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ABSTRACT 

This paper presents the prospects of harnessing radiative heat from the sun with a parabolic trough mirror, as a solar thermal 
concentrator, in comparison to the mathematical model and experimental quartz-halogen concentrator model for the electrical 
energy conversion utilizing thermoelectric generators (TEG). The construction and design of TEG-setup along with Parabolic trough 
mirrors and quartz-halogen lamps are presented. The Parabolic trough mirror used as a focal point at a distance of 19.05 cm. With 
eight quartz-halogen concentrated heat, the maximum performance achieved at ΔT of 11.8 K, Voc of 292 mV and Isc of 95.8 mA, 
recorded at the concentrated hot-side surface temperature of 317.8 K. When compared to the natural solar concentrated heat, 
higher temperature of 473.15 K at the hot-side surface temperature of TG was achieved. It is concluded that the heat concentration 
of the parabolic mirror increases with an increase in the intensity of heat using natural solar radiations. The Voc of 1.76 V and Isc of 
1.1 A at a temperature difference of 110 K were measured, which are in good agreement with validated mathematical results. The 
parabolic through mirror utilized is smaller in size and thus collected lesser sun rays than the larger dish style mirror, and hence the 
heat in the focal point was very low, for better results, parabolic trough mirror with higher surface area would be important for 
future experiments. 
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1. Introduction 
 

Due to an aggregating consternation of carbon emissions and need of harmonizing energy supply-
demand gap, harnessing unused radiative heat from the sun and its conversion to electrical energy 
with thermoelectric generators (TEG) have enlightened the attentions to curb climate change [1]. 
The application of TEG is also more associated with the conversion of waste heat from electric or 
gasoline vehicles and glass/steel/mechanical instruments production factories [2,3]. A recent study 
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shows the conversion of waste heat from domestic boilers to electrical energy has also opened up 
the scope of thermal energy management for prospective zero energy buildings [4]. TEG can be used 
in small applications from lesser power demand areas to much higher power generation but it comes 
with the repercussions of lower conversion efficiency due to the limitations of thermoelectric 
materials [5]. Traditionally, thermoelectric materials consist of semiconducting material of two 
different metals of p-type and n-type materials. This p-type and n-type materials are known for 
transporting electrons from the hot side of the material to the cold side and vice versa. The Seebeck 
effect occurs when two metals of different material properties and at different temperatures are 
connected electrically in series and parallel in connection, an electrical voltage is generated across 
the two dissimilar junctions of the material [6,7]. In order, the TEG to have higher efficiency, the p-
type and n-type material should have the same length and same cross-sectional area but with a 
higher figure of merit ZT and the temperature difference between cold and hot side [8]. The hot side 
hypnotizes heat from the source of energy; then the heat starts to descend in exits past the cold 
material when heat passes through the cold side positive electrons from the p-type and negative 
from the n-type electrons flows to the load. The concept of TEG was discovered in 1822 by Johan 
Seebeck when deflection of the needle on the electrical apparatus occurred due to the dissimilar 
metals at dissimilar temperatures. This result due to the temperature change upon the junction of 
two semiconducting metals of different temperatures [9]. After Seebeck discovery, the research 
upon this material increased. Then Oersted discovered the communication between the electric 
current and a magnetic needle. 

Many famous scientists did research for understanding the relationship between electric current 
and magnetic field. Then the scientists able to understand that the Seebeck opinion was not occurred 
because of the magnetic polarization it is caused but because of the current flowing in the closed-
loop system [10]. Seebeck coefficient is related with a couple designed by two materials; later, the 
Thomson effect revealed that a total Seebeck coefficient could be associated with each material 
individually. Thermoelectric power is generated from the cold side to the hot side, in which positive 
p-type electrons flow from the hot side to the cold side for the negative for n-type conduction. In the 
year 1834 watchmaker and scientist Jean Peltier informed temperature variance at the junction of 
two dissimilar material as current was passed through the junction [11]. In 1838, Lenz cooled water 
and freeze and melted it by changing the direction of the current. In this way, Lenz introduced the 
first thermoelectric cooler. 

About 63% of fuel energy wasted as a waste heat [3]. For reusing the wasted heat, an 
improvement to thermoelectric material is essential. Whilst, semiconductors are found to have the 
highest thermoelectric material with carrier concentration about 1022cm-3[5]. There are several 
factors affecting the performance of the thermoelectric generator. For the best thermoelectric 
material, there are three factors to be considered for improvement of its performance: higher 
temperature difference, higher electrical conductivity, and lower thermal conductivity. Additional 
performance issues that can be considered for achieving maximum power is that the material should 
be made from thermoelectric material with different signs: p-type material for the positive side and 
n-type material for the negative [13]. Conventional thermoelectric materials are Bi2 Te3, PbTe, Si1-x 
Gex, and N-type Bi Sb, Bi2 Te3 shows the highest performance near room temperature [14]. A good 
positive thermoelectric material Q>zero is a solid solution of composition 25%:75% Bi2 Te3: Sb2 Te3. 
For designing the best negative n-type thermoelectric material, the value of Q should be less than 
zero (Q<0) 25%:75% Bi2 Te3: Bi2Se3 is also a solid solution [7]. The demand for thermoelectric material 
is high: They can be used as coolers, excess temperature regaining in many industries and vehicles, 
sensors, and detectors power generation. They have several advantages to fuel generators: they have 
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excellent duration, no moving parts, silent operation, and no chemical refrigerating parts. As 
mentioned above, there are several factors, which affect the performance of TEG.  

The substantial parameters for improving the conversion efficiency performance are not only 
about developing advanced thermoelectric materials but more of utilizing the radiative heat; in this 
case concentrated solar power to TEG but it is also important to discuss the significance of Seebeck 
effect, Peltier effect, Thomson effect and figure-of-merit ZT. 
 
1.1 Seebeck Effect 

 
Seebeck effect is one of the thermoelectric effects that has a great influence on the discovery 

and performance of TEG. The TEG is formed of two different metals of different temperature and 
material properties [15]. From construction of thermoelectric generator most of the time it contains 
two surface which are exposed to different temperature, the hot side temperature (TH) and to the 
cold side temperature (TC) and are connected by thermoelectric couples or legs (P type and n type) 
materials. When the TH is greater than the cold side temperature (TC) an open circuit electromotive 
force (emf) can develop between the two junctions [4]. The output potential difference or voltage is 
the result of the Seebeck coefficient and temperature difference between the hot side and cold side 
of the TEG [15, 16]. The Seebeck effect is not affected by factors such as change in cross sectional 
area, temperature sharing and its temperature gradient but it is the function of temperature 
difference between the junctions of dissimilar materials [3]. 

 
1.2 Peltier Effect 

 
Peltier effect is described as the reverse process of the Seebeck effect. Peltier effect current is 

applied to the circuit from an external heat source. Because of this, the rate of heat flow q appears 
at one junction and –q at another junction [3]. This process is mostly applied in refrigerators as a 
cooling system to absorb heat from an object and creates cold atmosphere. The absorption and 
liberation of heat related to the Seebeck coefficient, when the applied electric current and Seebeck 
current are in the same direction then heat is absorbed in the hotter junction and heat liberates at 
the cold junction [17]. Most of the time the flow of current determines the liberation and absorption 
of heat and it does not affected by factors such as shape and dimension of the material forming the 
junction, but it is the result of temperature of the junction and configuration of the material. The 

Peltier effect formula then given by  𝜋 =
𝐼

𝑞
 [16, 15]. 

 
1.3 Thomson Effect 

 
Thomson effect is one of the thermoelectric effects, which has lower effect on its performance, 

but its effect depends on the value of ∆𝑇. Thomson effect defined as generation of heat when current 
passes along a slice of a single conductor, which has a temperature difference  ∆𝑇 . When the 
temperature difference is smaller the Seebeck coefficient is smaller [8,16]. When 1K of temperature 
gradient passes through a conductor heat content of a single conductor changes per cross sectional 
area of that conductor it is known as Thomson effect [17,18]. 

 
1.4 The figure-of-merit ZT 

 
The dimensionless figure of merit ZT has great influence on the performance of thermoelectric 

generator [15]. Increasing the value of the figure of merit ZT is dependent on the material properties 
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of the material used for construction of thermoelectric module [6,11]. Bi2Te3 is prominent composite, 
which has great values of figure merit ZT and is the best option of the manufacturers due to handling 
of the greater temperature saturation points. Enhancing the value of ZT indicates the conversion 
efficiency of the TEG is high which leads to high output power [19,20]. 
 
1.5 Parabolic trough mirror as a solar thermal concentrator to thermoelectric generator 

 
The research results presented in this paper, for the first time, with the concentrated heat energy 

harvesting scope correlated to parabolic trough mirror in improving the temperature difference of 
the TEG, a schematic diagram is shown in Fig. 1. The parabolic trough mirror works in several ways, 
the main function is to collect solar rays from a larger surface area and to concentrate it into smaller 
surface area. For better performance and for effective output it is essential to find the focal length 
of the parabolic through mirror. The focal point is the point where all rays meet, and the highest 
temperature is created at that point. The focal point of the parabolic trough mirror is some distance 
away from the surface of the mirror and at the centre of the diameter of the mirror. Eq. (1) shows 
the method to calculate focal length [21]. Focal length, as shown in Fig. 1, is represented by letter f 
and depth of the mirror is represented by small d, D is diameter of the mirror. The focal length of the 
parabolic trough mirror used in this experiment is 19.05 cm and diameter of 15.2 cm with a depth of 
0.74 cm. 

 
𝑓 = 𝐷2/16𝑑                                                                                                                     (1) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic diagram of parabolic trough mirror as a solar thermal concentrator to Thermoelectric 
Generator (TEG) consists of N and P and type Bi2Te3 
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As shown in Fig. 1, when an incident rays falls on a parabolic mirror the reflected rays are 
converged into the focal point of the mirror. From this, all reflected rays pass through the focal point 
and concentrates on its focal point where the highest temperature collected by the mirror to be 
applied on the hot side of the TEG. As the focal point is on the focal axis of the mirror all the parallel 
rays reaching the surface of the mirror reflected and passes through the focal point. The angle of 
incidence is equal to the angle of reflection. Fig. 1 shows the depiction of incident ray, reflected ray 
and normal ray. It shows the incident ray and reflected ray passing all reflected rays through the focal 
point and plotting normal ray in between the rays, the same angle of incident and angle of reflection 
9° was achieved. 

This study experimentally evaluates the influence of higher concentrated temperatures on the 
open circuit generated voltage compared to the standard performance parameters. The research 
results presented provide practical discernment into the testing (open-short-full load) of TEG in 
understanding the performance limitations of it. The analytical simulation and mathematical model 
developed in MATLAB compared to the electrical performance parameters and its dependencies. The 
measurements and values of the parameters used are obtained from experiments to test and 
understand the comportment of TEG modules as it is essential for defining the performance of TEG. 
The output of the experiments are clearly discussed and plotted, for better understanding of its 
behavior, for defining the theoretical explanation of the TEG. Plots of conversion efficiencies, 
temperature difference, open circuit voltage, short circuit current and dimension-less figure-of- merit 
ZT are included in the results. A number of experiments were conducted but reported in this study 
two that are: the TEG-setup performance test using eight quartz-halogen lamps as heat concentrator 
with parabolic trough mirror and TEG-setup with natural sunlight as solar thermal concentrator with 
parabolic trough mirror. The results calculated and obtained from the experiments are open circuit 
test, short circuit test, load power test, hot side temperature and cold side temperature. The other 
parameters, which influence the performance of TEG, are calculated using MATLAB and the 
theoretical results are in good agreement with the experimental results.  

 
2. Mathematical Modelling Approach 

 
The mathematical model of the TEG is validated and established in MATLAB that work on the 

principle of effects mentioned above and the output predictions of electric potential under the 
influence of the temperature difference of cold and concentrated solar-heated hot side [22]. The 
larger the temperature difference, the greater the out electrical power. However, the temperature 
difference is not easy to obtain, due to which an effective cooling mechanism was required to keep 
one side cooler than the other [23]. As the large temperature difference is difficult to obtain, it means 
that the overall efficiency of the TEG is very low. An increase in the overall efficiency is primarily 
dependent on thermoelectric materials which play a significant part in determining its operating 
temperature range, and their range is usually divided into three categories: less than 450 K utilize 
Bismuth (Bi) composite with Tellurium (Te), Antimony (Sb), and/or Selenium (Se) basis of commercial 
TEGs; 600K-850K utilize composites of Lead (Pb) and Telluride (Te); and 900-1300 K utilize 
Germanium (Ge) and Silicon (Si). Thus, Bi2Te3 based TEG is chosen due to its reasonable operating 
temperature range of < 450 K. They are usually coupled in series and packed between heat-
conductive elements providing heat from the concentrated solar heated source and cooling from the 
heat sink to achieve a reasonable power. When temperature gradient occurred between P and N 
junctions of Bi2Te3 TEG it is found that, the generated potential difference or voltage V shows up on 
the voltmeter and is represented in Eq. (2) [25]. 
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𝑉𝑜𝑐 = 𝛼(𝑇ℎ − 𝑇𝑐)                                                               (2)                                                                                                       
 

where 𝑉𝑜𝑐 is the open-circuit voltage, 𝛼 is the Seebeck coefficient, 𝑇ℎ is the concentrated solar heat 
hot-side temperature, and 𝑇𝑐 is the cold side temperature enhanced further with ice-cubes. The 𝛼 
can be achieved by using Eq. (3). 

 

𝛼 =
𝑉

∆𝑇
                                                                          (3)                                                                                                                       

 
Equation (3) shows the Seebeck coefficient is inversely proportional to the temperature 

difference ∆𝑇 between the hot side and cold side of TEG. For better results and for increasing the 
Seebeck coefficient the temperature of the cold side has kept in a low temperature. The electrical 
current of the TEG was calculated using Eq. (4). 

 

𝐼 =
2𝑁𝛼(𝑇ℎ−𝑇𝑐)

𝑅𝐿+𝑅𝑒
                                                              (4)                                                                                                               

 
The TEG electrical power generation at the load of the circuit is then calculated by using Eq. (5). 
 

𝑃 = 𝐼2 ∗ 𝑅𝐿                                                                               (5)                                                                                                                        
 
The hot side heat flow from the concentrated solar heat through parabolic trough mirror is found 

by Eq. (6).  
 

𝑄ℎ = 𝑛[𝛼 ∗ 𝑇ℎ ∗ 𝐼 −
1

2
∗ 𝑅𝑒 ∗ 𝐼2 + 𝐾(𝑇ℎ − 𝑇𝑐)]                                        (6)                                                         

 
The cold side heat flow of the TEG was obtained by Eq. (7). 
 

𝑄𝑐 = 𝑛[𝛼 ∗ 𝑇𝑐𝐼 +
1

2
∗ 𝑅𝑒 ∗ 𝐼2 + 𝐾(𝑇ℎ − 𝑇𝐶)]  [16]                                       (7)                                                            

 
Some of the parameters that affects the conversion efficiency of TEG are temperature dependent 

figure of merit ZT consists of figure of merit of Z, thermal conductivity, electrical conductivity, 
electrical resistivity and absolute temperature and are paramount of determining the maximum 
efficiency using Eq. (8). [26] 

 

ɳ𝑚𝑎𝑥 = (1 −
𝑇𝑐

𝑇ℎ
) 

√1+𝑍𝑇−1

√1+𝑍𝑇+
𝑇𝑐
𝑇ℎ

                                                   (8)                                                                                          

The dimension less temperature dependent figure of merit ZT value which has great influence in 
conversion efficiency of TEG obtained by using Eq. (9).[26, 27]. 
 

𝑍𝑇 =
𝛼2𝜎𝑇

𝐾
                                                                           (9)                                                                                                                       

 
The temperature independent figure of merit Z is obtained by [28, 29]. 
 

𝑍 =
𝜎𝛼2

𝐾
                                                                           (10)                                                                                                                         
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The value of figure merit ZT is dependent of the average temperature TAV and is gained by the 
following formula. 
 

𝑇𝐴𝑣 =
𝑇ℎ+𝑇𝑐

2
                                                                               (11)                                                                                                              

 
The thermal conductivity of the TEG was calculated using Eq. (12) [15] 

 

𝐾 =
𝑄𝐿

∆𝑇𝐴
                                                                                      (12)                                                                                                                             

 
The electrical resistivity is given by Eq. (13). 
 

𝜌 =
𝑅𝐴

𝐿
                                                                                    (13)                                                                                                                                

 
The electrical conductivity is given by Eq. (14).  
 

𝜎 =
1

𝜌
                                                                                            (14)                                                                                                                                 

 
The short-circuit current determining the maximum current the TEG could draw is given by Eq. 

(15) [8,9,13,18]. 
 

𝐼𝑠𝑐 =
2𝛼𝑇𝑎𝑣(1−

𝑇𝑐
𝑇ℎ

)

𝑅𝑒(1+
𝑇𝑐
𝑇ℎ

)
                                                                              (15)                                                                                                             

The open circuit voltage of TEG for both P-type and N- type material given by Eq. (16). [30] 
 

𝑉𝑜𝑐 =
2𝑛𝛼𝑇𝑎𝑣(1−

𝑇𝑐
𝑇ℎ

)

(1+
𝑇𝑐
𝑇ℎ

)
                                                                                 (16)                                                                                                               

The maximum power of TEG is achieved when the load resistor is equivalent to the internal 
resistance of the TEG (RL=Re). Maximum power of TEG given by Eq.(17). [28] 
 
𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑝

2 ∗ 𝑅𝐿, Pmax= [2𝑁𝛼(𝑇𝐻 − 𝑇𝐶)]2/4𝑅𝐿                                                                                      (17)                                         

 
The maximum power efficiency is given by Eq. (18). [30] 
 

ɳ𝑚𝑝 =
(1−

𝑇𝑐
𝑇ℎ

)

2−
1

2
(1−

𝑇𝑐
𝑇ℎ

)+
2(1+

𝑇𝑐
𝑇ℎ

)

𝑍𝑇

                                                                         (18)                                                                                                     

 
Voltage at maximum power point is given by Eq. (19). 

 

𝑉𝑚𝑝 =
𝑛𝛼(𝑇ℎ−𝑇𝑐)

2
                                                                                      (19)                                                                                                           

 
Electrical current at maximum power point is given by Eq.(20).  [11,30] 
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𝐼𝑚𝑝 =
𝛼(𝑇ℎ−𝑇𝑐)

2𝑅
                                                                                (20)   

 
3. Experimental Setups and Methods 

 
In these experiments, TEG (SP1848-27145), size of 40mm·40 mm·3.4 mm, both P and N type 

elements (Bi2Te3) insulated with Teflon connected with copper lead, were used. Several experiments 
were conducted in achieving the appropriate mechanism in harnessing the concentrated radiations 
to electrical power conversion. A flat metal, connected to the TEG acted as a hot side surface, 
polished with sand paper and coated with a heat resistant (220°C) black colour paint to protect the 
TEG from the thermal damage when heat is directly applied on the hot side of TEG and for minimizing 
loss of heat by reflection. Initial, testing was conducted with hot-plate with external heat sink to keep 
the cold-side temperature less than 308 K, supported with small cooling fan, and the heat-source 
(hot-plate) temperature goes around 419 K and was subjected to a range of thermo-electrical 
conditions for the electrical performance testing. The open-circuit voltage (Voc) test was conducted 
when the circuit is not connected with external load resistor (RL). The short-circuit current test was 
conducted when the output leads are shorted with copper conductor. The full-load test was 
conducted when the TEG leads are connected to external load resistor (RL) and for maximum power 
measurement when RL=Re, for this reason a variable resistor of 100 Ω was utilised to measure the 
maximum power performance. In these initial tests, the hot and cold side of TEG was analysed by 
connected it into the digital multi meter to the input leads of TEG. Negative voltage reading indicated 
the cold side and positive voltage for the hot side. In this way, the hot side and cold side of TEG are 
determined. Once the sides are identified, the TEG is bolted on the black coated surface using thermal 
glue, facing the hot side to the surface, which is ready to be exposed to the concentrated heat. On 
the cold side of TEG heat sink and fan is connected to keep cool the cold side and the TEG is ready 
for experiment. 

 
3.1 TEG-setup with quartz-halogen radiative concentrated heat testing components  

 
The parabolic trough mirror, diameter of 15.2cm, having the distance of focal point from centre 

positioned to be 19.05cm at depth of 0.74cm. The multi-logger temperature recorders employed for 
the measurement of both hot side and cold side temperatures whilst the mirror is set on top of the 
TEG. The digital multi meters consists of power analyser, voltmeter, ammeter and accuracy checks 
were conducted with balanced digital multi meter were connected to the TEG-setup. The TEG-setup 
consists of heat sink on the cold-side immersed in the ice-cubed container and the hot-side 
positioned to parabolic trough mirror. Whilst, in this part of the experiment eight quartz halogen 
lamps, each 500 W, were utilised in the controlled laboratory environment. The number of quartz-
halogen lamps increased to eight because it was not suitable to focus all lamps in a single working 
area as it has hinged on a metal plate in a space of 25 cm apart from each other on two metal roads. 
The heat on the surface area and focal point achieved with 8 quartz-halogen lamps were better than 
the initial 2 to 4 quartz-halogen lamps. The purpose of these quartz-halogen based experiments was 
to test the behaviour of TEG by concentrating heat on the hot side of TEG achieving the right focal 
point of concentration, which was generated by the eight halogen lamps, using parabolic trough 
mirror as heat concentrator. By connecting all the experimental equipment, open voltage 
measurement and short circuit measurements were recorded. Fig. 2 shows the TEG-setup with eight 
quartz-halogen lamps sufficient to emit the solar radiations to be harnessed as part of initial tests. 
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Fig. 2. Experimental TEG-setup with quartz halogen radiative concentrated heat testing components showing 
(a) projected sketch matching the focal length, (b) four quartz halogen lamps positioning in achieving 
concentrated temperatures (c) on the hot side of the TEG whilst the cold-side submersed with ice-cubed 
container and (d) connected to live measurement digital meters 

 
3.2 TEG-Setup with Natural Solar Thermal Concentrated Heat Testing Components 

 
In this part of the experiments, natural sun light, at 13:00 GMT in London, was utilised to 

concentrate the solar radiations at focal point of the hot-side of TEG-setup. Surface temperatures 
raised as expected and the results were recorded. Focusing of the mirror and cooling the cold side 
has been challenging. The cooling technique utilised achieved the reduction of cold side temperature 
of TEG setup. Fig. 3 shows the complete experimental setup and the required equipment for 
measuring open circuit voltage and short circuit current and surface temperatures with k-type 
thermocouples. Two multi meters were connected to the cold side and hot side of the metal plate 
using k-type thermocouples for measuring the surface temperature on the cold side and hot side of 
TEG. Focusing the mirror and finding the right focal point was challenging because the focal point of 
the mirror is at the centre of its diameter and in front of the mirror. The focal point of the mirror was 
not suited for cooling technique used. The focusing technique used in both sunlight and halogen 
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lamps were different. In the halogen lamp experiment, focusing the mirror down to the TEG brought 
better result than putting it parallel with the TEG. It is because of the connection of lamps, the lamps 
were hinged to a metal, which is not suitable for repositioning. In sunlight experiments, focusing the 
mirror downward to the TEG achieved maximum concentrated surface temperature of 193°C in cold-
arid London, England, climate. The cooling technique used in this experiment can be improved with 
micro-channel-based heat-sink with better cooling mechanism, but the current technique reduced 
the cold side temperature. A metal plate was inserted in between the ice and the heat sink to avoid 
direct contact of ice with the heat sink. Other benefits of using the metal plate was for been sure no 
water droplets reach the TEG. The bowl which is holding the ice has holes on its top the reason of 
choosing this kind of container is the melted ice to leave the bowl as a water without causing any 
damage to the TEG. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Experimental TEG-setup with natural solar thermal concentrated heat testing components 
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4. Results and Discussions 
4.1 Mathematical results of maximum power point full load analysis at dynamic temperatures 

 
Figure 3 predicts the performance of TEG-setup at maximum power point  effect of full load tests 

at four different 𝛥𝑇 on the output load power (P) connected to the variable load resistor (RL) when 
RL=Re. It can be seen that with an increase of 𝛥𝑇 increases the maximum power-point, which 
validated the model predictions reported elsewhere [3, 25]. The maximum power point occurs when 
VL and IL are approximately equivalent to the half of the Voc and Isc, respectively. However, the Re is 
dependent on 𝛥𝑇 and is variable. The output load power (PL) at maximum power point of 0.44 W 
occurred at approximately IL of 0.32 A at 𝛥𝑇 was continued at 60 K due to less direct-heat supply 
causing a decrease in current and RL in this case when it is under-loaded.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Mathematical analysis of the maximum power point effect of full load tests at four different 𝛥𝑇 on the 
output load power (P) connected to the variable load resistor (RL) when RL=Re 

 
4.2 Experimental Results of TEG with Quartz-Halogen Radiative Concentrated Heat 

 
The use of eight quartz-halogen radiative concentrated heat experiments are sensitive and must 

comply with health and safety regulations. For this, the minimum distance of 1 m was kept between 
the TEG-setup and the hot-surface of the quartz-halogen lamps so that the intensity of heat that 
reached the surface area of the parabolic trough mirror along the safe measurements of Voc  and Isc. 
Figure 4 shows the main contributor in enhancing the Voc and Isc is the results of the temperature 
difference between the hot and cold sides. As temperature-difference rises in the contact area the 
output voltage and current of TEG increases. However, due to the concentrated temperature rise on 
the hot side of TEG reduced the temperature difference. This was improved by cooling the cold side 
of TEG with ice-cubed container. A higher the temperature difference the better result were 
measured. At 𝛥𝑇 of 11.8 K,  higher Voc of 292 mV and Isc of 95.8 mA and  was recorded at the 
concentrated hot-side surface temperature of 317.8 K. The limitation of these results are that the full 
potential of 𝛥𝑇 could not be experimentally possible under this setup. However, the results are in 
good agreement with the validated mathematical model of the TEG setup. These results are validated 
with similar thermoelectric behaviours reported elsewhere [11, 22]. 
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Figure 4a shows the relationship between the differential temperature, 𝛥𝑇, against the open-
circuit voltage, Voc. The values of 𝛥𝑇 is measured using the k-type thermo-couple and the output 
values such as short-circuit current, Isc, and Voc are measured using digital multi meter. The change in 
the temperature difference has significant influence on the output values. When 𝛥𝑇 increases the 
Voc increases and Isc  also increases, as shown in Fig. 4b. In this experiment, a maximum of 11.8K 𝛥𝑇 
is measured giving a maximum of Isc of 0.096 A and maximum Voc of 0.295 V. From this by increasing 
𝛥𝑇 of the TEG maximum output values can be achieved. Fig. 4c and 4d shows output power 
measurements and calculated ZT parameters against the differential temperature. The with an 
increase of temperature dependent figure of merit the output power can be increased and thus 
dependent on the TEG constructional materials. However, the output power is insufficient due to the 
hot side temperature measured from the increased halogen lamps used was very low even at the 
right calculated focal point. At a maximum temperature difference, 𝛥𝑇, of 11 K, maximum output 
power of 0.04 is measured. Fig. 4e and Fig. 4f shows the Voc and Isc relationship against the average 
temperature, respectively. The Voc and Isc increases linearly with respect to the change in average 
temperature difference. It illustrates that at 480K of avarage temperature, Tav, maximum Isc and Voc 
of 0.1 A and 0.3 V, repsectively, are measured. However, the graphs of 𝛥𝑇 versus Voc, Isc and Tav shows 
similar behaviour because the main influence on the outputs of TEG is indipendent of avarage 
temperature or other factors but is results of 𝛥𝑇 of the TEG.  Fig. 4g shows the relationship between 
the Tav and the temperature dependent figure of merit ZT. It shows that the avarge temperature has 
great influence on ZT. 

 
4.3 Experimental Results of TEG with Natural Solar Thermal Concentrated Heat 

 
The experimental results obtained using natural sunlight, as source of solar thermal concentrated 

heat considered to be better than the experimental results obtained using quartz-halogen heat. This 
is because of the intensity of sunlight is stronger than the quartz-halogen lamps and therefore the 
parabolic trough mirror concentrated up to 473.15 K or 200°C as shown in Fig. 5. Measurements show 
an increase of short circuit current and open circuit voltages. The surface temperature raises from 
295.3 K to its maximum 466.3 K. After this, the concentrated heat on the surface gradually decreased 
to 372.15 K. This is due to the change in the direction of the solar irradiance and azimuth angle was 
needed to be refocused with focal point aligned for harnessing the maximum possible concentration 
of heat. By tracking the sun and moving, the mirror into the direction where the sun moves the 
maximum temperature was regained. The experimental results are in good agreement with [31]. The 
Voc of 1.76V and Isc of 1.1 A at a temperature difference of 110K were measured, this is in good 
agreement with the results of [32]. 

Figure 5a shows the nonlinear relationship of Voc against 𝛥𝑇, as the maximum Voc of 3.35 V 
achieved at 𝛥𝑇 of 110 K. After its peak, due to the change of focal point the 𝛥𝑇 dropped to 
approximately 80 K at the Voc of 2.5 V. Fig. 5b shows the maximum Isc of 0.75 A at the 𝛥𝑇 of 110 K. 
Fig. 5c shows the relationship between 𝛥𝑇 and output power and it can be seen that the maximum 
out power achieved was 2.7 W in the current setup and improved compared to the preceding 
experimental results. The temperature dependent figure of merit ZT also behaves similarly to the 
short-circuit current measurements and confirmed with theoretical calculations of ZT as shown in 
Fig. 5d. Fig. 5e and Fig. 5f shows the Voc and Isc relationship against the average temperature Tav, 
respectively. It can be seen that the Voc and Isc increases somehow linearly with respect to the change 
in Tav.  
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Fig. 4. Experimental results of the TEG-setup with quartz-halogen concentrated heat showing (a) Voc versus 
𝛥𝑇, (b) Isc versus 𝛥𝑇, (c) P versus Voc versus 𝛥𝑇, (d) ZT versus 𝛥𝑇, (e) Tav versus Isc, (f) Tav versus Voc, and (g) Tav 
versus ZT 
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Fig. 5. Experimental results of the TEG-setup with natural solar thermal concentrated heat harvesting showing 
(a) Voc versus 𝛥𝑇, (b) Isc versus 𝛥𝑇, (c) 𝛥𝑇 versus P, (d) 𝛥𝑇 versus ZT, (e) Isc versus Tav and, (f) Tav versus Voc 

 
5. Conclusions 
 

This research study presented the experimental and theoretical analysis on the electrical 
performances of TEG in harnessing and concentrating the natural sunlight and quartz-halogen heat 
utilizing the parabolic trough mirror. The experiment is conducted by utilizing several heat sources 
expecting a difference in the output of the TEG. These experiments utilize parabolic trough mirror for 
conversion of solar radiations, which are emitted from the source to the mirror to concentrate it on 
the hot side of TEG. Several experiments were conducted and reported here to that are: TEG-setup 
with eight quartz-halogen concentrated heat and natural solar heat concentration. The experimental 
results are validated with the mathematical calculations. The Parabolic trough mirror used has a focal 
point at a distance of 19.05 cm. With eight quartz-halogen concentrated heat, maximum 
performance achieved at 𝛥𝑇 of 11.8 K, Voc of 292 mV and Isc of 95.8 mA, recorded at the concentrated 
hot-side surface temperature of 317.8 K. When compared to the natural solar concentrated heat, 
higher temperature of 473.15 K at the hot-side surface temperature of TG was achieved. It is 

(a) (b) 

(c) (d) 

(e) (f) 
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concluded that the heat concentration of the parabolic mirror increases with an increase of the 
intensity of heat using natural solar radiations. The Voc of 1.76 V and Isc of 1.1 A at a temperature 
difference of 110 K were measured, which are in good agreement with mathematical results. The 
parabolic through mirror utilized is a small in size and thus collected lesser sunrays than the larger 
dish style mirror and hence the heat in the focal point was very low, for better results, parabolic 
trough mirror with higher surface area would be important for future experiments. 
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