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This paper presents the development of a portable thermogenerator designed
to work on uncontrolled heat sources. Its thermal behavior regarding both
steady-state and transient regimens was analytically described and numeri-
cally solved by using a lumped capacity model. The ranges of heating power
and power increasing rates have been determined to ensure safe operation, or
give users advance warning in case of failure. In addition, this model is a
useful tool for designing a controller system based on which a feasible ther-
mogenerator can be developed. Experimental tests performed on a prototype

based on a commercial BiTe module have demonstrated this goal.
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INTRODUCTION

Thermoelectric (TE) materials have been known
for almost two centuries, although up to now they
have not been widely applied for electricity gener-
ation except by one company within a single niche
market. Global Thermoelectric has sold more than
20,000 generators worldwide for small, isolated
applications in the oil and gas industry during the
last 40 years,' based on a proprietary technology of
PbBi TE modules that can withstand up to 600°C.
However, these TE modules are not available on the
open market, in which only standard Peltier TE
modules, operable up to 120°C, have traditionally
been the single choice for developers of new appli-
cations.? However, since this temperature level is
too low for most large applications (for example,
generators working on firewood stoves for rural
homes or generators that work with waste exhaust
heat to substitute a car’s dynamo), up to now the
technology of thermogenerators continues to be
largely unknown by the general public.?

On the other hand, in recent years TEs have
emerged as a feasible option within the portfolio of
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new sustainable energies,*® due to the irruption of
independent manufacturers of BiTe thermogenera-
tor modules such as Tellurex from the USA” and
Thermonamic from China.® Tellurex TEs are priced
at 4000 USD/kW, lower than photovoltaic panels,
and Thermonamic’s are even cheaper at 2500 USD/
kW.? In addition, during the last 2 years both of
these manufacturers have launched new TEs that
can withstand up to 320°C. These technological and
economic improvements have opened an opportu-
nity window for new niche markets.

This paper presents a new portable generator
intended to be used as a small battery charger for
recreational use, such as when trekking, mountain
climbing, and camping. A prototype was tested, and
its thermal transients were analytically modeled
and numerically studied including the microcon-
troller’s feedback.

DEVELOPMENT OF PROTOTYPE

The prototype was developed as two separate (hot
and cold) units linked by electrical and signal wires
as illustrated in Fig. 1. The hot unit (shown on the
left side of Fig. 1) comprises a G1-54-0557 Tellurex
module mounted between two aluminum blocks
with a fan cooler on top. The hot-side block is a plate



Fig. 1. View of prototype. The left block is the hot unit, and the right
block is the cold unit.

(1 cm thick, 6 x 1073 m? cross section) useful for
homogenizing the temperature on the TE’s hot side,
but since it works on much warmer heating sources
than its maximum overheating temperature
(175°C), such as firewood or a gas burner, it does not
require low thermal resistance. Instead, the cold-
side block must minimize its thermal resistance and
so is designed to include a finned dissipator cooled
by forced air flow. Since the fan is powered just by
the thermoelectric generation, it is necessary to
have a good thermal-aerodynamic design which
matches the characteristics of both the dissipator
and fan. Summarizing, this procedure consists of
finding the crossing point of the aerodynamic curves
(pressure drop versus air flow) of both devices to
determine their operation point and hence deter-
mine the dissipator thermal resistance and fan
power consumption (by using the thermal resistance
versus air flow curve of the dissipator and the power
versus air flow curve of the fan), which are ulti-
mately the interesting parameters to be optimized.
These curves are available data usually provided by
manufacturers of standard dissipators and fans in
the electronics industry, and this procedure is
standard too; a detailed explanation can be found in
Ref. 9.

The cold unit comprises all elements that cannot
be exposed to high temperatures: (1) the net output
power provided by a standard 5-V universal serial
bus (USB) port, (2) the analog electronics used for
temperature measurement of the TE hot side, (3)
the microcontroller, and (4) the user interface built
on visual signals [light-emitting diodes (LEDs)] and
an audible alarm (piezoelectric buzzer) designed to
allow the user to monitor the temperature of the
TE’s hot side. When the yellow LED is ON, it means
that the TE is cold and the hot unit should be moved
closer to the fire; conversely, it should be taken
away from the fire when the red LED is ON. Finally,
the green LED ON means that the temperature is
within the optimal operation range. On the other
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hand, the audible alarm is related to the tempera-
ture increasing rate (calculated by the microcon-
troller) of the TE hot side. The buzzer is activated
when the TE is going to achieve its maximum
operation temperature (close to the overheating
condition) in the next 10 s, and so the user has this
warning margin to remove the device from the fire.
This warning margin could be extended, for exam-
ple, by increasing the thermal capacity of both alu-
minum thermal buffers by increasing their masses.
Another control strategy could be setting in advance
the fan at its maximum speed when overheating
conditions are predicted. All these strategies will be
analyzed quantitatively by means of complete
thermal modeling performed in the next section.

THERMAL MODELING

The modeling is performed by using the well-
known lumped capacity model’® in which thermal
gradients are neglected inside each subsystem
[zero-dimensional (0-D) model] and only transverse
heat fluxes across them [one-dimensional (1-D)
model] are considered. This combination provides
the simplest analytical model but is still suitable for
studying stationary and transient processes, in
which the whole system can be described as a series
of thermal nodes connected by means of thermal
resistances as illustrated in Fig. 2. Here, every 0-D
node has a homogeneous temperature while there is
a temperature drop along every thermal resistance.
Although actually thermal gradients cannot be
neglected within the thermopile and the dissipator
nodes, these challenges are solved by considering
two virtual nodes on both sides of the TE module
and another one on the dissipator base; in this way,
the temperature drops in both the TE module and
dissipator can be modeled. In addition, two external
nodes are added to introduce the boundary condi-
tions of ambient temperature and heating power.

The TE temperature profile can be calculated for
stationary conditions related to the input parame-
ters (thermal resistances) and both boundary con-
ditions of the system. According to Nuwayhid,'* the
contact resistances (R.; and R ) are both equal to
0.1°C/W, and according to the manufacturer, the
thermopile resistance is Rtg = 0.6°C/W ." The resis-
tance of the hot-side aluminum plate (R;) can be
calculated following this 0-D model as: Ry = L/(kA),
where L and A are the thickness and cross-sectional
area, respectively, and & is the aluminum thermal
conductivity; hence, R; = 6.28 x 1073°C/W. The
dissipator resistance (Ry3) depends on the fan power
and can be characterized by an analytical function
fitted from the three-point data commonly supplied
by manufacturers; but, considering the starting
process in which the fan is switched off, it is nec-
essary to model this condition too. So, the dissipator
thermal resistance was calculated by using the well-
known heat transfer correlation for parallel chan-
nels,'? and the value R4 = 2.75°C/W was obtained.
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Stationary-State Modeling

Using the model of resistances in series, the
temperature difference between the two TE sides
can be determined and the thermoelectric genera-
tion can be calculated based on the TE character-
ization provided by the manufacturer’s data. The
results obtained can be parameterized on the heat-
ing power as illustrated in Fig. 3 for a 2.3-W fan.
This procedure can be repeated for different cooling
powers (two steps of 1.3 W and 0.7W were
selected), and the net output power can be calcu-
lated as well. These results are summarized in
Table I. Here, the noticeable effect of fan consump-
tion related to net power output and to the hot-side
TE temperature can be observed. Thus, the net power
could be optimized by tuning the cooling power
instantly. In addition, the maximum fan power could
be set in advance if an increasing rate that will lead
to overheating is detected, so that the TE can with-
stand this process or at least extend the warning
period until overheating is reached. All these behav-
iors were studied, showing that the development of
sophisticated control strategies supported by a
microcontroller could enhance the thermogenerator
performance and margins of safe operation.

On the other hand, it is observed that the device
cannot produce any usable power if it is heated
slowly (below 45 W). In this case the TE would be
steadily warmed up to overheat without starting the
fan and without giving any alarm. It is also observed
that the existence of a “blind range” for heating
powers below 90 W within the thermogenerator
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Fig. 2. Scheme of thermal resistances in series.

cannot produce enough energy to support the mini-
mum cooling level (0.7 W), and this could lead to
overheating without ever starting the fan. Thus, it is
also necessary to analyze the transient starting
process.

Dynamic Modeling of the Starting Transient

The previous lumped capacity model was used
again to model the thermal dynamics. Its main
hypothesis implies a homogeneous temperature
inside each capacitance node, which is a good
approximation for four nodes of this system: both
thin ceramic buffers (around both sides of the TE)
and the heat collector and dissipator base. Here, for
example, the thermal gradient along the heat col-
lector can be estimated according to Fourier’s law
for heat conduction as q” = (ATk)/t. So, in order to
transfer 150 W (on 6 x 10~2 m?, this implies a heat
flux of ¢” = 25 x 10> W/m?) through a 1 cm thick-
ness (¢), a small temperature drop is obtained
(AT = 1°C), negligible in comparison with the full
temperature drop (of about 150°C). However, the
fifth node of this model represents the BisTes ther-
mopile itself, in which the thermal gradient cannot
be neglected. So, this node implies a major challenge
for developing a simple analytical model, which will
be solved by adding other thermal approximations.
Let us remark that complex models commonly used
in engineering [such as three-dimensional (3-D)
finite-element models] require very large computa-
tional resources that are outside the scope of a
conceptual design tool. The five-node model repre-
sents the thermal dynamics of the system by means
of the energy balance of each node as shown in
Egs. (1-5):

MucCpa deI;C =qo(t) — THCR%CITM7 (1)

Moo Cpoer S0 = THCR*CIT“" - T}gT; /:gTE )
MaeCprs d'(Il‘;rE _ T};’;T;/ZTE B TTZ ,1; /Tzcold @

MeeCpea d'ilc;m _ TTj[EE T—E;Tzcold - TCOI;B ;Tdis L@
My.Cpal dTais _ Teold — Tais ~ Tais — Tamb e

d¢ Reo Rgs

where Myc, Mgis, Mcer, and Mg are the masses of
the heat collector, dissipator, ceramic buffer, and



thermoelectric, respectively; Cpa; is the aluminum
heat capacity, go(¢) is the instant heat power supplied,
and Tuc, Thots Teolds Tais, and Ty, are the tempera-
tures of the heat collector, both sides of the TE, the
dissipator, and the ambient air, respectively. Here,
and considering aluminum blocks of relative large
size, this model can be simplified by neglecting the
thermal inertia of both ceramic buffers and thermo-
electric nodes, this being the last key to avoid the
challenge previously mentioned. The thermal inertia
of any block can be represented by the product of its
mass and heat capacity, shown in Table II, here; it is
observed that the previous assumption is reasonable.
On this hypothesis the left terms of Eqs. 2—4 can be
neglected. Thus, it can be demonstrated that the
thermoelectric node equation (Eq. 3) can be elimi-
nated if the thermoelectric temperature Trg is
approximated in every moment as well as the average
of both sides, that is: T'rg = (Tx + T¢)/2. Let us note
that this approximation is exact in the stationary
condition, in which a linear temperature profile along
the thermoelectric material is obtained. Using this
assumption, the model can be rewritten as the fol-
lowing four-equation system (6-9):
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dTuc Tuc — Thot
MycC, = ) —————, (6)
neCpar—y, qo(t) Ror
Tuc = Thot _ Teold — Tais 0
B¢, Ry,
Tcold - Tdis _ Thot - Tcold (8)
Rco R,
T's T _Tis Tis_Tam
MisCpar d d;h = 601;202 & 24 R b9

Numerical Simulation of Transients

The previous four-equation system was solved
numerically for different thermal transients related
to steps and linear increasing rates of heating power
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Fig. 3. Stationary process for 2.3-W fan power.

Table I. Results for different fan powers

Fan Power (W) Max. Net Output (W)

Min. Heating Power (W)

Max. Heating Power (W)

2.3 2.2
1.3 2.5
0.7 2.0
Off -

140 190
115 175
90 150

Maximum and minimum heating power relate to maximum TE temperature and zero net output, respectively.
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Table II. The relative thermal inertia of every node

Subsystem Mass (kg) Heat Capacity (J kg/m°C) M x C, Relative Weight (%)
Heat collector 0.18 903 162.5 28.1
Ceramic buffer 5x 1073 500 2.5 0.4
Thermopile 0.04 170 6.8 1.2
Dissipator 0.45 903 406.4 70

Table III. Table of heating power ranges for safe
operation

Maximum power without fan and without alarms 45 W
Minimum power without fan and with alarms 7B W

Minimum power with fan on (0.7 W) 100 W
Maximum power with fan on (1.4 W) 175 W
Maximum power with fan on (2.3 W) 185 W
Maximum power for 10-s warning 1000 W

by using the numerical MATLAB/Simulink frame-
work. In every case, the numerical stability of the
solution was checked, the relative local error set
lower than 1077, and the numerical scheme selected
was (ODE45) Runge—Kutta. The objectives of this
study are: (1) to determine the system’s character-
istic response time, and (2) to determine the range
of power within which the system can be safety
operated, both parameters being key to design the
control strategy.

Transient Evolution for Power Steps

Here the system response under starting power
steps is studied; For example, these are cases in
which the “cold” TE is immediately put onto the
heat source. Different initial power steps are stud-
ied under different cooling powers to determine the
ranges of operation. Table III summarizes these
results. Here, we observe the existence of a “blind
range” between 45 W and 75 W in which the system
cannot power its electronic system (that is, the TE
generates less than 0.7 W) before reaching the
maximum TE temperature (175°C). Above this
range, there is another range of risk (up to 100 W)
in which the generation is sufficient to power the
alarm system but not to start the fan as well. Above
this level the fan can be started before the TE
overheats and so the TE temperatures are dramat-
ically reduced, which in turn leads to greater TE
generation and greater cooling flow following a
positive feedback process. Therefore, there is a
safety range between 100 W and 185 W within
which the device can be self-controlled. Higher
heating power leads to an overheating condition,
but the device can activate the alarms in advance.
The minimum warning time (10 s) is achieved for

heating power of 1000 W, which represents a huge
166 kW/m? flux that is not a realistic value.

Transient Evolution for Linearly Increasing Rates
of Power

Different increasing rates of heating power for
the starting process were studied to determine the
ranges for safe operation. Table IV summarizes the
results for the maximum and minimum power rates
in which the 10-s warning is achieved. The temporal
evolution of the TE temperatures and power gen-
eration for the maximum power rate is illustrated in
Figs. 4 and 5, respectively. Here, it is observed that
the TE reaches its maximum temperature (175°C)
at 18.5 s, while the generation threshold for pow-
ering the electronic system (0.7 W) is reached in
8.5 s. Similar to the previous case analyzed for
power steps, this maximum level is so high (and
conversely the minimum rate so low) that it does not
represent a realistic condition.

Transient Evolution with Controlling System

It has been observed that the cooling flow has a
noticeable effect on the TE’s performance; for
example, when setting a higher fan power, the
thermoelectric generation is increased beyond the
added consumption. However, this behavior should
be checked regarding a realistic starting process in
which the TE temperature drop is progressively
increased and a higher cooling power is accordingly
set. This feature is performed by including a con-
trolling loop (made as a new block in the Simulink
framework) that changes the dissipator resistance
as a function of the fan power, which in turn is set
according to the TE generation available.

Figures 6 and 7 show the power parameters and
temperature evolutions, respectively, for the start-
ing process for 185 W of heating power. It starts on
free convection cooling, and after 150 s the control-
ling system detects that the TE generation reaches
1.4 W (needed to power the electronic system and
the fan) and starts the fan at its lower level. This
action causes a noticeable effect, immediately
decreasing the net output, but after that the dissi-
pator temperature decreases steadily and so the net
output increases. After 280 s the controlling system



sets the fan to 1.3 W, after which the system evolves
asymptotically to a steady-state condition providing
net output of 2.4 W.

Table IV. Ranges of heating power rates for
starting process

180 W/s
0.03 W/s

Maximum rate with 10-s warning
Minimum rate with 10-s warning

Juanico, Rinalde, Taglialavore, and Molina

EXPERIMENTAL VALIDATION

The built prototype was tested to validate the
thermal modeling. An experimental setup was con-
structed by an electrical heater and standard tem-
perature and electrical sensors to measure all the
variables. The heating power was not directly
measured (nor was the thermogenerator thermally
isolated, a very cumbersome task), but rather the
TE itself was used as a power sensor by using the
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manufacturer’s data and the temperature mea-
surements at each node.

Figure 8 shows the experimental and simulated
evolution for a starting process with 100 W of
heating power and maximum fan power (2.3 W), in
which good agreement within the experimental
(£5%) errors is observed. Similar behaviors were
observed for other cases within the safe operation
range.

After having performed these tests without
a controlling system, the transient process was

verified including this system. Therefore, a 170-W
test was performed, including the microcontroller
developed (the cold unit) in this prototype. The
evolution is illustrated in Fig. 9, showing good
agreement with the numerical simulation, thus
the validation also applied to the dynamics of fan
cooling.

CONCLUSIONS

Complete thermal modeling for a thermogenera-
tor was developed. This is useful to study the
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intrinsically linked mechanisms of thermoelectric
generation and thermal transfer. Although this
model is based on the simplest 0-D lumped capacity
model, it is suitable for studying stationary and
transient processes, as was experimentally verified.
Moreover, it is a useful design tool for the control-
ling system, a key feature in obtaining a feasible
thermogenerator working on uncontrolled heat
sources.

The choice of a self-powered cooling system implies a
major challenge for the controller, solved by the user
monitoring system. However, there is a “blind range”
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(between 45 W and 75 W) in which the TE overheats
without warning or activating the fan. This could be
solved by adding a battery that energizes the elec-
tronic system during the starting process, or rede-
signing the electronic system so that it can work on a
lower voltage threshold.

On the other hand, a different approach to solve the
previous problem can be obtained through the thermal
design. The TE temperature drop would be increased
during the starting transient by increasing the dissi-
pator mass and decreasing the heat collector mass.
In this way, the thermal inertia of both elements is
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Fig. 8. Experimental and simulated evolutions for 100 W step.
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modified conveniently, increasing the heat collector
temperature and decreasing the dissipator tempera-
ture, considering that both TE hot and cold sides follow
the heat collector and dissipator temperatures,
respectively. This and other trends can be better stud-
ied by means of an analytical tool such as this model.
Furthermore, such an analytical tool allows us to
change the TE parameters easily to study other kinds of
thermopiles. In particular, the recently launched TE
that can withstand up to 350°C provides a much better
solution for concerns about TE overheating, besides
providing higher powers with a smaller dissipator and
even eliminating the fan consumption. They
will clearly be the next step in thermoelectricity appli-
cations.
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