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Abstract: This paper presents the potential for harvesting electrical energy from cementitious materials
via the Seebeck effect. The Seebeck effect is a material property involving the movement of electrons
"n" or holes "p" between hot and cold electrodes within a semiconducting material, resulting in a voltage
difference across the thermal gradient between the two electrodes. The Seebeck effect in cementitious
materials has been investigated only to a limited degree thus far; most prior research has focused
simply on enhancing the Seebeck coefficient, but research on energy harvesting capabilities and

assessment of its potential use in civil infrastructure has been scarce.

Here, we introduce a numerical model to calculate the theoretical output energy of thermoelectric
concrete as a function of the Seebeck coefficient, electrical resistivity, and temperature gradient. We
show that at a practical application scale and using realistic material properties, thermoelectric concrete
could contribute towards addressing the pressing global challenges related to increasing energy
demand. Thermoelectric concrete could have significant implications for the lifetime energy use and
environmental sustainability of built infrastructure, such as pavements, bridges, fagades, and other
buildings; it has the potential to be used on a large scale while keeping physical and mechanical
performance in harsh environments for an extended period.
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1. INTRODUCTION

The pressing societal and industrial challenge of the 21st Century is anthropogenic climatic change.
With 2050 net zero emissions targets looming for the construction industry, there is an ever-greater
need for reduced and offset CO, emissions from the construction and lifetime operation of buildings
and infrastructure, especially those emissions embodied within concrete [1]. Addressing the gap will
require a raft of mature technologies — including reduced carbon cement, efficient material utilisation
and renewable energy — together with 'smart' emerging technologies and approaches, such as
recovering waste heat energy from the operation of the structure or incident solar exposure.

Heat transfer within structures is traditionally mitigated through insulation, concrete thermal mass,
heating, ventilation, and air conditioning (HVAC) systems to maintain thermal comfort [2]. Using
innovative solutions, a portion of this waste heat can be recovered as electricity via the thermoelectric,
or Seebeck, effect. This disruptive technology could change how we think about building energy
efficiency and reduce our reliance on traditional energy sources, allowing us to make significant strides
towards a more sustainable future by harnessing waste heat [3].

Figure 1 illustrates the Seebeck effect, where a temperature gradient (AT) between opposing faces of
an electrically conductive material drives the migration of electron (‘n-type’) or hole (‘p-type’) electrical
charge carriers, resulting in an electrical potential, or voltage (AV) [4], enabling the harvesting of
electrical energy. As shown in Equation 1, the Seebeck coefficient, S, is a material property that
describes the relationship between the temperature gradient and (temperature-dependent) induced
voltage. The electrical energy harvesting performance of a material can be enhanced by optimising the
S, together with the electrical resistivity (p) and thermal conductivity (k) properties.

AV (T)
Se="ar (1)

Early attempts at thermoelectric energy harvesting in structures incorporated thermoelectric generators
into roadways and building envelopes [5]-[8]. However, these units were found to be fragile, low
efficiency, high cost [9], and ultimately impractical for large scale application. In contrast, thermoelectric
(TE) cement — a cement composite containing thermoelectric property-enhancing additives — provides
a significant opportunity for the scalable, industrial application of waste heat energy harvesting in a
structural material.
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Figure 1. Schematic of the Seebeck effect in cementitious materials.

TE cement was first reported in 1998 when Wen et al. observed the Seebeck effect in cement by adding
carbon fibres (CF) [10] and steel fibres (SF) [11]. Since then, different carbon-based materials, such as
carbon nanotubes (CNT) and graphite, have been utilised, resulting in a typical S, of around 100 pV/K.
[12]-[14]. Other researchers have employed nano-scale metal oxides, such as manganese dioxide
(MnO,) and ferric oxides, resulting in higher S, values [15], [16]. Fabrication method has also been
shown to have an impact on S, and p. In the laboratory, there are two distinct fabrication procedures
for TE cement composites: conventional ‘wet’ mixing and dry mixing/compression. The dry process
showed higher S, but this method is not scalable to a practical applications volume. Table 1 summarises
some of the most common additives used in prior experimental studies.

Table 1. Prior thermoelectric cement-based composite studies.
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By generating electricity from waste heat, thermoelectric cement could serve as an affordable integrated
alternative, helping to reduce reliance on fossil fuels while supplementing other renewable energy
sources such as solar and wind. However, the potential of thermoelectric concrete as a supplemental
source for waste heat energy harvesting at scale, using realistic material properties and environmental
conditions, has not been previously investigated. Here, we developed a mathematical framework for
estimating the theoretical total energy output of thermoelectric concrete to assess the feasibility of the
material as a source of supplemental energy for concrete structures and infrastructure to help address
the emissions reduction targets of the industry.



2, MATHEMATICAL MODELLING

Prior numerical studies on thermoelectric cement-based composites have only investigated small
specimens (10x10x60 and 50x50x20 mm?) under controlled, unrealistic heating conditions [20], [21]. In
contrast, this study presents a more practical numerical calculation of the theoretical energy output of
thermoelectric concretes, employing realistic thermal conditions and material properties (S, and p)
applied to applications-scale concretes. MATLAB (R2022a build) was used for the analysis and plots
presented herein.

2.1 THEORETICAL ENERGY OUTPUT

Electrical power, P (Watts), is the product of current, I, and the voltage across the material, Vseepeck-
From Equation 1, power output can be related to the Seebeck coefficient and temperature gradient, as
shown in Equation 2. Further, Ohm's Law relates electrical current, voltage and resistance, R, from
which Equation 3 calculates the maximum power output per unit area of concrete exposed to the
thermal gradient.

P=1x (VSeebeck) = 1% (S, * AT) (2)
5.2+ AT?
Pmax {Wm - 2} = AR et e (3)

Electrical resistivity, p, is electrical resistance normalised for geometry. Consequently, taking the
surface area of the concrete exposed to the thermal gradient (e.g., sun-exposed surface) as Ay, and
the orthogonal distance as Iy, Equation 4 shows the maximum power output for a given concrete
geometry under a constant thermal gradient, AT with uniform S and p (assuming they are independent
of AT).
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Thus, as electrical energy, Eqy, is power output with time (tep), assuming a constant conversion
efficiency of the thermoelectric concrete system, Nseeveck, the cumulative output energy harvested can
be calculated according to Equation 5.

tior S " AT?
Eoutput(Aexp){]} = NSeebeck " 0 4 p Lk ' Aexp ' texpdt (5)

However, under real-world conditions, temperature (and thus the temperature gradient within the
thermoelectric concrete) varies with time, while S, and p are not entirely independent of AT. Therefore,
relaxing the assumptions with S, p and AT, the thermoelectric energy harvesting concrete model
presented in Equation 5 can account for effects such as diurnal variations in surface temperature,
thermal conductivity, temperature-dependent electrical conductivity and Seebeck coefficient effects.

Several assumptions were necessary to simplify the calculations. A, was exposed to a uniform
temperature across its surface. Thermal conductivity of the concrete was considered only through the
temperature gradient. Conversion efficiency nseeneck Was assumed to be constant, as was the concrete
thickness, lhick. Only homogenous isotropic material properties were considered. Environmental effects
upon material properties (e.g.: moisture, thermal expansion, etc.) were excluded for this study.

2.2 ENVIRONMENTAL CONDITIONS

The environmental exposure conditions of the thermoelectric concrete play a critical role in the
calculated energy harvesting performance of the material. Prior studies have performed experiments
on thermoelectric cement at very high temperature gradients, up to 70°C, an unrealistic temperature
gradient. Surface temperatures of concrete structures can vary significantly, but sun-exposed fagades
or pavements may experience temperatures as high as 50 or 60°C (sometimes higher), with the
opposing ‘cool’ side of the concrete 10 to 30°C cooler (AT). Here, for the theoretical energy harvesting
calculations, two thermal regimes were considered, as illustrated in Figure 2:

1) A constant temperature gradient of 20°C, assuming the 'cold' face of the concrete provided a
sufficient heat sink while the 'hot' side was exposed to a continuous thermal source.



2) 24 hours of temperature variation, data from a sun-exposed concrete pavement was captured
using data-logging embedded thermocouples. The temperature gradient varied from 8.4°C to
21.6°C.

The first thermal regime was used to demonstrate the effects under idealised conditions, while the
second, more realistic, temperature data allowed for diurnal variation in the thermal gradient, providing
a significantly more realistic 'daily' theoretical energy output result. Note however, that this modelling
did not include other environmental factors such as wind temperature, heat retention, or moisture.
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Figure 2. Thermal modelling regimes considered: (a) constant temperature gradient, (b) diurnal
variation gradient.

2.3 MATERIAL PROPERTIES AND GEOMETRY CONSIDERATIONS

As discussed in Section 1, prior studies on TE cement revealed large differences in the S, and p,
depending on the type of conductive additive and fabrication technique used. For this numerical study,
performance criterion ranges were defined based upon ‘conservative’ to ‘high performance’ (but still
attainable) scenarios for TE cement utilising conventional ‘wet’ fabrication methods. Accordingly, Table
2 presents the principal material and geometric parameters considered in this study.

Table 2. Parameters for calculating the energy output.

Parameter Value Units
Nseebeck 0.1 %
Se 200 - 2000 MV.K-
P 175 - 550 Q.m
texp 0-24 hrs
Ithick 0.08 m
Aexp 0-10,000 m?

For the analysis, the heat-exposed surface, Ae,, Was considered to be a rectangular pavement up to
1,000m long and of uniform thickness (i)

3. NUMERICAL RESULTS AND DISCUSSION

To numerically evaluate the energy harvesting potential of thermoelectric concrete at-scale, employing
realistic material properties, a total of 4 scenarios were considered: (i) ‘conservative’ material properties
of a low S, (280 pV/K) and high p (517 Q.m) under a constant AT of 20°C (Figure 2a); (ii) ‘moderate
performance’ material properties — 1,000 yV/K, 250 Q.m — under a constant AT of 20°C; (iii) ‘moderate
performance’ material properties with diurnal temperature variation (Figure 2b); and (iv) ‘high
performance’, temperature-dependent material properties, coupled with diurnal temperature variation.

The results for these scenarios are presented as contour plots in Figures 3 — 6, with the colour and
contour values denoting the amount of harvested electrical energy (in kJ) for the exposure surface area
(Aexp, horizontal axis) over a given total exposure time up to 24 hours (te,, vertical axis).



Figure 3 presents scenario (i): AT= 20 °C, a relatively low S, and high p. Based on the results, such a
configuration would harvest only a very modest amount of energy from a 20°C temperature gradient;
for example, approximately 6.5 kJ for 5,000 m? over 12 hours’ exposure. This quantity of energy could
not be used to power a home (~ 54 MJ/person/day), but could power embedded structural health
monitoring sensors, or help charge batteries, for instance.
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Figure 3. Total energy harvested: constant AT, ‘conservative’ material properties.

However, there are several important considerations for this analysis, applicable across all scenarios:
(1) the energy accumulated was ‘free’, that is, entirely passively harvested from the concrete as a
secondary function of the structural material, and (2) the thermoelectric conversion efficiency, Nseebecks
is unknown, thus a very conservative value was assumed for these calculations. A higher efficiency
would dramatically increase the amount of harvested energy by the system.

An increase in S, from 280 uV.K' to 1000 yV.K' and a concomitant reduction in p, for ‘moderate
performance’ material properties (Scenario (ii)), was found to harvest at least an order-of-magnitude
more energy under the same constant temperature gradient, as shown in Figure 4. For example, 172.8
kJ, or 26-times the energy, for the same 5,000 m? over 12 hours’ exposure compared with Scenario (i).
These findings emphasise the importance of the variables such as S and p in thermoelectric energy
production. Most prior research has focused on simultaneously increasing these variables but has not
approached the energy production impact that thermoelectric concrete could have on a larger scale.

Although these results are promising, they were assumed under the same AT (Figure 2a). However,
this condition is unrealistic; temperatures constantly change in our surroundings. Accordingly, Scenario
(iii), Figure 5, introduced temperature variation (Figure 2b) to simulate a day cycle.

The temperature gradient has an essential role in the magnitude of the harvested energy. Figure 5
highlights the impact of low, varied temperature gradients; in the diurnal variation Scenarios (iii and iv),
only hours 15 — 18 were at AT = 20°C (Figure 2b), while at other times the relative energy harvesting
rate was slowed. This indicates that the thermoelectric concrete has the potential to harvest energy
continuously, even at low AT, such as those that occur at night and maximizing the output with
increasing temperatures during the day. Further, in principle, this could equally operate in cooler
regions, with higher internal temperatures than outside. Thus, TE concrete potentially could operate 24
hours per day, all year round, in many regions of the world.
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Figure 4. Total energy harvested: constant AT, ‘moderate performance’ material properties.
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Figure 5. Total energy harvested: diurnal temperature variation, ‘moderate performance’
material properties.

It is important to note that, in reality, S and p are temperature dependent. Thus, a more realistic
scenario was established to evaluate the energy output. In the ‘high-performance’ Scenario (iv), Se was
positively correlated with AT; p inversely. S, varied from 1,000 to 2,000 pV.K-!, within an achievable
performance range in the literature, while p was between 250 and 175 Q.m. Figure 6 shows the
corresponding harvested energy output.
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Figure 6. Total energy harvested: diurnal variations, ‘high performance’ S,(T) and p(T) material
properties.

As with Scenario (iii), the rate of energy harvesting in Scenario (iv) varied with the temperature gradient,
but the temperature dependence of the material properties significantly enhanced the total energy, up
to ~800 kJ (from ~210 kJ) for 5,000 m? over 24 hours. Over the course of a year, this would correspond
to ~292 MJ. Such quantities of energy could be used in myriad applications, from battery charging and
structural health monitoring sensors, to supplementing lighting or limited thermal comfort requirements.
More critically, however, would be the equivalent carbon offset: assuming approximately 3.75 gCOJ/kJ
(per power generation in Victoria), this would equate to ~ 3 kg CO, offset by thermoelectric concrete
each day, or > 1 tonne CO, per year.

Furthermore, despite a decrease in the temperature gradient (Tn.x), in this model system, TE concrete
was still capable of producing energy output, the magnitude of which was proportional to the exposed
surface area. This shows that TE concrete shows significant potential for scalable energy harvesting in
concrete with large AT, such as pavements, bridges and fagades, but equally in applications with
smaller gradients: multi-storey buildings (panels, slabs etc.), foundations, even buried structures.

4, CONCLUSION

This numerical study analysed the electrical energy harvesting potential of thermoelectric concrete
under four increasingly realistic scenarios. The results indicate that, even at low temperature gradients,
TE concrete could become a feasible supplemental source of energy otherwise lost as heat in myriad
applications of concrete at scale, potentially integrated into structural systems anywhere in the world.
The technology shows significant potential for next-generation, ‘smart’ concrete as it could enhance the
energy efficiency of structures and offset a portion of the associated carbon emissions, thus contributing
to the carbon dioxide emissions abatement necessary to achieve net zero by 2050 goals.
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