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Abstract:  8 

Concrete with smart and functional properties (e.g., self-sensing, self-healing, and 9 

energy-harvesting) represents a transformative direction in the field of construction 10 

materials. Energy-harvesting concrete has the capability to store or convert the ambient 11 

energy (e.g., light, thermal, and mechanical energy) for feasible uses, alleviating global 12 

energy and pollution problems as well as reducing carbon footprint. The employment 13 

of energy-harvesting concrete can endow infrastructures (e.g., buildings, railways, and 14 

highways) with energy self-sufficiency, effectively promoting sustainable infrastructure 15 

development. This paper provides a systematic overview on the principles, fabrication, 16 

properties, and applications of energy-harvesting concrete (including light-emitting, 17 

thermal-storing, thermoelectric, pyroelectric, and piezoelectric concretes). The paper 18 

concludes with an outline of some future challenges and opportunities in the application 19 

of energy-harvesting concrete in sustainable infrastructures. 20 

Keywords: Concrete; Energy-harvesting; Principles; Fabrication; Property; 21 

Applications 22 

 23 

Nomenclature 24 

𝑄 Total storage of thermal energy 

𝑚 Mass 

𝐶𝑝 Specific heat 

𝑎𝑚 Melting fraction of phase change material 

𝛥𝐻𝑚 Melting latent heat of phase change material 

𝑇𝑚,𝑝 Melting temperature of phase change material 
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𝑇𝑠 Initial temperature 

𝑇𝑒 Final temperature 

∆𝑇 Temperature difference 

∆𝑉 Electromotive force 

𝑆 Seebeck coefficient 

𝑇 Temperature 

𝜂𝑚𝑎𝑥 Maximum energy conversion efficiency  

𝑇𝐻 Heating temperature 

𝑇𝐶 Cooling temperature 

𝑍𝑇 Thermoelectric figure of merit 

𝜅 Thermal conductivity 

𝜎 Electric conductivity 

𝜌 Electric resistivity 

𝑝 Pyroelectric coefficient 

𝑖𝑝 Pyroelectric current 

𝐴 Effective area of thermoelectric concrete 

𝑑33 Piezoelectric coefficient 

𝑔33 Piezoelectric voltage coefficient 

𝐾 Electromechanical coupling coefficient 

𝑇3 Compressive stress 

𝐷3 The potential shift on the electrode surface 

𝜀 Dielectric constant 

𝜀0 Vacuum dielectric constant 

𝐾𝑡 Electromechanical coupling coefficient 

𝑓𝑠 Series resonance frequency 

𝑓𝑝 Parallel resonance frequency 

Abbreviations 25 

BNBK Lead-free bismuth sodium titanate-bismuth potassium titanate-barium titanate 

BNT Bismuth sodium titanate 

BKT Bismuth potassium titanate 

BT Barium titanate 

CF Carbon fiber 

CNT Carbon nanotube 

DPLZT Doped Lead Lanthanum Zirconate Titanate 

MWCNTs Multi-walled carbon nanotubes 

PCM Phase change material 

PLZT Lead Lanthanum Zirconate Titanate 

PMN Lead niobium magnesium titanate 

PVDF Polyvinylidene fluoride 

PZT lead zirconate titanate  

PZTML PZT Multilayer 

SS Steel slag 

TGse Triglycine Selenate 
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1 Introduction 26 

Concrete, the second most consumed resource in the world, possesses the merits of 27 

good durability, easy availability, good formability, and low cost. The use of concrete 28 

can be traced back to the ancient Roman Empire [1]. Since the appearance of Portland 29 

cement, concrete has rapidly become an indispensable structural material for various 30 

infrastructures, from building to bridges, tunnels, dams, all aspects of the human life 31 

and production. These concrete infrastructures consume a large amount of energy to 32 

maintain their daily operation (e.g., temperature regulation, illumination, and 33 

communication). Considering the long-term and wide service of concrete 34 

infrastructures in the ambient energy field, it is predicted that significant energy can be 35 

harvested if concrete infrastructures are endowed with the energy-harvesting capacity. 36 

Inspired by autotrophs, the concept of smart infrastructures with energy-harvesting 37 

capacity is put forward, namely, the ability of concrete structures to become a self-38 

sufficient energy system, or even provide energy for other devices by storing or 39 

converting ambient energy, turning concrete infrastructures from energy consumers to 40 

energy suppliers. Apart from energy supply, smart infrastructure with energy-harvesting 41 

capacity is also a potential carbon footprint reduction technology. The capture and 42 

utilization of ambient energy by smart infrastructure can substitute fossil fuels burning 43 

as energy supply, thus reducing a high amount of carbon dioxide emissions [2, 3]. To 44 

achieve this, the fundamental issue is to couple reliable and durable energy-harvesting 45 

with concrete infrastructures. Unfortunately, embedding energy-harvesting devices into 46 

concrete infrastructures usually weakens the performance of concrete structures by 47 
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damaging the matrix integrity. In addition, the service life of conventional energy-48 

harvesting devices cannot match that of concrete infrastructures. Therefore, it is 49 

envisaged to employ concrete material itself with energy-harvesting functionality. 50 

Thanks to the luminous, phase change, Seebeck, pyroelectric, or piezoelectric effects, 51 

energy-harvesting concrete (also known as energy-scavenging concrete or power-52 

harvesting concrete) allows the capture of unused ambient energy (e.g., light, thermal, 53 

and mechanical energy), and stores or converts the energy into usable luminous, thermal, 54 

or electrical energy for feasible uses. Energy-harvesting concrete is usually fabricated 55 

by incorporating functional fillers (e.g., carbon fibers (CFs) [4], paraffin wax [5], and 56 

lead zirconate titanate (PZT) [6]) into concrete to endow conventional concrete with 57 

energy-harvesting properties. Figure 1 presents the energy-harvesting concrete 58 

principle where the whole concrete structure is regarded as an autotroph (such as a 59 

plant), the energy-harvesting concrete of the structure is like organs (such as leaves) 60 

exposed to the ambience, and the functional fillers can be regarded as plastids (such as 61 

chloroplasts) that endow the whole with the capability to store/convert the energy for 62 

feasible uses, mimicking autotroph behavior. Energy-harvesting concrete has inherent 63 

compatibility with and identical lifespan to concrete infrastructures due to its cement-64 

based property. In addition, the presence of functional fillers may modify the 65 

mechanical performance and durability of concrete as well. Therefore, the use of 66 

energy-harvesting concretes can turn infrastructures into distributed energy storages or 67 

generators, thus supporting the next generation of smart infrastructures, such as 68 

electrical chargers, sensors, illuminations and communications. 69 
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 70 

 
Figure 1. Energy-harvesting concrete mimicking autotroph system 

 

Energy-harvesting concrete can be classified into energy-storing and energy-71 

converting concrete, which, in turn, is subdivided into light-emitting, thermal-storing, 72 

thermoelectric, pyroelectric, and piezoelectric concrete in accordance to the energy-73 

harvesting mechanism, as depicted in Figure 2. The appearance of energy-harvesting 74 

concrete can be dated back to 1983. Shimizu Construction Co., Ltd firstly incorporated 75 

long afterglow luminescent fillers into concrete to fabricate light-emitting concrete [7]. 76 

The presence of the luminescent fillers endows concrete with the ability to absorb and 77 

store ambient light (natural light or artificial light) radiation energy, and then releasing 78 

the stored energy in the form of visible light in the darkness. Owing to its unique merit, 79 

light-emitting concrete is an ideal self-luminescent material for building decoration and 80 

luminous alarming without any electricity or maintenance. As for thermal energy, the 81 

idea of thermal-storing concrete can be traced back to 1989 [8], through incorporating 82 

thermal-storing fillers. Thermal-storing concrete is a technology with large-scale 83 

application prospects in the fields of solar thermal utilization, building thermal 84 
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insulation, and reduction of urban heat island effect. Apart from storage, thermal energy 85 

can be converted into electrical energy through the Seebeck effect or pyroelectric effect. 86 

In 1998 and 2003, thermoelectric and pyroelectric concrete were invented, respectively 87 

[9–11]. The concept of thermoelectric and pyroelectric concrete opens the door to 88 

reduce the structural temperature and cooling energy consumption, meanwhile, 89 

converting thermal energy into electricity, thereby alleviating urban heat island effect 90 

and pollution emissions. In addition, piezoelectric concrete was first proposed and 91 

fabricated by Li et al. in 2004 [12]. Due to the high density of mechanical energy, 92 

although the appearance is relatively late, piezoelectric concrete has been rapidly 93 

developed, improved, and applied in road, airport runways and rail systems due to the 94 

merits of harvesting energy from weight, motion, and vibration of structures, giving 95 

less energy consumption, and fewer pollutant emissions. 96 

 

 
Figure 2. Classification and appearance of energy-harvesting concrete 

 97 

For realization of smart concrete infrastructures with the capability of self-sufficient 98 

energy supply, the most important consideration is the utilization of appropriate energy-99 

harvesting concrete according to the compatibility of working environment, structural 100 

characteristics, and material properties. Thus, the study of energy-harvesting concrete 101 

continues in the aspect of profound understanding working principles, as well as the 102 
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optimal fabrication technologies and design theories, so as to realize the energy 103 

storage/conversion performance stably and efficiently. In addition, the discussions on 104 

the limitations and potential solutions of current energy-harvesting concrete are also 105 

valuable for providing guidelines for the optimization of energy-harvesting concrete 106 

and its structures.  107 

During the past decades, a considerable amount of literature has been produced on 108 

the development of energy-harvesting concrete, and fruitful accomplishments have 109 

been achieved in both innovation and application. This paper aims to provide a 110 

systematic and updated review on the major progresses and advances in the principles, 111 

fabrications, energy-harvesting properties, applications, and prospects of energy-112 

harvesting concretes, including light-emitting, thermal-storing, thermoelectric, 113 

pyroelectric, and piezoelectric concrete. To close, future challenges in the application 114 

of energy-harvesting concrete in sustainable infrastructures are also discussed. The 115 

energy-harvesting concrete in this review refers to a kind of composite material, that is, 116 

the properties of each component are complementary and correlated.  117 

2 Light-emitting concrete 118 

2.1 Principles of light-emitting concrete 119 

Light-emitting concrete (also known as self-luminous or glow-in-the-dark concrete) 120 

is a type of energy-harvesting concrete that possesses the ability of absorbing and 121 

storing external light (natural light or artificial light) radiation energy, and then 122 

releasing the stored energy in the form of visible light in darkness. In order to make 123 

concrete absorb and release solar energy, the common way is to take advantage of long 124 
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afterglow luminescent materials that can be mainly classified into sulfide, aluminate, 125 

silicate, and other matrix types according to different matrix materials. Over decades, 126 

there have some models of the luminescence mechanisms of long afterglow 127 

luminescent materials, including hole migration [13], improved hole migration [14], 128 

lattice distortion [15], two-photon absorption [16], and persistence energy transfer [17]. 129 

The most accepted model is the hole migration that divides the process of luminescence 130 

into two stages as shown in Figure 3 (a). The first stage is the activation ion of rare 131 

elements in the ground state, which transits to the excited state by absorbing light energy. 132 

The second stage is the release of light energy from the activated ion in the excited state 133 

and return to the ground state. At the same time, the electrons are activated by light 134 

energy recombining with the holes in the matrix, resulting in the long afterglow of 135 

materials. The typical long afterglow luminescent materials are listed in Table 1. 136 

 137 

Table 1. Typical long afterglow luminescent materials 138 

Chemical formula Classification 
Light 

color 

Optical 

wavelength (nm) 

Afterglow 

time (min) 

(Ca, Sr) S: Bi3+ [18] Sulfide Blue 450 90 

ZnS: Cu [19] Sulfide Green 530 200 

SrAl2O4: Eu2+, Dy3+ [20] Aluminate 
Blue-

green 
512 4000 

SrAl4O7: Eu2+, Dy3+ [21] Aluminate Blue 480 3600 

CaAl2O4: Ce3+, Tb3+ [22] Aluminate Green 543 600 

MgSiO3: Eu2+, Dy3+, Mn2+ [23] Silicate Red 660 240 

CdSiO3: Mn2+ [24] Silicate Orange 575 60 

CdSiO3: Dy3+ [25] Silicate White 410, 486, 580 30 

     

2.2 Light-emitting properties 139 

Light-emitting concrete has various optional colors and only needs to be fully 140 

charged in natural light for 10 minutes to be able to glow for 12 hours or more in the 141 
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dark, as shown in Figure 3 (b) and (c) [26, 27]. There are two main approaches to 142 

fabricate light emitting concrete, namely by replacing ordinary aggregates with 143 

luminous aggregates and/or cement with luminescent powder in the concrete mixture 144 

[28–33]. On the one hand, light-emitting concrete with luminous aggregates has merits 145 

of high brightness and long afterglow time. However, due to the wall effect [28], 146 

luminous aggregates are always covered by hardened cement paste near the surface of 147 

the concrete, affecting their light-emitting properties. Besides, the use of artificial 148 

luminous aggregates usually reduces the strength of concrete due to their low strength 149 

compared with natural aggregates [29]. On the other hand, luminescent fillers added to 150 

replace cement endow concrete with light-emitting properties and give good 151 

mechanical performance. Saleem and Blaisi [30] added 20 % of phosphors by weight 152 

of cement to fabricate light-emitting concrete blocks. The experimental results 153 

indicated that the concrete blocks can glow in the dark for a minimum of 9 h, meanwhile, 154 

the addition of phosphors has no influence on the strength of concrete blocks. 155 

Additionally, Sikandar et al. [31] replaced 50 wt.% of cement with SiO2 coated SrAl2O4: 156 

Eu2+, Dy3+ to fabricate light-emitting concrete. It was found that the concrete has light-157 

emitting capacity and, at the same time, increased its compressive strength by 18 158 

MPa/45%. Besides, the use of luminescent fillers together with hydrophobic materials 159 

can endow concrete with light-emitting capacity and hydrophobicity simultaneously 160 

[32, 33]. The above cited investigations clearly confirm that light-emitting concrete can 161 

be fully charged in a short time under natural or artificial light and, then, glow for a 162 

long time with a variety of optional colors. 163 
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2.3 Applications and prospects of light-emitting concrete 164 

Owing to the aforementioned merits, light-emitting concrete is considered as a 165 

promising material for sustainable low-carbon construction, with many potential 166 

applications in infrastructures. More specifically, it can be used for building 167 

environment decoration, offering various light colors, for example in a dining room 168 

(Figure 3 (d)) [34], swimming pool [26], and sidewalk [35]. Another important 169 

application for light-emitting concrete is in traffic instructions, providing bright and 170 

clear guidance, consequently, improving the safety of drivers, as shown in Figure 3 (e) 171 

[36]. However, up to now, the study of light-emitting concrete is rather rare and 172 

unsystematic, so more detailed research work will be required. The durability needs 173 

further investigations and more effective luminous aggregates and additives with good 174 

mechanical enhancement properties should be developed. Inspired by reactive powder 175 

concrete, adding mineral additives in concrete can modify the microstructures of 176 

concrete, thus improving the mechanical and durability performance. Meanwhile, the 177 

presence of mineral additives will not affect the light-emitting performance. Therefore, 178 

using luminescent aggregates together with mineral additives may endow concrete with 179 

light-emitting capacity and good mechanical and durability performance. 180 

 181 
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Figure 3. a) Hole migration model of representative luminescent material SrAl2O4: Eu2+, Dy3+; 

b) Light-emitting concrete blending luminescent aggregates under darkness [26]; c) Light-

emitting concrete blending luminescent powder under darkness [27]; d) The application of light-

emitting concrete for the decoration of a dining room [34]; e) The application of light-emitting 

concrete for traffic instructions [36]. 

 182 

3 Thermal-storing concrete  183 

3.1 Principles of thermal-storing concrete 184 

Thermal-storing concrete has the ability to collect, store, transport, and release 185 

thermal energy by means of energy conversion inside the material, and then to realize 186 

the proper regulation of the relationship between supply and demand of heat energy. 187 

The storing technology can be categorized into three types: sensible heat storage [37, 188 

38], thermochemical energy storage [39–41], and latent heat storage [42–44]. In the 189 

field of thermal-storing concrete, adjusting latent heat is currently utilized to improve 190 

the heat storage capacity of concrete. The total heat storage consists of the total sensible 191 
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heat and latent heat of phase change, as represented by Equation (1). 192 

 𝑄 = ∫ 𝑚𝐶𝑝𝑑𝑇 + 𝑚𝑎𝑚

𝑇𝑚,𝑝

𝑇𝑠

𝛥𝐻𝑚 + ∫ 𝑚𝐶𝑝𝑑𝑇

𝑇𝑒

𝑇𝑚,𝑝

 (1) 

where 𝑄 , 𝑚 , 𝐶𝑝 , 𝑎𝑚 , 𝛥𝐻𝑚 , 𝑇𝑚,𝑝 , 𝑇𝑠 , 𝑇𝑒  denote total storage of thermal energy, 193 

mass, specific heat, melting fraction, melting latent heat, melting temperature, initial 194 

temperature, final temperature, respectively. Although the temperature of the material 195 

itself is almost unchanged after the phase change is completed, the latent heat of phase 196 

change is quite large [45, 46]. 197 

3.2 Fabrication of thermal-storing concrete 198 

Concrete cannot be regarded as a kind of phase change material (PCM) in common 199 

applications. Therefore, several PCMs are added into concrete as fillers to adjust the 200 

phase change temperature and improve thermal storage capacity. In order to be 201 

effectively compatible with concrete and its structures, the chosen phase change 202 

materials should meet the following requirements: a suitable phase change temperature, 203 

a large melting enthalpy, and a limited volume change of phase change [47]. According 204 

to the composition of materials, potential PCMs can be divided into inorganic PCMs 205 

and organic PCMs.  206 

Salt hydrates, which can get/lose crystalline water to store/release heat energy, are 207 

one of the most representative classes of inorganic PCMs at room temperature [48–50]. 208 

They have the characteristics of high latent heat storage capacity, good thermal 209 

conductivity, and low cost, but most of them are corrosive. However, salt hydrates are 210 

prone to the phenomenon of super-cooling and phase separation. The super-cooling 211 
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phenomenon refers to crystallization occurring when the cooling temperature of the 212 

material reaches a certain temperature below the condensation point rather than 213 

reaching the condensation point. This would result in an error between the measured 214 

phase transition temperature and the actual phase change temperature [51]. The 215 

phenomenon of phase separation refers to the phenomenon that the salt water separation 216 

appears due to partial salt precipitation without being dissolved in crystallization water 217 

during the repeated phase change process. This would lead to a great decrease of energy 218 

storage capacity and the life cycle of PCMs [52]. Therefore, salt hydrates can only be 219 

widely used in the fabrication of thermal-storing concrete after solving the problems of 220 

corrosion, super-cooling, and phase separation. Several potential salt hydrates as PCMs 221 

in concrete are listed in Table 2.  222 

 223 

Table 2. Characteristics of several potential salt hydrates as PCMs in concrete [43, 44] 224 

Molecular 

formula 

Melting 

temperature 

𝑇𝑚,𝑝 (℃) 

Melting latent 

heat Δ𝐻𝑚 (J/g) 

Thermal 

conductivity 𝜆 

(W/m·K) 

Density 𝜌 

(g/cm3) 

CaCl2·6H2O 29.9 187 0.53 (l); 1.09 (s)* 1.53 (l); 1.71 (s) 

NaSO4·10H2O 32.4 254 0.544 1.485 

Na2HPO4·12H2O 35.5 265 – 1.522 

KF·4H2O 18.5–19 231 – – 

* l and s represent the liquid and solid state of salt hydrates, respectively. 225 

 226 

Organic PCMs, mainly including paraffin wax, fatty acid, and lipid classes, possess 227 

the advantages of availability in a large temperature range, no super-cooling 228 

phenomenon, chemical stability, and good compatibility with concrete [44, 45]. Among 229 

organic PCMs, paraffin wax is currently most utilized in thermal-storing concrete 230 

because the melting point can be artificially controlled by adjusting the number of 231 

carbon atoms in the chain. However, the volume change is quite large during the process 232 
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of paraffin phase transition, which might lead to concrete and its structure generating 233 

micro-cracks and then mechanical deterioration [53, 54]. Compared with paraffin wax, 234 

fatty acids and lipids have the advantages of recyclability and low volume change 235 

during phase transition, but the presence of fatty acids and lipids may undermine the 236 

durability of concrete [55, 56]. Therefore, in practical application, organic PCMs are 237 

usually encapsulated in macro- or micro-capsules, which can reduce volume change 238 

during phase change and avoid corrosion. Up to now, encapsulated PCMs have been 239 

widely used in fabrication of thermal-storing concrete. Several organic PCMs in 240 

concrete are listed in Table 3. 241 

 242 

Table 3. Characteristics of several potential organic PCMs in concrete [43, 57, 58] 243 

PCMs Molecular formula 
Melting temperature 

𝑇𝑚,𝑝 (℃) 

Melting latent heat 

Δ𝐻𝑚 (J/g) 

Capric acid  CH3(CH2)8COOH 32 152 

Lauric acid CH3(CH2)10COOH 42 178 

Myristic acid CH3(CH2)12COOH 49–54 186–205 

Palmitic acid CH3(CH2)14COOH 61–64 185–203 

Tetradecane C14H30 5.5 228 

n-Pentadecane C15H32 10 205 

Hexadecane C16H34 16.7 271 

n-Heptadecane C17H36 21.7 213 

Octadecane C18H38 28 199.7–243.5 

Nonadecane C19H40 32 222 

Paraffin 14 14 carbon atoms in the chain 5.5 228 

Paraffin 16 16 carbon atoms in the chain 16.7 237.1 

Paraffin 18 18 carbon atoms in the chain 28.0 244 

Paraffin 20 20 carbon atoms in the chain 36.7 246 

 244 

There are three techniques to incorporate PCMs into concrete: immersion of the 245 

porous concrete into the liquid PCMs [59, 60]; impregnation of PCMs in the porous 246 

aggregates [61, 62]; and mixing of PCMs into concrete as fillers [63]. The fabrication 247 

process of thermal-storing concrete mainly depends on the chosen incorporation 248 
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technique. The immersion technique is to soak the porous concrete into melted PCMs 249 

under a specific temperature and pressure, which means the fabrication process of 250 

concrete does not need to be adjusted, only immersion at the end [59, 60]. However, 251 

this technique would undermine the mechanical performance and durability of concrete 252 

because the phase change is usually accompanied by volume change that would 253 

increase the size of pores or cracks in concrete. The impregnation technique is firstly to 254 

evacuate water from porous aggregates, then soak the dry aggregates into melted PCMs, 255 

and finally blend PCM-filled aggregates in concrete following the normal process [61, 256 

62, 64]. The fabrication procedure of mixing PCMs into concrete as fillers is quite 257 

different depending on the PCM pretreatment chosen. The mixing PCMs are usually 258 

encapsulated in micro-capsules or macro-capsules to control volume change during 259 

phase change. Micro-capsules are blended with cement in concrete at the same time 260 

while macro-capsules are blended with coarse aggregates [65]. In addition, some other 261 

fillers (such as carbon nanotubes (CNTs) and graphite) are also added into concrete 262 

together with PCMs to improve the thermal properties of concrete and further influence 263 

the thermal storage capacity [65, 66]. The typical fabrication process of thermal-storing 264 

concrete is summarized in Table 4. 265 

 266 

Table 4. Typical fabrication process of thermal-storing concrete 267 

Thermal-storing 

fillers 

Processing 

Feeding order 
Technology Curing 

Method Time Condition Time 

PCM microcapsules 

+ CNTs [65] 

Water + 

superplasticizer 
Magnetic stir 1 min 

100 % RH 

at 20 ℃ 
28 d 

Mixture + CNTs 
Ultra-

sonication 
2 h 
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Mixture + cement + 

PCMs microcapsules 
Stir 3 min 

Mixture + sand Stir 3 min 

Paraffin/diatomite 

composites [66] 

Paraffin + diatomite 
Heat at 80 ± 

5 ℃ 
4 h 

water 28 d 

Paraffin/diatomite 

composites + cement 

+ sand 

Dry stir (low 

speed) 
1 min 

Mixture + water + 

superplasticizer 

Stir (low 

speed then 

high speed) 

2 min 

then 3 

min 

Graphite-modified 

paraffin 

microcapsules [67] 

Graphite-modified 

paraffin microcapsules 

+ sand  

Stir (low 

speed) 
1 min 

Air and 

99 % RH at 

20 ± 1 ℃ 

28 d Mixture + cement 
Stir (low 

speed) 
1 min 

Mixture + water + 

superplasticizer + 

defoaming agent 

Stir (low 

speed then 

high speed) 

3 min 

then 1 

min 

Hollow steel balls 

containing 

octadecane [68] 

Cement + fine and 

coarse aggregate  
Dry stir 1 min 

Air and 

≥95 % RH 

at 20 ± 2 ℃ 

28 d 

Mixture + water + 

superplasticizer 
Mixing 1 min 

Mixture + hollow steel 

balls containing 

octadecane 

Mixing 1 min 

Polyethylene glycol 

[69] 

Polyethylene glycol + 

cement + water 

Magnetic stir 

at 500 rpm 

30 

min 
– 36 h 

Mixture 
Heating at 

60 ℃ 
36 h 

Fatty acids [70] 

Fine and coarse 

aggregate + cement 
Dry stir 2 min 

Water at 20 

± 2 ℃ 
– 

Mixture + cement + 

90 % water 
Stir 1 min 

Mixture + 10 % water 

+ fatty acids 
Stir 2 min 

 268 

3.3 Thermal-storing properties 269 

A considerable amount of literature has proved that the presence of PCMs can endow 270 

concrete with thermal storage properties. The performance of thermal-storing concrete 271 

is mainly determined by the content and property of incorporated PCMs, PCM 272 
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incorporation techniques, and auxiliary fillers. In general, the thermal-storing property 273 

increases linearly with the content and latent heat of PCMs [71]. In addition, for PCM 274 

incorporation techniques, impregnating PCM and encapsulating PCM show great 275 

application prospects. Impregnating PCM in porous diatomite (Figure 4 (a) and (b)) can 276 

reduce the inner surface temperature of concrete (Figure 4 (c)), simultaneously, 277 

modifying the thermal conductivity of concrete [66]. Similarly, incorporating micro-278 

encapsulated PCM (Figure 5 (a)) can provide concrete with a latent thermal mass of 279 

4.724 kJ/kg and decrease the thermal conductivity by approximate 40%, as shown in 280 

Figure 5 (b) and (c) [68, 72, 73]. Moreover, encapsulating PCM seems to have less 281 

effect on the mechanical performance and durability of concrete than impregnating 282 

PCM into aggregates, because the volume change associated with the phase change is 283 

constrained by the capsules. Unfortunately, the mechanical properties still decrease 284 

with the increase of PCM capsule content. To eliminate this shortcoming, auxiliary 285 

fillers (e.g., nanofillers) are used to improve the mechanical properties of concrete with 286 

PCMs, as well as thermal performance. As shown in Figure 6, the presence of 287 

MWCNTs can modify the thermal storage property of concrete and, simultaneously, 288 

enhance the compressive strength [74]. Besides, multi-layer graphene [67] and nano 289 

TiO2 [75] were also shown to improve the thermal storage properties of concrete. It 290 

seems the addition of nanofillers together with PCM fillers is an efficient way to 291 

improve the thermal-storing property of concrete. Research on the effects of PCM types 292 

on thermal storage properties is summarized in Table 5. 293 

 294 
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 295 

Figure 4. Thermal-storing concrete fabricated by impregnating PCM in diatomite [66]: a) 296 

Porous diatomite; b) Impregnating PCM in porous diatomite; c) Surface temperature of concrete 297 

with and without impregnating PCM, in which NC represents specimen without PCM and TESC-298 

30 represents specimen with 30 wt.% of PCM-diatomite composites. Copyright 2013, Elsevier. 299 

 300 
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 301 

Figure 5. Thermal-storing concrete fabricated by incorporating micro-encapsulated PCM [72]: 302 

a) Micro-encapsulated PCM; b) Latent heat for concrete with different PCM capsule content; c) 303 

Thermal conductivity of concrete with different PCM capsule content. Copyright 2016, Elsevier. 304 

 305 
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  306 

Figure 6. Thermal-storing concrete fabricated by impregnating PCM and MWCNTs in porous 307 

aggregates [74]: a) Impregnating PCM and MWCNTs in porous aggregates; b) Compressive 308 

strength of concrete with different contents of PCMs and MWCNTs; c) Thermal-storing 309 

performance of concrete with different contents of PCMs and MWCNTs. Copyright 2014, Elsevier. 310 

 311 

Table 5. Thermal storage properties of concrete in literature 312 

PCM fillers 

Specific 

heat 𝐶𝑝 

(kJ/(kg·K)) 

Thermal 

conductivity 

𝜆 

(W/(m·K)) 

Type 

Content 

by 

weight 

of binder 

(%) 

Melting 

temperature 

𝑇𝑚,𝑝 (℃) 

Melting 

latent heat 

Δ𝐻𝑚 (J/g) 
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Paraffin microcapsule 

[76] 
10 24 – – 1.27 ± 0.19 

Paraffin microcapsule 

[72] 
55 23 100 4.724 ~0.7 

Paraffin/diatomite 

composite PCM [66] 
30 41.1 70.5 5.438 1.35 

Graphite-modified 

paraffin microcapsule 

[67] 

20 20.8 126.2 – 0.79 

Vegetable wax 

microcapsules [77] 
20 25 139 2.224 0.58 

Expanded 

graphite/paraffin 

composite PCM [78] 

20 28.6 183.0 3.44 0.81 

Paraffin microcapsule 

[79] 
5 26 160 1.958 0.95 

Impregnating paraffin 

into recycled concrete 

block [64] 

17.6  59.9 30.88 3.78 0.639 

N-

octadecane/graphene 

nanoplatelets 

composite PCM [80] 

30 28 110.9 26.68 1.6 

Paraffin microcapsule 

[81] 
3.2 27 100 3.05 ~1.3 

Paraffin/SF composite 

PCM [82] 
30 41 113.3 – 0.101 

Impregnating PEG 

into porous 

lightweight aggregates 

[83] 

7.8 42–46 155 1.83 0.841 

Paraffin microcapsule 

[84] 
13 22 102 – 2.01 

      

3.4 Applications and prospects of thermal-storing concrete 313 

 The application of thermal-storing concrete into structures can adjust field 314 

environment. Figure 7 (a) conceives the function of thermal-storing concrete on 315 

maintaining comfortable indoor temperature during the heating and cooling process. 316 

Fortunately, this idea has been proved to be effective and is beginning to be applied. 317 
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Han et al. built model cubicles with thermal-storing concrete fabricated by 318 

incorporating PCM micro capsules and MWCNTs in concrete. The in-lab and outdoor 319 

results indicated the use of thermal-storing concrete can improve the indoor temperature 320 

(Figure 7 (b)). And the presence of MWCNTs can modify the thermal storage property 321 

of concrete without affecting chemical compatibility and thermal stability. Cabeza et al. 322 

[85–87] built real size cubicles (Figure 7 (c)) using concrete with microencapsulated 323 

PCM in the locality of Puigverd of Lleida, Spain. The PCM incorporated concrete had 324 

a compressive strength of 25 MPa and a splitting strength of 6 MPa. Besides, the use 325 

of thermal-storing concrete in cubicles reduced the indoor temperature fluctuations by 326 

up to 4 ℃, as shown in Figure 7 (d). It is noteworthy that the thermal-storing properties 327 

of concrete showed no degradation after ten years. The results of the study showed the 328 

thermal-storing concrete has the capability to reduce indoor temperature fluctuations, 329 

demonstrating an opportunity in energy-harvesting for buildings. Apart from indoor 330 

temperature optimization, thermal-storing concrete has also been used to reduce the 331 

temperature gradient inside concrete structures, thus reducing temperature 332 

deformations and stresses, as shown in Figure 7 (e) and (f) [88].  333 

Energy storage concrete can store heat energy and regulate temperature, providing 334 

an effective technique with large-scale application prospects in the fields of solar 335 

thermal utilization, building thermal insulation, and reduction of urban heat island 336 

effect. Although thermal-storing concrete has good thermal storage performance, it also 337 

has some disadvantages. On the one hand, the incorporation of PCM generally reduces 338 

the strength of concrete. On the other hand, the low thermal conductivity of thermal-339 
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storing concrete would hinder the thermal transfer between inside and outside, causing 340 

edge solidification [89, 90]. Therefore, extensive studies need to be done in-depth on 341 

the mechanical and thermal performance of thermal-storing concrete.  342 

 343 

 
Figure 7. Application of thermal-storing concrete. a) Heating and cooling functions of thermal-

storing concrete wall to maintain comfortable indoor temperature [46]. Copyright 2013, Elsevier. 

b) The internal temperature of two buildings. TA: the ambient temperature; TGS: the ground 

surface temperature; TPlain: internal temperature of building using plain concrete; TPCM: internal 

temperature of building using concrete with PCMs and CNTs; ΔT: internal temperature difference 

between the two buildings [65]. Copyright 2017, Springer Nature. c) Cubicles with thermal-
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storing concrete wall. d) Comparison between the wall temperature in both cubicles and outdoor 

ambient temperature with and without thermal-storing concrete wall [85]. Copyright 2007, 

Elsevier; e) Experimental diagram of CRTSII ballastless track slab using thermal-storing 

concrete. f) Temperature field distribution diagram of the concrete CRTSII ballastless track slab 

[88]. Copyright 2020, Elsevier. 

 344 

4 Thermoelectric concrete 345 

4.1 Principles of thermoelectric concrete  346 

Thermoelectric concrete can convert gradient thermal energy into electricity in 347 

accordance with the Seebeck effect where the temperature difference within the 348 

material causes the carrier (holes or electrons) to move along the direction of the 349 

temperature field to form an electromotive force [91]. As shown in Figure 8, when a 350 

temperature difference ∆𝑇  occurs between two junctions of a semiconductor, an 351 

electromotive force ∆V is generated in the open circuit, calculated from [92]:  352 

 ∆𝑉 = ∫ (𝑆𝐵(𝑇) − 𝑆𝐴(𝑇))

𝑇2

𝑇1

𝑑𝑇 ≅ 𝑆∆𝑇 (2) 

where 𝑆𝐴 and 𝑆𝐵 are the Seebeck coefficients of the material A (n-Type) and material 353 

B (p-Type), respectively, 𝑇1 and 𝑇2 are the temperatures of the heating and cooling 354 

junctions, 𝑆 (=𝑆𝐵 − 𝑆𝐴) is the Seebeck coefficient of the semiconductor. In general, 355 

the Seebeck coefficient is treated as a constant within the measurement temperature 356 

range, instead of a function of the temperatures. 357 

 358 
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 359 

Figure 8. Mechanism of the Seebeck effect 360 

 361 

The thermoelectric efficiency is represented by energy conversion efficiency. The 362 

maximum energy conversion efficiency 𝜂𝑚𝑎𝑥 can be calculated from [93]: 363 

 𝜂𝑚𝑎𝑥 =
𝑇𝐻 − 𝑇𝐶

𝑇𝐻

√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 + 𝑇𝐻/𝑇𝑐

 (3) 

where 𝑇𝐻 and 𝑇𝐶 are the hot and cool temperatures of the thermoelectric material, 364 

respectively, 𝑍𝑇 is a dimensionless parameter called thermoelectric figure of merit, 365 

defined by [93]: 366 

 𝑍𝑇 =
𝑆2

𝜌𝜅
𝑇 =

𝑆2𝜎

𝜅
𝑇 (4) 

where 𝑆, 𝜅, 𝜎, 𝜌, 𝑇 represent the Seebeck coefficient, thermal conductivity, electric 367 

conductivity, electric resistivity, working temperature, respectively. 𝑍𝑇 measures the 368 

thermoelectric capacity of materials. In general, higher 𝑍𝑇  represents materials, 369 

possessing a better ability to convert thermal energy to electrical energy. 370 

Conventional concrete is characterized by poor electric conductivity, thermal 371 

conductivity, and a low Seebeck coefficient, exhibiting a low thermoelectric property. 372 

Therefore, previous investigations focused on blending thermoelectric fillers, such as 373 

graphite, CNTs, CFs, steel slags (SS), metal oxides, etc. to improve the thermoelectric 374 
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property of concrete, relying on one or more mechanisms of the following [94–99]: 1) 375 

The blending fillers provide new carriers (holes or electrons) that improve the Seebeck 376 

effect; 2) The incorporated fillers (mainly fibers) provide transport channels for 377 

electronic conduction and ionic conduction, reducing the electric resistivity; 3) The 378 

concrete would possess lower thermal conductivity by blending fillers; 4) The Seebeck 379 

coefficient of concrete is also related to the amount of hydration reactions that may be 380 

influenced by the type and quantity of fillers; 5) Nano-scale fillers can reduce the 381 

dimension of concrete affecting the electronic structure of the crystal and making its 382 

quantum confinement state close to Fermi level, which could significantly increase the 383 

Seebeck effect.  384 

4.2 Fabrication of thermoelectric concrete 385 

The thermoelectric filler is an essential component of thermoelectric concrete. About 386 

ten types of filler are proved to be effective for fabricating thermoelectric concrete. 387 

These fillers can be divided into two categories by filler shape: fibrous and particle 388 

fillers. The fibrous fillers require additional methods to disperse, mainly including 389 

adding dispersion materials, surface modification, ultrasonic dispersion, magnetic 390 

stirring dispersion, and mechanical stirring dispersion [100–102], whereas, the particle 391 

fillers, such as Ca3Co4O9, Bi2O3, Fe2O3, Bi2Te3, are usually mixed with cement in a dry 392 

condition [101]. In addition, the nano-scale particle fillers need additional methods to 393 

disperse like fibrous fillers due to their high surface energy [103, 104]. The typical 394 

fabrication process for various types of fillers is summarized in Table 6. 395 

 396 

Table 6. Typical fabrication process of thermoelectric concrete 397 

javascript:;
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Thermoelectric 

fillers 

Processing 

Feeding order 
Technology Curing 

Method Time Condition Time 

PAN-based CF + 

Graphite [105] 

PAN-based CF + 

Water 
Mix 2 min 

Air at room 

temperature 
28 d 

Graphite+ cement + 

SF 
Mix 3 min 

PAN-based CF 

mixture + powder 

mixture 

Stir 4 min 

SS [106] 
Cement + water + 

SS 
Stir 5 min 

Air and 100 % 

RH at room 

temperature 

28 d 

PAN-based CF + 

Fe2O3 [107] 

PAN-based CF+ 

cement 
Stir 

20 

min Air and 95 % 

RH at room 

temperature 

3 d Mixture + Fe2O3 + 

SP + sodium citrate 

+ defoamer + water 

Stir 
3–5 

min 

MnO2 nanorods 

[108] 

MnO2 nanorods + 

water 

Magnetic stir + 

ultrasonication 

2 min 

+ 5 

min 
Air and 90 ± 

5 % RH at 20 

± 1 ℃ 

28 d 

MnO2 suspension + 

cement + SF 

Stir (low speed 

then high speed) 

2 min 

then 2 

min 

Nano ZnO and 

nano α-Fe2O3 

[109] 

Nano ZnO and nano 

α-Fe2O3 + cement + 

SF 

Stir (low speed) 30 s 

Standard 

curing 

condition  

14 d Mixture + Water Stir (low speed) 30 s 

Mixture 
Scrape mix bowl 

and stir 

30 s 

and 30 

s 

CF and SS [110] 

Methylcellulose + 

1/3 de-ionized 

water + CF 

Stir by hand 2 min 

Air and 95 % 

RH at room 

temperature 

– 
CF-water mixture + 

deformer 

Magnetic stir and 

Ultrasonication 

15 

min 

and 60 

min 

Mixture + cement + 

SS + 2/3 de-ionized 

water 

Stir 5 min 

CNT [111] CNT + cement 
Stir (low speed) 

and pressure 

5–10 

min 
Water 3 d 
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grinding and 20 

min 

Dry mixture  

Place into mold at 

40 MPa to form a 

bulk specimen 

– 

Bulk specimen 
Wet on a water 

saturated 
24 h 

CF [112] 

SF + water Ultrasonication – 
Air and 95 % 

RH at room 

temperature 

– 
Mixture + cement + 

magnetically 

separated fly ash 

Stir – 

PAN-based CF + 

Ca3Co4O9 [101] 

PAN-based CF + 

water 
Ultrasonication 

15–30 

min Air and 95 % 

RH at room 

temperature 

3 d Mixture + sulphate-

aluminate cement + 

SP + sodium citrate 

Stir 2 min 

CF + Bi2Te3 

[113] 

Methylcellulose + 

1/2 water + CF 

Stir and 

ultrasonication 

30 

min 

Standard 

curing 

condition 

28 d 

SF + cement + 

Bi2Te3 
Dry stir – 

CF suspension + 

powder mixture + 

1/2 water 

Stir – 

      

4.3 Thermoelectric properties 398 

It is apparent from Equations 2 to 4 given above that thermoelectric materials with 399 

excellent properties should possess a high Seebeck coefficient and electrical 400 

conductivity simultaneously, as well as low thermal conductivity. The three coefficients 401 

are coupled with each other, and it is difficult to optimize thermoelectric figure of merit 402 

𝑍𝑇 by adjusting one of the parameters without affecting other parameters, including 403 

Seebeck coefficient, electrical conductivity, and thermal conductivity. In general, 404 

researchers optimize 𝑍𝑇  of thermoelectric concrete by increasing the Seebeck 405 

coefficient and electrical conductivity because the thermal conductivity of concrete can 406 

be regarded as a constant as the density of concrete is similar [92, 93]. 407 
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The performance of thermoelectric concrete is mainly influenced by the content and 408 

property of thermoelectric fillers and working environment. CF was firstly incorporated 409 

into concrete to fabricate thermoelectric concrete [9, 10]. After that, the thermoelectric 410 

properties of concrete with different fiber types and contents were studied. The 411 

observed maximum Seebeck coefficient of CF and steel fiber reinforced concrete 412 

reached 125.1 𝜇𝑉/𝐾 and –68.4 𝜇𝑉/𝐾, respectively [9, 10, 114–117]. By comparison, 413 

the Seebeck coefficient of conventional concrete is approximately 0.35–2.69 𝜇𝑉/𝐾. In 414 

addition, the presence of nanofillers could improve the thermoelectric effect more 415 

significantly than that of fibers. It is reported that the presence of expanded graphite, 416 

nano ZnO, nano Fe2O3, and nano MnO2 can endow concrete with a high Seebeck 417 

coefficient, reaching approximately 27, 3300, 2500, and –3085 𝜇𝑉/𝐾 , respectively 418 

[108, 109, 118, 119]. Considering that nanofillers endow concrete with higher Seebeck 419 

coefficient while fibers improve the electric conductivity, it is logical to incorporate 420 

more than one kind of filler to modify the thermoelectric property of concrete. It is 421 

reported that the Seebeck coefficients of CF reinforced concrete were 58.6, 90.23, 97.94, 422 

21.4 𝜇𝑉/𝐾 by adding 3 wt.% Ca3Co4O9, 5.0 wt.% Fe2O3, 5.0 wt.% Bi2O3, and 1 wt.% 423 

Bi2Te3, respectively [101, 107, 111]. It is noteworthy that thermoelectric concrete can 424 

act as a p-type or n-type semiconductor. Therefore, the Seebeck coefficient may be a 425 

positive or negative number. In general, concrete acts as a strong n-type semiconductor, 426 

showing greater Seebeck effect than as a p-type semiconductor. Moreover, the working 427 

environment, especially moisture, may impact the thermoelectric property of concrete. 428 

The effect of moisture on the thermoelectric property may depend on the type of electric 429 
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fillers. Cao and Chung [120] pointed out that the higher moisture of concrete with CF 430 

would decrease the electrical conductivity but give no change in the Seebeck effect; 431 

however, Wei et al. [121] indicated that higher moisture of concrete with expanded 432 

graphite and CF would decrease the electrical conductivity and increase the Seebeck 433 

coefficient. Table 7 summarizes the experimental results obtained for thermoelectric 434 

properties of concrete in the literature. 435 

 436 

Table 7. Thermoelectric property of concrete in the literature 437 

Thermoelectric filler 

 Seebeck 

coefficient 𝑆 

(𝜇𝑉/𝐾) 

Thermal 

conductivity 𝜅 

(𝑊/𝑚 · 𝐾) 

Electric 

resistivity 𝜌 

(Ω·cm) 

Thermoelectric 

figure of merit 

ZTa 

1 wt.% steel fiber [116] –63 ± 5 – (3.2 ± 0.3) × 104 – 

2.5 wt.% steel fiber [116] 31 ± 3 – (1.4 ± 0.2) × 103 – 

5 wt.% MnO2 nanorods [108] –3085 ± 56 0.72 ± 0.009 (5.3 ± 0.1) × 105 7.5 × 10–7 

0.4 wt.% aluminum doped ZnO [118] 0.188 0.6 1.557 × 103 1.1 × 10–12 

0.4 vol.% PAN-based CF and 

magnetically separated fly ash [112] 
3195.9 ± 87 – 25–27 – 

1 wt.% PAN-based CF [119] 19.7 0.220 ± 0.002 4.89 ± 0.01 1.3 × 10–7 

1.2 wt.% PAN-based CF + 5 wt.% Fe2O3 

[122] 
92.6 – – – 

1.2 wt.% PAN-based CF + 5 wt.% Bi2O3 

[122] 
100.3 – – – 

200 wt.% SS + 1.2 wt.% CF [110] 14.4 ± 2.0 – (6.6 ± 0.2) × 105 – 

0.4 wt.% PAN-based CF + 0.1 wt.% CNTs 

[123] 
4.82 – – – 

0.4 wt.% PAN-based CF + 1.0 wt.% CNTs 

[123] 
–3.88 – – – 

5 wt.% Nano MnO2 [99] 3300 – – – 

0.4 wt.% CF + 0.5 wt.% CNTs [124] 23.5 ± 3.6 – (7.1 ± 0.2) × 102 – 

0.6 wt.% PAN-based CF + 30 wt.% 

graphite [105] 
–52.2 – – – 

1.2 wt.% PAN-based CF + 20 wt.% 

graphite [106] 
17.3 – – – 

1 wt.% steel fiber [91, 115] –63.9 ± 4.5 – (3.2 ± 0.3) × 104 – 

Normal lightweight concrete + 0.5 wt.% 

CF [100] 
127.4 – – – 

0.4 wt.% PAN-based CF + 0.3 wt.% CNTs 

[125] 
22.6 ± 1.8 – (7.1 ± 0.2) × 102 – 
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1 wt.% bromine intercalated CF [126] –18.9 ± 1.32 – – – 

15 wt.% bulk graphene nanoplatelets 

[127] 
34 1.067 0.617 3.5 × 10–7 

1.2 wt.% CF + 5 wt.% expanded graphite 

[128] 
~11 ~2.2 15.8 2.2 × 10–7 

aZT is calculated assuming that the working temperature is 300 K 438 

 439 

4.4 Applications and prospects of thermoelectric concrete 440 

Thermoelectric concrete has been preliminarily applied in engineering. Wei et al. 441 

[102] performed energy harvesting experiments based on the thermoelectric behavior 442 

of CF reinforced concrete under simulated solar irradiation, as shown in Figure 9. The 443 

thermoelectric concrete with 1.0 wt.% CF possesses the maximum figure of merit of 444 

1.334×10–7 at 27 ºC. The harvested energy per square meter of CF reinforced concrete 445 

reached up to 8.4×10–6 J over 420 minutes of irradiation, while its surface temperature 446 

remained at 68 ºC. 4–5×10–6 W power could be achieved by a one square meter CF 447 

reinforced concrete slab with a thickness of 20 mm under a temperature difference of 448 

about 62 ºC. Lee et al. [129] built up an energy-harvesting system to be installed on 449 

infrastructure constructed with concrete. The developed system can collect energy from 450 

the temperature difference between surface and inside of a concrete structure, which 451 

presents a feasible energy harvesting using thermoelectric technology on concrete 452 

structures in roads.  453 
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Figure 9. a) Experimental set-up for investigating the energy harvesting behavior; b) Normalized 

harvested energy from concrete with 1.0 wt.% CFs per square meter across the external storage 

capacitor, under simulated solar irradiation [102]. Copyright 2011, Royal Society of Chemistry. 

 454 

As mentioned above, energy-harvesting concrete based on the Seebeck effect has 455 

broad prospects in the field of energy acquisition in the future. The employment of 456 

thermoelectric concrete opens the door to reduce the structural temperature and cooling 457 

energy consumption, meanwhile, converting thermal energy into electricity, thus 458 

alleviating urban heat island effect and power supply pollution. Following the progress 459 

on thermoelectric concrete, the following aspects are recommended for further study: 460 

1) The thermoelectric properties of concrete have been studied for electrical energy 461 

harvesting, however, the impact of the thermoelectric fillers on mechanical properties 462 

of concrete needs to be further studied; 2) The service life of concrete infrastructures 463 

lasts for decades, the durability of thermoelectric concrete needs to be properly 464 

investigated; 3) The thermal distribution is significantly different in various engineering 465 

constructions. It is necessary to study how to improve the energy harvesting efficiency 466 

of thermoelectric concrete by proper arrangement. 467 

5 Pyroelectric concrete 468 
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5.1 Principles of pyroelectric concrete 469 

Pyroelectric concrete can generate voltage or current when the external temperature 470 

of concrete changes due to the pyroelectric effect. Pyroelectric effect [130, 131] refers 471 

to the polarization phenomenon of polar crystal surface charged (with charge or electron 472 

adsorbed on the surface) because of temperature change. This phenomenon is due to 473 

the fact that the center of gravity of positive and negative charges does not coincide in 474 

a certain direction of crystal structure itself. As a result, the charges with different 475 

symbols appear on the crystal surface. 476 

Figure 10 shows the formation of the pyroelectric effect [132]. In the state of electron 477 

thermal equilibrium (Figure 10 (a)), the same amount of different charge on the surface 478 

of a pyroelectric crystal can completely shield the internal charge. When the 479 

temperature changes (Figure 10 (b)), the positive and negative charge centers on the 480 

crystal structure are relatively displaced, which changes the spontaneous polarization 481 

intensity of the crystal. At this time, the number of bound charges and free charges 482 

inside and outside the crystal is unbalanced, resulting in an imbalance of charge. The 483 

original bound charge cannot completely shield the free charge, and the free charge 484 

Figure 10 (c) appears on the surface of the material. The existence of free charge will 485 

form a certain micro electric field (E) and interact with the electric particles near the 486 

electric field space to attract or repel each other. If the crystal is connected to the 487 

external contact, pyroelectric current can be detected in the circuit. The direction of 488 

pyroelectric current can be changed by cooling and heating.  489 

The pyroelectric property can be represented by the pyroelectric coefficient. The 490 
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measuring technique of the pyroelectric coefficient can be divided into static, indirect, 491 

and dynamic techniques [133]. Assuming the temperature of the whole material 492 

changes uniformly, the pyroelectric coefficient 𝑝 can be expressed by the change rate 493 

of spontaneous polarization with temperature: 494 

 𝑝 = (
𝑖𝑝

𝐴
) / (

𝑑𝑇

𝑑𝑡
) (5) 

where 𝑖𝑝 is the pyroelectric current, 𝐴 is the effective area of thermoelectric concrete, 495 

dT/dt is the rate of change of temperature with time. 496 

5.2 Fabrication of pyroelectric concrete 497 

Pyroelectric concrete is fabricated by adding pyroelectric fillers into plain concrete. 498 

The typical pyroelectric fillers and their properties are summarized in Table 8. The 499 

fillers have been used for fabricating pyroelectric concrete using two techniques. First, 500 

the pyroelectric fillers can be directly mixed into fresh concrete to fabricate pyroelectric 501 

concrete [11]. Second, the fillers are blended with cement particles, and then, the 502 

pyroelectric concrete is molded by pressing [134]. 503 

 504 

Table 8. Property of typical pyroelectric fillers [135] 505 

Material Acronym 
Pyroelectric coefficient 

(nC·cm–2·K–1) 

Dielectric 

constant 

Doped Lead Lanthanum 

Zirconate Titanate 
DPLZT 41 768 

Lead Lanthanum Zirconate 

Titanate 
PLZT 45/120 700/429 

PZT Multilayer PZTML 34 845 

Triglycine Selenate TGse 420 420 

    

5.3 Pyroelectric properties 506 

The research on pyroelectric concrete is very limited in the existing literature. Wen 507 

and Chung [11] first investigated pyroelectric concrete using fibers (CFs and steel fibers 508 
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together with polyvinyl alcohol (PVA)) as admixtures to endow concrete with 509 

pyroelectric properties. The pyroelectric coefficients of plain cement paste, cement 510 

paste with CFs, and cement paste with steel fibers and PVA were 0.28, 61, 3.5 nC·cm–511 

2·K–1, respectively. To further improve pyroelectric performance, Bhat et al. [136] 512 

incorporated PVA together with volcanic-ash to fabricate concrete with pyroelectric 513 

properties, and found that, the pyroelectric coefficient of concrete increases to 514 

approximately 60 nC·cm–2·K–1 at 80 ℃ with volcanic-ash content at 15 wt.%. Similarly, 515 

Bhattacharjee et al. [135, 138–140] investigated pyroelectric concrete used to store road 516 

energy as an alternative power source for other equipment. They employed pyroelectric 517 

fillers (such as CF, lithium tantalate, modified lead metaniobate, and modified lead 518 

titanate) to endow concrete with pyroelectric properties. The experimental results show 519 

that the pyroelectric coefficient can reach approximately 275 nC·cm–2·K–1 at 70 ℃ when 520 

modified lead niobate is added. Figure 10 demonstrates the experimental results of 521 

BCZT-Sn incorporated pyroelectric concrete, in which the cement-based composites 522 

show stable pyroelectric performance. However, the generated current and voltage is 523 

about 0.4 μA and 0.4 V, respectively [141].  524 

 525 



36 
 

 

Figure 10. Mechanism of pyroelectric concrete: a) The state of electron thermal equilibrium; b) 

The state of temperature changes; Pyroelectric property of concrete with BCZT-Sn: c) 

Comparison of relative permittivity (r) and loss (tan) of concrete with BCZT-Sn at 500 kHz; d) 

Current generated in the temperature range of 303–373 K; e) Voltage generated in the temperature 

range of 303–373 K [141]. Copyright 2018, Springer Nature. 

 

Therefore, pyroelectric concrete can be used in the field of thermal sensing. The 526 

energy conversion efficiency needs to be further improved before the pyroelectric 527 

concrete is applied for power supply. In addition, the study of pyroelectric concrete is 528 

rather rare and unsystematic. The mechanical properties, durability, and pyroelectric 529 

performance need to be further studied for wider applications of pyroelectric concrete. 530 

6 Piezoelectric concrete 531 

6.1 Principles of piezoelectric concrete 532 

When piezoelectric materials are added to concrete, the produced concrete has the 533 
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ability to convert mechanical energy into electrical energy. This piezoelectric 534 

transformation stems from mechanical action (stress and strain) that causes a change in 535 

a crystal medium, leading to the appearance of opposite bound charges on the surface 536 

of both ends of the medium, as shown in Figure 11. When the crystal is not affected by 537 

external force, the center of positive charge coincides with that of negative charge. The 538 

electric distance of the whole crystal is zero, and the surface of the crystal is not charged. 539 

When a mechanical force is applied to the crystal along a certain direction, the center 540 

of gravity of positive and negative charges does not coincide due to the deformation of 541 

the crystal, resulting in a surface charge of the crystal [142]. 542 

 543 

 

Figure 11. Schematic of the piezoelectric effect 

 544 

In order to evaluate the piezoelectricity of concrete, piezoelectric coefficient 𝑑33, 545 

piezoelectric voltage coefficient 𝑔33 , and electromechanical coupling coefficient 𝐾 546 

are generally used to reflect the coupling relationship between mechanical and electric 547 

properties [143, 144]. When a compressive stress 𝑇3 is applied along the polarization 548 

axis of the piezoelectric concrete, the potential shift on the electrode surface 𝐷3 can 549 

be calculated from Equation 6 [145]. 550 

 𝐷3 = 𝑑33𝑇3 (6) 
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where the first subscript refers to the direction of electric field (the vertical direction of 551 

the electrode surface) while the second subscript refers to the direction of stress or strain. 552 

As a kind of dielectric material, piezoelectric concrete will polarize under the action of 553 

an external electric field influencing the piezoelectric properties. The piezoelectric 554 

voltage coefficient 𝑔33 can reflect the ratio of the change in strain to the change in 555 

electrical displacement caused by the variation in electrical displacement under the 556 

constant stress, which can be calculated from Equation 7 [145]. 557 

 𝑔33 = 𝑑33/𝜀𝜀0 (7) 

where  𝜀  and 𝜀0  (=8.85 × 10–12 F/m) are the dielectric constant and the vacuum 558 

dielectric constant, respectively. In addition, the electromechanical coupling coefficient 559 

𝐾 is used to characterize the ability of mechanical energy to be converted into electrical 560 

energy, whose square is equal to the ratio of the output electrical energy to the input 561 

mechanical energy. Since the piezoelectricity of concrete is the result of 562 

multidirectional electromechanical coupling, and the thickness direction is dominant, 563 

the thickness electromechanical coupling coefficient 𝐾𝑡  is used to characterize the 564 

piezoelectricity in the field of piezoelectric concrete. The electromechanical coupling 565 

coefficient 𝐾𝑡 can be calculated as Equation 8 [145]. 566 

 𝐾𝑡
2 =

𝜋

2
∙

𝑓𝑠

𝑓𝑝
∙ tan (

𝜋

2
∙

𝑓𝑝 − 𝑓𝑠

𝑓𝑝
) (8) 

where 𝑓𝑠  and 𝑓𝑝  are series resonance frequency and parallel resonance frequency, 567 

which are approximately equal to 𝑓𝑚  (frequency at minimum) and 𝑓𝑝  (maximum 568 

electric impedance), respectively. 569 

6.2 Fabrication of piezoelectric concrete 570 
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The experimental results demonstrate that concrete produces an electric current 571 

under compressive stress, that increases with the increase of the compressive stress, 572 

indicating the presence of piezoelectricity in concrete [146, 147]. The piezoelectricity 573 

of concrete is caused by the movement of free ions and water molecules in the hydrated 574 

cement products under wet conditions. However, such piezoelectric property is too 575 

weak for any feasible use because concrete is not a completely crystalline material [143, 576 

144]. 577 

Various fillers have been applied to modify the piezoelectric properties of concrete. 578 

Numerous studies have attempted to improve the piezoelectricity of concrete by adding 579 

carbon or steel fibers. The presence of carbon or steel fibers can slightly improve the 580 

dielectricity and piezoelectricity, and this has been widely used in cement structural 581 

health monitoring but is still not strong enough for energy harvesting [148, 149]. 582 

Piezoelectric ceramic transducer with lead zirconate titanate (PZT) possesses excellent 583 

piezoelectric properties and good compatibility (especially in temperature coefficient 584 

and volume stability) with concrete. Therefore, various kinds of PZT have been selected 585 

to modify the piezoelectricity of concrete [150–154]. However, the use of PZT can lead 586 

to pollution and environmental problems due to lead oxide toxicity. In recent years, 587 

lead-free piezoelectric fillers, such as barium titanate (BT), bismuth sodium titanate 588 

(BNT), bismuth potassium titanate (BKT), and lead niobium magnesium titanate (PMN) 589 

have been considered as promising fillers to fabricate piezoelectric concrete owing to 590 

their high dielectric constant, low dielectric losses, excellent piezoelectric properties, 591 

and environmental friendliness [155–159]. 592 
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The property of piezoelectric concrete is determined not only by the properties of the 593 

raw materials themselves, but also by the connectivity of the phases [160]. According 594 

to the different connection modes of different phase materials, piezoelectric concrete 595 

can be divided into ten basic types, namely 0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3, 596 

and 3-3, in which the first number represents piezoelectric phase and the second number 597 

represents concrete phase, as shown in Figure 12. Among the ten types of piezoelectric 598 

composites, 0-3, 2-2, 1-3 types are widely used in civil engineering because of their 599 

simple fabrication process and excellent performance. 600 

 601 

 

Figure 12. Ten basic types of piezoelectric concrete according to the different connection modes 

of different phase materials, in which the first number represents connection modes of 

piezoelectric phase and the second number represents connection modes of concrete phase 

 602 

The fabrication progress of piezoelectric concrete can be divided into two categories 603 

according to different connection modes: 0-0 type and 1-3, 2-2 type. 0-3 type 604 

piezoelectric concrete can be regarded as a two-phase composite composed of 605 

piezoelectric filler particles distributed in three-dimensional connected concrete matrix. 606 
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0-3 type piezoelectric concrete is firstly molded by normal mixing and vibrating, which 607 

is convenient to fabricate and does not need additional equipment. However, as the 608 

density of piezoelectric fillers (mostly piezoelectric ceramics) is greater than that of 609 

cement particles, the piezoelectric fillers will sink during the process of vibration 610 

molding, resulting in the uneven distribution of piezoelectric fillers in concrete. 611 

Therefore, 0-3 piezoelectric concrete has usually been molded by pressing in 612 

subsequent research [161–163]. 1-3/2-2 type piezoelectric concrete is formed by one-613 

dimensional/two-dimensional piezoelectric ceramic columns arranged in cementitious 614 

matrix. The fabrication of 1-3/2-2 type piezoelectric concrete uses a dice-and-fill 615 

technique in which the piezoelectric ceramics are cut firstly and the cement paste is 616 

used to fill the grooves in the cut piezoelectric ceramics [164–167]. 617 

6.3 Piezoelectric properties 618 

The piezoelectric properties of concrete are influenced by many factors, such as the 619 

content and particle size distribution of piezoelectric fillers, poling condition, and the 620 

addition of other modifying fillers. First, the content of piezoelectric fillers is one of the 621 

most important factors, affecting the piezoelectric properties of concrete. In general, a 622 

high content of piezoelectric fillers contributes to improving the piezoelectricity of 623 

concrete compared with a low content of piezoelectric fillers [168–170]. Second, at the 624 

same content, the particle distribution of piezoelectric fillers can notably affect the 625 

piezoelectricity of concrete as well. Based on Fuller Thompson theory, the PZT 626 

particles have optimal connectivity and piezoelectricity in 0-3 piezoelectric concrete 627 

when the Fuller index q (referring to the literature [171]) is equal to 0.5 [172]. 628 
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Additionally, 1-3/2-2 type piezoelectric concrete is also affected by the piezoelectric 629 

phase distribution in the composites. With different piezoelectric phase distributions, 630 

the piezoelectric coefficient 𝑑33 would fluctuate within a certain range. The maximum 631 

and minimum values can differ by 37.5% with the same content of piezoelectric phase, 632 

as shown in Figure 13 (a) and (b) [173–175]. Third, the poling condition can 633 

significantly influence the piezoelectric properties of concrete. Studies have confirmed 634 

that different piezoelectric concretes have different optimal poling conditions and the 635 

poling field, poling time, and poling temperature are coupled with each other [176–636 

178]. It is suggested that 0-3 type piezoelectric concrete with PZT should be polarized 637 

under a poling field of 4.0 kV/mm at 120 ℃ for 45 min [176, 177]. Finally, the addition 638 

of other modifying fillers also has an effect on the piezoelectric properties of concrete. 639 

For example, Figures 13 (c) and (d) indicate that the incorporation of CNTs together 640 

with PZT can improve the piezoelectric properties of concrete due to the electric 641 

conductivity of the composites increasing sharply with increasing CNT content [179]. 642 

Similarly, the incorporation of carbon black can improve the piezoelectric properties of 643 

concrete as well [180, 181]. Achievements on the piezoelectric properties of concrete 644 

are summarized in Table 9. 645 

 646 
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Figure 13. Graphs and performance of thermal-storing concrete. a) Piezoelectric concrete with 

different PZT distribution mode. b) The dielectric constant ε and piezoelectric coefficient 𝑑33 

of piezoelectric concrete with different PZT distribution mode [173]. Copyright 2015, Elsevier. 

c) Micrograph of PZT-cement piezoelectric concrete with CNTs. d) piezoelectric coefficient 𝑑33 

and piezoelectric voltage coefficient 𝑔33  of PZT-cement piezoelectric concrete with CNTs. 

[179]. Copyright 2009, Elsevier. 

 647 

Table 9. Piezoelectric properties of concrete in literature 648 

Composition Type 
Poling 

condition 

Piezoelectric 

coefficient 

𝑑33 (pC/N) 

Dielectric 

constant 

𝜀 

Electromechanical 

coupling 

coefficient 𝐾𝑡 (%) 

PZT-cement 

composites [172] 
0-3 

1.5 kV/mm 

at 90 ℃ for 

15 min 

32–50 295–390 – 

PZT-cement 

composites [184] 
0-3 

2 kV/mm at 

130 ℃ for 

45 min 

22–42 139–290 – 

PZT-cement 

composites [177] 
0-3 

1 kV/mm at 

100–160 ℃ 

for 45 min 

5–13 – 14.0–19.4 

PZT-cement 

composites [183] 
0-3 

2 kV/mm at 

130 ℃ for 

45 min 

40–60 – 16.2–21.0 

CNTs 
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PZT-SF-cement 

composites [184] 
0-3 

2 kV/mm at 

130 ℃ for 

45 min 

17–18 125–178 – 

PZT-cement 

composites [185] 
0-3 

1.5 kV/mm 

at 150 ℃ 

for 40 min 

57–106 269–477 13.2–13.5 

BZT-cement 

composites [186, 

187] 

0-3 

1 kV/mm at 

50 ℃ for 45 

min 

10–14 251–549 12.8–15.2 

PZT-carbon black-

cement composites 

[180] 

0-3 

3.3 kV/mm 

at 80 ℃ for 

30 min 

12–17 52–67 17.2–18.3 

Sr and Sb doped 

PZT-cement 

composites [188] 

0-3 

2 kV/mm at 

130 ℃ for 

45 min 

27–48 335–590 19.5–22.5 

BT-cement 

composites [189] 
0-3 

1 kV/mm at 

80 ℃ for 45 

min 

10–16 309–436 – 

BT-PVDF-cement 

composites [190] 
0-3 

1 kV/mm at 

60 ℃ for 45 

min 

24 183 – 

Nano-PZT-cement 

composites [191] 
0-3 

5 kV/mm at 

140 ℃ for 

60 min 

7–54 21–131 10.1–18.1 

PMN-PZT- 

sulphoaluminate 

cement composites 

[192] 

0-3 
4 kV/mm at 

130 ℃ 
11–25 75–145 14.2–21.6 

PZT-carbon black-

cement composites 

[176] 

0-3 

4 kV/mm at 

ambient 

temperature 

for 20 min 

13–29 100–798 9.5–12.2 

PZT-cement 

composites [175] 
0-3 

2 kV/mm at 

130 ℃ 

for 45 min 

17–26 167–176 – 

PZT- 

sulphoaluminate 

cement composites 

[193] 

0-3 

4 kV/mm at 

130 ℃ 

for 45 min 

2–16 – 11.6–28.2 

PZT-CNTs-cement 

composites [194] 
0-3 

2.5–4 

kV/mm at 

ambient 

temperature 

for 45 min 

36–62 105–143 – 
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PZT-cement 

composites [195] 
0-3 

2 kV/mm at 

130 ℃ 

for 45 min 

16–87 108–536 – 

PZT-white cement 

composites [196] 
0-3 

43 kV/mm 

at 160 ℃ 

for 30 min 

3–55 300 – 

PZT-cement 

composites [197] 
0-3 

20 kV/mm 

at 150 ℃ 

for 60 min 

7–33 44–182 11.6–20.7 

PZT-cement 

composites [198] 
0-3 

2 kV/mm at 

90 ℃ for  
~27 ~600 – 

PZT-cement 

composites [199] 
0-3 

1.5 kV/mm 

at 150 ℃ 

for 40 min 

143.1 890 17 

PZT-aluminium-

cement composites 

[200] 

0-3 

3 kV/mm at 

160 ℃ for 

60 min 

1–8 23–82 – 

PZT-PVDF-cement 

composites [201] 
0-3 

1 kV/mm at 

130 ℃ for 

45 min 

16–24 93–140 – 

BNBK-cement 

composites [202, 

203] 

1-3 

4.5 kV/mm 

at 80 ℃ for 

30 min 

47–86 198–447 16.8–21.5 

PZT-

sulphoaluminate 

cement composites 

[204] 

1-3 – 180–545 607–2557 43.3–61.7 

PZT-cement 

composites [205] 
1-3 

6 kV/mm at 

120 ℃ for 

30 min 

110–205 – 53–55 

PZT-cement 

composites [206] 
1-3 – 158.6 – – 

PZT-

polyurethane/cement 

composites [207] 

1-3 – 253 225 69.26 

BNT-cement 

composites [208] 
1-3 

3.5 kV/mm 

at 80 ℃ for 

30 min 

44–70 189–346 16.3–21.3 

BT-cement 

composites [209] 
1-3 

1.5 kV/mm 

at 60 ℃ for 

30 min 

63–128 312–781 – 

PZT-graphite-

0cement composites 

[210] 

1-3 – 238–283 219–315 52–58 
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PZT-epoxy resin-

cement composite 

[173] 

1-3 – 132–182 271–360 48.0–69.4 

PMN-sulfoaluminate 

cement composites 

[211] 

1-3 – 213–374 278–612 53.3–59.0 

BZT-cement 

composites [212] 
1-3 1.5 kV/mm 80–133 436–795 – 

PZT-sulfoaluminate 

cement composites 

[213] 

1-3 – 150–189 425–524 31.4–32.0 

PMN-sulfoaluminate 

cement composites 

[214] 

1-3 – 209–265 171–394 26.9–37.0 

PZT-cement 

composites [215] 
2-2 

3 kV/mm at 

130 ℃ for 

20 min 

99–146 608–902 – 

PZT-epoxy resin-

cement composite 

[174] 

2-2 – 133–183 327–504 – 

PMN-sulfoaluminate 

cement composites 

[216] 

2-2 – 304–355 – 45.8–58.5 

BZT-white cement 

composites [217] 
2-2 1.5 kV/mm 70–150 347–841 18.7–22.5 

BNT-cement 

composites [218] 
2-2 

3.5 kV/mm 

at 80 ℃ for 

30 min 

48–74 206–363 – 

PZT-cement 

composites [219] 
2-2 – 294–394 431–919 61.5–75.6 

PZT-cement 

composites [220] 
2-2 – 438.7 – – 

 649 

6.4 Applications and prospects of piezoelectric concrete 650 

Piezoelectric concrete can be used to generate electric energy from weight, motion, 651 

and vibration of roads, airport runways, and rail systems. In addition, the formation of 652 

weight, frequency, and health information of structures can be obtained from the 653 

changes in electric signals at the same time. Innowattech Ltd. in Israeli [221, 222] 654 

applied piezoelectric concrete in a rail system to generate electricity. The results show 655 
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that a passing train can generate 120 kWh per hour, which can be used for 656 

supplementary power of trains and powering railway lighting and signaling equipments, 657 

as shown in Figure 14. Similarly, piezoelectric concrete can be also used in road systems 658 

to generate electricity [223, 224]. Apart from energy-harvesting, piezoelectric concrete 659 

has been widely used for structural health monitoring based on the resistance of 660 

piezoelectric concrete changing with stress [225–229]. 661 

 

 

Figure 14. Piezoelectric concrete generator [222] 

 

It is envisioned that piezoelectric concrete provides a promising technique for 662 

sustainable structures due to harvesting energy from weight, motion, and vibration of 663 

structures, less energy consumption, and fewer pollutant emissions. However, several 664 

vital issues still need to be further addressed for wide applications of piezoelectric 665 

concrete in sustainable infrastructures. First, the energy conversion efficiency must 666 

increase. So far, the generated electricity from piezoelectric concrete is not sufficient to 667 

act as a proven energy supply. Second, the durability of piezoelectric concrete needs to 668 

be further studied, because the service life of sustainable infrastructures usually lasts 669 

for decades. Third, considering various working conditions, the design theory of 670 
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sustainable infrastructure needs to be further developed, reconciling the original 671 

working performance of the structure and power generation performance. 672 

7 Conclusions and outlook 673 

Over the past decades, fruitful accomplishments have been achieved in both 674 

innovation and application of energy-harvesting concrete. This paper presents a 675 

systematic and updated review on the major progresses and advances in principles, 676 

fabrications, energy-harvesting properties, and applications of energy-harvesting 677 

concretes, including light-emitting, thermal-storing, thermoelectric, pyroelectric, and 678 

piezoelectric concretes. Figure 15 summarizes the overall framework of energy-679 

harvesting concrete. It is envisioned that energy-harvesting concrete is bringing new 680 

vitality to the field of smart infrastructure with the ability of self-sufficient energy 681 

supply, promoting the sustainable development of human society. According to U.S. 682 

Environmental Protection Agency, buildings account for 39% of global carbon 683 

emissions: 28% from building operations and 11% embodied carbon from building 684 

materials and construction. The smart structure constructed by energy-harvesting 685 

concrete can effectively reduce the carbon footprint for building operations. Although 686 

numerous studies have been conducted in the field of energy-harvesting concrete, 687 

several challenges are believed to be critical in the future development and deployment 688 

of energy-harvesting concrete in sustainable infrastructures.  689 

 690 
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Figure 15. The overall framework of energy-harvesting concrete 

 691 

The energy-storing/converting efficiency of concrete is still low for wide applications. 692 

However, the efficiency can generally be improved by increasing the content of 693 

functional fillers. Unfortunately, the mechanical performance of concrete usually 694 

decreases with the increase of the content of functional fillers. A key solution to this 695 

issue is to simultaneously optimize the compositions (e.g., the type and content of 696 

functional fillers) and fabrication methods of concrete in order to strike a good balance 697 

between energy-storing/converting efficiency and mechanical performance of energy-698 

harvesting concrete. On the one hand, it is suggested to introduce new functional fillers 699 

that can endow concrete with high energy-storage/conversion efficiency and improve 700 

the mechanical and durability properties, simultaneously. Inspired by nanotechnology, 701 

using nano-scale functional fillers may significantly improve the comprehensive 702 
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performance of energy-harvesting concrete, adding multi-functionality to concrete due 703 

to the nanometer effect. Meanwhile, nano-scale fillers can modify the mechanical and 704 

durability performance of concrete through the nano-core effect [230, 231]. On the 705 

other hand, simple, effective, repeatable, large-scale, and economical fabrication 706 

methods for different types of energy-harvesting concrete need to be further developed. 707 

Another important issue is the durability of energy-harvesting concrete, which should 708 

be fully and comprehensively studied to achieve a long service life of sustainable 709 

infrastructures. The main challenge is related to both the stability of energy-harvesting 710 

properties of concrete in complex and changeable working situations as well as the 711 

conventional durability of concrete (e.g., impermeability, frost resistance, and corrosion 712 

resistance). Notably, the ability of energy-harvesting itself may affect the durability of 713 

concrete structures. For example, the current in concrete (e.g., thermoelectric, 714 

pyroelectric, and piezoelectric concrete) may lead to corrosion of steel bars, and further 715 

reduce the service life of reinforced concrete structures. 716 

Additionally, a major challenge facing the wide application of energy harvesting 717 

concrete is the high production cost due to the addition of functional fillers. In China, 718 

the price per cubic meter of conventional concrete amounts to about CNY¥ 300–550 719 

(equivalent to USD$ 46–85 or EUR€ 39–71). The costs of representative energy-720 

harvesting concrete with commercial fillers are summarized in Table 10, confirming 721 

that the high costs of functional fillers currently limit the large-scale applications of 722 

energy-harvesting concrete. However, the cost of functional fillers can be expected to 723 

fall owing to the mass production and the maturation and improvement of production 724 
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technology. It has been reported that the cost of producing CNTs has fallen 100-fold 725 

since 1990. Additionally, the presence of functional fillers usually improves the 726 

mechanical and durability performance of concrete, thus prolonging the service life of 727 

energy-harvesting concrete and reducing life cycle cost. Therefore, the cost of energy-728 

harvesting concrete should no longer be the critical issue in future. 729 

 730 

Table 10. Cost of energy-harvesting concrete 731 

Type Filler 

Price per kilogram 

of filler  

(CNY¥ (USD$)) 

Content per 

cubic meter 

(kg) 

Price per cubic 

meter 

(CNY¥ (USD$)) 

Light-emitting 

concrete 

Light-emitting 

aggregate 

20–45  

(3.1–7.0) 
240–960 

4800–43200  

(742–6683) 

Thermal-storing 

concrete 

PCM 

microcapsules 

700–1500  

(108–232) 
50–230 

35000–345000 

(5414–53371) 

Thermoelectric 

concrete 

SS 
3.5–11.5  

(0.5–1.8) 
5–12.5 

17.5–143.8 

(2.7–22.2) 

CF 
30–180  

(4.6–27.9) 
~5 

150–900 

(23.2–139.2) 

CNT 
1200–70000  

(186–10843) 
0.5–5 

600–350000 

(92.8–54145) 

Nano MnO2 17000 (2633) 25 425000 (65747) 

Pyroelectric 

concrete 

CF 
30–180  

(4.6–27.9) 
0.5–5 

15–900 

(2.3–139.2) 

lithium tantalate 
3200–5300  

(495–821) 
0.5–5 

1600–26500 

(247.5–4100) 

Piezoelectric 

concrete 
PZT 

1500–2000  

(232–310) 
150–350 

225000–700000 

(34807–108290) 

 732 

Energy distribution varies in different sustainable infrastructures, showing the 733 

characteristics of time and space dependence. Therefore, it is necessary to develop 734 

advanced design methodology of energy-harvesting concrete in order to give full play 735 

to its effectiveness. 736 

In summary, future research should be aimed at establishing advanced methods, 737 

guidance, and specification for design, optimization, and fabrication of energy-738 
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harvesting concrete. More specifically, further work on energy-harvesting concrete may 739 

include simple, effective, repeatable, large-scale, and economical fabrication methods, 740 

improvement of the efficiency of energy storage or conversion, the optimal balance of 741 

mechanical properties, durability, and energy-harvesting performance of concrete, the 742 

design principles of energy-harvesting concrete and structures. 743 

 744 

Compliance with Ethical Standards 745 

Funding: This study was funded by the National Science Foundation of China 746 

(51908103 and 51978127), and the Fundamental Research Funds for the Central 747 

Universities (DUT21RC(3)039). 748 

Conflict of Interest: The authors declare that they have no conflict of interest. 749 

 750 

References 751 

[1] Ding S, Dong S, Ashour A, Han B. Development of sensing concrete: Principles, 752 

properties and its applications. J Appl Phys 2019; 126(24): 241101. 753 

[2] Huang Y, Zhu M, Huang Y, Pei Z, Li H, Wang Z, Xue Q, Zhi C. Multifunctional 754 

energy storage and conversion devices. Adv Mater 2016; 28(38): 8344-8364. 755 

[3] Chiew SM, Ibrahim IS, Sarbini NN, Ariffin MAM, Lee HS, Singh JK. Development 756 

of light-transmitting concrete-A review. Mater today: Proc 2020; 39(2): 1046-1050. 757 

[4] Han B, Ding S, Yu X. Intrinsic self-sensing concrete and structures: A review. 758 

Measurement 2015; 59: 110-128. 759 

[5] Zhang S, Feng D, Shi L, Wang L, Jing Y, Tian L, Li Z, Wang G, Zhao L, Yan Y. A 760 

review of phase change heat transfer in shape-stabilized phase change materials (ss-761 



53 
 

PCMs) based on porous supports for thermal energy storage. Renew Sust Energ Rev 762 

2021; 135: 110127. 763 

[6] Guo L, Lu Q. Potentials of piezoelectric and thermoelectric technologies for 764 

harvesting energy from pavements. Renew Sust Energ Rev 2017; 72: 761-773. 765 

[7] Qian J. Concrete glowing in the dark. Build Mater Ind Inform 1984; 04: 6. 766 

[8] Hawes DW, Banu D, Feldman D. Latent heat storage in concrete. Sol Energ Mater 767 

1989; 19(3): 335-348. 768 

[9] Sun M, Li Z, Mao Q, Shen D. Study on the hole conduction phenomenon in carbon 769 

fiber-reinforced concrete. Cement Concrete Res 1998; 28(4): 549-554. 770 

[10] Sun M, Li Z, Mao Q, Shen D. Thermoelectric percolation phenomena in carbon 771 

fiber-reinforced concrete. Cement Concrete Res 1998; 28(12): 1707-1712. 772 

[11] Wen S, Chung DD. Pyroelectric behavior of cement-based materials. Cement 773 

Concrete Res 2003; 33(10): 1675-1679.  774 

[12] Li Z, Zhang D, Wu K. Cement-based 0-3 piezoelectric composites. J Am Ceram 775 

Soc 2004; 85(2): 305-313. 776 

[13] Matsuzawa T, Aoki Y, Takeuchi N, Murayama Y. A new long phosphorescent 777 

phosphor with high brightness, SrAl2O4:Eu2+, Dy3+. J Electrochem Soc 1996; 143(8): 778 

2670-2673. 779 

[14] Clabau F, Rocquefelte X, Jobic S, Deniard P, Mercier TL. Mechanism of 780 

Phosphorescence Appropriate for the long-lasting phosphors Eu2+-doped SrAl2O4 with 781 

codopants Dy3+ and B3+. Chem Mater 2005; 17(15): 3904-3912. 782 

[15] Zhang T, Qiang S, Wang S. Luminescent properties of MAl2O4: Eu2+, Re3+. Chin 783 



54 
 

J Lumin 1999; 20(2): 170-175. 784 

[16] Aitasalo T, Hls J, Jungner H, Lastusaar M, Niittykoski J. Mechanisms of persistent 785 

luminescence in Eu2+, Re3+ doped alkaline earth aluminates. J Lumin 2001; 94: 59-63. 786 

[17] Jia D, Meltzer RS, Yen WM, Jia W, Wang X. Green phosphorescence of CaAl2O4: 787 

Tb3+, Ce3+ through persistence energy transfer. Appl Phys Lett 2002; 80(9): 1535-1537. 788 

[18] Xiao Z, Luo X. Light storing luminescent materials and their products. Chemical 789 

Industry Press, China, 2005. 790 

[19] Li J. Rare earth luminescent materials and their applications. Chemical Industry 791 

Press, China, 200. 792 

[20] Qiu T, Zhenguo JI, Kong Z, Hongxia LI, Zhang E. Preparation and Optimization 793 

of Long Persistent Luminescent Sr4Al14O25: (Eu, Dy) Phosphor Materials: Preparation 794 

and Optimization of Long Persistent Luminescent Sr4Al14O25: (Eu, Dy) Phosphor 795 

Materials. J Inorg Mater 2012; 27(12): 1341-1344. 796 

[21] Yuan J, Yuan H, Zhang Z. Synthesis of blue long after glow phosphors SrAl4O7: 797 

Eu3+, Dy3+ and its luminescent properties. J optoelectron laser 2006; 17(4): 444-449. 798 

[22] Clabau F, Rocquefelte X, Le Mercier T, Deniard P, Jobic S, Whangbo MH. 799 

Formulation of phosphorescence mechanisms in inorganic solids based on a new model 800 

of defect conglomeration. Chem Mater 2006; 18(14): 3212-3220. 801 

[23] Wang X, Jia D, Yen WM. Mn2+ activated green, yellow, and red long persistent 802 

phosphors. J Lumin 2003; 102103: 34-37. 803 

[24] Lei B, Liu Y, Ye Z, Shi C. Luminescence properties of CdSiO3:Mn2+ phosphor. J 804 

Lumin 2004; 109(3): 215-219. 805 



55 
 

[25] Lei B, Liu Y, Ye Z, Shi C. A novel white light emitting long-lasting phosphor. Chin 806 

Chem Lett 2004; 15(003): 335-338. 807 

[26] http://www.concretenetwork.com/concrete/exposedaggregate/glow-in-the-808 

dark.html  809 

[27] http://jalopnik.com/a-mexican-scientist-says-he-figured-out-how-to-make-glo-810 

1778638553  811 

[28] Scrivener KL, Crumbie AK, Laugesen P. The interfacial transition zone (ITZ) 812 

between cement paste and aggregate in concrete. Interf Sci 2004;12(4):411-421. 813 

[29] Yamanashi Y, Sakai S, Saito K. Noctilucent and luminous artificial stone and its 814 

structure. CN1414061A, China. 815 

[30] Saleem M, Blaisi NI. Development, testing, and environmental impact assessment 816 

of glow-in-the-dark concrete. Struct Concrete 2019; 20(5): 1792-1803. 817 

[31] Sikandar MA, Ahmad W, Khan MH, Ali F, Waseem M. Effect of water resistant 818 

SiO2 coated SrAl2O4: Eu2+ Dy3+ persistent luminescence phosphor on the properties of 819 

Portland cement pastes. Constr Build Mater 2019; 228: 116823. 820 

[32] Gao Y, He B, Xiao M, Fang Z, Dai K. Study on properties and mechanisms of 821 

luminescent cement-based pavement materials with super-hydrophobic function. 822 

Constr Build Mater 2018; 165: 548-559. 823 

[33] He B, Gao Y, Qu L, Duan K, Zhou W, Pei G. Characteristics analysis of self-824 

luminescent cement-based composite materials with self-cleaning effect. J Clean Prod 825 

2019; 225: 1169-1183. 826 

[34] http://www.globalconstructionreview.com/innovation/mexican-scientist-creates-827 



56 
 

glo7w-da7rk-ceme7nt/ 828 

[35] https://www.studioroosegaarde.net/cn/project/van-gogh-path 829 

[36] https://www.studioroosegaarde.net/cn/project/glowing-lines 830 

[37] Thur A, Furbo S, Shah LJ. Energy Savings for Solar Heating Systems. Sol Energ 831 

2006; 80(11): 1463-1474. 832 

[38] N'Tsoukpoe KE, Liu H, Pierres NL, Luo L. A review on long-term sorption solar 833 

energy storage. Renew Sust Energ Rev 2009; 13(9): 2385-2396. 834 

[39] Abanades S, Charvin P, Flamant G, Neveu P. Screening of water-splitting 835 

thermochemical cycles potentially attractive for hydrogen production by concentrated 836 

solar energy. Energy 2006; 31(14): 2805-2822. 837 

[40] Forster M. Theoretical investigation of the system SnOx/Sn for the thermochemical 838 

storage of solar energy. Energy 2004; 29(5/6): 789-799. 839 

[41] Ma Q, Luo L, Wang RZ, Sauce G. A review on transportation of heat energy over 840 

long distance: exploratory development. Renew Sust Energ Rev 2009; 13(6/7): 1532-841 

1540. 842 

[42] Lin Y, Jia Y, Alva G, Fang G. Review on thermal conductivity enhancement, 843 

thermal properties and applications of phase change materials in thermal energy storage. 844 

Renew Sust Energ Rev 2018; 82: 2730-2742. 845 

[43] Sharma A, Tyagi VV, Chen CR, Buddhi D. Review on thermal energy storage with 846 

phase change materials and applications. Renew Sust Energ Rev 2009; 13(2): 318-345. 847 

[44] Verma P, Varun, Singal SK. Review of mathematical modeling on latent heat 848 

thermal energy storage systems using phase-change material. Renew Sust Energ Rev 849 



57 
 

2008; 12(4): 999-1031. 850 

[45] Shafigh P, Asadi I, Mahyuddin N. Concrete as a thermal mass material for building 851 

applications-A review. J Build Eng 2018; 19: 14-25. 852 

[46] Ling T, Poon CS. Use of phase change materials for thermal energy storage in 853 

concrete: an overview. Constr Build Mater 2013; 46: 55-62. 854 

[47] D'Alessandro A, Pisello AL, Fabiani C, Ubertini F, Cabeza LF, Cotana F. 855 

Multifunctional smart concretes with novel phase change materials: mechanical and 856 

thermo-energy investigation. Appl Energ 2018; 212: 1448-1461. 857 

[48] Pillai KK, Brinkworth BJ. The storage of low grade thermal energy using phase 858 

change materials. Appl Energ 1976; 2(3): 205-216. 859 

[49] Telkes M. Thermal energy storage in salt hydrates. Sol Energ Mater 1980; 2(4): 860 

381-393. 861 

[50] Hunger M, Entrop AG, Mandilaras I, Brouwers HJH, Founti M. The behavior of 862 

self-compacting concrete containing micro-encapsulated phase change materials. 863 

Cement Concrete Comp 2009; 31(10): 731-743. 864 

[51] Rhafiki TE, Kousksou T, Jamil A, Jegadheeswaran S, Pohekar SD, Zeraouli Y. 865 

Crystallization of PCMs inside an emulsion: Supercooling phenomenon. Sol Energ 866 

Mater & Solar Cells 2011; 95(9): 2588-2597. 867 

[52] Medrano M, Yilmaz S, Sheth FK, Martorell I, Paksoy H, Cabeza LF. Salt Water 868 

Solutions as PCM for Cooling Applications. EuroSun 2010. 869 

[53] Kousksou T, Jamil A, Rhafiki TE, Zeraouli Y. Paraffin wax mixtures as phase 870 

change materials. Sol Energ Mater Sol C 2010; 94(12): 2158-2165. 871 



58 
 

[54] He B, Martin V, Setterwall F. Phase transition temperature ranges and storage 872 

density of paraffin wax phase change materials. Energy 2004; 29(11): 1785-1804. 873 

[55] Yuan Y, Zhang N, Tao W, Cao X, He Y. Fatty acids as phase change materials: a 874 

review. Renew Sust Energ Rev 2014; 29: 482-498. 875 

[56] Kenar JA. The use of lipids as phase change materials for thermal energy storage. 876 

Lipid Tech 2014; 26(7): 154-156. 877 

[57] Cellat K, Beyhan B, Gungor C, Konuklu Y, Karahan O, Dundar C, Paksoy H. 878 

Thermal enhancement of concrete by adding bio-based fatty acids as phase change 879 

materials. Energ Build 2015; 106: 156-163. 880 

[58] Jeong SG, Jeon J, Chung O, Kim S, Kim S. Evaluation of PCM/diatomite 881 

composites using exfoliated graphite nanoplatelets (xGnP) to improve thermal 882 

properties. J Therm Anal Calorim 2013; 114(2): 689-698. 883 

[59] Hawes DW, Feldman D. Absorption of phase change materials in concrete. Sol 884 

Energ Mater Sol C 1992; 27(2): 91-101. 885 

[60] Hawes DW, Banu D, Feldman D. The stability of phase change materials in 886 

concrete. Sol Energy Mater Sol Cell 1992; 27(2): 103-18. 887 

[61] Hadjieva M, Stoykov R, Filipova T. Composite salt-hydrate concrete system for 888 

building energy storage. Renew Energ 2000; 19(1): 111-115. 889 

[62] Zhang D, Li Z, Zhou J, Wu K. Development of thermal energy storage concrete. 890 

Cement Concrete Res 2004; 34(6): 927-934. 891 

[63] Bentz DP, Turpin R, Bentz D, Turpin R. Potential applications of phase change 892 

materials in concrete technology. Cement Concrete Compos 2007; 29(7): 527-532. 893 



59 
 

[64] Suttaphakdee P, Dulsang N, Lorwanishpaisarn N, Kasemsiri P, Chindaprasirt P. 894 

Optimizing mix proportion and properties of lightweight concrete incorporated phase 895 

change material paraffin/recycled concrete block composite. Constr Build Mater 2016; 896 

127: 475-483. 897 

[65] Han B, Zhang L, Ou J. Smart and Multifunctional Concrete toward Sustainable 898 

Infrastructures. Springer. 2017. 899 

[66] Xu B, Li Z. Paraffin/diatomite composite phase change material incorporated 900 

cement-based composite for thermal energy storage. Appl Energ 2013; 105: 229-237. 901 

[67] Cui H, Liao W, Mi X, Lo TY, Chen D. Study on functional and mechanical 902 

properties of cement mortar with graphite-modified microencapsulated phase-change 903 

materials. Energ Build 2015; 105: 273-284. 904 

[68] Cui H, Tang W, Qin Q, Xing F, Liao W, Wen H. Development of structural-905 

functional integrated energy storage concrete with innovative macro-encapsulated pcm 906 

by hollow steel ball. Appl Energ 2017; 185: 107-118. 907 

[69] Li H, Fang GY. Experimental investigation on the characteristics of polyethylene 908 

glycol/cement composites as thermal energy storage materials. Chem Eng Technol 909 

2010; 33(10): 1650-1654. 910 

[70] Cellat K, Beyhan B, Gungor C, Konuklu Y, Karahan O, Dundar C, Paksoy H. 911 

Thermal enhancement of concrete by adding bio-based fatty acids as phase change 912 

materials. Energ Build 2015; 106: 156-163. 913 

[71] Thiele AM, Wei Z, Falzone G, Young BA, Neithalath N, Sant G, Pilon L. Figure 914 

of merit for the thermal performance of cementitious composites containing phase 915 



60 
 

change materials. Cement Concrete Comp 2016; 65: 214-226. 916 

[72] Jayalath A, San Nicolas R, Sofi M, Shanks R, Ngo T, Aye L, Mendis P. Properties 917 

of cementitious mortar and concrete containing micro-encapsulated phase change 918 

materials. Constr Build Mater 2016; 120: 408-417. 919 

[73] Dong Z, Cui H, Tang W, Chen D, Wen H. Development of hollow steel ball macro-920 

encapsulated PCM for thermal energy storage concrete. Materials 2016; 9(1): 59. 921 

[74] Xu B, Li Z. Paraffin/diatomite/multi-wall carbon nanotubes composite phase 922 

change material tailor-made for thermal energy storage cement-based composites. 923 

Energy 2014; 72(1): 371-380. 924 

[75] Vieira J, Senff L, Goncalves H, Silva L, Ferreira VM, Labrincha JA. 925 

Functionalization of mortars for controlling the indoor ambient of buildings. Energ 926 

Build 2014; 70: 224-236.  927 

[76] Ricklefs A, Thiele AM, Falzone G, Sant G, Pilon L. Thermal conductivity of 928 

cementitious composites containing microencapsulated phase change materials. Int J 929 

Heat Mass Tran 2017; 104: 71-82. 930 

[77] Myriam B, Ilyes DZ, Mohamed EM, Amir SL, Michelle S. Numerical and 931 

experimental study on the use of microencapsulated phase change materials (PCMs) in 932 

textile reinforced concrete panels for energy storage. Sustain Cities Soc 2019; 41: 455-933 

468. 934 

[78] Li M, Wu Z, Tan J. Heat storage properties of the cement mortar incorporated with 935 

composite phase change material. Appl Energ 2013; 103: 393-399. 936 

[79] Dehdezi PK, Hall MR, Dawson AR, Casey SP. Thermal, mechanical and 937 



61 
 

microstructural analysis of concrete containing microencapsulated phase change 938 

materials. Int J Pavement Eng 2013; 14(5-6): 449-462. 939 

[80] Jeong SG, Chang SJ, Wi S, Kang Y, Lim JH, Chang JD, Kim S. Energy efficient 940 

concrete with n-octadecane/xGnP SSPCM for energy conservation in infrastructure. 941 

Constr Build Mater 2016; 106: 543-549. 942 

[81] Cao VD, Pilehvar S, Salasbringas C, Szczotok AM, Rodriguez JF, Carmona M, 943 

Almanasir N, Kjoniksen A. Microencapsulated phase change materials for enhancing 944 

the thermal performance of Portland cement concrete and geopolymer concrete for 945 

passive building applications. Energ Convers Manage 2017; 133: 56-66. 946 

[82] Qu Y, Chen J, Liu L, Xu T, Wu H, Zhou X. Study on properties of phase change 947 

foam concrete block mixed with paraffin/fumed silica composite phase change material. 948 

Renew Energ 2020; 150: 1127-1135. 949 

[83] Sukontasukkul P, Uthaichotirat P, Sangpet T, Sisomphon K, Newlands MD, 950 

Siripanichgorn A, Chindaprasirt P. Thermal properties of lightweight concrete 951 

incorporating high contents of phase change materials. Constr Build Mater 2019; 207: 952 

431-439. 953 

[84] Essid N, Eddhahak-Ouni A, Neji J. Experimental and Numerical Thermal 954 

Properties Investigation of Cement-Based Materials Modified with PCM for Building 955 

Construction Use. J Archit Eng 2020; 26(3): 04020018. 956 

[85] Cabeza LF, Castellon C, Nogues M, Medrano M, Leppers R, Zubillaga O. Use of 957 

microencapsulated pcm in concrete walls for energy savings. Energ Build 2007; 39(2): 958 

113-119. 959 



62 
 

[86] Castellon C, Castell A, Medrano M, Martorell I, Cabeza LF. Experimental study 960 

of PCM inclusion in different building envelopes. J Sol Energ Eng 2009; 131(4): 143-961 

155. 962 

[87] Cabeza LF, Navarro L, Pisello AL, Olivieri L, Bartolome C, Sanchez JS, Álvarez 963 

S, Tenorio JA. Behaviour of a concrete wall containing micro-encapsulated PCM after 964 

a decade of its construction. Sol Energy 2020; 200: 108-113. 965 

[88] Jiang H, Zhang J, Zhou F, Wang Y. Optimization of PCM coating and its influence 966 

on the temperature field of CRTSII ballastless track slab. Constr Build Mater 2020; 236: 967 

117498.  968 

[89] Pomianowski M, Heiselberg P, Zhang Y. Review of thermal energy storage 969 

technologies based on pcm application in buildings. Energ Build 2013; 67: 56-69. 970 

[90] Menoufi K, Castell A, Farid MM, Boer D, Cabeza LF. Life Cycle Assessment of 971 

experimental cubicles including PCM manufactured from natural resources (esters): A 972 

theoretical study. Renew Energ 2013; 51: 398-403. 973 

[91] Wen S, Chung DDL. Seebeck effect in steel fiber reinforced cement. Cement 974 

Concrete Res 2000; 30(4): 661-664. 975 

[92] Cai H, Cui D, Li Y, Chen X, Zhang L, Sun J. Apparatus for measuring the seebeck 976 

coefficients of highly resistive organic semiconducting materials. Rev Sci Instrum 2013; 977 

84: 044703. 978 

[93] Dollfus P, Nguyen VH, Saint-Martin J. Thermoelectric effects in graphene 979 

nanostructures. J Phys-Condens Mat 2015; 27(13): 133204. 980 

[94] Wen S, Chung DDL. Cement as a thermoelectric material. J Mater Res 2000; 981 



63 
 

15(12): 2844-2848. 982 

[95] Wang Z, Wang Z, Ning M, He J, He Y. Seebeck effect of thermoelectric mortar and 983 

enhancement of its Seebeck effect. J Build Mater 2018; 21(5): 701-706. 984 

[96] Singh VP, Kumar M, Srivastava RS, Vaish R. Thermoelectric energy harvesting 985 

using cement-based composites: a review. Mater Today Energ 2021; 21: 100714. 986 

[97] Guerrero VH, Wang S, Wen S, Chung DDL. Thermoelectric property tailoring by 987 

composite engineering. J Mater Sci 2002; 37(19): 4127-4136. 988 

[98] Yao W, Chen B, Wu K. Smart behaviour of carbon fiber reinforced cement-based 989 

composite. J Mater Sci Tech 2003; 19(3): 239-242. 990 

[99] Li W, Liao X, Ji T, Zhang X, Zhang X. Thermoelectric property of cement 991 

composites with MnO2. J Build Mater 2017; 20(5): 770-773. 992 

[100] Demirel B, Yazicioglu S. Thermoelectric behavior of carbon fiber reinforced 993 

lightweight concrete with mineral admixtures. New Carbon Mater 2008; 23(001): 21-994 

24. 995 

[101] Wei J, Hao L, He GP, Yang C. Thermoelectric power of carbon fiber reinforced 996 

cement composites enhanced by Ca3CO4O9. Appl Mech Mater 2013; 320: 354-357. 997 

[102] Wei J, Nie Z, He G, Hao L, Zhao L, Zhang Q. Energy harvesting from solar 998 

irradiation in cities using the thermoelectric behavior of carbon fiber reinforced cement 999 

composites. Rsc Advances 2014; 4(89): 48128-48134. 1000 

[103] Wei J, Zhao L, Zhang Q, Nie Z, Hao L. Enhanced thermoelectric properties of 1001 

cement-based composites with expanded graphite for climate adaptation and large-scale 1002 

energy harvesting. Energ Build 2018; 159: 66-74. 1003 



64 
 

[104] Wen S, Chung DDL. Thermoelectric behavior of carbon-cement composites. 1004 

Carbon 2002; 40(13): 2495-2497.  1005 

[105] Cao H, Yao W, Qin J. Seebeck effect in graphite-carbon fiber cement based 1006 

composite. Adv Mater Res 2011; 177: 566-569. 1007 

[106] Wen S, Chung DDL. Origin of the thermoelectric behavior of steel fiber cement 1008 

paste. Cement Concrete Res 2002; 32(5): 821-823. 1009 

[107] Wei J, Zhang Q, Zhao L, Hao L, Yang C. Enhanced thermoelectric properties of 1010 

carbon fiber reinforced cement composites. Ceram Int 2016; 42(10): 11568-11573. 1011 

[108] Ji T, Zhang X, Zhang X, Zhang Y, Li W. Effect of manganese dioxide nanorods 1012 

on the thermoelectric properties of cement composites. J Mater Civil Eng 2018; 30(9): 1013 

04018224.1-04018224.8. 1014 

[109] Ji T, Zhang X, Li W. Enhanced thermoelectric effect of cement composite by 1015 

addition of metallic oxide nanopowders for energy harvesting in buildings. Constr 1016 

Build Mater, 2016. 1017 

[110] Zuo J, Yao W, Qin J. Enhancing the thermoelectric properties in carbon 1018 

fiber/cement composites by using steel slag. Key Eng Mater 2013; 539: 103-107. 1019 

[111] Wei J, Fan Y, Zhao L, Xue F, Hao L, Zhang Q. Thermoelectric properties of 1020 

carbon nanotube reinforced cement-based composites fabricated by compression shear. 1021 

Ceram Int 2018; 44(6): 5829-5833. 1022 

[112] Wang Z, Wang Z, Ning M, Tang S, He Y. Electro-thermal properties and Seebeck 1023 

effect of conductive mortar and its use in self-heating and self-sensing system. Ceram 1024 

Int 2017; 43(12): 8685-8693. 1025 



65 
 

[113] Yao W, Xia Q. Preparation and thermoelectric properties of bismuth telluride-1026 

carbon fiber reinforced cement composites. J Funct Mater 2014; 15: 15134-15137. 1027 

[114] Wen S, Chung DDL. Effect of carbon fiber grade on the electrical behavior of 1028 

carbon fiber reinforced cement. Carbon 2001; 39(3): 369-373. 1029 

[115] Wen S, Chung DDL. Erratum to “Seebeck effect in carbon fiber reinforced 1030 

cement”. Cement Concrete Res 2004; 34(12): 2341-2342. 1031 

[116] Wen S, Chung DDL. Effect of fiber content on the thermoelectric behavior of 1032 

cement. J Mater Sci 2004; 39(13): 4103-4106. 1033 

[117] Chung DDL. Electrically conductive cement-based materials. Adv Cement Res 1034 

2004; 16(4): 167-176. 1035 

[118] Ghahari SA, Ghafari E, Lu N. Effect of ZnO nanoparticles on thermoelectric 1036 

properties of cement composite for waste heat harvesting. Constr Build Mater 2017; 1037 

146: 755-763. 1038 

[119] Pichor W, Frąc M. Electric and thermoelectric properties of cement composites 1039 

with expanded graphite. Brittle Matrix Comp 2012; 2012: 43-50. 1040 

[120] Cao J, Chung DDL. Role of moisture in the Seebeck effect in cement-based 1041 

materials. Cement Concrete Res 2005; 35(4): 810-812. 1042 

[121] Wei J, Zhang Q, Zhao L, Hao L, Nie Z. Effect of moisture on the thermoelectric 1043 

properties in expanded graphite/carbon fiber cement composites. Ceram Int 2017; 1044 

43(14): 10763-10769. 1045 

[122] Wei J, Hao L, He G, Yang C. Enhanced thermoelectric effect of carbon fiber 1046 

reinforced cement composites by metallic oxide/cement interface. Ceram Int 2014; 1047 



66 
 

40(6): 8261-8263. 1048 

[123] Zuo J, Yao W, Qin J, Cao H. Measurements of thermoelectric behavior and 1049 

microstructure of carbon nanotubes/carbon fiber-cement based composite. Key Eng 1050 

Mater 2011; 492: 242-245. 1051 

[124] Zuo J, Yao W, Wu K. Seebeck effect and mechanical properties of carbon 1052 

nanotube-carbon fiber/cement nanocomposites. Fuller Nanotub Car N 2015; 23(5): 1053 

383-391. 1054 

[125] Yao W, Zuo J, Wu K. Microstructure and thermoelectric properties of carbon 1055 

nanotube-carbon fiber/cement composites. J Funct Mater 2013; 44(13): 1924-1927. 1056 

[126] Wen S, Chung DDL. Enhancing the Seebeck effect in carbon fiber-reinforced 1057 

cement by using intercalated carbon fibers. Cement Concrete Res 2000; 30(8): 1295-1058 

1298. 1059 

[127] Ghosh S, Harish S, Rocky KA, Ohtaki M, Saha BB. Graphene enhanced 1060 

thermoelectric properties of cement based composites for building energy harvesting. 1061 

Energ Build 2019; 202: 109419. 1062 

[128] Wei J, Wang Y, Li X, Jia Z, Qiao S, Zhang Q, Du J. Effect of porosity and crack 1063 

on the thermoelectric properties of expanded graphite/carbon fiber reinforced cement-1064 

based composites. Int J Energ Res 2020; 44(8): 6885-6893. 1065 

[129] Lee J, Kim DH, Lee S, Lim JK. Fundamental study of energy harvesting using 1066 

thermoelectric effect on concrete structure in road. Adv Mater Res 2014: 332-337. 1067 

[130] Cuadras A, Gasulla M, Ferrari V. Thermal energy harvesting through 1068 

pyroelectricity. Sensors Actuat A-phys 2010; 158(1): 132-139. 1069 



67 
 

[131] Sebald G, Lefeuvre E, Guyomar D. Pyroelectric energy conversion: Optimization 1070 

principles. IEEE T Ultrason Ferr 2008; 55(3): 538-551. 1071 

[132] Hu Y. Researches on PLCT pyroelectric materials used for infrared detectors. 1072 

Dissertation for the Master Degree. Hangzhou University of Science and Technology, 1073 

China, 2006. 1074 

[133] Ghanemotlagh R, Kroener M, Goldschmidtboeing F, Danilewsky AN, Woias P. 1075 

A dynamic method for the measurement of pyroelectric properties of materials. Smart 1076 

Mater Struct 2018; 27(8): 084004. 1077 

[134] Wen S, Chung DD. Pyroelectric behavior of cement-based materials. Cement 1078 

Concrete Res 2003; 33(10): 1675-1679.  1079 

[135] Batra AK, Bhattacharjee S, Chilvery A, Aggarwal MD, Edwards M, Bhalla AS. 1080 

Simulation of energy harvesting from roads via pyroelectricity. J Photon Energ 2011; 1081 

1(1): 014001. 1082 

[136] http://www.globalconstructionreview.com/innovation/mexican-scientist-creates-1083 

glo7w-da7rk-ceme7nt/ 1084 

[137] Bhat KN, Batra AK, Bhattacharjee S, Taylor RW. Effect of volcanic-ash on the 1085 

pyroelectric and dielectric properties of Portland cement. Proc SPIE 2010; 7780. 1086 

[138] Bhattacharjee S, Batra AK, Cain J. Carbon nano fiber reinforced cement 1087 

composite for energy harvesting road. In: Green Streets and Highways Conference, 1088 

ASCE, 2011. 1089 

[139] Bhattacharjee S, Batra AK, Cain J. Energy harvesting from pavements using 1090 

pyroelectric single crystal and nano-composite based smart materials. In: T & DI 1091 



68 
 

Congress, ASCE, 2011. 1092 

[140] Bhattacharjee S, Batra AK, Meseret S, Cain J. High-performance single and 1093 

polycrystal-based pyroelectric smart materials for energy harvesting from pavements. 1094 

Transport Res Rec 2011; 2252: 75-82. 1095 

[141] Srikanth KS, Patel S, Vaish R. Functional cementitious composites for 1096 

pyroelectric applications. J Electron Mater 2018; 47(4): 2378-2385. 1097 

[142] Guan Z, Zhang Z, Jiao J. Physical properties of inorganic materials. Tsinghua 1098 

University Press, China, 2011. 1099 

[143] Sun M, Li Z, Song X. Piezoelectric effect of hardened cement paste. Cement 1100 

Concrete Comp 2004; 26(6): 717-720. 1101 

[144] Chen J, Qiu Q, Han Y, Lau D. Piezoelectric materials for sustainable building 1102 

structures: Principles and applications. Renew Sust Energ Rev 2018; 101: 14-25. 1103 

[145] Huang S. Fabrication and properties of cement-based piezoelectric composites. 1104 

Dissertation for the Doctoral Degree. Wuhan University of Technology, China, 2005. 1105 

[146] Zhang L, Zheng Q, Dong X, Yu X, Wang Y, Han B. Tailoring sensing properties 1106 

of smart cementitious composites based on excluded volume theory and electrostatic 1107 

self-assembly. Constr Build Mater 2020; 256: 119452. 1108 

[147] Dong S, Zhou D, Li Z, Yu X, Han B. Super-fine stainless wires enabled 1109 

multifunctional and smart reactive powder concrete. Smart Mater Struct 2019; 28(12): 1110 

125009. 1111 

[148] Wen S, Chung DDL. Piezoelectric cement-based materials with large coupling 1112 

and voltage coefficients. Cement Concrete Res 2002; 32(3): 335-339. 1113 



69 
 

[149] Ahmed MA, Hassanean YA, Assaf KA, El-Dek SI, Shawkey MA. Piezoelectric 1114 

response of MWCNTs/cement nanocomposites. Microelectron Eng 2015; 146: 53-56. 1115 

[150] Zhang Y, Liu Z, Zhang W. Improved output voltage of 0-3 cementitious 1116 

piezoelectric composites with basalt fibers. Ceram Int 2018; 45(5): 6577-6580. 1117 

[151] Cheng X, Huang S, Chang J, Li Z. Piezoelectric, dielectric, and ferroelectric 1118 

properties of 0-3 ceramic/cement composites. J Appl Phys 2007; 101(9): 094110. 1119 

[152] Wang F, Wang H, Song Y, Sun H. High piezoelectricity 0-3 cement-based 1120 

piezoelectric composites. Mater Lett 2012; 76: 208-210. 1121 

[153] Rianyoi R, Potong R, Ngamjarurojana A, Chaipanich A. Microstructure and 1122 

electrical properties of 0-3 connectivity barium titanate-Portland cement composite 1123 

with 40% barium titanate content. Ferroelectrics Lett 2016; 43(1-3): 59-64. 1124 

[154] Xu D, Cheng X, Huang S. Investigation of inorganic fillers on properties of 2-2 1125 

connectivity cement/polymer based piezoelectric composites. Constr Build Mater, 2015; 1126 

94: 678-683. 1127 

[155] Aksel E, Jones JL. Advances in lead-free piezoelectric materials for sensors and 1128 

actuators. Sensors 2010; 10(3): 1935-1954. 1129 

[156] Jarupoom P, Jaita P, Yimnirun R, Rujijanagul G, Cann DP. Enhanced piezoelectric 1130 

properties near the morphotropic phase boundary in lead-free (1-x)(Bi0.5K0.5)TiO3-1131 

xBi(Ni0.5Ti0.5)O3 ceramics. Curr Appl Phys 2015; 15(11): 1521-1528. 1132 

[157] Zhang S, Shrout TR, Nagata H, Hiruma Y, Takenaka T. Piezoelectric properties 1133 

in (K0.5Bi0.5) TiO3-(Na0.5Bi0.5) TiO3-BaTiO3 lead-free ceramics. IEEE T Ultrason Ferr 1134 

2007; 54(5): 910-917. 1135 



70 
 

[158] Liu L, Fan H. Influence of sintering temperatures on the electrical property of 1136 

bismuth sodium titanate based piezoelectric ceramics. J Electroceram 2006; 16(4): 293-1137 

296. 1138 

[159] Liu L, Knapp M, Ehrenberg H, Fang L, Fan H, Schmitt LA, Fuess H, Hoelzel M, 1139 

Dammk H, Thi MP, Hinterstein M. Average vs. local structure and composition-1140 

property phase diagram of K0.5Na0.5NbO3-Bi½Na½TiO3 system. J Eur Ceram Soc 2017; 1141 

37(4): 1387-1399. 1142 

[160] Newnham RE, Skinner DP, Cross LE. Connectivity and piezoelectric-pyroelectric 1143 

composite. Mater Res Bull 1978; 13(5): 525-536. 1144 

[161] Potong R, Rianyoi R, Ngamjarurojana A, Chaipanich A. Acoustic and dielectric 1145 

properties of 0-3 bismuth sodium titanate-bismuth potassium titanate-barium 1146 

titanate/cement composites. Ferroelectrics Lett 2015; 43: 77-81. 1147 

[162] Chaipanich A, Rianyoi R, Potong R, Jaitanong N. Aging of 0-3 piezoelectric PZT 1148 

ceramic-Portland cement composites. Ceram Int 2014; 40(8): 13579-13584. 1149 

[163] Chaipanich A, Rianyoi R, Potong R, Jaitanong N, Chindaprasirt P. Compressive 1150 

strength and microstructure of 0-3 lead zirconate titanate ceramic-Portland cement 1151 

composites. Ferroelectrics 2013; 457(1): 53-61. 1152 

[164] Zhu J, Wang Z, Zhu X, Yang B, Fu C. Theoretical and experimental study on the 1153 

effective piezoelectric properties of 1-3 type cement-based piezoelectric composites. 1154 

Materials 2018; 11(9): 1698. 1155 

[165] Chaipanich A, Potong R, Rianyoi R, Jareansuk L, Jaitanong N, Yimnirun R. 1156 

Dielectric and ferroelectric hysteresis properties of 1-3 lead magnesium niobate-lead 1157 



71 
 

titanate ceramic/Portland cement composites. Ceram Int 2012; 38: S255-S258. 1158 

[166] Xu D, Cheng X, Huang S, Jiang M. Electromechanical properties of 2-2 cement 1159 

based piezoelectric composite. Curr Appl Phys 2009; 9(4): 816-819. 1160 

[167] Chaipanich A, Rianyoi R, Potong R, Suriya W, Jaitanong N, Chindaprasirt P. 1161 

Dielectric Properties of 2-2 PMN-PT/Cement Composites. Ferroelectrics Lett 2012; 39: 1162 

76-80. 1163 

[168] Inthong S, Eitssayeam S, Tontrakoon J, Tunkasiri T. Piezoceramic-polymer and 1164 

piezoceramic-cement composites: A brief review. J Met Mater Min 2019; 29(2): 21-26. 1165 

[169] Chen J, Qiu Q, Han Y, Lau D. Piezoelectric materials for sustainable building 1166 

structures: Principles and applications. Renew Sust Energ Rev 2019; 101: 14-25. 1167 

[170] Ahmad S, Mujeebu MA, Farooqi MA. Energy harvesting from pavements and 1168 

roadways: A comprehensive review of technologies, materials, and challenges. Int J 1169 

Energ Res 2019; 43(6): 1974-2015. 1170 

[171] Fuller WB, Thompson SE. The laws of proportioning concrete. Trans Am Soc 1171 

Civil Eng 1907: 33; 67-143. 1172 

[172] Yunhua Z, Zhiyi L, Feng D, Wenqin Z. Effect of piezoelectric ceramic particles 1173 

size gradation on piezoelectric properties of 0-3 cement-based piezoelectric composites. 1174 

Smart Mater Struct 2018; 27(8): 085029. 1175 

[173] Xu D, Cheng X, Geng H, Lu F, Haung S. Design, fabrication and properties of 1-1176 

3 piezoelectric ceramic composites with varied piezoelectric phase distribution. Ceram 1177 

Int, 2015; 41(8): 9433-9442. 1178 

[174] Xu D, Cheng X, Banerjee S, Huang S. Design, fabrication, and properties of 2-2 1179 



72 
 

connectivity cement/polymer based piezoelectric composites with varied piezoelectric 1180 

phase distribution. J Appl Phys 2014; 116(24): 244103-244103. 1181 

[175] Chaipanich A, Jaitanong N. Effect of PZT particle size on the electromechanical 1182 

coupling coefficient of 0-3 PZT-cement composites. Ferroelectrics Lett 2009; 36(1-2): 1183 

37-44. 1184 

[176] Huang S, Chang J, Lu L, Liu F, Ye Z, Cheng X. Preparation and polarization of 1185 

0-3 cement based piezoelectric composites. Mater Res Bull 2006; 41(2): 291-297. 1186 

[177] Chaipanich A, Jaitanong N. Effect of poling temperature on piezoelectric 1187 

properties of 0-3 PZT-Portland cement composites. Ferroelectrics Lett 2008; 35(3-4): 1188 

73-78. 1189 

[178] Rianyoi R, Potong R, Jaitanong N, Yimnirun R, Ngamjarurojana A, Chaipanich 1190 

A. Dielectric and ferroelectric properties of 1-3 barium titanate–Portland cement 1191 

composites. Curr Appl Phys 2011; 11(3): S48-S51. 1192 

[179] Huang S, Li X, Liu F, Chang J, Xu D, Cheng X. Effect of carbon black on 1193 

properties of 0-3 piezoelectric ceramic/cement composites. Curr Appl Phys 2009; 9(6): 1194 

1191-1194. 1195 

[180] Gong H, Li Z, Zhang Y, Fan R. Piezoelectric and dielectric behavior of 0-3 1196 

cement-based composites mixed with carbon black. J Eur Ceram Soc 2009; 29(10): 1197 

2013-2019. 1198 

[181] Gong H, Zhang, Y, Quan J, Che S. Preparation and properties of cement based 1199 

piezoelectric composites modified by CNTs. Current Applied Physics 2011; 11(3): 653-1200 

656. 1201 



73 
 

[182] Chaipanich A, Jaitanong N, Tunkasiri, T. Fabrication and properties of PZT-1202 

ordinary Portland cement composites. Mater Lett 2007; 61(30): 5206-5208. 1203 

[183] Chaipanich A, Rianyoi R, Potong R, Jaitanong N. Aging of 0-3 piezoelectric PZT 1204 

ceramic-Portland cement composites. Ceram Int 2014; 40(8): 13579-13584. 1205 

[184] Chaipanich A. Dielectric and piezoelectric properties of PZT-silica fume cement 1206 

composites. Curr Appl Phys 2007; 7(5): 532-536. 1207 

[185] Pan H, Lin D, Yang R. High piezoelectric and dielectric properties of 0-3 1208 

PZT/cement composites by temperature treatment. Cement Concrete Comp 2016; 72: 1209 

1-8. 1210 

[186] Potong R, Rianyoi R, Ngamjarurojana A, Yimnirun R, Guo R, Bhalla AS, 1211 

Chaipanich A. Acoustic and piezoelectric properties of 0-3 barium zirconate titanate-1212 

Portland cement composites-effects of BZT content and particle size. Ferroelectrics 1213 

2013; 455(1): 69-76. 1214 

[187] Potong R, Rianyoi R, Chaipanich A. Dielectric properties of lead-free composites 1215 

from 0-3 barium zirconate titanate-Portland cement composites. Ferroelectrics Lett 1216 

2011; 38(1-3): 18-23. 1217 

[188] Chaipanich A, Rujijanagul G, Tunkasiri T. Properties of Sr- and Sb-doped PZT-1218 

Portland cement composites. Appl Phys A 2009; 94(2): 329-337. 1219 

[189] Rianyoi R, Potong R, Jaitanong N, Yimnirun R, Chaipanich A. Dielectric, 1220 

ferroelectric and piezoelectric properties of 0-3 barium titanate-portland cement 1221 

composites. Appl Phys A 2011; 104(2): 661-666. 1222 

[190] Wittinanon T, Rianyoi R, Ngamjarurojana A, Chaipanich A. Effect of 1223 



74 
 

polyvinylidene fluoride on the acoustic impedance matching, poling enhancement and 1224 

piezoelectric properties of 0-3 smart lead-free piezoelectric Portland cement 1225 

composites. J Electroceram 2020; 44: 232-241. 1226 

[191] Li Z, Gong H, Zhang Y. Fabrication and piezoelectricity of 0-3 cement based 1227 

composite with nano-PZT powder. Curr Appl Phys 2009; 9(3): 588-591. 1228 

[192] Cheng X, Huang S, Chang J, Xu R, Liu F, Lu L. Piezoelectric and dielectric 1229 

properties of piezoelectric ceramic-sulphoaluminate cement composites. J Eur Ceram 1230 

Soc 2005; 25(13): 3223-3228. 1231 

[193] Huang S, Chang J, Xu R, Liu F, Lu L, Ye Z, Cheng X. Piezoelectric properties of 1232 

0-3 PZT/sulfoaluminate cement composites. Smart Mater Struct 2004; 13(2): 270-274. 1233 

[194] Gong H, Zhang, Y, Quan J, Che S. Preparation and properties of cement based 1234 

piezoelectric composites modified by CNTs. Current Applied Physics 2011; 11(3): 653-1235 

656. 1236 

[195] Jaitanong N, Chaipanich A, Tunkasiri T. Properties 0-3 PZT-Portland cement 1237 

composites. Ceram Int 2008; 34(4): 793-795. 1238 

[196] Li Z, Dong B, Zhang D. Influence of polarization on properties of 0-3 cement-1239 

based PZT composites. Cement Concrete Comp 2005; 27(1): 27-32. 1240 

[197] Li Z, Zhang D, Wu K. Cement-based 0-3 piezoelectric composites. J Am Ceram 1241 

Soc 2004; 85(2): 305-313. 1242 

[198] Santos JA, Sanches AO, Akasaki JL, Tashima MM, Longo E, Malmonge JA. 1243 

Influence of PZT insertion on Portland cement curing process and piezoelectric 1244 

properties of 0-3 cement-based composites by impedance spectroscopy. Constr Build 1245 



75 
 

Mater 2020; 238: 117675. 1246 

[199] Pan HH, Wang C, Tia M, Su Y. Influence of water-to-cement ratio on piezoelectric 1247 

properties of cement-based composites containing PZT particles. Constr Build Mater 1248 

2020; 239: 117858. 1249 

[200] Banerjee S, Cookchennault KA. Influence of aluminium inclusions on dielectric 1250 

properties of three-phase PZT-cement-aluminium composites. Adv Cem Res 2014; 1251 

26(2): 63-76. 1252 

[201] Jaitanong N, Yimnirun R, Zeng H, Li G, Yin Q, Chaipanich A. Piezoelectric 1253 

properties of cement based/PVDF/PZT composites. Mater Lett 2014; 130: 146-149. 1254 

[202] Potong R, Rianyoi R, Ngamjarurojana A, Chaipanich A. Microstructure and 1255 

performance of 1-3 connectivity environmental friendly lead-free BNBK-Portland 1256 

cement composites. Mater Res Bull 2017; 90: 59-65. 1257 

[203] Rianyoi R, Potong R, Yimnirun R, Guo R, Bhalla A, Chaipanich A. 1258 

Electromechanical coupling coefficient of 1-3 connectivity barium titanate-Portland 1259 

cement composites. Integr Ferroelectr 2013; 148(1): 138-144. 1260 

[204] Cheng X, Xu D, Lu L, Huang S, Jiang M. Performance investigation of 1-3 1261 

piezoelectric ceramic-cement composite. Mater Chem Phys 2010; 121(1-2): 63-69. 1262 

[205] Lam K, Chan H. Piezoelectric cement-based 1-3 composites. Appl Phys A 2015; 1263 

81(7): 1451-1454. 1264 

[206] Zhang F, Feng P, Wang T, Chen J. Mechanical-electric response characteristics of 1265 

1-3 cement based piezoelectric composite under impact loading. Constr Build Mater 1266 

2019; 228: 116781. 1267 



76 
 

[207] Sanches AO, Teixeira GF, Zaghete MA, Longo E, Malmonge JA, Silva MJ, 1268 

Sakamoto WK. Influence of polymer insertion on the dielectric, piezoelectric and 1269 

acoustic properties of 1-0-3 polyurethane/cement-based piezo composite. Mater Res 1270 

Bull 2019; 119: 110541. 1271 

[208] Rianyoi R, Potong R, Ngamjarurojana A, Yimnirun R, Guo R, Bhalla AS, 1272 

Chaipanich A. Acoustic and electrical properties of 1-3 connectivity bismuth sodium 1273 

titanate-Portland cement composites. Mater Res Bull 2014; 60: 353-358. 1274 

[209] Rianyoi R, Potong R, Ngamjarurojana A, Yimnirun R, Guo R, Bhalla AS, 1275 

Chaipanich A. Acoustic, dielectric and piezoelectric properties of 1-3 connectivity 1276 

barium titanate-Portland cement composites. Ferroelectrics 2013; 452(1): 76-83. 1277 

[210] Xu D, Cheng X, Guo X, Huang S. Design, fabrication and property investigation 1278 

of cement/polymer based 1-3 connectivity piezo-damping composites. Constr Build 1279 

Mater 2015; 84: 219-223. 1280 

[211] Li Z, Huang S, Qin L, Cheng X. An investigation on 1-3 cement based 1281 

piezoelectric composites. Smart Mater Struct 2007; 16(4): 999-1005. 1282 

[212] Xu D, Qin L, Huang S, Cheng X. An exploration of 1-3 cement/epoxy resin based 1283 

piezoelectric composite in cement hydration reaction process monitoring. Adv Mater 1284 

Res 2011; 306-307: 839-843. 1285 

[213] Huang S, Ye Z, Wang S, Xu D, Chang J, Cheng X. Fabrication and properties of 1286 

1-3 cement based piezoelectric composites. Acta Mater Comp Sinica 2007; 24(1): 122-1287 

126.  1288 

[214] Cheng X, Huang S, Hu Y, Wang S. Effect of humidity of performance of 1-3 1289 



77 
 

cement-based piezoelectric composites. J Chin Ceram Soc 2006; 34(5): 626-629. 1290 

[215] Chaipanich A, Rianyoi R, Potong R, Penpokai P, Chindaprasirt P. Dielectric and 1291 

piezoelectric properties of 2-2 PZT-Portland cement composites. Integr Ferroelectr 1292 

2013; 149(1): 89-94. 1293 

[216] Huang S, Xu D, Jun C, Ye Z, Cheng X. Influence of water-cement ratio on the 1294 

properties of 2-2 cement based piezoelectric composite. Mater Lett 2007; 61(30): 5217-1295 

5219. 1296 

[217] Potong R, Rianyoi R, Ngamjarurojana A, Chaipanich A. Fabrication and 1297 

performance investigation of 2-2 connectivity lead-free barium zirconate titanate-1298 

Portland cement composites. Ceram Int 2014; 40(6): 8723-8728. 1299 

[218] Rianyoi R, Potong R, Ngamjarurojana A, Chaipanich A. Dielectric and 1300 

piezoelectric properties of 2-2 connectivity lead-free piezoelectric ceramic 1301 

Bi0.5Na0.5TiO3/Portland cement composites. Ceram Int 2018; 44: S220-S223. 1302 

[219] Xu D, Cheng X, Banerjee S, Wang L, Huang S. Dielectric, piezoelectric and 1303 

damping properties of novel 2-2 piezoelectric composites. Smart Mater Struct 2015; 1304 

24(2): 025003. 1305 

[220] Feng P, Cheng W, Wang T, Chen J. Study on mechanical-electrical response 1306 

characteristics of 2-2 cement-based piezoelectric composites. In: 14th Symposium on 1307 

Piezoelectrcity, Acoustic Waves and Device Applications (SPAWDA), IEEE, 2019. 1308 

[221] http://www.treehugger.com/cars/see-innowattech-collect-energy-from-the-road-1309 

in-action.html 1310 

[222] http://inhabitat.com/new-piezoelectric-railways-harvest-energy-from-passing-1311 



78 
 

trains/ 1312 

[223] http://newatlas.com/piezoelectric-road-harvests-traffic-energy-to-generate-1313 

electricity/10568/ 1314 

[224] http://www.greenprophet.com/2009/10/innowattech-israel-road-energy/ 1315 

[225] Han B, Ou J. Embedded piezoresistive cement-based stress/strain sensor. Sensors 1316 

Actuat A-Phys 2007; 138(2): 294-298. 1317 

[226] Han B, Guan X, Ou J. Electrode design, measuring method and data acquisition 1318 

system of carbon fiber cement paste piezoresistive sensors. Sensors Actuat A-Phys 1319 

2007; 135(2): 360-369. 1320 

[227] Han B, Yu X, Ou J. Self-Sensing Concrete in Smart Structures. Elsevier. 2014. 1321 

[228] Han B, Zhang L, Zhang C, Wang Y, Yu X, Ou, J. Reinforcement effect and 1322 

mechanism of carbon fibers to mechanical and electrically conductive properties of 1323 

cement-based materials. Constr Build Mater 2016; 125: 479-489. 1324 

[229] Han B, Yu X, Kwon E. A self-sensing carbon nanotube/cement composite for 1325 

traffic monitoring. Nanotechnology 2009; 20: 445501 1326 

[230] Han B, Ding S, Wang J, Ou J. Nano-Engineered Cementitious Composites: 1327 

Principles and Practices. Springer; 2019. 1328 

[231] Han B, Zhang L, Zeng S, Dong S, Yu X, Yang R, Ou J. Nano-core effect in nano-1329 

engineered cementitious composites. Compos Part A: Appl Sci Manuf 2017; 95: 100-1330 

109. 1331 


