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Standfirst: Construction sector is one of the largest contributors of global carbon emissions. To
achieve carbon neutrality, it is urgent to promote the low-carbon transformation of the construction
sector. Biochar is a typical carbon-negative material that can be used as a supplementary
cementitious material or aggregate to reduce the carbon footprint of construction materials and
promote cement hydration through the internal curing effect and filler effect. Biochar with a porous
structure can promote the diffusion of carbon dioxide (CO2) in concrete and improve carbonation
efficiency. Moreover, the porous structure and high conductivity of biochar can make construction
materials have special functions including thermal insulation, noise reduction and electromagnetic
shielding. Therefore, recycling biochar into concrete is a promising approach to reduce the carbon
footprint and enhance the performance of construction materials.
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1. Urgency of Reducing Carbon Emission in the
Construction Sector

With the growth of the global population and the
acceleration of industrialization, global CO2 emissions have
reached alarming levels (approaching 40 billion tons annually)
[1], triggering climate crisis. The construction sector,
responsible for approximately 21% of global carbon emissions,
is a significant contributor [2]. To address this challenge,
many countries have taken measures aligned with the Paris
Agreement to promote low-carbon transformation in the
construction sector. For example, the European Union’s
Directive on the Energy Performance of Buildings mandated
substantial energy efficiency improvements and zero-carbon
standards for new constructions by 2030 [3]. Similarly,
China’s 14th Five-Year Plan emphasized green building
standards and construction practices [4]. Therefore, it is urgent
to promote low-carbon transformation of the construction
sector and take effective carbon emission reduction measures.

The Global Building Climate Tracker (GBCT) is a UN
Environment Programme tool to assess progress in
decarbonizing the construction sector. The 2022 GBCT results
showed that the current status was equivalent to 40
decarbonization points away from the required
decarbonization path, among which there was a lack of
significant progress in the decarbonization of construction
materials [5]. Carbon emissions from construction materials
accounted for approximately 40% of total emissions from the
construction sector [2]. The development and application of
lower-carbon and greener construction materials could
significantly reduce carbon emissions in the construction
sector. In recent years, utilizing bulk industrial solid wastes to
develop low-carbon cementitious materials and reduce the use
of cement clinker have become important measures to reduce
carbon emissions from construction materials [6].
Furthermore, researchers used carbon-negative materials such
as biochar as a supplementary cementitious material or
aggregate to develop lower-carbon or even carbon-negative
construction materials.

2. Using Biochar to Reduce Carbon Emissions from
Construction Materials

Biochar is produced through the thermochemical
conversion of various biomass sources, including agricultural
residues, forestry waste, livestock manure, and municipal
sludge, under anaerobic or oxygen-limited conditions [6]. And
it features a highly porous structure, extensive surface area,
and diverse surface functional groups, making it suitable for

applications such as soil remediation and catalytic reactions
[7]. In addition, it was found that biochar was a typical
carbon-negative material through life cycle analysis, with a
carbon footprint of −2.0 ~ −3.3 tone CO2-equivalent per ton
[8]. Biomass immobilizes atmospheric CO2 through
photosynthesis, which is subsequently sequestered in biochar
during thermochemical conversion. The process also
generates bio-oil and bio-gas, which can be utilized as fuels to
achieve self-sustaining energy cycles, further minimizing
energy consumption and emissions. Moreover, carbon in
biochar remains stable for significantly longer periods than its
biomass precursor, amplifying its carbon sequestration
capacity [9].

Fine-grained biochar could serve as a supplementary
cementitious material, while coarse-grained biochar could
replace traditional aggregates in concrete. These applications
significantly reduced construction materials’ carbon footprint
while improving mechanical properties through internal
curing and filler effects [10]. The porous structure of biochar
can temporarily retain water. When biochar is added to
cement-based materials, moisture is gradually released due to
osmotic pressure, restoring part of the moisture lost due to
internal or external drying to improve the hydration reaction
of cement. Additionally, the biochar with a large specific
surface area can provide nucleation sites for heterogeneous
nucleation of cement hydration products, further enhancing
mechanical performance. A recent study showcased that
climate-positive biochar was a carbon-negative additive for
decreasing the carbon footprint of 3D printable concrete,
while enhancing its performance [11].

In the natural environment, cement-based materials can
absorb CO2 from the surroundings through a process known
as carbonation. CO2 diffused into the pore solution of concrete
and then reacted with calcium hydroxide and hydration
products, resulting in the formation of stable calcium
carbonate precipitation [12]. However, the carbonation
reaction between CO2 and cement-based materials was a
diffusion-controlled process. Continuous carbonation led to
the formation of a dense carbonate film within the cement
clinker, impeding further diffusion of CO2 and carbonation
reactions. Biochar’s porous structure mitigated this issue by
promoting CO2 diffusion and improving carbonation
efficiency [13]. Moreover, the resulting carbonates fill biochar
pores, strengthening the interfacial bonding between biochar
and the cement matrix. Additionally, the high specific surface
area of biochar and its affinity for non-polar compounds
enabled it to adsorb and store CO2 within the concrete [7].
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3. Prospects of Biochar-based Construction Materials

Although the addition of biochar could significantly
reduce carbon emissions, the high-dose incorporation of
biochar caused a significant decrease in the mechanical
properties of construction materials [14,15]. Qing et al. [16]
found that with the increase in corn stalk biochar content from
1 wt.% to 15 wt.%, the compressive strength of
biochar-modified concrete showed a trend of first increasing
and then decreasing. Small-dose incorporation of biochar
could fill the pores and make the specimen denser due to the
filler effect. However, when the biochar content was too high
(>5 wt.%), the density of the construction material was
significantly reduced due to biochar’s high porosity and
brittleness [10]. In addition, high-dose incorporation of
biochar would weaken the boning with the cement matrix and
cause a large number of pores and defects in the interface
transition zone (ITZ), affecting the development of the
mechanical properties [17]. Therefore, how to increase the
proportion of biochar in construction materials to further
reduce carbon emissions while ensuring that the mechanical
properties meet application requirements is an urgent
challenge. Recently, studies showed that the mechanical
properties of construction materials could be improved by
loading calcium on the biochar surface to react with the
cement matrix. Xu et al. [18] used shell waste to modify wood
biochar via ball milling to enhance the compatibility of
biochar with cement and found that the compressive strength
of cement-based composites with 30 wt.% of the modified
biochar incorporation increased by 58.2%. Additionally, Chen
et al. [19] found that the accelerated carbonation curing could
form a hard calcium carbonate "shell" on the surface of
biochar and make ITZ denser, thereby enhancing the
mechanical strength. Future research should focus on
enhancing the durability and service life of cement-based
composites with large-dose incorporation of biochar [10,20].

On the other hand, the porous structure, large specific
surface area and high conductivity of biochar could be used to
develop construction materials with special functions
including thermal insulation, noise reduction, and
electromagnetic shielding [6,21]. The introduction of 6wt%
sugarcane biochar resulted in a 45% reduction in the thermal
conductivity of the specimens [22]. When porous biochar was
evenly distributed in concrete, the pores in the biochar would
destroy the thermal bridge and induce the dispersed
propagation of heat, enhancing the thermal insulation capacity
[23]. At the same time, biochar could create an interconnected
pore network in construction materials. When sound waves

entered these pores, they would continue to refract and
eventually dissipate into heat energy, thereby enhancing sound
absorption and noise reduction capabilities [24]. In addition,
researchers found that incorporating biochar into
cement-based materials could also provide electromagnetic
shielding effects, especially in the micro-range [25]. The
electromagnetic shielding performance may be related to the
crystallization produced during the pyrolysis process of
biochar, the dissipation of surface currents, and polarization in
an electric field [6,26]. However, the above explanations for
the special functionalities of biochar-based construction
materials are mostly based on empirical speculation and need
further in-depth research. Furthermore, the special
functionalities of biochar-based composites also need to be
developed to enhance the market competitiveness of
biochar-based construction materials.
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