
ABSTRACT: Because of the thermoelectric (TE) effect (or Seebeck effect), a difference of potential is generated as a consequence 

of a temperature gradient across a sample. The TE effect has been mostly studied and engineered in semiconducting materials and 

it already finds several commercial applications. Only recently the TE effect in cement-based materials has been demonstrated 

and there is a growing interest in its potential. For instance, a temperature gradient across the external walls of a building can be 

used to generate electricity. By the inverse of the TE effect (or Peltier effect), one can also seek to control the indoor temperature 

of a building by biasing TE elements embedded in its external walls. In designing possible applications, the TE properties of 

cement-based materials must be determined as a function of their chemical composition. For instance, the TE properties of cement 

paste can be enhanced by the addition of metal oxide (e.g., Fe2O3) powder. In this paper, a single thermoelectric leg is studied 

using the finite element method. Metal oxide additives in the cement paste are modelled as spherical inhomogeneities. The 

thermoelectric properties of the single components are based on experimental data, while the overall thermoelectric properties of 

the composites are obtained from the numerical model. The results of this numerical study are interpreted according to the effective 

medium theory (EMT) and its generalisation (GEMT). 
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1 INTRODUCTION 

Cement-based thermoelectric composites are a novel class of 

“smart” materials with several potential applications.[1-4] For 

instance, by means of the Seebeck effect, a temperature 

gradient across the external walls of a building can be used to 

generate electricity.  

For open circuit conditions, the difference of electric 

potential, Δ𝑉, established between the two ends of a conductor 

kept at different temperatures depends on the temperature 

difference, Δ𝑇, and on a characteristic material property, the 

Seebeck coefficient, 𝑆 = −Δ𝑉/Δ𝑇. In this paper, all Seebeck 

coefficients are absolute,[5] i.e., they tend to zero as the 

temperature approaches 0 K, unless stated differently. The 

Seebeck coefficient of plain (i.e., without additives) hydrated 

cement paste has been reported as either small (ranging from  

𝑆cement = −1 μV/K[6] to 𝑆cement = +2.69 μV/K[7, 8]) or 

negligible (𝑆cement = 10−4 − 10−5 μV/K[9]). The introduction 

of a small fraction of additives (usually a few wt%, mixed in 

dry condition) into the cement paste can largely enhance the 

magnitude of its Seebeck coefficient. 

Wei et al. showed an effective Seebeck coefficient, 𝑆𝑒𝑓𝑓 =

+22.07 μV/K, in Carbon Fibre Reinforced Cement (CFRC) 

composites with 1.0 wt% carbon fibre.[10] Addition of 

Expanded Graphite (EG) to CFRC composite gives a maximum 

𝑆𝑒𝑓𝑓 = +11.59 μV/K at 33 °C.[11] In this case it has been 

observed a dependence of the effective Seebeck coefficient on 

moisture content. The authors also showed that in purely 

Expanded Graphite Cement Composites (EGCC), a 𝑆𝑒𝑓𝑓 =

+20.0 μV/K can be achieved.[9]  

Addition of oxide nanoparticles to CFRC composites boosted 

the values of the effective Seebeck coefficient of the composite 

to 𝑆𝑒𝑓𝑓 = +92.57 μV/K with 5 wt% Fe2O3 or to 𝑆𝑒𝑓𝑓 =

+100.28 μV/K with 5 wt% Bi2O3.[12] Despite the leap in the 

Seebeck coefficient, the overall figure of merit is only slightly 

increased because of the limited increase in electrical 

conductivity upon addition of semiconducting oxides.[12, 13] 

Ji et al. have obtained a stunning 𝑆𝑒𝑓𝑓 = +2,500 μV/K for 

cement-based composites with 5 wt% Fe2O3 nanoparticles and 

𝑆𝑒𝑓𝑓 = +3,300 with 5 wt% Bi2O3 nanoparticles, while Ji et al. 

have obtained 𝑆𝑒𝑓𝑓 = −3,085 μV/K with 5 wt% MnO2 

nanoparticles.[14] This result has been recently extended to 
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carbon fibre/MnO2 composite for which a value of 𝑆𝑒𝑓𝑓 =

−2,800 μV/K with 8 wt% fibre/MnO2 content has been 

achieved.[15] In this composite, a largely increased overall 

figure of merit has been also reported, owing to the good 

electrical conductivity due to the carbon fibre content. 

Despite the growing experimental evidence, numerical 

models of the thermoelectric properties of cement-based 

composite materials are scarce.[16] 

Assuming that the thermoelectric properties of each 

component are known, the effective medium theory 

(EMT),[17] or its generalisation (GEMT),[18-21] can be used 

to assess the properties of the composite material. Both EMT 

and GEMT model a composite as a “pseudo-homogenous” 

material and do not require the microscopic knowledge of the 

oxide additive distribution. Since the microscopic scale of the 

composite must not be resolved, models based on either EMT 

or GEMT are expected to scale more favourably towards real-

size (i.e., a few centimetres across[22]) thermoelectric units. To 

this end, numerical know-how from FEM modelling of 

traditional thermoelectric units is available, [22-29] and can be 

easily customised by changing the material properties, when 

known. 

Before applying either EMT or GEMT with confidence to 

cement-based material, some preliminary validation is in order. 

In this paper, we have modelled the thermoelectric properties 

of a cement-based composite material with microscopic 

resolution and compared the results against the EMT and 

GEMT predictions.  

Ferric oxide, Fe2O3, has been used as a representative of the 

class of oxide materials present in the experimental literature. 

Simple EMT does not provide a good fit of the properties 

determined by the microscopic modelling. Although GEMT 

seems to be more accurate, discrepancies in the fitting of 

cement-based composite in the saturated and dry conditions 

suggest some caution. Discrepancies may be due to the 

averaging procedure used to determine the effective Seebeck 

coefficient of the cement-based composite material. 

2 MATERIAL MODELLING 

We model cement-based composites with ferric oxide, 

Fe2O3, as a typical oxide additive. Also known with the name 

of the naturally occurring mineral hematite, Fe2O3 is a 

semiconductor oxide. At room temperature, the electronic 

conductivity (unit: S/m) of Fe2O3 is extrinsic and the majority 

carriers are electrons.[30] The electron mobility, 𝜇Fe2O3
 (unit: 

cm2/V⋅s), is activated and it depends on temperature, 𝑇 (unit: 

K), as 

 

𝜇Fe2O3
(𝑇) = (1.998 ⋅ 105/𝑇)exp(−0.17/𝑘𝐵𝑇), 

 

where  𝑘𝐵 = 8.617 ⋅ 10−5 eV/K is the Boltzmann constant. 

The activation energy, 0.17 eV, is appropriate at low 

temperature (𝑇 < 923 K).[30] The electrical conductivity is 

then written as 

 

𝜎Fe2O3
(𝑇) = 𝑒𝑁𝐷𝜇𝑒,Fe2O3

(𝑇), 

 

where 𝑒 = 1.602 ⋅ 10−19 C is the unit of charge and 𝑁𝐷 = 1019 

cm-3 is the notional value of the donor concentration used in 

this work. For this value of the concentration, 

𝜎Fe2O3
(298.15 K) = 1.436 S/m. No precise assessment of the 

donor concentration has been found in the literature for the 

Fe2O3 microparticles used in cement-based composites. 

The Seebeck coefficient also shows a temperature dependence 

typical of a semiconductor, 

 

𝑆Fe2O3
(𝑇) = − (

𝑘𝐵

𝑒
) [(

0.17

𝑘𝐵𝑇
) + 𝑔], 

 

where 𝑔 = 3 for carrier relaxation processes determined by 

optical phonons scattering.[31] In particular, 

𝑆Fe2O3
(298.15 K) = −828.7 μV/K. 

We also used the value 𝜌Fe2O3
= 5.26 g/cm3 for the density 

and 𝜅Fe2O3
= 12.55 W/m⋅K for the thermal conductivity of 

Fe2O3. The temperature dependence of these quantities has 

been neglected. 

For the dry cement powder, we have used a density of 3.1 

g/cm3. The density of the hydrated (0.4 water/cement ratio) 

cement paste with a notional 0.2 porosity is 𝜌cement = 2.0 

g/cm3. The values of the electrical conductivity, thermal 

conductivity and Seebeck coefficient of the plain (i.e., with no 

oxide additives) hydrated cement paste have been taken from 

Jani et al..[6] They are 𝜎cement,sat. = 0.07 S/m, 𝜅cement = 1.15 

W/m⋅K and 𝑆cement = −1 μV/K,  where the value of the 

electrical conductivity corresponds to the pore saturation 

condition. A much lower value of electrical conductivity, 

𝜎cement,dry = 2 ⋅ 10−4 S/m, has been reported for dry hydrated 

cement paste. All quantities are given at room temperature. 

The cement-based composite is modelled as a collection of 

spherical Fe2O3 microparticles inside a matrix of plain 

hydrated cement paste. The diameter of the spheres is set to 50 

μm and superposition between spheres is allowed. Allowing for 

superposition partially compensates for the lack of dispersion 

in sphere diameters. In practice, the coordinates of the centre of 

each sphere are chosen at random within the volume of the 

composite. A “switch” function, 𝜙(𝑥, 𝑦, 𝑧), is defined to 

smoothly (as a cubic polynomial) interpolate between the value 

“1” inside each sphere and the value “0” in the matrix. The 

switch function is then used to define the local properties of the 

composite, e.g., the local Seebeck coefficient of the composite 

is defined as 

 

𝑆comp(𝑥, 𝑦, 𝑧) = 𝑆cement + (𝑆Fe2O3
− 𝑆cement) 𝜙(𝑥, 𝑦, 𝑧) 

 

and the local electrical conductivity as  

 

𝜎comp(𝑥, 𝑦, 𝑧) = 𝜎cement + (𝜎Fe2O3
− 𝜎cement) 𝜙(𝑥, 𝑦, 𝑧). 

 

The model includes copper contacts at the two ends of the 

cement-based composite (see Fig.1). The Cu contacts facilitate 

the implementation of the boundary conditions, especially the 

open circuit condition. The relevant material properties are 

𝜌Cu = 8.69 g/cm3 for the density, 𝜅Cu = 400 W/m⋅K for the 

thermal conductivity, 𝜎Cu = 5.998 ⋅ 107 S/m for the electric 

conductivity, and 𝑆Cu = 1.83 V/K for the Seebeck 

coefficient.[5] 

 



3 COMPUTATIONAL METHODS 

The coupled charge and heat transport equations for the 

geometry shown in Fig. 1 have been solved by means of the 

Finite Element Method (FEM) as implemented in COMSOL 

Multiphysics® (version 6.0).[32] 

  

Figure 1. Model geometry. The first surface is the bottom one. The 

second surface is the interface between the lower Cu electrode and the 

cement-base composite. The third surface is the interface between the 

cement-base composite and the upper Cu electrode. The fourth surface 

is the top one. 

The transport equations are: 

{
∇ ⋅ 𝑱 = 0,

∇ ⋅ (−𝜅∇𝑇 + 𝑆𝑇𝑱) = −𝑱 ⋅ ∇𝑉,
 

where the electrical potential, 𝑉, and the temperature, 𝑇, are the 

unknown fields, and 𝑱 = −𝜎∇𝑉 − 𝜎𝑆∇𝑇 is the thermoelectric 

current density. Because of the thermoelectric effect, the 

current depends on the gradients of both the electrical potential 

and the temperature. 

The boundary conditions for the model are: 𝑇in = 298.15 K 

and 𝑉in = 0 (ground) on the lower Cu electrode surface, 𝑇out =
298.15 + Δ𝑇 (K) and  𝑱 ⋅ 𝒏 = 0 (open circuit) on the upper Cu 

electrode surface, where 𝒏 is the normal vector to that surface. 

We consider three values Δ𝑇 = 0.1, 0.5, 1.0 K and then 

extrapolate to the limit of Δ𝑇 → 0 to compute the effective 

Seebeck coefficient. Natural boundary conditions for both the 

electrical potential and temperature are imposed on the lateral 

surfaces. 

Geometries containing different numbers, 𝑁𝑠, of spherical 

oxide microparticles have been generated. We considered the 

following values: 𝑁𝑠 = 0, 100, 200, 300, 400, 500, 600, 700, 

800, 900, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 

9000, 10000, and 100000. The cases 𝑁𝑠 = 0 and 𝑁𝑠 = 100,000 

spherical microparticles give the extreme cases of plain 

hydrated cement paste and pure Fe2O3, respectively. A switch 

function 𝜙(𝑥, 𝑦, 𝑧) is generated for each of the cases above and 

stored on a discretised 100 × 100 × 100 cubic grid. The 

volume fraction is defined as the average of the “switch” 

function over the cement-based composite volume. A cubic 

50 × 50 × 50 mesh for the whole geometry has been used for 

all the FEM calculations.   

4 RESULTS 

The effective Seebeck coefficient of the cement-based 

composite is estimated as 

𝑆𝑒𝑓𝑓 = −
𝑉̅3 − 𝑉̅2

𝑇̅3 − 𝑇̅2

, 

where 𝑉̅2,3 and  𝑇̅2,3 are the averages of the electric potential 

and temperature taken over the second and third surfaces, 

respectively (see Fig. 1). An estimate of 𝑆𝑒𝑓𝑓  is obtained for 

each value of Δ𝑇. Note that the isosurfaces of the temperature 

(see Fig. 2) and of the electric potential (see Fig. 3) are not 

necessarily parallel and depend on the oxide microparticles 

distribution. This lack of homogeneity introduces a finite 

variance in the averages  𝑉̅2,3 and  𝑇̅2,3, and a consequent error 

in the estimator. 

  

Figure 2. Temperature isosurfaces corresponding to volume fraction 

of Fe2O3 equal to 0.22. The temperature difference between the upper 

and lower surfaces is Δ𝑇 = 0.1 K. 

  

Figure 3. Electric potential isosurfaces corresponding to volume 

fraction of Fe2O3 equal to 0.22. The temperature difference between 

the upper and lower surfaces is Δ𝑇 = 0.1 K. 

Numerical results from the FEM calculations are reported in 

Table 1 and shown in Fig. 4 and 5. Those values have been 

obtained by extrapolating the numerical values 𝑆𝑒𝑓𝑓  for Δ𝑇 →

0. As expected, the value of the effective Seebeck coefficient 

grows monotonically with the oxide volume fraction. The 

values of 𝑆𝑒𝑓𝑓  for dry conditions are always larger than those 

for saturated conditions. In our model these conditions are only 

distinguished by the electrical conductivity of the cement paste. 

For dry conditions the electrical conductivity of the cement 

paste is much lower than that of the oxide additive. To explain 

the larger value of 𝑆𝑒𝑓𝑓  for dry conditions, one can tentatively 

assume that the effective Seebeck coefficient is a “weighted 

average” of the Seebeck coefficients of the single components. 



If the “weight” is proportional to the electrical conductivity of 

the single components, the Seebeck coefficient of the oxide --- 

which is larger than that of the hydrated cement paste --- will 

be given a larger “weight” in the “weighted average” because 

its electrical conductivity is larger than that of the hydrated 

cement paste. 

We have verified this explanation by computing the 

“weighted” average Seebeck coefficient, defined as 

 

𝑆𝑎𝑣𝑒 =
∫ 𝑆comp(𝑥, 𝑦, 𝑧)𝜎comp(𝑥, 𝑦, 𝑧)d𝑉

∫ 𝜎comp(𝑥, 𝑦, 𝑧) d𝑉
, 

 

where the integrals extend over the volume occupied by the 

cement-based composite. The values of 𝑆𝑎𝑣𝑒  are reported in 

Fig. 4 and 5 (blue stars). Although they follow the same trend 

as 𝑆𝑒𝑓𝑓 , at least qualitatively, there are significant 

discrepancies. 

Table 1. Effective Seebeck coefficients of the cement-based composite 

with different fractions of Fe2O3 microparticles. Values for both 

saturated and dry conditions are shown for comparison. 

Number of 

microparticles 

Volume 

fraction 

Mass 

fraction 
𝑆𝑒𝑓𝑓  

(Sat.) 

[μV/K] 

𝑆𝑒𝑓𝑓  

(Dry) 

[μV/K] 

0 0.00 0.00 -1.00 -1.01 

100 0.05 0.14 -3.72 -13.0 

200 0.09 0.23 -6.03 -24.3 

300 0.15 0.34 -10.3 -43.9 

400 0.18 0.40 -12.5 -54.2 

500 0.22 0.45 -15.7 -71.0 

600 0.26 0.50 -20.0 -91.2 

700 0.29 0.55 -24.5 -111 

800 0.34 0.61 -30.7 -138 

900 0.36 0.63 -32.4 -146 

1,000 0.39 0.66 -38.0 -171 

2,000 0.63 0.83 -91.0 -372 

3,000 0.77 0.91 -158 -539 

4,000 0.86 0.95 -228 -651 

5,000 0.92 0.97 -340 -729 

6,000 0.94 0.98 -440 -759 

7,000 0.97 0.99 -561 -787 

8,000 0.98 0.99 -667 -803 

9,000 0.99 1.00 -722 -812 

10,000 0.99 1.00 -783 -821 

100,000 1.00 1.00 -829 -829 

 

The estimates for the effective Seebeck coefficient, 𝑆𝑒𝑓𝑓 , from 

the EMT are obtained by solving the equation[19-21] 

 

𝑓Fe2O3

(
𝜎Fe2O3

𝑆Fe2O3

)  − (
𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

(
𝜎Fe2O3

𝑆Fe2O3

) + 2 (
𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

+ 𝑓cement

(
𝜎cement

𝑆cement
) − (

𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

(
𝜎cement

𝑆cement
) + 2 (

𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

= 0, 
 

where the effective electrical conductivity, 𝜎𝑒𝑓𝑓 , is obtained by 

solving the equation 

 

𝑓Fe2O3

𝜎Fe2O3
− 𝜎𝑒𝑓𝑓

𝜎Fe2O3
+ 2𝜎𝑒𝑓𝑓

+ 𝑓cement

𝜎cement − 𝜎𝑒𝑓𝑓

𝜎cement + 2𝜎𝑒𝑓𝑓

= 0, 

 

where 𝑓Fe2O3
 and 𝑓cement are the volume fractions of the oxide 

and hydrated cement paste, respectively. There are no free 

parameters in the EMT and the theory should be applicable to 

the case of spherical inclusions.[17, 18] From the EMT, one 

expects a sharp percolation threshold at 𝑓𝑐 = 1/3, if the 

electrical conductivity of the additive component is much 

larger than that of the host component.[18] This is supposed to 

be the case for dry conditions, but the sharp percolation 

threshold predicted by the EMT is not observed in our 

numerical results. This is a rather puzzling finding which casts 

some doubt on the accuracy of the numerical estimates of the 

effective Seebeck coefficient used in this work.  

To gain some further insight, we tried to fit the numerical 

results using the GEMT. The theory has two free parameters, 𝐴 

and 𝑡.[18] In particular, the percolation threshold is related to 

the parameter 𝐴 by the equation: 𝑓𝑐 = 1/(𝐴 + 1). The 

estimates for the effective Seebeck coefficient, 𝑆𝑒𝑓𝑓 , from the 

GEMT are obtained by solving the equations[19-21] 

 

𝑓Fe2O3

(
𝜎Fe2O3

𝑆Fe2O3

)
𝑡

− (
𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

𝑡

(
𝜎Fe2O3

𝑆Fe2O3

)
𝑡

+ 𝐴 (
𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

𝑡 + 𝑓cement

(
𝜎cement

𝑆cement
)

𝑡

− (
𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

𝑡

(
𝜎cement

𝑆cement
)

𝑡

+ 𝐴 (
𝜎𝑒𝑓𝑓

𝑆𝑒𝑓𝑓
)

𝑡

= 0, 
 

where the effective electrical conductivity, 𝜎𝑒𝑓𝑓 , is obtained by 

solving the equation 

 

𝑓Fe2O3

(𝜎Fe2O3
)

𝑡
− (𝜎𝑒𝑓𝑓)

𝑡

(𝜎Fe2O3
)

𝑡
+ 𝐴(𝜎𝑒𝑓𝑓)

𝑡 + 𝑓cement

(𝜎cement)
𝑡 − (𝜎𝑒𝑓𝑓)

𝑡

(𝜎cement)
𝑡 + 𝐴(𝜎𝑒𝑓𝑓)

𝑡

= 0. 
 

The EMT is retrieved from the GEMT when 𝐴 = 2 and 𝑡 = 1. 

A satisfactory, yet not perfect, fit of the numerical results for 

dry conditions is obtained by setting 𝐴 = 104 and 𝑡 = 3.3 in 

the GEMT (see Fig. 5). Such a large value of A corresponds to 

a percolation threshold 𝑓𝑐 ≈ 0, i.e., no percolation at all. Once 

again this is a puzzling result and may indicate a systematic bias 

in the estimator used to compute 𝑆𝑒𝑓𝑓 . The same values of the 

parameters 𝐴 and 𝑡 do not yield an equivalently satisfactory fit 

of the numerical results for the saturated condition (see Fig. 4). 

Finally, a large value of the GEMT parameter 𝑡 is also 

unexpected, as 𝑡 = 1 is usually appropriate for spherical 

inclusions.[18] As a comparison, two dimensional model based 

on Random Resistor Networks are in perfect agreement with 

the GEMT predictions.[33, 34] 



  

Figure 4. Negative effective Seebeck coefficient (red dots) and 

negative average Seebeck coefficient (blue dots) as a function of the 

volume fraction for saturated conditions. The EMT and best GEMT 

estimates (𝐴 = 104 and 𝑡 = 3.3) are also reported. 

  

Figure 5. Same as Figure 4, but for dry conditions. 

5 DISCUSSION AND CONCLUSIONS 

In this paper we have shown preliminary numerical results 

for the calculation of the effective Seebeck coefficient, 𝑆𝑒𝑓𝑓 , of 

a cement-based composite material. To this end, a microscopic 

model of spherical Fe2O3 microparticles included into a matrix 

of hydrated cement paste has been solved by means of the 

Finite Element Method (FEM) as implemented in COMSOL 

Multiphysics® (version 6.0). Our numerical results follow the 

expected qualitative trend with an increasing volume fraction 

of oxide additives, but they do not display the percolation 

threshold expected for dry conditions.  

A good agreement with the Effective Medium Theory (EMT) 

was also expected for spherical inclusions, but our results 

strongly deviate from the EMT predictions for both dry and 

saturated conditions. Relatively satisfactory regression of the 

numerical results by means of the Generalised Effective 

Medium Theory (GEMT) have been obtained, although for 

rather unphysical values of the GEMT parameters. 

While further numerical validation is in order to confirm or 

not these preliminary results, we note that a potential source of 

systematic bias can be hidden in our estimator of the effective 

Seebeck coefficient. To obtain 𝑆𝑒𝑓𝑓 , both the temperature and 

the electrical potential have been averaged over cross sections 

of the geometry. Because of the random nature of the oxide 

inclusions, the isosurfaces of both temperature and electrical 

potential are not necessarily parallel to the cross sections. As a 

consequence, the averages may strongly depend on the location 

of the cross sections. This is in principle a statistical issue 

which can be fixed by devising a more robust averaging 

procedure. Research in this direction is ongoing. 
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