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Abstract 

Solar Thermoelectric (TE) uses thermoelectric modules to absorb radiative energy given off by 

the sun and convert it into electricity. While its main competition, photovoltaic panels boast an 

efficiency of around 20%, solar TE panel can only muster around 5-7 % efficiency. This reason 

along with high material and manufacturing cost has been the cause as to why solar TE has not 

been extensively explored as an alternative solar energy harvester so far. However, due to the 

increasing effects of global warming, alternative sources of harnessing energy such as solar TE 

have been more closely researched. In the past decades, scientists have synthesized new TE 

materials that have shown great promise in increasing efficiency and power output, surpassing 

even the properties of Bismuth Telluride-based alloys, which have been widely used for low-

temperature TE applications due to having one of the best efficiencies and power output 

available in the temperature range. 

This new materials discovery promises a great new technological innovation for the field of 

thermoelectric for years to come, but there are not many tools currently available that can 

simulate the effect of harnessing solar radiation using these materials.  

The Concentrating Solar Thermoelectric Generator Tool developed in the work takes advantage 

of the ever-developing world of thermoelectric materials by inputting users’ newly developed or 

already known thermoelectric properties into the simulation. By using the users’ own data, a 

power output and efficiency can be presented with varying independent variables: the cross-

sectional area and thickness of the TE element, solar concentration, and fractional coverage 

while also taken into consideration the optical parameters and emissivity of the grey surfaces and 

heat transfer, amongst other data for an ideal optimization of solar TE design. 
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This tool is intended to bridge the gap between the theoretical and experimental by introducing a 

way that scientists and researchers can simulate known and theoretical materials. We find that 

the result adequately depicts power output and efficiency in neat and accurate plots with respect 

to their independent variable. We describe the methodology for the solar TE design optimization 

in terms of system efficiency and cost. For the latter, we show that strategically reducing the 

fractional coverage and thickness of TE elements by similar factors can keep the thermal load 

matching condition satisfied for system efficiency, while significantly reducing the material cost 

to ultimately achieve a much-reduced cost per power of $0.07/Watt.    

 

The link for the solar TE tool can be found at: https://nanohub.org/tools/solarte 
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1. Introduction 

 

1.1 Solar Technologies 

 

Figure 1: U.S. Energy Consumption 2019 [1] 

According to the U.S. Energy Information Administration data, in 2019, 11% of energy the U.S. 

consumes come from renewable energy such as wind and solar, while the majority of our energy 

need comes from nonrenewable energy such as coal and natural gas. Nonrenewable energy, by 

definition, will eventually be depleted [2]; due to this as well as the huge problem of contributing 

to the effect of global warming, the world needs to make an urgent priority towards the research 

and development of other forms of renewable energy. One of the solutions is the harvesting of 

solar energy. 

Every hour, the Earth is bombarded with 173,000 TW of solar energy by sunlight, this is more 

than the total energy the world consumes in a single year [3]. However, only 9% of renewable 

energy is solar energy, the majority of which is collected by conventional photovoltaic (PV) 

solar panels.    
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PV panels works by using N and P type Silicon joined together to form a p-n junction and create 

an electric field. As the p-n junction absorbs sunlight, the electrons in the N type moved to the P 

type while the holes in the P type moved to the N type, creating an electric current [4].  

 

Figure 2: Photovoltaic Effect [5] 

Solar TE, which are not yet offered for public purchase, uses the heat from sunlight to generate 

electricity and is another possible solution to harness this free energy. Solar TE uses the 

temperature difference between the top and bottom Thermoelectric Generator (TEG) plate to 

create a current. A schematic of a TEG is shown in the Figure 3 below. 

 

Figure 3: TEG Schematic [6] 

Examples of TEG includes catalytic converters found in vehicle that are used to convert waste 

and toxic heat into energy as well as Radioisotope Thermoelectric Generator (RTG) used in the 

early 1960s by NASA’s spacecrafts: Voyager I and Voyager II. 
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While the power generation in Solar TEG are not as substantial as compared to conventional 

photovoltaic cells, their reliability and low form factor are a few advantages that many 

researchers point to as evidence for further research in this field as well as substantial material 

development in past decades that points to continued improvement in power and efficiency that 

could someday rival PV solar panels. 

This thesis introduces a tool that simulate the output of a Solar Thermoelectric (solar TE) 

generator by converting a heat source in the form of sunlight into electricity utilizing the Seebeck 

effect and Peltier effect while also accounting for basic heat transfer mechanisms such as 

radiation, convection, and conduction. 

 

1.2 Motivation  

While much research and studies have been put into understand how better harness the power of 

the sun through the use of PV solar panels, solar TE have never received the same treatment due 

to its lack of efficiency and high cost compared to conventional PV.  

However, recent advances in thermoelectric material have given hope to bridge the efficiency 

gap between solarte and PV with materials such as hole-doped Na0.03Sn0.965Se, which have been 

shown in lab to output a ZT, the figure of merit that determines the maximum energy conversion 

at a given temperature, of 3.1 at 783oK [7] and p-type PbTe have been shown to have a ZT of 

around 2.0 [8] compared to Bismuth Telluride’s ZT of around 1 which have been used since the 

early 1960s. 
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The solar TE simulation tool presented in this thesis offer scientists a quick and easy way to test 

out newly developed and theoretical temperature dependent TE materials for better 

understanding and for comparison against conventional PV solar panels. 

 

2. Background 

 

2.1 Seebeck Effect 

The Seebeck effect, which maybe refer to as Thermoelectric effect is described as the conversion 

of temperature difference into electricity and can be best described by  

𝑆 =
𝑉

𝛥𝑇
 =  

𝐸

∇T
 (1) 

 

Where S is the Seebeck coefficient, which is the measure of a material’s ability to transform heat 

into electricity, V is the electrical voltage, and 𝛥𝑇 is the temperature difference between the hot 

side and cold side of a thermocouple and ∇T is the temperature gradient and is described as 

∇T =  
𝛥T

𝐿
 (2) 
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Figure 4: Seebeck Effect on Module [9] 

When heat is applied, for P-type materials, holes accumulate at the cold side while electrons 

migrate to the hot side, creating an electric field and voltage is generated from the cold side to 

the hot side. 

 

2.2 Peltier Effect 

Peltier effect occurs when a current is passed through two dissimilar Seebeck coefficients. As a 

result, heat is generated on one side while a cooling effect occurs on the other side, an example is 

shown in the figure below. 
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Figure 5: Peltier Effect Example [9] 

As current is passing from a lower Seebeck to a higher Seebeck material, more energy in the 

form of heat needs to be absorbed from the environment thereby cooling down the environment 

while compensating for the potential energy difference. 

 

Figure 6: Peltier Module [9] 

In a single leg TEG module, the voltage that are generated from an individual TE element are 

often very small to do any useful work. To solve that problem, the TE elements are often 
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connected (in a π-shaped) to each other with alternating n-type and p-type TE material in a series 

with heat absorbing material on both sides to maximize efficiency. 

 

Figure 7: TEG Module in Series (π-module) [10] 

 

2.3 Thermoelectric 

 

2.3.1 Single Leg Thermoelectric Generator 

 

Figure 8: Single-Leg TEG with Connected Load [9] 

In a single-leg TEG with a load connected, the open circuit and load voltage is calculated as 
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𝑉𝑂𝐶 =  𝑆(𝑇𝐻 − 𝑇𝐶) (3) 

 

𝑉𝐿 = 𝑉𝑂𝐶
𝑅𝐿

𝑅𝐿+𝑅𝑖
 (4) 

with Ri being the internal resistance of the TE material and circuit. 

 

Figure 9: Single-Leg Equivalent Electrical Circuit [9] 

The current is calculated as 

I =  
VOC

RL+Ri
 (5) 

 

Figure 10: Single-leg Thermal Analysis [9] 
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Calculating Thermal Analysis with  

𝑄𝐻 = 𝑄𝑃𝑒𝑙𝑡𝑖𝑒𝑟,𝐻 − 𝑄𝐽𝑜𝑢𝑙𝑒 − 𝑄𝐶𝑜𝑛𝑑 (6) 

𝑄𝐶 = 𝑄𝑃𝑒𝑙𝑡𝑖𝑒𝑟,𝐶 + 𝑄𝐽𝑜𝑢𝑙𝑒 + 𝑄𝐶𝑜𝑛𝑑 (7) 

 

With  

𝑄𝑃𝑒𝑙𝑡𝑖𝑒𝑟,𝐻 = 𝑆𝑇𝐻𝐼 (8) 

𝑄𝑃𝑒𝑙𝑡𝑖𝑒𝑟,𝐶 = 𝑆𝑇𝐶𝐼 (9) 

𝑄𝐽𝑜𝑢𝑙𝑒 =
1

2
𝐼2 ∗ 𝑅 (10) 

𝑄𝐶𝑜𝑛𝑑 = 𝐾 𝛥T (11) 

Where K is the thermal conductance that is a temperature dependent intrinsic value of each 

material.  

Efficiency is the measure of how competent a system is able to do its job with as little input as 

possible while maximizing the output. In Thermoelectric, efficiency is the ratio of how much 

power is generated to the rate of heat input. For single leg TEG, their values can be calculated as 

𝜂 =  
𝑊

𝑄𝐻
 =  

𝑃𝑂𝑢𝑡

𝑄𝐻
 (12) 

where  

𝑊 =  𝐼2 ∗ 𝑅𝐿 (13) 

which can also be written as 
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𝑃𝑜𝑢𝑡  =  
𝑅𝐿 ∗ 𝑆2 ∗ (𝛥T)2

(𝑅𝐿  +  𝑅)2
 (14) 

To maximize power output and efficiency of single leg TEG, Pout and η  can be differentiated to 

get 

𝑃𝑂𝑢𝑡,𝑚𝑎𝑥  =  
𝑆2 ∗ (𝛥T)2

4 ∗ 𝑅
 (15) 

with load matching, when R = RL 

and  

𝑍𝑇 =  
𝑆2 ∗ σ

κ
𝑇 (16) 

ZT is the thermoelectric figure of merit. It is used in the world of thermoelectric to determine the 

maximum efficiency of a TE material.  

 

2.3.2 Coupled-Leg Thermoelectric Generator 

 

Coupled-leg TEG applied the same concept found in single-leg TEG and expands on to include 

both n-type and p-type TE material. 



11 
 

 

Figure 11: Coupled-Leg TE Circuit [9] 

 

Figure 12: Coupled-Leg TEG [9] 

The heat input can be calculated as 

𝑄𝐻 = 𝑄𝐻,𝑝 + 𝑄𝐻,𝑛 =  𝑆𝑇𝐻𝐼 −
1

2
∗ 𝐼2𝑅 + 𝐾𝛥T (17) 

where the heat input on the p-type is  

𝑄𝐻,𝑝  =  𝑆𝑝𝑇𝐻𝐼 −
1

2
∗ 𝐼2𝑅𝑝 + 𝐾𝑝𝛥T (18) 

and the heat input on the n-type side is 
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𝑄𝐻,𝑛  =  −𝑆𝑛𝑇𝐻𝐼 −
1

2
∗ 𝐼2𝑅𝑛 + 𝐾𝑛𝛥T (19) 

 

where 

  S = Sp + Sn (20) 

    R = Rp + Rn (21) 

     K = Kp + Kn  (22) 

 

and like single-leg, power output can be similarly calculated with equation 14 with R and S 

values calculated in equation 20, 21, and 22. 

Coupled leg TEG efficiency is similarly calculated using equations 12, 14, and 15. 

 

2.4 Heat Transfer 

Heat transfer is the flow of heat from hot objects to cold object when there is a temperature 

difference between the two [11]. It is extensively used when converting energy from the sun to 

the energy received by the TE module. Heat transfer occurs in three ways: Conduction, 

Convection, and Radiation. All three forms are present in the simulation and will be explained in 

the following sections. 
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Figure 13: Heat Transfer Mechanism [12] 

 

2.4.1 Conduction 

Conduction is the physical transfer of heat of atoms through direct contact with neighboring 

atoms and only occur between solid materials [12]. When exposed to energy (often in the form 

of increased temperature) the atoms within the particles become excited and starts vibrating, 

creating kinetic energy. This energy, in turns causes the surrounding particles to heat up.  

 

Figure 14: Conduction Example [9] 
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2.4.2 Convection 

Convection occurs in liquid and gas phases. It describes the motion of fluid when energy is 

added to the system. As energy is added, the hot fluid will rise to the top while the cold fluid 

sinks to the bottom. The cycle continues until the energy added is depleted [9][13] 

 

Figure 15: Convection Example [9] 

Two forms of convection are studied: Natural and Forced Convection. Natural convection occurs 

when there are no external forces acting on the fluid and when there is difference in temperature. 

An example of which can be found when boiling water. As the temperature increases at the 

bottom of the pot, the hotter part of the fluid becomes less dense and rises due to buoyancy while 

the cooler and denser fluid to descend, thereby, creating a cycle [9] [13].  

Forced convection occurs when an external force is used to create the convection, such as a 

pump or a fan. One example of this is an air conditioning unit found inside a home. The data for 

convective heat transfer coefficient can be found in Table 1 below. 
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Table 1: Types of Convective Heat Transfer Coefficient [14] 

2.4.3 Radiation 

Radiation is the heat transfer between two objects at distance without a medium in between. 

Radiation heat transfer includes all spectrums in the electromagnetic spectrum such as 

ultraviolet, infrared, X-ray and so on as long as there is a temperature difference between the 

objects 9]. Thermal radiation is expressed by the Stefan-Boltzmann Law of Radiation as 

𝑄𝑟 = 𝐴1𝜀1𝜎𝑆𝐵(𝑇1
4 − 𝑇2

4) (23) [9] 

where A1 is the surface area of the object, 𝜀1 is defined as the emissivity which is the energy 

absorption rate with black being 𝜀 = 1 and 𝜀 = 0 for a perfectly reflecting object, 𝜎𝑆𝐵 is the 

Boltzmann constant with the value of 5.67x10-8 W/m2K4, T1 and T2 are the temperature of the 

receiving or emitting object. An example of thermal radiation can be found in Figure 13 above. 



16 
 

Examples of radiation are nuclear and solar energy radiation, both of which are sources of 

renewable energy.  

 

3. Literature Review  

 

3.1 Solar TEG Tool – Segment TEG  

Madkhali and Lee proposed a tool that could achieve an efficiency of 21.6% and a respectable 

power output of 5.7 W for a 9 cm2 absorber area and a solar concentration of 30 suns [15]. The 

simulation operates in ANSYS and is consists of the materials shown below. 

 

Figure 16: TE Design [15] 
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Figure 17: TE Segment prototype [15] 

This tool tried to take advantage of the fact that each temperature dependent TE material is the 

most efficient at certain temperature range i.e., best ZT. In the simulation, the concentration 

focused the sun light on 2 glass panes by radiation and hits the solar absorber where it is then by 

conduction, transfer to the top TE element, Tin Selenide (SnSe) at around 1000o K, which have 

been shown to have a ZT of 2.6 at around 900 – 10000K for N and P-type, before moving down to 

PbTe and BiTe, where each element is efficient at converting heat into electricity and their 

respective temperature range.     

While this is a promising approach to modeling solar TE, scale up production will be a challenge 

for scientists and engineers due to the manufacturing cost that must be taken into consideration. 

The 6 different TE materials, which changes price based on market value everyday as well as the 

cost for the radiation shield and 3 pieces of glass will significantly drive up the $/W for the 

average consumer.  

Also, this simulation does not incorporate temperature dependent TE material. While each 

element is assigned their own TE properties based on a particular temperature that the element 

will exhibit, as heat moves down the TE elements, temperature drops but the original TE 
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properties are still being used for calculation. Incorporating temperature dependent TE properties 

will give the simulation more accuracy in calculating power output and efficiency.  

 

3.2 Solar TEG Tool - Lateral Solar Micro-TEGs 

Unlike the conventional vertically nanostructure oriented, Leon et al in 2012 proposed a 

simulation of solar TEG that utilize a lateral structure using COMSOL [16]. This design still 

takes advantage of the concentrating lens use for focusing the heat influx as well as TE elements. 

In Figure 18a, sunlight is focus on the lens and passed onto the central area of the TEG called the 

membrane. As the heat radiates out towards the outer perimeter, the temperature closer to the 

center will be higher than the ones in the outer perimeter, creating a temperature difference, 

shown in Figure 18b. With a concentrating factor of 900, a max Carnot efficiency of 30% is 

possible, rivalling even those of solar cells. 

 

Figure 18a) Concentrating Solar TEG Proposal b) Heat Transfer Simulation [16] 
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This approach proposed a new and innovate way harness solar energy but requires more data for 

evidence of research such as simulating with different TE materials. 

4. Tool Design  

 

4.1 Theory  
The radiative input is the amount of energy absorb from the sun and is given by 

𝑄rad, in = 𝐺𝐶𝜏𝛼𝐴total(24)  

where G is the amount of solar irradiation falling upon the TE absorber area expressed in W/m2, 

C is the solar concentration which is the ratio of solar concentrator area to the TE absorber area 

which is expressed as suns, 𝜏 is the transmissivity of the concentrator which is the percentage of 

heat the concentrator passed through, 𝛼 is the absorptivity of the solar absorber which is the 

percentage of solar irradiation the TE surface absorbs, and A is the area of the TE absorber plate 

[17]. 

The radiative output is the heat loss that occurs when there is a radiation exchange between the 

plate surface and its surroundings given by the Stefan-Boltzmann Law of Radiation 

𝑄rad,out = 𝜀𝜎𝑆𝐵𝐴total(𝑇top
4 − 𝑇amb

4 ) (25) 

with 𝜀 as the emissivity which is the ratio of the energy being dissipated from the material’s 

surface compared to that of a perfect emitter [18]. 

Convection heat loss also needs to be factored with ℎconv as a constant. 

𝑄conv,out = ℎconv𝐴total(𝑇top − 𝑇amb) (26) [14] [17] 

Total heat input entering the TE element is calculated as 
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𝑄in,total = 𝑄rad,in − 𝑄rad,out − 𝑄conv,out (27) 

 

4.2 Finite Element Method 
 

In this temperature dependent TE tool, the Finite Element Method is used. In this method, n and 

p-type TE element is divided into N equal segments with 𝑆𝑖, 𝜎𝑖, and 𝜅𝑖 being TE properties are 

assigned at the ith segment depending on its temperature shown in Figure 19a. 

 

Figure 19 a) Finite Element Method b) Equivalent Thermal Circuit [17] 

 

This process works by assigning temperature at each node. At node i, an initial guess for the 

temperature is used with appropriate TE properties based on node i-1, the heat balance equations 

are then used to update the temperature profile. Based on the updated temperature profile, 

temperature at node i+1 is then estimated. The process is repeated until all nodes and heat 

equations are calculated. This process is applied to both n and p-type TE material used in the 
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simulation. Once all temperature profiles are determined, Ti  from N and P type are then 

compared until all temperature values converges within an acceptable tolerance.   

The heat equations: Joule heat, Peltier heat, and conduction heat, traveling across each segment 

in Figure 19b is defined respectively in equations below with 𝑅𝑖 = 𝐿𝑇𝐸/(𝜎𝑖𝐴𝑇𝐸𝑁) and                

 𝐾𝑖 = (𝜅𝑖𝐴𝑇𝐸𝑁)/𝐿𝑇𝐸 with 𝐴𝑇𝐸 being the cross sectional area of the TE element. 

 

𝑄𝐽𝑖
=

1

2
𝐼2𝑅𝑖 +

1

2
𝐼2𝑅𝑖+1                            (28) 

𝑄𝑃𝑖
= (𝑆𝑖+1 − 𝑆𝑖 )𝑇𝑖 𝐼                                    (29) 

𝑄𝐾𝑖
= (𝑇𝑖−1 − 𝑇𝑖 )𝐾𝑖                                      (30) 

 

At the i-th node, the heat balance equation is  

𝑄𝐽𝑖
− 𝑄𝑃𝑖

+ 𝑄𝐾𝑖
− 𝑄𝐾𝑖+1

= 0 (31) 

Current is solved using standard Ohm’s Law  

 

Figure 20: Electrical Circuit [9] 
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Internal resistance in series is added with contact resistance along with internal electrical 

resistance gives the total internal resistance as 

𝑅int = ∑(∑ 𝑅𝑖𝑖 + 2Rc+2Rel) (32) 

The open circuit voltage for each segment is calculated based on the Seebeck effect as 

𝑉OC𝑖
= 𝑆𝑖(𝑇𝑖 − 𝑇𝑖−1) (33) 

Total open circuit voltage is obtained by adding all 𝑉OC𝑖
 of the segments of the TE elements 

𝑉OC = ∑ ∑ 𝑉OC,𝑖𝑖  (34) 

Using Ohm’s Law to calculate resulted current 

𝐼 =
𝑉OC

𝑅int+𝑅𝐿
 (35) 

 

At i = 0, with current at 0 and T0 = TH 

𝑄𝐽0
=

1

2
𝐼2𝑅1(36) 

𝑄𝑃0
= 𝑆1𝑇0𝐼 (37) 

 

The Fill Factor, F, is the fractional coverage area by the TE elements over the entire module area 

is described as 

𝐹 =
𝑁TE,pair(𝐴𝑛 + 𝐴𝑝)

𝐴 total
 (38) 

here 𝑁TE,pair is the number of n and p-type TE element pairs, An and Ap is the cross-sectional 

area of the element, and ATotal is the surface area of the TE element. 
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𝑄𝐾1
= (𝑇0 − 𝑇1 )𝐾1 (39) 

𝑄𝐾0
=

1

𝐹
𝐴𝑇𝐸𝜓ℎ(𝑇top − 𝑇0) −

(1 − 𝐹)

𝐹

𝐴𝑇𝐸

𝐿𝑇𝐸
𝑘filler(𝑇0 − 𝑇𝑁) (40) 

 

𝑄𝐾0
 is calculated with the heat transfer coefficient on the top plate and subtracting the heat loss 

due to the kfiller which is the thermal conductivity of the gap between TE elements (usually air = 

0.04 W/mK) to get the total heat input. 

On the bottom side (cold side), similar equations are being calculated. Equations 20 and 21, does 

not have current flow at the very bottom, therefore 

𝑄𝐽𝑁
=

1

2
𝐼2𝑅𝑁(41) 

𝑄𝑃𝑁
= 𝑆𝑁𝑇𝑁𝐼(42) 

with TN = TC. 

𝑄𝐾𝑁+1
 is determined by the heat transfer coefficient at the cold plate 

 

 𝑄𝐾𝑁
= (𝑇𝑁−1 − 𝑇𝑁 )𝐾𝑁 (43) 

𝑄𝐾𝑁+1
= 𝐴𝑇𝐸𝜓𝐶(𝑇𝑁 − 𝑇bot) (44) 

 

Lateral heat flow is added to the 𝑄in,𝑛 equation because n and p-type materials’ temperature 

profiles are obtained separately and have different TE properties, therefore the top side 

temperature of p-type is different from the top side of n-type. However, the hot plate is made of 

thermally conducting material for efficient heat transfer so the temperature on the top side 

quickly stabilizes. Lateral flow is added to compensate for the uneven temperature distribution, 

thus for n-type element 
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𝑄in,𝑛 = 𝑄𝐾0,𝑛 =
1

𝐹
𝐴n𝜓ℎ(𝑇top − 𝑇0) −

(1 − 𝐹)

𝐹

𝐴n

𝐿n
𝑘filler(𝑇0 − 𝑇𝑁) − 𝑄lateral (45) 

and p-type element, by energy conservation  

𝑄in,𝑝 = 𝑄𝐾0,𝑝 =
1

𝐹
𝐴p𝜓ℎ(𝑇top − 𝑇0) −

(1 − 𝐹)

𝐹

𝐴p

𝐿p
𝑘filler(𝑇0 − 𝑇𝑁) + 𝑄lateral (46) 

 

Common equations below are then calculated for plotting. 

𝑉out = 𝐼𝑅𝐿 (47) 

𝑃out = I 𝑉out (48) 

𝑄in,TE = 𝑁TE,pair(𝑄in,𝑛 + 𝑄in,𝑝) (49) 

𝜂𝑇𝐸 =
𝑃out

𝑄in,TE
 (50) 

𝜂 =
𝑃out

𝑄in,system
 (51) 

 

 

4.3 Tool Overview  

The tool proposed in this thesis is divided into 4 parts: Concentrator, Solar Absorber, TE 

Elements, and Heat Sink. 
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Figure 21: SolarTE Model [9] 

4.3.1 Concentrator 

A Fresnel lens is used as the concentrator. A Fresnel lens is different from the conventional lens 

in that it is a flat optical component where the bulk of the material is removed. The surface is 

made mostly of concentric grooves and each groove acts like an individual prism to focus the 

light. [19]. The Fresnel lens determines the number of solar concentrations (suns) absorb into the 

absorber area and the transmissivity. 

A comparison is shown in Figure 22 below showing that the Fresnel lens is thinner than the 

conventional lens and therefore require less material, however, some disadvantages that needs to 

be considered includes higher manufacturing cost and edge imperfection which can cause the 

rays to be unreliable for focusing [19].   

A top view is shown in Figure 23. 
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Figure 22: Fresnel vs. Conventional Lens [20] 

 

Figure 23: Fresnel Lens Top and Side View [21] 

 

 

4.3.2 Solar Absorber 

Solar Absorber are materials that are used for absorbing light while keeping it from re-emission 

as much as possible. The default values for absorbance of 0.9 and emissivity of 0.15 are based on 

a W/Ni-filled Al2O3 solar absorber material [22] which uses a method called Double-Cermet 

Layer to polish a stainless-steel substrate and depositing Nickel and Tungsten on top of an IR 

coating. An additional layer of Al2O3 is then applied which is thermally stable in a vacuum at 
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600o C [22] [23]. Figure 24 demonstrates the layer described with Cermet 1 and 2 as Nickel and 

Tungsten respectively and Al2O3 is the antireflection coating (ARC 1). ARC 2 is not used 

because another layer of coating is not needed.  

 

Figure 24: Double-Cermet Layer [23] 

4.1.3 TE Elements 

Constant temperature independent as well as temperature dependent TE properties of n-type and 

p-type materials can be input. The materials are shaped in a “π” configuration as shown in Figure 

25. In this “π” configuration, n and p-type are connected electrically in series with metallic layers 

on top and bottom on each leg, a solder substrate is then placed on top and bottom of each TE 

stack for proper heat transfer [24]. This is the conventional method for stacking TE materials and 

the least expensive method for fabrication. 
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Figure 25: A “π” TEG Configuration [24] 

4.1.4 Heat Sink  

A water-cooling heat sink is placed at the bottom on the module for efficient heat removal and to 

keep the temperature between the hot side and the cold side of the TE module sufficiently high 

for a high efficiency. A high efficiency water-cooled heat sink can reach the heat transfer 

coefficient of 4000 W/m2K but a conservative default value of 3000 W/m2K is chosen. Research 

have shown that power output increases and becomes flattens when the heat transfer coefficient 

on the cold side reaches 4000 W/m2K and low output is shown at values below 3000 W/m2K due 

to the lack of heat dissipation, causing the cold side to increase in temperature, limiting the 

temperature difference seen in Figure 26 below. Users must also keep in mind that increasing the 

heat transfer coefficient also works adversely in driving down the system efficiency [17].  
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Figure 26: Cold Side Heat Transfer Coefficient vs. Power Output [17] 

 

4.2 MATLAB  

Research data on TE and radiative heat recovery from [9][17] were compile into MATLAB files 

for development and testing. Afterward, the results were compared with the data collected in 

laboratory. The data collected in the laboratory were found to be acceptable compared to the 

simulated result. The algorithm and core code were modified to work as a tool on nanoHUB 

prior to the author’s participation in the research project but the author was able to expand 

greatly on the capabilities of the tool such as creating a brand-new Summary table and algorithm 

for calculating and plotting of ZT values.  

 

4.3: Design Input Layout 

The developed tool performs simulations of harvesting of solar energy using thermoelectric 

material. In Figure 27, users can choose from 1 of 4 relevant independent variables (cross 
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sectional area of TE material, leg length of TE Material, solar concentrations, and fill factor) to 

run as simulation. Users can choose to simulate with constant TE properties (Seebeck 

coefficient, Electrical conductivity, and Thermal conductivity), simulate with their own 

temperature dependent thermoelectric n and p-type data, or select from an already uploaded list 

of well-known TE materials such as BiTe and PbTe to name a few. Users can also input various 

values that affect the outputs such as solar concentrations and length properties of the TE, to 

name a few, by selecting the appropriate blue dots next to the name.  

 

Figure 27: Simulation Layout 
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4.4: Design Output Layout 

All relevant outputs such as Power Output and Thermoelectric Efficiency can be selected and 

view on a plot with respect to the independent variable. A drop-down list displays what output 

will be plotted in the figure below. 

 

Figure 28: Output List 

 

An example plot is also shown in Figure 29 to display what the Power Output looks like. 
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 Figure 29: Output Plot Example 

 

4.5: How to Create a Tool 

 

4.5.1: NanoHUB 

The simulation tool is run on NanoHUB.org. NanoHUB is a science and engineering hub mainly 

aimed towards the field of nanotechnology. It is used by scientists and engineers worldwide for 

research and education and is maintained by Purdue University.  
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4.5.2: Rappture Toolkit 

Rappture Toolkit is an open-source application that was released in 2005. With Rappture, one 

can easily develop quick and powerful scientific applications with various underlying software 

languages which are listed in Table 2 below. 

 

MATLAB Java 

C Python 

C++ Ruby 

Octave Fortran 77 

Tcl Perl 

Table 2: Rappture Support Languages 

4.5.3: Rappture Builder 

To build a tool, user must learn to navigate Workspace, which is a Linux based Terminal 

developed by Nanonhub using a few commands shown below. 

 In the figure below, at the home terminal, by typing “ls”, a list of all files at the current directory 

are displayed.  



34 
 

 

Figure 30: List of Current Directory 

A test directory was created by entering “mkdir test”.  

To move between directory, enter the command “cd” + directory name. “cd test” is entered to 

move to the “test” directory.  
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Figure 31: Test Directory 

A tool can be built in the “test” directory by typing the command “rapture -builder” as shown 

below. 
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Figure 32: Rappture Builder Example 

 

A display will show up that allows users to input objects for their tool. 
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Figure 33: User Input Objects 

The Builder is where the developers create their tool. In the figure above, the developers can 

simply click and drag what they object they would like to have on their simulator from the left 

tab into the Tool Interface. On the Tool Interface, developers can add inputs such as default 

value and descriptions of the object in the appropriate boxes. Developers can also choose which 

programming language they intend to use as the backbone of their simulation by selecting the 

appropriate tabs. An example of the objects displayed is shown in Figure 34. In Figure 34, 

MATLAB is chosen but can be any of the languages in Table 2. 

Developers can preview what the interface of their simulator will look like based on the objects 

entered by selecting “Preview” in the top left corner of the screen. 
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Figure 34: Builder Example 

A preview of the interface is shown in Figure 35. 
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Figure 35: Preview Interface Example 

 

 

Once the developers are satisfied with their layout, they can select “Save As” in figure 36. 
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Figure 36: Save As Screen 

Developers can choose to change the names of their tool and skeleton file and save. Saving the 

build will generate two files shown in Figure 37. The tool.xml file is the display and the main.m 

file works behind the scenes to run the algorithm for the simulation. 
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Figure 37: Rappture Builder Output 

 

Users can choose to edit their tool.xml and main.m code by typing the command “gedit tool.xml” 

or “gedit main.m”. The tool can be run by typing the command “rappture” on the terminal. 

For some tools, such as solarte, uploading data from the user are sometimes required to run the 

simulation, in this situation, a loader is necessary. Information on loader and other Nanohub 

capabilities can be found in the link in the References section below. 
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4.5.4: Tool Registration 

Once the user is satisfied with their tool developed in Linux, their tool can be published. To 

publish their tool, the developers must register their tool with nanoHUB detailing what the tool is 

intended to do. 

 

Figure 38: Tool Registration [25] 

4.5.5: Subversion 

Once the tool is registered, nanoHUB will inquire you to download a version control software 

such as Subversion or TortoiseSVN. Version control is the practice of tracking and managing 

software code, it allows developers to track changes over time by keeping track of every 

modification to the code in a database and revert to earlier version if necessary [26]. Other 

examples of version control include CVS and Git. 
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Figure 39: Version Control Examples [27][28] 

 

Examples of Subversion files are shown below, here, the code main.m and tool.xml and all the 

associated files needed to run the tool are downloaded from Workspace and committed to 

NanoFORGE, the repository owned by Nanohub. The green checkmarks shows that the files 

have successfully committed and are up to date with nanoFORGE,  

 

Figure 40: Subversion Example Files 

In the figure below, once all the necessary files are committed to nanoFORGE, developers can 

choose to test run their tool by selecting “Launch Tool”. If the user is satisfied with their tool, 

they can select to publish the tool by approving it. If the user is unsatisfied with their tool, they 

can go back to their main.m or tool.xml file to make modifications, commit, and select “I’ve 

committed new code” to install your new codes and test run again.   
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Figure 41: Publication Page 

 

 

 

 

 

 

 

 



45 
 

5. Results and Discussions 

 

5.1: Independent Variable: Solar Concentrations 

 

Figure 42: Power Output Varying Solar Concentrations 

TE Material: N and P-type Bismuth Telluride, Solar Concentrations: 0 – 120 suns, N and P-type Area: 4 

mm2,Leg Thickness: 3 mm, Fill Factor: 0.2, Solar Energy input from the Sun: 700 W/m2, Transmittance 

through the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 W/m2K, Convective 

Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, Absorber Absorbance: 0.9, 

Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of Gap Filler: 0.4 W/mK, 

Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient Temperature: 300 oK, Load 

Matching Condition  
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When running simulation with values set at default and typical cross-sectional area of 2x2 mm2 

used in commercial modules. Bismuth Telluride as n and p type elements are used as TE material 

and Solar Concentration were set as the independent variable from 0 – 120 suns. The results are 

shown in Figure 42 above. While the power output was expected to rise indefinitely due to the 

constantly increasing sun light and therefore temperature difference, the power output slow down 

past 120 suns. This is due to an increase in temperature which causes a decrease in electrical 

conductivity, thereby increasing the electrical resistance shown in the equation below   

𝑅 =
1

𝐺
=

1

𝜎

𝐿

𝐴
 (52) 

contributing to the power output which is explained by  

𝑃out,max = 𝑁
 𝑆2(𝛥𝑇)2

4𝑅
 (53) 

However, while decreasing electrical conductivity does contribute to the increase in electrical 

resistance, the effect is minimal compared to the temperature difference. A better explanation is 

that as temperature increase past the highest ZT point of Bismuth Telluride (~600 oK), ZT 

decrease significantly, causing efficiency and power output to eventually decrease. This is 

evidenced by Figure 43 showing the efficiency decrease after ~84 suns and the hot side 

temperature in Figure 44 showing the temperature at the hot side of the TE at ~ 630 oK 
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Figure 43: TE and System Efficiency Varying Solar Concentrations 

TE Material: N and P-type Bismuth Telluride, Solar Concentrations: 0 – 120 suns, N and P-type Area: 4 

mm2, Leg Thickness: 3 mm, Fill Factor: 0.2, Red line represents the system efficiency and blue line 

represents thermoelectric efficiency, Solar Energy input from the Sun: 700 W/m2, Transmittance through 

the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 W/m2K, Convective Hot-side 

Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, Absorber Absorbance: 0.9, Absorber 

Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of Gap Filler: 0.4 W/mK, Conductive 

Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient Temperature: 300 oK, Load Matching 
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Condition

 

Figure 44: Hot Side and Cold-side Temperature 

TE Material: N and P-type Bismuth Telluride, Solar Concentrations: 0 – 120 suns, N and P-type Area: 4 

mm2, Leg Thickness: 3 mm, Fill Factor: 0.2, Red line represents the hot-side temperature and blue line 

represents cold-side temperature of the thermoelectric element leg, Solar Energy input from the Sun: 700 

W/m2, Transmittance through the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 

5000 W/m2K, Convective Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, 

Absorber Absorbance: 0.9, Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of 

Gap Filler: 0.4 W/mK, Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient 

Temperature: 300 oK, Load Matching Condition 

 

Figure 42-44 illustrates the simulation results of Bismuth Telluride as a solar TE material when 

running the solar concentrations as the independent variable. This tool is operating under the 
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assumption that the material does not degrade over time or melts with high enough temperature. 

While the simulation here does not show the melting point of Bismuth Telluride (~800 oK) [29], 

it is up to the engineer to understand the limits of their material and adjust as needed.  

 

5.2: Independent Variable: Length of TE Elements 

Using all default values in the input slide, Bismuth Telluride n and p-type as TE material, and the 

leg thickness as independent variable. Data was simulated, and the results were plotted below 

with respect to the independent variable as: Power Output, TE Efficiency, and System Efficiency 

in Figures 45 and 46 below. 
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Figure 45: Power Output Varying Length Thickness 

TE Material: N and P-type Bismuth Telluride, Leg Thickness: 0 – 15 mm, Solar Concentrations: 60 suns,    

N and P-type Area: 4 mm2, Fill Factor: 0.2, Solar Energy input from the Sun: 700 W/m2, Transmittance 

through the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 W/m2K, Convective 

Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, Absorber Absorbance: 0.9, 

Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of Gap Filler: 0.4 W/mK, 

Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient Temperature: 300 oK, Load 

Matching Condition 
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Figure 46: TE and System Efficiency Varying Leg Thickness 

TE Material: N and P-type Bismuth Telluride, Leg Thickness: 0 – 15 mm,                                                              

Solar Concentrations: 60 suns, N and P-type Area: 4 mm2, Fill Factor: 0.2, Solar Energy input from the 

Sun: 700 W/m2, Transmittance through the Concentrator: 0.94, Conductive Hot-side Heat Transfer 

Coefficient: 5000 W/m2K, Convective Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 

100 cm2, Absorber Absorbance: 0.9, Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal 

Conductivity of Gap Filler: 0.4 W/mK, Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, 

Ambient Temperature: 300 oK, Load Matching Condition 

 

 Like the power output in section 5.1. Power output in Figure 45 is explained by an increase in 

the temperature difference between the hot and cold side, but power output is dampened by the 

increase in electrical resistance by the equation 52. 
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Resistance increases with respect to length. Therefore, as length increase, resistance will be a 

greater and greater factor, at the same time, thermal resistance, which is calculated as  

𝑅𝑇𝐻 =
1

𝐾
=

1

𝑘

𝐿

𝐴
 (54) 

 

also increases, making the temperature on the top side harder to move down the cold side, 

creating a higher temperature as length increases. However, electrical resistance will eventually 

overtake temperature difference as the dominant factor in contributing to the power output, 

shown in Figure 45. 
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5.3: Independent Variable: Fill Factor of TE Elements 

 

Figure 47: Power Output Varying Fill Factor 

TE Material: N and P-type Bismuth Telluride, Fill Factor: 0.1 – 1, Solar Concentrations: 60 suns,  N and P-

type Area: 4 mm2, Leg Thickness: 3 mm, Solar Energy input from the Sun: 700 W/m2, Transmittance 

through the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 W/m2K, Convective 

Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, Absorber Absorbance: 0.9, 

Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of Gap Filler: 0.4 W/mK, 

Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient Temperature: 300 oK, Load 

Matching Condition 
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Figure 48: TE and System Efficiency Varying Fill Factor 

TE Material: N and P-type Bismuth Telluride, Fill Factor: 0.1 – 1, Solar Concentrations: 60 suns,  N and P-

type Area: 4 mm2, Leg Thickness: 3 mm, Solar Energy input from the Sun: 700 W/m2, Transmittance 

through the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 W/m2K, Convective 

Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, Absorber Absorbance: 0.9, 

Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of Gap Filler: 0.4 W/mK, 

Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient Temperature: 300 oK, Load 

Matching Condition 

 

When Fill Factor is the independent variable, the Fill Factor equation is used 

𝐹 =
𝑁𝑇𝐸(𝐴𝑛 + 𝐴𝑝)

𝐴total
(55) 
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In this situation, n and p type area remained fixed, 𝑁𝑇𝐸 changes proportionally to fill factor. 

When fill factor increases, more 𝑁𝑇𝐸 parallel leg creates more heat channel across the TE, 

causing the total thermal resistance to decrease. With less thermal resistance, heat can more 

effectively flow down the TE to the cold side, causing a lower temperature difference. 

Therefore, in Figure 47, Power output is seen only increasing between fill factor 0 ~ 0.20 before 

decreasing when 𝛥𝑇 becomes the dominating factor.   

 

5.4: Data Optimization for Maximum System Efficiency 

 

Lastly, using the 3 independent variables shown above, we can use the tool to optimize for 

various output such as: power, system efficiency, cost, etc., Optimizing for system efficiency is 

chosen as the primary output and later cost is chosen to determine the best parameters that would 

give homeowners the best return on their investment as system efficiency accounts for energy 

generated as well as energy used for generation, all of which determines the cost of the solar TE 

system. 

Using the data from Figure 43, the max System Efficiency is found to be at 84 suns using default 

values in the tool and 2x2 mm2 cross-sectional area which is standard for commercial TE 

module. 

Next, we set 84 suns and 2x2 mm2 as our user input data while the rest is at default values and 

vary TE length from 1 – 15 mm, changing the fill factor by 0.1 after every simulation until the 

fill factor of 1.0. The result is shown below as superimposed data.  



56 
 

 

Figure 49:  Vary Thickness Optimize Fill Factor System Efficiency 

TE Material: N and P-type Bismuth Telluride, Leg Thickness: 0 – 15 mm, Fill Factor: 0.1 – 1, Solar 

Concentrations: 84 suns, N and P-type Area: 4 mm2, Solar Energy input from the Sun: 700 W/m2, 

Transmittance through the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 

W/m2K, Convective Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, 

Absorber Absorbance: 0.9, Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of 

Gap Filler: 0.4 W/mK, Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient 

Temperature: 300 oK, Load Matching Condition  

 

By reviewing the data output, we determined the max system efficiency at fill factor 0.1 – 0.3 

which are shown in Figure 49. While max efficiency at fill factor 0.4 – 1.0 can be determine, to 

achieve the maximum efficiency, increasing leg thickness would also increase material cost at a 

much higher rate than efficiency and therefore not feasible. 
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In Figure 49, the maximum system efficiency increases by 34.87% from fill factor 0.1 to 0.2 

while the max efficiency only increases by 10.59% from fill factor 0.2 to 0.3, this makes fill 

factor 0.2 the ideal choice for maximum system efficiency and 0.1 as the next logical choice. 

Material Cost/Watt is then calculated to the determine the fill factor that gives the best efficiency 

and also accounting for the best cost. The equation for material Cost/Watt is calculated as 

(𝑁𝑝 + 𝐴𝑝 + 𝐿𝑝) + (𝑁𝑛 + 𝐴𝑛 + 𝐿𝑝) ∗ 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝐶𝑜𝑠𝑡/𝑘𝑔

𝑃𝑜𝑢𝑡
 (56) 

with material density of 7.7 g/cm3 [29] and powder Bismuth Telluride at $100.00/kg [30] 

Figure 50 displays the cost by varying leg thickness and changing fill factor after every 

simulation.  The figure shows that the cost to implement optimization parameters for fill factor 

0.2 is more than 2 times more expensive the 0.1. This makes fill factor 0.1 as the best choice for 

homeowners to choose when determining the best system efficiency for their money at the cost 

of $0.07/Watt. However, at the cost of only $0.16/Watt, fill factor of 0.2 should not be ignored if 

the homeowners decide to spend a little bit more for a better efficiency.  
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Figure 50: Optimize Cost/Watt 

TE Material: N and P-type Bismuth Telluride, Leg Thickness: 0 – 15 mm, Fill Factor: 0.1 – 1, Solar 

Concentrations: 84 suns, N and P-type Area: 4 mm2, Bismuth Telluride Density: 7.7 g/cm3 , Bismuth 

Telluride Cost: $100.00/kg, Solar Energy input from the Sun: 700 W/m2, Transmittance through the 

Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 W/m2K, Convective Hot-side 

Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, Absorber Absorbance: 0.9, Absorber 

Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of Gap Filler: 0.4 W/mK, Conductive 

Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient Temperature: 300 oK, Load Matching 

Condition  

 

Furthermore, Figure 51 shows a similar power output increase of 34.95% from fill factor 0.1 to 

fill factor 0.2 and a 11.09% increase from 0.2 to 0.3, making fill factor 0.1 as the optimal fill 

factor for best system efficiency while also managing cost and fill factor 0.2 as the alternative 

option for higher efficiency and power output for twice the material cost.   



59 
 

 

 

Figure 51: Optimize Power Output 

TE Material: N and P-type Bismuth Telluride, Leg Thickness: 0 – 15 mm, Fill Factor: 0.1 – 1, Solar 

Concentrations: 84 suns, N and P-type Area: 4 mm2, Solar Energy input from the Sun: 700 W/m2, 

Transmittance through the Concentrator: 0.94, Conductive Hot-side Heat Transfer Coefficient: 5000 

W/m2K, Convective Hot-side Heat Transfer Coefficient: 20 W/m2K, Solar Absorber Area: 100 cm2, 

Absorber Absorbance: 0.9, Absorber Emissivity: 0.15, Contact Resistance: 0 Ohm, Thermal Conductivity of 

Gap Filler: 0.4 W/mK, Conductive Cold-side Heat Transfer Coefficient: 3000 W/m2K, Ambient 

Temperature: 300 oK, Load Matching Condition  

 

The result above shows the maximize system efficiency one can achieve using the uploaded 

Bismuth Telluride n and p type material. While this tool is not a one-size-fits-all, running the tool 

with their own materials will give engineers a good idea of what to expect as in terms of power 
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output, efficiency, and costs, etc., It is up to the homeowners and engineers to determine what is 

the best material and cost for their needs. 

6. Conclusions and Future Work 

The tool above demonstrated the ability to simulate energy harvesting based on temperature 

dependent thermoelectric material properties. In this tool, designers can simulate with 4 

independent variables: cross-sectional area, leg thickness, solar concentrations, or fill factor. As 

demonstrated in section 5.4, it is up to the users to optimize their design to fit the needs of their 

situation. Aside from an already uploaded repository of thermoelectric properties data for 

commonly used TE materials such as Bismuth Telluride and Lead Telluride, designers can also 

upload their own TE materials properties by following the instruction shown in the tool. 

Changing each individual input values is also an option. By changing individual value, the 

algorithm will calculate based on the new values that the users set, these values range from the 

physical dimension of the TE element to the amount of solar input that is giving off by the sun, a 

full list is shown in the tool.  

Simulation outputs give users a good idea of how much power they should be expecting in an 

ideal environment. Often times, maximum TE and system efficiency do not align with the 

maximum power output. In this situation, users must determine whether power must be 

sacrificed for efficiency or vice versa. For easy comparison, power output is plotted with respect 

to the independent variable, along with the aforementioned TE, system efficiency, and cost, etc.,  

In our simulation, we chose to optimize for maximum system efficiency while also accounting 

for material cost/Watt. Using conventional TE material of Bismuth Telluride, which are often 

used for low-temperatures TE applications, we were able to optimize for system efficiency of 
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4.13% at the cost of $0.07/Watt. While the cost may seem low, this does not account for the 

concentrator system, the cooling system, and everything else that also accounts for the whole 

system cost.  

To compete with residential photovoltaic panels which have been shown to generate a $/Watt 

price as low as $2.71/Watt [31] for the residential PV system, new materials are needed to be 

developed that can work efficiently at high temperatures while also generating great power 

output. Fortunately, in the past decade, new TE materials, such as SnSe and PbTe, have shown 

great promise in tackling these problems at the mid to high temperature range (700oK - 1000oK) 

and further research are still being conducted to develop even better TE materials. All this is 

evidenced that it is now a great time to invest and research into the field of solar thermoelectric 

and thermoelectric as a whole.  

Future work will need to be looked into the whole cost of the solar TE system as it will be more 

reflective of the whole cost of implementing solar TE. Reducing the cost of solar TE is also a big 

area to find ways to better develop materials and better effectively managing costs.   
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