Biochar concrete: a new technique for carbon sequestration
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Highlights
(1) Biochar can be used to replace cement to make the biochar concrete;
(2) The strength and durability of the biochar concrete increased with biochar replacement;
(3) The biochar concrete will sequestrate 1.06×1012 kg CO2 every year;
(4) The application of the biochar concrete can save energy.

ABSTRACT
Carbon sequestration, including geological, oceanic, and terrestrial ecosystem
sequestrations, plays an important role in mitigating global warming. However, the
applications of geological and oceanic sequestrations are limited owing to high costs and
technique complexity. In this study, a new sequestration technique—biochar concrete—was
developed. Nine different percentages (0%–30%) of biochar were used to replace cement in
concrete production, and the performance and carbon sequestration of the resulting concrete
were investigated. The results show that the compressive strength of the biochar concrete
increased with increasing biochar amounts of 0%–5%. The strength of the biochar concrete
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meets the national standard for replaced cement amounts of 5%–30%. Further, the durability
of the biochar concrete increased with increasing biochar amounts of 0%–25%. The porosity
and water absorption of the biochar concrete exhibited a slight increase, whereas the slump
experienced a slight decrease with increasing biochar amount. If biochar concrete is applied to
new buildings and in the renovation of existing buildings in China, the biochar made from
organic wastes, that will quickly decompose and discharge 1.06×1012 kg CO2, will be
permanently sequestrated in concrete, which is equivalent to 1.5% of a standard forest area.
Moreover, biochar applied to concrete can also decrease the consumption of cement; hence,
saving energy and reducing the discharge of CO2 in cement production.
KEYWORDS: Carbon sequestration, Biochar concrete, Ecological function
1 Introduction
Climate warming is caused by increasing emissions of anthropogenic greenhouse gases
(GHG). The major anthropogenic GHG (CO2) is believed to account for approximately 1/3 of
the total GHG amount (D’Alessandro et al., 2010; Huaman et al., 2014; Edenhofer et al.,
2015). If effective measures are not taken to reduce carbon dioxide emissions, the GHG
concentration will exceed 450 ppm by 2030 and reach a high level between 750 ppm and
1300 ppm by 2100 (Edenhofer et al., 2015). This will result in destructive environmental
changes to various ecosystems on Earth. Therefore, the effective mitigation of CO2 emission
with innovative techniques and strategies for carbon sequestration are urgently required
(Leung et al., 2014). Techniques for carbon sequestration primarily include geological,
oceanic, and terrestrial ecosystem sequestrations (Lal,2005). Geological sequestration is
realized via CO2 injection from the surface of the Earth into saline aquifers for permanent
sequestration or into the goaf of coal mines and oil–gas layers to discharge coalbed methane

and oil–gas mixtures for industrial use and simultaneously sequestrate CO2 (Nguyen, 2007).
However, these techniques require high costs, and CO2 can leak back into the atmosphere.
Moreover, the CO2 sequestered in deep saline aquifers can leak and result in the pollution of
underground drinking water (Zheng and Spycher, 2017). Injecting CO2 into the deep ocean
via pipelines or ships is called “oceanic sequestration”: CO2 is rapidly dissolved into a water
column through a diffuser or the carbon sequestration occurs in the form of a carbon “lake”
(Benson and Orr, 2008). However, costs and leakage remain big concerns. A CO2 leak can
affect marine systems and marine organisms negatively (Ardelan et al., 2009). Terrestrial
ecosystem sequestration is an environmentally friendly storage method. The transfer and
storage of atmospheric CO2 in forests and soil via plant photosynthesis is called “ecological
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carbon sequestration” (Schroeder and Winjum, 1995; Lal, 2007; Zhang et al., 2007). At
present, the ecological storage of carbon mainly depends on the ecological restoration of
degraded ecosystems, which absorb and fix CO2 (Watson et al., 2000). Similarly to fertilizers,
biochar can be applied to croplands, which offer a large and long-term carbon sink and realize
therefore terrestrial ecosystem sequestration (Qambrani, 2017). Biochar is a carbon-rich
product that occurs when biomass is heated in a closed container with little or no available air
(Ahmad et al., 2014). The application of biochar to croplands can sequestrate carbon in
various organic matters that will decompose quickly to release CO2. Consequently, the
method has been proposed to mitigate climate changes (Ahmad et al., 204; Lehmann et al.,
2008). However, biochar is limited in field applications (the maximal usage is generally
15,000 kg ha-1) because excessive application increases the leaching loss of nutrients and
influences tillage (Lehmann et al., 2008). Moreover, certain biochar types made from city
sludge and solid waste are unsuitable for applications on cropland because they contain heavy
metals. Therefore, a new technique for carbon storage with low cost, long storage time,
convenient engineering implementation, and large storage capacity is essential for mitigating
global warming.
Concrete is one of the most widely used high-strength building materials, and contains
different contents of carbon (Shetty, 2005). These characteristics inspired us to investigate
whether concrete can sequestrate carbon. Concrete primarily consists of cement, sands, stones,
and water. The cement production applied for concrete accounts for 5% of the total
anthropogenic CO2 emissions (Ludwig and

Zhang, 2015). Moreover, the cement or related

industries are responsible for the release of other GHGs. Therefore, it is necessary to reduce
the emission of CO2 or sequestrate CO2 during the cement production or along the industry
strains of cement for environmental conservation. Previous studies have indicated that the
3

addition of different wastes (such as coal fly ash and silica fume) to concrete can increase the
concrete strength to a certain degree (Mikul č i ć , 2016). Recently, many studies have
investigated rice husk ash (RHA) concrete. According to their results, the partial replacement
of cement with RHA improves the durability and mechanical performance of concrete
(Coutinho, 2013; Kishore et al., 2011). Our previous study revealed that the concrete strength
can be increased by using biochar to replace cement in the concrete production (Wang, 2017;
Zhang et al., 2017). Subsequently, it was proved that biochar is a good cement additive and
improves the mechanical properties of concrete (Akhtar and Sarmah, 2018; Gupta et al.,
2018). However, these studies have not investigated the durability, slump, and mechanisms
responsible for an increase in the concrete strength of biochar concrete. Further, the potential
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of carbon storage in biochar concrete has not been systematically studied.
In the present study, biochar was used as a partial replacement for cement. We assumed
that a certain amount of biochar used to replace cement in the process of concrete cementation
would enhance the concrete strength and maintain the concrete engineering and construction
performances required by national standards. Further, it was assumed that the production
processes with biochar concrete would sequestrate carbon in the concrete almost permanently.
The biochar concrete would become an approximately permanent carbon sink and prohibit
any exchanges with the atmospheric carbon. We primarily addressed the following questions
to comprehensively evaluate the possibility of biochar concrete for the ecological storage of
carbon: (1) In the production process of biochar concrete, how do the concrete strength and
durability change under different percentages of biochar used to replace cement? What are the
reasons for a possible increase in the strength of the biochar concrete? (2) What are the
characteristics of the slump in the biochar concrete manufacture and the porosity and water
absorption of the biochar concrete? (3) How much would be the annual benefit of carbon
sequestration when biochar concrete was applied to new buildings and building renovations in
China?
2 Material and methods
2.1 Materials
The materials used to produce biochar concrete mainly include biochar, cement, coarse
aggregate sands, and stones. The biochar was purchased from markets (low-temperature
charcoal produced by Catang Mechanism Biochar Factory in Pingba County, Guizhou
Province, China). The cement was ordinary Portland cement (Label 42.5). The coarse

aggregate sand and stones were purchased from markets. The basic properties of these
materials are listed in Supplemental table 1.
2.2 Mix design and specimen preparation
The proportions of different materials in the biochar concrete specimens were
determined according to the method for the design of normal concrete mixtures in the national
standard of concrete production (JGJ, 2011). The strength grade of the biochar concrete was
designed as C20, fcu,k = 20.0 MPa, and fcu,o = 26.45 MPa as preparation strength. The slump
was 10–20 mm, and the sand ratio was 40%. Further, the water–cement ratio was 0.57. All
specimens were cured at room temperature for 28 days, and 95% of the specimens met the
design requirements. However, in these biochar concrete specimens, cement was replaced
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with different biochar proportions (1%, 3%, 5%, 7%, 9%, 10%, 15%, 20%, 25%, and 30%)
except in the control specimens (without biochar). The specific mixing proportions are listed
in Table 1.
Table 1 Specific mixing proportions of specimens
Biochar
replacement (%)
Biochar (kg)
Cement (kg)

0

1

3

5

7

9

15

20

25

30

0

0.06

0.18

0.3

0.42

0.54

0.9

1.2

1.5

1.8

6.01

5.95

5.83

5.71

5.59

5.47

5.11

4.81

4.49

4.21

Gravel (kg)

26.15 26.15 26.15 26.15 26.15 26.15 26.15 26.15 26.15 26.15

Sand (kg)

18.95 18.95 18.95 18.95 18.95 18.95 18.95 18.95 18.95 18.95

Water (kg）
Total (kg)

3.48

3.48

3.48

3.48

3.48

3.48

3.48

3.48

3.48

3.48

54.59 54.59 54.59 54.59 54.59 54.59 54.59 54.59 54.59 54.59

The four materials were placed into a blender and mixed for 5 min after their preparation
according to Table 1. Then, specimens with sizes of 150 mm × 150 mm × 150 mm were cast
for compressive-strength and absorption water ratio tests for the biochar concrete. Further,
100 specimen cubes were cast for freeze–thaw resistance tests. The specimen of each mix
proportion was replicated three times. All specimens were kept in the casting room for three
days. Afterward, they were demolded and wet-cured in a curing room until the tests.
2.3 Compressive-strength tests
After 28 days, the specimens were taken out of the curing room, and their compressive
strengths were determined with a pressure testing machine according to the Chinese national
standard (GB, 2002). Firstly, the system of the pressure testing machine was turned on, the
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setups of the parameters with zero adjustments were checked, the specimens were placed onto
the test bench of the machine, the safety door was closed, and the specimens were subjected
to pressures of 0.3–0.5 MPa/s until they fractured. Finally, the ultimate forces and pressures
were recorded.
2.4 Freeze–thaw resistance tests
The cyclic freeze–thaw resistance tests were conducted according to the Chinese national
standard (GB, 2009). After 24 days in the curing room, the specimens were taken out. The
water on the specimen surfaces was wiped away with a dishcloth. Next, the specimens were
immersed into water at 20 ± 3 ℃ for four days. Subsequently, the specimens were removed,
and the surface water was wiped away with a dishcloth. The specimens were weighed to
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determine the initial masses. Subsequently, they were put into a freezer at -20 ℃ for two
hours and then into water at a constant temperature of 20 ℃ for two hours. This was the first
freeze–thaw cycle. After the same cycle had been conducted 25 times, the specimens were
weighed and investigated to determine the deterioration caused by the freezing and thawing
attacks, based on a required-appearance description or photographs. The cycles of the
freeze–thaw process were conducted 300 times in total for each specimen. However, when the
specimen mass loss was equal to or higher than 5%, the freeze–thaw process was stopped.
2.5 Slump tests
The slump is an indicator for determining the workability of concrete. The indicator can
be used to judge whether the construction can be conducted normally. We firstly measured
the height of the slump cone, H1, with a standard ruler. Then, we sampled the precast concrete
made from the four materials (Table 1) and evenly filled it via three layers of equal volume
into the slump cone. After tamping, the height of each layer was approximately 1/3 of the
slump cone height. During 5 or 10 s, we smoothly lifted the slump cone vertically, and the
concrete in the slump cone slumped down owing to its own weight. The height H2i of the
slumped concrete was measured with a standard ruler. The slump was calculated with
Equation (1) based on the Chinese national standard (GB, 2016):
L = H1-H2i (i = 0, 1, 3, 5, 7, 9, 15, 20, 25, 30),

(1)

where L is the slump, H1 the height of the slump cone, H2i the height of the highest point
of the slumped concrete, and i the percentage of the biochar used to replace cement.
2.6 Porosity tests
The cast and demolded specimens were cured for 28 days. Subsequently, they were
immersed into water for 24 h to fill all specimen pores with water. Subsequently, the

specimens were taken out, weighed, air-dried for 24 h in the laboratory, and reweighed. The
total porosities of the specimens were calculated with Equation (2) (Park and Tia, 2004):

P  [1 

m2 i  m1i
]  100% ,
V . w

(2)

where P is the total porosity of the concrete, m1i the weight of the specimens after
immersion in water for 24 h; i represents the percentages of the biochar used to replace
cement, m2i is the weight of the specimens air-dried for 24 h, V the specimen volume, and ρw
the water density.
2.7 Water absorption
After curing the specimens for 28 days, their initial masses were weighed. The
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specimens were soaked into a water tank for 1.5 h, removed, dried in an oven until the mass
difference was constant, and finally weighed. Based on the masses before and after the
soaking of the specimens, the water absorption can be calculated with Equation (3):

R

M 1i  M 0i   100%
M 0i

(i = 0, 1, 3, 5, 7, 9, 15, 20, 25, 30),

(3)

where R is the water absorption rate, M1i the mass of the soaked specimen, and M0i the
initial mass of the specimen.
2.8 Microstructure analysis
After the concrete specimens had been crushed for the compressive-strength tests with a
pressure testing machine, pieces of concrete that contained 0% and 5% biochar were selected
to determine the inner microstructures. The crushed pieces were placed onto conductive tape.
Because of the poor conductivity of concrete, the concrete sample surfaces were sprayed with
gold powder. Then, the microstructures were observed under a field emission scanning
electron microscope (FESEM) (at magnifications of 500× and 10,000×).
2.9 Evaluation of biochar concrete in carbon sequestration
According to the data of the National Bureau of Statistics of China, the total area of
existing buildings is 5.6×1010 m2, and the total area of newly added buildings is 2×109 m2 per
year in China, which exceeds the half area of the world's newly added buildings (PIRI, 2018).
The C20, C25, and C30 concretes account for 55%–60% of the total amount of concrete used
in newly added buildings and for the improvement of existing buildings in China. We
considered the future application of biochar concrete for newly added buildings and the
improvement of existing buildings to replace traditional concrete. If biochar concrete meets
the workability required by the national standard for ordinary concrete, the amount of carbon
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stored by these buildings can be estimated and converted into standard forest areas with
Equations (4),(5), and (6):
Cs=αβM/0.273

(4)

M=0.3×S γ

(5)

Ss  1 / 160  C S  0.273  0.1

(6)

where Cs is the storage amount of CO2, α the ratio of cement to concrete weights = 1/6, β
the weight percentages of biochar used in replacement of cement, M the concrete weight
required for new or existing buildings in China, 0.273 the proportion of pure carbon in CO2,
0.3 the smallest volume of concrete applied per unit construction area in China, S the area of
new buildings or existing buildings, γ the bulk volume of the concrete, Ss the standard forest
3 Results
3.1 Compressive strength
The compressive strength of biochar concrete linearly increased with increasing biochar
amount as replacement for cement (0%–5%) (Figure 1a). The compressive strength reached
37.27 MPa when the biochar amount was 5%. Above 5%, the compressive strength exhibited
a continuous decrease. The compressive strength changed weakly for 5%–25% biochar. When
the biochar amount increased to 30%, the compressive strength of the biochar concrete was
22.20 MPa, which was still above the lowest value of the compressive strength of C20
concrete. A cement replacement of 20% biochar is practicable in civil engineering
(compressive strength above 28 MPa). Moreover, the force exerted on the specimens
exhibited a similar trend as the compressive strength.
Compressive strength (Mpa)
Compressive force (kN)

40

900

14

700

30

600

25

500

20

400

15

300

10

200

5

100

0

0

1

3

5

7

9

Biochar level (%)

15

20

25

30

Slump (mm)

12

Slump (mm)

35

Compressive force (kN)

800

Compressive strength (Mpa)
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area, and 1/160 = the conversion factor of pure stored carbon for standard forest area.
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(a)

(b)

Figure 1 Compressive strength (a) and slump (b) of biochar concrete with increasing biochar
amount as replacement for cement.

3.2 Freeze–thaw cycles
The surface damages of the biochar concrete were slight after 100 freeze–thaw cycles.
After 150 cycles, damages with a deterioration of the paste coating around particles could be
observed. On the surface of the biochar concrete, some small stones dropped off after 150
cycles. After approximately 175 or 200 cycles, the damages gradually expanded inside the
specimens and induced material spalling. Finally, the specimens broke after 300 cycles.
An increasing number of freeze–thaw cycles resulted in more mass loss of the biochar
concrete than no freeze–thaw cycles (Table 2). This was also observed for the ordinary
concrete (control specimen). However, the mass loss of the biochar concrete showed a
gradual decrease for 0%–7% replacement levels for 0, 50, 100, 150, and 300 freeze–thaw

chinaXiv:202004.00035v1

cycles. For more than 7% biochar, the mass loss of the biochar concrete increased for these
freeze–thaw cycle numbers. However, the mass losses of the specimens with 9% and 15%
replacement levels were still lower than that of the control sample after 50 freeze–thaw
cycles.
Table 2 Freeze–thaw cycles and mass loss rate of biochar concrete.
Frequencies of freeze–thaw
Biochar level

cycles corresponding to mass

Compressive

(%)

loss rate (‰)

strength (MPa)

0 50 100 150

200

0

0 1.14 8.37

21.7 40.21

32.07

1

0 1.14 6.8 11.09 17.89 39.25

33.63

3

0 1.13 4.37 8.95 13.27 33.06

35.1

5

0 1.12 3.18 7.49 12.65 31.14

37.27

7

0 1.13 7.78 14.96 24.14 40.21

32.1

9

0 1.09 8.62 20.95 29.51 41.45

27.93

15

0 1.06 8.74 20.97 31.63 42.88

27.13

20

0 1.77 9.29 20.37 32.73 43.62

26.73

25

0 2.05 9.89 22.52 33.92 44.13

25.63

30

0 2.28 13.1 29.08 35.22 45.51

22.2

13

300

3.4 Slump
The slump of the biochar concrete exhibited a continuous decrease for 0–30% biochar
amounts. Thus, the fluidity of the biochar concrete decreased (Figure 1b). For 0%–5%, a rapid
9

slump decrease was observed. For 5%–20%, the slump exhibited a relatively slow decrease
(from 9.6 to 8.0 mm). Thus, the fluidity of the biochar concrete was stable. The slump began
to decrease rapidly for 20%–30% (decrease to 4 mm). The fluidity of the biochar concrete
was very low for a biochar level of 30%.
3.5 Porosity and water absorption
The porosity of the biochar concrete exhibited a linear increase with increasing replacement levels
(Figure 2a). The increase was fitted with a linear equation (y = 0.157x + 1.09). However, there was an
exception. When the replacement ratio of the biochar for cement gradually increased from 0% to 3%, the
porosity of the biochar concrete decreased. The water absorption ratios of all biochar concrete

samples increased exponentially between 0 and 4.5 h immersion time in water (Figure 2b).
immersion, saturation was achieved. The different biochar concrete samples exhibited
different water absorption ratios at saturation (1.38%, 1.42%, 1.43%, 1.61%, 1.66%, 1.71%,
1.85%, 2.01%, 1.93%, and 2.33%, respectively). In general, the water absorption ratios
increased with increasing biochar level as replacement for cement (Figure 2c).

5

2.0

Absorption (%)

y=0.157x+1.09

4

0%
1%
3%
5%
7%
9%
15%
20%
25%
30%

2.5

Porosity
Linear fit of porosity

6

Porosity (%)

2

R =0.9946

3
2

1.5
1.0
0.5

1

0.0
0

5

10

15

20

25

0

30

5

10 15 20 25 30 35 40 45 50

Time (h)

Biochar level (%)

(a)

(b)
Saturated water absorption (%)
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Between 4.5 h to 12 h, the water absorption ratios obviously approached saturation. After 12 h

Saturated water absorption (%)
Linear fit of saturated water absorption

2.4
2.2
2.0

y=0.028x+1.409
2

1.8

R =0.96

1.6
1.4
0

5

10

15

Biochar level (%)

20

25

30

(c)
Figure 2 Porosity of biochar concrete varied with increasing biochar level (a); Water
absorption ratios with respect to soaking time of biochar concrete in water (b); Ratios of
saturated water absorption of biochar concrete for 10 different biochar contents as
replacement for cement (c).

3.6 Microstructure
The inner microstructures of the specimens without and with 5% biochar exhibited no
significant differences under 500× magnification (Figures 3a and b). However, under 10,000×
magnification, the inner microstructures exhibited significant differences (Figures 3c and d).
In the concrete specimens without biochar, a large amount of Ca(OH)2 (CH) was observed
(Figure 3b). The concrete specimens without biochar were not dense owing to many
observable voids (Figure 3b). However, the CH amount in the concrete specimens with 5%
biochar was decreased, and the needle-like calcium silicate hydrate (CSH) amount was
significantly increased (Figure 3d). Further, the specimens with 5% biochar contained more
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ettringite and were significantly denser (no observable voids) than those without biochar.

Figure 3 Microstructure of biochar concrete (FESEM): (a) and (c): concrete matrix without
biochar; (b) and (d): concrete matrix with 5% biochar.
3.7 Benefits of carbon sequestration in biochar concrete
The storage amount of CO2 in biochar concrete applied to new and existing buildings for
renovation in China has gradually increased with increasing replacement of cement in
concrete with biochar (Table 3). Correspondingly, the standard forest area exhibited a gradual
increase. However, the compressive strength of biochar concrete decreased with increasing
11

biochar level. Biochar levels of 7%, 25%, and 30% for cement in ordinary concrete met the
limit values of the Chinese national standard for C30, C25, and C20 concrete.
Further calculations revealed that the different strengths of biochar concrete had different
contributions to the carbon sequestration in new and existing buildings (renovations).
Moreover, the contributions converted into the standard forest area were different (Table 4).
When biochar was used to replace 30%, 25%, and 7% cement in concrete, the strengths of the
biochar concretes were ≥20.0, 25, and 30 MPa; hence, preliminarily meeting the Chinese
national standard for C20, C25, and C30 ordinary concretes in terms of compressive strength.
The respective storage amounts of CO2 in applied biochar concrete were 386.95×1010,
309.76×1010, and 112.64×1010 kg (total for new and existing buildings (renovations) in Table
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4), which are equal to CO2 storage amounts (in standard forest areas) of 242×107, 193.61×107,
and 70.4×107 m2.
Table 3 Storage amounts of CO2 in biochar concrete (with different replacements)
applied to new and existing buildings (renovation) and converted into standard forest areas in
China.
Biochar
level (%)

Compressive

Carbon storage

strength
(MPa)

Standard forest area

9

(×107 m2)

(×10 kg)
New

Existing

New

Existing

building

building

building

building

0

32.07

0.00

0.00

0.00

0.00

1

33.63

0.25

6.79

0.16

4.24

3

35.1

0.75

20.37

0.48

12.72

5

37.27

1.25

33.95

0.78

21.22

7

32.10

1.75

47.53

1.12

29.68

9

27.93

2.25

61.11

1.44

38.16

15

27.13

3.75

101.85

2.34

63.66

20

26.73

5.00

135.80

3.13

84.88

25

25.63

6.25

169.75

3.91

106.09

30

22.20

7.50

203.70

4.69

127.31

Table 4 Storage amounts of CO2 in biochar concrete (C20, C25, and C30) applied to new and
existing buildings (renovation) in China and converted into standard forest areas.
Types of Engineeri

Annual concrete

Annual CO2 storage Corresponding standard

concrete ng dosage
(%)

usage (×1012 kg)
New

(×1010 kg)

Existing

New

Existing

building building building building

forest area (×107 m2)
New

Existing

building

building

C20

15–20%

0.23

6.50

13.50

373.45

8.60

233.40

C25

20%

0.31

8.60

11.00

298.76

6.91

186.70

C30

20%

0.31

8.60

4.00

108.64

2.54

67.86

55–60%

0.85

23.70

28.50

780.85

18.05

487.96

Total
4. Discussion

4.1 Strength and durability of biochar concrete
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The use of small amounts of biochar to replace cement in the concrete production can
improve the compressive strength and durability of concrete. In the investigated concrete
matrix without biochar, the CH amount was very high; CH exhibited a hexagonal form and a
layer structure in the concrete, which has a detrimental effect on the concrete strength
(Madandoust et al, 2011). Further, rich voids in the concrete matrix with biochar result in the
fragmentation of the concrete. However, the high CSH amounts in a concrete matrix with
biochar can increase the concrete strength (Shetty, 2005). The acicular and flocculent CSH
gel formed via hydration can fill holes in the concrete, which increases the strength and
durability. Moreover, biochar is a porous medium. The addition of biochar in the concrete
production can cause a more thorough secondary hydration reaction with cement hydrate.
Rahmat Madandoust reported similar results for RHA concrete. The addition of RHA in the
concrete production can form more CSH in the concrete, which increases the strength of the
RHA concrete and decreases CH crystals (Madandoust et al., 2011). Additionally, the biochar
concrete can have showed the physical nature of diamond, which results in the high
compressive strength and durability. It is well known that diamond is very hard. Both
biochare and diamond consist of carbon but they are different in structure (isomers). The
combination of biochar with cement in the concrete production can form a new structure to
some degree similar to diamond. However, the assumption needs to be verified.
Biochar exhibits a strong hygroscopicity. During the experimental operation, the biochar
concrete dried more easily than the control sample. Thus, the biochar in the concrete absorbed
a certain water amount. However, in the theoretical water–cement calculation, the water
amount absorbed by biochar was not considered. Thus, the water–cement ratio of the biochar
concrete was lower than the actual one. Many studies have reported that the strength of the
concrete increases to a certain degree when the water–cement ratio decreases. Therefore, a
13

decrease in the water–cement ratio also explains the increasing strength of the biochar
concrete.
4.2 Characteristics of porosity and water absorption of biochar concrete
The addition of biochar to concrete for the partial replacement of cement can increase the
porosity and water absorption of concrete. Biochar is a porous medium, which when applied
to concrete increases the porosity of concrete. Thus, the concrete can absorb water. However,
according to Figure 3, the partial replacement of cement in concrete with biochar resulted in
more compact concrete compared with common concrete. We assume that the applied biochar
was porous and its porous characteristics primarily occurred at a larger scale than those
presented in Figure 3. In Figure 3, cement hydrate in the concrete production might have
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entered the porous biochar and caused the compact structures. Further, the porous biochar had
a large superficial area and increased the porosity of concrete. Biochar itself is hydrophilic
and promotes water absorption. Thus, the partial replacement of cement with biochar can
increase the water affinity, thereby promoting water absorption (Das and Sarmah, 2015).
Therefore, the biochar concrete exhibited a linear increase in water absorption with increasing
biochar content.
4.3 Benefit of carbon sequestration of biochar concrete
Previous studies indicate that less than 3% of the carbon in waste biomass can be stored
via long-term sequestration in ecosystems after the waste biomass has been burnt and
biologically decomposed (Lehmann et al., 2006). However, if the waste biomass has been
converted into biochar and that biochar is applied to concrete, approximately 50% of the
carbon in the waste biomass can be encapsulated in the concrete for long-term sequestration.
Moreover, biochar sequestrated in concrete can improve the concrete performance. Carbon
sequestration is a key technique to slow down global warming (Figure 4). Moreover, the
realization of carbon sequestration with biochar concrete is simple. Carbon sequestration in
biochar concrete requires less costs than geological and oceanic sequestrations. Further,
carbon sequestration in biochar concrete exhibits a significant benefit in terms of
corresponding standard forest area. If carbon sequestration in biochar concrete is applied to a
variety of buildings, these buildings can act as important carbon sinks and thereby slow down
global warming.
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Figure 4 Ways of carbon sequestration
5 Conclusions
Biochar can be used to improve the compressive strength of concrete. When cement in
concrete is replaced with 5% biochar, the concrete strength is significantly increased with
respect to that of the control sample. For replacement ratios of 5%–30%, biochar concrete still
meets the national standards for common concrete in terms of strength and durability. The
higher the strength of the biochar concrete, the lower is the mass loss of the freeze–thaw
cycle-treated concrete. The slump of the biochar concrete decreases with increasing biochar
ratio as replacement for cement. However, the water absorption and porosity increase. In
conclusion, biochar is a suitable, environmentally friendly material for the partial replacement
of cement in the concrete production for the realization of carbon sequestration and the
performance improvement of common concrete.
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Supplemental table 1 Basic properties of materials used to produce biochar concrete
Biochar：
Density

pH

(g·cm-3)
1.56

MgO
(%)

7.56

1.55

CaO (%)

ZnO (%)

CuO (%)

10.01

0.0063

0.0105

Al2O3
(%)
0.76

Cement：
Density
(g·cm-3)

Mountain
flour (%)

3.101

Specific

Initial setting

Final setting

surface area

time (min)

time (min)

357

245

316

15.6

Coarse and fine aggregates：
Aggregate

Apparent

Bulk

Fineness

Maximal particle

Grading

density

density

modulus

size (mm)

(g·cm-3)

(g·cm-3)

Sand

2.78

1.81

3.5

0–4.75

Good

Gravel

2.79

1.43

--

5-20

Good
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