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Abstract 
Wireless sensor networks are widely used for monitoring in remote areas. 
They mainly consist of wireless sensor nodes, which are usually powered by 
batteries with limited capacity, but are expected to last for long periods of 
time. To overcome these limitations and achieve perpetual autonomy, an ener-
gy harvesting technique using a thermoelectric generator (TEG) coupled with 
storage on supercapacitors is proposed. The originality of the work lies in the 
presentation of a maintenance-free, robust, and tested solution, well adapted 
to a harsh industrial context with a permanent temperature gradient. The har-
vesting part, which is attached to the hot spot in a few seconds using magnets, 
can withstand temperatures of 200˚C. The storage unit, which contains the 
electronics and supercapacitors, operates at temperatures of up to 80˚C. More 
specifically, this article describes the final design of a 3.3 V 60 mA battery-free 
power supply. An analysis of the thermal potential and the electrical power 
that can be recovered is presented, followed by the design of the main elec-
tronic stages: energy recovery using a BQ25504, storage on supercapacitors 
and finally shaping the output voltage with a boost (TPS610995) followed by 
an LDO (TPS71533). 
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1. Introduction 

Improving industrial processes requires increased monitoring of installations, 
with many sensors strategically deployed.  

The 2idO project [1] (IoT in an industrial environment) has highlighted a 
demand from manufacturers for a complete autonomous sensor node (sensor, 
processing, radio, and power supply) in the size of a cigarette packet (10 × 7 × 4 
cm3) for a maximum price of €50 and capable of operating for more than a dec-
ade under variable environmental conditions. 

In this paper, we focus on the power supply to such a sensor node when a hard-
wired supply is not possible (deployment is too costly; the area is unsuitable for 
cable routing). In this case, one of the biggest challenges is the battery lifetime. 
In some applications, the amount of embedded energy and the weight and vo-
lume of the battery required to cover the expected lifetime of the product would 
be too large or too costly to meet the specifications expressed. Replacing the bat-
teries after a certain period may be considered but is not always appropriate. In 
fact, the cost of exchanging batteries in hundreds of devices, especially if they are 
in hard-to-reach or hazardous locations, can make the entire network deploy-
ment cost-prohibitive [2]. 

An alternative solution we are considering is to harvest the available energy in 
the device’s environment. Based on the conversion of ambient energy into elec-
trical power, this approach has the potential to make IoT devices maintenance-free 
and permanently powered [3] [4]. In this case, the sensor node must include an 
energy storage block which provides the output power despite the intermittency 
and possible variations of the ambient available energy. 

Many commercial energy recovery solutions based on photovoltaic cells have 
been developed. It is more complicated to find off-the-shelf products that use 
thermo-electric generation as a source of electrical power. In this case, the power 
supply of the sensor node needs to be fully dimensioned according to the ther-
mal potential and the consumption profile, and it is the purpose of the paper.  

The installation of a vibration sensor in the environment of a Total refinery in 
Gonfreville, France, offers a concrete and interesting use case for a thermoelec-
tric energy harvester as a hot area is very close to the monitored engine. 

Based on the operating requirements and the environmental conditions com-
ing from the use case, this article highlights the rules that need to be considered 
in terms of TEG, electronics and storage for successful sizing and explains some 
of the pitfalls to be avoided. 

After a literature review on TEG applications, a global presentation of the 
chosen electronic structure is exhibited. The analysis of the thermal potential is 
conducted, in the way to modelling and sizing both the TEG and its heatsink. 
Then, the electronic unit is detailed: extraction circuit, storage stage and regula-
tion of the output voltage. A validating part is realized before the industrial dep-
loyment. A conclusion ends the paper. 
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2. Literature Review 

Thermo-electro-generation (the conversion of a heat stream into electricity) of-
fers several advantages: no moving parts, long service life and silent operation. 
Thermoelectric generators (TEGs) therefore have many potential applications 
[5]. TEGs are used in many applications such as automotive engines [6], indus-
trial electronics [7], micro self-powered wireless platforms [8], health monitor-
ing [9], tracking systems and aerospace [10]. These applications require different 
sizes and power supplies. 

Terrestrial systems can be divided into several areas [11] depending on the 
temperature gradient and therefore the available electrical power. 

The first class of applications is aimed at recovering large quantities of waste 
heat from industrial systems or from motor vehicles (exhaust pipes) and con-
verting some of it into electrical power (target between 100 W and 1 kW). But 
there are many challenges to overcome before commercial applications are 
available: price, low TEG efficiency (a few percent), heat extraction problems, 
expansion, non-uniform temperature field, and so on [12]. 

Another class of applications involves supplying power to very low-power 
wireless sensors for medical applications or wearables. The thermal gradients 
available are low on humans or animals (ΔT ≈ 10˚C) and the constraints of mass 
and volume are significant. The electrical power recovered remains low (between 
1 and 100 µW) [13] [14]. 

Finally, there is a third class of applications in which we are interested in ded-
icated to powering wireless sensors for monitoring and preventive maintenance 
applications in industrial environments, with electrical powers to be recovered of 
between 1mW and a few Watt, and numerous constraints: weight, volume, safe-
ty. Thermal gradients can be significant (ΔT > 60˚C), which is favorable to good 
recovery, but there are also sometimes severe constraints on the temperature on 
the hot side (THOT > 200˚C) and sometimes a great temperature variability over 
time. 

Some completed industrial products (including the TEG harvester and power 
conversion stage) are available. Generally, the harvesting TEG solution is an op-
tion on a wireless sensor initially powered by wires batteries, or supercapacitors 
[15]. In most cases, the energy recovery part is separate from the electronics part, 
but a monobloc design is possible, as presented by the start-up Moïz [16]. The 
tolerable high temperature is not specified here. The choice of an elegant mo-
nobloc solution depends on the maximum temperature of the hot source where 
the system will be installed. Such a solution is possible only if this maximum 
temperature can be supported by the electronic and storage components and will 
be avoided for our application. In addition, we notice that when the heatsink 
volume exceeds ≈ 1000 cm3, a multi-element design is preferred. 

All products include a heat sink with the TEG, but some products, deliver 
enough power for supplying a radio or recharging a mobile phone and use a 
self-powered fan to promote the thermal gradient [17]. It significantly increases 
the harvested power, but if the fan stops, the TEG may be destroyed. Indeed, a 
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major problem is never to exceed the high temperature accepted by the TEG, on 
pain of destruction as explained in the notice of a TecTEG produce [18]. The 
need for a robust design eliminates this option in our study case.  

Different situations are possible, with different gradients and therefore more 
or less recoverable electrical power, as shown in the examples below.  

Thus, the difference between sewage water temperature and ambient air may 
be convenient (between −5˚C and 5˚C) for generating few power (60 µW) [19], 
but it is difficult to estimate the thermal potential because environmental condi-
tions vary so widely. Generally, the air/water gradient remains low (a few ˚C) 
and can be used only for powering ultra-low-power applications [20]. The tem-
perature gradient between near-surface soil and ambient air can also be used 
(simulation paper), but here again the recoverable power is less than 1mW in the 
best configuration [21].  

Some interesting publications use a volume of a phase change material (PCM) 
placed on one side of the TEG, with the other side of the TEG connected to the 
ambient temperature. Using daily variations in ambient air temperature, this 
creates a temperature shift between the two sides of the TEG. So, the publication 
[22] shows an improvement of a factor of 6 between the solution with and with-
out PCM material (harvested power ≈ 0.8 mW, 60 J/day). On the other hand, 
publication [23] presents much less interesting results: the maximum output 
power and the storable energy in the capacitor are 30 µW and 500 mJ. 

For the above applications, the temperature levels (<40˚C) allow a monobloc 
design including the recharging system, battery, and electronics. This is not the 
case where there is a very hot spot, such as in automotive applications with for 
example a TEG located on an exhaust pipe [24] or for applications with burned 
gas [25]. In such cases, the high thermal gradient provides a significant level of 
power but means that the electronics and storage must be moved away from the 
hot zone. It should be noted in this latest cited publication that the loss of power 
due to clogging of the heat sink fins must not be neglected. It leads to a signifi-
cant drop in power and could be problematic for maintenance-free systems.  

Predicting the gradient and the air flow around the heat sink is a complex task. 
In an application of thermoelectricity using a stove, the authors show that the 
difference between the measured and predicted temperature can reach 50˚C de-
pending on the localization [26]. This demonstrates the need for on-site mea-
surements in complex environments. 

To achieve significant electrical power, literature shows that the heatsink vo-
lume must be large enough to maintain the thermal gradient. This is a major 
drawback for mobile applications, but it is acceptable for industrial environ-
ments.  

This literature review has shown us that it is easier to size a system in which 
the electronics and storage are placed (along with the sensor and radio stage) at a 
reasonable distance from the hot spot. The TEG should be chosen to withstand 
the maximum temperature level on the hot side. A suitable heatsink will be asso-
ciated with the TEG to maintain a thermal gradient and therefore sufficient elec-
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trical power. Finally, we can see from these readings that significant margins are 
necessary when sizing the energy recovery unit to take account of possible varia-
tions in the environmental conditions and modelling uncertainties. 

3. Structure Overview 
In general, an energy converter will not directly power a sensor, as the energy 
levels are too low, in the wrong form or not available at the right time. Therefore, 
a dedicated electronic circuit is required to provide intelligent power manage-
ment. Figure 1 presents an overview of the power conversion chain used. It con-
verts a part of the heat flux into electricity using a thermoelectric generator, stores 
it in supercapacitors and finally adapts the voltage to the level required by the 
load.  

Secondary batteries are often used for energy storage. However, for an addi-
tional cost of around €15, replacing batteries with ultracapacitors (because of 
their cycling and temperature performance) is an interesting alternative for in-
dustrial products dedicated to IoT. 

4. Thermoelectric Energy Generators (TEGs) 
4.1. Introduction and Basis of Thermal Potential Evaluation 

A thermoelectric generator (TEG) consists of an assembly of several tens or 
hundreds of pairs of thermocouples (TC) sandwiched between ceramic plates 
(Figure 2). All thermocouples are connected electrically in series and thermally 
in parallel. A part of the heat flow passing through the thermocouples is con-
verted into electricity [22] [27] [28].  

While the consumption of a sensor or collector node is predictable, the poten-
tial for thermal electrical energy is more difficult to estimate prior to installation. 
The first step in developing a TEG design is to study the heat source. This can be 
done using two possibilities:  

- by energy and/or exergy analysis, carried out considering the recovery tech-
nology, i.e., the thermoelectric devices [10], 

- by On-site measurements [29]. 
We decided to use the second method, which is implemented in a petrochem-

ical plant (Total Gonfreville, France) (Figure 3). For this purpose, a non-contact 
method of infrared thermal imaging technology allows us to show the variations 
in surface temperature and to detect potential thermal hazards. The thermal im-
ages were taken with a FLIR i60 thermal camera, limited to 150˚C in the mode 
used. 

The technical specifications of the FLIR i60 are listed in Table 1. 
The temperature is then measured using a Fluke 54 II B thermometer and two 

K TME thermocouple probes: a KS07 contact probe (Tmax < 600˚C) and a KA04 
4 mm remote probe (Tmax < 750˚C). The left side of Figure 3 shows the same 
image in the visible. A high energy temperature gradient is observed with a 
measuring point with a contact temperature of 180˚C, a temperature measured 
at 4 mm of 96˚C and an ambient air temperature at 1 m of 25˚C. 

https://doi.org/10.4236/epe.2023.1511022


V. Boitier et al. 
 

 

DOI: 10.4236/epe.2023.1511022 377 Energy and Power Engineering 
 

 
Figure 1. Overview of a power conversion chain. 

 

 
Figure 2. Basic principle of a typical thermoelectric generator. 

 

 
Figure 3. Visible and infrared photographs. 
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Table 1. Technical specifications of infrared camera. 

Parameters  

Temperature range From −20˚C to 350˚C 

Accuracy ±2˚C 

Image resolution 180 × 180 pixels 

Thermal sensitivity <0.1˚C at 25˚C 

Picture frequency 9 Hz 

4.2. Modelisation of the TEG and It Heatsink 

The main technical challenge of this study is to provide a thermal gradient across 
the TEG module sufficient for powering a sensor node while keeping the size of 
the energy harvesting module as small as possible. In our case, the chosen TEG 
and dissipator assembly is shown in Figure 4. 

The TEG is electrically characterized by its Seebeck coefficient α (V/˚C) and 
its electrical resistance R (Ω). Figure 5 presents the electrical and thermal mod-
elling by the electrical analogy of the system, where the heat flux Q (W), temper-
ature T (˚C) and thermal resistance Rth (˚C/W) have as their respective analo-
gues the current I (A), the voltage V (V) and the resistance r (Ω). 

Using this, we obtain an electrical description of this model in (Equation (1)): 

TEG TEG TEGV T R Iα= ⋅ ∆ − ⋅                       (1) 

The TEG and heatsink are modelled by their respective thermal resistances 
RthTEG and RthHS (HS for heatsink). To make the model easier to understand, two 
aluminium thicknesses have been omitted from Figure 5, one between the heat-
sink and the TEG and the other between the TEG and the heatsink. These can be 
included in the model by adding thR′  and thR′′  in series, each of about 0.03 
˚C/W [30]. 

If we note Q (W) the average heat flux through the TEG, THOT, T2 and TAMB 
(˚C) the respective temperatures of the hot source, the TEG/sink interface, and 
the ambient air temperature, we obtain from the proposed model: 

( )HOT AMB thTEG thHST T T R R Q∆ = − = + ⋅                  (2) 

And:  

2TEG HOT thTEGT T T R Q∆ = − = ⋅                     (3) 

Therefore, the gradient TEGT∆  across the TEG can be expressed by:  

thTEG
TEG

thTEG thHS

RT T T
R R

β∆ = ⋅ ∆ = ⋅ ∆
+

                 (4) 

With: 

1thTEG

thTEG thHS

R
R R

β = <
+

                      (5) 

This modelling assumes that the model parameters are constant, which is a 
valid assumption for small temperature variations [31]. It does not consider the  
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Figure 4. Simplified representation of a TEG inserted between its 
heatsink and a heat source. 

 

 
Figure 5. Electrical and thermal modelling by electrical 
analogy of the system. 
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verable power [32]. In addition, uncertainties associated with heat exchange with 
the surroundings (ventilated or not, variation of hotspot temperature, ambient 
air, etc.) are important. It is therefore not useful to have a more refined model. 

The open voltage VOC at the TEG terminals is defined by the following rela-

Heat Sink

Warm Heat Source

TEG

THOT

T2

Dissipated  Heat

He
at

 F
lo

w
   

   
   

Q
(W

)

TAMBAmbiant Air 

VTEG

R

S.∆TTEG

ITEG

THOT

TAMB

Q (W)

T2

RL

TEG

RthTEG

RthHS

https://doi.org/10.4236/epe.2023.1511022


V. Boitier et al. 
 

 

DOI: 10.4236/epe.2023.1511022 380 Energy and Power Engineering 
 

tionship: 

OC TEGV Tα= ⋅ ∆                         (6) 

In general, the expression for the electrical power supplied by the TEG as a 
function of the TEG voltage is a parabola given by [33]: 

( )1
TEG OC TEG TEGP V V V

R
= ⋅ − ⋅                   (7) 

If the TEG flows on a adapted load RL (RL = R), the electrical power is maxi-
mum and is: 

( )22

4 4
TEGOC

Max

TVP
R R

α ⋅ ∆
= =                    (8) 

The integrated circuit connected to the TEG will perform the electrical im-

pedance matching by setting VTEG close to 
2
OCV

. In this case, maximising the 

electrical power means maximising VOC and therefore TEGT∆ . To do this, we will 
try to have the lowest possible thermal resistance (β close to 1). 

4.3. TEG and Its Dissipator Choices 

The main criteria for selecting a TEG are temperature resistance, available sur-
face area, performance (Seebeck coefficient, electrical and thermal resistance) 
and of course price [33]. 

In our application, as a high energy temperature gradient is observed with a 
measurement point with a contact temperature of 180˚C, we decided to choose 
an Eureca TEG1-30-30-8.5/200 [34]. In fact, this TEG can withstand 200˚C, 
which is suitable for the intended application. Table 2 presents its specifications; 
Figure 6 presents the TEG. 

The TEG alone cannot guarantee the performance required for the overall 
system to function properly. It is essential to consider the TEG + heatsink as-
sembly to obtain an optimized and efficient operation [35]:  

- Heatsink should be chosen to favor the transfer of the heat flow with the 
ambient air and therefore with the lowest possible thermal resistance as ex-
pressed in the previous paragraph.  

- The maximum exchange surface with the ambient air should therefore be 
achieved while maintaining acceptable dimensions and weight. 

Therefore, a compromise had to be found. To ensure that, the device takes up 
as little space as possible and to avoid favoring one direction of airflow (vertical or 
horizontal positioning), we have chosen the Coolinnovations heatsink 3-202011M 
(RthHS = 4.7˚C/W in still air at atmospheric pressure) [36]. If an air flow is present, 
or if the positioning of the device favors natural convection, the heat exchange is 
enhanced, and the thermal resistance of the heat sink is reduced (RthHS = 1.8˚C/W 
@ 0.5 m/s wind speed). Conversely, if the air pressure drops (such as in the case 
of a high-altitude aeronautical application), the heat exchange between the heat 
sink and its environment slows down and the heat sink’s thermal resistance in-
creases. 
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Table 2. TEG1-30-30-8.5/200 specifications. 

Max. operation temperature 200˚C 

Thermal force 0.054 V/K 

Electric resistance 3.4 Ω 

Thermal conduction 0.3 W/K 

Size 40 × 40 × 3.4 mm 

Max. open circuit voltage 10.8 V 

Max. open circuit current 7 A 

Max. power 19 W 

 

 
Figure 6. TEG1-30-30-8.5/200. 

4.4. TEG and Heat Sink Assembly 

To ensure thermal conduction, the whole system must be properly secured to 
the hot wall. For this purpose, a fixing with 8 Samarium Cobalt (SmCo) magnets 
ensures that the system is held in place even in the presence of vibrations [37]. 
The assembly (60 × 60 × 40 mm3) is shown in Figures 7-9. 

The magnets (Tmax = 200˚C) are integrated into an aluminum part which 
conducts the heat to the TEG. The TEG is embedded in a hollow block of Teflon 
(thermal insulation), which is inserted between the aluminum support and the 
heat sink. Screws are used to secure the components together. Note that the po-
sitioning of the screws partially avoids thermal bridging between the hot wall 
and the heatsink (Duration screws instead of stainless steel would have avoided 
thermal bridging). The clamping pressure affects the power recovery [38], but 
this will not be investigated in this paper. A thin layer of high thermal conduc-
tivity grease (2.9 W/m·K) is sandwiched between the elements to improve ther-
mal contact. The quality of the thermal grease plays an important role, and it 
should be selected with the lowest thermal resistance. 

In an industrial environment, the surface condition of machines is rarely per-
fect. It is therefore advisable to clean (or even sand) the target area before posi-
tioning the TEG. A thin layer of thermal grease will also be placed between the 
hot wall and the TEG base. The aim is to achieve the best possible thermal con-
tact. 
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Figure 7. Exploded view of the device. 

 

 
Figure 8. Assembled energy recovery unit. 

 

 
Figure 9. Bottom view with the 8 magnets. 
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4.5. Tests of the TEG + Dissipator Package 
4.5.1. Test Bench Facility 
To test the TEG and heatsink assembly, we use a magnetisable steel plate with 
temperature-controlled water flowing behind it.  

Three thermocouples are used to measure THOT, TAMB and 2T ′ , where 2T ′  is 
the temperature at the bottom of the heatsink. 2T ′  is often confused with T2 
(the temperature at the TEG/heatsink interface). In fact, with a thickness of 5 
mm for the plate between the TEG and the heatsink, 5 mm for the heatsink, an 
area S of 3 × 3 cm2 and a thermal conductivity  λALU of 200 W/(m·K), we find a 
thermal resistance Rth1 between the TEG/heatsink interface and the bottom of 
the heatsink given by the equation: 

1th
ALU

LR
Sλ ⋅

=                          (9) 

Using this, Rth1 is evaluated around 0.05˚C/W. It would therefore take 20 W of 
heat flux to have only 1˚C difference between T2 and 2T ′ , meaning T2 and 2T ′  
are very closed (cf Equation (2)) 

4.5.2. Transient Analysis 
The TEG and heatsink assembly, initially at room temperature, is attached to the 
hot plate using magnets (a thin layer of thermal grease is first applied to the bot-
tom of the energy recovery unit). The evolution of the open circuit voltage VOC 
and temperature 2T ′  are then recorded (Figure 10). 

VOC increases rapidly to reach 1.35 V and then falls back to stabilize at 0.5 V 
once steady state is reached. This is a comprehensive behavior as the initial availa-
ble gradient decreases as the heat sink temperature increases.  

This test highlights the dynamics of the system (which can be modelled for T2 
and VOC by a first order time constant τ = 3.5 min). It also shows us that we should 
not confuse  ΔT and ΔTTEG. With the assumption 2 2T T′ ≈ , the calculation  

of the ratio 
_

TEG

OC TEG

T
V
∆  gives α = 30 mV/˚C. This value of  α is much lower than  

 

 
Figure 10. Evolution of open voltage VOC and temperature 2T ′ . 
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the value given in the technical documentation (53 mV/˚C), but it has been veri-
fied experimentally with another experiment, in which a hot source was applied 
to one side of the TEG and a cold source to the other. It is possible that this TEG 
was partially deteriorated in tests prior to the present study. 

TEGT
T

β
∆

=
∆

 is 0.35, which makes it possible to find RthHS knowing RthTEG.  

The calculation gives RthHS = 6˚C/W. This value is consistent with the manu-
facturer’s data (4.7˚C/W). The supplier’s characterization of the heatsink gener-
ally uses a heat source with a surface area equal to that of the heatsink, but in the 
case studied, the surface area of the TEG is smaller than that of the heatsink, 
which impedes heat transfer and therefore increases the thermal resistance. 

4.5.3. Evolution of Pmax vs ITEG 
Once steady state has been reached, the open circuit voltage is recorded as VOC, 

ITEG=0. Figure 11 presents I(V) and P(V) characteristics with  ΔT constant, (THOT 
= 70˚C, TAMB = 23˚C) but two different initial operating points. 

With an active load or by varying the resistance of a potentiometer, the oper-
ating point is varied (curves A in Figure 11, taken from VOC, ITEG=0). The active 

load then maintains VTEG such that _ 0

2
OC ITEG

TEG

V
V == .  

Once the new steady state is reached (around 20 min.), and after the ITEG cur-

rent has stabilised, the new characteristics P(V) and I(V) for _ 0

2
OC ITEG

TEG

V
V ==  

are plotted “quickly” (with respect to the dynamics of the system) (B curves).  
A decrease in maximum power of the order of 10% is observed. The reason 

for this decrease was briefly described at the end of section 3.2. This also shows 
us that the characteristic measured after the open-circuit steady state leads to an 
overestimation of the recoverable power by about 10% compared to the steady 
state operation at Pmax. The slope of the I(V) curves allows us to estimate the 
serial resistance R. A value of around 5 Ω is found, which is slightly higher than 
the value predicted by the manufacturer’s data (3.4 Ω) but is still consistent. 

5. Energy Harvesting Circuits 

Various commercially available integrated circuits can extract energy from solar 
cells or TEGs, such as BQ25504 [39], BQ25570 [40], both available as demo 
board, or SPV1050 [41], MAX17710 [42] or ADP5090 [43]. These ICs support 
both Maximum Power Point Tracking (MPPT) functionality and the charging of 
a storage element (rechargeable battery or supercapacitor).  

5.1. BQ25504 Study 

Given the relatively low levels of VTEG voltage levels expected, we chose to use 
the BQ25504 from Texas Instrument for this project. Table 3 presents its main 
characteristics. 

This circuit is designed to recharge and manage a battery (which explains the 
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VBAT notation in the technical documentation) or supercapacitors. We will use it 
in the latter configuration (Figure 12). 

 

 
Figure 11. I(V) and P(V) characteristics with ΔT constant, (THOT = 70˚C, TAMB = 
23˚C) but two different initial operating points. 

 

 
Figure 12. BQ25504 associated to a TEG and supercapacitors. 

 
Table 3. BQ25504 characteristic. 

Input voltage on the thermos-generator side (VIN) between 0.13 and 3.0 V 

Minimum start-up voltage 0.6 V 

Input current (IIN) limited to 100 mA 

Storage stage voltage (VSC) <5.25 V 

Circuit consumption in standby mode <1 μA 

Maximal temperature 80˚C with OT_PTOG connected on V_STORE 

Supercapacitors

VSC
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5.1.1. Disconnect Transistor 
Figure 13 shows an internal transistor in the BQ25504 that allows the discon-
nection of the storage stage when the voltage of the storage stage is too low.  

Its behavior can be described as follows: 
- Before the first start-up, this transistor is open.  
- It closes when the VSTOR voltage reaches 2.3 V and remains closed unless 

VSTOR falls below this threshold with a hysteresis effect.  
- Once the transistor is closed, VSTOR = VSC.  
- VSTOR is then the voltage across the supercapacitors. 
When the transistor is open, the supercapacitors can no longer discharge. 

Note the diode in parallel with this transistor, which allows the supercapacitors 
to charge regardless of the state of the transistor. 

5.1.2. Boost + MPPT 
A boost DC/DC converter is placed between the TEG and the storage stage.  

If the VSTOR voltage has not reached a minimum threshold of around 1.8 V, the 
boost operates in a degraded mode with a poor conversion efficiency (between 
10% and 50%). When the threshold is reached, the boost switches to normal op-
eration.  

For VSTOR between 1.8 V and VBAT_OV = 4.9 V, the converter operates in Max-
imum Power Tracking Mode (MPPT mode) with a so-called fraction of VOC al-
gorithm.  

Every 16 s and for 256 ms, the TEG is disconnected, allowing the BQ25504 to 
measure the open circuit voltage (VOC). After that, the DC/DC operates by regu-

lating the TEG voltage to a setpoint voltage equal to 
2
OC

MPP
VV = . 

However, if the storage stage is full, i.e., when VSTOR reaches VBAT_OV, and as 
long as: 

50 mVSTOR EOCV V< −  

DC/DC converter shuts down to avoid overload. Also note the active limita-
tion of the BQ25504 circuit to 100 mA on the input current. 

 

 
Figure 13. Internal transistor in the BQ25504. 
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5.1.3. Internal Comparator 
VBAT_OK output activates the boost converter located at the input of the block 
which generates and regulates the 3.3 V. The voltage measured by the compara-
tor is the VSTOR voltage. VSTOR is equal to VSC as soon as the internal switch is ON. 
By the following, we note VBAT_H and VBAT_L the high and low thresholds of the 
comparator. To ensure a fast initial start, we took VBAT_H = 3 V; VBAT_L is fixed at 
the minimum level, i.e., 2.3 V. 

5.2. Test 

For this test, the TEG is placed on a hot plate with thermal paste in between. 
Temperature measurements are taken with thermocouples and give THOT = 
170˚C and TAMB = 25˚C. Electrical measurements are made using a power meter 
(N6705B). No load is connected to the supercapacitors. Note that the charging is 
fast (180 s) because the gradient is high (Figure 14). 

Planned phases can be well observed: 
- Phase 1: In this “COLD START phase”, VSTOR goes from 0 V to 1.8 V. As 

soon as VSTOR reaches 1.8 V, the next phase begins. 
- Phase 2: boost converter is operational in MPPT mode. The current from 

the TEG increases significantly to 55 mA. The TEG voltage is close to 
2
OCV

, i.e.,  

1.05 V. The internal transistor between VBAT and VSTOR is open, but the superca-
pacitors are charged by the current flowing through the internal diode of this 
transistor. The difference between the voltages VSTOR and VSC corresponds to the 
potential seen by this diode. When VSTOR is close to 2.2 V, the transistor closes 
and opens (driving around 2.2 V on VSTOR with a hysteresis effect). 

- Phase 3: As soon as VSTOR is above 2.2 V, the internal transistor remains 
closed, and the supercapacitors continue to charge. Until VBAT_OV, boost is in 
MPPT mode. The TEG open-circuit phases are repeated every 16 s; the ITEG cur-
rent drops to zero and the TEG voltage (not visible on this graph due to the low 
sampling rate of the apparatus) briefly rises to 2.1 V. 

 

 
Figure 14. Voltage and current characteristics. 
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- Phase 4: VSTOR is near VBAT_OV. The supercapacitors are fully charged. The boost 
circuit of the BQ25504 works intermittently to compensate the losses (hysteresis 
around VBAT_OV). 

5.3. BQ25504 Efficiency 

Several tests were carried out with different hot-side temperatures and therefore 
different VTEG voltages. The efficiency remains above 80% if VTEG > 0.4 V, VSC > 
2.2 V and ITEG > 0.1 mA (Figure 15). On the other hand, the efficiency decreases 
sharply at low VSC voltages. It is therefore advisable to avoid discharging the su-
percapacitors below 2.2 V, so that only the initial start-up phase is carried out at 
low efficiency. 

6. Storage Stage 

The choice of supercapacitors is always in competition with the choice of a re-
chargeable battery [44]. For our application, which presents a quasi-permanent 
temperature gradient, supercapacitors are interesting for their temperature re-
sistance and, to a lesser extent, for their cycling resistance (in the case of loads 
with consuming phases that partially empty the supercapacitors). For our appli-
cation, we choose a PowerStor supercapacitor, with the characteristics shown in 
Table 4 [45]. 
 

 
Figure 15. Example of BQ25504 efficiency [39]. 

 
Table 4. Powerstor-B0810-2R5105-R characteristics [45]. 

Capacitance C 1 F 

Voltage 2.5 V 

Leakage current 4 μA 

ESR series resistance 0.5 Ω 

Maximal temperature 80˚C 
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6.1. Sizing 

For this project we choose to store the energy under a maximum voltage VBAT_OV 
= 4.9 V, corresponding to the association of two supercapacitors in series.  

The maximum charge level remains below the maximum achievable, which is 
5.0 V for the supercapacitors, 5.25 V for the BQ25504 and 5.5 V for the 
TPS610995 [46]. This ensures a safe range for the system. 

If we note CEQ The equivalent capacitance of the two supercapacitors in series, 
this is done by:  

0.5 F
2
EQ

EQ

C
C = =                       (10) 

The energy of the pack is given by the relation: 

21
2SC EQ SCE C V= ⋅ ⋅                       (11) 

We note  η3.3 the average efficiency of the stage that provides the 3.3 V, taken 
to be 0.7. 

6.1.1. Start-Up Criterion 
The output stage is activated for _SC STORE BAT HV V V= =  with VBAT_H chosen to be 
3 V. When the sensor is started, the voltage across the supercapacitors decreases. 
It must remain at a sufficient level for the correct operation of the output boost 
(above 0.7 V).  

At the end of the start-up, _SC STORE BAT LV V V= > . VBAT_L is chosen at 2.3 V. 
With the chosen value of C, the following relationship is validated:  

( ) ( )
3.3

H L

STARTUP
SC VSC VBAT SC VSC VBAT

EE E
η= =≥ +               (12) 

6.1.2. Autonomy Criterion 
Once the supercapacitors are charged, the system should have 1 hour of auton-
omy, this value is sufficient because the gradient is permanent. N is the number 
of cycles that can be performed in 1 hour (TCYCLE = 25.8 s, N = 140). The 
self-discharge of the supercapacitors is neglected. The maximum charge level of 
the supercapacitors is VBAT_OV and the minimum level is VBAT_L. We check that 
the following relationship is valid with the chosen values: 

( ) ( )_0 _
3.3

CYCLE
SC VSC VBAT V SC VSC VBA L

N EE E
η= =

⋅
− ≥             (13) 

6.2. Self-Discharge 

Since energy recovery is normally always active, self-discharge is not very impor-
tant for the case under consideration (provided the recovered energy is sufficient). 

6.3. Balancing Circuit 

For “small” supercapacitors (<10 F per cell), experience has shown that a ba-
lancing circuit is not necessary if the supercapacitors have the same initial capa-
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citance value and remain at the same temperature, which is the case for this ap-
plication. 

As the self-discharge current varies with the voltage, a natural balancing oc-
curs. 

7. 3.3 V Generation 

Several solutions have been considered using the supercapacitor stage to deliver 
3.3 V to the load:  

- First uses a boost converter. But this limits the supercapacitor voltage to 3.3 
V.  

- The second uses an LDO. But the supercapacitors must be kept above 3.3 V.  
- The third solution uses a buck/boost (TPS63001) and can be as efficient as 

the solution shown below. 
The chosen solution cascades a boost (TPS610995) [46] and an LDO (TPS71533) 

[47]. This solution combines the use of supercapacitors over a wide range from 
2.3 V to 4.9 V (75% of the stored energy at a maximum level of 5 V is usable) 
with an efficiency of more than 80% at VSC < 3.6 V. 

The TPS610995 is enabled (pin Enable) by the VBAT_OK logic signal from the 
BQ25504 as soon as the supercapacitor voltage is sufficient. It can deliver up to 
800mA over a voltage range of 0.7 to 5.5 V. It has standby currents minor to 1 
μA when disabled (Enable at Low level). It provides 3.6 V output when the input 
voltage is below 3.65 V. Beyond that, the regulation is inoperative and the boost 
delivers the input voltage at the output, except for the voltage drop across the 
internal diode, which is negligible. 

The TPS71533 LDO delivers 3.3 V at the output. It accepts an input voltage 
between 2.5 V and 24 V and delivers a maximum current of 60 mA. Its current 
consumption remains low (<3.2 μA). It operates with very good efficiency as 
long as VSC < 3.65 V; beyond that, the voltage drop at its terminals increases, 
which reduces its performance. 

To increase the output current beyond 60 mA, this component should be re-
placed. 

8. Tests and Results 
8.1. Test Solution 

To test the developed energy harvesting solutions, we used a communicating 
sensor node based on a Jennic 5148 module. This module accepts a VJEN supply 
voltage between 2.4 and 3.6 V. The communication protocol is Zigbee, and the 
system has a maximum range between the sensor node and the coordinator of 
about 20 m. The radio information is retrieved by the coordinator module of the 
sensor network, then redirected via a wired serial link to a PC. 

8.2. Power Consumption 

Using a 3.3 V regulated power supply, we measured the current supplied to the 
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module to calculate its consumption (measured with an Agilent DC power ana-
lyser N6705B) [48]. 

Initialization. 
Once the sensor node is connected to the network, the power consumption is 

substantial. The energy ESTARTUP required to start is measured at 0.35 J after 20 s. 
The current during start-up is shown in Figure 16. 

After initialization. 
Once the initialization phase is over, the operating cycle is divided into two 

phases:  
- An active phase during which the measurements, their processing and the 

radio transmission are carried out. 
- A standby phase with very low consumption. The standby phase is periodi-

cally interspersed with very short radio transmissions (“beacon”) to remind the 
user that the module is present on the network.  

These phases can be seen in the chronogram in Figure 17. 
The analysis of the consumption gives the following results: one measurement 

cycles every 25.8 s (measurement duration 112 ms, consumption 22 mA), be-
tween 2 measurements: 7 beacons (one beacon every 3.22 s, duration 8 ms at 21 
mA), the rest of the time, the system is in sleep mode (sleep mode 4.3 μA) This 
gives a consumption per cycle ECYCLE = 12.4 mJ, and an average power 

0.5 mWCYCLEP ≈ . 
 

 
Figure 16. Initial start-up of the module. 

 

 
Figure 17. Operating voltage and current. 
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8.3. Final Circuit 

Figure 18 shows the electrical diagram of the whole device. The electronics are 
integrated on the board shown in Figure 19. The size of the board is 4 × 5 cm2. 

Between each stage of the board, a 0 Ω resistor is imprinted. These resistors 
are first not soldered on, so that the stages can be tested separately, and then the 
resistors are added, connecting the stages together. Test points are placed on the 
presented prototype but are not present on the final version. 

The whole system is placed in a box connected to the TEG by a high tempera-
ture resistant silicon insulated cable. The price of the complete system is close to 
60€ for the whole board (for a set of 250, including 17€ for the TEG and 2€ for 
the magnets). 

At the beginning of the test shown in Figure 20, the TEG has been fixed on 
the hot surface for 30 minutes, where we can measure THOT = 75˚C and TAMB = 
23˚C. The supercapacitors are short-circuited.  

 

 
Figure 18. Electrical diagram of the whole device. 

 

 
Figure 19. Electronic board. 

Storage

3.3V Generation

Energy Harvester + Hysteretic Comparator

TEG
3.3VVSC
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- At t = 0 s, the short circuit is removed; the BQ25504 is in the cold start phase, 
the recovered power is low. 

- As soon as VSC reaches 1.5 V, the circuit switches to MPPT mode 

(
2
OC

TEG
VV ≈ ) and maximises the recovered power (5 mW at the supercapaci-

tors).  
- At VSC = 3 V, the output voltage is switched on to 3.3 V, the sensor module 

is powered and starts up, which causes a sharp drop in VSC.  
- When the supercapacitors are charged, the recovered power decreases and 

just compensates the consumption of the sensor module. 
Figure 21 shows the autonomy of the system.  
- At t = t1, the TEG is removed from the hot plate. It thermalises rapidly and 

the VTEG drops. The measured autonomy is 2 h 50 mn, which is higher than the 
initial estimate of 2 h obtained for an efficiency  η3.3 of 0.7. This means that the 
average efficiency of the assembly that generates the 3.3 V is higher than 0.8 (We 
also found that the consumption of the Jennic module decreases after a certain 
time of operation).  

 

 
Figure 20. Start with THOT = 75˚C and TAMB = 23˚C. 

 

 
Figure 21. Stand-alone operation mode. 
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- At t = t3, the stage that generates the 3.3 V is disconnected, the supercapaci-
tors then empty very slowly (supercapacitor self-discharge + low parasitic con-
sumption around the BQ25504 and TPS610995). 

9. Discussion 

Analysis of the results over several weeks shows that the presence of a perma-
nent thermal gradient does not lead to service interruption: the measurements 
are then permanent, and the size of the storage element could have been reduced.  

In the case of an intermittent thermal gradient, several strategies can be adopted, 
particularly in the case of non-critical data acquisition: 

1) The loss of data is not critical: the chosen rate of measurement allows a rep-
resentative average to be taken of the system’s operation. 

2) The data varies little over time and the increase in time between two mea-
surements is acceptable. On the same principle, a detection of a significant varia-
tion in the measurement can order to start the acquisition system. 

3) A more refined data acquisition strategy can be applied, in which the state 
of charge of the storage element dictates the rate of measurement and transmis-
sion, as well as the management of standby times. 

It should also be noted that the measurements were carried out on a system in 
which a strong temperature gradient was present, resulting in sufficient recov-
ered energy to ensure the desired and high measurement rate. This clearly shows 
the importance of measuring the temperature gradient in the system in order to 
assess the range of recoverable energy [49]. 

10. Conclusion 

This paper presents the realization of an autonomous power supply (3.3 V, 60 
mA) using the energy provided by a thermal gradient present between the two 
sides of a thermo-generator.  

The system consists of two parts: 
- The first part, consisting of a thermogenerator associated with a heat sink, 

can be used for temperatures up to 200˚C. Magnetic attachment makes it easy to 
use on flat metal surfaces. 

- The second part is an electronic board that extracts, stores, shapes and man-
ages the stored energy and can be placed close to the sensor. Note that this elec-
tronic board can operate at temperatures of up to 80˚C. 

- The two parts are separated and connected by a high temperature cable, al-
lowing the electronics to be moved to a less hot area. Storage is provided by su-
percapacitors. 

In an industrial environment, close to permanent sources of heat, this type of 
power supply should allow perpetual operation. Compared to a battery solution, 
there is an initial cost premium. However, in the long term, the absence of main-
tenance (battery replacement, cost of personnel dedicated to changing the batte-
ries, etc.) puts the two options in competition. Depending on the duration of use 
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and the authorised volume, the TEG solution may be more advantageous. 
In addition, we found that the experimental conditions (surface condition of 

the hot source, horizontal or vertical position of the TEG, and sealing between 
the parts, etc.) have a significant influence on the performance of the TEG and 
heat sink assembly. Finally, it is worth noting that it is worth moving the heat 
sink further away from the hot source to increase the available gradient and there-
fore the recoverable electrical power. Similarly, while volume is not a constraint, 
a large heatsink with a large surface area for exchange with the air means that 
the system operates more optimally. 
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