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Abstract: Thermoelectric energy harvester is known as a type of 

energy harvesting technologies which extracts waste heat from a 
target device or object to generate electrical power.  The low power 
generation from thermoelectric energy harvester, though, is 
always a critical consideration in designing a self-sustaining 
system. The energy harvesting system is usually aided by a power 
management solution to further enhance the power generation 
for better performance. Therefore, maximizing the power 
generated from the thermoelectric sensor itself is essential in 
order to select the most suitable power management approach. 
This paper presumed the methodology to maximize power 
generation of thermoelectric and further discussion is reviewed in 
the report. 

Keywords : Thermoelectric, energy harvester, optimal array, 
performance, self-sustain system.  

I. INTRODUCTION 

E nergy harvesting technologies utilize the ambient 

energy to generate electrical power. Nowadays, it is widely 
popular among the researchers studying to produce renewable 
green energy from the surrounding ambient since it does not 
harm the environment. . The technology is attractive because 
electrical power can be generated without   the use of batteries 
as well as it provides an autonomous option for a 
self-sustaining power system.  

The utmost important consideration for an energy 
harvesting technology is to have a stable supply of ambient 
energy source. When considering an ambient energy that is 
readily available for medical equipment, the very best option 
is heat source. Heat can be garnered from a live human body 
whereby an energy harvesting technology can be used to 
provide the autonomous stable power state for any medical 
devices. As stated in [1,8,9,10], a live human body provides a 
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stable and continuous source of heat energy which can be 
extracted.  

Thermoelectric generator (TEG) is one of energy 
harvesting devices which converts the temperature gradient to 
a usable electrical energy. TEG is a widely known sensor 
without any moving parts with a simple structure. Application 
of TEG in medical equipment fulfills the need for bionic 
sensor devices; convenient, maintenance free and with an 
unlimited supply of energy. Furthermore, an autonomous 
medical device that uses TEG reduces the risk of power 
outage during power plant’s maintenance or genset generator 

failure [2,11,12]. 
  The autonomous self-sustaining property, though, is 

mainly dependent on the power requirement of the system 
[2,15]. The higher the power requirement is, the more 
sensors’ are required to generate electrical power to meet the 

supply and demand of the electricity. Fig. 1 illustrates the 
basic function of a thermoelectric sensor. 

 

Fig. 1 Basic thermoelectric function block 
 

The disadvantage of TEG in real world applications is 
when the energy conversion efficiency is relatively low. This 
research is on converting human body heat into an electrical 
energy, whereby the temperature difference is relatively 
small. Due to that, voltage produced is hardly adequate to 
power   other systems. Taking into consideration Chen’s 

earlier proposal, implantable medical sensors can be built in 
together with TEG sensors to complete a self-sustaining 
medical monitoring system [3]. From the studies, the power 
requirement for implantable sensors is shown in Fig. 2, 
whereby it seems possible to build TEG sensors    together 
with these sensors with power consumption from 1 µW up to 
2 mW. Since a single TEG is only able to produce a very small 
amount of power, it is possible to design and assemble the 
sensors in array configurations.  However, it is difficult to 
ensure that every sensor will work under the same 
specifications [4,15].
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Fig. 2 Power requirements of implantable sensors [2] 
 

In order to prove the feasibility of realizing this combined 
technology, an experimental review of the technology had 
been proposed and performed to reveal the performance of 
TEG sensor. A low power type of TEG sensor is selected and 
tested for various human body temperatures in order to 
ascertain the capabilities and performance of the sensor. This 
paper is structured as follows: Section 2 presents the 
methodology of the studies; Section 3 discusses series of 
experimental results; and finally Section 4 is a conclusion of 
the experiment. 

II. TEG SENSOR SELECTION AND 

SPECIFICATIONS 

A 0.8 W low power TEG sensor is selected from a local 
distributor in Malaysia to investigate its performance for 
various human body temperatures. The specification of the 
sensor is tabulated in Table 1. 
 

Table 1 Specification of a 0.8W TEG sensor 

Specifications Measurements 

Length (mm) 6 

Width (mm) 4 

Height (mm) 3 

Maximum Current (A) 0.6 

Maximum Voltage (V) 1.4 

Maximum Power (W) 0.8 

Maximum Changes of Temperature (°C) 73 

 
The sensor is built up with two commonly used materials, 

bismuth telluride and bismuth antimony telluride. Each of the 
sensors is connected to 11 thermocouples in series. In order to 
ensure a smooth measurement process, the sensors is 
assembled and soldered within a small PCB board. The exact 
workpiece of the test board is depicted in Fig. 3. 

Continuing with the measurement process, these sensors 
will undergo the measurement process for hot side 
temperature ranging from 30 °C to 40 °C while the cold side is 
exposed to the ambient temperature of the laboratory. The 
temperature on the hot side   measured was about 37 °C which 
is similar   to a temperature of a normal live human body (i.e. 
skin) in Malaysia.  The body temperature could vary from 32 
°C (for healthy person) and up to 40 °C (for fever case) [5]. 
Therefore, the temperature gradient   for the hot and cold side 
is assumed to be from 5 to 15 °C.   

 
 

 

Fig. 3 Work Piece of 5 TEG sensors 

For each of the temperature range, the sensors are arranged in 
order to monitor the performance from different 
configurations. The test is carried out utilizing a hot plate 
from Fisher Scientific (Model no. 1110250SH) as the 
temperature source for the hot side of the sensors. The photo 
of the hot plate is shown in Fig. 4. For the total of five sensors, 
all were configured in series, parallel and combination of both 
to identify the best performance for each of the temperature 
differences. 

 

Fig. 4 Fisher Scientific Hot Plate 

III. MEASUREMENT RESULTS 

A. Single Sensor Performance 

To measure the sensor, a PCB board is fixed at the center 
of the hot plate to obtain the optimum heat transfer. The test is 
performed by using a hot plate with a temperature range from 
30 °C to 40 °C while the cold side of the sensor is exposed to 
the room temperature of about 27 °C. Voltage and current 
measurements was recorded and are tabulated in Table 2. 

Each of the data is plotted into a graph to identify the 
characteristics of voltage, current and output power against 
the temperature difference, as shown in Fig. 5. It was 
determined that sensor number five produces higher power 
output when compared to others. From the graph, it is clearly  
seen that performance of the sensors are not quite linear   from 
a parabolic function, except for the voltage-temperature 
characteristic in which linear relationship can be 
approximated using a best-fit line method and will be further  
analysed in this section. In the following sections, both series 
and parallel configurations are evaluated to monitor the 
changes of the sensor performances. 
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Table 2 Single Sensor Performance. 

Sensor ∆T (°C) Vo (mV) Io (mA) Po (μW) 

S1 

7.4 4.7 0.52 2.44 

11.8 10.5 1.37 14.39 

16.4 15.1 2.75 41.53 

S2 

7.4 5.6 0.55 3.08 

11.8 9.3 1.51 14.04 

16.4 16.6 3.08 51.13 

S3 

7.5 4.5 0.47 2.12 

11.8 8.9 1.35 12.02 

16.4 15.9 2.74 43.57 

S4 

7.5 4.3 0.54 2.32 

11.8 8.4 1.25 10.50 

16.4 17.2 3.01 51.77 

S5 

7.5 4.2 0.52 2.18 

11.7 9.1 1.45 13.20 

16.4 18.2 2.90 52.78 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5 Sensors’ performance for (a) output voltage, (b) 

output current, and (c) output power against temperature 
differences 

In addition, there are published data that are available as 
shown in [5] and [6] that can be used as references to identify 
if the performance of the sensors used in this experiment fall 
under standard performance class.  From the graphs shown in 
Fig. 6 and 7, the performance of the sensors when compared 
with the ones from the previous study is rather identical in 

their plot pattern. Although the sensors used in both studies 
are dissimilar, the performance of the sensors produces 
similar non-linear plots. Therefore, it can be verified that the 
sensors used in this experiment perform under standard 
conditions. 

By adopting the given parameters in Table 1, the Seebeck 
coefficient can be determined from the formula below [7]: 

SM = Vmax / Th         (1) 

where SM is Seebeck coefficient of the module, Vmax is 
maximum voltage of sensor given in Table 1 and Th refers to 
hot side temperature in contact with the sensor. The result of 
the calculated Seebeck coefficient is tabulated in Table 3. 

 

(a) 

 

(b) 

Fig. 6 Reference of TEG sensors performance for (a) output 
voltage, and (b) output power against temperature 

differences. [5] 

 
(a) 

SM= 0.882 mV/K 
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(b) 

Fig. 7 Second reference of TEG sensors performance for 
(a) output voltage, and (b) output power against 

temperature differences [6] 
 

The coefficient was then substituted into formula (2) to 
generate a series of output voltage at several temperature 
differences and then compared with the results measured from 
the experiment. Below is the description of formula (2), [7]:  

         V=SM∆T+IRM       (2) 

where V is the voltage generated by the sensor, SM is the 
Seebeck coefficient, ∆T is the temperature difference between 
the hot and cold side of the sensor, I is the  current measured 
for the temperature differences and RM refers to resistance of 
the TEG module. Formula 3[7] below is used to calculate RM,  

  RM=(Th-Tmax)Vmax/ThImax                     (3) 

The results for   RM calculated from the formula are shown 
in Table 4. The deviation for the calculated and measured 
output voltages are found to be   very large ranging from 77 
percent to 88 percent while the output voltage calculated from 
the vendor specification is much higher than the measured 
output voltage. In order to ensure the reliability of the 
measured data,   the measured parameters are used in the 
configuration analysis for both   series and parallel 
configurations.  

Table 3 Theoretical (calculated) Seebeck coefficients. 

Hot Temperature, Th (°C, K) Vmax (V) SM (mV/K) 

25°C / 298K 1.4 4.698 

Table 4 The comparison results of output voltage between 
theoretical (calculated) and measurement methods. 

Sensor 
∆T, 

K 
Rm, 
Ω 

Vo (cal), 
mV 

Vo (meas), 
mV 

%|error| 

S1 

7.4 1.32 35.45 4.7 86.8 

11.8 1.32 57.14 10.5 81.62 

16.4 1.32 80.67 15.1 81.29 

S2 

7.4 1.32 35.5 5.6 84.23 

11.8 1.32 57.43 9.3 83.21 

16.4 1.32 81.11 16.6 79.54 

S3 

7.5 1.32 35.85 4.5 87.45 

11.8 1.32 57.22 8.9 84.45 

16.4 1.32 80.66 15.9 80.29 

S4 
7.5 1.32 35.95 4.3 88.04 

11.8 1.32 57.09 8.4 85.29 

16.4 1.32 81.02 17.2 78.77 

S5 

7.5 1.32 35.92 4.2 88.31 

11.7 1.32 56.88 9.1 84 

16.4 1.32 80.88 18.2 77.5 

The data for sensor 1 from Table 1 is then plotted into a 
linear graph as depicted in Fig. 8. The comparison of trend 
line shows that the deviation of the sensor’s performance is 

very large when compared with the actual trend line. It is 
believed that the ambient of the test section affected the 
outcome since it was performed in an open area which allows 
numerous factors to affect the results, such as uncertain 
temperature dissipation.   Nevertheless, the measured values 
will be adopted as it is the references for the configuration 
sections.  Thus, it is believed that the sensors are operating 
under optimum conditions and the results produced are 
reliable.  

 

Fig. 8 Comparison of trend line for measured voltage (red) 
and calculated voltage using Seebeck coefficient (blue) 

B. Series Performance 

For the second configuration, the sensors are connected 
in series connection by two sensors, three sensors, four 
sensors and five sensors in sequential order. For the series 
connection, the voltage of the sensors is expected to sum up 
while the current remains unchanged. The series connection 
provides information whereby the maximum power produced 
is achieved by increasing the voltage ratings while the current 
rating is maintained at approximately the same level. The 
exact performance of series configuration is tabulated in 
Table 5(a)-(c) for different temperature differences and the 
performance curve is depicted in Figure 9.  

 

Table 5(a) Sensor series configuration for temperature 
differences at 4.72 °C 

No. of 
Sensor 

∆T (°C) 
Vo 

(mV) 
Io (mA) Po (µW) 

1 4.72 5.6 0.55 3.08 

2 4.72 7.8 0.79 6.16 

3 4.72 16.6 0.99 16.43 

4 4.72 2.5 0.82 2.05 

5 4.72 3.7 0.29 1.07 
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Table 5(b) Sensor series configuration for temperature 
differences at 9.63 °C 

No. of 
Sensor 

∆T (°C) 
Vo 

(mV) 
Io (mA) Po (µW) 

1 9.63 10.5 1.37 14.39 

2 9.63 18.0 1.88 33.84 

3 9.63 21.0 2.48 52.08 

4 9.63 41.0 2.58 105.78 

5 9.63 39.4 2.65 104.41 

 

Table 5(c) Sensor series configuration for temperature 
differences at 14.30 °C 

No. of 
Sensor 

∆T (°C) Vo (mV) Io (mA) Po (µW) 

1 14.30 18.2 2.90 52.78 

2 14.30 34.3 4.25 145.78 

3 14.30 59.3 5.72 339.20 

4 14.30 48.6 3.72 180.79 

5 14.30 59.8 4.06 242.78 

 

From the graphs shown in Fig. 9, it can be observed that 
the performance of the sensors is absolutely non-linear. This 
situation occurred during the measurement recording process 
when the cold side of the sensor is exposed to the ambient 
temperature in an air conditioned laboratory whereby the 
temperature changes slightly from time to time depending on 
the number of users in the room. Moreover, the heat 
dissipation for the hot plate starts from the center of the hot 
plate. Since the heat dissipation is not equally dissipated, the 
heat received by each of the sensors differs as well. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9 Sensors’ performance for series configuration: (a) 
output voltage, (b) output current, and (c) output power 

against number of sensors 

C. Parallel Performance 

For the third configuration, the sensors are connected in 
parallel connection by all possible parallel sequences. By 
connecting them in parallel connection, the voltage of the 
sensors is maintained whilst the current is expected to 
increase linearly. The parallel connection ensures delivery of 
maximum power through the increment of current rating. The 
results for parallel configuration are recorded in Table 
6(a)-(c) for various temperature differences while Figure 10 
illustrates the performance of the sensors against varied 
number of sensors used in the configuration.   
Table 6(a) Sensor parallel configuration for temperature 

differences at 2.31 °C 
No. of 
Sensor 

∆T (°C) Vo (mV) Io (mA) Po (µW) 

1 2.31 5.6 0.55 3.08 

2 2.31 4.5 0.85 3.83 

3 2.31 1.0 0.22 0.22 

4 2.31 1.9 0.33 0.63 

5 2.31 2.9 0.54 1.57 

Table 6(b) Sensor parallel configuration for temperature 
differences at 9.31 °C 

No. of 
Sensor 

∆T (°C) Vo (mV) Io (mA) Po (µW) 

1 9.31 10.5 1.37 14.39 

2 9.31 10.5 2.13 22.37 

3 9.31 11.6 2.37 27.49 

4 9.31 10.7 2.58 27.61 

5 9.31 11.1 2.71 30.08 

 

Table 6(c) Sensor parallel configuration for temperature 
differences at 15.54 °C 

No. of 
Sensor 

∆T (°C) Vo (mV) Io (mA) Po (µW) 

1 15.54 18.2 2.90 52.78 

2 15.54 15.4 2.84 43.74 

3 15.54 15.9 3.45 54.86 

4 15.54 15.4 3.54 54.52 

5 15.54 15.2 3.70 56.24 
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At this juncture, it seems that the performance for parallel 
configuration has not achieved a lot by linearizing the 
parameters. However, the current’s rise for bigger 

temperature differences is promising. From the graph in Fig. 
10, it is clear that the effect of power generation starts when 
the temperature difference is over 9.31 °C. Overall, the 
performance of the series configuration is more stable and 
generates more power than the paralled configuration.  

 
(a) 

 
(b) 

 
(c) 

Fig.10 Sensors’ performance for parallel configuration: 

(a) output voltage, (b) output current, and (c) output 
power against number of sensors 

IV. CONCLUSION AND FUTURE WORKS 

The experimental results show that it is feasible to 
incorporate TEG sensor together with medical sensors to 
produce a self-sustaining health monitoring system. From the 
results acquired, the TEG sensor is able to generate up to 
242.78 µW of power by configuring it in series with a 
temperature difference of about 15 °C.  

In order to maximize the performance of the sensor, the 
temperature fluctuation needs to be controlled to prevent the 
non-linear performance of the output. Assuming that the 
minimum power requirement is 30 µW, the hot side of the 
TEG sensor can be coated with a heating element to produce a 
temperature difference of 15 °C against the human body 
temperature. Thus, the above condition is proposed to ensure 
a continuous and stable power generated by the TEG sensor 
for the medical sensor.   

During the experimental stage, the output measurement 
of the sensor is not appropriate since both the temperatures of 
the cold and hot sides fluctuate. The hot side of the sensor 
heated up by the hot plate does not produce uniform heat 
dissipation to all the sensors while the cold side exposed to the 

ambient room temperature fluctuates as well with the air 
conditioner’s system. The heat dissipation of the hot plate is 
illustrated in Fig. 11 for the reference of visual purpose.   

 
Fig. 11 Heat dissipation of hot plate 

Hence, fixing the temperature at the hot side of the TEG 
sensor is preferred. Moreover, the heat dissipation of a human 
body is considered not uniform because the surface of the 
human body is curvy and a TEG sensor will be unable to 
absorb the maximum heat unless it is specifically fabricated to 
fully cover the of human body curvature.  

As a conclusion, it is feasible to fabricate a TEG sensor 
and combine it with medical sensors to achieve a 
self-sustained autonomous system with proper sensor 
configurations, together with a suitable power conditioning 
system. The designed power management system must be 
able to regulate the fluctuated raw outputs from the TEG 
sensors. The multi-stages charge pump approach that has 
been proposed in the previous work (appear in [13,14]  seems 
suitable to be used for low-power TEG application as 
described in this paper. 
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