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1 Introduction and motivation 

Photovoltaic (PV) solar cells have emerged as one of the most viable solutions for 

converting  solar energy into electrical power [1]. This means generating an electric 

current without any moving parts or emissions.  

Despite the considerable progress in the development of solar cells, several 

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

scale effect on the PCE of the 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 just 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 lower 

than the bandgap energy 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). Fig. 1.1 

illustrates the problem statement and outlines the key factors limiting the power 

conversion efficiency of single junction silicon solar cells. 

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, including high reliability and 

minimal moving parts [2]. Since its initial discovery, thermoelectric technology has 

evolved considerably, with major advancements in materials science and 

semiconductor engineering [3]. 
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Fig. 1.1 The summary of the problem statement. 
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2 Objectives 

The key research contribution focuses on integrating a TEG unit with a PV cell, 

thereby overcoming the limitations of the standalone single junction PV cell, and 

achieving higher overall efficiency. This involves introducing different hybrid PV-

TEG configurations for addressing the different types of losses and recovering the 

waste heat of single-junction solar cells. In addition, optimizing the key parameters 

to maximize overall efficiency.  

2.1 Thesis 1 

Despite the frequent studies that grasp how the PV cells behave at different spectral 

conditions, the traditional SDM 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. This thesis aims 

to bridge this gap by investigating the effect of spectrum wavelengths on the output 

performance of different solar cells, i.e., different semiconductor materials under 

different solar spectra. The study focuses on extending the SDM by incorporating a 

spectral sensitivity into the photo-generated current [j1]. In addition, it introduces 

the concept of wavelength-dependent efficiency for calculating overall efficiency 

under the different solar spectra [c5]. This metric offers insights into potential 

strategies for spectrum-specific optimization of solar cell designs, such as tandem 

solar cells and hybrid PV-TEG systems. 

2.2 Thesis 2 

The literature states that single-technology approaches often fail to capture the full 

potential of solar energy. The development of hybrid energy systems has been driven 

by the limitations of standalone systems and the need for innovative solutions to 

enhance energy utilization [4]. However, achieving optimal performance requires a 

thorough understanding of their configurations, interaction mechanisms between the 

two devices, and performance metrics [c3] [c4]. This thesis is built on existing 

research to provide a comprehensive comparative analysis of stacked and parallel 

configurations, focusing on their thermal-electrical interaction dynamics at various 

light concentration levels [c1], providing a foundation for evaluating their 

performance through modeling and comparative discussion [j2]. This offers insights 

into optimizing their design and performance, paving the way for broader 

applications in sustainable energy solutions. 
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2.3 Thesis 3 

The main objective is to improve the performance of the hybrid PV-TEG systems 

through a comprehensive investigation and optimization of key parameters that 

significantly influence the efficiency of the PV cell and TEG subsystem [j2]. This 

thesis explores how key parameters influence thermal and electrical performance. In 

addition, focuses on developing optimization strategies that can maximize 

conversion efficiency, minimize thermal losses, and provide insight for more 

efficient designs [c2]. Moreover, this thesis seeks to unravel the complex 

relationships between these parameters, offering a comprehensive framework to 

understand and improve the operational characteristics of the hybrid PV-TEG 

systems that can support future research.  

2.4 Thesis 4 

While the basic splitting spectrum approach has shown improvements in the overall 

conversion efficiency compared to the stacked configuration, it may not represent 

the optimal utilization of the solar spectrum [c3]. This thesis aims to determine the 

optimal spectrum splitting configuration for maximizing overall efficiency by 

further splitting the within-bandgap spectrum and selectively distributing portions 

between the PV and TEG subsystems [j3]. 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 TEG subsystem operates at higher temperature 

gradients, leading to higher conversion efficiency. 

3 Methodology 

3.1 Extension of SDM of Solar Cells for Spectral Sensitivity Under Different 

Solar Spectra 

The study focuses on extending the SDM of single junction solar cells to the 

spectrum sensitivity by introducing a spectral dependence into the photo-generated 

current (𝐼𝑝ℎ), as seen in Fig. 3.1 [j3]. This allows for designing an applicable 

wavelength-based efficiency model of solar cells using readily available datasheet 

parameters, specifically, the current-voltage (𝐼 − 𝑉) characteristics and external 

quantum efficiency (𝐸𝑄𝐸).  
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Fig. 3.1 Spectral sensitivity to the photo-generated current 

The full wavelength spectrum of AM0 and AM1.5G the solar spectra 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 (𝐼 − 𝑉) and power-voltage (𝑃 − 𝑉) curves, 

the corresponding spectrum is partitioned into a limited number of wavelengths that 

effectively illustrate the results. The proposed spectrum partitioning of the ideal solar 

cells is made according to the standard solar spectrum defined by the ASTM. The 

wavelength spectrum range of all ideal solar cells starts with the wavelength of 119 

nm 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. 

The spectrum partitioning patterns of the ideal and real Si [5], GaAs [6], and Ge [7] 

solar cells for the different solar spectra are tabulated in Table 3-1 [j3]. 

Table 3-1 Spectrum Partitioning Pattern of the ideal/real Solar Cells. 

Solar Cell 
Ideal Real 

Si GaAs Ge Si GaAs Ge 

Range [nm] 119 − 1107 119 − 873 119 − 1850 350 − 1200 325 − 900 300 − 750 
Step  [nm] 38 29 66.58 34 23 58 
Number [#] 27 27 27 26 26 26 

 

3.2 Thermal-Electrical Model of Hybrid Photovoltaic-Thermoelectric Generator 

Systems 

The study proposes a thermal-electrical model that describes the physical structure 

of two hybrid PV-TEG systems, stacked and parallel configurations, and identifies 

the parameters that affect the behavior of each configuration. In addition, it details 

the energy balance and the heat transfer mechanism within both configurations. Fig. 

3.2 shows the schematic diagram of the stacked and parallel PV-TEG configurations 

𝑰𝑺𝑪(𝝀) =  𝒒 × 𝑨𝑷𝑽 × 𝑬𝑸𝑬𝝀 × 𝝋(𝝀) 

    

  

   

  

 

 
SDM 

𝝋(𝝀) =  (𝑮 𝒉𝒄)Τ  × 𝝀 
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[j1]. Both configurations are composed of two main subsystems, the PV cell and the 

TEG subsystem.  

 

     (a)                                                                                                                                         (b) 

Fig. 3.2 The schematic diagram of a) the stacked and b) parallel hybrid PV-TEG system. 

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). 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. 3.2 

(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 parts so that each device can operate 

efficiently, as seen in Fig. 3.2 (b). According to the energy of the incident photons, 

as the silicon PV cell bandgap is 1.12 eV, the within-bandgap spectrum of the range 

300 nm – 1100 nm is transmitted to the PV cell, and the post-bandgap spectrum of 

the range 1100 nm – 4000 nm is transmitted to the TEG subsystem. This arrangement 

ensures that both devices operate at their optimal temperatures. The most common 

equation used to estimate the total input power based on their corresponding 

minimum (𝜆𝑚𝑖𝑛,𝑃𝑉𝑆𝐴/𝑆𝑇/𝑃𝐿/𝑇𝐸𝐺𝑃𝐿
 ) and maximum (𝜆𝑚𝑎𝑥,𝑃𝑉𝑆𝐴/𝑆𝑇/𝑃𝐿/𝑇𝐸𝐺𝑃𝐿

) spectral 

wavelength limits is given as follows  [8] 
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𝑃𝑖𝑛, 𝑃𝑉𝑆𝐴/𝑆𝑇/𝑃𝐿/𝑇𝐸𝐺𝑃𝐿
=  𝜂𝑜𝑝𝑡 × 𝐶𝑔,𝑃𝑉/𝑇𝐸𝐺  ×  𝐴𝑃𝑉/𝐻𝐶,𝑃𝐿  ×

∫  𝐹(𝜆)𝑃𝑉𝑆𝐴/𝑆𝑇/𝑃𝐿/𝑇𝐸𝐺𝑃𝐿

𝜆𝑚𝑎𝑥𝑃𝑉𝑆𝐴,𝑆𝑇,𝑃𝐿/𝑇𝐸𝐺𝑃𝐿

𝜆𝑚𝑖𝑛,𝑃𝑉𝑆𝐴,𝑆𝑇,𝑃𝐿/𝑇𝐸𝐺𝑃𝐿

𝑑𝜆 , 

(3-1) 

where 𝐹(𝜆)𝑃𝑉𝑆𝐴/𝑆𝑇/𝑃𝐿/𝑇𝐸𝐺𝑃𝐿
 is the solar spectral irradiance directed to the standalone 

PV cell, the PV cell in the stacked and parallel configurations, or the TEG subsystem 

in the parallel configuration, 𝜂𝑜𝑝𝑡 is the optical system efficiency of 0.95, 𝐴𝑃𝑉/𝐻𝐶,𝑃𝐿 

is the surface area of  the PV cell and the HC in the parallel configuration,  and 

𝐶𝑔,𝑃𝑉/𝑇𝐸𝐺  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 [9] 

𝐶𝑔,𝑃𝑉 =  𝐴𝐶𝑜𝑛. 𝐴𝑃𝑉Τ . (3-2) 

While for the parallel configuration, for the same concentrator area (ACon.), 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 

𝐴𝐶𝑜𝑛. =  𝐶𝑔,𝑃𝑉 × 𝐴𝑃𝑉  =  𝐶𝑔,𝑇𝐸𝐺 × 𝐴𝐻𝐶,𝑝𝑙 . (3-3) 

Therefore, 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 

configurations is calculated at the full spectrum of 300 nm- 4000 nm with a power 

density of 997.5 W/m2.  

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; thus, a single 

temperature is considered for the PV cell. The temperature-dependent output power 

of the PV cell (𝑃𝑃𝑉) at a specific light concentration level is evaluated as follows 

𝑃𝑃𝑉(𝑇𝑃𝑉)   =  𝐼𝑆𝐶(𝑇𝑃𝑉)  ×  𝑉𝑂𝐶(𝑇𝑃𝑉)  ×  𝐹𝐹(𝑇𝑃𝑉), (3-4) 

where 𝐼𝑆𝐶(𝑇𝑃𝑉), 𝑉𝑂𝐶(𝑇𝑃𝑉) and 𝐹𝐹(𝑇𝑃𝑉) are the temperature-dependent short circuit 

current, open circuit voltage, and fill factor, respectively.  

Fig. 3.3 represents the energy flow chart of the stacked configuration that has a 

thermal coupling between the PV cell with the TEG subsystem [c4]. A solar 

concentrator directs the full solar spectrum, ranging from 300 nm to 4000 nm, onto 

the PV cell at different concentration levels.  
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Fig. 3.3 Energy flow chart of the stacked PV-TEG system. 

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 [8] 

𝑃𝑃𝑉,𝑆𝑇(𝑇𝑃𝑉,𝑆𝑇 , 𝑇𝐻𝐶,𝑆𝑇)  =  𝛼𝑃𝑉 × 𝑃𝑖𝑛,𝑃𝑉,𝑆𝑇  −  𝑄𝑅𝐴𝐷,𝑃𝑉,𝑆𝑇  −  𝑄𝐶𝑂𝑁𝑉,𝑃𝑉,𝑆𝑇  −

 𝑄𝐶𝑂𝑁𝐷, 

(3-5) 

where 𝑇𝑃𝑉,𝑆𝑇 and 𝑇𝐻𝐶,𝑆𝑇 are the temperatures of the PV cell and the heat collector in 

the stacked configuration, respectively, αPV is the absorptivity of the PV cell, 

𝑃𝑖𝑛,𝑃𝑉,𝑆𝑇 is the input power transmitted to the PV cell in the stacked configuration of 

the full spectrum, ranging from 300 to 4000 nm, with a power density of 997.5 W/m2, 

𝑄𝐶𝑂𝑁𝐷 is the conducted heat, and 𝑄𝑅𝐴𝐷,𝑃𝑉,𝑆𝑇 and 𝑄𝐶𝑂𝑁𝑉,𝑃𝑉,𝑆𝑇 are the radiative and 

convective heat losses of the PV cell in the stacked configuration, respectively. 

Consequently, the absorbed heat at the TEG unit’s hot side in the stacked 

configuration (𝑄𝐻,𝑆𝑇) can be evaluated as the difference between the conduction heat 

and the released TEG unit’s radiation losses, which can be described as follows [10] 

𝑄𝐻,𝑆𝑇(𝑇𝑃𝑉,𝑆𝑇 , 𝑇𝐻𝐶,𝑆𝑇)  =  𝛼𝐻𝐶  ×  𝑄𝐶𝑂𝑁𝐷, (3-6) 

where 𝛼𝐻𝐶  represents the absorptivity of the HC. It is further defined as the 

conducted heat from the heat collector to the TEG unit’s hot side, determined by the 

difference of their respective temperatures, as follows [11] 

 𝑄𝐻,𝑆𝑇(𝑇𝐻𝐶,𝑆𝑇 , 𝑇𝐻,𝑆𝑇) =  (𝑘𝐻𝐶 𝐴𝐻𝐶,𝑆𝑇 𝑑𝐻𝐶Τ )(𝑇𝐻𝐶,𝑆𝑇 −  𝑇𝐻,𝑆𝑇), (3-7) 

    S 

    S 

      S 

         S 

   D      S            S 

     S 

  

    D
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where 𝑘𝐻𝐶, 𝐴𝐻𝐶,𝑆𝑇 and 𝑑𝐻𝐶= 1 mm are the thermal conductivity, surface area, and 

thickness of the HC, respectively, and  TH, ST is the temperature of the hot side of the 

TEG unit in the stacked configuration. The heat removed at the TEG unit’s cold side 

in the stacked configuration (𝑄𝐶,𝑆𝑇) can be represented as follows [11] 

𝑄𝐶,𝑆𝑇(𝑇𝐶,𝑆𝑇)  =  ℎ𝐶  ×  𝐴𝐻𝑆,𝑆𝑇  ×  (𝑇𝐶,𝑆𝑇  −  𝑇𝐶𝑜𝑜𝑙𝑎𝑛𝑡), (3-8) 

where 𝑇𝐶,𝑆𝑇   and 𝑇𝐶𝑜𝑜𝑙𝑎𝑛𝑡 are the temperatures of the TEG unit’s cold side in the 

stacked configuration and the coolant temperatures, respectively, ℎ𝐶 is the heat 

transfer coefficient of the HS, and 𝐴𝐻𝑆,𝑆𝑇 is the surface area of the HS in the stacked 

configuration, which is identical to the surface area of the HC.  

 

Fig. 3.4 shows the schematic diagram of the parallel hybrid system where the 

two subsystems are thermally decoupled [c3]. 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. 

 
                              (a)                                                                                                   (b) 

Fig. 3.4 Energy flow chart of the parallel PV-TEG system. 

Following the energy flow of Fig. 3.4 (a), the output power of the PV cell in the 

parallel configuration (𝑃𝑃𝑉,𝑃𝐿) can be characterized as follows [8] 

𝑃𝑃𝑉,𝑃𝐿(𝑇𝑃𝑉,𝑃𝐿)  =  𝛼𝑃𝑉 × 𝑃𝑖𝑛,𝑃𝑉,𝑃𝐿  −  𝑄 𝑅𝐴𝐷,𝑃𝑉,𝑃𝐿,𝑓  −  𝑄 𝑅𝐴𝐷,𝑃𝑉,𝑃𝐿,𝑏 −

 𝑄𝐶𝑂𝑁𝑉,𝑃𝑉,𝑃𝐿,𝑓  −  𝑄𝐶𝑂𝑁𝑉,𝑃𝑉,𝑃𝐿,𝑏, 
(3-9) 

where 𝑇𝑃𝑉,𝑃𝐿 is the temperature of the PV cell in the parallel configuration, 𝑃𝑖𝑛,𝑃𝑉,𝑃𝐿  
is the input power transmitted to the PV cell in the parallel configuration of the full 

           

   D                        

       

   D                        

  

  

            

      

      

             

        

   D        

  



Methodology 

11 
 

spectrum, ranging from 300 to 1100 nm, with a power density of 802.2 W/m2, and 

𝑄𝑅𝐴𝐷,𝑃𝑉,𝑃𝐿,𝑓,𝑏 and 𝑄𝐶𝑂𝑁𝑉,𝑃𝑉,𝑃𝐿,𝑓,𝑏 are the radiative and convective heat losses of the 

front and back surfaces of the PV cell in the parallel configuration, respectively. 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 heat absorbed at 

the hot side of the TEG unit in the parallel configuration (𝑄𝐻,𝑃𝐿) is related to the 

spectrum-based input solar energy, HC’s specification, and the radiation and 

convection heat losses of the TEG unit. This relationship can be described as follows 

[12] 

𝑄𝐻,𝑃𝐿(𝑇𝐻𝐶,𝑃𝐿)  =  𝛼𝐻𝐶 × 𝑃𝑖𝑛,𝑇𝐸𝐺,𝑃𝐿  −  𝑄𝑅𝐴𝐷,𝐻𝐶,𝑃𝐿  −  𝑄𝐶𝑂𝑁𝑉,𝐻𝐶,𝑃𝐿 , (3-10) 

where 𝑇𝐻𝐶,𝑃𝐿 is the temperature of the heat collector in the parallel configuration, 

𝑃𝑖𝑛,𝑇𝐸𝐺,𝑃𝐿 is the input power transferred to the TEG unit of the bandgap spectrum, 

ranging from 1100 nm to 4000 nm, with a power density of 195.3 W/m2, and 

𝑄𝑅𝐴𝐷,𝐻𝐶,𝑃𝐿 and 𝑄𝑅𝐴𝐷,𝐻𝐶,𝑃𝐿 are the radiative and convective heat losses of the heat 

collector in the parallel configuration, respectively. Similarly, the absorbed heat at 

the hot side of the TEG in the parallel configuration (𝑄𝐻,𝑃𝐿) is evaluated as follows 

 𝑄𝐻,𝑃𝐿(𝑇𝐻𝐶,𝑃𝐿 , 𝑇𝐻,𝑃𝐿) =  (𝑘𝐻𝐶 𝐴𝐻𝐶,𝑃𝐿 𝑑𝐻𝐶Τ )(𝑇𝐻𝐶,𝑃𝐿 −  𝑇𝐻,𝑃𝐿), (3-11) 

where 𝑇𝐻,𝑃𝐿 is the temperature of the TEG unit’s hot side in the parallel 

configuration. The heat removed at the TEG unit’s cold side in the parallel 

configuration (𝑄𝐶,𝑃𝐿) can be represented as follows 

𝑄𝐶,𝑃𝐿(𝑇𝐶,𝑃𝐿)  =  ℎ𝐶 × 𝐴𝐻𝑆,𝑃𝐿 (𝑇𝐶,𝑃𝐿  −  𝑇𝐶𝑜𝑜𝑙𝑎𝑛𝑡), (3-12) 

where 𝑇𝐶,𝑃𝐿  is the temperature of the TEG unit’s cold side in the parallel 

configuration, and 𝐴𝐻𝑆,𝑃𝐿 is the surface area of HS in the parallel configuration, 

which is identical to the surface area of the HC. Two distinct thermal-electrical 

mathematical models are proposed. An iterative computational method to solve 

simultaneously the nonlinear equations of the proposed models is used, enabling 

precise prediction of overall system performance. The proposed mathematical model 

is programmed in MATLAB R2021a, in which the flow chart of the simulation 

process is summarized in Fig. 3.5 [j1].  

The simulation in this chapter is carried out using an mc-Si solar cell [13] and 

the Bi2Te3 TEG unit [14]. The surface area of the heat collector is identical to the 

surface area of the PV cell in the stacked configuration and is 250 mm2 in the parallel 
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configuration. By simultaneously solving the set of equations of each system, the 

unknown parameters 𝐼𝑆𝐶, 𝑉𝑂𝐶 , 𝐹𝐹, 𝑃𝑃𝑉, 𝑇𝑃𝑉, 𝑇𝐻, 𝑇𝐶, 𝑇𝐻𝐶 , 𝑄𝐻, 𝑄𝐶 and 𝐼 are evaluated.  

 

Fig. 3.5 The Simulation Process in MATLAB R2021a. 
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3.3 Key Parameter Investigation and Optimization of Hybrid PV-TEG Systems 

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. The study investigates and carefully 

optimizes various key parameters, so the stacked configuration has the potential to 

become a promising solution, and the performance of the parallel configuration can be 

further improved. The key parameters include 

• Temperature coefficient of the PV cell  

The voltage temperature coefficient of the PV plays a vital role in determining 

its power temperature coefficient. The voltage temperature coefficient of the 

PV cell, as indicated in its datasheet, is -1.84 mV/℃. A 10 % lower value (less 

negative) of -1.656 mV/℃ is used to e aluate the changes in the    cell’s 

temperature and PCE in each system. 

• Geometric dimension of the TEG unit’s legs 

The performance of the TEG unit is related to the 𝐿𝑛,𝑝, and 𝐴𝑛,𝑝  which in turn 

affects the overall efficiency of the Hybrid system. 𝐴 ±10 % change in length, 

width, and height of the TEG unit’s n and p-legs are implemented as 

summarized in Table 3.3. 

Table 3.3  ariation of the dimensions of the TEG unit’s n and p-type legs. 

Dimension of n and p- 

type Legs  

 

Length Area 

Lower Higher Higher Lower 

Value  6.3 7.7 11 × 11 9 × 9 

• Material characteristics of the TEG unit 

The characteristics of the TEG unit’s material, such as the  eebeck coefficient and 

electrical and thermal conductivity, determine its figure of merit, showing how 

efficient the TEG is. A 10 % increment of the Seebeck coefficient and electrical 

conductivity, and a 10 % decrement of the thermal conductivity are implemented as 

tabulated in Table 3.4. These enhancements improved the figure of merit of the TEG 

unit from 0.768 to 1.134. All key parameters are subsequently optimized for each 

configuration, and the simulation has been performed for 10%, 12.5% and 15% 

improvement in all the key parameters. 
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Table 3.4 The characteristics of the TEG’s material with a    % enhancement  

Material 

Prosperities 

Seebeck 

Coefficient 
Electrical Conductivity 

Thermal 

Conductivity 

𝑺𝒑  

 μ /K  

𝑺𝒏  

 μ /K  

𝝈𝒑  

[S/m] 

𝝈𝒏  
[S/m] 

𝑲𝒑  

[W/m 

K] 

𝑲𝒏  
[W/m 

K] 

Value 224.07 −189.31 8.3714 × 104 9.8302 × 104 1.1385 0.9099 

 

3.4 Spectrum Splitting-Based Hybrid PV-TEG Parallel Configuration 

The study proposes a novel spectrum-splitting concept that identifies certain 

wavelength ranges within the within-bandgap spectrum which might be more 

effectively converted by the TEG subsystem than the PV cells. The proposed 

approach includes dividing the WBS between the PV cell and the TEG with a step of 

50 nm while the post-bandgap spectrum 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 of 350- 400 nm are transferred to the TEG device, and the 

spectrum range of 400- 1100 nm is transmitted to the PV cell, and so on. Finally, in 

configuration 15, the post-bandgap spectrum and the spectrum range of 350 – 1050 nm 

are transmitted to the TEG device, and only the spectrum part of 1050 – 1100 is directed 

to the PV cell. Fig. 3.6 summarizes the 15 configurations of the proposed novel 

spectrum splitting concept [j2].  

 

Fig. 3.6 Fifteen configurations of the proposed novel spectrum splitting concept. 
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The spectrum-based input power, which is transferred to the PV cell Pin, PV (λc)  and 

the TEG device Pin, TEG (λc) can be evaluated as follows  

𝑃𝑖𝑛,𝑃𝑉(𝜆𝑐)  =  𝜂𝑜𝑝𝑡 ×  𝐶𝑔,𝑃𝑉  ×  𝐴𝑃𝑉  × ∫  𝐹(𝜆)
1100

𝜆𝑐
𝑑𝜆, (3-13) 

𝑃𝑖𝑛,𝑇𝐸𝐺(𝜆𝑐) =  𝜂𝑜𝑝𝑡 ×  𝐶𝑔,𝑇𝐸𝐺  ×  𝐴𝐻𝐶  × {∫  𝐹(𝜆)
𝜆𝑐

350
+  ∫  𝐹(𝜆)

4000

1100
} 𝑑𝜆, (3-14) 

where λc is the configuration-based cutoff wavelength. The minimum and maximum 

wavelength spectrum-wavelength limit corresponds to the spectrum-splitting pattern 

shown in Fig. 3.6.  

The Thermal-electrical mathematical model is proposed in chapters 1 and 3. For 

each configuration, by simultaneously solving the set of equations of the parallel 

configuration, the unknown parameters ISC|λc

1100, VOC|λc

1100, FF|λc

1100 , PPV|λc

1100, 

TPV|λc

1100, TH|350
λc |

1100

4000
 , TC|350

λc |
1100

4000
, THC|350

λc |
1100

4000
, QH|350

λc |
1100

4000
, QC|350

λc |
1100

4000
 and 

I|350
λc |

1100

4000
 can be evaluated.  

The output power of the TEG unit can be evaluated as follows [15] 

𝑃𝑇𝐸𝐺|
350
λ𝑐 |

1100

4000
= 𝑄𝐻|

350
λ𝑐 |

1100

4000
−  𝑄𝐶|

350
λ𝑐 |

1100

4000
. (3-15) 

The overall output power of the parallel configuration PPV−TEG|350
4000 for each 

configuration can be evaluated as follows 

𝑃𝑃𝑉−𝑇𝐸𝐺|350
4000 =   𝑃𝑇𝐸𝐺|

350
λ𝑐 |

1100

4000
+ PPV|

λ𝑐

1100 nm

. (3-16) 

The overall efficiency ηPV−TEG|350
4000

 of the hybrid system can be evaluated at 

each configuration as 

𝜂𝑃𝑉−𝑇𝐸𝐺|350
4000 =  

𝑃𝑇𝐸𝐺|
350
𝜆𝑐 |

1100

4000
+ 𝑃𝑃𝑉|

𝜆𝑐

1100 𝑛𝑚

𝑃𝑖𝑛 350 𝑛𝑚
4000 𝑛𝑚 . 

(3-17) 
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4 New Scientific Results 

4.1 Thesis group 1: Extending the SDM of Solar Cells Under Different Solar 

Spectra 

The simulation is carried out for ideal and real Si, GaAs, and Ge solar cells at a 

temperature of 25 ℃, and a power density of 1000 W/m2. The ideal solar cells have 

the same surface area as 1 cm2.  

Wavelength-based Efficiency 

Fig. 4.1 (a) 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 wavelength increase. The increase in efficiency with the 

wavelength reflects the increasing number of photons available for absorption as the 

wavelength approaches the bandgap, where the maximum efficiency is obtained at 

the bandgap wavelength. The sharp drop in efficiency beyond the bandgap 

wavelengths corresponds to their inability to absorb lower-energy photons. This 

pro ides  aluable insights into each material’s spectral sensiti ity  Ga s solar cell 

demonstrates a steeper rise in efficiency in the visible spectrum due to its optimal 

and direct bandgap nature, which allows it to absorb and convert visible light more 

efficiently compared to Si and Ge cells. 

Fig. 4.1 (b) shows the wavelength-based efficiency of Si, GaAs, and Ge solar 

cells at realistic operating conditions, which peak at a wavelength below the 

bandgap, and then decreases toward zero near the bandgap. This is attributed to the 

practical limitations of real solar cells, such as recombination, non-radiative losses, 

and inefficient absorption. Only photons with energy equal to or just above the 

bandgap contribute efficiently to electron-hole pair generation, while photons with 

much higher energy led to thermal losses, and those with lower energy are not 

absorbed. The GaAs cell exhibits a maximum efficiency within the visible spectrum 

of 800 - 870 nm, making it preferable for space or satellite systems, concentrated 

systems, and specialized terrestrial uses. The Si cell peaks slightly later around 950 

- 1100 nm with a lower peak efficiency due to its indirect bandgap and keeps a 

moderate efficiency across a broader spectrum range, making it the dominant 

technology for residential, commercial, and terrestrial installations. As the Ge 

exhibits the broadest response 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.  
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   (a)                                                                                                 (b) 

Fig. 4.1 Wavelength-based efficiency of a) ideal and b) real Si, GaAs, and Ge real cells. 

Wavelength-dependent real Output Power 

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 wavelength-based efficiency (as 

depicted in Fig. 4.1) by the solar spectra. The calculations are tailored to the specific 

bandgap of each solar cell. Fig. 4.2 shows the real wavelength-dependent output 

power of the ideal and real solar cells for different solar spectra.   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. 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.  
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Concept Validation 

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 (40 mW and 32.9 mW), (39 mW and 32.7 mW), and (29 mW and 22 mW), 

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 3.4285 W, 27.3 mW, and 66.585 

μW, respecti ely  Then the power con ersion efficiency of the ideal and real solar 

cells under the different solar spectra is evaluated and compared to the Shockley–

Queisser limit and their respective datasheet values as seen in Table 4.1. 

Table 4.1 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  𝟐𝟗. 𝟔𝟒𝟒 𝟐𝟗. 𝟗𝟗𝟎  𝟑𝟐. 𝟗𝟔𝟑  𝟑𝟑. 𝟎𝟓𝟎  𝟐𝟐. 𝟒𝟏  𝟐𝟐. 𝟓𝟓 

GaAs 𝟐𝟗. 𝟓𝟎𝟎 𝟐𝟗. 𝟖𝟓𝟎  𝟑𝟐. 𝟕𝟒𝟏  𝟑𝟐. 𝟗𝟐𝟎  𝟐𝟕. 𝟓𝟕 𝟐𝟕. 𝟔𝟎 

Ge 𝟐𝟏. 𝟖𝟓𝟗 𝟐𝟏. 𝟗𝟏𝟎  𝟐𝟐. 𝟓𝟓𝟕  𝟐𝟐. 𝟔𝟔𝟖  𝟐. 𝟒𝟔𝟎 𝟐. 𝟔𝟑𝟎 

 

My contributions are summarized as follows 

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 adjusting 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). 

Related Publications: The thesis's main concept has been published in [j1] 
and [C5]. 
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4.2 Thesis group 2: Thermal-Electrical Model of Photovoltaic-Thermoelectric 

Generator Systems 

Standalone PV Cell 

Fig. 4.3 (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 (𝑄𝑂𝑝𝑡,𝑃𝑉), which is 10 % of 𝑃𝑖𝑛,𝑃𝑉,𝑆𝐴 according 

to the  alue of the    cell’s absorpti ity  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 losses. Consequently, this 

sustains increasing output power of the standalone PV cell with the increase in the 

light intensity. Due to elevated temperatures, the rate of increase of the output power 

is already impeded, and the fraction of thermal losses is increased, leading to a 

decrease in electric efficiency. Fig. 4.3 (b) illustrates that the PV efficiency 

diminishes with the increase of the light intensity. Therefore, operating the PV cell 

in such operational conditions suppresses the advantage of light concentration, 

indicating how the    cell’s temperature coefficient parameters are important  

PV Cell - Stacked Vs. Parallel Configurations  

Fig 4.4 (a) depicts that the output power of the PV cell in both configurations 

increases with the increase of the light concentration level. This is mainly a result of 

the increase in current (see dissertation), however, it is somewhat counteracted by 

the decrease in both the 𝑉𝑂𝐶  and 𝐹𝐹 of the PV cell. At each light concentration level, 

while the PV cell in the stacked configuration receives higher solar power input, its 

output power is lower as it exhibits higher temperature and thermal losses. This has 

a detrimental impact on the output power despite the increase of 𝐼𝑆𝐶, particularly 

noticeable at higher light concentration levels. Fig. 4.4 (b) shows the PCE of the PV 

cell in both configurations, which decreases with the increase of the light 

concentration le el  That is, the    cell’s high temperature in both configurations 

negatively affects its power output. Moreover, at each concentration level, the 

efficiency of the PV cell in the parallel configuration is higher than that in the stacked 

configuration. By comparing Fig. 4.3 (b) and Fig. 4.4 (b), the PCE of the PV cell in 

the stacked configuration is lower than in the case of the standalone PV cell due to 

the thermal resistance of the thermally coupled TEG. On the other hand, splitting the 

spectrum in a parallel configuration overcomes even the negative effects of the high 

temperature of the standalone PV cell, since input power is decreased in comparison 

to the standalone PV cell.   
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TEG Subsystem - Stacked Vs. Parallel Configurations  

The ratio of the removed-to-absorbed heat of the TEG unit (𝑄𝐶/𝑄𝐻) serves as an 

indicator of how different configurations affect its performance. The ratio of the 

TEG unit in the stacked and parallel configurations decreases to 92.6 % and 91.4 % 

demonstrating that the output power of the TEG unit in both configurations increases 

with the increase of light concentration levels as seen in Fig. 4.5 (a). Accordingly, 

the TEG efficiency is up to 7.3 % and 8.5 % at 𝐶𝑔,𝑃𝑉  = 5 and 𝐶𝑔,𝑇𝐸𝐺  = 306, 

respectively, as seen in Fig. 4.5 (b). However, relative to the total input power 

density of 997.5 W/m2, its contribution to the overall efficiencies of the stacked and 

parallel configurations reaches up to 0.9044 % and 1.399 % at 𝐶𝑔,𝑃𝑉  = 5 and 𝐶𝑔,𝑇𝐸𝐺  

= 306, respectively. In addition, at each concentration ratio, the TEG unit in the 

stacked configuration exhibits a higher 𝑄𝐶/𝑄𝐻 ratio than that in the parallel 

configuration, resulting in a lower output power, as seen in Fig. 4.5 (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 stacked configuration, as seen in Fig. 4.5 (b).  

Hybrid PV-TEG system - Stacked Vs. Parallel Configurations 

Fig. 4.4 (a) shows that the high junction temperature in the stacked configuration 

decreases the output power of the PV cell, even compared to the standalone PV cell. 

Meanwhile, Fig 4.5 (a) indicates that the TEG unit fails to compensate for the 

decrease in the   ’s cell output power, primarily due to the low conducted input 

power to the TEG unit. On the other hand, splitting the spectrum in the parallel 

configuration enables the PV cell to operate at a lower temperature, resulting in a 

slightly higher output power of the PV cell than that in the stacked configuration, 

and gets more significant at a higher light concentration level. At the same time, the 

TEG unit has much more transferred input power than that in the stacked 

configuration, which results in much higher output power, especially at higher light 

concentration levels. This leads to a higher overall output power of the parallel 

configuration than the stacked configuration, and it gets more significant at higher 

light concentration levels, as seen in Fig. 4.6 (a). At each concentration ratio, the 

parallel configuration has higher overall efficiency than the stacked configuration 

and becomes more significant at higher concentration levels, as seen in Fig. 4.6 (b). 

In addition, it demonstrates that the overall efficiency of the stacked configuration 

is less than the standalone PV cell. While the parallel configuration has an advantage 

over the standalone PV cell. The overall output power and efficiency of both 

configurations at the different light concentration levels are tabulated in Table 4.3. 

    



New Scientific Results 

21 
 

    

1 2 3 4 5
0

2

4

6

8

10

12

O
u

tp
u

t 
P

ow
er

 (
W

)

(a)

1 2 3 4 5
0

5

10

15

20

25

E
ff

ic
ie

n
cy

 (
%

)

(b)

Concentration Ratio                     

1 2 3 4 5
0

3

6

9

12

15

O
u

tp
u

t 
P

o
w

e
r
 (

W
)

(a)

 ST

 PL

1 2 3 4 5
12

15

18

21

E
ff

ic
ie

n
c
y

 (
%

)

(b)

Concentration Ratio  
  

 

           

   1    61.2    2   122.4    3   183.6    4   244.8    5   306
0.0

0.4

0.8

1.2

O
u

tp
u

t 
P

o
w

e
r
 (

W
)

(a)

 ST

 PL

   1    61.2    2   122.4    3   183.6    4   244.8    5   306
0.0

0.4

0.8

1.2

1.6

E
ff

ic
ie

n
c
y

 (
%

)

(b)

Concentration Ratio                      

       1        1      1&61.2       2        2      2&122.4       3        3      3&183.6       4        4      4&244.8       5        5      5&306
0

5

10

15

O
v
e
r
a

ll
 O

u
tp

u
t 

P
o
w

e
r
 (

W
)

(a)

 SA

 ST

 PL

       1        1      1&61.2       2        2      2&122.4       3        3      3&183.6       4        4      4&244.8       5        5      5&306
12

14

16

18

20

22

Concentration Ratio

O
v
e
r
a

ll
 E

ff
ic

ie
n

c
y

 (
%

)

(b)

 

 

 

Table 4.3 The overall efficiency of the stacked and parallel hybrid systems. 

Output Power [W] 
𝑪𝒈,𝑷𝑽 

1 2 3 4 5 

𝑷𝑷𝑽,𝑺𝑨 3.0747 5.8609 8.1330 9.9020 11.205 

𝑷𝑷𝑽−𝑻𝑬𝑮,𝑺𝑻  3.0042 5.6116 7.6371 9.120 10.121 

𝑷𝑷𝑽−𝑻𝑬𝑮,𝑷𝑳 3.0905 6.1622 8.9408 11.384 13.489 

Efficiency [%] 
𝑪𝒈,𝑷𝑽  &  𝑪𝒈,𝑻𝑬𝑮 

1 & 61.2 2 &122.4 3 &183.6 4 & 244.8 5 & 306 

𝜼𝑷𝑽,𝑺𝑨 21.207 20.212 18.699 17.074 15.456 

𝜼𝑷𝑽−𝑻𝑬𝑮,𝑺𝑻  20.720 19.352 17.558 15.725 13.962 

𝜼𝑷𝑽−𝑻𝑬𝑮,𝑷𝑳 21.315 21.251 20.555 19.630 18.607 

Fig. 4.3 a) Output power and b) PCE of the 

standalone PV cell for different light 

concentration levels. 

 

Fig. 4.4 a) Output power and b) PCE of the PV 

cell in both configurations for different light 

concentration levels. 

 

Fig. 4.5 a) Output power and b) ECE of the TEG 

unit in both configurations for different light 

concentration levels. 

 

Fig. 4.6 Overall, a) output power and b) 

efficiency of the standalone PV cell and stacked 

and parallel configurations. 



New Scientific Results 

22 
 

My contributions are summarized as follows 

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 𝐶𝑔,𝑃𝑉 = 5 and enables a higher heat transferred to the TEG unit up 

to 19.6%. 

2.2 I have demonstrated that at  𝐶𝑔,𝑃𝑉 = 5 & 𝐶𝑔,𝑇𝐸𝐺 = 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 cell (92.5% of the 

yield) than the power generated by the TEG (7.5% of the yield). 

 

Related Publications: The thesis's main concept has been published in [j2]. 
Some modeling concepts of the presented model have been published in 
[C1], [C3], and [C4]. 
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4.3 Thesis 3: Key Parameters Investigation and Optimization of the Hybrid 

PV-TEG Systems 

Voltage Temperature Coefficient 

Fig. 4.7 illustrates that at 10 % lower voltage temperature coefficient; the overall 

efficiency of both configurations increases with the increase of concentration levels. 

A lower voltage temperature coefficient results in a slightly reduced temperature of 

the PV cell in both configurations. The effect is subtle at lower concentrations and 

becomes more notable at higher concentration levels. Consequently, an improved 

PCE of the PV cell in both configurations is obtained compared to the standard case 

(at nominal parameters) and becomes more notable at higher concentration levels. 

At each concentration le el, the decrease in the    cell’s temperature is more 

pronounced in the stacked configuration than in the parallel configuration. As a 

result, the increase in the PCE of the PV cell in the stacked configuration is higher.  

On the other hand, thermal coupling between the PV cell and the TEG unit in 

the stacked configuration leads to a change in the performance of the TEG unit. At 

a lower voltage temperature coefficient value, the ECE of the TEG in the stacked 

configuration decreases due to the decrease in the junction point temperature. 

However, this decrease is relatively small compared to the increase in the PCE of 

the PV cell, e.g., the ECE of the TEG unit only decreases by 0.024 % against an 

increase of 1.5 % in the PV cell efficiency at Cg,PV = 5. 
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Fig. 4.7 The overall efficiency of both configurations for different voltage temperature 

coefficients. 
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Geometric Dimension of TEG Legs 

In the parallel configuration, longer legs contribute to raising the temperature of 

the hot side, which increases the ECE of the TEG unit, and gets more significant at 

higher concentration levels. In contrast, shorter legs reduce the thermal resistance 

that allows for more heat to flow, resulting in lower temperature gradient and 

efficiency. The case is different in the stacked configuration, in that the longer legs 

increase the    cell’s temperature and thus decrease the    cell’s PCE. In addition, 

this leads to higher QLosses,PV, which reduces the power conducted to the TEG unit, 

resulting in a decrease in efficiency. Consequently, decreasing the length of the 

TEG’s legs in the stacked configuration limits these constraints, resulting in higher 

ECE of the TEG. (See dissertation)  

On the other hand, in the stacked configuration, the TEG acts as a heat sink for 

the PV cell, where a 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 side 

has a higher temperature. 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. (See dissertation)   

Fig. 4.8 depicts the o erall efficiencies of both configurations with TEG legs’ 

dimensions of 6.3×11×11 mm3 and 7.7×9×9 mm3. It 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. 4.8 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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Material Properties of TEG Unit 

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, leading to an increase in the PCE 

of the    cell   n addition, increasing the electrical conducti ity of the TEG’s 

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    cell’s efficiency   ltimately, 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 

efficiency.(See dissertation)  

On the other hand, an improved Seebeck coefficient or electrical conductivity or 

a reduced thermal conductivity increases the ECE of the TEG unit in both 

configurations. 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, the thermal 

conductivity has the highest influence, followed by the Seebeck coefficient (See the 

dissertation).  As a result, a higher Seebeck coefficient or electrical conductivity 

increases the overall efficiency of the stacked configuration, while reduced thermal 

conductivity makes it lower. However, the parallel configuration delivers higher 

overall efficiency for the reduced thermal conductivity. (See dissertation)  

Fig. 4.9 shows that the overall efficiency of each configuration increases for the 

improved material properties, showing 
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Fig. 4.9 The overall efficiency of both configurations for the different material characteristics of 

the TEG unit. 
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Table 4-4 tabulates the overall efficiency of each configuration at 10% 

improvements in voltage temperature coefficient of the PV cell, geometric 

dimensions of the TEG legs or their material properties. 

Table 4-4 The overall efficiency for the different optimized key parameters of both 

configurations. 

Stacked configuration 𝑪𝒈,𝑷𝑽 

1  2 3  4 5 

𝜷 = +10% 21.074 20.032 18.535 16.969 15.439 
𝑫𝒏,𝒑 = (-10 %) × (+10 %) × (+10 %) 21.018 19.866 18.230 16.509 14.823 

𝑺𝒏,𝒑 = + 10%, 𝝈𝒏,𝒑 = + 10% and 𝒌𝒏,𝒑 = - 

10% 
20.832 19.554 17.834 16.062 14.348 

Parallel configuration 
𝑪𝒈,𝑷𝑽  &  𝑪𝒈,𝑻𝑬𝑮 

1 & 61.20 
2 & 

122.4 

3 & 

183.6 

4 & 

244.8 

5 & 

306.0 

𝜷 = +10% 21.518 21.653 21.156 20.426 19.591 
𝑫𝒏,𝒑 = (+10 %) × (-10 %) × (-10 %) 21.417 21.425 20.781 19.893 18.897 

𝑺𝒏,𝒑 = + 10%, 𝝈𝒏,𝒑 = + 10% and 𝒌𝒏,𝒑 = - 

10% 
21.410 21.412 20.765 19.876 18.881 

Key Parameters Optimization 

The simulation was carried out for 12.5 % and 15 % enhancement of the key 

parameters, and the results are compared to the case of 10 % enhancement and the 

standard case.  

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 Cg,PV  = 5 and 15 % enhancement, the PCE 

of the PV cell in the stacked configuration increased by 37.3% while it is just 8.5 % 

rise in the case of the parallel configuration, relative to the standard case. (See 

dissertation)  

On the other hand, the increase in ECE of the TEG unit is more pronounced in 

the parallel configuration than in the stacked configuration, due to the advantage of 

thermal decoupling.  For example, at Cg,PV = 5 and  Cg,TEG  = 306, and 15 % 

enhancement, the ECE of the TEG unit in the stacked and parallel configurations 

increased by 40 % and 66.7 %, 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. (See dissertation)  
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As a result, Fig. 4.10 shows that the overall efficiency of the stacked 

configuration at Cg,PV = 1 is higher than that of the parallel configuration. Otherwise, 

the parallel configuration is higher. In addition, the increase in the overall efficiency 

of the stacked configuration is higher than that of the parallel efficiency, compared 

to the standard case. This demonstrates that the PV cell contributes more 

significantly to the overall efficiency than the TEG unit for the optimized 

parameters. Moreover, the optimized key parameters have improved the stacked 

configuration to be a promising solution compared to the standalone PV cell. 

ST PL ST PL ST PL ST PL ST PL

1 1&61.2 2 2&122.4 3 3&183.6 4 4&244.8 5 5&306

17

19

21

23

O
v

er
a

ll
 E

ff
ic

ie
n

cy
 (

%
)

Concentratio Ratio

Stacked   Parallel

  10%

       12.5%

      15 %

 

Fig. 4.10 The overall efficiency of both configurations for the 10%, 12.5%, and 15% 

enhancements. 

Table 4-5 tabulates the overall efficiency of each configuration at 10%, 12.5% 

and 15% improvements of voltage temperature coefficient of the PV cell, geometric 

dimensions of the TEG legs and their material properties. 

Table 4-5 The overall efficiency for the 10 %, 12.5 % and 15 % optimization of both 

configurations. 

Stacked configuration 
𝑪𝒈,𝑷𝑽 

1 2 3 4 5 

Standard 20.720 19.352 17.558 15.725 13.962 
10%  21.869 21.448 20.443 19.262 18.030 

12.5 % 22.012 21.718 20.827 19.748 18.607 
15% 22.157 21.990 21.214 20.239 19.191 

Parallel configuration 
𝑪𝒈,𝑷𝑽  &  𝑪𝒈,𝑻𝑬𝑮 

1 & 61.20 2 & 122.4 3 & 183.6 4 & 244.8 5 & 306 

Standard 21.315 21.251 20.555 19.630 18.607 
10%  21.740 22.024 21.633 20.978 20.199 

12.5 % 21.856 22.231 21.914 21.324 20.602 
15% 21.978 22.442 22.199 21.673 21.007 
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My contributions are summarized as follows 

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 𝐶𝑔,𝑃𝑉 = 5 & 𝐶𝑔,𝑇𝐸𝐺  = 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 𝐶𝑔,𝑃𝑉 = 5 & 𝐶𝑔,𝑇𝐸𝐺 = 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. 
 

Related Publications: The thesis's main concept has been published in [j2].  
Some optimization concepts of the presented model have been published in 
[C2].  
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4.4 Thesis 4: Spectrum Splitting-Based Hybrid PV-TEG Parallel 

Configuration 

Two-Split spectrum Hybrid Parallel Configuration 

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 within-bandgap spectrum of the range 350 nm – 1100 nm is 

transferred to the PV cell, while the post-bandgap spectrum of the 1100 nm- 4000 nm 

range is directed to the TEG device. Fig. 4.12 shows the efficiency of the full spectrum 

illuminated standalone PV cell versus the efficiency of the hybrid system at different 

light concentration levels. At a light concentration level of 5 suns, the PV cell 

efficiency decreases to about 16.565 % and the hybrid system’s efficiency is        

%.  

 

Fig. 4.12 Efficiency of a standalone PV cell against the hybrid system of the two-split spectrum. 

Proposed Spectrum Splitting 

As a next step, the possibility of splitting the within-bandgap spectrum was 

investigated, with the configurations shown in Fig. 3.6. Geometrical concentration 

ratios of 1 and 51 suns are used for the PV cell and TEG device, respectively. The 

PV cell temperature decreases as the spectrum range transferred to the PV device is 

narrowed. Also, 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 20.569 % at the spectrum partition of 350 – 1100 

nm. 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. 4.13 shows the overall efficiency of the 

hybrid PV-TEG system of the fifteen configurations. Overall efficiency decreases as 
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the configuration goes from 1 to 15, e. g. more and more spectral components are 

directed to the TEG. The maximum overall efficiency is about 20.777 % at 

configuration 1, where the spectrum partitions of 350 – 1100 nm and 1100 – 4000 

nm 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 the dissertation. 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. 

Therefore, even though the solar cell temperature decreases, it cannot compensate 

for the low PCE that is characteristic of TEG devices. However, 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. The PV-TEG system of configuration 1 has the highest overall efficiency, 

slightly higher than for a standalone PV cell. The PV cell temperature increases for 

each spectrum partition as the    cell’s concentration ratio increases from 2 to   

suns. However, it can be seen that with increasing concentration levels, the 

temperature reduction effect of the splitting becomes more definite.  

Proposed Spectrum Splitting at Higher Concentration 

At 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 600 nm) 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 o er the light concentration’s positi e 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. Compared with the efficiencies of the standalone PV 

cell, in the case of 5 suns, the efficiency increases from 16.57 % to 18.509 %, albeit 

reducing the spectrum transferred to the PV cell by 50 nm (the 350-400 spectral 

range being redirected to the TEG). 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 2, 3, and 4 suns were 

found to be at configuration 2. Whereas at 5 suns, configuration 4 showed the highest 

output, indicating a shift towards higher wavelengths in the optimal splitting 

wavelength with increasing concentration level (see Fig. 4.13 (a)). Comparing Figs. 
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4.13 (b) and 4.12 show that the proposed spectrum splitting principle demonstrates 

higher overall efficiency than that of the standalone PV cell, as summarized in Fig. 

4.14.  At higher concentrations, the hybrid system figures out more than a 

configuration that has higher efficiency than the standalone PV cell at the 

corresponding    cell’s concentration le el   or e ample, at 𝐶𝑔,𝑃𝑉 = 5 suns and 

𝐶𝑔,𝑇𝐸𝐺  = 255 suns, the first nine configurations have higher efficiencies with the 

fourth configuration being the maximum, than that of the standalone PV cell at 𝐶𝑔,𝑃𝑉  

= 5 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 (𝐶𝑔,𝑃𝑉  = 1 & 𝐶𝑔,𝑇𝐸𝐺  = 51) to 

(𝐶𝑔,𝑃𝑉  = 4 & 𝐶𝑔,𝑇𝐸𝐺  = 204) suns, the first 5, 6, 7, and 8 configurations, respectively, 

have a higher efficiency than that of the standalone PV cell at a concentration ratio 

of 𝐶𝑔,𝑃𝑉  = 5 suns. 

 
 

 
 

Fig. 4.13 Overall efficiency of the parallel hybrid system with (a) no concentration, and (b) 

concentration, for the 15 configurations. 

(a) 

(b) 
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Fig. 4.14 Performance of the hybrid system against the standalone PV cell. 

My contributions are summarized as follows 

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 𝐶𝑔,𝑃𝑉 =  1 & 𝐶𝑔,𝑇𝐸𝐺  =  51, and at  wavelength of 500 nm for 

𝐶𝑔,𝑃𝑉  =  5 & 𝐶𝑔,𝑇𝐸𝐺  =  255. 

4.2 I have found that the optimum overall efficiency among the investigated light 

concentration levels is achieved at 𝐶𝑔,𝑃𝑉 =  2 & 𝐶𝑔,𝑇𝐸𝐺  =  102, 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 𝐶𝑔,𝑃𝑉 =  2 & 𝐶𝑔,𝑇𝐸𝐺  =  102, the cutoff wavelength is 450 nm (first three 

configurations), while at 𝐶𝑔,𝑃𝑉 =  5 & 𝐶𝑔,𝑇𝐸𝐺  =  255, it reaches 750 nm (first 

nine configurations). 
 

Related Publications: The thesis’s main concept has been published in [j3]. Some 
modeling concepts of the presented model have been published in [C3].  
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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 with at least 50% contribution of the author:           12 

Number of peer-reviewed publications:       12 

Number of independent citations:        28  
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