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Abstract: The paper reports on research focused on the use of largely available carbonaceous materials,
such as graphite, carbon black and chars, as thermoelectric materials for micro-generation at high
temperature. The key feature is the possibility to ignite the thermoelectric device to self-sustain
electric generation. The results of the tests performed with such materials, under both cold and hot
conditions, showed that a significant change of the electromotive force, with absolute increase up to
three orders of magnitude, occurred under hot conditions with flame irradiation, achieving measured
values of electromotive force up to 55 mV, in the best case. Monoliths based on biomass chars and
covered with a layer of gunpowder gave rise to similar variation of the Seebeck coefficient, as the
case of the flame exposed samples. This result confirms the basic idea of the investigation and the
possibility of generating an electrical peak in a self-sufficient combustion thermoelectric device with
power up to 1.0 W. A theoretical assessment has been proposed to provide an interpretation of the
observed phenomenology, which is related to the non-linear dependence of the material properties
on temperature, in particular the Seebeck coefficient and thermal conductivity.

Keywords: microgeneration; solid fuels; combustion; Seebeck effect

1. Introduction

Electric generation at micro-scale, with a characteristic size ranging from 10−1 to
102 mm and power of up to few Watts, could find application in several environments
and fields, e.g., submarine, aerospace, biomedical, mechatronics, and robotics, when no
possibility exists to use a conventional supply, such as batteries or photovoltaic generators.
This kind of electric generation may be accomplished in different ways, such as micro
engines/turbines [1], thermo-photovoltaic [2] or thermoelectric generators [3], piezoelectric
devices [4], and others [5].

The thermoelectric, or Seebeck effect, is the generation of an electromotive force (EMF)
throughout a solid element, when a temperature gradient occurs [6]. The interaction
between the heat carriers in solid phase, i.e., phonons, and thermally excited electrons,
leads to the accumulation of electrons and holes at the opposite sides of the solid element
(e.g., a bar) with the generation of an electric field [7]. The ratio between generated EMF,
measured in Volt or sub-multiples (mV and µV), and the temperature difference ∆T is
defined as Seebeck coefficient (α) [8]. In general, metals have appreciable thermoelectric
properties thanks to high electrical conductivity, whereas electrical insulators exhibit a very
small Seebeck effect. For instance, platinum has an absolute Seebeck coefficients equal to
−4.90 µV/K [9]. The Seebeck coefficient changes with temperature as a consequence of
larger availability of thermally excited electrons in the conduction band [10]; for instance,
the absolute Seebeck coefficient for Cu and Pt increases by 2–3 times with the temperature
increase of a few hundred degrees [11].

The dimensionless figure of merit, ZT = α2/(ρ kt) [12] is calculated from the Seebeck
coefficient, electrical resistivity (ρ), and thermal conductivity (kt), representing the most
relevant parameter for ranking a thermoelectric material/device. It is worth noting that ZT
is inversely proportional to electrical resistivity and thermal conductivity.
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Since graphite and carbons have substantially high electrical conductivity, they can
exhibit a thermoelectric behavior. The Seebeck coefficient of carbon referred to Pt is
positive and equal to +2.20 µV/K, being comparable to those of metals (e.g., Cu, Au,
Ag ~7.20 µV/K), but remarkably lower than values of semi-conductors (e.g., Ge,
Si ≥ 339 µV/K) [13]. In this respect, the micro-generation of flexible graphite layers was
studied by Luo et al. [14], reporting an absolute thermoelectric power of −2.6 µV/K and
highlighting the possibility of application at high temperature. Miccio [15] investigated
the dependence of the Seebeck coefficient on the oxidation degree of graphite rods, as
possible non-intrusive characterization of samples subjected to reactive or irradiating en-
vironments [16]. Biomass chars are also electrical conductors, provided that a high level
of carbonization is achieved for decomposing their major constituents, i.e., lignin, hemi-
cellulose, and cellulose [17]. Biomass chars exhibit moderate thermal conductivity in the
range 0.15–0.40 W/m/K [18], thanks to their low density and extensive particle porosity.
Furthermore, biomass chars are very reactive in oxidizing atmosphere if compared to fossil
carbons, the activation energy for air gasification being in the range 70–90 kJ/mol [19]
for biomass char, 100–140 kJ/mol for carbon black [20], and larger than 200 kJ/mol for
graphite [21]. Finally, it is worth noting that all cited carbonaceous materials are very
cheap with respect to metals like Ge and Si, or engineered materials (e.g., semi-conductors)
normally used for thermoelectric application.

An experimental investigation on thermoelectric microgeneration by means of car-
bonaceous materials is presented in the article, with the aim to provide a stimulus to
develop innovative devices for energy production under particular conditions with very
low power (<1.0 W). A novel approach to the matter, namely the possible self-sustained
conversion and generation upon the ignition of the thermoelectric device, is reported. The
experimental results of the research are reported and discussed, along with a discussion
based on fundamentals of thermoelectric generation.

2. Materials and Methods
2.1. Materials

The carbonaceous solids used during the tests were:

• graphite electrode (Gr);
• carbon black (CB);
• beech-wood char (BWC).

The graphite electrode was originally a rod with a diameter of 5 mm. In the case of
the combustion tests, the graphite rod was worked with abrasive paper to obtain a thin
lamina (5 × 80 mm) with thickness of about 1 mm. Carbon black (Degussa EB 158) was
in the form of micrometric powder. Beech-wood char was obtained by coking beech rods
at 800 ◦C in a tubular furnace for 30 min under N2 atmosphere. BWC was used in bars
(3 × 6 × 80 mm) or ground into powder with size less than 100 µm.

Powders of CB and BWC were mixed with pastry flour (00) and demineralized water
to form a slurry that was casted in a silicon mold (5 × 10 × 70 mm) and cured in oven at
90 ◦C to obtain solid monoliths having similar dimensions. The relative mass ratios of flour
were 1/5 and 1/2 for carbon black and beech-wood char, respectively, as consequence of
the large difference in density between CB and BWC and the different workability of the
resulting slurries.

Gunpowder was produced by mixing KNO3 (Sigma Aldrich P8394), sulfur pow-
der (Kollant 002297-011563) and BWC, by adopting the well-established formulation
75/10/15 %wt. respectively [22], then adding water and small amount of flour to form a
slurry for coating some BWC monoliths and char bars.

Table 1 reports the density, porosity, and fixed carbon content of the three carbonaceous
materials. Differences in density are attributable to the increased porosity of BWC with
respect to Gr and CB. ICP-MS analysis evidenced the presence of major elements: Fe for
graphite (0.12% by weight), and K for beech-wood char (0.02 by weight). In this respect,
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Wei et al. [23] reported an enhancement of thermoelectric coefficient for carbon fibers in
presence of iron oxide (Fe2O3).

Table 1. Properties of materials.

Density
g/mL

Porosity
%

C Content
% wt.

Graphite 1.62 14.6 99
Carbon black 1.80 - 97

Beech wood char 0.50 60.7 96

The electrical conductivity of all samples was measured at room temperature by
means of a digital multimeter (Lafayette DMB-USB2). It resulted equal to 3.9 × 103 and
1.1 × 102 Ω−1m−1 for graphite and beech wood char, respectively. The electrical conductiv-
ity of casted monoliths from slurries was 17.0 ± 1.0 Ω−1m−1 for CB and 2.7 ± 1.0 Ω−1m−1

for BWC, samples having too low value (i.e., <1.0 Ω−1m−1) being rejected.

2.2. Experimental Apparatus

The experimental apparatus for thermoelectric tests is displayed in Figure 1. Two
horizontal copper semi-cylindrical electrodes (1 and 2) at a distance of 60 mm sustained
the sample (3). The copper purity is higher than 99% without traces of elements like Ni,
Fe, Sn, Co, Mn, Zn, Ag, Au, Pt, as determined by an Energy-dispersive X-ray analysis
performed at 20 keV. The contact surface was accurately cleaned before the test. Screwed
clamps fastened the electrodes at both ends having care to not impart excessive stress in
sample. Electrode 1 was heated by means of an electric resistance up to 130 ◦C by a low
voltage DC supply (6). Electrode 2 was kept at room temperature. Two thermocouples
(type K) were plugged into central holes of the electrodes for measuring the temperature in
each element. The temperature difference between electrodes ∆T = T1 − T2 was assumed
as the reference driving force between hot and cold ends.
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Figure 1. Experimental setup for thermoelectric measurements.

The probes of a Keithley 2182 A nano-voltmeter (4) were directly connected to the
copper electrodes, taking care to avoid any junction with different conductors and keeping
the contact area clean. Since the nano-voltmeter was serially connected with cold and
hot electrodes with positive end at the hot side, it measured the opposite EMF of the
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pair sample/Cu [7]. The measured EMF, in the order of hundreds of microvolts, and the
temperatures T1 and T2 were acquired by a personal computer (5).

A propane burner (7) was used for the ignition/combustion tests with the flame
applied to the middle of the sample. In some tests, an air stream of 1.0 L/min was supplied
with a 4 mm probe after ignition to sustain the sample combustion. In most cases, these
tests lasted until the collapse of the rod as a consequence of the local burn-off. The whole
experimental setup was kept under a laboratory hood.

To calibrate the thermoelectric apparatus, a platinum lamina with purity 999/1000
was used as a reference specimen before each test.

3. Results

The measured values of electromotive force and temperature were worked out into
absolute Seebeck coefficient (α), calculated via Equation (1) derived from Kockert et al. [24]
upon changing the reference metal from Pt to Cu, where ∆T = T1 − T2 and ∆V = V1 − V2
are the average measured temperature and voltage differences over the test time, typically
5′. The coefficient 2.6 µV/K is the absolute Seebeck coefficient of copper [14].

α = 2.6 − ∆V/∆T [µV/K] (1)

The measurement errors due to presence of impurities in the electrodes and wires
were estimated to be lower than 2% by calibration of the equipment with 999/1000 purity
Pt lamina. The errors of the temperature readings (±1.0 K) and voltage measurement
(<1.0 µV) give rise to uncertainties in determination of α lower than 5.0%, at typical test
conditions, i.e., in presence of ∆T ≥ 100 K.

A typical time profile of EMF recorded during a test with flame is shown in Figure 2 for
a BWC bulk. The measured voltage that was negative both at room temperature suddenly
decreased, achieving a minimum value of about 2230 µV when the flame was applied to
the sample. It is worth noting that an inversion of the generated EMF at high temperature,
e.g., from negative to positive level, could also occur depending on the predominant
mechanism of electrical conduction at different temperature, switching from hole-like
(p-type) to electron-like (n-type) behavior [20]. The sample collapsed at around time 270 s
and some negative peaks before collapse may be attributable to occurrence of local breaks
in the sample structure during conversion.
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Figure 2. Time profile of measured EMF during a test with BWC bulk and flame from t = 200 to t =
260 s (T1 = 143.7 ± 2.0 ◦C, T2 = 42.5 ± 4.9 ◦C).

Figure 3 shows snapshots taken during tests with flame ignition for three different
samples, graphite, beech wood bulk and beech wood monolith. Graphite lamina (Figure 3A)
did not ignite, even if the flame was applied for several seconds and supplemental air flow
(200 L/min) was blown. The lamina became red for the high temperature induced by the
flame and correspondingly a small change in EMF was recorded as reported in Table 2.
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Nevertheless, there was no evidence of combustion of the sample, whose shape did not
change after the test.
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Figure 3. Snapshots of samples subjected to ignition: graphite lamina (A); BWC bulk (B,C); BWC
monolith (D–F). In tests (B–F) air stream supplied upon ignition.

Table 2. Absolute Seebeck coefficients (µV/K).

Sample No Flame with Flame abs. Change

Gr lamina 0.10 −1.73 1.83
CB monolith 3.18 4.70 1.52

BWC bulk 8.80 14.9 6.10
BWC bulk + gunpowder 8.00 15.6 11.6

BWC monolith 12.4 54.6 42.2
BWC monolith + gunpowder 11.9 528 516

Conversely, BWC bulk (Figure 3B,C) promptly ignited after contact with the flame
and the sample combustion was sustained by the supplemental air flow. The test ended
with the collapse of the sample by complete conversion in the middle section. Similarly,
BWC monolith (Figure 3D–F) was ignited and the combustion occurred in the middle until
collapse of the monolith. Tests were also performed with carbon black monoliths but did
lead to stable ignition, reproducing a behavior similar to graphite, because of kinetic limits.

Figure 4 shows three snapshots from a test with CB monolith that was coated by a
layer of gunpowder in the middle. The gunpowder ignition was very fast (Figure 4A) and
followed by a few seconds of self-sustained combustion of gunpowder (Figure 4B). How-
ever, upon extinguishment of gunpowder, the monolith did not get ignited (Figure 4C). The
transient behavior was reflected in the measured EMF signal that exhibited a negative and
intense peak up to 250 mV (absolute value) occurred during the combustion of gunpowder.
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Similar tests were carried out with both BWC bulk and monolith covered by gun-
powder. The recorded signal of EMF is shown in Figure 5A, where the negative peak
following gunpowder ignition achieved an absolute value of around 1750 µV at time 210 s.
Conversely, a much larger negative peak up to −55,000 µV (Figure 5B) was achieved with
BWC monolith. Both samples showed incipient combustion after the gunpowder flame. It
is worth noting that such tests Figure 5 did not occur in the presence or air blowing, so the
combustion quickly extinguished. Anyway, the reported profiles of Figure 5 suggest that a
large EMF impulse can be obtained under such conditions.
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(T1 = 132.2 ± 14 ◦C, T2 = 34.0 ± 1.1 ◦C) and (B) BWC monolith covered by gunpowder
(T1 = 144.7 ± 1.6 ◦C, T2 = 40.7 ± 2.9 ◦C).

The results of tests carried out with all samples are summarized in Table 2, as absolute
Seebeck coefficient computed via Equation (1). Graphite, CB monolith and BWC bulk
exhibited little changes of their thermoelectric figure moving from room temperature to
flame exposition, the variation being lower than 10 µV/K.

The results were very different for BWC monolith that gave rise to large variation of
the absolute Seebeck coefficient with change of about four times, moving from 12.4 to
54.6 µV/K. The intrinsic composite nature of the BWC monolith that is based on a
binder/filler structure could explain this finding, Composite or doped materials, like
semi-conductors, are known to exhibit improved thermoelectric effects, some orders of
magnitude higher than common materials (e.g., metals), because they have modified prop-
erties, namely high electrical conductivity and low lattice thermal conductivity [25]. In a
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composite monolith, differential changes of the transport properties may occur at increasing
temperature, with consequent increment of the thermoelectric coefficient.

The BWC bulk and monolith covered with a layer of gunpowder gave rise to similar
variation of the Seebeck coefficient, as the case of the flame exposed samples. In both cases
di absolute change of α was higher with respect to tests without gunpowder, i.e., 11.6 and
516 for BWC bulk and monolith, respectively, the higher temperature reached during the
transient gunpowder burning explaining this result.

The analysis of the investigated devices suggests they should be based on:

1. a reactive carbon to easily achieve device ignition;
2. additive for obtaining a composite structure that enhances the device performance;
3. cheap components because of disposable operation of the device;
4. presence of a pyrotechnic layer to promote the ignition.

4. Discussion

The experimental results demonstrated that coupling regions at different temperatures,
i.e., low temperature near electrodes and high temperature in the center, leads to increase
the electromotive force. This effect is theoretical assessed in the following.

For a single element having homogeneous properties the equations of combined heat
flux Q and electricity carriers current I in uniaxial x system are given by Equations (2) and
(3) [26], where k, Π, and ρ are thermal conductivity, Peltier coefficient and electrical resistivity.

Q = −k dT/dx + Π I (2)

−dV/dx = ρ I + α dT/dx (3)

Under the hypothesis open electric circuit (I = 0) Equations (2) and (3) are simplified
in Equations (4) and (5).

Q = −k dT/dx (4)

−dV/dx = α dT/dx (5)

Integration of Equations (4) and (5) leads to:

Q = −k ∆T/∆x (6)

∆V = −α ∆T (7)

Let consider a composite device formed by three zones in series (1, 2 and 3). Equations
(6) and (7) may be applied to each zone:

Q = −k1 ∆T1/∆x1 = −k2 ∆T2/∆x2 = −k1 ∆T1/∆x1 = −k3 ∆T3/∆x3 (8)

∆V = −(α1 ∆T1 + α2 ∆T2 + α3 ∆T3) (9)

where Equation (8) expresses the continuity of the heat flux and Equation (9) gives the sum
of EMFs in each zone for a series connection. Under the hypothesis that zones 1 and 3 have
same properties, length and ∆T, following Equation (10) may be derived, where y is the
fraction of the total length ∆X occupied by intermediate zone 2.

∆V
∆T

= −
(1− y) α1

k1/k2
+ yα2

1−y
k1/k2

+ y
(10)

For given values of Seebeck coefficient and thermal conductivity, Equation (10) pro-
vides the dependence of the overall Seebeck coefficient for the composite devices. It is
worth noting that Equation (8) is a continuity equation taking into account only conduction,
and omitting the contribution of convection and radiation to heat transfer, which is a rough
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simplification in current preliminary approach. Furthermore, the thermal conductivity of
zones 1 and 2 are not relevant, since they appear as ratio in Equation (10).

Figure 6 shows the dimensionless overall coefficient α* obtained for three k1/k2 ratios
and α1/α2 = 1/100. The points along the diagonal (diamonds) are obtained for k1 = k2; in
such case the overall Seebeck coefficient of the composite device equals the average value
computed over y. More interestingly, if the thermal conductivity of the zones are different,
there is a non-linear dependence of α* on y and the position of the curve is over (under)
the diagonal if k2 is lower (greater) than k1.
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Results of Figure 6 provides a reasonable explanation of observed phenomena because
when the central zone of the device is heated the local Seebeck coefficient is likely increased
by the temperature [11,15] and the thermal conductivity may decrease, also as consequence
of carbon oxidation [27]. The combined effect of both changes leads to a drastic increase of
the Seebeck coefficient (triangles in Figure 6 corresponding to k1/k2 = 5).

5. Conclusions

The experimental tests confirm the concept correctness, i.e., the possibility of generat-
ing an electromotive force by means of a self-burning thermoelectric device based on very
cheap and disposable carbonaceous materials.

Tests performed with gunpowder combustion gave rise to a large EMF impulse, up to
55 mV (absolute), indicating that the self-burning thermoelectric device can be exploited for
micro-generation. Use of biomass char is beneficial for such scope, owing to high oxidation
reactivity and low thermal conductivity.

Apart from the effect of impurities or composite nature of the material, the synergy of
changes in thermal conductivity and Seebeck coefficient at high temperature upon ignition
would be the main factor influencing the drastic increase of measured EMF during the
transient test.

The simple mathematical model provides qualitative confirmation of experimental
findings, provided that the material properties changes with temperature in direction of
emphasizing the thermoelectric effect: increase of local Seebeck coefficient, and decrease of
thermal conductivity.

Even if the efficiency of conversion is likely to be very low, the optimization of the
choice of materials and design of the device, also considering multiple modules in stacks,
could allow achieving better performance in terms of generated EMF, power, and efficiency.
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Nomenclature

EMF electromotive force
k thermal conductivity
I current
Q heat flux
T temperature
V voltage
x axial coordinate
y length fraction
ZT figure of merit, -
Greek symbols
α Seebeck coefficient
Π Peltier coefficient
ρ electrical resistivity
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