RESEARCH AND APPLICATION
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Tém tat: Pin bé tdng dang la mot hudng ti€p can mdi trong
phét trién vat liéu xay dung da chiic ning, cho phép tich hgp kha
nang luu tr nang lugng truc ti€p vao cac cau kién céng trinh.
Nghién ctu nay téng hop va phan tich nguyén ly hoat déng ctia hé
pin bé tdng dua trén su két hgp gilia ca ché dién héa va tich dién
bé mat, déng thai lam rd vai trd cla cac yéu té vat liéu va cdu tric
dén hiéu suat luu trit. K&t qua cho thdy viéc st dung cac vat liéu dan
dién c6 thé cai thién dang ké tinh dan dién cla bé tdng, déng thoi
nang cao kha ndng tich trit ndng lugng & muic phu hop cho cac ting
dung phan tan. Trong dé, graphene thé hién uu thé nhd kha nang
hinh thanh mang dan dién hiéu qua véi ham lugng thap va gop
phan cai thién dac tinh co hoc clia vat liéu. Ngoai ra, nghién ctu
clng thdo luan kha nang ting dung trong ha tang dé thi va nhing
thach thuic can giai quyét dé trién khai thuc té.

Tu khéa: Pin bé tong; Luu trir nang lugng; Bé tdng dan dién;
Nano graphene; Ha tang dé thi thng minh

Abstract: Concrete batteries have recently emerged as a
promising approach in the development of multifunctional
construction materials, enabling energy storage to be integrated
directly into structural components. This study reviews and
analyzes the working principles of concrete-based energy storage
systems, which combine electrochemical reactions with surface
charge storage mechanisms. It also highlights the influence of
material composition and microstructural characteristics on overall
performance. The findings indicate that incorporating conductive
materials can significantly enhance the electrical properties of
concrete and improve its energy storage capability for distributed
applications. Among these materials, graphene demonstrates
notable advantages due to its ability to form efficient conductive
networks at low dosage while also contributing to improved
mechanical performance. In addition, the study discusses potential

applications in smart urban infrastructure and outlines key
challenges that must be addressed for practical implementation.
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1. INTRODUCTION

The increasing pressure on urban energy systems, together
with the widespread adoption of renewable energy technologies
such as solar and wind power, has intensified the demand for
alternative energy storage approaches [1]. Conventional storage
technologies, particularly lithium-ion batteries, provide relatively
high energy density; however, their application is still constrained
by high production costs, safety concerns, limited durability, and
difficulties associated with integration into building structures.

As a result, recent studies have focused on multifunctional
construction materials capable of performing both structural
and non-structural functions. Among these approaches,
conductive concrete has attracted attention due to its potential
to combine load-bearing performance with sensing, self-
repair, and energy storage capabilities [2]. In this context,
the concept of a “concrete battery” has emerged as a novel
strategy for embedding energy storage functions directly into
structural components, including walls, slabs, foundations, and
transportation infrastructure [3], [4].

Previous research has shown that the incorporation of
conductive fillers such as carbon black, carbon fibers, and
graphene can significantly improve the electrical behavior of
concrete and enable energy storage functionality [5], [6]. This
development creates opportunities for distributed energy
storage systems embedded within urban infrastructure.
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. RESEARCH AND APPLICATION

Potential applications include low-power urban systems
such as smart lighting, traffic monitoring sensors, loT networks,
and structural health monitoring devices. By integrating storage
capability into construction materials, concrete batteries may
reduce dependence on external power supplies while improving
the autonomy and sustainability of urban infrastructure systems.

For developing cities facing increasing energy demand
and sustainability challenges, concrete batteries could support
the development of integrated urban energy networks. When
combined with renewable energy systems, this technology
may contribute to future smart infrastructure in which buildings

function not only as energy consumers but also as energy storage
and distribution components (Figure 1).

Figure 1. Concrete battery-based energy system for smart
infrastructure

Despite the promising potential of concrete batteries, several
challenges remain before this technology can be widely implemented
in real construction applications. Key issues include storage efficiency,
long-term durability, material cost, and the development of appropriate
design standards. In this context, the incorporation of advanced
nanomaterials, particularly graphene, has attracted growing attention
due to its potential to enhance the electrical performance and overall
functionality of cement-based energy storage systems. This approach
may provide a new pathway for the development of construction
materials capable of simultaneously serving structural and energy-
related functions [7], [8].

2.RESEARCH METHODOLOGY

The studywas conducted usinga document-based review approach
to investigate previous studies related to concrete batteries and
electrically conductive cementitious materials. Scientific publications
from recentyears in the areas of construction materials, nanotechnology,
and energy storage were collected and analyzed. Through comparative
evaluation of these studies, the research identified major parameters
affecting the storage capability of concrete-based systems, including
conductive materials, internal microstructure, and mixture composition.
Based on the analyzed findings, the study further discusses the potential
application of graphene nanomaterials for enhancing the performance
of concrete energy storage systems.

3.WORKING PRINCIPLES OF CONCRETE BATTERIES

3.1. Energy Storage Mechanism

Concrete batteries can be considered a hybrid material system in
which energy storage capability is incorporated directly into structural
components (Figure 2). Unlike conventional battery systems that rely on
separated electrolytes, concrete-based systems utilize the pore solution
within the cement matrix as an ion transport medium, while conductive
phases dispersed throughout the material facilitate electron transfer [9].
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Figure 2. Schematic configuration of a concrete battery system

When the system operates, the potential difference between the
two electrodes drives electron flow through the external circuit, while
ions within the pore solution migrate to maintain charge balance.
Depending on the material configuration, energy may be stored
through electrochemical reactions or surface charge accumulation. In
general, energy storage in concrete batteries can occur through two
primary mechanisms.

The first mechanism is electrochemical storage (“battery-type
storage”), in which oxidation-reduction reactions take place at the
electrode surfaces. During operation, electron transport occurs through
the conductive network, while ionic movement within the cement
pore solution maintains electrical neutrality. This mechanism enables
the storage and release of energy through reversible electrochemical
processes.

The second mechanism is “capacitive storage’; which is commonly
associated with super-capacitor systems. In this case, energy is stored in
the form of electrical charges accumulated on the surface of conductive
materials. Owing to the large specific surface area of carbon-based
materials, particularly graphene (Figure 3), this mechanism provides
rapid charge-discharge capability and high cycling stability, making it
suitable for applications in smart urban infrastructure [10].

In practice, many concrete battery systems operate through a
hybrid mechanism that combines both electrochemical and capacitive
storage in order to improve overall performance.

Figure 3. Energy storage mechanism of a concrete battery

3.2. Structural Components and Material Functions

A typical concrete battery system consists of several main
components, as illustrated in Figure 4:

S lrh.lrdng:l i {ciachargang)

& g7 electron [Irong mach ngoal)
© = on (OH, Ca®*, Ma*, _)

Figure 4. Working principle of a concrete battery system
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- Concrete matrix: consisting of cement, water, and aggregates, which
provides both structural support and an electrolyte medium through the
pore solution containing ions such as Ca*",OH,and Na™.

- Conductive materials: including carbon black, carbon fibers, carbon
nanotubes (CNTs), and graphene, which are responsible for forming
conductive pathways for electron transport within the material.

- Electrodes: typically made of metals such as zinc, aluminum, or steel,
or carbon-based materials, where electrochemical reactions occur.

- External circuit: enabling electron flow between the two
electrodes (Figure 4).

The performance of the system strongly depends on the formation of
a continuous conductive network, commonly referred to as a“percolation
network,” within the concrete matrix [2]. Once the conductive material
content reaches a critical threshold, conductive particles become
interconnected, creating pathways for electron transport and significantly
improving the electrical conductivity of the material [11], [12].

4. RESULTS AND DISCUSSION

4.1. Factors Affecting Performance

A review of recent studies indicates that the performance of concrete
batteries is primarily governed by the electrical conductivity and energy
density of the material system, in which the type and dosage of conductive
additives play a critical role [3], [13]. Representative experimental results
are summarized in Table 1.

The results presented in Table 1 demonstrate significant differences
in performance among conductive materials, particularly between
conventional carbon-based materials and nanomaterials. Specifically, the
electrical conductivity of concrete can increase from approximately 107
S/m to 10° S/m, representing an improvement of nearly nine orders of
magnitude when advanced conductive materials are incorporated. At the
same time, energy density can increase from nearly zero to approximately
2-10Wh/m?in systems containing graphene-based nanomaterials.

Notably, conventional conductive fillers such as carbon black
generally require relatively high dosages (5-10%) to achieve the
percolation threshold [13], whereas graphene-based materials may
achieve comparable conductive performance at much lower contents of
approximately 0.05-0.5% [6], [16]. These findings suggest that graphene
not only improves the energy storage capability of concrete batteries
but may also contribute to enhanced mechanical performance of
cementitious materials [18].

Table 1. Comparison of conductive materials, performance, and
mixture compositions used in concrete batteries

E Mixture
. Electrical nergy | Composition
C(\):ﬂ::it;;’e Conductivity | Density ("I«’) by Characteristics R;zizz’l;ceh
(S/m) (Wh/m?) cement
weight)
Low cost, but requires [13]
Carbon black | 102 —10"" 0,1-1 5-10% high dosage to achieve [14]'
percolation
Improves both
Cflrbon 1021 052 0.5-2% mechanical propcr.tics [15]
fibers and electrical
conductivity
Carbon High pcrformancc‘ k?m
nanotube 10°-10* 1-5 0,1 - 1% associated with [2]
relatively high cost
Excellent electrical
Graphene 10" - 10° 2-10 0,05-0,5% | conductivity and [16]
effective at low dosage
Conventional 10— 10~ ~0 0% No energy storage 9]
concrete capability

These findings indicate that optimizing conductive materials,
particularly graphene-based nanomaterials, represents an effective
approach for improving the performance of concrete batteries. In
addition, recent application-oriented studies have demonstrated
the practical potential of implementing such materials in real
construction systems [17].

4.2, Discussion on the Potential Application of Graphene in
Concrete Batteries

Based on the performance analysis presented in Section 4.1, it
can be observed thatimproving the efficiency of concrete batteries
depends not only on increasing the amount of conductive additives
but also on the formation and connectivity of conductive networks
within the cement matrix. Owing to its nanoscale sheet-like
structure, graphene enables the development of highly efficient
conductive pathways with extensive contact areas between
material phases [6]. This characteristic enhances electron transport
while simultaneously facilitating surface charge accumulation,
thereby improving the overall energy storage performance of the
system.

Experimental studies have further shown that graphene
incorporation not only improves the electrical properties of
cement-based materials [19] but may also enhance mechanical
durability by limiting microcrack propagation within the cement
matrix [18]. This provides a significant advantage over conventional
conductive materials, which often reduce compressive strength
when used at high contents.

Nevertheless, several challenges remain for the practical
application of graphenein concrete batteries, particularly regarding
material dispersion within the cementitious environment and the
relatively high material cost. Consequently, current research efforts
mainly focus on improving dispersion techniques and combining
graphene with other conductive materials to achieve better
performance and economic feasibility [18], [19].

From a broader perspective, the incorporation of graphene-
based nanomaterials not only improves the mechanical properties
of cementitious materials but also contributes to the optimization
of conductive pathways within the concrete matrix. This creates
significant potential for the development of high-performance
concrete battery systems. Such an approach suggests a shift in
concrete battery design strategies, moving from simply increasing
the amount of conductive additives toward optimizing the
microstructural organization of the material system.

5. CONCLUSIONS

Concrete batteries represent an emerging research direction
in the field of multifunctional construction materials, with the
capability of integrating energy storage functions directly into
structural components. Based on the analysis of operating
mechanisms and performance-related factors, it can be observed
that the electrical conductivity and energy storage capacity of
the system are strongly dependent on the type and structural
characteristics of the conductive materials employed [3].

The reviewed studies indicate that conventional carbon-
based materials such as carbon black offer advantages in terms
of cost but are limited by the high dosage required to achieve
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conductive performance, which may negatively affect mechanical
properties. In contrast, graphene-based nanomaterials have
demonstrated significant potential due to their ability to
establish efficient conductive networks at relatively low
contents while simultaneously improving the microstructure
and durability of concrete. This enables enhanced energy
storage performance without compromising structural
requirements [14], [18].

Nevertheless, the application of graphene in concrete
batteries still faces several challenges, particularly regarding
material cost and dispersion techniques within cementitious
environments. Therefore, current research trends focus on
combining graphene with conventional conductive materials
to improve both performance and practical feasibility. In
recent years, graphene-based nanomaterials have also been
produced in Vietnam from recycled resources [20], [21],
providing more competitive production costs compared
with conventional manufacturing methods and creating
opportunities for future applications in concrete battery
systems.

In the future, concrete batteries may find potential
applications in small-scale distributed energy systems,
especially within smart urban infrastructure such as sensors,
public lighting, and structural health monitoring systems.
Further studies on mixture optimization, material technology,
and design standards will play a critical role in advancing this
technology from laboratory-scale research toward practical
implementation [5], [22]. With the support of graphene-
based nanomaterials, concrete batteries may contribute to
redefining the role of construction materials in urban energy
systems, transforming them from passive energy consumers
into active energy storage and distribution components.
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