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We examine a thermoelectric harvester that converts electrical energy from the
naturally occurring temperature difference between ambient air and large
thermal storage capacitors such as building walls or the soil. For maximum
power output, the harvester design is implemented in two steps: source
matching of the thermal and electrical interfaces to the energy source (system
level) followed by load matching of the generator to these interfaces (subsystem
level). Therefore, we measure thermal source properties such as the tempera-
ture difference, the air velocity, and the cutoff frequency in two application
scenarios (road tunnel and office building). We extend a stationary model of the
harvester into the time domain to account for transient behavior of the source.
Based on the model and the source measurements, we perform the source and
load matching. The resulting harvester consists of a pin fin heat sink with a
thermal resistance of 6.2 K/W and a cutoff frequency 2.5 times greater than that
of the source, a thermoelectric generator, and a DC/DC step-up converter
starting at a total temperature difference of only DT = 1.2 K. In a final road
tunnel field test, this optimized harvester converts 70 mJ of electrical energy per
day without any direct solar irradiation. The energy provided by the harvester
enables 415 data transmissions from a wireless sensor node per day.

Key words: Thermoelectric harvester, ambient temperature gradient,
transient, source matching, load matching, energy-autonomous
wireless sensor node

INTRODUCTION

Wireless sensor networks (WSN) represent an
emerging technology, used for instance in structural
health monitoring (SHM) of infrastructure such as
buildings, tunnels, and bridges or in traffic sur-
veillance.1 Supplying power to such highly distrib-
uted networks, especially at remote locations, is a
big challenge because power grids are costly to install
and batteries offer only a limited lifetime. Energy
harvesting, by contrast, provides a reliable and
in-situ power supply based on the conversion of ambi-
ent into electrical energy.2 An omnipresent ambient

energy source is thermal energy: Ambient air heats
up during the day due to solar irradiation and cools
down at night. This periodic temperature variation of
the air transfers to any solid in contact. The tem-
perature variation of the solid is dampened by its
thermal inertia, thus creating a temperature differ-
ence between ambient air and the solid.

A thermoelectric generator (TEG) is able to
directly convert thermal into electrical energy when
placed between ambient air and a solid such as a
building wall or the soil. A complete thermoelectric
harvester consists of thermal interfaces to the air
and the solid, a TEG, and an electrical interface
(load). The power output of the harvester depends on
the energy source and the harvester components.
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Relevant source properties to determine this power
output are the total temperature difference
DT = Tair � Twall and the radiative, convective, and
conductive heat transfer at the air and wall inter-
faces. If these source properties are known, the
thermal/electrical interfaces of the harvester must be
designed appropriately, which is what we call source
matching. The TEG must then be thermally3,4 and
electrically5 adapted to these thermal/electrical
interfaces. This load matching is the second step to
ensure maximum power output of the harvester.

A thermoelectric harvester that uses the temper-
ature difference between ambient air and wall has
not been presented in the literature yet. Only two
publications refer to air/soil harvesters similar to
our air/wall harvester. Two differences should be
noted: (1) The thermal energy available from the
soil is greater than from a building wall of fixed
orientation, because the soil receives direct solar
irradiation the whole day, whereas the northeast
wall used in our study receives only 1–3 h; (2) Both
cited publications solely harvest energy, but do not
use the energy to demonstrate the feasibility of a
thermoelectrically powered WSN.

In 2002, Lawrence and Snyder6 built a harvester
consisting of a plate fin heat sink as the air inter-
face, a micro-TEG, and a finned heat pipe as the soil
interface, buried in the ground. Although the com-
plete harvester was introduced, only the soil inter-
face was characterized in a field test. Another major
drawback of this work is that the total temperature
difference between air and soil is not presented.
Hence, the quality of the thermal interfaces cannot
be judged, except for the heat pipe: The authors
state that ‘‘most of the temperature drop in the
system was across the heat pipe—up to 4.5 K out of
the 10 K total across the air and soil.’’ The heat pipe
had to work against gravity during daytime, which
resulted in a large temperature drop. The authors
claim that source matching at the air interface may
be neglected, and they disregard convective and
radiative heat transfer at the air interface. Conse-
quently, they employ a plate fin heat sink, which is
not well matched to the source, as we will show.

Meydbray et al.7 present a thermoelectric har-
vester consisting of an enlarged TEG ceramic plate as
the air interface, the TEG, and a large copper plate as
the soil interface. The authors introduce an analyti-
cal model based on heat conduction, heat convection,
and Peltier heat. Time dependencies between har-
vester and source are not considered. Radiative heat
transfer is neglected, even though the authors state
that solar irradiation significantly contributes to the
power output. A load-matching condition is derived
from the model (optimum thermoleg length) but is not
used for the harvester layout in the field test. The
greatest influence on the power output originates
from the air interface. Consequently, most power is
achieved for the harvester with the smallest thermal
resistance of the air interface, yielding average power
of 575 lW and energy of 49.7 J per day. However,

again, the total temperature difference is not
recorded, preventing qualitative analysis of the
thermal interfaces. A comparison of the different
harvesters based on the field measurements is diffi-
cult since the measurements were executed consec-
utively, which means under different weather
conditions (i.e., cloudy, sunny, etc.).

This paper is organized as follows: The properties
of the thermal interface, the TEG, and the electrical
interface are introduced and summed up in a tran-
sient model of the complete harvester. Then, the
properties of the thermal energy source are presented
in two simultaneous field measurements in the tun-
nel and at the building. The thermal and electrical
interfaces are matched to the determined source
properties (source matching) and verified by labora-
tory measurements, simulations, and analytical
means. Then, the TEG is matched to these thermal
and electrical loads (load matching). Finally, the
source- and load-matched harvester is able to power a
WSN in a tunnel field measurement.

MODELING OF THE HARVESTER
PROPERTIES

Thermal Interface

The thermal interfaces connect the TEG to the
heat source (air) and sink (wall), thus determining
how much energy enters the TEG. The corre-
sponding thermal interface resistances must be
matched to the source and the TEG to prevent
power loss. As the TEG is in direct contact with the
wall, the wall interface is a solid–solid interface
with negligibly small thermal resistance. The air
interface, by contrast, depends on the fluid proper-
ties of air, which is a good thermal isolator.8 Hence,
reduction of the air interface resistance is of para-
mount importance. In low-power applications, as
encountered here, only passive heat sinks can be
afforded as the air interface. The thermal resistance

K ¼ 1

h � A (1)

of such a heat sink results from the heat transfer
coefficient h and the surface area A in contact with
the air (A = At � Ag = total surface area � area
covered by the TEG).8 To compare heat sinks of
different size, it is not appropriate to use the abso-
lute thermal resistance given by Eq. 1, since a lar-
ger heat sink will have a smaller thermal
resistance. Therefore, we define a relative measure
for the thermal resistance, which we call the
dimensionless surface density

S ¼ At

Abase
: (2)

S is the ratio of the total surface area At of a heat
sink to its base plate area Abase. The surface density
is comparable to the thermal resistance per area but
offers the advantage of being independent of the
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heat transfer coefficient, since it is a purely geo-
metric quantity. S is directly proportional to the
quality of the thermal interface. However, this
concept only works if the flow between the fins of a
heat sink remains unaffected (h = const.). There-
fore, the fin distance must be greater than twice the
convective boundary layer thickness

d ¼ 5
ffiffiffiffiffiffi

v
tk�x

q : (3)

For a flat plate d depends on the velocity v, the
kinematic viscosity mk, and the fin length x.8 The
thermal capacitance

C ¼ cvol � V (4)

is the product of the volume-specific heat capacity
cvol and the volume V.8 It represents the thermal
inertia and thus the dynamic behavior of the heat
sink. By combining Eq. 1 and Eq. 4, the cutoff fre-
quency fc of the heat sink is yielded as

fc ¼
1

K � C ¼
h � A

cvol � V
: (5)

fc is a measure of the ability to follow a transient
temperature signal.

Transient Harvester Model

A thermal network modeling an air–soil harvester
has been introduced by Meydbray et al.7 We extend
this stationary model with a thermal capacitance to
account for transient behavior of the heat sink
(Fig. 1). The thermal capacitance of the TEG is not
considered here, because it is negligibly small com-
pared to the heat sink (factor of 14.7 between the
ickpen45w and the 128A0020 in Table IV). Joule
and Thompson heat flows may be neglected for
DT< 10 K.5,9 Direct solar irradiation is not consid-
ered, as it has only a minor influence in the chosen
applicationsites (tunnelwall, northeastbuilding wall).

The heat flows q in the center node of Fig. 1 are
given by

Tair � T1

K
¼ C � _T1 þ

T1 � Twall

Kg
þ

a2
g T2

1 � T1Twall

� �

Rg þ R
;

(6)

with air, center, and wall temperatures Tair, T1, and
Twall, thermal resistance K and capacitance C of the

heat sink (thermal load), electrical load resistance
R, and thermal resistance Kg, electrical resistance
Rg, and Seebeck coefficient ag of the TEG. In Fig. 1
Twall is accessed underneath the harvester, thus
already including all heat flows (qP and q3) at the
wall. Equation 6 is a nonlinear differential equation
due to T1

2 in the Peltier heat flow. Linearization of
T1 is necessary to enable an analytical solution.
Therefore, T1 is factored out in the Peltier heat flow

a2
gT1 T1 � Twallð Þ

Rg þR
�

a2
gT0 T1 � Twallð Þ

Rg þ R
(7)

and approximated by the mean air temperature T0.
This approximation introduces a maximum error of
[+1.5%|�0.8%] in the temperature difference DTg at
the TEG (worst-case approx.: DT = [+10 K|�10 K],
and T0, K, R, Kg, Rg, and ag taken from Table IV).
Separation of the total temperature difference
DT = Tair � Twall from the TEG temperature differ-
ence DTg = T1 � Twall and use of Eq. 5 yield

DT ¼ 1þ K

Kg
þ

a2
gT0K

Rg þR

 !

DTg þ
1

fc
� D _Tg: (8)

This linear differential equation can be solved by
separation of variables. With the initial condition
DTg(t = 0) = 0, the solution for a DT step is

DTgðtÞ ¼
DT

1þ K
Kg
þ a2

gT0K

RgþR

� 1� e
�t�fc� 1þ K

Kg
þ

a2
gT0K

RgþR

� �

 !

: (9)

The first term in Eq. 9 represents the DC value of
DTg as known from literature.5 The second term
shows the exponential time dependence of DTg due
to the thermal low-pass filtering of the heat sink.
Since the real DT is a periodic function, we use a
Fourier transformation of Eq. 8 to obtain the
transfer function of the harvester

DTgðf Þ ¼
DT

1þ K
Kg
þ a2

gT0K

RgþR þ j � f
fc

: (10)

With Eq. 9 and Eq. 10 we are able to calculate the
TEG temperature difference DTg from a known total
temperature difference DT. The output power of the
TEG is

P ¼ agDTg

Rg þ R

� �2

�R: (11)

Now combining Eq. 9 and Eq. 11, the step
response of the output power becomes

PðtÞ ¼ agDT

1þ K
Kg
þ a2

gT0K

RgþR

0

@

1

A

2

� 1� e
�t�fc� 1þ K

Kg
þ

a2
gT0K

RgþR

� �

 !2

�

R

Rg þ R
� �2

: ð12Þ
Fig. 1. Thermal equivalent network of the thermoelectric harvester.
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In steady state (t fi 1), the exponential term in
Eq. 12 vanishes and the output power P(t) solely
depends on the temperature and voltage dividers.
However, problems occur in the transient state
(t fi 0) where a step response of the output power
is delayed depending on the cutoff frequency fc of
the heat sink. Thus, an increase of the cutoff fre-
quency (fc1 fi fc2) shortens the time delay and
increases the output power (Fig. 2).

FIELD MEASUREMENT OF THE SOURCE
PROPERTIES

The ambient temperature gradient is defined by
three physical properties:

1. Temperature difference amplitude DT = Tair �
Twall

2. Dependence of the temperature difference on
time t (steady versus transient state)

3. Heat transfer modes at the air/wall interfaces
represented by the heat transfer coefficient h

If one of these properties is neglected, this will
result in a mismatch between harvester and source
followed by power loss. Therefore, field measure-
ments were performed at two application sites to
determine these source properties.

Measurement Setup and Locations

Two field measurements of the ambient temper-
ature gradient were performed simultaneously
during 19 to 24 May 2011 in a traffic tunnel
(Hugenwald road tunnel, 15 km northeast of

Freiburg, Germany) and at the outer wall of a build-
ing (office building, northeast orientation, Freiburg,
Germany). The two measurements were run in par-
allel to ensure similar weather conditions. A data
logger (LE-LOG_1623_USB_TE_SP, LeTe) was used
with Pt1000 temperature sensors and a hot-wire
anemometer at a sampling rate of 5 s (Table I).

Ambient Temperature Gradient Amplitude DT

The ambient temperature gradient resembles a
sine function with base period of 24 h at both loca-
tions (Fig. 3). The amplitude in the tunnel
(|DT|mean = 1.2 K) is a factor of 2 smaller than at
the building (|DT|mean = 2.2 K). In the tunnel, the
large thermal mass of the surrounding ground and
the distance to the outside lead to large thermal
dampening (Fig. 3). Air and wall even become iso-
thermal in the center of long tunnels (‡5 km). Since
direct solar irradiation is not present, the tunnel
represents a worst-case scenario for a thermal har-
vester. Solar irradiation on the building wall was
only present between 07:00 and 10:00 yet causing
spikes of 6 K to 10 K in DT (Fig. 3).

Convective Heat Transfer

Measurements of the air velocity at 40 mm
distance to the wall indicate forced convection

200 400 600 800 1000
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0.04

fc2

fc1

t in s

P
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W

Fig. 2. Step responses of the output power (Eq. 12) to a tempera-
ture step of 1 K. The heat sink cutoff frequency fc2 (solid line) is ten
times greater than fc1 (dashed line), which significantly increases the
output power for short-term temperature variations.

Table I. Temperature and airflow sensors used for field and laboratory measurements

Quantity Sensor Model, Company Resolution Position

Tair Pt1000 M222, Heraeus 1.4 mK 40 mm wall distance
Twall Pt1000 M222, Heraeus 1.4 mK On the wall surface
vair Hot-wire anemometer RLSW8AL, Seikom Electronic 0.05 m/s 40 mm wall distance
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Fig. 3. Total temperature difference DT between air (40 mm wall
distance) and wall (on the wall surface) measured at a building in
Freiburg and in the Hugenwald road tunnel (depth of 303 m), 15 km
northeast of Freiburg, Germany. The numbers in the box show the
mean air temperature T0 (�C) and the absolute mean of the tem-
perature difference |DT|mean (K), respectively.
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conditions in the tunnel and at the building (Fig. 4).
The mean air velocity vmean in the tunnel is
approximately four times greater than at the
building wall (1.15/0.28 � 4.1). This is due to vehi-
cles that pass through the tunnel, generating a so-
called traffic-induced airflow. The air velocity at the
outer building wall is close to natural convection
with 43% of the measured values below 0.15 m/s.

Time Dependence of DT

The total temperature difference DT = Tair � Twall

results from the difference between the air and wall
temperatures. The frequency spectrum is calculated
separately for Tair and Twall at the building to show
the thermal dampening of the wall (Fig. 5). Both
temperature signals are broadband with frequencies
of approx. 1 lHz up to 0.1 Hz. The most power is

available in the low frequencies, most evidently in
the 24-h base period (f24h � 11.6 lHz). The large
thermal inertia of the wall represents a thermal
low-pass filter to the air temperature. The cutoff
frequency of the wall surface fc1 is consequently
calculated from a 3 dB drop in the transfer function
Twall/Tair, yielding approx. 12.1 lHz. This value is
much too high and is a result of the discretization
into 65,536 frequencies in the Fast Fourier Trans-
form (FFT). The 3 dB limit is therefore marked as a
separation point between the two Bode plots given
by fc2 � 1 mHz in Fig. 5. A detailed thermal model of
the wall has to be derived in the future to assess this
frequency properly.

SOURCE MATCHING—THERMAL
INTERFACE

General Design Considerations

The thermal interface of the harvester is influ-
enced by the convective heat transfer (air velocity
vair) and the time dependence (cutoff frequency fc) of
the source. The thermal interface must have a
greater cutoff frequency than the wall fc2 � 1 mHz
to convert energy from the source. According to
Eq. 5 and Eq. 12 the thermal resistance and
capacitance need to be reduced to achieve this goal.

The thermal resistance of a heat sink is reduced
as its surface density is increased (Eq. 2). For this
purpose, the surface density of 900 passive com-
mercial heat sinks was compared. The plate fin heat
sink sk475 and the pin fin heat sink ickpen45w from
Fischer achieved the greatest values with
Ssk475 = 20.6 and Sickpen45w = 17.2. The boundary
layer thickness calculated from the fin width of both
heat sinks via Eq. 3 suggests using the ickpen45w
to not impede the airflow. The source-matched heat
sinks are depicted in Fig. 6, and their thermal
properties S, d, K, C, and fc are listed in Table II.

The reduction of the thermal capacitance depends
on the volume of the heat sink and the volume-spe-
cific heat capacity of the material (Eq. 4). Therefore,
aluminum (cvol,Al = 2260 J/m3K) is preferred to
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Fig. 4. Air flow at 40 mm wall distance in the tunnel and building field
measurements.
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Fig. 5. Frequency spectrum of the air and wall temperature signals
in the building measurement. The marked frequencies correspond to
the day period (f24h � 11.6 lHz) and the cutoff frequencies of the
wall determined by the 3 dB limit (fc1 � 12.1 lHz) and the separation
point of the two spectrums (fc2 � 1 mHz).

Fig. 6. Thermal interfaces (heat sinks) connecting the harvester to
the air: (a) plate fin heat sink Fischer sk475,
50 mm 9 50 mm 9 45 mm, fin width 50 mm, mean fin spacing
3.35 mm, anodized aluminum; (b) pin fin heat sink Fischer ick-
pen45w, 50 mm 9 50 mm 9 45 mm, fin width 3.56 mm, anodized
aluminum.
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copper (cvol,Cu = 3414 J/m3K).10 The fin profile
occupying the least volume is the so-called concave
parabolic profile.8 Because of fabrication restric-
tions, the concave parabolic profile is approximated
by a triangular profile used for both heat sinks.
Additional volume reduction is possible by cross-
cutting the plate fins into pin fins. With a sawing gap
of 3 mm, the ickpen45w (Fig. 6 b) saves 34% of vol-
ume compared with the sk475.

Simulation of the Heat Transfer Coefficient

The heat transfer coefficient of the sk475 and
ickpen45w heat sinks strongly depends on fluid
dynamics: 73.1% of the total heat flow through the
heat sink base (vair = 1 m/s, ickpen45w) originates
from forced convection as calculated by the follow-
ing simulation (24.4% ambient radiation, 2.5%
natural convection): A thermal-fluid simulation of
the heat sinks in the wind channel (without TEG)
was done in ANSYS Icepak. The boundary condi-
tions were Twall = 21�C and Tair = 20�C at airflow
velocities of vair = 0.5 m/s to 2 m/s. The heat trans-
fer coefficient

hsimulation ¼
qbaseAbase

DT At � Abaseð Þ (13)

was calculated from the heat flux through the heat
sink base qbase, the total surface area At, the base
area Abase, and the temperature difference DT and is
shown in Fig. 8.

Measurement of the Heat Transfer
Coefficient

The convective heat transfer coefficient of the
sk475 and ickpen45w heat sinks was measured in a
wind channel (Fig. 7) with the data acquisition
system introduced in Table I. The total temperature
difference DT between air (room temperature) and
wall (heat exchanger) was set to �5 K. The air
velocity was varied between 0.5 m/s and 2 m/s. The
heat transfer coefficient h of the thermal interface
was calculated by

h ¼ Kg
ag

Ug
DT � 1

� �

� ðAt � AgÞ
� ��1

(14)

with the index ‘‘g’’ indicating the TEG’s thermal
resistance Kg, Seebeck coefficient ag, voltage Ug, and
base area Ag.

The heat transfer coefficients for both heat sinks
are depicted in Fig. 8. The pin fin heat sink ick-
pen45w offers better heat transfer than the plate
fin heat sink, especially at low air velocities as
has also been shown in Ref. 9. The flat-plate
approximation (Eq. 3) was used as an analytical
model with fin widths of 3.625 mm (ickpen45w) and
50 mm (sk475). As the boundary layer thickness is
inversely proportional to the heat transfer, the ick-
pen45w fin (Fig. 8, a ick45) yields a greater heat
transfer coefficient than the sk475 fin (Fig. 8, a
sk475). In general, a free-standing fin (Fig. 8, ana-
lytical) transfers heat better than a fin in an array
(Fig. 8, simulation), because the airflow on inner
pins is reduced by surrounding pins. These air flow
restrictions of adjacent fins in an array are typically
determined by simulation and measurement. The
simulation yields the correct trend, but the h values
are too large (Fig. 8, simulation) compared with the
measurement (Fig. 8, measurement). In the simu-
lation a rectangular fin profile must be used to allow
meshing; the real heat sinks employ a triangular
profile with curvatures at the tip and the base.
Moreover, the simulation does not consider contact
resistances and assumes a homogeneous flow pro-
file, whereas, in the measurement, the exact flow
profile is unknown.

Table II. Surface density S, boundary layer thickness d, mean thermal resistance K, thermal capacitance C,
and mean cutoff frequency fc of the thermal interfaces matched to the sources air/building (bld) and air/
tunnel (tnl) ambient temperature gradient

S
–

d
mm

K
K/W

K
K/W

C
J/K

fc

mHz
fc

mHz

ickpen45w 17.2 1.1 6.2 3.2 66.3 2.5 4.8
sk475 20.6 4.1 10.6 3.4 100.8 0.9 3
vair in m/s – 1 0.28 1.15 – 0.28 1.15
Thermal source – – bld tnl – bld tnl

Fig. 7. Wind channel setup to determine the thermal resistance and
the cutoff frequency of the heat sinks via the heat transfer coefficient.
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The thermal resistance K and the cutoff frequency
fc are proportional to the heat transfer coefficient in
Eq. 1 and Eq. 5. The values for K and fc depend on
the source property vair, which was determined in
the source field measurements (Fig. 4). Hence, K
and fc are determined for the mean air velocities
0.28 m/s and 1.15 m/s, respectively (Table II). The
pin fin heat sink ickpen45w yields a smaller ther-
mal resistance and a greater cutoff frequency than
the plate fin heat sink sk475 (Table II). The
ickpen45w is therefore employed as air interface.

SOURCE MATCHING—ELECTRICAL
INTERFACE

In both application scenarios, the ambient tem-
perature gradient is a low-energy source offering a
mean absolute temperature difference of 1.2 K to
2.2 K. Consequently, the resulting TEG output
voltage will be in the mV range. A DC/DC step-up
converter is necessary to generate a voltage level
sufficient to power an electronic device. For low-
voltage sources, the primary goal is to reduce the
startup voltage Ustartup of this converter as much as
possible.11 If the TEG output voltage is smaller than
the startup voltage, no energy is converted and the
sensor node cannot operate. As the polarity of the
temperature difference changes, the DC/DC step-up
converter should be able to boost positive and neg-
ative TEG voltages. The converter with the lowest
startup voltage is currently the ECT310 starting at
15 mV (Table III). This converter is therefore
employed as the electrical interface. A drawback of
this converter is that it only works for positive
polarity. The LTC3109 is a bipolar converter but
starts only from 30 mV (Table III).

LOAD MATCHING—TEG

Load matching states that maximum power is
drawn from a system when the internal and exter-
nal loads are equal. Hence, the TEG must be

matched to its thermal load K and its electrical load
R. As the Peltier effect alternates the internal
resistances Kg and Rg of the TEG during operation,
the load-matching conditions are

Kg ¼ K
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ZT0

p

(15)

and

Rg ¼
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ZT0

p (16)

with figure of merit Z and mean air temperature
T0.12 Load matching of the TEG is done twice, for
the optimal case (TEGopt) and the closest real
module (Peltron 128A0020). After the source and
load matching are executed, the final harvester
layout is set (Table IV).

HARVESTER FIELD TEST AND MODEL
VERIFICATION

The source- and load-matched harvester (Table IV)
was mounted onto the tunnel wall in the Hugen-
wald road tunnel from 13 July to 3 August 2011 to
show the harvester performance in a worst-case
scenario (Fig. 9). A 470-lF storage capacitor and a
STM300 transceiver module (EnOcean) were con-
nected to the harvester, forming an autonomous
wireless sensor node. The TEG output voltage Ug,
the storage capacitor voltage UC, and the source
properties Tair, Twall, and vair were measured
(Fig. 10) with the data acquisition system (Table I).
Due to the source and load matching, the harvester
accumulated Em = 70 mJ of electrical energy per
day. The transceiver module consumes 200 lJ of
electrical energy for one transmission of 15 bytes
(7 data bytes—node ID, temperature value, and
storage voltage value). Hence, 415 radio frequency
(RF) signals were sent per day. Due to the ultralow
startup voltage of the DC/DC converter, the har-
vester started operating at a total temperature dif-
ference of only DT = 1.2 K.

The transient model calculates the TEG temper-
ature difference DTg and the electrical energy from
the measured source properties total temperature
difference DT (Fig. 10) and air velocity vair. The FFT
uses the mean values of thermal resistance
(Kmean = 3.2 K/W in Table IV) and cutoff frequency.
As these quantities vary with the air velocity
throughout the measurement, i.e., Kmax = 9.1 K/W
and Kmin = 2.3 K/W, the FFT produces a maximum
error of 13.8% between modeled and measured DTg.
For the energy output calculation, a serious problem
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Fig. 8. Measured (m), simulated (s), and analytically derived (a) heat
transfer coefficient h of the thermal interfaces ickpen45w and sk475.

Table III. Properties of the electrical interface

Model Company Polarity
Ustartup

in mV
Rin

in X

ECT310 EnOcean Unipolar 15 2.5
LTC3109 Linear Tech. Bipolar ±30 5
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is the variable input resistance of the DC/DC con-
verter. The model uses the datasheet value, but in
the measurement, this electrical resistance varies
significantly in the on-state (9–21 h in the upper
part of Fig. 10). Therefore, the model predicts an
electrical energy of Emodel = 537 mJ per day.

CONCLUSIONS

The ambient temperature gradient was examined
in two simultaneous field measurements, revealing
mean absolute temperature differences of 1.2 K and
2.2 K, a 1 mHz cutoff frequency of the wall, and
forced convection conditions of 1.15 m/s in the tun-
nel and 0.28 m/s at the building. Based on these
source properties, source matching of the harvester
interfaces was performed: The pin fin heat sink
ickpen45w has a cutoff frequency 2.5 times greater
than the source. The DC/DC converter ECT310
starts operating at 1.2 K source temperature dif-
ference. The thermal interface was characterized by
heat transfer coefficient measurements, simulations,

and analytical means. Load matching of the TEG to
the interfaces yielded the 128A0020 as TEG. In a
worst-case field test at the tunnel wall, the source-
and load-matched harvester still converted 70 mJ of
electrical energy per day. The harvester success-
fully powered a wireless sensor node transmitting
415 RF signals per day. An analytical model for the
time-dependent output power of the harvester was
introduced. The model predicted the temperature
difference at the TEG correctly. The energy calcu-
lation failed because the input resistance of the
DC/DC converter varied considerably during oper-
ation. For model verification, it should be replaced
by a constant electrical load resistance. Future work
will focus on improving airflow through the heat
sink to increase convective heat transfer and the
development of a bipolar DC/DC step-up converter

Fig. 9. Source- and load-matched harvester (heat sink, TEG, DC/
DC converter) powering the wireless sensor node (WSN) in the
tunnel field test.
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Fig. 10. Source- and load-matched harvester supplying a wireless
sensor node with power in the tunnel field test on day 12. Top:
temperature differences DT between air and wall (total), and at the
TEG as measured and calculated by the model. Bottom: voltage at
the storage capacitor of the sensor node. The harvested energy of
0.07 J enables 415 data transmissions per day using only the posi-
tive half-wave of DT.

Table IV. Thermal and electrical interfaces (Fischer ickpen45w, EnOcean ECT310) matched to the source
and TEG matched to these interfaces

Thermal Resistance Electrical Resistance
K in K/W R in X

Thermal source air/tnl air/bld air/tnl and air/bld
Source matching 3.2 6.2 2.5
Thermal/electrical loads ickpen45w ickpen45w ECT310
Load matching optimal 4.2 8.1 1.9
TEGopt TEGopt TEGopt TEGopt

Load matching real 4 3.5
TEGreal 128A0020 128A0020

Load matching of the TEG is presented for the optimal case (TEGopt) and a real TEG module (Peltron 128A0020, T0 = 294.4 K from
Fig. 3).
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with Ustartup < 30 mV to cope with both polarities
of DT.
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