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Abstract: The enhanced carbon footprint of the construction sector has created the need for CO,
emission control and mitigation. CO, emissions in the construction sector are influenced by a
variety of factors, including raw material preparation, cement production, and, most notably, the
construction process. Thus, using biobased constituents in cement could reduce CO, emissions.
However, biobased constituents can degrade and have a negative impact on cement performance.
Recently, carbonised biomass known as biochar has been found to be an effective partial replacement
for cement. Various studies have reported improved mechanical strength and thermal properties with
the inclusion of biochar in concrete. To comprehend the properties of biochar-added cementitious
materials, the properties of biochar and their effect on concrete need to be examined. This review
provides a critical examination of the mechanical and thermal properties of biochar and biochar-
added cementitious materials. The study also covers biochar’s life cycle assessment and economic
benefits. Overall, the purpose of this review article is to provide a means for researchers in the
relevant field to gain a deeper understanding of the innate properties of biochar imparted into
biochar-added cementitious materials for property enhancement and reduction of CO, emissions.

Keywords: biochar; concrete; mechanical properties; thermal properties; life cycle assessment

1. Introduction

Increased CO, emissions are one of the most serious threats to the environment in
recent times. CO; exists in nature, sustaining the carbon cycle between plants, animals,
soil, ocean, and atmosphere. There are natural sources of CO;; however, human activities,
especially starting from the industrial revolution, are the primary source of increased CO,
emissions. The rise of industrialisation drastically increased CO, emissions day by day. For
example, in 1755, the measured atmospheric CO, level was 280 ppm; in 2005, it increased
to 380 ppm [1]. In 2019, the concentration was 409.8 ppm [2], which was primarily due to
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energy generation. Human activities in energy generation for fuelling manufacturing indus-
tries have contributed significantly to this rise. Among various manufacturing processes,
construction-based industries have played a significant role in the global CO, emissions.
The process associated with the manufacturing of cement is energy intensive, emitting
high amounts of CO; [3,4]. According to reports, one tonne of CO; is released into the
atmosphere for every tonne of cement manufactured [5]. Cement manufacturing involves
several processes; the production, processing, and preparation phases alone account for 7%
of total global CO, emissions [6]. China is the world’s leading cement producer, accounting
for half of global cement production; it is no surprise that China reported 823 million metric
tonnes of CO; emissions in 2019 [7]. This increasing rate necessitates the development of
strategies to limit CO, emissions in the cement manufacturing industries.

Globally, research has been carried out to develop mitigation strategies to control
CO; emissions from the cement manufacturing sectors whilst retaining cement’s per-
formance. These strategies include changes in raw materials, new production equip-
ment, fuel alterations, etc. [8-12]. In this context, life cycle assessment [13-15] and the
effectiveness of alternative bio-based constituents in cement manufacturing were also
investigated [16-20]. Additionally, notable studies on the efficacy of waste [14,21-25] and
ash-based constituents [26-31] in cement have been reported. Although the addition of bio-
based constituents is cost effective, it reduces the cement’s performance [32]. A few studies
have found that the addition of biomass to cement causes its degradation due to the alkaline
nature of the cement material [33]. As a result, the durability of cementitious materials is
reduced. Furthermore, the presence of cellulosic materials delays cement hydration and
reduces the water permeability of concrete [34,35]. In ash-based constituents, the presence
of organic and inorganic impurities depletes the cement’s properties [36,37]. However,
converting these biobased constituents to biochar is an efficient method because biochar
is sustainable, eco-friendly, contributes to CO, reduction, and has excellent thermal and
mechanical properties [38]. Recent literature on biochar-added cement materials empha-
sises the role of biochar in governing the mechanical and thermal properties. However, the
improvement in thermal and mechanical properties is dependent on various factors such as
biochar content, biochar source, biochar preparation parameters, and biochar particle size.
All of these factors must be optimised in order to achieve better mechanical and thermal
properties. Recently, Malijaee et al. [39] in their review reported biochar’s effectiveness in
the cement material in terms of workability, hydration, mechanical, and transfer properties
of the cement material. In another review paper, Akinyemi and Adesina [40] emphasised
the importance of biochar addition in cement material, particularly for carbon sequestra-
tion. Despite the fact that there are a few review publications on the application of biochar
in cementitious materials, the mechanical and thermal properties have not been critically
studied. Therefore, a study that collates information regarding the inherent properties
of biochar/concrete, taking into account the LCA assessment and economic benefits is
much needed. This review sheds light on the research gap and can be used to gain a
better understanding of the science underlying the mechanical and thermal performance
of biochar-added cementitious materials.

2. Biochar

Organic substances from plant and animal wastes (biomass), especially forestry prod-
ucts, have been undervalued for decades. They were mostly used for fuel production by
direct combustion [41,42]. Technological advancement in this area influenced the burning
process, which led to the production of bio-derived fuels that could act as alternatives
to fossil fuels and a solid by-product. Biochar is the solid residue obtained from the
controlled thermal decomposition (pyrolysis) and gasification of biomass under limited
oxygen [43,44]. Notable control parameters are heating rate, temperature, feed rate, and
residence time [45]. Altering the aforementioned parameters and the choice and quality of
feedstock affect the structure, chemical composition, and yield of biochar obtained. Biochar
is black in colour, but it displays a brown colour when it is not concentrated, rich in carbon,
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has a large specific surface area, and has a porous structure. Aside from carbon, compounds
such as ash, nitrogen, oxygen, and sulphur have been identified in biochar [46]. Biochar
has been used as a filler in polymeric materials [47,48] for carbon sequestration [49], soil
remediation [50], energy storage and conversion purposes [51], etc.

2.1. Fire, Mechanical, and Thermal Properties of Biochar

The innate characteristics that facilitate the application of biochar as an admixture
in cementitious materials and a filler in composites are the thermal, mechanical, and fire
properties. However, there is a paucity of research on the properties of biochar for different
feedstock and varying pyrolysis parameters. The moisture content and volatile matter in
biochar after the pyrolysis process, which are dependent on the pyrolysis temperature, are
the determining factors of its combustibility [45]. Low-temperature biochars have high
levels of flammable volatiles [52]. The volatile matter is blocked in the pores of biochar at
low temperatures and serves as fuel, thereby increasing the combustibility of the biochar.
Increasing the pyrolysis temperature leads to thermal cracking of the biochar, which
releases the volatiles in the pores leaving only the carbon skeleton. This action reduces
the volatile matter in high-temperature biochars, making it fire resistant. Ronsse et al. [52]
investigated the effect of pyrolysis temperature on the volatile matter resident in pine
wood, wheat straw, green waste, and dry algae. The results from the study indicated that
volatile matter reduced with increasing temperature, as shown in Figure 1. From the figure,
it can be understood that the volatile matters are greatly reduced at high temperatures
(ca. 500 to 700 °C). Zhao et al. [53] made a similar observation when the volatiles in apple
tree feedstock reduced from 61% to 15% as the temperature increased from 300 to 600 °C.
Moreover, moisture content decreases with increasing temperature.
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Figure 1. Plot of volatile matter content against pyrolysis temperature for different biochar feed-
stocks [52].
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It has been proven by flammability assessments that biochar exhibits lower peak
heat release rate (PHRR), time to ignition (TTI), total heat release (THR), and total CO
produced, compared to their respective feedstock and conventional materials such as
polymers [54]. For instance, in the work of Liu et al. [55], the PHRR, TTI, and THR of
bamboo biochar pyrolysed at 300 °C for 2 h in the cone calorimeter at 35 kW m~2 were
55 kW m~2,60s,6.3M m 2, respectively, compared to 131 kW m~2,97s,27 MJ m2,
respectively, for bamboo.

The mechanical behaviour of biochar varies with pyrolysis temperature, residence
time, and feedstock. Kumar et al. [56] conducted a study to analyse the mechanical
behaviour of biochar produced from acacia and eucalyptus wood. The authors noticed
that the compressive and impact strengths of both materials decreased with temperature
up to 600 °C and then increased. However, eucalyptus biochar showed higher mechanical
properties, as compared to acacia. Additionally, the stiffness, hardness, and Young’s
modulus of biochar increases with pyrolysis temperature and residence time [53,57]. At
low temperatures and residence time, pyrolysis may be incomplete therefore the biochar
possesses a defective structure. However, at elevated temperatures and residence time,
the volatile products and functional groups reduce, and the total inorganic carbon content
increases. This tends to enhance the mechanical properties of high-temperature biochars.

The thermal characteristics of biochar differ by feedstock and pyrolysis conditions.
Biochar exhibits excellent thermal properties compared to the parent biomass. These were
the findings from the investigations of the thermal properties of pine wood, Chinese fir
wood, Chinese fir bark, bamboo leaves, bamboo sawdust, Miscanthus, pecan shells, and
rice straw-derived biochar in the work of Yang et al. [58]. The poor thermal properties
are partly due to the anisotropic nature and high density of the feedstock. The pyrolysis
process produces a porous structured char with low density, which decreases the thermal
conductivity of the resultant product. Although the thermal conductivity of biochar also
depends on the grain direction, an increase in the pyrolysis temperature up to about 700 °C
reduces the anisotropy especially for wood-based biochar [59]. This was demonstrated in
the work of Gupta et al. [60], where the thermal conductivities and specific heat of softwood,
softwood bark, and softwood char were estimated with a modified fitch apparatus and
a differential scanning calorimeter, respectively. The results showed that the thermal
conductivity of softwood was two times that of the softwood char, indicating the higher
thermal resistance of the biochar. Additionally, the thermal conductivity of wood in the
longitudinal direction, which ranged between 0.2 and 0.45 W/m K reduced to 0.08 W/m K
after converting it to biochar [61]. It was observed in the work of Dupont et al. [62] that the
specific heat capacity of biomass is higher than biochar, and it increases with increasing
temperature. In line with this observation, between the temperatures of 37 and 140 °C, the
specific heat capacities of softwood and its biochar increased from 1172 to 1726 J/kg K and
768 to 1506 ] /kg K, respectively. Additionally, Jiang et al. [63] confirmed that the coefficient
of thermal diffusion of biochar is lower than that of concrete; however, it increases with
increasing temperature. Due to the relatively lower thermal conductivity and thermal
diffusivity, as well as high thermal resistance, biochar could be considered a thermal
insulation material for regulating humidity in buildings.

2.2. Concrete Background

Concrete is a ubiquitous and versatile material. It is a major component of the con-
struction industry [64]. The utilisation of concrete for several types of structures has placed
a significant demand on the material, thus increasing its production rate. The global market
for concrete is estimated to increase by a 12% compound annual growth rate in 2021 with
expected growth to about USD 441.7 billion by 2023 [65]. Concrete is a composite material
which comprises cement, water, admixture, and aggregates in proportions suitable for the
intended purpose [66]. Cement is the main constituent of concrete that acts as a bonding
agent and hardener. Despite the usefulness of cement, the industry is one of the leading
contributors to CO; emissions. Admixtures including fly ash, steel fibre, etc. enhance
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the properties of concrete for improved performance, and aggregates including sand and
stones are used as fillers for retaining the strength of concrete [67].

Cement production contributes about 7% of the global CO, emissions. Interestingly,
out of the four main constituents of concrete, cement produces 90% of the emissions [66].
The production of a tonne of cement leads to the emission of a tonne of CO;. It is, therefore,
of utmost importance to supplement concrete with natural constituents in order to impart
sustainability. Lu et al. [68] studied the effect of fly ash on the compressive strength of
concrete. According to the study, the addition of 10% fly ash to concrete increased the com-
pressive strength, durability, and workability. However, any further increments reduced
the strength. Other natural constituents such as rice husk ash, hen egg shells, waste sludge,
waste glass, foundry waste, as well as waste tires and biochar, have been used as additives
in concrete to improve its insulation ability and strength [66]. Kriker et al. [69] stated
that the addition of biomass in its raw state to concrete had the tendency of minimising
the durability, hence promoting the use of biochar (pyrolysed biomass) as an effective
admixture in concrete.

3. Review of Biochar/Concrete Composites
3.1. Microstructure and Interfacial Bonding in Biochar/Cementitious Materials

Synthetic fibres in concrete is susceptible to wall effect (formation of a thin water film
between fibre and matrix interface), leading to reduced bonding. However, several surface
treatment methods, such as plasma treatment, acid treatment, and chemical treatment,
have been used to improve the interface by increasing the surface roughness of the fibre.
These methods were effective in improving bonding and concrete strength. However, the
introduction of functional components such as biochar can be an efficient method that can
reduce costs and time when compared to other treatment processes. The biochar particle
can absorb moisture, and its porous nature may be advantageous for matrix permeability,
resulting in increased strength in the concrete. In line with this, Gupta et al. [70] investigated
the effect of biochar coating on PP fibre reinforcement in concrete. The biochar used was
created by pyrolysing wood sawdust at a low temperature of 300 °C. There were two
types of biochar used: fresh biochar and CO, saturated biochar, both with a size of about
300 um. The fibres were coated by dipping them into a paste made of cement, biochar,
and water. The coating ratio followed was 1:3:1:2.5 (PP fibre, biochar, cement, and water,
respectively). In the single fibre pull-out test, the fresh biochar coated fibre had the highest
pull-out load of 14.65 N, which was 45% and 33% higher than the fibre without coating and
the fibre with CO, saturated biochar, respectively (both the coated fibres were cured for
28 days). These findings show that biochar, when used as a coating material, is an effective
material for improving the bonding of synthetic fibres with the concrete matrix. This
improved bonding could account for the fresh biochar coated PP fibre-reinforced concrete’s
higher flexural strength (ca.14 MPa after 28 days of curing) when compared to uncoated PP
fibre-reinforced concrete (ca.11 MPa after 28 days of curing). Another significant finding in
this investigation is the effect of curing on strength. When the curing period of the biochar
coated PP fibres added concrete was extended, the pull-out load increased. Figure 2 depicts
the variation in pull-out load as a function of curing. This increase could be due to a
decrease in moisture content during curing, however, the underlying mechanism was not
captured in the research with regard to the three different fibre-added concretes.

Gupta et al. [71] found that biochar-ereduce the formation of voids and porosity. These
were the main reasons for the development of seepage resistance in the biochar-based
bonding agent. The presence of a ridge-shaped surface, as well as the porous structure in
the biochar, was identified by the authors as the primary reason for the improved bonding
with the cementitious matrix. Figure 3a,b shows the porous and ridge surface in biochar.
The porous ridge surface of the biochar facilitates the infiltration of the cementitious matrix,
resulting in strong interfacial bonding.
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Figure 2. Peak pull-out load variation on biochar coated PP fibre-reinforced cement (data taken
from [70]).
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Figure 3. (a,b) porous and ridge surface in biochar [71]; (c) denser microstructure [72]; (d) biochar filling micro pores and
cracks [72].
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A stronger interfacial bonding and a more compact microstructure are illustrated in
Figure 3c. The denser microstructure is a result of the reaction between the magnesium
phosphate cement and biochar. According to Ahmad et al. [72], the biochar particles filled
the micropores and voids in the magnesium phosphate mortar, as seen in Figure 3d. In
this study, biochar was added at three different weight percentages (0.5%, 1.0%, and 1.5%)
and its compressive and flexural strength were measured. After 180 days of curing, the
biochar mortar with 1.5% biochar exhibited maximum compressive (102 MPa) and flexural
strength (ca.13 MPa). This was mainly due to the denser microstructure that resulted from
the 1.5% biochar addition. The denser microstructure created a surface with less voids and
pores, which enhanced the compressive strength.

According to Wang et al. [73], the addition of biochar particles increases hydration,
which leads to densification. Generally, hydration occurs in cement mixtures; the addition
of biochar improves the rate of hydration. In Figure 4, the hydration heat rate curve of
biochar-added cement was compared to that of regular cement. Based on the hydration rate,
the heat release rate of cement was divided into five stages: initial reaction period, induction
period, acceleration period, deceleration period, and slow reaction period. The effect of
biochar on the hydration rate can be clearly seen during the acceleration and deceleration
periods. It is important to note that the biochar had no effect on the hydration timing or
rate, but there was a slight increase (ca. 0.05 mW/g) in the heat release of cement, which can
be attributed to moisture control. This hydration mechanism is critical in the development
of the densified microstructure in the cementitious matrix and was well described in [74].
According to Gupta et al. [74], after adding biochar to the cementitious mixture, biochar
fills the micropores and voids between the cement and sand grains. Due to the presence of
hydroxyl functional groups, biochar attracts cement particles and forms a cluster around
them. Clustering results in nucleation, which improves hydration by attracting more
biochar particles. This causes hydration products to precipitate on the surfaces of the
biochar clusters. This mechanism is illustrated in Figure 4. As a result, biochar evolves
into an active filler material that increases densification in the cementitious matrix. This
demonstrates that biochar is an active filler material that promotes densification in the
cementitious matrix.

Cement particles Hydration around cement particles
and formation of metastable barrier

Hydration
(a)
Void
Hydration
(b)
Biochar particle
Biochar particle become nuclei for Hydrates formed
cluster formation with cement particles around clusters

Figure 4. Schematics showing hydration product formation in (a) cement-only system and (b) system
containing cement and biochar [74].
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The temperature at which the biochar is pyrolysed is also important in achieving
improved bonding between biochar and matrix. For instance, Wang et al. [75] created
biochar blocks produced at 500 °C and 700 °C. The biochar produced at 700 °C had larger
pores and higher specific surface area than the low-temperature biochar, which facilitates
increased bonding due to increased matrix infiltration. The removal of volatile matter in
the biochar resulted in the formation of larger pore sizes in the high-temperature biochar. It
should also be noted that the larger the pore size and specific surface area are, the greater the
moisture retention ability of the cementitious mortar is [76]. The water retention property
of biochar is beneficial in further enhancing the curing of the cementitious matrix. The
biochar releases the absorbed moisture, which initiates internal curing under a humidity
gradient, assisting in the restoration of moisture lost during internal or external drying.
This could reduce the risk of plastic, autogenous, and drying shrinkage in concrete as
well as improving the hydration and moisture balance within the cementitious matrix. In
line with this, Gupta and Kua [76] stated that biochar particles preserved more moisture,
which aided internal curing in the absence of external water. In this study, the authors used
pre-soaked biochar, which increased compressive strength by 40% and 30%, respectively,
as compared to neat mortar and un-soaked biochar-added mortar. The authors also found
that internal curing via biochar has a densifying effect on mortar paste.

The bonding characteristics can also vary depending on the feedstock material used
to make the biochar. For instance, Zeidabadi et al. [77] investigated the efficacy of two dif-
ferent biochars (rice husk biochar and bagasse biochar) produced at the same pyrolysis
temperature of 700 °C. The authors noted differences in the mechanical properties of two
different biochar-added concretes developed using the same process and weight percent-
age. The author concluded that this variation was caused by differences in the structural
properties of the biochar. When compared to rice husk biochar, bagasse biochar has a
larger specific surface area. The estimated specific surface area of the rice husk biochar
was 37.5 m? /g, and for the bagasse biochar, it was 52.3 m?/g. The higher specific sur-
face area of the bagasse biochar contributed to increased interfacial adhesion area and
mechanical strength. This study also demonstrated the efficacy of biomass treatment.
Before the pyrolysis process, the biomasses were treated with hydrochloric acid to remove
metal contaminants such as K*, Ca?*, and Mg?", as well as to change the physical and
chemical structure of the biomass. The mechanical strength of the treated and untreated
biochar concrete samples differed. For instance, the authors observed a 20% increase in
compressive strength in untreated rice husk biochar when compared to neat concrete, but
a 36% increase was observed between pre-treated rice husk biochar and neat concrete.
These noticeable disparities in properties emphasise the degree of variation caused by
the structural differences in the feedstock material. It is clear from this investigation that
the feedstock material used, and its properties have a significant influence on developing
bonding in the cementitious matrix. The proper mixing ratio of biochar cement mixture
should be maintained during processing, as this may affect the rheological properties of
the mixture, which directly contributes to poor bonding and lower strength.

3.2. Mechanical Properties of Biochar/Cementitious Materials
3.2.1. Compression Strength

The compressive strength of biochar-added cementitious materials varies according
to biochar type, content, and pyrolysing temperature. The trend in biochar addition
was uneven, which could be attributed to differences in biochar feedstock properties.
For instance, Akhtar and Sarmah [66] investigated the compressive strength of biochar
produced from three different feedstocks (poultry litter, rice husk, and pulp/paper mill
sludge). The poultry litter biochar was made at 450 °C, while the rice husk and pulp/paper
mill sludge biochar were made at 500 °C. Concrete blocks were created at 0.1%, 0.25%,
0.5%, 0.75%, and 1% biochar in relation to the total volume of concrete. Concretes that
had been cured for 7, 14, and 28 days were tested. Biochar-added concrete had lower
compressive strength than non-biochar-added concrete. The poultry litter biochar concrete
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cured after seven days had the lowest strength (ca.14 MPa), which was 41% lower than
the control cured after seven days. Increased curing time resulted in a significant increase
in strength. For example, an increase of approximately 31% was observed on pulp/paper
mill sludge biochar concrete cured after 28 days, compared to seven days. In this study,
lower strength was found in the concrete with less biochar addition. As a result, the author
advocated for a use of a higher percentage of biochar in concrete production. However, this
study used a biochar variation of 0.1, 0.25, 0.5, 0.75, and 1%. While this variation is minor,
the addition of higher concentrations of biochar could help elucidate the contradictions
of high biochar percentages in concrete. The findings from the investigation were also
supported by the observations of Cuthbertson et al. [78]. In this study, dry distiller grains
from the bio-ethanol industry were pyrolysed at 500 and 600 °C to produce biochar. The
compressive strength of biochar/concrete added at 1.2 and 3 wt.% by replacing sand and
aggregate was investigated in this study. The findings of this study showed no significant
trend, but a slight increase was observed after the addition of biochar. The addition of
3 wt.% biochar pyrolysed at 500 °C, demonstrated maximum strengths of 21 and 22 MPa
when sand and aggregate were replaced, respectively. In contrast to this investigation,
Ahmad et al. [79] found that adding less biochar to the bamboo biochar cement composite
increased compressive strength. Biochar/cement was created in three different biochar
content levels (0.05%, 0.08%, and 0.2%). It should be noted that in this study, biochar was
pyrolysed at 850 °C, then annealed at 850 °C with NaOH-treated biomass. Among all the
biochar/cement, 0.08% biochar/cement resulted in increased strength. The compressive
strength of composites containing 0.08 wt.% biochar/cement ranged between 85 MPa and
100 MPa. This maximum enhancement could be attributed to the treatment effect, which
removed the volatile matter and aided in the formation of larger pores in the biochar.
Additional annealing of the biochar could result in the formation of less amorphous and
more graphitised, carbonised bamboo particles. This study adds another dimension to the
investigation of the properties of biochar in influencing compressive strength. In a study
by Gupta et al. [71], 1 wt.% and 2 wt.% biochar addition was found to be the optimum for
increasing the compressive strength of cement mortar. When compared to non-biochar-
added mortar, a significant increase of 22% and 27% was observed on the biochar-added
(pyrolysed at 500 °C) mortar cured at seven days. Following that, biochar addition beyond
2% resulted in a reduction in strength.

Zeidabadi et al. [77] reported maximum strength on the 5 wt.% bagasse biochar-added
concretes. In contrast to the work of Zeidabadi et al. [77], Mrad and Chehab [80] observed
a decrease in compressive strength when high percentages of biochar were used (5, 10,
15, 25, and 40 wt.%). The authors noted a loss of 20-98% compressive strength in the
biochar mortar when compared to mortar without biochar. The author explained that this
decrease was due to biochar’s high water retention capacity. The water absorbed by the
biochar has an effect on the mortar properties, lowering the compressive strength. Based
on these findings, it is possible to conclude that the compressive strength of the concrete
varies with biochar feedstock, which influences the structure of the biochar. According
to Sirico et al. [81], the compressive strength will be greatly affected by the physical and
chemical properties of the feedstock material. By comparing the findings of these studies,
it is possible to conclude that the feedstock., pyrolysis temperature, properties of the
resultant biochar and particle size can significantly affect the compressive strength of
biochar cementitious materials, regardless of the biochar content.

Few researchers have investigated the synergistic effect of biochar with other concrete
constituents. Dixit et al. [82] developed ultra-high performance concrete using biochar as a
partial replacement material for quartz powder. The biochar used in this study was created
through the pyrolysis of saw dust (pyrolysis temperature 500 °C). Concrete samples were
made by incorporating biochar at 2% and 5% by weight of cement. Both the 2 wt.% and
5 wt.% additions of biochar had a negative effect on compression strength. After 28 days
of curing, the strength of the 2% and 5% biochar concrete was reduced by about 13% and
14%, respectively, when compared to the non-biochar-added concrete. This was due to
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the biochar’s poor properties in comparison to the other constituents (silica fume, silica
sand, and quartz powder) in the ultra-high-performance concrete. The biochar acted as a
weak zone in the cement matrix, resulting in low compression strength. The author, on
the other hand, suggested experimenting with different biochar feedstock to examine their
influence on strength. In another work, Mo et al. [83] investigated the synergetic impact
of biochar and MgO on the compressive strength of concrete. The biochar produced from
the pyrolysis of weed tree under 600 °C was used and added at 2 wt.%, whereas the MgO
was added at 4 and 8 wt.%. The addition of MgO showed a reduction in the strength, and
an increase in the MgO reduced the strength further. Nonetheless, the addition of biochar
to MgO increased the strength. After 98 days of curing, the addition of biochar and 8%
MgO to concrete increased the strength by 6% with respect to the reference concrete. This
increase was achieved as a result of the internal curing effect of biochar, which aided in
cement hydration.

Interestingly, Navaratnam et al. [84] tested the compressive strength of the biochar
mortar (28 days cured) after heating at three different temperatures (200 °C, 450 °C, and
700 °C). Figure 5 depicts the compressive strength variation of the concrete samples tested
at normal and elevated temperatures. Biochar mortar was created in three different biochar
proportions (5%, 10%, and 20% of cement weight). The compressive strength of the biochar
mortars at room temperature was 35, 39, 28, and 16 MPa for 0%, 5%, 10%, and 20% biochar
addition, respectively. When the mortars were tested at high temperatures, it lost strength.
When compared to the room temperature testing, a 20% biochar-added mortar showed
a 19% reduction in strength at 200 °C and a 75% reduction at 700 °C. This decrement
was caused by the development of internal and external microcracks as a result of the
degradation and damage of the calcium-silicate-hydrate (C-S-H) gel structure and calcium
hydroxide (CH) in the cementitious matrix, which led to dehydration. The graph shows that
the 5% biochar has a significant increase in strength and a reduction in residual compressive
strength at high temperatures. Thus, for high-temperature applications, concrete containing
5% biochar can be effective in both increasing strength and mitigating residual compressive
strength loss at high temperatures.

(@) (b)

MPa)

.

Il 5% Biochar concrete
I 10% Biochar concrete
Il 20% Biochar concrete

25

20

154

10

Residual compressive strength

0% 5% 10% 200 450
Biochar % Temperature (°C)

700

Figure 5. (a) Compressive strength at room temperature; (b) Residualresidual compressive strength at elevated temperature

(data were taken from ref. [84]).

Chin et al. [85] investigated the influence of activated biochar on the compressive
strength of concrete. The biochar was created by pyrolysing oil palm kernel shell at 500 °C
and then activating it with steam for 2 h at a flow rate of 150 cm®/min and a temperature
of 900 °C. After 28 days of curing, the activated biochar concrete reached a maximum
strength of 50 MPa. This result was similar to the findings of [86]. Wu et al. [86] used
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peach and apricot shells that were first heated at 200 °C for 1 h and then at 550 °C for 4 h.
The compressive strength of the peach shell and apricot shell biochar-added mortar was
compared to the compressive strength of the peach shell and apricot shell mortar. When
compared to fresh peach shell and apricot shell mortar, carbonised peach shell and apricot
shell mortar increased compressive strength by 53% and 33%, respectively. The strength
increase in both studies was caused by the formation of a rough surface in the activated
biochar, which supported the increase in interfacial strength. Based on the findings of these
studies, it is possible to conclude that activating biochar is another method of improving
bonding, which could lead to an increase in mechanical strength.

Praneeth et al. [87] explored the effect of replacing 10-40% of sand in concrete with
biochar derived from poultry litter on the compressive strength. The results indicated that
the compressive strength of the samples decreased drastically with the addition of biochar.
A 21% decrease was observed when 10% biochar was added. Between 10 and 30%, the
reduction was approximately 12%, and the lowest compressive strength recorded was with
40% biochar content. The reduction was due to the high-water retention capacity of biochar,
compared to cement and sand. The water fills almost all the pores of the biochar at lower
concentrations producing denser composites. However, at higher biochar proportions, the
volume occupied by the water molecules decreases, compared to the number of pores;
hence, the porosity of the biochar/concrete composite increases, resulting in a decrease in
the compressive strength. Similar observations were made by Gupta et al. [76]. Figure 6
is a matrix of the composite, showing high biochar content (a) and low biochar content
(b). (c) and (d) show the hydration mechanism in the pores of the biochar from (a) and
(b), respectively. Table 1 shows the maximum compressive strength of the biochar-made
cementitious material.

Biochar particle

Cement matrix

Hydration
products

Empty pores

Hydration

_
products

Empty pores

>
r

A

Figure 6. Hydration effect of biochar and concrete [87]. (a)—cement mortars with high biochar content, (b)—cement mortars

with high biochar content, (¢,d)—hydration products and empty pores available in each case representing volume of pores.
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Table 1. Compressive strength reported on different biochar/cementitious materials.

Construction
Material

Biochar Source

Bio Content
and Size

Pyrolysis Conditions

Compressive Strength (MPa)

1 Day Curing

3 Days Curing

7 Days Curing

14 Days Curing

28 Days Curing

30 Days Curing

Pyrolysis temperature is 500 °C at a

. 0, _ _ - * - * -
Cement Mortar Rice husk [88] 8% and 2-7 pm rate of 1°C/s 55 65
Ordinary Portland Poultry ltter [66] 0.1% Slow ‘pyrolys%s of 450 C‘and ~ B 21 % o7 33% ~
Cement residence time is 20 min
Ordinary Portland Pulp and Paper mill 0.1% Pyrolysis at 500 °C using _ B o7 31 % 36 * B
Cement biochar [66] e high-temperature gasifier
Ordinary Portland Rice husk [66] 0.1% Slow PyrolyS}s at 500 C‘and ~ B 26+ 30* 35+ ~
Cement residence time is 20 min
Pyrolysis at a temperature of 500 °C
Cement Mortar Mixed wood [89] 1% and 5-200 um and residence time is 45-60 min. - - 40 * - 58 * -
Heating rate is 10 °C/min
Pyrolysis at a temperature of 500 °C
Cement Mortar Food waste [89] 1% and 5-200 pum and residence time is 45-60 min. - - 36 * - 54 % -
Heating rate is 10 °C/min
Pyrolysis at a temperature of 500 °C
Cement Mortar Rice waste [89] 2% and 5-200 pm and residence time is 45-60 min. - - 36* - 45* -
Heating rate is 10 °C/min
o . Pyrolysis temperature is 500 °C and B B B 70.54 (Moist curing)
Cement Mortar Saw dust [90] 1% and 0.92-100 pm heating rate is 10 °C/min 40.97 66 (Air curing)
Magnesium . Pyrolysis temperature at 650 °C and . .
Phosphate Cement Wheat straw [72] 1.5% and 2.05 pm at a heating rate of 18 °C/min & ) ) ) ) %2
. Chemically treated, . . o
Ordinary Portland Pyrolysed, and annealed 0.08% and 1-2 pm Pyrolysis temperature 150850 Cand B } } ) g7+
Cement at a heating rate of 1 °C/min
bamboo [79]
. s o Pyrolysis temperature is 800 °C and B B R R B
Ordinary cement Shell fish biowaste [91] 0.1% at a heating rate of 5 °C/min 21.11
Cement mortar Mixed sawdust [76] 2 wt% and 5-500 um Pyrolysis between 300-500 °C and at - - 67 * 70 * 73* -

a heating rate of 10 °C/min

Pyrolysis temperature at 700 °C for

Pre-treated rice

Ordinary Portland Pre—tre_ated Bagasse and 5wt 2 frs residence time and at  heating ~ B B R husk-50 MPa ~
cement Rice husk [77] rate of 10 °C/min Pre-treated
aeeo Bagasse-55 MPa
4 wt% and Pyrolysis temperature is 550 °C and at ~ + B + . _
Cement and flyash Corn Stover [92] 4.65-144 um a heating rate of 15 °C/min 40 38
Pyrolysis temperature is between
Cement Mortar Wood chips [81] 1 wt% and 38 um 200 and 500 °C and gasification - 79 * - 90 * - -

temperature is 900 °C

*—Values with star are taken from the graph (rounded).
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3.2.2. Flexural Strength

Cosentino et al. [93] investigated the influence of the biochar process parameters
(production process, temperature, heating rate, pressure) on the tensile strength of the
biochar concrete composite. The softwood biochar was added at 0.8%, 1%, and 2% of the
weight of cement. The concrete (tested after 7 and 28 days) on the addition of biochar
showed enhancement in the flexural strength when compared to the reference concrete;
however, there was no significant difference in 0.8% and 1% addition. On 28 days of curing,
0.8% and 1% biochar concrete had the flexural strength of 2.48 and 2.49 MPa, and for
7 days of curing, it was 2.16 and 2.24 MPa, respectively. The authors reported that the
higher specific surface area of the biochar was the main reason for the increase in flexural
strength, which contributed to the enhanced interaction with the matrix. Restuccia and
Ferro [94,95] studied the flexural properties of hazelnut shell and coffee powder biochar
concrete. Pyrolysis was performed at 800 °C and added to the cement at 0.5, 0.8, and 1%
concentrations. Flexural strength for the hazelnut shell biochar concrete increased up to
0.8% biochar addition, and 1% biochar addition resulted in a slight decrease (on 7 days
curing). The flexural strength of the reference concrete was 2.12 MPa, which was increased
to 3.04 and 3.14 MPa with the addition of 0.5 and 0.8% hazelnut shell biochar. The 1%
biochar concrete had a strength of 2.73 MPa. Considering 7 days cured coffee powder
biochar-added to cement, the biochar concrete strength was 2.12, 3.72, 3.4, and 2.8 for 0, 0.5,
0.8, and 1% additions, respectively. The load vs. crack mouth opening displacement mode
(CMOD) graph is shown in Figure 7c. This graph shows that the biochar-added concrete
has a high peak load. It is understood that biochar is capable of altering the crack path.
This is attributed to the biochar’s strong interaction with cement, which aided the cement
material in developing crack resistance. Furthermore, the increase in fracture energy can
be explained by an increase in the toughness of the concrete. The addition of biochar
created impenetrable obstacles that caused the modification of crack trajectory, leading to
the increased fracture energy [93].

In another study, Restuccia and Ferro [95] found that using coarse-sized biochar
particles improves the flexural strength of composites. In this study, hazelnut shell biochar
with particle sizes of 140 pm was used, and concrete was developed at 0.5, 0.8, and 1%
concentrations. After seven days of curing, the maximum strength was recorded from the
0.5% concrete (3.34 MPa), which was 51% higher than the reference concrete. The flexural
strength of the 0.8% and 1% biochar concentrations were 2.72 and 2.65 MPa, respectively.
By comparing the results of the investigation to the results of other investigations in the
literature [96-98], the authors concluded that a coarser size of biochar at a lower percentage
is sufficient to achieve higher mechanical strength. Due to the low density of the biochar,
even at a lower percentage, the coarse-sized particles can fill the larger voids in the cement
mixture, potentially increasing the strength. This finding is supported by the investigation
of Ferro et al. [99]. This study used carbonised hemp hurds with an average particle size
of 14 pm. The effect of biochar on the flexural strength of composites was investigated at
four different proportions (i.e., 0.08, 0.20, 1.00, and 3.00 wt.% biochar in cement). When
0.08% biochar was added to the cement, the modulus of rupture increased by 7%. However,
decrement was observed at 0.20, 1.00, and 3.00 wt.%. The author also found that the
addition of biochar particles increased the flexural toughness of the cement. According
to the authors, the irregular-sized biochar particles had a significant impact on the crack
paths by increasing their tortuosity.

Falliano et al. [100]. compared the flexural strength and fracture energy of the biochar
concrete (foamed) composite with 2% and 4% of biochar and different curing mechanisms.
The air-cured sample with no biochar showed the highest flexural strengths. The addition of
2% of biochar to the sample somewhat maintained the flexural strength, and the increment
of the biochar content from 2% to 4% reduced the strength by 10%. No significant difference
was seen in the fracture energies between the control sample and the 4% biochar concrete
composite, although there was about a 50% reduction for the 2% biochar water-cured
sample. During the experiment, the samples were not perfectly aligned with the loading
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equipment. The reduction was, therefore, attributed to the sample orientation during the
test which led to premature damage of the samples. In addition, the inclusion of biochar
significantly reduced the compressive strength of the foamed concrete and worsened with
any further increment.

120
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Figure 7. (a—c) Load vs. crack mouth opening displacement mode (CMOD) graph for biochar cement composites. (OPC,
ordinary Portland cement; SWC, supplementary cementitious materials (biochar-added cementitious material); PY-HS-
pyrolysed hazelnut shells and PY-CP-pyrolysed coffee powder); Figure taken from Refs. [93,94].

Gupta et al. [90] also investigated the influence of the particle size of wood sawdust
biochar on the flexural strength of cement mortar. Coarse biochar particles (2 um-100 um)
and fine particles (0.1 pm-2 pm) at concentrations of 0.25%, 0.5%, 1%, and 2% were mixed
with cement and sand at a ratio of 1:2.5. 0.4 wt% of water was added to the mixture of
dry components to prepare the concrete. In the case of flexural strength, the addition of
0.25% of fine biochar particles caused a reduction; however, further biochar increments
to 1% resulted in a significant increase of up to 21%. The 2 wt% of both fine and coarse
biochar particles did not modify the flexural strength. It is worth noting that, based on
the particle size, type, and preparation of biochar, different concentrations are required
to optimise different mechanical properties. The concentration also affects the amount of
water needed to improve the performance of concrete. Table 2 shows the flexural strength
of the biochar-added cementitious materials.
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Table 2. Flexural strength reported on different biochar/cementitious materials.

Construction Material

Biochar Source

Flexural Strength (MPa)
Pyrolysis Conditions

Bio Content and Size

1 Day Curing 7 Days Curing 28 Days Curing 30 Days Curing 180 Days Curing
Ordinary Portland Poultry litter [66] 01% Slow .pyrolys%s at 450 °C and R B 5% B R
Cement residence time is 20 min
Ordinary Portland Pulp and Paper mill 0.19% Pyrolysis at 500 °C using B B 4 B ~
Cement biochar [66] e high-temperature gasifier
Ordinary Portland Rice husk [66] 0.1% Slow 'pyrolyS}s at 500 C'and ) : 5% } )
Cement residence time is 20 min
Pyrolysis at a temperature of 500 °C
Cement Mortar Mixed wood [89] 1% and 5-200 pm and residence time is 45-60 min. - 11* 13* - -
Heating rate is 10 °C/min
Pyrolysis at a temperature of 500 °C
Cement Mortar Food waste [89] 1% and 5-200 um and residence time is 45-60 min. - 10* 13* - -
Heating rate is 10 °C/min
Pyrolysis at a temperature of 500 °C
Cement Mortar Rice waste [89] 2% and 5-200 pum and residence time is 45-60 min. - 9* 11+ - -
Heating rate is 10 °C/min
o . Pyrolysis temperature is 500 °C and B B 11 (moist curing) B ~
Cement Mortar Sawdust [90] 1% and 0.92-100 um heating rate is 10 °C/min 10 (air curing)
Magnesium Phosphate o Pyrolysis temperature at 650 °C and B B . .
Cement Wheat straw [71] 1.5% and 2.05 um at a heating rate of 18 °C/min 10 12 13
Ordinary Portland Soft wood [92] 1% and <6 um Pyrolysis temperature at 680 °C and } 0% 2% } )
cement residence time is 12 min
. Chemically treated, . . .
Ordinary Portland Pyrolysed and annealed 0.08% and 1-2 pm Pyrolysis temperature 150850 C and ) } 4% } )
Cement at a heating rate of 1 °C/min
bamboo [78]
. . . o Pyrolysis temperature is 800 °C and
Ordinary cement Shellfish biowaste [92] 0.1% ata heating rate of 5 °C/min 2 - - - -
: o . Pyrolysis between 300-500 °C and at B B Moist curing-13 * B B
Cement mortar Mixed sawdust [75] 2 wt% and 5-500 um a heating rate of 10 °C/min Air curing-11*
Pyrolysis temperature is between 200
Cement Mortar Wood chips [80] 1 wt% and 38 um and 500 °C and gasification - 5* 6* - -

temperature is 900 °C

*—Values with star are taken from the graph (rounded).
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3.2.3. Tensile Strength

Portland cement-based concrete materials have good compressive strength, but their
tensile strength is very low due to their quasi-brittle nature. Cracks in the cement structure
may form as a result of factors such as stress concentration, drying, and shrinkage, which
may increase under loading [101]. As a result, microcracks may develop into macro cracks
or become connected to the adjacent microcracks, forming branches and resulting in failure.
Another important consideration is the brittleness of the concrete materials, which has
a direct impact on the tensile strength of the cement. According to various published
research work, the addition of micro reinforcements such as fibre reinforcements can
control crack growth in cement materials [102-108]. Biochar could be used as an efficient
particle reinforcement to increase the tensile strength of cement. There were only a few
articles in the research of cementitious materials that discussed the tensile properties.

Qin et al. [109] developed pervious concrete by incorporating 0 wt.%, 0.65 wt.%,
3.2 wt.%, 6.5 wt.%, 9.5 wt.%, and 13.5 wt.% pyrolysed biochar from eucalyptus plywood
boards. The splitting tensile strength of 0.65 wt.% biochar-added concrete was significantly
improved. When compared to the reference, the biochar-added concretes showed an
increasing trend in tensile strength; however, after 3.2% addition, a decrement was observed
on the 28-day cured biochar concrete, whereas for 7 days cured concrete, a decrement was
noted for 0.65 wt.% biochar addition. When compared to reference concrete, 0.65 wt.%
biochar-added concrete (7 days cured) showed a 23% increase in tensile strength, while
3.2 wt.% biochar-added concrete (28 days cured) exhibited a 24% increase. This increase
was caused by biochar’s physical and chemical interaction with cement and its aggregates.
The authors observed that the biochar concrete contained a high concentration of calcium
carbonate (CaCO3) and calcium hydroxide (Ca(OH);). This demonstrates the role of
biochar in cement hydration. The biochar accelerated cement hydration, resulting in the
formation of hydration products such as Ca(OH), and C-S-H. This was also attributed
to biochar’s larger specific surface area and smaller particle size. Due to the biochar’s
filler effect, the smaller size of biochar, compared to the other elements in cement, aided
in filling the pores. This resulted in improved load distribution thereby increasing the
strength. However, high percentages of biochar addition resulted in agglomeration and
reduced the strength. According to Gupta et al. [110], the inhomogeneity of biochar is
high, in comparison to the cementitious matrix, resulting in a weaker interface (Figure 8)
with the cementitious matrix. Furthermore, increased biochar content may result in the
formation of a weaker interfacial zone, resulting in lower tensile strength. However, an
investigation by Zeidabadi et al. [77] reported maximum tensile strength on the 5 wt.% and
10 wt.% (by mass of cement) biochar used as cement replacement in concretes. A maximum
increase of approximately 70% was observed for the 5 wt.% bagasse biochar. The increased
interfacial zone in the biochar was primarily responsible for the increased strength. In
this study, enhanced interfacial adhesion was achieved by pre-treatment of the biochar
feedstock. Pre-treatment was carried out by treating the biochar on 0.1N HCI solution.

Akhtar and Sarmah [111] investigated the effect of biochar on recycled aggregate
concrete. Rice husk biochar and poultry litter biochar were used in this study. Biochar was
added to cement in amounts of 0.1%, 0.25%, 0.5%, and 0.75% of the total volume of cement.
Both biochar-added concretes showed no increase in strength after 7, 14, and 28 days of
curing. When compared to the control, all of the samples showed 16% lower strength,
notably, 0.1% addition of poultry litter biochar showed an 8% reduction in strength. It
is worth noting that when the curing time was increased, all of the composites showed
increased strength. This finding implies that long-term curing is effective for recycled
aggregate concrete which may lead to increased strength. However, detailed critical
research in this area is required to justify this conclusion.
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Figure 8. Microcrack in the cement matrix interface zone [110].

3.3. Thermal Behaviour of Biochar/Cementitious Material

Concrete with no chemical agents releases few or no flammable volatiles; hence, it
does not necessarily contribute to fire hazards. However, exposing concrete to elevated
temperatures causes it to dehydrate [112], expand, crack, or break and lose its structural
integrity [113]. Concrete has a relatively low thermal conductivity that slows down any
reaction to fire and flames. High-temperature biochar is fire resistant and has high thermal
stability [54]. In this section, the changes observed in the thermal properties of concrete
with the addition of biochar are reviewed. Gupta et al. [114] subjected concrete and biochar-
added concrete to elevated temperatures (300 °C and 550 °C) in order to evaluate the effect
on mass loss, mechanical properties, and permeability. The feedstock for the preparation
of the biochar was mixed wood sawdust, and the concentrations were maintained at
0.5%, 1%, and 2% of the cement weight. It was observed that the mass loss rate of both
samples at 550 °C was higher than 300 °C. Dehydration and the decomposition of binder
gel, as well as calcium silicate hydrate, occur at 300 °C; hence, at this temperature, the
samples exhibited similar mass loss (3-3.2%). At 550 °C, the addition of biochar resulted
in a significant reduction in mass loss, compared to the reference concrete, and further
increments in biochar content enhanced the thermal stability. It was realised that increasing
the biochar content led to an increase in the number of pores in the mix, allowing the
release of built-up pressure at elevated temperatures. This, in turn, reduced the internal
damage and maintained the structural integrity. However, the plain concrete experienced
microcracking which caused spalling.

Cuthbertson et al. [115] analysed the thermal conductivity and thermal resistance
of biochar concrete with different loading amounts of biochar (1%, 5%, 10%, and 12%)
as replacements to aggregate and sand with varying cement/water (C-W) ratios. The
research showed that the sample having a 0.67 cement—water ratio, and 5% biochar/sand
replacement displayed the highest thermal conductivity and consequently the lowest
thermal resistance. A critical observation made in this analysis was that the samples
had low thermal conductivities at lower temperature ranges indicating a reduction in the
insulation capabilities of biochar concrete in colder regions. The thermal resistance and
conductivities of the samples used for the research are shown in Figure 9.
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Figure 9. Thermal conductivity of biochar added concrete [115].

Yang et al. [116] created a composite building material by combining red clay and
biochar. Although red clay is not a cementitious material, the effect of biochar on the
thermal property of a clay-type material can be understood. The biochar used in the study
was made from the pyrolysis of rice husk, coconut shell, and bamboo. Biochar was mixed
with the red clay in four different proportions (2.5, 5, 7.5, and 10 wt.%). Among the three
biochars used, rice husk biochar with red clay had the lowest conductivity, ranging from
0.123 W/m K to 0.184 W/m K. The 5% coconut shell biochar and red clay had the highest
thermal conductivity of 0.231 W/m K, which was 5% lower than the red clay without
any biochar (0.244 W/m K). The rice husk biochar-added red clay had the lowest thermal
conductivity due to the material’s voids and pores. However, in order to understand
the conductivity property in biochar-added building materials, the mixing ratio of the
biochar must be optimised. It is also critical to investigate the dynamic heat transfer in
biochar-added building materials. Biochar was found to have lower heat reactivity in a
dynamic heat transfer analysis [117]. This can be attributed to the biochar-added cement’s
lower thermal conductivity.

Similar to Yang et al. [116], Tan et al. [118] also reported the porosity of biochar
as the main reason for the reduced thermal conductivity in the biochar-added mortar
developed using waste wood as feedstock. Biochar was created using four different
pyrolysis temperatures: 400 °C, 500 °C, 600 °C, and 700 °C. The biochar-added mortar was
developed at five varying proportions (0, 1, 3, 5, and 10 wt.%) and added to the cement
before mixing with sand and water. The biochar addition reduced the thermal conductivity
of the mortar. For example, when compared to the reference mortar, the addition of 1,
3,5, and 10 wt% biochar pyrolysed at 400 °C reduced the thermal conductivity by 16%,
22%, 30%, and 39%, respectively. The author compared the thermal conductivity and
porosity results, interestingly both followed similar trends. It was determined that the high
porosity of biochar created by the release of volatiles was the principal cause of the reduced
thermal conductivity. Furthermore, increasing the biochar weight percentage decreased
the thermal conductivity in all cases. Considering the results of these two investigations,
it is possible to conclude that biochar can be an effective thermal insulation material for
cementitious applications.

Wu et al. [32] described the mechanism underlying the biochar-added concrete’s
thermal insulation using Figure 10, based on the experimental results. The highly porous
biochar in the concrete acts as a thermal insulator, preventing heat transfer within the
matrix. Normal biochar has poor interfacial adhesion with the cement matrix when
compared to heat-treated biochar. As a result, heat cannot pass through the poor interfacial
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region in normal biochar, resulting in lower thermal conductivity than heat-treated biochar.
However, in the heat-treated biochar, heat can be transferred via interfacial adhesion, thus
increasing the thermal conductivity. The absence of thermally insulating material (i.e.,
biochar) in the reference concrete caused direct heat transfer within the matrix, resulting
in increased thermal conductivity. Thus, the thermal diffusivity of the normal peach shell
and apricot shell biochar-added concrete was 0.40 and 0.34 x 10~® m?/s, respectively,
while it was 0.70 and 0.55 x 10-% m? /s for the heat-treated peach shell and apricot shell
biochar-added concrete [32]. Thus, it was understood that heat transfer in reference mortar
occurs through the matrix, the aggregate, and the interfacial zone, while heat transfer in
normal biochar-added concrete occurs only through the matrix. Additionally, heat transfer
in heat-treated biochar occurs through the matrix and the interfacial zone.

(a) Normal weight concrete

Thermal transfer of mortar,
aggregate and ITZ

. Thermal insulation of
bio-aggregate and ITZ

-, Thermal insulation of
bio-aggregate

Figure 10. Thermal insulation mechanism of bio-based concrete (ITZ = interfacial transition
zone) [32].

It has been quite clearly shown in this review that the addition of biochar to concrete
improves the thermal insulation property; however, further increments of the concentration
of biochar do not necessarily result in improved thermal properties. This phenomenon
could be attributed to the increased density in connection with the addition of biochar,
which reduces thermal resistance. Nevertheless, the utilisation of biochar/concrete can
significantly enhance the thermal properties of energy-efficient buildings.

4. Life Cycle Assessment (LCA) of Biochar/Concrete

Biochar has the capability for enhancing the mechanical properties of concrete and
decreasing the amount of cement, hence reducing the amount of CO, emitted in concrete
manufacturing. Due to this, it has a great potential of becoming the centrepiece of con-
struction. In order to commercialise the addition of biochar to concrete, it is imperative to
conduct a life cycle assessment (LCA) to avoid any possible implications on the environ-
ment. LCA is a method used to determine the effect of the stages of a product’s life, from
manufacturing to end of life, on the environment [119,120]. The LCA technique comprises
four key procedures, specifically cradle-to-gate, cradle-to-grave, cradle-to-cradle, and life
cycle energy analyses. The cradle-to-grave analysis assesses the life cycle of the product
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in its entirety. The cradle-to-gate analysis focuses on the extraction of raw materials to
processes occurring at the factory. The cradle-to-cradle analysis evaluates the recyclability
of the product and life cycle energy analysis deals with the energy required from manufac-
turing of a product to disposal [121,122]. The assessment of the environmental impacts of
biochar and concrete mixture using these techniques is discussed in this section.

The cradle-to-gate analytical method was used by Campos et al. [122] to assess the
impact of the raw material acquisition process, material processing, production, and
transportation of rice husk biochar/concrete materials on the environment. The loading
amounts of biochar ranged from 0 wt.% to 20 wt.% and the cement content was 0.19 kg to
0.15 kg. It was observed in the analysis that increasing the amount of biochar minimised
ozone depletion, toxicity (in air, water, soil), and hazardous waste and improved ozone
formation. The impacts on other categories such as global warming, acidification, terrestrial
and aquatic eutrophication were also significantly lowered. The authors proposed the use
of biochar as a replacement to fly ash due to excellent results from the study.

Gupta et al. [4] conducted an extensive study on the utilisation of biochar derived
from mixed wood sawdust as a carbon-capturing admixture in concrete. A section of the
biochar was saturated with CO, and added to the concrete. The effect of the saturated and
unsaturated biochar on the emission of greenhouse gases and global warming potential
was analysed in the study. The results showed that the application of biochar reduced
CO; emissions and lowered the release of methane, NOy, and SOy during production.
The net global warming potential for the concrete with no biochar was 7.8 kgCO;-eq,
while 6.65 kgCO,-eq and 6.63 kgCO,-eq were recorded for saturated and unsaturated
biochar/concrete mixes, respectively. These estimations affirm the ability of biochar to
reduce the environmental impacts of concrete. In another work, the same authors used
waste peanut shell biochar to improve the properties of cement mortar, as well as cement
and fly ash mortar. Substituting 3% of cement with biochar significantly reduced the CO,
emission [123]. Tommaso et al. [124] realised that adding 1% of biochar-based activated
carbon to high-performance concrete could reduce the CO, emission by 0.5 Gt. In addition,
Suarez et al. [125] stated that the replacement of 2% of cement with biocharina 1 m3 cement
paste production leads to a reduction of 67 kg of atmospheric CO2. Activated charcoals
and carbons are effective industrial adsorbents, and the incorporation of such materials in
fresh concrete resulted in increased NO, absorption by the hardened product [126-128].
In this manner, it is anticipated that the addition of biochar to cement could contribute
to the absorption of NOy, thereby greatly reducing the environmental impact; however,
research in this area is limited. The LCA analysis reviewed proves that the inclusion
of biochar in concrete presents an environmentally safe alternative in the construction
industry; therefore, its implementation will alleviate the global warming issues at hand.

5. Economic Benefits

The cost of biochar is dependent on the type, quality of feedstock, and production
scale. Huang et al. [129] conducted an economic analysis on the production of biochar
from poultry litter waste. The authors found out that the cost of producing a tonne of
poultry litter biochar is USD 266. Incorporating the sale of electricity and heat further
reduced the cost to USD 217. However, the market price of biochar is USD 184 per tonne.
Shackley et al. [130] went a step further to add the transportation and application costs
of biochar. It was realised that the price per tonne ranged from USD 222 to USD 584,
depending on the pyrolysis scale and the quantity of feedstock consumed.

Akhtar et al. [66] mixed concrete with biochar content equivalent to a range of 0.1-1%
of the total volume of concrete. The feedstocks for the experiments were rice husk (RH),
pulp and paper mill, and poultry litter. The authors analysed the production cost of
medium-scale biochar concrete and compared it to that of conventional concrete. A cost re-
duction of about USD1 for every 0.25% increment was noted. Hence, increasing the content
of biochar decreased the production cost. However, the reduction was insignificant due to
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the addition of small amounts of biochar. The authors suggested that the commercialisation
of biochar concrete with large-scale production could yield significant economic gains.

6. Fire Properties

Studies on the fire performance of concrete have shown that, compared to building
materials such as steel and wool, concrete demonstrates the best fire resistance [131]. The
addition of reinforcements further increases the thermal stability of the concrete. However,
according to previous research, the size and form of the reinforcements may not have a
significant influence on thermal stability [132]. In addition, reinforced concrete exhibits an
increase in strength to a certain temperature of ca. 450 °C and decreases as the temperature
is elevated beyond 600 °C [133]. There is a dearth of studies regarding the fire behaviour
of concrete structures that have biochar. Due to the strong C—C covalent bonds in biochar
that are produced at high temperatures (ca. > 700 °C), it is envisaged that their addition to
concrete can be beneficial. Fire damage in concrete mainly occurs through two mechanisms.
Firstly, when the temperature rises slowly, the moisture present in the concrete pores
moves away from the hot face of the structure leading to dehydration of the concrete
paste. This compromises the bond between the paste and the aggregate, adversely affecting
the structural integrity as the layers fall off. Secondly, as the temperature rises fast, the
moisture rapidly expands instead of travelling away from the heat source, leading to a
pressure increase. The high pressure creates stress that supersedes the tensile strength
of the concrete structure resulting in violent spalling. To mitigate these issues, biochar
can be used to either replace some of the aggregate or the cement. This forms a platform
for future research into this area. Rendering concrete structures fire resistant, mainly in
mines and tunnels, is of utmost importance to safeguard the lives of humans and reduce
the destruction of properties. Additionally, low-carbon emission materials are gaining
attention [134,135] as a means to reduce greenhouse gas emissions from the manufacturing
of construction materials. Hence, increasing the sustainability of construction structures
using bio-based resources (e.g., biochar) is paramount to ensure a sustainable future [136].

7. Conclusions

This review provides information about the thermal and mechanical properties of
biochar and biochar-added cementitious materials. In comparison to ash and other bio-
based constituents, biochar has a high potential as an additive material in cement. Most
importantly, converting biomass to biochar would aid in carbon sequestration and lowering
the possibility of greenhouse gas emissions. The inclusion of a small amount of biochar
in cement is expected to result in a greater reduction in greenhouse gas emissions. No
significant reduction in the production cost of biochar-added concrete was observed in
small-scale productions; however, it is anticipated that large-scale manufacturing could
yield some economic benefits.

It is worth noting that biochar produced at high temperatures has a high heat resistance
due to C-C covalent bonding. This helps to improve flammability resistance because, at
high-temperature pyrolysis, the volatiles evolve, leaving only the crosslinked carbon
skeleton. The porous nature of the biochar is extremely beneficial in terms of improving
mechanical interlocking with the cement matrix as well as lowering thermal conductivity.
It is clear that inherent biochar properties are critical in the development of biochar-added
cementitious materials. Similar pyrolysis conditions cannot be expected to provide the
same properties in biochar because it is highly dependent on the type of feedstock material.
This led to the conclusion that the property of the biochar-added cement is a factor of
biochar properties and the biochar feedstock material.

It was realised in the study that the variation in mechanical and thermal characteristics
of biochar concrete depended on the biochar loading amount. The percentage of biochar
loaded depends on the feedstock type and particle size. In this case, more research and
optimised conditions are required for improvement. However, coarse-sized particles at a
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lower content are recommended, as the particles fill the larger voids in the concrete mixture,
thereby increasing the strength.

Most of the studies conducted regarding the use of biochar in concrete used very
low loading amounts. In order to contribute to sustainability and reduce carbon footprint,
higher biochar content should be used. However, there is a dearth of studies that applied
high amounts of biochar in concrete, thus opening up new avenues for future research.
Despite the documented positive effect of biochar in concrete, industries have not yet
adopted it as an additive. This is because of the lack of knowledge regarding the potential
of biochar, which can be ameliorated through the dissipation of this article. People in
concrete industries might still think that biochar is mainly for soil-based applications and
this dated notion must be updated through research outcomes and effective dispersion of
those results in the public domain to overcome the market entry barriers. Nevertheless,
it is to be kept in mind that biochar addition in concrete can have some unintended
consequences. Biochar (or other porous carbons) with a high surface area has the ability to
absorb or retain water. Hence, on the one hand, this very ability will aid in the hydration of
cement but on the other hand, as shown by Horgnies et al. [126], this might affect the water—
cement ratio, thereby lowering its workability, although not significantly. Additionally,
the efficacy of chemical admixtures might alter in a biochar/concrete system because they
might be adsorbed inside the pores of the biochar. This warrants future studies to observe
if the efficacy of chemical admixtures reduces in the presence of biochar.
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