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ARTICLE INFO ABSTRACT
Keywords: Nuclear battery technology, known for its ultra-long life, plays a unique role in a number of areas. The expanded
Wireless Sensor Networks applications of nuclear battery technology can reduce the weight and cost of wireless sensor networks as well as

Radioisotope Thermoelectric Generator
Energy Harvesting and Storage
Sensors

extend their lifecycle. In this work, a radioisotope thermoelectric generator (RTG) is proposed as a substitute for
traditional batteries and then used for long-term generation of electrical energy. A direct current-direct current
(DC-DC) converter is used to realize power management, and a super-capacitor is used to store the electrical
energy generated by RTG. The changes in environmental temperature are detected using a sensor module. This
work also explores the application of the combined system consisting of the above modules in different scenarios,
such as confined space, unconfined space, and the deep-sea-polar region. In the deep-sea-polar region, the RTG
can achieve a maximum power output of 4.32 mW. A DC-DC converter uses the LTC3108 to enable the opti-
mization and stabilization of the electrical output of RTG in different working environments, the voltage
generated by the RTG in millivolts is effectively and stably converted to a 3.7 V output, resulting in a significant
increase in the maximum power output. Furthermore, the feasibility of using the RTG-charged super-capacitor to
supply electricity for a wireless temperature sensor is demonstrated, providing a novel solution for long-term
operations of wireless sensor network.

imperative to urgently identify a power source that can consistently,
clean and reliably supply energy to WSN [9].

Energy harvesting is a technology for converting environmental
energy into electricity. However, environmental energy sources, such as
solar and wind energy, exhibit instability, making them less favorable
for the continuous supply of energy to WSNs [10]. Radioisotope ther-
moelectric generator (RTG) [11] which operates based on the Seebeck
effect [12-14], converts decay heat energy [15] from an isotopic heat
source into electrical energy [16], exhibiting a long service life [17],
high stability [18], and the lack of noise [19]. Despite these advantages,
the electrical performance generated by the RTGs must be further
improved for sensor nodes. Table 1 shows the energy consumption of
some widely used sensor nodes. Some current research has focused on
the miniaturization of RTG. For example, Yuan et al. [20] achieved the
efficient, large-scale integration of modular single-layer devices by ser-
ies—parallel stacking and reported that 900 pairs of thermoelectric (TE)
legs can provide up to 13.2 V output. Liu et al. [21] synthesized two

1. Introduction

Wireless sensor networks (WSNs) are playing an important role in a
wide range of applications, including environmental monitoring [1],
precision agriculture [2], water quality monitoring [3], and animal
tracking [4], etc. At present, and well into the future, WSN is increas-
ingly being deployed in various remote, harsh, and unmanned envi-
ronments, which require sensor nodes to be functional for several
months or even years. The utilization of chemical batteries as power
sources for WSN cannot easily meet the requirements for long-term
operation [5], the replacement of batteries can be cost prohibitive or
even not feasible [6]. Waste chemical batteries will cause environmental
pollution if they are not recycled properly; if some fuel cells are used,
they will cause atmospheric pollution, global warming and other prob-
lems [7], threatening the survival of mankind. Thus, in order to reduce
pollutant emissions and meet carbon neutrality targets [8], it is
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Nomenclature n conversion efficiency
ZT thermoelectric merit of the thermoelectric materials
v output voltage of RTG, V a Seebeck coefficient, V/K
Voe the open-circuit voltage of the RTG, V o electrical conductivity, S/m
I the output current of the RTG, A p resistivity, Q-m
I the short-circuit voltage of the RTG, A K thermal conductivity, W/(m-K)
Pout the output power of the RTG, W N number of thermoelectric pairs
Prax the maximum output power of the RTG, W L
AT the temperature difference of both sides of thermoelectric Abbreviation
devices, K WSNs wireless sensor networks
Ty hot side temperature, K EH energy harvesting .
T. cold side temperature, K RTG r:?dlolsotope thermoelectric generator
L length of thermoelectric leg, mm bc direct current
S cross-sectional area of thermoelectric leg, mm? VI voltage-current
Rin the internal resistance in the RTG, Q P power-current
Ry the external load resistance in the RTG, Q
Table 1
Energy consumption of sensor nodes [22].
Status IRIS MicaZ IMote2 SunSpot Waspmote WiSMote
Sleep 8 pA 15 pA 390 pA 33 A 55 pA 12 pA
Processing 8 mA 8 mA 31-53 mA 104 mA 15 mA 2.2mA
Receive 16 mA 19.7 mA 44 mA 40 mA 30 mA 18.5 mA
Transmit 15 mA 17.4 mA 44 mA 40 mA 30 mA 18.5mA
Supply 2.7-3.3V 27V 3.2V 45-55V 3.3-42V 2.2-36V
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Fig. 1. The overall experimental testing device architecture of long-term system using the radioisotope thermoelectric generator (RTG).

small aerospace RTGs, and the fan-shaped and annular small-scale
RTGs obtained V,. of 1.17 and 1.56 V as well as Pax 0of 1.9 and 3.93 mW
at 398.15 K, respectively. Although numerous studies have been con-
ducted to optimize the output performance of TE modules, there are still
many difficulties in providing direct power to a wireless sensor with a
small number of TE modules.

Another approach is to use a direct current-direct current (DC-DC)
converter for boosting the voltage. For example, Liu et al. [23] used a
DC-DC converter to drive an electrocardiogram module in real time
without the assistance of an additional power supply. Lii et al. [24]
fabricated a wearable temperature sensor using the TE module and DC-
DC converter. The abovementioned studies demonstrate that the DC-DC
converter can effectively improve the power supply capability of the

RTG.

According to the above literature review, it can be found that RTG
has long life, cleanliness and other advantages over other batteries.
Therefore, this paper proposes the use of RTG as a power source for
WSN. Since there are few application cases of RTG, three equivalent
working environments were set up, namely: the confined space, the
unconfined space and the deep-sea-polar region, to explore the output
performance of RTG in different working environments; meanwhile, in
order to avoid the burden of volume, we only use one TE module to
collect the heat generated by the equivalent heat source, which ensures
the small size of the power supply and the adaptability to commercial
sensor nodes. For better collection and management of the electricity
generated by the RTG, a DC-DC converter was used to stably convert the
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Fig. 2. Equivalent heat source structure schematic and physical diagram.

Table 2
Parameters of the components included in the equivalent heat source.

Component Graphite Housing Heater Pipe
Parameter Length: 45 mm
Width: 45 mm Diameter: 6 mm
Thickness: 12 mm Height: 20 mm
Internal hole diameter: 6 mm Working limit: 24 V / 50 W
Internal hole height: 30 mm
Table 3
Parameters of the TE module.
TE Module Properties
Overall size/ mm x mm X mm 40 x 40 x 3.2

Number of component leg pairs 127

Operating temperature range/ K 273.15 ~ 523.15
N-type TE Material BiTes

P-type TE Material Sb,Tes

output of the RTG. The converted electricity was stored in a super-
capacitor and then used to power the sensor device. Finally, through
the use of a power management switch (PMS) to interconnect the
aforementioned components, a self-powered wireless sensor system has
been successfully established, cycles autonomously without human
intervention. For getting a more realistic picture of RTG in long-life
working WSN, the operational runtime of two commonly used isotopic
heat sources was calculated based on power density, thus serving as a
reference working time for WSN.

2. Materials and methods

As depicted in Fig. 1, two pivotal factors ensure the long-term
operation of the wireless Sensor Network (WSN) system: (a) the con-
stant generation of electrical energy by the radioisotope thermoelectric
generator (RTG) and (b) the subsequent collection of the generated
enabling the

electricity stored using a super-capacitor, thus
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accumulation of sufficient power to sustain the operation of the sensors.

2.1. Energy generation, conversion, and storage modules

To replace the isotopic heat source, a combination of a heater pipe
and a graphite housing was utilized in our experiments, as shown in
Fig. 2. A direct current (DC) power supply was used to provide current to
the heater pipe in the equivalent heat source. The heater pipe converted
electrical energy to resistance heat, while the design of an equivalent
heat source took into account the volume size of the thermoelectric (TE)
module. The three heater pipes were evenly placed in a series inserted
into the graphite shell’s holes. The corresponding geometrical parame-
ters are shown in Table 2.

Commercial Bi;Tes TE modules were chosen as the heat harvesting
and electrical energy conversion component in the system. Table 3
presents the parameters of the TE module.

The direct current-direct current (DC-DC) converter model LTC3108
was selected for boosting, incorporating MOSFET switches, an external
boost transformer, and small coupling capacitors to create a resonant
boost oscillator for exceptional conversion performance. A super-
capacitor (5.5 V 0.1F) was used as the energy storage device for effec-
tive energy harvesting and management.

2.2. Performance characterization

The TE module is mainly based on the Seebeck effect [25], which
generates electromotive force when a temperature difference arises
between the two ends of a semiconductor thermoelectric material [26].
The internal relationship between the electrical output of thermoelectric
devices (e.g., open circuit voltage V,. and output power Po) and the
material parameters of thermoelectric materials can be established
when the temperature is stable. The specific calculation formula is as
follows:

Vnc = a'(Tthc)'N (1)

where « is the difference between the P-type material coefficient (pos-
itive) and the N-type material coefficient (negative); Ty, and T. denote
the hot-end and cold-end temperatures of the TE module, respectively;
and N denotes the number of thermocouples.

The internal resistance R;, of TE module is calculated as follows:

Rin =N-(pp +py)-L/S 2

When the output end of TE module is connected to the load Ry, to
form a circuit, the current I flowing through the circuit can be expressed
as:

(T, —T.)N

=2 h )t
Ry + R )

The output power P, can be calculated as:

(T, — T.)*-N?

P, =
out Rm +RL

4

Only when Rj, = Ry, can the maximum output power Pp,x be ob-
tained using the following equation:

10W

Fig. 3. Test results of the infrared thermometer for the surface temperature of the equivalent heat source: the thermal power levels are 2, 4, 6, 8, and 10 W.
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Fig. 4. V-I/P-I curves of the RTG in different working environments: (a) confined space, (b) unconfined space, and (c) deep-sea-polar.

a* (T, — T.)*-N?
Py = % ®)

3. Results and discussion
3.1. Equivalent analysis and performance study of heat sources

To simulate the decay process of the equivalent radioisotope, we
continuously adjusted the thermal power to change the surface tem-
perature of the equivalent heat source. Then, verification was conducted
through the use of a thermocouple temperature sensor for supplemen-
tary testing purposes. Through correlation with the results of the ther-
mocouple temperature sensor, the infrared thermometer can obtain
accurate data. The thermal images are depicted in Fig. 3. As the heat
spreads outwards, the temperature of the equivalent heat source surface
gradually decreases, while the surface temperature of the heat source
steadily increases with the increase of thermal power. Through the
adjustment of thermal power applied to the equivalent heat source, a
precise temperature range of 301.95-360.85 K can be achieved on the
surface.

3.2. Electrical output performance of the RTG in different working
environments

The space occupied by the RTG directly influences the flexibility of
its deployment for power supply tasks. Moreover, the increasing inte-
gration of electronic devices has raised the demand for higher battery

output. Therefore, conducting research on maximizing the electrical
output performance of the RTG in a suitable working environment holds
significant importance. Three distinct working environments were set,
namely, confined space, unconfined space, and deep-sea-polar region.
The settings of these working environments primarily focus on opti-
mizing the space utilization of the RTG in practical applications and on
enhancing its electrical output capacity.

The first environment pertains to the implementation of an RTG
within a confined space, the equipment working in this environment
typically imposes stringent size constraints, whose design necessitates
compact dimensions. This restricts the entire power source to only
include an equivalent heat source and a TE module. The voltage
generated in this case relies on the heat dissipation capacity of the TE
module itself. Fig. 4 (a) shows the I-V/P-V curves of the RTG working in
a confined space at a different thermal power. When the thermal power
of equivalent heat source is 10 W, RTG obtains 70 mV V., 13.57 mA I,
and 230.26 pW Ppax.

When the system is used in unconfined spaces, such as crop irrigation
monitoring, meteorological studies, and flood monitoring, the RTG can
be designed to be unlimited in size, and heatsinks can be considered to
improve output performance. Due to the higher thermal conductivity of
the heatsink in comparison to air, the heat transfer at the cold end of the
TE module is significantly improved. This results in an increase in the
temperature difference between the cold and hot ends, which in turn,
leads to a substantial enhancement in electrical performance, as shown
in Fig. 4 (b). When the thermal power of heat source is 10 W, the V, of
RTG is 107 mV, which is about 1.4-1.5 times that of the RTG working in
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Fig. 5. The out voltages of the RTG and DC-DC converter: (a) In a confined space, (b) in an unconfined space, and (c) in the deep-sea-polar region, in which the
columnar filling of different colors represents different thermal powers; (d) Close-up image of the RTG (@10 W) in deep-sea-polar.

confined space. In addition, I is 21.10 mA and the Py, is 545.51 pW.
Compared with the RTG working in confined space, the heatsink can
significantly improve the output performance of TE module, and this
enhancement is further amplified to a certain extent with an increase in
the thermal power of heat source (from 2 to 10 W).

A water-cooling device was employed to connect to the cold side of
the TE module to replace the deep-sea-polar working environment. The
electrical performance is shown in Fig. 4 (c). As can be seen, when the
thermal power is 10 W, the V, is 297 mV, the I is 59.11 mA, and the
Pax is 4.32 mW. Even in situations where the heat source power is low,
RTG shows superior output performance when working in the deep-sea-
polar region compared with its performance in confined and unconfined
spaces. At the same time, RTG can improve output performance without
the cost of volume and weight changes.

The Vo, Ise, and Ppax of the RTG increase with increasing thermal
power under different working environments, which is attribute to the
temperature difference between the hot and cold ends of the TE module
increasing with increasing thermal power of the heat source. Thus, it is
imperative to consider the working environment before implementing
the RTG. This is because a conducive working environment (low tem-
perature or windy and rainy climate) has the potential to significantly

enhance the performance of the RTG, which means that the utilization of
excessively high temperature heat sources is unnecessary. Considering
the prolonged operation of the RTG in standard environments, the
temperature of the heat source gradually decreases, leading to a decline
in its electrical output performance. In deep-sea polar environments, the
RTG demonstrates excellent electrical output performance, even when
the temperature of the heat source is low. This unique feature allows the
RTG to reduce dependence on high temperature heat sources, thereby
extending its working life.

3.3. The performance improvement effect of the DC-DC converter on the
RTG

To test the improvement effect of the DC-DC converter, we collected
data on the output end of both the RTG and DC-DC converter. Fig. 5
(a—c) depict the output voltages of the RTG and DC-DC converter. As can
be seen, the RTG output voltage varies from 0.012 to 0.21 V due to the
changes in heat source power and working scenes. In a confined space,
the DC-DC converter can successfully convert the RTG output to 3.7 V
when the thermal power ranges from 6 to 10 W. In an unconfined space,
successful voltage conversion occurs at a heat source power ranging
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Fig. 7. Charging curves of the super-capacitor in different working environments: (a) confined space, (b) unconfined space, (c) deep-sea-polar, and (d) charging

current I..

from 4 to 10 W. In the deep-sea-polar region, such conversion is ach-
ieved when the heat source power ranges from 2 to 10 W. Fig. 5 (d)
provides close-up images of the RTG output and DC-DC converter in the
deep-sea-polar region when the heat source’s thermal power is 10 W.
Notably, the output signal of the DC-DC converter remains stable even
when the TE module output voltage fluctuates.

Moreover, the alterations in the output power of the RTG prior to and
subsequent to the use of a DC-DC converter were further discussed. For
an energy storage device, a higher charging power results in a shorter
charging time to reach full capacity. After conversion through the DC-
DC converter, a significant change can be observed in the output
power of the RTG. As shown in Fig. 6, the influence of the DC-DC con-
verter on the RTG output power is not always positive. When the V.
range of the RTG is between 39.51 and 180.18 mV, the average output
power after DC-DC conversion increases by a maximum of 311.91 %
compared with the average output power of the RTG. However, when
the V,. of the RTG is more than 240.04 mV, the output power after
conversion actually decreases, the lack of maximum power point
tracking function prevents the adjustment of the chip’s internal resis-
tance and hampers the energy collector’s ability to output maximum
power. Based on the experimental situation, we can further explore how
we can improve the electrical output of RTG in specific scenarios, such
as changing the numbers of the P/N type thermoelectric leg, which is a
means of altering the output voltage. At the same time, the RTG for

deep-sea-polar regions has excellent output performance due to the
unique natural cold source environment. Lower power heat sources or
TE modules with fewer thermoelectric legs can be used in this scenario
to mitigate the negative effect of using a DC-DC converter.

3.4. Energy management and power supply application performance
evaluation

To collect and store the electric energy generated by the RTG, a
super-capacitor (5.5 V 0.1F) was connected to the output end of the DC-
DC converter. The experimental results are shown in Fig. 7.

Within the thermal power range where the DC-DC converter can be
successfully started, the RTG can effectively accumulate electricity in the
super-capacitor. As the power of the heat source increases and the working
environment changes, the amount of electricity stored in the super-
capacitor gradually increases. When the RTG operates within a confined
space, the charging time for the capacitor to reach 2.8-3.3 V ranges from
19 to 47 min. In an unconfined space environment, the charging time
varies from 9.5 to 55 min. However, in deep-sea-polar conditions, the
charging time is significantly reduced to a range of 4-10 min. At the same
time, by calculating the charging current I, of the super-capacitor, it can
also be noticed that the current generated by the RTG decreases after the
conversion of the DC-DC converter. However, the overall trend is consis-
tent with the I . of the TE module, as shown in Section 3.2.
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Table 4

Radioisotope heat source material properties [31].
Parameters 238P1102 90SrTi03
Half-life of isotope (Ty,2, year) 87.7 28.9

Type of decay o p
Initial volumetric power density (W/cm®) 5.52 4.54

To verify the signal wireless communication transmission, two Zig-
Bee modules were used: one for sensing device to monitor the envi-
ronmental temperature and the other for connecting to the computer as
the data receiver. During the testing process, the signal transmission
cycles of 1, 8, and 15 s were respectively modified.

Implementing longer time intervals can effectively mitigate power
shortages. Therefore, by transmitting sensing signals at regular intervals
of several hours or days, wireless sensors can maintain signal trans-
mission for an extended duration, allowing them to wait for subsequent
energy collection opportunities. Specifically, with a 1 s data cycle, the
wireless sensor can operate continuously for 6 min, as shown in Fig. 8
(a), whereas a 15 s data cycle can lead to 76 min of uninterrupted
operation, as shown in Fig. 8 (c). During the testing process, a note-
worthy phenomenon was observed: after the sensor transmitted data
once, the voltage of the super-capacitor initially declined and then
rapidly increased, resulting in the formation of a “curve cluster,” as
depicted in Fig. 8 (b) and (c). Furthermore, Fig. 8 (d) provides an

enlarged view of the clusters. This phenomenon, known as “voltage
recovery,” is caused by the charge redistribution in the super-capacitor
electrodes [27-30]. These results indicate that super-capacitors can be
used effectively to serve as an energy storage system, while simulta-
neously reducing the requirement for RTG output energy by extending
the data cycle of the sensors.

3.5. Design and evaluation of the long-term working wireless sensor

The key to the RTG’s longevity lies in the fact that the isotopic heat
source in its components is capable of generating heat continuously—a
process that is theoretically infinite. However, as the isotopes used in the
heat source continue to decay, the amount of heat generated decreases,
resulting in a gradual decline in the output performance of the RTG. To
evaluate the performance of the RTG after it is put into operation in
WSN, we conducted an analysis of the self-power attenuation of two
types of isotope heat sources during long-term use based on their
characteristics. The main characteristics of the heat source materials are
shown in Table 4.

The results of the self-power attenuation are presented in Fig. 9 (a).
The operating times of the equivalent heat source was calculated using
the power density values and the half-life of two kinds isotope heat
sources. The results are shown in Fig. 9 (b). As can be seen, within the
thermal power range of 6-10 W, 2*®Pu0, can sustain effective operation
for decades. In practical usage, a power management switch (PMS) can
be used to realize automatic discharge and charge of the super-
capacitor.
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Based on the experiments presented in Section 3.4, a super-capacitor
requires a certain charging time to power wireless sensors. This leads to
waiting times during the long-term operation of the wireless sensor. The
electrical energy generated by the RTG is accumulated and stored in the
super-capacitor via Switch 1. When the super-capacitor’s voltage remains
within the range of the current maximum (Vpay) and minimum (Vp;,)
voltages, the Switch 2 is turned on and it can connections the super-
capacitor power the sensor until the voltage level drops to Vi, at
which point Switch 2 is turned off. The monitoring and recording results
obtained using PMS are depicted in the Fig. 10. After turning on Switch 1,
the super-capacitor takes 18.9 min to charge from 3 to 3.6 V. Once the
voltage of the super-capacitor reaches Vpay, the Switch 2 will be acti-
vated, and the stored energy in the super-capacitor is discharged to power
the wireless sensor. If the voltage falls below Viiy, the sensor temporarily
ceases operation until the super-capacitor is recharged to 3.6 V, at which
point the sensor is reactivated. The duration of this process is dependent
on the charging characteristics described in Section 3.4.

4. Conclusion

A self-powered WSN system can be formed by connecting the RTG,
DC-DC converter, and super-capacitor together using a PMS. The whole
system outputs the power generated by the RTG and has no other
electrical inputs. The output performance of RTG in three operating
environments: confined space, unconfined space, and deep-sea polar
region, shows that the size design of RTGs as well as the application
requirements of electrical output performance parameters can be
considered according to the specific operating environments. In deep-
sea polar, RTG without heatsink can achieve the output performance
that the V. is 297 mV, the I is 59.11 mA, and the Pp,,y is 4.32 mW. By
using a DC-DC converter, the output capacity of the RTG can be effec-
tively increased; as the output voltage is increased by the converter, as
well as the output power. However, this change is not always positive,
which is highly dependent on the output voltage of the RTG. Harvesting
electrical energy generated by the RTG, the super-capacitor can be
charged from 2.8 to 3.3 V in a few to 10 min, depending on the power of
the heat source and the working environment. This charge can power
the sensor for up to dozens of minutes, and the system can maintain
consistency over multiple cycles.

This work also has great potential for energy harvesting and reuse.
The TE module can effectively capture and utilize other waste heat en-
ergy sources such as waste heat from machinery/vehicles in industrial
production, geothermal/solar energy in the daily environment, and heat
generated by the human body, which can be converted into electricity to
power other electronic devices in various fields. This study presents new
insights into the applications of RTG and provides a valuable reference
for future deep space exploration missions.

3.7 30
Vo = 3.62V

XY I E e Y R -5
S
k2] 35 - - | —~
g L20 &
8, e
< )
3] 3.4+ §
2. 15 ®
A3 LW NN 2
3 Vi =328V L0 §
& 324 =
3
° 314 Voltage of Supercapacitor -5
> Temperature

3.0 T L] Ll L Ll L L) 0

0 10 20 30 40 50 60 70

Time (min)

Fig. 10. Monitoring of the super-capacitor voltage under wireless sensor with transmitting signal cycles of 1 s when the RTG (@10 W) is in an unconfined space.
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