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Globally people are faced with difficulties in environmental pollution, increasing power 
costs, and global warming. As such researchers are focusing on enhancing energy-
harvesting using thermoelectric generators for power generation to lessen the 
difficulties. Through the Seebeck effect, thermoelectric generators (TEGs) have proven 
their ability to convert thermal energy into electric power. Given the unique benefits 
they present, thermoelectric generators have arisen in the recent decade as a possible 
alternative to other green power generation technologies. A thermoelectric generator 
(TEG) is a solid-state device that converts thermal energy into electrical energy. TEG 
consists of elements of p and n-type semiconductors, connected thermally in parallel 
and electrically in series. In this paper, one hundred and ninety-two thermoelectric 
generators connected in series and parallel were used to investigate the thermal energy 
potential at the roof and attic area for domestic application for 20 days from the falling 
solar radiation on a residential prototype in Bashar, Wase Local government area of 
Plateau State. A theoretical analysis was used in determining the average output power 
(P) due to the delta T across the thermoelectric generator module junction. The load 
resistance value of the thermoelectric generator configuration was evaluated. The 
results show that the TEG generated power output ranging from 217 mW to 1.99 W 
throughout the day, 5.97 mW to 13.8 mW in the morning, and 6.8 mW to 36.9 mW in 
the evening. Furthermore, The finding also reveals that the attic side has the capacity to 
store thermal energy, which can be harnessed owing to the fast heat transfer to the 
surroundings during the convection process. In conclusion, solar irradiance has a major 
impact on the system.  
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1. Introduction 
 

The human population in Nigeria has increased for over a decade. This brings about a substantial 
rise in residential housing in urban and rural areas due to population growth. A study conducted by 
Akbari et al., [1] indicates that over 60% of these residential houses are covered with roofs. In 
addition, rising urban surface temperatures depend on these population growths within a decade, 
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thus, creating the urban heat island. Urban heat islands arising from the thermal behaviour of 
different urban surfaces contribute to heat stress, climate change, and global warming [2].  

This is because surface materials with low albedo absorb more thermal energy, including both 
aspects. First, the property of impervious surfaces, namely roads, streets, roofs, and walls, prevents 
heat dissipation by evaporation. Therefore, improving the ability to absorb solar energy. As a result, 
the stored and absorbed heat is released to the environment as sensible heat at night, causing a high-
temperature difference on the surface. Secondly, the roof is the most dominant heating element in 
the urban environment due to daytime solar radiation. 

Bashar town is exposed to high temperatures of 22°C to 36°C due to increased solar radiation and 
high humidity. Located 9°N and 10°E from the equator, Bashar falls into a tropical climate with an 
average solar radiation level of 5.24 kWh/m2 to 6.43 kWh/m2 in a year [3]. There are about 7 hours 
of sunlight every day, and the hottest hours are between 11:30 am and 4:30 pm [4]. Figure 1 depicts 
the level of solar radiation in a day. Studies at a residential house in Bashar show that 76% of solar 
heat comes from the roof [5]. 

In addition, the roof surface absorbed 20% to 90% of the radiation at 1 kWh / m2 of solar radiation 
in clear weather [6,7]. Furthermore, the heat transferred from the roof surface is trapped in the attic. 
Thus creating a higher ambient temperature between these two surfaces. Therefore, a large amount 
of heat energy can be used and converted into electrical energy [8-11]. However, the system is bulky 
and unsuitable for domestic implementation concerning the consumer roof-mounted application as 
obtained in the previous studies [12-15]. 

Yoo-Suk et al., [16] conducted a thermoelectric energy harvesting from a temperature gradient 
on a building through a stationary model, in the model, the time domain accounts for the transient 
behavior of the TEG. The results indicate that 70 mJ was generated. In addition, Qiliang et al., [17] 
designed a thermoelectric-powered wireless sensor network platform for smart buildings using an 
energy equilibrium algorithm. The findings revealed 0.42 mW of power was produced under a 
sampling time of 2 has conducted by Fathabadi [18]. 

The method described in this study focuses on the simple configuration of the TEG on the roof of 
a metal shingle to investigate and evaluate the thermal energy potential. The paper also shows the 
ability to convert heat energy into electrical energy from solar radiation on the roof and attic areas. 
The effect on TEG output power in both configurations has been observed. The next section describes 
a theoretical thermoelectric generator followed by the experimental setup. Finally, the research 
findings are discussed and presented. 

 
2. Thermoelectric Generator 

 
The TEG module operates according to the Seebeck effect (α), which converts thermal energy 

directly into electrical energy [19-21]. The TEG configuration consists of multiple TEGs coupled to the 
circuit [22]. The configuration setup is a series and parallel combination to achieve the desired 
current and voltage depending on the load requirements. Figure 1 shows the schematic of the TEG 
module. Solar radiation provides the heat source for the hot junction, QH is the thermal energy at 
the hot junction, the cold junction disperses the heat, and the QL is released into the surrounding air. 
Furthermore, the internal resistance of the TEG is taken as Rin. 
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Fig. 1. Schematic diagram of heat flux distribution for a single TEG module 

 
The thermal energy equation for the hot junction is given in Eq. (1), and the thermal energy at 

the cold junction is obtained using Eq. (2) [23]. 
 

ℚΗ = 𝛼ΤΗΙ + (⋏ Α ∕ 𝕃)ΔΤ − 0.5 𝑙2𝑅𝑚          (1) 
 
ℚL = 𝛼Τ𝐿Ι + (⋏ Α ∕ 𝕃)ΔΤ − 0.5 𝑙2𝑅𝑚          (2) 
 
where TH is the hot junction temperature, TL is the cold junction temperature, A is the surface area, 
L is the length λ is the thermal conductivity, and ΔT is the delta T. The waste heat at the cold junction 
determines using Eq. (3). 
 
ℚ𝐿 = 𝐾(𝑇𝑜𝑙𝑑 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)            (3) 
 
where Tcold and Tambient are the temperature at the cold junction and the ambient, respectively. The 
current I of the TEG module is obtained using Eq. (4) [23]. 
 
l = V𝐷𝐶/(𝑅𝑚 + 𝑅𝑒𝑙𝑜𝑎𝑑)            (4) 
 
The open-circuit voltage, Voc obtained using Eq. (5) 
 
V𝐷𝐶 =∝ ∆T              (5) 
 
where ∝ is seebeck coefficient, Reload is the load resistance. Theoretically, the optimum power output, 
Pmax, is computed at the internal resistance, Rin of the TEG module, equal to a load resistance, Reload 
given in Eq. (6). 
 
P𝑚𝑎𝑥 = 𝑉𝐷𝐶2/4𝑅𝑚                   (6) 

     

The equivalent circuit of the TEG is represented by a voltage in series with internal resistance, as 
shown in Figure 2. The open-circuit voltage generated by the TEG module is proportional to the 
temperature difference, but the internal resistance is temperature independent [24]. 
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Fig. 2. The interrelation between internal 
resistances with the load resistance 

 
3. Methodology 

Figure 3 shows a real-time experimental setup for temperature measurement of the TEG module. 
One hundred ninety-two thermoelectric generators (TEGs) with an area of 1 m2 were sandwiched 
between the metal shingle rooftop materials and the heatsink, and the hot junctions were attached 
to the metal shingle and the cold junction at the heatsink. In addition, a thin layer of thermal paste 
is used on the surface of the TEG and heat sink to increase thermal conductivity. 
 

 
Fig. 3. TEG experimental set-up 

 
The heatsink is used at the cold junction to absorb the heat on the cold junction terminal in order 

to increase the efficiency of natural wind cooling. Solar Pyranometer is used to measure the amount 
of solar radiation to study the effect on the amount of heat released on the roof. 

A K-type thermocouple was used for the TEG hot-junction temperature measurements, and a 
heatsink was used to cool the cold-junction temperatures, as shown in Table 1. Another 
thermocouple was also used to measure the ambient temperature. Temperature data was obtained 
from the NI-9211 module, the voltage was obtained from the NI-9201 module, and the current was 
obtained from the NI-9203 module of the national instrument (NI). All the data were recorded at a 
1-second update cycle for 24 hours over 20 days. The data were processed using excel. Theoretical 
calculations using Eq. (1) to Eq. (6) were performed to provide an understanding of the system's 
thermal and electrical potential using 10% uncertainty values as part of the calculation. Table 1 shows 
the dimensions of TEG. 
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Table 1  
Properties of type K thermocouples 
Temperature range (°F) Limit of error standard special EMF (mV) over temperature range 

-300 to 32 ±2% N/A  
32 to 530 ±4°F ±2% 0 to 11.243 
530 to 2300 ±3/4% ±3/8% 11.243 to 50.990 
Melting point (°C) 1430 
Electrical resistivity (Ω/CMF @20°C) 425 
Thermal conductivity (Watts/cm/°C @100°C) 0.192 

 
Figure 4 illustrate the system output via the Labview interface for different system parameter 

measurements. 
 

 
Fig. 4. LabVIEW interface 

Before conducting the proper experiments, a preliminary test was carried out to ascertain the 
power output and resistance properties of two TEGs with the characteristics listed in Table 2. This 
test involved connecting the TEGs in series with a rheostat load to obtain the internal resistance of 
the TEG. Figure 5 shows serial and parallel TEG topologies for simulation purposes. In order to 
determine the total internal resistance, several combinations are made by changing the connection. 

 
Table 2 
Thermoelectric generator [25] 
Description Parameter 

Type TEC1-12706 
Cold temperature, °C 27 
Hot temperature, °C 300 
Vmax, V 16 
Seebeck coefficient, Se (V/K) 0.053 
Heat coefficient, Qmax (Watt) 61 
Electrical resistance, Reg (Ω) 2.57 
Temperature gradient, ΔT (°C) 70 
The quality factor, X 0.930 
Thermal resistance, RQ (°K/W) 1.952 
A figure of merit, ZT 0.701 
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Fig. 5. The TEG configuration for (a) series (b) parallel 

 

The experiments were conducted under real atmospheric conditions to achieve the real-time 
temperature characteristic of the TEG. The temperature spectrum for hot junction temperatures is 
30°C to 55°C. Whereas the cold junction is connected to the heat sink and provides natural cooling. 
After that, the data was logged for 30 minutes. According to the thermocouple specifications, the 
uncertainty of the utilized thermocouple is ±16.7% °C. The National Instrument module's structure is 
comparable to the widespread application of TEG in real-time observations. The power output of the 
different load resistances is shown in Figure 6. 

 

 
Fig. 6. Power output for different resistance 

 
4. Result and Discussion 
4.1 Temperature Behaviours during the Experiment 
 

Figure 7 shows the 24-hour temperature measurements as a direct function of solar radiation 
and environmental evolution. Therefore, the data is monitored and logged with a temperature 
variation per second for an update cycle in the investigation. The temperature of both the hot and 
cold junctions as well as the ambient are taken into consideration while assessing the thermal energy 
of the TEG's performance. The measurements were divided into three times of the day, morning time 
(12:00 to 6:00 am), day (6:00 am to 6:00 pm), and evening (6:00 pm to 12:00 am). The division was 
to achieve a broad investigation and analysis of the temperature potential at the roof and attic area 
of the building. The highest temperature was achieved during the daytime (6:00 am to 6:00 pm) as 
compared to the morning and evening time. In the evening and morning time, the temperature drips 
gradually as a results of the low amount of solar irradiance on the roof. Remarkably, thermal energy 
was still obtainable owing to the capability of the roofing shingle to supply the solar irradiance to the 
environment. This allows the use of TEG to generate heat energy from the attic. 
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Fig. 7. Temperature variation 

 
Figure 8 shows the delta T (ΔT) analysis. The maximum delta was 0.3433°C to 0.4881°C, while the 

minimum was 0.1986°C to 0°C. Conversely, the average was between 0.1988°C and 0.3685°C. It 
points out that the ability of roofing shingles to store thermal energy generates the inexhaustible 
potential for harvesting thermal energy with or without solar radiation both day and night. 

 

 
Fig. 8. Delta T at morning time 

 
The experiment’s temperatures are influenced by good weather behaviors, this correspond to 

the findings obtained in the previous studies [26-30], this is seen on the 2nd, 6th, and 9th days as seen 
in Figure 9. The highest temperature is between 0.7932°C and 0.3523°C in the evening. In addition, 
the average temperature is 0.3943°C to 0.2934°C, and the lowest temperature is 0.1979°C. 
Consequently, the system can attain a 50% increase in the daytime as compared to the morning time. 

The highest daytime delta T was between 2.2°C and 6.181°C. The average temperature is between 
0.3121°C and 0.9781°C, the lowest temperature was at 0°C, as shown in Figure 10. 
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Fig. 9. Delta T for the evening section 

 

 
Fig. 10. Delta T for the day section 

 
According to the temperature result, high-intensity polarization change takes place on the TEG 

module's hot and cold junctions. As a result, the distribution of temperatures has been divided into 
three portions for additional investigation and to minimize simulation errors for the TEG module's 
potential energy generation. Based on the theoretical approach, a negative value is the anticipated 
outcome. Numerous factors, including humidity, rain, haze, and partial solar irradiance shading could 
affect the outcome of this investigation. Thus, as previously stated, the roof's temperature is 
influenced by the environment. 

The overall temperature variation of the day indicates that it is likely to harvest electrical energy 
potential from the heat of solar irradiance. Nevertheless, in order to increase the rate of achievement 
in terms of the potential delta T on both sides of the TEG module, the efficiency of the TEG 
configuration must be evaluated prior to being mounted. 

In addition, the temperature difference measured on the roof is essential because the energy 
produced by the TEG module depends on the delta T (ΔT). Hence, using TEG simulation and proper 
realization of renewable energy will assist determine the energy generated via the current 
temperature distribution. Typically, output power, voltage, and current are used to assess 
performance in TEG systems. 
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4.2 Potential Power Evaluation 
 
The TEG electrical power potential evaluation in relation to solar radiation was conducted. Taking 

into account the experimental temperature for the hot and cold junctions of the TEG, the voltage 
generated was computed using Equation 5. The TEG internal resistance and the Seebeck coefficient 
are 2.57 Ω and, 53 mV/°K, respectively. The serial and parallel connections used in the proposed TEG 
array designs were found in Husainy et al., [26]. The system achieved the highest power transfer once 
the TEG internal resistance matched the load. As a result, the overall internal resistance of the TEG 
design is 135.95 Ω in parallel and 511.97 Ω in series. 

Figure 11 depicts the output power generated during the morning and evening time. From day 6 
to day 9, evening power generation increased by 66% as compared to morning power generation. 
The lowest and highest power generated were 6.76mW and 33.9mW in the evening, respectively. In 
the morning time, the highest power ranges from 5.96mW to 12.8mW. Furthermore, for both TEG 
designs, the mean power over 20 days is 9.21 mW in the morning and 14.5 mW in the evening 

 

 
Fig. 11. Output power for the morning and evening time 

 

Figure 12 concentrates on days 6–9, where the parallel current is 66% larger than the series 
current at both times. The highest parallel and series currents are 16.4mA and 8.11mA in the evening. 
In the morning, the current is 5.21 mA for connections in series and 11.2 mA for connections in 
parallel. The lowest current, in comparison, is 3.55 mA in series and 7.06 mA in parallel in the evening. 
In the morning, the lowest current for connections in parallel is 6.93 mA, and 3.44 mA for connections 
in series. 
 

 
Fig. 12. Current for the morning and evening section 
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The voltages obtained in Figure 13 for the two TEG setups followed the same trend as the currents 
in Figure 12 in the morning and evening. Nevertheless, the series arrangement offers a better voltage 
with a 66% improvement over the parallel arrangement. The morning voltages of the series 
connections are therefore 2.62V and 1.82V, respectively, for the highest and lowest voltages. In 
addition, the highest and lowest voltages for the parallel connection in the morning are 1.28V and 
0.87V, respectively. In the evening, 4.08V and 1.79V, respectively, are the highest and lowest values 
for the series connections. 
 

 
Fig. 13. Voltage for the morning and evening time 

 
As revealed in Figure 14, the solar irradiance effect considerably enhances the power generation 

in the two TEG setups, increasing by 99.45% and 97.3% at optimum and minimum, respectively, as 
compared to the morning time. On the other hand, during the evening hours, the highest and lowest 
values respectively increased by 98.5% and 96.9%. The pattern is the same in the two designs, with 
an optimal daytime value of 1.99 W and a minimum of 217 mW. The findings indicate that solar 
radiation’s impacts have a direct effect on the rise in roof temperature. 

 

 
Fig. 14. Output power for the day section 

 
The current variations can be seen in Figure 15 for both parallel and series setups. With the 

highest and lowest current values of 126 mA and 41.6 mA, respectively, the results show a 49.5% 
increase for parallel in comparison to the series. Additionally, 63.5mA and 21.6mA are the series' 
highest and lowest values of the current, respectively. 
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Fig. 15. Current for day section 

 
Figure 16 depicts the voltage variation for the daytime. Essentially, the series setup produced a 

better voltage than the parallel setup and has a 49.86 % increase. In comparison to parallel setups, 
which obtained 15.9V and 5.30V, respectively, series setups achieved 31.7V and 10.6V as their 
highest and lowest voltages. 
 

 
Fig. 16. Voltage for day section 

 
5. Conclusion 

 
The present research analyzed the 20-day solar radiation's thermal potential on roofs and attics. 

From the result, thermal energy has been shown to be significantly impacted by solar radiation. A 
substantial delta T measured at the TEG module shows that the morning had the lowest daily delta, T, 
proceeded by the evening, and the day had the highest delta T. In the morning and evening, the attic's 
thermal energy is higher than that of the roof. As a result, it switches the TEG module's orientation 
from hot to cold. This process is comparable to how polarity changes produce electrical energy. The 
highest delta T values were in the morning (0.4871 °C), evening (0.7842 °C), and daytime (6 °C).  

Additionally, it was discovered that both configurations of the TEG module's output power were 
comparable. On the other hand, the voltage produced shows that the parallel configuration is less as 
compared to the series arrangement. While we notice a reverse tendency for measurements of 
current, where the parallel setup can attain 65% higher than the series. The TEG's output power 
ranged from 1.99 W to 216 mW during the day, while only 12.9 mW to 5.94 mW and 36.9 mW to 6.8 
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mW were generated in the morning and evening, respectively. The thermal energy reaching the roof 
throughout the day is thus impacted by the total amount of solar irradiation. Furthermore, even 
when only a small quantity of electricity is produced, thermal energy from the roof's attic area is 
useful. More energy can be generated from the roof and attics area by using light colour materials, 
adding more insulation, and a radiant barrier at the same optimizing the TEG figure of meric. 
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