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ARTICLE INFO ABSTRACT

Keywords: Heat exchangers are essential to optimize the efficiency of Thermoelectric Generators (TEGs), and heat pipes
Radiative cooling without fans have proven to be an advantageous design as it maintains the characteristic robustness of ther-
Heat-pipe

moelectricity, low maintenance and lack of moving parts. However, the efficiency of these heat exchangers
decreases under natural convection conditions, reducing their heat transfer capacity and thus thermoelectric
power production. This work reports on a novel heat exchanger that combines for the first time, phase change
and radiative cooling in a thermoelectric generator to improve its efficiency and increase the production of
electrical energy, specially under natural convection. For this, two thermoelectric generators with heat-pipes on
their cold sides have been tested: one with the radiative coating and the other without it. Their thermal re-
sistances have been determined and the electric power output was compared under different working conditions,
namely, natural convection and forced convection indoors and outdoors. The experimental tests show a clear
reduction of the heat exchanger thermal resistance thanks to the radiative coating and consequently, an increase
of electric production 8.3 % with outdoor wind velocities of 1 m/s, and up to 54.8 % under free convection
conditions. The application of the radiative surface treatment is shown to result in a more stable electrical energy
production, suppressing the drastic decrease in the generated electric power that occurs in thermoelectric gen-
erators when they work under free convection.

Thermoelectric generator
Thermal resistance

water and electricity. Mohammadnia et al. [6] investigated the combi-
nation of thermoelectricity in solar concentration systems with a Stirling
engine, and Karri et al. [7] achieved savings of up to 3 % in the fuel
Thermoelectric generators (TEG) are devices capable of converting consumption of a SUV-type vehicle, thanks to the TEG placed in the
exhaust pipes.

However, the main drawback of TEGs is their low efficiency in en-
ergy conversion, obtaining values close to 3 % for a temperature dif-
ference of 120 °C, while for the same temperature difference, systems
based on Organic Rankine Cycles achieve an efficiency of 10 % [8]. This

1. Introduction

thermal energy into electricity without moving parts, which leads to
important advantages such as robustness and reliability, lower price,
absence of noise and vibrations, and scalability [1,2]. These character-
istics, together with the need to increase power generation with
renewable sources, has led to an important research activity in these
fields, developing, as a consequence, interesting and innovative appli- is why there are important efforts in the improvement of the thermo-
cations for TEGs using different thermal sources for the production of electric materials [9], but also in the optimization of the heat ex-
electricity [3]. Thus, for example, Montecuco et al. [4] developed a changers, at both the hot and cold sides of the device. As demonstrated
thermoelectric stove capable of generating 600 W of domestic hot water, by Astrain et al. [10], a 10 % decrease in the thermal resistance of the
producing at the same time 27 W of electrical power, by means of a heat exchangers causes an 8 % increase in the generation of electric
combustion TEG equipped with a water pumping system. Zheng et al. energy from a TEG. As a consequence, water heat exchange systems are
[5] developed a prototype of a domestic thermoelectric co-generator, used in many applications of TEGs, such as in Niu et al. [11] which
harnessing the waste heat present in the exhaust pipe to produce hot analyzed the power generation of a TEG using water heat exchangers
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Nomenclature

E; Electromotive force, V

by Uncertainty of parameter x

I Electric current, A

K Thermal conductance, W/K

Qc Heat released from the cold side, W

Qy Heat absorbed in the hot side, W

Ry Electric resistance of the TE modules, Q
Rc Cold side thermal resistance, K/W

Ry Hot side thermal resistance, K/W

Ry Load resistance, Q

Tc Cold side temperature of the modules, °C
Ty Hot side temperature of the modules, °C
Tsource Heat source temperature, °C

T Environment temperature, °C

v Output voltage, V

W, Electric power output, W

Greek symbols

a Seebeck’s coefficient, V/K

€ Efficiency

Abbreviations

IPA Isopropyl alcohol

IR Infrared

HP Heat-pipe

NIL Nanoimprint Lithography

PDMS  Poly dimethyl siloxane

TEG Thermoelectric generator

TEG_RC Thermoelectric generator with radiative treatment on the
heat-pipes

TEG_w/0o_RC Thermoelectric generator without any treatment on
the heat-pipes

TEM Thermoelectric module

uv Ultraviolet

VIS Visible

where the pressure losses, different water flows and temperature sources
were taken into account. The prototype developed by Kim et al. [12],
which achieved a maximum power output of 119 W with 40 thermo-
electric modules, cooled with a channel heat exchanger through which
water circulated at an inlet temperature of 20 °C. However, these sys-
tems require a pump that moves the liquid through the device, in
addition to dissipating the heat absorbed by the fluid to the environment
through another heat exchanger, usually with a fan. Aranguren et al.
[13] took these factors into account, studying the influence of the mass
flow rate of the water in the channel heat exchanger, the air flow in the
water-to-ambient heat sink, as well as the pressure losses in the system.
Their most important conclusion was that in many cases, the electrical
consumption of the pump and the fan necessary to dissipate the heat, did
not compensate for the increase in the power output of the TEG by the
reduction in thermal resistances.

A significant advance to improve the efficiency of the heat ex-
changers in thermoelectric applications is the use of heat pipes (HP),
where, thanks to the phase change, the entire convective area in contact
with the air is used, as it is able to distribute the heat flow, from the
thermoelectric modules throughout the area. Yan Liu et al. [14] devel-
oped a TEG prototype with HP as heatsinks, working with air and water.
Thanks to the low thermal resistances of the heat exchangers, they ob-
tained up to 6 W of electric power per thermoelectric assembly. Ara-
nguren et al. [15] showed that a TEG that uses HP with fans, to harvest
waste heat from a chimney, produces 43 % more electric power than a
TEG using finned heat sinks under the same working conditions.

All these heat exchange systems mentioned obtain thermal resistance
values very suitable for thermoelectric applications. However, they have
the disadvantage of using devices with moving parts, such as fans or
pumps, which, in addition to complicating the installation, consume
electricity. In all these applications, the intrinsic advantages of ther-
moelectricity of being a technology without moving parts is lost. In
order to study applications of TEGs free of moving parts, and recover this
advantage of thermoelectricity, heat exchangers without fans or pumps
to drive the fluids have been developed. Thus, for example, Date et al.
[16] compared the use of finned heatsinks of different geometries with
passive HPs as the heat exchanger of the cold side of a TEG. The electric
power output produced with the HP-TEG system was 1.8 W, which is 4
times higher than the electric generation of the TEG that used the finned
device. Orr et al. [17] employed a fan-less HP in their experimental work
with TEGs, obtaining 6 W per thermoelectric module and an efficiency
in the conversion of 2.3 %. Araiz et al. [18] developed a TEG that gen-
erates 259 W/m? of net power from waste heat in an industry,

employing biphasic thermosyphon heat exchangers, capable of working
under natural convection conditions.

This type of TEGs without moving parts are widely used in remote
sensor applications, such as the one reported in the work of Huang et al.
[19], who developed a thermoelectric micro generator to power sur-
veillance sensors in forests. Catalan et al. [20,21] developed a TEG using
HPs without fans, capable of feeding a remote volcanic monitoring
station installed on Teide’s volcano. In this work, the importance of the
lack of moving parts was highlighted since it provides the necessary
robustness for this application. However, the authors also reported how
the electric generation of this application decreased by 25 % when the
wind speed dropped to values below 1 m/s. Similarly, Alegria et al. [22]
built a TEG prototype to harvest geothermal energy, with fan-less heat-
pipes. Their results showed the loss of efficiency when there is no wind,
due to the increase in the thermal resistance of the HPs, going from 35 W
of power output with 1.5 m/s of wind, to 20 W of electric generation
without wind, equivalent to a reduction of 33 %.

In order to solve these cited problems of TEGs and to increase their
efficiency, maintaining the ability of working without moving parts, this
work presents, for the first time, the combination of heat pipes with
radiative cooling, applied to the TEGs.

The goal is to improve the thermal resistance values of heat pipes
heat exchangers that work without fans, especially when the wind ve-
locity is very low or zero. In these circumstances, the heat transfer from
the outer surface of the HP to the air happens under natural convection,
with very low convection heat transfer coefficient values (between 3 and
10 W/mZK), so that thermal radiation mechanisms, which are always
present, become more important [23]. The focus of this study is on
enhancing the overall heat transfer from the heat pipes to the air, under
natural convection, by improving the HP’s radiative properties at ther-
mal wavelengths (from 2.5 up to 25 um). This is achieved by coating the
copper envelope surface of the HPs with a thin broadband thermal
emitter that consist of a micro-structured resist. It enables strong emit-
tance in the mid-infrared (mid-IR), and high transparency in the visible
(VIS) and near-infrared (near-IR). This preserves the high reflectance of
cooper in the visible spectral range, while maximizing the cooling
capability of naturally cooled HPs, by changing the radiative properties
of the copper envelope surface in the mid-IR, from highly reflective to
highly emitting (See Supplementary Information). In this manner, the
overall heat transfer of the naturally cooled HPs is enhanced via radia-
tion, which has a critical role under these conditions. Furthermore, the
advantages of TEGs that operate without moving parts are maintained,
as discussed above. This work is based on the emerging technique of
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radiative cooling, which enables the cooling of objects that are facing
the sky even during daytime, without consuming energy. This passive
process generally consists on maximising the radiated power while
minimizing the heat gain due to solar and atmospheric absorption. This
can be achieved by engineering the optical properties of materials, i)
minimizing the absorption of sunlight and atmospheric thermal radia-
tion and (ii) enhancing their emittance in the mid-IR, as the energy
radiated is directly proportional to the surface emissivity. This broad-
band mid-IR emittance is particularly relevant for above-ambient cool-
ing applications, e.g. when the substrate emits a large amount of heat,
such as in a thermoelectric generator, because it maximizes the power
evacuated as thermal radiation. Furthermore, for outdoor applications, a
net heat exchange between the surface and the outer space takes place
due to the surface high emittance from 8 to 13 um, the spectral range at
which the atmosphere is transparent. As the blackbody thermal radia-
tion peaks at ~ 10 um at 300 K, the highly emitting surface is able to
dissipate heat through the infrared transparency window (8-13 pm).

Many radiative cooling materials have by now been demonstrated,
using nanotechnology and surface engineering. Remarkable approaches
include thin film multi-layer structures [24-28], microsphere-based
photonic media [29-31] metal-dielectric nanophotonic structures
[32], double-layer nanoparticle-based coatings [33,34], aerogels
[35,361, hybrid dielectric-polymer materials [37-40], porous synthetic
polymer based coatings [35,38,41,42] and sustainable cellulose-based
films [43-49].

However, the application of radiative cooling materials for thermo-
electric generators has been barely studied, despite its potential impact
to enhance electric generation. For example, Zhan et al. [50] applied this
radiative enhancement technique to thermoelectricity. In their work,
this surface treatment was applied to a finned heatsink in natural con-
vection, increasing the electric generation from 0.018 W to 0.028 W,
using a heat source at a temperature of 250 °C. Their work showed that
the improvement achieved in finned dissipaters thanks to a radiative
treatment, results in an increased thermoelectric generation of more
than 50 % under these conditions. Since finned heat sinks were used as
heat exchangers, the generation obtained is rather low, around 28 mW.
However, it showed that advances in this technology could lead to more
efficient heat exchangers.

In summary, there are many published papers that study phase
change heat exchanger in thermoelectric generators and a few very
recent works about radiative cooling and thermoelectric generators.
However, radiative cooling and phase change heat exchangers com-
bined in a thermoelectric generator have not been reported so far. In this
work a passive thermoelectric generator, which includes phase change
heat exchangers and radiative cooling has been developed and tested for
the first time. Thanks to this novel heat exchanger, the passive ther-
moelectric generator produces 58 % more electrical energy under nat-
ural convection. This approach could be used to improve applications of
thermoelectric generation that do not incorporate moving parts, thus
preserving the intrinsic advantages of thermoelectricity such as
robustness, reliability and lack of noise and vibrations.

2. Methodology
2.1. Thermoelectric generators and heat exchangers

Thermoelectric generators are devices capable of converting heat
into electric energy. Their principle of operation is based on the heat
transfer from the hot source to the hot side of the thermoelectric mod-
ules (TEM), where part of that heat flow will be transformed into electric
energy, thanks to the Seebeck effect. The rest of the heat will be released
to the environment by another heat exchanger placed at the cold side of
the modules, as shown in Fig. 1.

According to the basic calculation method [51], the rate of heat flow
that reaches the hot face of the thermoelectric modules is given by Eq.
(1) and contemplates the Peltier effect, the Joule effect and the Fourier’s
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Ty: hot-side temperature of the modules
T¢: cold-side temperature of the modules
Tw: €nvironment temperature

Qy: heat absorbed in the hot side

W,: electric power generated by the TEM

Qc: heat released from the cold side

[] insulation material

[l Heat source

|:l Thermoelectric module
[ Metal block

- Heat-pipes

/A

Fig. 1. Thermoelectric Generator scheme and temperatures at different loca-
tions of the TEG with integrated heat pipes.

law of heat conduction. With the same effects, but making the energy
balance on the cold side, the rate of heat flow that the thermoelectric
module releases to the environment through the heat exchanger is given
by Eq. (2). Likewise, and due to the Seebeck effect, an electromotive
force is produced in the thermoelectric module whose expression is
given by Eq. (3). The values for the thermal conductance, electric
resistance, Seebeck coefficient and temperature operation range vary
with the TEM used. In this work Marlow TG12-8L [52] thermoelectric
modules have been employed.

. PR,
Oy :K(TH_TC)_T+(11TH (@)
. I’R,
Oc :K(TH*TC)ﬁLT‘HZITC (2)
E =a(Ty —Tc) 3)

If the thermoelectric generator is connected to a load resistance, Ry,
there will be an output voltage in the load resistance given by Eq. (4).

V=E —Ry =R, ()]

So, the electric power produced by the generator will be determined
by Eq. (5), where m = R;/Ry; and its efficiency is given by Eq. (6).

. m
W, = a(Ty — Te)— 5
(T = Tc) Ro(m + 1)
W, Ty-—Tc m ©)
On T 1+m—TaTdy (14 m) Rk

The temperatures of the hot, Ty, and cold, T¢, sides of the thermo-
electric modules will depend on the temperatures of the hot source and
cold sink (environment), as well as on the heat transfer rate and the
thermal resistances of the heat exchangers used, whose expressions are
given by Eq. (7) and Eq. (8).

RH _ T:aun‘e. — TH (7)
On
Re—Te—Tw ®)
Oc

As can be deduced from these equations, a decrease in the thermal
resistance of the heat exchangers will mean a greater temperature dif-
ference between the faces of the thermoelectric modules, increasing the
generation of electric power and the efficiency of the system, see Eq. (5)
and (6). This effect was already demonstrated by Astrain et al. [10],
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showing that the efficiency of the TEG was improved by 8 % when the
thermal resistance of the heat exchangers was decreased by 10 %.

This experimental study is only focused on the cold side of the
thermoelectric modules and using heat pipes as heat exchangers on the
cold side since, as shown in [15,16], these heat exchangers improve the
electric generation of the TEGs, with respect to those that use finned
heat sinks.

Two identical TEG prototypes have been built, so that each of them
consists of a heating plate responsible for supplying a heat flux to the
thermoelectric generator. Over this plate a thermoelectric module,
model Marlow TG12-8L [52], with 127 BiTe pairs, has been placed. On
the cold side of the module, a 40 mm x 40 mm x 12 mm aluminum plate
has been located, where 3 heat pipes, whose length is 400 mm and have
8 mm diameter, have been inserted to transfer the heat to the environ-
ment, as shown in Fig. 2. All these components have been assembled
with two steel metal plates and screws, making a tightening of 1 Nm.
Finally, with the aim that all the heat generated by the heating plate is
transferred to the thermoelectric modules, all this assembly has been
properly insulated, except for the HP, which are responsible for
releasing the heat to the environment. For this, a first layer of 60 mm
rockwool material Pro Rox WM 970 ES [53] has been placed, with a
thermal conductivity of 0.04 W/mK within the range of the working
temperatures. Over this material a second 20-mm layer of ARMAFLEX
has been placed [54].

2.2. Experimental methodology

One of the objectives of this work is to determine the influence of the
application of the radiative treatment, described in Section 2.3, on the
performance of heat-pipe based heat exchangers for the cold side of
thermoelectric generators under different working conditions (forced
and natural convection, indoor and outdoor conditions). To do this, it is
necessary to determine the thermal resistance of the HP, as well as the
electric power output obtained with the TEGs. Consequently, two pro-
totypes have been built: TEG_RC, a thermoelectric generator using a HP
that includes a radiative cooling treatment, TEG_w/o_RC, another
thermoelectric generator using a heat-pipe too, but without any radia-
tive treatment. Both prototypes include NiCr-Ni thermocouples tem-
perature probes on the hot and cold sides of the thermoelectric modules.
The environment temperature is also measured using an additional
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temperature probe, as shown in Fig. 1. Likewise, the heat flux provided
by the electric resistances acting as the heat source has been measured
by an ammeter and voltmeter. Each thermoelectric generator is con-
nected to a variable load resistance and has an ammeter and voltmeter to
be able to register the power output coming from them. All these vari-
ables have been recorded during the experimentation with an Ahlborn
Almemo 5690-1M09 data acquisition system. Table 1 includes the res-
olution and accuracy for every measurement probe that has been
employed in the tests.

From these experimental results, the two variables under study can
be estimated: the thermal resistance of the HP heat exchangers on the
cold side of the thermoelectric modules can be found using Eq. (8),
where QC, which is the rate of heat flow released to the environment, can
be estimated following the energy balance in Eq. (9).

Oy =W.+0c ©9)

Here, Q, can be obtained from Eq. (10), assuming that the device is
properly insulated, and the thermal losses can be neglected; and W, is
the electric power output from the thermoelectric module, see Eq. (11).
A temperature sensor was placed outside the insulation box covering the
heating plate. Since the temperature measurements were close to the
environmental temperature sensor, the thermal losses throughout this
material can be neglected.

Oy = Vil (10)

W, =V, an

The performance of the thermoelectric generators was studied under
several conditions. They were connected to different load resistances to
obtain the characteristic curve of the generator. The goal was to prove
the influence of the radiative surface treatment (described in Section

Table 1

Resolution and accuracy of the measurement sensors.
Sensor Resolution Accuracy
Temperature (°C) 0.1 +0.5
Ammeter (A) 0.01 + 0.02
Voltmeter (V) 0.1 + 0.4

Themoelectric module
TEM

Fig. 2. Thermoelectric Generator prototype with a heat-pipe on the cold side.
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2.3) not only on the performance of the heat exchangers, but also on the
electric generation of the prototypes under different ambient conditions.
The results obtained from a thermoelectric generator whose HPs have
been coated with the radiative treatment (TEG_RC) were compared with
the generator without the radiative cooling treatment (TEG_w/0_RC).
In the first test, both prototypes with no treatment were tested to
know the initial conditions of each of them (TEST_0), with the aim of
determining the uncertainty that could exist in the operation of both
identical generators, due to possible differences in the manufacture and
assembly processes. Once it was verified that they offer equivalent re-
sults, as shown in Fig. 4, one of them (TEG_RC) was treated with the
radiative coating, as described in Section 2.3. Again, both generators
were tested simultaneously inside a climatic chamber to maintain con-
stant the environment temperature under conditions of forced convec-
tion with air speed of 1 m/s (TEST_1) and natural convection (TEST_2).
Finally, tests (TEST_3) were carried out outdoors under real environ-
ment conditions. Table 2 summarises the tests performed in this work.

2.3. Micro-patterning of the HPs integrated in the TEG system

The passive radiative cooling coating was applied on the external
surface of the copper HPs integrated in the TEG system by means of UV
assisted Nanoimprint Lithography (UV-NIL). The radiative cooling
coating consists of a commercial resist with inherent high emissivity in
the mid-IR. Its surface is texturized by using this nano- and micro-
replication technology to further enhance its directional spectral emis-
sivity, even at high emission angles.

In UV-NIL, the pattern is replicated from a mold into a low molecular
weight photo-curable resist layer which is previously applied on the
desired surface. Then, the polymer is crosslinked under UV light irra-
diation to produce a hard structured coating. Due to the HPs curved
surface, the mold used in this case for the UV-NIL process was a thin soft
flexible mold fabricated in poly dimethyl siloxane (PDMS) [55,56]
which allows conformal contact with the whole curved surface. This

a) Soft-lithography

Master silicon
mold

b) Heat pipe coating

PDMS stamp

PDMS
casting + curing

¢) UV NIL
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1.0
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Fig. 4. TEST-0 for both prototypes TEG_RC and TEG_w/o_RC without any
surface radiative treatment, at an air velocity of 1 m/s.

Table 2
Conditions of the tests carried out in this work.
TEST-0 TEST-1 TEST-2 TEST-3
Indoor Indoor Indoor Outdoor
Initial conditions Forced Natural Free - forced
convection convection
TEG_RC: No treat. TEG_RC: With TEG_RC: With TEG_RC: With
TEG_w/0_RC: No treat. treat. treat.
treat. TEG_w/0_RC: No TEG_w/0_RC: No TEG_w/0_RC: No
treat. treat. treat.

working mold was fabricated using soft-lithography [57] by casting and
curing the polymer precursors in direct contact with a 10 cm diameter
silicon master mold, containing the topography to be replicated (fabri-
cated with photolithography and electroplating techniques) [58].
Fig. 3a shows the soft-lithography procedure. A PDMS (Sylgard 184,
Dow Corning, Sigma Aldrich) precursor in dilution with the curing agent

PDMS working
stamp

d) Radiative cooling coating

Fig. 3. Micro-patterning of the HPs integrated in a TEG system: a) PDMS working mold fabrication by soft-lithography technique. The PDMS precursor mixture is
poured over the master silicon mold and after polymer crosslinking, the flexible PDMS is peeled off. b) After cleaning, the HP surface is coated by using a syringe, c)
the PDMS working mold is wrapped around the coated HP surface, and irradiated by UV light to perform the UV-NIL process. d) Once the resist is crosslinked and the

mold peeled off, the coated surface exhibits the required hardened topography.



D. Astrain et al.

(10:1) was mixed and degassed under vacuum. First, the PDMS solution
was casted on top of the silicon master mold and then cured for 4 h at
80°C. After polymer crosslinking, the PDMS mold was peeled-off
manually and a flexible working mold, with about 2 mm thickness,
was obtained.

The surface treatment began by cleaning the copper HPs with IPA
and subsequently drying them properly. The commercial resist (3 ml)
was applied on the copper HP surface (placed in a planar position) using
a syringe (Fig. 3b). The PDMS flexible working mold was put into con-
tact with the coated copper surface, wrapped around the pipe and finally
tightened with metallic clips. In this way, a constant pressure was
guaranteed along the whole contact area and the uncured resist was able
to flow through the mold cavities. Afterwards, the wrapped HP was
placed inside a homemade UV-NIL tool, whose chamber was previously
fully covered with aluminium paper (to promote homogeneous UV
illumination and facilitate the curing of the resist all around the curved
surface of the HP during the exposure step). Then, the surface was
irradiated by the UV lamp (OmniCure S2000-XLA), as shown in Fig. 3¢
(exposure time ~ 15 s). Finally, the mold was manually peeled off
leaving the cured resist with the negative shape of the mold pattern on
the surface of the copper bars, required to improve the material radiative
properties (Fig. 3d).

3. Results and discussion
3.1. Uncertainty analysis and TEST-0

In the tests, the performance of each heat-pipe heat exchanger and
thermoelectric generator has been analysed varying the heat flux
absorbed from the hot side. When studying the thermal resistance of the
heat exchangers, the tests were replicated three times to estimate the
overall uncertainty according to Coleman [59], which is composed of
the random standard uncertainty (using the replicas done) and the
systematic uncertainty, using for every parameter the energy balances in
Eq. (9), (10), (11) and the following Eq. (12).

2 2
SR L IR e

] (TC — TOO)
e Oc] "\ 0c '

2
2
=2 by (12)
C

by +

Fig. 4 shows the results of the preliminary tests (TEST-0), that pro-
vides a comparison of the starting point of the heat exchangers and the
initial operation of the two thermoelectric generators (TEG_RC and
TEG_w/0_RQC). In this way, it is possible to evaluate if the original pro-
totypes exhibit differences in the thermal behavior, before applying any
treatment. The objective is to eliminate the uncertainty in the results of
the subsequent tests due to possible variations in the manufacture and
assembly process of the prototypes. These tests have been carried out
inside a climatic chamber with an air velocity of 1 m/s and an ambient
temperature of 15 °C, for different heat fluxes supplied. As it can be seen
from the results, both prototypes offer very similar thermal resistance,
with maximum deviations of 0.05 K/W, which is below the calculated
overall uncertainty, which for these tests is 0.07 K/W. In this way, it is
ensured that, once the radiative surface treatment has been applied to
one of the prototypes, the differences in their thermal and electrical
behavior will be exclusively due to the applied coating and the resulting
thermal improvement.

3.2. Results of indoor experiments: TEST-1 and TEST-2

Once it has been verified that there are no appreciable differences
between the two prototypes, the HPs of one of them (TEG_RC) have been
coated with the radiative surface treatment described in Section 2.3 and
the thermal characterization tests have been repeated in both natural
convection and forced convection with an air velocity of 1 m/s.

As mentioned in the methodology section, in each test, both TEG
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prototypes have been connected to an electrical load resistance and a
heat flow is applied to them, recording the temperatures, the voltage and
current in the thermoelectric modules as a function of time, until steady
state is reached. Fig. 5 difference between the cold face of the thermo-
electric modules and the environment, corresponding to two tests, one
under forced convection with a wind velocity of 1 m/s (TEST-1) and the
other under natural convection conditions (TEST-2). In both tests, a heat
flux of 40 W has been applied to the two prototypes, with the thermo-
electric modules connected to a load resistance of 2.2 Q.

It can be observed that the increase in the temperatures produced
between the cold face of the module and the environment is greater in
the case of the TEG_w/0_RC, which does not incorporate the radiative
surface treatment, as a result of a worse heat transfer by radiation. This
effect, which becomes more significant in the case of natural convection,
determines that the thermal resistance of the HP in this TEG_w/0_RC is
higher (see Fig. 6) and the electric power output of the generator is
lower, due to the decrease in the temperature difference between the
module’s faces (see Fig. 7). These tests have been repeated varying the
load resistance as well as the heat flux from the hot source, to find the
thermal resistance values of the heat exchangers and the electric gen-
eration, as described in the methodology.

Fig. 6 shows the results of the thermal resistance of the HPs,
comparing the tests in forced and free convection for each of the two
prototypes: TEG_RC and TEG_w/o_RC. If the results of the tests in forced
convection (TEST-1) are compared, in the same conditions as in the
initial TEST-O, it is observed that the TEG_w/0o_RC maintains the value of
its resistance, 1.72 K/W. However, the TEG_RC, that includes the radi-
ative coating, offers a lower thermal resistance of 1.6 K/W, showing that
the surface treatment improves a 7.5 % the thermal resistance value of
the heat-pipes.

The greatest change occurs when testing the devices under natural
convection conditions (TEST-2), where the radiative treatment was ex-
pected to have a higher effect, due to the decrease in the convection
coefficient and, therefore, to the greater influence of radiation. In the
case of the TEG_w/0_RC, the thermal resistance increases an 86.4 %
compared with the case of wind velocity of 1 m/s, reaching an average
value of 3.2 K/W. However, in the case of the TEG_RC, the thermal
resistance of the heat exchanger corresponds to 54.7 %, reaching on
average 2.48 K/W. This represents a 29 % improvement in the thermal
resistance of the HPs that include the radiative treatment. In this case,
the improvement in the radiation heat transfer makes up for the
decrease in the free convection coefficient when there is no air velocity.

The next analysis carried out is about the electric generation of the
thermoelectric prototypes. As described in Eq. (5), the electric power
output depends on the load resistance to which the TEG is connected, so
the performance of each prototype has been tested varying the electric
load resistance to obtain the characteristic curve of these devices. Fig. 7
shows the results obtained from the experimentation under forced and
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Fig. 5. Evolution of the temperature difference between the cold face of the
modules and the environment of both prototypes (TEG_RC and TEG_w/0_RC),
for 40 W of heat provided and 2.2 Q of load resistance.
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Fig. 6. Results of the thermal resistance of the heat-pipes for the TEG_RC and
TEG_w/0_RC, both under forced convection with an air velocity of 1 m/s (TEST-
1) and under natural convection (TEST-2), for different heat power inputs.

natural convection, and it is observed that the trend is the expected one
for a thermoelectric generator: an initial increase in the electric gener-
ation as the load resistance increases up to the optimum point, followed
by a decrease in the power output. Comparing the behavior of both
prototypes under forced and free conditions, it can be seen that there is
hardly any difference in the electric production for low heat fluxes,
lower than 20 W. However, with higher heat fluxes, the differences
become significant. Under forced convection, TEG_w/0_RC generates
0.48 W, while the TEG_RC reaches a production of 0.52 W, which rep-
resents an increase of 8.3 % of the electric power output. Once the forced
component of the convection is eliminated and a free convection is
established, there is a decrease in the power generation from both pro-
totypes, since, as seen in Fig. 6, the resistance of the heat exchangers on
the cold side worsens and, therefore, the generation decreases, as
described in Eq. (5), (6) and (8). However, it is remarkable that, while
the TEG_w/o_RC reduces its electric generation by 35 %, down to 0.31
W, in the absence of air velocity; the TEG_RC only reduces the electric
production by 7.7 %, generating 0.48 W. These results show that the
application of the radiative surface treatment to the HPs avoids the
drastic decrease in the generated electric power that usually occurs in
thermoelectric generators when they work under free convection,
keeping the production of electrical energy much more constant.

Additional information of TEST-1 and TEST-2 as the hot and cold
temperatures of the thermoelectric modules, environment temperature,
electric power output and cold-side thermal resistance of the heat ex-
changers; is included in Table 3.

Fig. 8 shows the electric power generation for different heat fluxes
supplied to the prototypes that are connected to the optimal load
resistance. It can be seen that, at low heat fluxes, the differences in
generation are really small, but from 20 W of thermal power on, there
are noticeable differences between the electric power output under
natural and forced convection depending on whether the device has the
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radiative treatment or not. Thus, for example, for 30 W of heat input
under forced convection, TEG_RC is generating 11 % more electric
power than the TEG_w/o_RC thanks to the radiative coating. In the case
of natural convection, this improvement rises to 38.8 %. When 40 W are
applied to the generators this effect becomes more visible, reaching an
increase in the electric generation of 54.8 % thanks to the treatment. It is
noteworthy that even under natural convection, the electric power
output of the TEG_RC is very similar to the electric generation of the
TEG_w/0_RC under forced convection. This effect means that the electric
production of the thermoelectric generators can be maintained at its best
values even in more unfavorable conditions, such as the absence of
external air velocity. This improvement can have a large impact on
thermoelectric applications such as those developed in [20-22], avoid-
ing energy losses in conditions of no wind.

3.3. Results of outdoor experiments: TEST-3

In this section, the results obtained in the outdoor tests are shown. In
these experiments both the ambient temperature and the wind velocity
have been recorded since these are conditions that cannot be controlled
as they depend on the weather.

Fig. 9 shows the temporal evolution of the temperature difference
between the cold face of the thermoelectric modules and the environ-
ment temperature, as well as the wind velocity during the test. As it can
be seen, there is a clear relationship between that temperature differ-
ence achieved and the presence of gusts of wind. With higher wind ve-
locities, where heat transfer mainly occurs by means of forced
convection, a temperature difference of around 50 °C is achieved, while,
with very low wind velocities, the temperature difference increase,
meaning that the heat dissipation is poorer and consequently the ther-
mal resistance of the HPs increases. However, as it has been seen in the
tests inside, this rise in the thermal resistance is smaller in the TEG_RC,
reaching a temperature difference of 80 °C. Whereas in the TEG_w/0_RC
the temperature difference rises up to more than 100 °C.

For both prototypes, these results show that the thermal resistance of
the HPs of has a direct influence on the electric generation. As shown in
Fig. 10, electric power output rises with an increase in the wind velocity,
reaching an average generation of 0.57 W with TEG_RC and 0.56 W with
TEG_w/o_RC. This electric generation decreases when the wind slows

Table 3
Experimental values for TEST-1 and TEST-2 under optimal electric load resis-
tance and heat flux of 40 W.

Test Device Ty(°C) Tc(°C) T (°C) Wc(w) Rc(K/W)

1 (forced) TEG_RC 130.6 76.2 15.3 0.52 1.60
TEG_w/0_RC 133.1 82.3 15.3 0.48 1.72

2 (natural) TEG_RC 151.9 103.2 14.8 0.48 2.29
TEG_w/0_RC 171.8 126.0 14.8 0.31 3.04

0.6

040 W -forc 020 W -forc|
W40 W-nat m20W -nat

1 2 3 4 5

Load resistance (Q)

Fig. 7. Electric power output of both TEG prototypes under forced convection, with a wind velocity of 1 m/s (TEST-1) and natural convection (TEST-2), for different

load resistances and two heat fluxes provided (20 and 40 W).
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Fig. 10. Electric power output from both prototypes and wind velocity at the test site.

down showing a similar behavior detected in the tests inside the labo-
ratory. During periods with low wind velocities, in which the forced
convection component disappears, the electric generation from TEG_RC
drops to 0.49 W, which represents a 14 % decrease. While in the case of
the TEG_w/0_RC, the generation falls to 0.33 W, a 41.6 % reduction.
Again, it is observed that the radiative treatment considerably

counteracts the reduction in the electric production caused by a poorer
convective heat transfer.

Finally, Table 4 compares the electric generation achieved with both
prototypes in all the conditions studied, highlighting the increase in the
production of electric power as a result of the radiative treatment placed
on the TEG_RC prototype. It is observed that, in all situations, the
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Table 4
Comparison of electric power output under all studied conditions, for a heat flux
of 40 W.
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Table 5
Comparison of the conversion efficiency of the generators under all studied
conditions, for a heat flux of 40 W.

Indoors Outdoors Indoors Outdoors
Forced Natural Forced No Forced Natural Forced No wind
convection (1 m/  convection convection (1.5 wind convection (1 convection convection (1.5
s) m/s) m/s) m/s)
TEG_RC 0.52 W 0.48 W 0.57 W 0.49 TEG_RC 1.28 % 1.19 % 1.40 % 1.38 %
w TEG_w/0_RC 1.19 % 0.77 % 1.21 % 0.82 %
TEG_w/0_RC 0.48 W 031W 0.56 W 0.33 Improvement 8.2 % 54.2 % 16.1 % 68.73 %
w with RC
Improvement 8.3 % 54.8 % 1.8 % 48.5
with RC %

TEG_RC generates more electricity than the TEG_w/o_RC. This increase
in generation is much more noticeable when natural convection condi-
tion is dominant (as shown during the indoor tests under free convection
or outdoors without wind). Whereas in those cases where forced con-
vection is important, the improvements achieved are reduced.

In the cases of indoor tests, the air velocity recorded in the tests
carried out inside the climatic chamber was 1 m/s, while in the case of
outdoor wind tests, the speed was 1.5 m/s, which explains why the
percentage of improvement due to the radiative treatment is lower,
noting the fact that for high wind velocities, forced convection has a
dominant effect over radiation.

Table 5 gathers the values of the efficiency achieved by the ther-
moelectric generators under all the studied conditions. To estimate the
conversion efficiency of the generators the electric power output is being
divided by the rate of heat flow absorbed from the hot source, according
to Equation (13).

— Wﬂ
On
As it can be seen, the radiative coating improves again the perfor-
mance of the device specially under natural or free convection condi-

tions. The maximum efficiency obtained from the experiments gets a
value of 1.4 %.

n 13)

4. Conclusions

For the first time, a radiative surface treatment has been applied to
the heat-pipe heat exchanger of a thermoelectric generator to improve
the electric power output of the device. In the results of the tests carried
out under forced convection conditions, with an air velocity of 1 m/s,
the heat-pipes with the coating improved by 7 % the thermal resistance
with respect to the heat exchanger without the radiative film. In the case
of the tests under natural convection, the thermal resistances of both
devices increased. However, while in the case of the TEG without the
radiative treatment, the thermal resistance increased by 86.4 %, the
thermal resistance of the TEG with the treatment only increased by 54.7
%, which means that the heat-pipes with the radiative coating offer a 29
% less thermal resistance.

This improvement in the heat exchangers is reflected in the electric
power output that both prototypes are capable of generating. Under
forced convection a maximum electric production of 0.52 W is achieved
with the TEG with the radiative cooling treatment, and 0.48 W with the
TEG without the coating. As it could be expected, under natural con-
vection conditions, the electric generation decreases. However, this
generation drop is only of 7.7 % with the TEG_RC, while with the
TEG_w/0_RC the decrease is 35.4 %, proving that the radiative film
greatly minimizes the loss of electric generation that occurs in the
absence of forced convection with the heat-pipes.

The experimental tests performed outdoors, with changing weather
conditions, are in agreement with those carried out in the laboratory,
showing that when the wind velocity is very low or null, the temperature

difference between the cold face of the thermoelectric modules and the
environment increases, although to a lesser extent in the TEG that in-
cludes de radiative coating. This effect has a positive influence on the
electric generation, which, although it decreases when there is no wind,
the reduction is only of 14 % thanks to the radiative surface treatment.
Meanwhile, in the TEG without the radiative coating, the generation
falls by 41.6 %.

In short, it has been proven that the radiative coating over the heat-
pipes of the cold side heat exchangers has a positive influence on the
heat dissipation from the thermoelectric modules to the environment.
This translated into an increase in the electric production of the ther-
moelectric generator of 8.3 % with outdoor wind velocities of 1 m/s and
up to 54.8 % when the device is working under free convection condi-
tions. This increase in the electric generation of thermoelectric devices is
very interesting, since it is an improvement in the heat exchangers that
does not imply the incorporation of moving parts, nor loss of robustness
or compactness, typical of thermoelectric systems.
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