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1 Introduction 

Concrete is the most widely used construction material accounting for approximately 
half of all human production throughout history [1]. The production of one ton of 
cement emits around 600 kg of CO2 [2]. With a global cement production estimate of 
4.2 billion tons, this results in about 2.5 billion tons of CO2 emissions [3]. This 
accounts for roughly 7.2% of the total global carbon emissions in 2021 [4]. Strategies 
to decrease carbon emissions in the cement and concrete industry include carbon 
capture and storage (CCS), reduced binders like ordinary Portland cement (OPC) 
clinker and optimizing material use through improved processes and structural 
design [5]. This also means changing architectural vision [6], avoiding concrete 
where its structural performance is not required and use alternative materials instead 
[7], and optimizing the communication among the entire production value chain 
[6, 8]. 
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Fig. 1 Possibilities to convert agricultural waste to different materials useful to produce 
eco-friendly concrete. (Adopted from Schmidt et al. [16]) 

While CCS technologies are not yet market-ready [5, 6], policies for materials 
saving and circular technologies also require time to implement. The most promising 
technologies currently are carbon-reduced concrete types that incorporate supple-
mentary cementitious materials (SCM) as clinker replacement. Since traditional 
SCMs like fly ash and ground granulated blast furnace slags become scarce and 
their sustainability questioned, new materials like limestone calcined clay com-
pounds [9] and bio-based reactive SCMs [10–13] are being explored as alternatives. 
While the feasibility of bio-based cementitious materials depends on regional spec-
ifications, supply chains, and infrastructures, it seems to be more promising in the 
global South and particularly Africa and South America as they are also more suited 
to reducing the carbon footprint during concrete production rather than cement 
production [12, 14, 15]. By utilizing agricultural waste materials through processes 
like hydrothermal treatment, pyrolysis, and ash processing, low carbon or even 
carbon negative SCMs can be derived, while in parallel generating water reducing 
agents, energy, and chemical pre-cursors [11] (Fig. 1). 

Biochar, which is the product of pyrolyzing process under limited oxygen supply, 
has shown promise in effectively capturing CO2 from the atmosphere [17]. This, 
however, requires the use of bio-based waste materials and not fresh biomass. The 
carbon sequestration capability of biochar is particularly critical in the context of 
global efforts to combat climate change and reduce atmospheric CO2 levels. Poten-
tial biomass for clean char production includes agricultural residues, wood waste, 
agri-food waste, manure, and municipal/industrial sludge. The generation of biomass 
waste, particularly from agriculture and forestry, is substantial, estimated at approx-
imately 140 gigatonnes per year globally. This significant amount of biomass waste 
not only contributes to greenhouse gas emissions if left untreated but also represents 
a considerable environmental pollution challenge [18]. However, when converted 
into biochar, which is considered as relatively inert, this biomass waste can serve as a 
valuable resource for CO2 sequestration.
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Research has indicated that converting agricultural waste into biochar could have 
a notable impact on reducing CO2 levels. The production of 373 million tons per 
year of biochar from agricultural waste could sequester around 500 million tons of 
CO2 annually. This amount of sequestration equates to roughly 1.5% of the global 
annual CO2 emissions, demonstrating the potential of biochar in contributing to 
global carbon mitigation efforts [19, 20]. The potential benefits of biochar extend 
beyond carbon sequestration. Utilizing different types of biomass waste for biochar 
production not only contributes to further reductions in carbon emissions but also 
supports the advancement of a circular economy. This is achieved through the 
development and application of biochar in new areas, such as the creation of 
innovative biochar-infused construction materials. These materials not only help in 
valorizing waste but also reduce the carbon footprint of the construction sector [21]. 

Additionally, integrating biochar into the construction industry could yield eco-
nomic advantages, particularly through mechanisms like carbon trading, thereby 
encouraging the construction sector to lower its CO2 emissions [22, 23]. According 
to the European Biochar Certificate, the conversion ratio of carbon to CO2 (where 
1 ton of biomass can capture up to 3.67 tons of CO2) illustrates the potential 
effectiveness of biochar in carbon sequestration. During pyrolysis, the percentage 
of carbon retained in biochar can vary widely, from a few to approximately 80%, 
dependent on the biomass’s chemical composition and the parameters of the pyrol-
ysis process [24, 25]. This variability underlines the importance of optimizing 
pyrolysis conditions to maximize the carbon sequestration capability of biochar, 
further contributing to the broader efforts of decarbonization and environmental 
sustainability. This paper presents a comprehensive evaluation of the optimal 
method for incorporating significant amounts of biochar into concrete mixtures, 
and examines its impact on CO2 sequestration, thereby contributing to the achieve-
ment of carbon neutrality in concrete production. 

2 Ways of Incorporating Biochar into Concrete 

2.1 Biochar as a Filler 

Integrating biochar as a filler in cement (i.e., during cement manufacturing) can lead 
to the development of a composite cement variant that diminishes the dependency on 
traditional OPC. This approach will contribute to a reduction in carbon emissions 
associated with the production processes of cement. The rationale behind this is: 
biochar, a carbon-rich product derived from the thermal decomposition of organic 
materials in an oxygen-limited environment, necessitates significantly lower energy 
inputs for its production compared to the energy-intensive processes required for 
manufacturing conventional OPC. In this scenario, biochar would play a role as a 
filler like limestone. Yet, without real contribution to the mechanical properties, the 
presence of biochar due to the initially embodied carbon would benefit in overall 
improvement of concrete sustainability.
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2.2 Biochar as Supplementary Cementitious Material (SCM) 

The utilization of biochar as a SCM for cement in concrete represents a significant 
advancement in sustainable construction methods. Biochar, which is derived from 
the pyrolysis of biomass, not only offers an environmentally friendly alternative to 
traditional cement but also acts as an effective carbon sink. As scientists continue to 
refine the composition of biochar and its distribution within the concrete mixture, the 
engineering community is actively exploring the optimal balance between biochar 
and other components of concrete. Yet, depending on the biochar properties, the 
maximum cement replacement by biochar without compromising mechanical prop-
erties is 5–10 vol.%. Yet, in this scenario, biochar could not be recognized as SCM, 
since it does not positively contribute to hydration process. 

2.3 Biochar as Concrete Aggregates 

Incorporating biochar as a substitute for traditional aggregates like sand and stones in 
concrete mixes is a viable option. The porous structure of biochar aids in lowering 
the density of concrete, resulting in a lighter and potentially better insulating 
material. In the world of concrete, where aggregates (fine and coarse aggregates) 
make up most of the concrete (i.e., about 70–85% of the components), biochar’s 
innovative integration as an aggregate substitute/replacement or lightweight aggre-
gate is a game-changer for sustainable construction. Replacing a part of aggregates 
with biochar can result in lower density and improved thermal-insulating properties. 
The lower density and higher porosity are advantageous for lightweight concrete 
applications. By replacing all normal lightweight aggregates with biochar aggre-
gates, a combination with high strength cement paste can create lightweight high-
performance concretes. 

It should be noted that the particle size of biochar can potentially impact the 
overall substitution potential of biochar in concrete. Since it affects surface area and 
porosity, changing workability and mechanical properties. Fine particles have a 
larger surface area and possibly can improve bonding with cement. However, they 
may increase water demand and be challenging to handle. Coarse particles can affect 
mix homogeneity and reduce certain properties. Optimizing biochar particle size is 
crucial for balancing carbon sequestration with structural performance and work-
ability. The subsequent section demonstrates and discusses the impact of biochar 
particle size on CO2 sequestration.
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3 Biochar Particle Size and Its Effect on CO2 Sequestration 

Due to its porous and weak structure, biochar does not contribute to strength; 
however, it has been shown that small amounts of biochar can increase the strength 
properties slightly [26]. It was found that the presence of biochar can have a micro-
filler effect [27]. Yet, the presence of biochar was observed to contribute to a 
refinement and better dispersion of the porous network of the cementitious matrix 
that leads to significantly reduced unwanted large diameter compaction pores [28– 
30]. 

A 15% substitution of cement with biochar can lead to a CO2 reduction similar to 
Limestone Calcined Clay Cement [31]. However, achieving a true net-zero status 
requires incorporating larger amounts of biochar, which includes the replacement of 
portions of sand and aggregates. To improve biochar utilization without significantly 
affecting concrete performance, a detailed examination of the interactions among 
cement paste, liquid phase, and biochar particles is necessary. Recent research has 
highlighted a significant interaction between porous biochar particles and cement 
paste. The degree of biochar particle pore filling, whether partial or complete, is 
influenced by factors such as the presence of superplasticizers, age, and biochar type 
[26]. This interaction is crucial for understanding the impact on the structural 
behavior of concrete, as filled pore channels exhibit different properties compared 
to unfilled ones, with filling degree dependent on biochar particle size. 

The filling of pore channels, coupled with potential changes in the interfacial 
transition zone (ITZ) and cement paste chemistry, has a notable impact on the 
structural behavior of concrete. Factors like pore diameter, influenced by biochar 
processing, and the rheology of the paste and aqueous phase determine whether 
biochar channels are filled with hydrates. The aqueous phase of cement paste, 
particularly in the presence of polymers, plays a key role in rheology [13, 26] and 
directly affects whether pores are filled with hydrates or left empty. Understanding 
these intricate relationships is essential for optimizing the incorporation of biochar 
into concrete systems. 

Depending on the biochar particle size, it can be added to concrete as a cement 
replacement, as fine aggregate replacement and as a coarse aggregate replacement 
(Fig. 2). It is believed that depending on the size of the biochar particles, the pore 
filling effect varies. The cement paste can easily access small biochar particles due to 
their huge surface area. However, as the size of the biochar particles increases, the 
filling effect decreases. If biochar with particle sizes similar to coarse concrete 
aggregate is used, the biochar content in the cement-based material would signifi-
cantly increase. In construction areas where high strength is not a requirement, 
biochar can compensate for reduced strength properties by providing additional 
values such as lightness, ion absorption, or enhanced physical properties. 

To demonstrate the replacement effect according to the biochar particle size, the 
negative and positive climate effects of the mixture constituents are projected. The 
CO2 impact is calculated according to embodied carbon (EC) criterions calculated in 
kgCO2/kg according to [32] (in Tables 1, 2, and 3). In an in-depth analysis
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Fig. 2 Schematic representation of biochar particles of different sizes, and pore-filling effect 
depending on size; (a) biochar as cement replacement; (b) biochar as fine aggregate replacement; 
(c) biochar as coarse aggregate replacement 

Table 1 Scenario A—embodied carbon of standard concrete mix design, no biochar is used 

Component GWP Density kg/m3 l/m3 kgCO2/kg 

Cement 0.83 3.1 350 113 290.5 

Biochar -2.5 1 0.0 

Water 0.13 1 200 200 26.0 

Aggregates 0.005 2.65 1821 687 9.1 

1000 325.6 

Table 2 Scenario B—embodied carbon of standard concrete mix design with 10 vol.% replace-
ment of cement by biochar with a specific gravity of 3.1 and 1.0, respectively 

Component GWP Density kg/m3 l/m3 kgCO2/kg 

Cement 0.83 3.1 315 102 261.5 

Biochar -2.5 1 11 11 -28.2 

Water 0.13 1 200 200 26.0 

Aggregates 0.005 2.65 1821 687 9.1 

1000 268.3 

Table 3 Scenario C—embodied carbon of standard concrete mix design with 20 vol.% replace-
ment of aggregates by biochar 

Component GWP Density kg/m3 l/m3 kgCO2/kg 

Cement 0.83 3.1 350 113 290.5 

Biochar -2.5 1 137 137 -343.5 

Water 0.13 1 200 200 26.0 

Aggregates 0.005 2.65 1457 550 7.3 

1000 -19.8



contrasting scenarios A and B, as delineated in Tables 1 and 2, an intriguing 
environmental benefit emerges when 10% of the cement volume is substituted 
with biochar. This substitution results in quantitatively 18% reduction in the carbon 
footprint, equating to 57.3 kg of CO2 per kg of concrete. This finding underscores the 
potential for biochar as an eco-friendly alternative in concrete production, contrib-
uting to a substantial decrease in the concrete’s overall carbon footprint. Despite the 
notable decrease in carbon emissions achieved through the initial substitution 
process, Scenario C, as detailed in Table 3 (i.e., substituting approx. 20% of the 
total aggregates with biochar), results in this scenario are particularly compelling, 
demonstrating that such a replacement strategy even make concrete not only carbon 
neutral but rather carbon negative. This denotes that the concrete’s manufacturing 
process, from production to usage, has a net carbon emission of zero, effectively 
balancing the amount of carbon released with the amount offset or sequestered. 
Consequently, this advancement would be a significant step forward in the quest for 
sustainable building materials, offering a tangible solution to the construction 
industry’s carbon emission challenges.
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At a cement volume, replacement of approximately 60% real net-zero concrete is 
possible, but it comes at the price of reduced mechanical strength. Utilizing biochar 
as a replacement for aggregates rather than directly substituting cement could 
potentially allow for greater biochar content without significantly impacting con-
crete’s binding properties. Nevertheless, an increased biochar amount necessitates a 
careful balance to maintain concrete’s strength and durability. Optimal concrete 
performance hinges on a meticulous mix design, considering aggregate types and 
size distribution, water–cement ratio, and other additives. Compliance with industry 
standards and conducting proper testing are imperative to ensure the concrete fulfills 
the required structural and safety specifications. The selection of an appropriate 
method for incorporating biochar depends on the specifications of the specific 
application, desired properties, and the use of the final product. 

4 Conclusions 

In summary, biochar can be incorporated in concrete right at cement production (i.e., 
as additive) or to production of the concrete materials as replacement for binder or 
powder components, or aggregates. The comparative analysis of the scenarios offers 
insights into the role of biochar in reducing the carbon footprint of concrete. By 
systematically replacing a portion of the cement and aggregates with biochar, the 
research reveals a scalable approach to achieving more sustainable construction 
practices. The embodiment of higher amount of biochar in concrete allows to 
make cement-based materials carbon neutral. Utilizing biochar as a replacement 
for aggregates rather than directly substituting cement can make concrete not only 
carbon neutral but even carbon negative, depending upon the replacement rate. 
These findings highlight the potential for considerable environmental benefits and 
pave the way for future studies on the application of biochar in the construction



industry, emphasizing the need for innovative materials that contribute to the 
mitigation of global climate change. 
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