. R. Osterwald, M. Campanelli, G. J. Kelly, and R. Williams, ñOn the reliability of photovoltaic short-circuit 

current temperature coefficient measurements,ò in 2015 IEEE 42nd Photovoltaic Specialist Conference 

(PVSC), Jun. 2015, pp. 1ï6. doi: 10.1109/PVSC.2015.7355842. 

[120] J. A. Mendez-Gamboa, R. Castro-Rodriguez, I. V. Perez-Quintana, R. A. Medina-Esquivel, and A. Martel-

Arbelo, ñA figure of merit to evaluate transparent conductor oxides for solar cells using photonic flux density,ò 

Thin Solid Films, vol. 599, pp. 14ï18, Jan. 2016, doi: 10.1016/j.tsf.2015.12.038. 

[121] P. S. Paul, S. Mondal, N. Akter, and S. M. Mominuzzaman, ñModeling combined effect of temperature and 

irradiance on solar cell parameters by MATLAB/ simulink,ò in 8th International Conference on Electrical 

and Computer Engineering, Dec. 2014, pp. 512ï515. doi: 10.1109/ICECE.2014.7026896. 

[122] R. Abbassi, A. Boudjemline, A. Abbassi, A. Torchani, H. Gasmi, and T. Guesmi, ñA Numerical-Analytical 

Hybrid Approach for the Identification of SDM Solar Cell Unknown Parameters,ò Eng. Technol. Appl. Sci. 

Res., vol. 8, no. 3, pp. 2907ï2913, Jun. 2018, doi: 10.48084/etasr.2027. 

[123] K. M. Powell, K. Rashid, K. Ellingwood, J. Tuttle, and B. D. Iverson, ñHybrid concentrated solar thermal 

power systems: A review,ò Renew. Sustain. Energy Rev., vol. 80, pp. 215ï237, Dec. 2017, doi: 

10.1016/j.rser.2017.05.067. 

[124] R. Madurai Elavarasan et al., ñPathways toward high-efficiency solar photovoltaic thermal management for 

electrical, thermal and combined generation applications: A critical review,ò Energy Convers. Manag., vol. 

255, p. 115278, Mar. 2022, doi: 10.1016/j.enconman.2022.115278. 

[125] C. Babu and P. Ponnambalam, ñThe role of thermoelectric generators in the hybrid PV/T systems: A review,ò 

Energy Convers. Manag., vol. 151, pp. 368ï385, Nov. 2017, doi: 10.1016/j.enconman.2017.08.060. 

[126] A. I. Alnahhal and B. Plesz, ñPerformance Analysis of Stacked Photovoltaic-Thermoelectric Generator Using 

Mathematical Thermal-Electrical Model,ò in 2023 29th International Workshop on Thermal Investigations of 

ICs and Systems (THERMINIC), Sep. 2023, pp. 1ï5. doi: 10.1109/THERMINIC60375.2023.10325680. 

[127] J. Darkwa, J. Calautit, D. Du, and G. Kokogianakis, ñA numerical and experimental analysis of an integrated 

TEG-PCM power enhancement system for photovoltaic cells,ò Appl. Energy, vol. 248, pp. 688ï701, Aug. 

2019, doi: 10.1016/j.apenergy.2019.04.147. 

[128] Y. Luo, L. Li, Y. Chen, and C. N. Kim, ñInfluence of geometric parameter and contact resistances on the 

thermal-electric behavior of a segmented TEG,ò Energy, vol. 254, p. 124487, Sep. 2022, doi: 

10.1016/j.energy.2022.124487. 

[129] E. Elsarrag, H. Pernau, J. Heuer, N. Roshan, Y. Alhorr, and K. Bartholom®, ñSpectrum splitting for efficient 

utilization of solar radiation: a novel photovoltaicïthermoelectric power generation system,ò Renewables 



110 
 

Wind. Water, Sol., vol. 2, no. 1, p. 16, Dec. 2015, doi: 10.1186/s40807-015-0016-y. 

[130] A. A. Kandil, M. S. Salem, M. M. Awad, and G. I. Sultan, ñAdaptation of the Solar Spectrum to Improve the 

use of Sunlight: A Critical Review on Techniques, Applications, and Current Trends,ò Adv. Sustain. Syst., vol. 

7, no. 6, Jun. 2023, doi: 10.1002/adsu.202300012. 

[131] W. Hong, B. Li, H. Li, X. Niu, Y. Li, and J. Lan, ñRecent progress in thermal energy recovery from the 

decoupled photovoltaic/thermal system equipped with spectral splitters,ò Renew. Sustain. Energy Rev., vol. 

167, p. 112824, Oct. 2022, doi: 10.1016/j.rser.2022.112824. 

[132] S. Mahmoudinezhad et al., ñExperimental investigation on spectrum beam splitting photovoltaicï

thermoelectric generator under moderate solar concentrations,ò Energy, vol. 238, p. 121988, Jan. 2022, doi: 

10.1016/j.energy.2021.121988. 

[133] K. Tyagi, B. Gahtori, S. Kumar, and S. R. Dhakate, ñAdvances in solar thermoelectric and photovoltaic-

thermoelectric hybrid systems for power generation,ò Sol. Energy, vol. 254, pp. 195ï212, Apr. 2023, doi: 

10.1016/j.solener.2023.02.051. 

[134] R. Bjßrk and K. K. Nielsen, ñThe performance of a combined solar photovoltaic (PV) and thermoelectric 

generator (TEG) system,ò Sol. Energy, vol. 120, pp. 187ï194, Oct. 2015, doi: 10.1016/j.solener.2015.07.035. 

[135] H. Najafi and K. A. Woodbury, ñModeling and Analysis of a Combined Photovoltaic-Thermoelectric Power 

Generation System,ò J. Sol. Energy Eng., vol. 135, no. 3, Aug. 2013, doi: 10.1115/1.4023594. 

[136] C. Babu and P. Ponnambalam, ñThe theoretical performance evaluation of hybrid PV-TEG system,ò Energy 

Convers. Manag., vol. 173, pp. 450ï460, Oct. 2018, doi: 10.1016/j.enconman.2018.07.104. 

[137] J. Zhang, Y. Xuan, and L. Yang, ñPerformance estimation of photovoltaicïthermoelectric hybrid systems,ò 

Energy, vol. 78, pp. 895ï903, Dec. 2014, doi: 10.1016/j.energy.2014.10.087. 

[138] R. Lamba and S. C. Kaushik, ñModeling and performance analysis of a concentrated photovoltaicï

thermoelectric hybrid power generation system,ò Energy Convers. Manag., vol. 115, pp. 288ï298, May 2016, 

doi: 10.1016/j.enconman.2016.02.061. 

[139] U. A. Saleh, M. A. Johar, S. A. B. Jumaat, M. N. Rejab, and W. A. Wan Jamaludin, ñEvaluation of a PV-TEG 

Hybrid System Configuration for an Improved Energy Output: A Review,ò Int. J. Renew. Energy Dev., vol. 

10, no. 2, pp. 385ï400, May 2021, doi: 10.14710/ijred.2021.33917. 

[140] H. Hariyanto, M. Mustofa, Z. Djafar, and W. H. Piarah, ñMathematical Modeling in Combining Photovoltaic 

and Thermoelectric Generator using a Spectrum Splitter,ò EPI Int. J. Eng., vol. 2, no. 1, pp. 74ï79, Jun. 2019, 

doi: 10.25042/epi-ije.022019.13. 

[141] X. Ju, Z. Wang, G. Flamant, P. Li, and W. Zhao, ñNumerical analysis and optimization of a spectrum splitting 

concentration photovoltaicïthermoelectric hybrid system,ò Sol. Energy, vol. 86, no. 6, pp. 1941ï1954, Jun. 

2012, doi: 10.1016/j.solener.2012.02.024. 

[142] S. Yang, E. Yin, Q. Li, and Y. Long, ñExperimental optimization of a spectrum-splitting photovoltaic-

thermoelectric hybrid system,ò Appl. Therm. Eng., vol. 248, p. 123177, Jul. 2024, doi: 

10.1016/j.applthermaleng.2024.123177. 

[143] T. T. D. Tran and A. D. Smith, ñfEvaluation of renewable energy technologies and their potential for technical 

integration and cost-effective use within the U.S. energy sector,ò Renew. Sustain. Energy Rev., vol. 80, pp. 

1372ï1388, Dec. 2017, doi: 10.1016/j.rser.2017.05.228. 

[144] https://www.edmundoptics.com/p/1100nm-25mm-diameter-dichroic-shortpass-filter/29095/ 

[145] A. Z. Sahin, K. G. Ismaila, B. S. Yilbas, and A. Al Sharafi, ñA review on the performance of 

photovoltaic/thermoelectric hybrid generators,ò Int. J. Energy Res., vol. 44, no. 5, pp. 3365ï3394, Apr. 2020, 

doi: 10.1002/er.5139. 

[146] M. Mattei, G. Notton, C. Cristofari, M. Muselli, and P. Poggi, ñCalculation of the polycrystalline PV module 



111 
 

temperature using a simple method of energy balance,ò Renew. Energy, vol. 31, no. 4, pp. 553ï567, Apr. 

2006, doi: 10.1016/j.renene.2005.03.010. 

[147] M. Sahli, J. P. M. Correia, S. Ahzi, and S. Touchal, ñMulti-physics modeling and simulation of heat and 

electrical yield generation in photovoltaics,ò Sol. Energy Mater. Sol. Cells, vol. 180, pp. 358ï372, Jun. 2018, 

doi: 10.1016/j.solmat.2017.07.039. 

[148] S. Armstrong and W. G. Hurley, ñA thermal model for photovoltaic panels under varying atmospheric 

conditions,ò Appl. Therm. Eng., vol. 30, no. 11ï12, pp. 1488ï1495, Aug. 2010, doi: 

10.1016/j.applthermaleng.2010.03.012. 

[149] S. P. Aly, S. Ahzi, N. Barth, and B. W. Figgis, ñTwo-dimensional finite difference-based model for coupled 

irradiation and heat transfer in photovoltaic modules,ò Sol. Energy Mater. Sol. Cells, vol. 180, pp. 289ï302, 

Jun. 2018, doi: 10.1016/j.solmat.2017.06.055. 

[150] P. Guerriero, L. Codecasa, V. DôAlessandro, and S. Daliento, ñDynamic electro-thermal modeling of solar 

cells and modules,ò Sol. Energy, vol. 179, pp. 326ï334, Feb. 2019, doi: 10.1016/j.solener.2018.12.067. 

[151] M. R. Vogt, H. Holst, M. Winter, R. Brendel, and P. P. Altermatt, ñNumerical Modeling of c-Si PV Modules 

by Coupling the Semiconductor with the Thermal Conduction, Convection and Radiation Equations,ò Energy 

Procedia, vol. 77, pp. 215ï224, Aug. 2015, doi: 10.1016/j.egypro.2015.07.030. 

[152] A. K. Abdulrazzaq, B. Plesz, and G. Bogn§r, ñA Novel Method for Thermal Modelling of Photovoltaic 

Modules/Cells under Varying Environmental Conditions,ò Energies, vol. 13, no. 13, p. 3318, Jun. 2020, doi: 

10.3390/en13133318. 

[153] D. A. Flores-Hernández, S. I. Palomino-Resendiz, N. Jost, and A. Luviano-Ju§rez, ñNumerical energy 

evaluation of an optimized hybrid energy harvesting system (CPV-TEG) considering the effects of solar 

tracking,ò Appl. Therm. Eng., vol. 247, p. 123071, Jun. 2024, doi: 10.1016/j.applthermaleng.2024.123071. 

[154] C. R. Osterwald, M. Campanelli, G. J. Kelly, and R. Williams, ñOn the reliability of photovoltaic short-circuit 

current temperature coefficient measurements,ò in 2015 IEEE 42nd Photovoltaic Specialist Conference 

(PVSC), Jun. 2015, pp. 1ï6. doi: 10.1109/PVSC.2015.7355842. 

[155] K. Ding, J. Zhang, X. Bian, and J. Xu, ñA simplified model for photovoltaic modules based on improved 

translation equations,ò Sol. Energy, vol. 101, pp. 40ï52, Mar. 2014, doi: 10.1016/j.solener.2013.12.016. 

[156] S. Dubey, J. N. Sarvaiya, and B. Seshadri, ñTemperature Dependent Photovoltaic (PV) Efficiency and Its 

Effect on PV Production in the World ï A Review,ò Energy Procedia, vol. 33, pp. 311ï321, 2013, doi: 

10.1016/j.egypro.2013.05.072. 

[157] J. C. S§nchez Barroso, N. Barth, J. P. M. Correia, S. Ahzi, and M. A. Khaleel, ñA computational analysis of 

coupled thermal and electrical behavior of PV panels,ò Sol. Energy Mater. Sol. Cells, vol. 148, pp. 73ï86, 

Apr. 2016, doi: 10.1016/j.solmat.2015.09.004. 

[158] K. Kant, A. Shukla, A. Sharma, and P. H. Biwole, ñThermal response of poly-crystalline silicon photovoltaic 

panels: Numerical simulation and experimental study,ò Sol. Energy, vol. 134, pp. 147ï155, Sep. 2016, doi: 

10.1016/j.solener.2016.05.002. 

[159] R. S. Balog, Yingying Kuai, and G. Uhrhan, ñA photovoltaic module thermal model using observed insolation 

and meteorological data to support a long life, highly reliable module-integrated inverter design by predicting 

expected operating temperature,ò in 2009 IEEE Energy Conversion Congress and Exposition, Sep. 2009, pp. 

3343ï3349. doi: 10.1109/ECCE.2009.5316107. 

[160] I. Santiago, D. Trillo-Montero, I. M. Moreno-Garcia, V. Pallarés-López, and J. J. Luna-Rodr²guez, ñModeling 

of photovoltaic cell temperature losses: A review and a practice case in South Spain,ò Renew. Sustain. Energy 

Rev., vol. 90, pp. 70ï89, Jul. 2018, doi: 10.1016/j.rser.2018.03.054. 

[161] D. Torres Lobera and S. Valkealahti, ñDynamic thermal model of solar PV systems under varying climatic 

conditions,ò Sol. Energy, vol. 93, pp. 183ï194, Jul. 2013, doi: 10.1016/j.solener.2013.03.028. 



112 
 

[162] L. Migliorini, L. Molinaroli, R. Simonetti, and G. Manzolini, ñDevelopment and experimental validation of a 

comprehensive thermoelectric dynamic model of photovoltaic modules,ò Sol. Energy, vol. 144, pp. 489ï501, 

Mar. 2017, doi: 10.1016/j.solener.2017.01.045. 

[163] S. P. Venkateshan, Heat Transfer. Cham: Springer International Publishing, 2021. doi: 10.1007/978-3-030-

58338-5. 

[164] S. Sripadmanabhan Indira et al., ñA review on various configurations of hybrid concentrator photovoltaic and 

thermoelectric generator system,ò Sol. Energy, vol. 201, pp. 122ï148, May 2020, doi: 

10.1016/j.solener.2020.02.090. 

[165] Ć. Valera, P. M. Rodrigo, F. Almonacid, and E. F. Fern§ndez, ñEfficiency improvement of passively cooled 

micro-scale hybrid CPV-TEG systems at ultra-high concentration levels,ò Energy Convers. Manag., vol. 244, 

p. 114521, Sep. 2021, doi: 10.1016/j.enconman.2021.114521. 

[166] A. Makki, S. Omer, and H. Sabir, ñAdvancements in hybrid photovoltaic systems for enhanced solar cells 

performance,ò Renew. Sustain. Energy Rev., vol. 41, pp. 658ï684, Jan. 2015, doi: 10.1016/j.rser.2014.08.069. 

[167] A. WodoğaŨski, N. Howaniec, B. Jura, A. BŃk, and A. SmoliŒski, ñCFD Numerical Modelling of a PVïTEG 

Hybrid System Cooled by Air Heat Sink Coupled with a Single-Phase Inverter,ò Materials (Basel)., vol. 14, 

no. 19, p. 5800, Oct. 2021, doi: 10.3390/ma14195800. 

[168] V. N. Kurdyumov and A. Li¶§n, ñFree convection from a point source of heat, and heat transfer from spheres 

at small Grashof numbers,ò Int. J. Heat Mass Transf., vol. 42, no. 20, pp. 3849ï3860, Oct. 1999, doi: 

10.1016/S0017-9310(99)00052-6. 

[169] F. P. Incropera, Fundamentals of Heat and Mass Transfer, 6 th. John Wiley & Sons, Inc. Hoboken, NJ, USA. 

[170] J. R. Howell, M. P. Menguc, and R. Siegel, Thermal Radiation Heat Transfer. CRC Press, 2010. doi: 

10.1201/9781439894552. 

[171] Michael F. Modest and Sandip Mazumder, Radiative Heat Transfer. Elsevier, 2022. doi: 10.1016/C2018-0-

03206-5. 

[172] E. M. Sparrow, Radiation Heat Transfer, Augmented Edition. New York: Routledge. doi: 

10.1201/9780203741382. 

[173] J. H. Lienhard, ñHeat Transfer Textbook,J.H.Lienhard IV and J.H.Lienhard - 5 editionò, [Online]. Available: 

http://ahtt.mit.edu 

[174] C. V. Madhusudana, Thermal Contact Conductance. Cham: Springer International Publishing, 2014. doi: 

10.1007/978-3-319-01276-6. 

[175] R. Prasher, ñThermal Interface Materials: Historical Perspective, Status, and Future Directions,ò Proc. IEEE, 

vol. 94, no. 8, pp. 1571ï1586, Aug. 2006, doi: 10.1109/JPROC.2006.879796. 

[176] B. Lorenzi and G. Chen, ñTheoretical efficiency of hybrid solar thermoelectric-photovoltaic generators,ò J. 

Appl. Phys., vol. 124, no. 2, Jul. 2018, doi: 10.1063/1.5022569. 

[177] P. Li, L. Cai, P. Zhai, X. Tang, Q. Zhang, and M. Niino, ñDesign of a Concentration Solar Thermoelectric 

Generator,ò J. Electron. Mater., vol. 39, no. 9, pp. 1522ï1530, Sep. 2010, doi: 10.1007/s11664-010-1279-0. 

[178] Z. Yang, W. Li, X. Chen, S. Su, G. Lin, and J. Chen, ñMaximum efficiency and parametric optimum selection 

of a concentrated solar spectrum splitting photovoltaic cell-thermoelectric generator system,ò Energy 

Convers. Manag., vol. 174, pp. 65ï71, Oct. 2018, doi: 10.1016/j.enconman.2018.08.038. 

[179] G. Li, X. Chen, and Y. Jin, ñAnalysis of the Primary Constraint Conditions of an Efficient Photovoltaic-

Thermoelectric Hybrid System,ò Energies, vol. 10, no. 1, p. 20, Dec. 2016, doi: 10.3390/en10010020. 

[180] S. P. Coorporation, ñMAXEON TM GEN III SOLAR CELLS Electrical Characteristics of a typical Maxeon 

Gen III Cell,ò pp. 3ï4, 2017. 



113 
 

[181] Z. Li, W. Li, and Z. Chen, ñPerformance Analysis of Thermoelectric Based Automotive Waste Heat Recovery 

System with Nanofluid Coolant,ò Energies, vol. 10, no. 10, p. 1489, Sep. 2017, doi: 10.3390/en10101489. 

[182] D. Alonso-Álvarez et al., ñThermal emissivity of silicon heterojunction solar cells,ò Sol. Energy Mater. Sol. 

Cells, vol. 201, p. 110051, Oct. 2019, doi: 10.1016/j.solmat.2019.110051. 

[183] R. Santbergen and R. J. C. van Zolingen, ñThe absorption factor of crystalline silicon PV cells: A numerical 

and experimental study,ò Sol. Energy Mater. Sol. Cells, vol. 92, no. 4, pp. 432ï444, Apr. 2008, doi: 

10.1016/j.solmat.2007.10.005. 

[184] H. Lv, G. Li, Y. Zheng, J. Hu, and J. Li, ñCompact Water-Cooled Thermoelectric Generator (TEG) Based on 

a Portable Gas Stove,ò Energies, vol. 11, no. 9, p. 2231, Aug. 2018, doi: 10.3390/en11092231. 

[185] W. Gu, T. Ma, A. Song, M. Li, and L. Shen, ñMathematical modelling and performance evaluation of a hybrid 

photovoltaic-thermoelectric system,ò Energy Convers. Manag., vol. 198, p. 111800, Oct. 2019, doi: 

10.1016/j.enconman.2019.111800. 

[186] O. Beeri, O. Rotem, E. Hazan, E. A. Katz, A. Braun, and Y. Gelbstein, ñHybrid photovoltaic-thermoelectric 

system for concentrated solar energy conversion: Experimental realization and modeling,ò J. Appl. Phys., vol. 

118, no. 11, Sep. 2015, doi: 10.1063/1.4931428. 

[187] Y.-Y. Wu, S.-Y. Wu, and L. Xiao, ñPerformance analysis of photovoltaicïthermoelectric hybrid system with 

and without glass cover,ò Energy Convers. Manag., vol. 93, pp. 151ï159, Mar. 2015, doi: 

10.1016/j.enconman.2015.01.013. 

[188] H. R. Fallah Kohan, F. Lotfipour, and M. Eslami, ñNumerical simulation of a photovoltaic thermoelectric 

hybrid power generation system,ò Sol. Energy, vol. 174, pp. 537ï548, Nov. 2018, doi: 

10.1016/j.solener.2018.09.046. 

[189] M. Alnajideen and G. Min, ñHybrid photovoltaic-thermoelectric system using a novel spectral splitting solar 

concentrator,ò Energy Convers. Manag., vol. 251, p. 114981, Jan. 2022, doi: 

10.1016/j.enconman.2021.114981. 

[190] D. Kraemer, L. Hu, A. Muto, X. Chen, G. Chen, and M. Chiesa, ñPhotovoltaic-thermoelectric hybrid systems: 

A general optimization methodology,ò Appl. Phys. Lett., vol. 92, no. 24, Jun. 2008, doi: 10.1063/1.2947591. 

 

 

 


