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Biochar from biomass and waste is a valuable component of various urban green infrastructures, including

green roofs, permeable pavements, green walls, and green parking lots. Incorporating biochar into sub-

strate mixtures offers numerous benefits, including improved water retention, nutrient availability, plant

growth, and carbon sequestration. Moreover, biochar plays a crucial role in stormwater management by

effectively retaining and filtering stormwater, reducing runoff, mitigating urban flooding, and improving

surface water quality. This study conducted a comprehensive bibliometric analysis and synthesis of the lit-

erature to provide a broad perspective of the current understanding of biochar use in green infrastructure

projects, focusing on the impact of biochar on soil and environmental quality, water retention, pollutant

removal and the overall performance and sustainability of green infrastructure systems. This review also

provides a comprehensive synthesis of the potential of biochar in enhancing green infrastructure systems

and guiding future research and implementation strategies. The insights provided in this review can guide

corporate stakeholders in understanding the benefits, challenges, and applications of biochar in urban

green infrastructure management, empowering them to make informed decisions and contribute to the

development of sustainable and resilient urban environments aligned with the principles of the UN SDGs

and ESG considerations.

1. Introduction

Rapid urbanization has resulted in many environmental pro-
blems worldwide, notably the loss of natural green spaces.1

This reduction in green land has negative consequences for
ecosystems, biodiversity, air quality, and the overall well-being
of urban residents by disrupting the ecological balance, inten-

sifying the urban heat island effect, and diminishing cities’
aesthetic appeal. Green infrastructure is recognized as one of
the key adaptation measures to address these challenges.2,3 In
an urban environment, green infrastructure refers to a com-
bined network of urban greenery, such as parks, gardens,
green roofs, street trees, and local rainwater management
systems.4 Suitable substrates of green infrastructure are crucial
for healthy and resilient urban greenery.5 High water reten-
tion, porosity for root growth, nutrient availability, and struc-
tural stability are the key conditions that need to be fulfilled by
the substrates.6 Many biomaterials (i.e., cellulosic fibers, such
as jute, hemp, coir etc.) have been suggested for mitigating soil
erosion, but they are susceptible to degradation due to
microbial decomposition. Hence, to uphold soil quality and
productivity, the recent recommendation involves the utiliz-
ation of biochar, which has emerged as a promising solution
for controlling soil erosion.7 Biochar’s durability surpasses
geo-environmental infrastructure’s design period, making it a
reliable and long-lasting option for erosion prevention.8–12 Its
resistance to degradation ensures sustained effectiveness in
minimizing soil erosion and contributes to the long-term
stability of engineered structures.13
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Various methods exist for producing biochar, including
technologies such as slow pyrolysis, fast pyrolysis, torrefaction,
microwave treatment, gasification, flash carbonization, and
hydrothermal carbonization.14 Depending on the specific
process parameters and techniques employed, these methods
vary significantly in terms of yield and quality of biochar pro-
duction (as well as other co-products such as bio-oil and
syngas).15 Biochar is receiving increasing attention because it
is a promising, crucial functional element in substrates used
in green infrastructure due to its unique physical and chemical
properties.16–18 Biochar primarily consists of carbon, hydro-
gen, and oxygen, with smaller quantities of nitrogen and
sulfur. It may also contain microelements like calcium, zinc,
potassium, and magnesium. Raising pyrolysis temperature in
biochar production boosts the carbon content of biochar by
removing volatile components. However, it reduces the biochar
yield.19 Tan et al. showed that pyrolysis temperature also
altered the pore structure, distribution, order, compactness,
and porosity of biochar.20 Moreover, the physicochemical pro-
perties of biochar, including elemental composition, surface
area, stability, and functional groups, are influenced by pyrol-
ysis temperature.21–24 The type of feedstock used for biochar
production affects its properties, such as pore size and
volume, water holding capacity, surface area, pore distribution,
and cation exchange capacity.25,26

Typical applications of biochar include soil amendment in
agriculture,27–29 building material,30,31 pollutant removal,32–35

air purification,36,37 catalyst in biofuel production,38,39 biogas
upgrade,40–42 and electrical energy storage in supercapacitors
and batteries.43 Moreover, IPCC (2018) acknowledged biochar
as a negative emission technology, recognizing its capacity to
remove CO2 from the atmosphere.44 In 2022, the IPCC report
on “Climate Change 2022: Mitigation of Climate Change”
emphasizes that biochar holds significant worldwide promise
in potentially eliminating 2.6 billion tons of CO2 annually.

45

Within the biochar sector, numerous industries and manu-
facturers, such as Pacific Biochar, Phoenix Energy, Novocarbo,
Pyreg, Silicate, Skanska, Bionero, Carbonex, InPlanet, Biochar
Supreme, Airex Energy, Swiss Biochar, Arsta Eco, Earth
Systems, Guangdong Dazhong Agricultural Science and
Technology, Rainbow Bee Eater, and Pacific Pyrolysis, are
actively involved in carbon abatement projects.46 For example,
Pacific Biochar, a US-based company, targets to sell
1500 metric tons of CO2 credits to Microsoft in 2022 and
achieve 21% Carbon Dioxide Removal (CDR) in 2023.47

Rainbow Bee Eater, an Australian company, is also dedicated
to similar initiatives. These manufacturers primarily source
feedstock from forestry residues, agricultural by-products,
wood waste from construction, and crop leftovers. They market
biochar as a fertilizer and/or animal feed while leveraging the
energy generated during production. For instance, Carbofex,
produces up to 140 kg of biochar per hour from 500 kg of
spruce wood chips. It has gained recognition as a Top 60 final-
ist in the Carbon XPRIZE’s $100 million carbon removal com-
petition, which started in April 2021. Shopify and Microsoft
have each made purchases from Carbofex for their sustainabil-

ity initiatives. Ecoera, Sweden’s pioneering large-scale biochar
producer, is engaged in a project aimed at establishing a
climate-positive agricultural system. Similarly, Carbon Cycle, a
German-based manufacturer, specializes in producing high-
quality biochar from woodchips, catering to farming sectors
across Europe. Many of these manufacturers have secured
carbon credit sales to climate-conscious corporations includ-
ing Shopify and Microsoft.48

2. The role of biochar in green
infrastructure

Biochar’s unique properties make it a valuable component
for use as a substrate in green infrastructure systems.
When mixed with soil, biochar can enhance soil aggregate
stability, soil fertility, nutrient availability, contaminants
immobilization,49,50 water retention,51,52 and address the
greenhouse effect through carbon sequestration and contami-
nant adsorption.53,54 Implementing green infrastructure
elements into urban planning or development (such as green
roofs and green walls) can effectively reduce the temperature
in buildings during the summer. These vegetated surfaces
provide insulation and shade, reducing solar heat gain and the
need for building cooling, mitigating urban heat islands, and
enhancing city microclimates for more comfortable, energy-
efficient environments.55–57 For example, field case studies
have been conducted to analyze the hydrothermal properties
of green roofs, as highlighted by Yang et al.58 and Jin et al.59

The incorporation of biochar will enhance the absorption and
retention of rainwater, allowing it to infiltrate into the soil or
slowly release it back into the environment. Moreover, biochar
in green infrastructure helps to alleviate the burden on tra-
ditional stormwater management systems and reduces the risk
of urban waterlogging and sewer overflows. It promotes
natural water filtration and recharge of groundwater while
enhancing water quality by reducing the amounts of pollutants
that enter water bodies through runoff.60–63

Biochar can be mixed into the substrate medium of various
urban green infrastructure systems such as green roofs,
cement mixtures, green parking lots, and green walls, thus
enhancing the properties of substrates.64 Moreover, studies
demonstrate that incorporating biochar into engineered
infrastructures, such as in green infrastructure, including
slopes and landfill covers, is gaining importance due to its
environmentally friendly and economically beneficial
characteristics.65,66 Building green roofs to manage rainwater
is considered economical, particularly in urban areas where
land scarcity poses challenges. Green roofs offer multiple
benefits, including water management, thermal regulation,
and environmental sustainability. Recently, various countries
have introduced incentives to promote the large-scale manu-
facturing of biochar for commercial use in green infrastructure
projects. These incentives aim to support the achievement of
carbon reduction goals by 2030 and encourage the adoption of
sustainable practices.1
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Scientific research on biochar has advanced significantly in
the past a few years. However, gaps in our understanding
require further exploration and investigation, such as the lack
of a decision tool to identify the most suitable biochar for
specific soils, materials, and environmental constraints.
Hence, we conducted a bibliometric analysis (Fig. S1†) to gain
a comprehensive understanding of the current knowledge and
findings in this field. The number of papers on the application
of biochar in infrastructure development has significantly
increased over the years. Starting with only one paper in 2007,
the number of publications on this topic reached 435 in 2022.
This exponential rise indicates a surge of interest in utilizing
biochar in various infrastructure and urban planning appli-
cations. Additionally, this rise is consistent with the biochar
gaining wide recognition as a potential solution in addressing
challenges in urban infrastructure development and has
become a prominent area of research in recent years (Fig. 1).

Moreover, experimentation at the implementation scale
may need to address relevant knowledge gaps, notably about
the life cycle evaluation of environmental impact, economic
evaluation, and production technology. Hence, a comprehen-
sive summary of the research is essential to provide clear gui-
dance and shape future development directions.74 The appli-
cation of biochar in green infrastructure lacks comprehensive
and systematic studies and understanding. This review aims to
fill the gap by providing insights into the current state of the
field and identifying areas where further investigation and
advancements are needed. Specifically, this review focuses on
analyzing existing research concerning the utilization of
biochar in green infrastructure applications via a bibliometric
analysis and aims to provide a comprehensive understanding

of the current knowledge and findings in this field. Based on
the analysis in this review, the interactions between biochar in
green infrastructure were investigated as follows: (1) biochar as
an additive in cementitious mixtures; (2) biochar for vertical
greenery systems; (3) biochar application in green roofs; (4)
biochar as an insulating material for walls and (5) use of
biochar in stormwater management. This review will guide
future developments and implementations of biochar in green
infrastructure (Fig. 2). Suggestions for effective implemen-
tation and long-term sustainability will also be discussed,
together with an investigation of the social aspects-how com-
munities perceive and engage with biochar-infused green
infrastructure.

3. Biochar in green infrastructure
3.1. Biochar as an additive in cementitious mixtures

Every stage of the construction process, from the preparation
of raw materials to cement production, contributes to carbon
dioxide (CO2) emissions. It is a well-established fact that the
production of Portland cement, widely recognized as the
primary construction material, is a major contributor to the
emission of CO2, accounting for approximately 8% of global
CO2 emissions.75 Unfortunately, as the global population con-
tinues to grow, these emissions are projected to escalate,
exacerbating the environmental impact of the construction
industry. Therefore, it is imperative to prioritize the use of con-
struction materials with minimal carbon footprints as viable
alternatives.76 Past literature has showcased the potential of
incorporating supplementary materials into cement, including

Fig. 1 Analysis of 1897 papers on biochar applications in green infrastructure retrieved from the Web of Science database from 2007 to 2022.67–73
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industrial byproducts and recycled construction wastes.77–80

Acknowledging the significant role of the cement industry in
greenhouse gas (GHG) emissions, there is a growing focus on
mitigating its environmental impact through adopting sustain-
able materials and socially responsible strategies. The incor-
poration of biochar into the building construction field is a
promising strategy for reducing CO2 emissions, marking sig-
nificant progress toward carbon neutrality.76,81

Biochar has garnered attention as a possible substitute for
cement, potentially enhancing structural properties when used
in appropriate quantities. Extensive research has demonstrated
that biochar can enhance the quality of materials used in con-
struction, including asphalt for road construction. Its positive
impact also extends to the concrete sector, where adding
biochar in the concrete admixture is gaining momentum as an
emerging green solution in the construction sector.82,83

Previous studies have confirmed that the biochar particles
exhibit exceptional structural compatibility and stability with
the cement matrix. Microscopic examination provides evidence
of a strong and intimate bond between the biochar particles
and the surrounding cementitious material, validating their
compatibility and effective integration within the composite
system.84 Biochar chemical properties, including surface func-
tional groups, can vary due to oxidation and aging over time.
Consideration of these changes is crucial for consistent and
predictable outcomes when using biochar in cementitious
mixtures.23,24,85

According to Gupta, et al.,86 the improved bonding between
biochar and cement mixtures can be attributed to biochar’s

porous and ridge-shaped structures. These characteristics con-
tribute to enhanced interfacial interactions and bonding
between biochar and the cementitious matrix. In an experi-
ment conducted by Gupta et al.,87 it was discovered that
adding biochar particles, specifically those smaller than
200 μm, prepared from mixed sawdust, can enhance the pro-
perties of concrete specimens. This improvement was observed
under both normal and elevated temperature conditions. The
findings suggest that incorporating biochar as an additive in
the concrete mix can positively affect the material’s perform-
ance. Biochar’s suitability as a construction material stems
from its high chemical stability and low thermal conductivity.
The presence of a porous structure in biochar is attributed to
its low thermal conductivity, as highlighted by Gupta and
Kua.83 In addition, Gupta et al., hypothesized that at high
temperatures, pores in the concrete matrix containing biochar
can potentially serve as pressure release valves.88 This
phenomenon may occur because of the release of water vapor
from these pores, which helps to alleviate internal pressure
within the concrete structure. Furthermore, experiments con-
ducted by Gupta et al.88 have revealed that incorporating
biochar with a range of particle sizes, including coarser and
finer particles, can improve the workability and rheological pro-
perties of binder pastes. These findings demonstrate that utiliz-
ing a combination of biochar particle sizes yields better results
in terms of the workability and flow behavior of the binder
pastes compared to using only coarser biochar particles.

During the concrete preparation process, when grounded
biochar is added to the cement mixture, it tends to adsorb a

Fig. 2 Application of biochar in green infrastructure.
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portion of the mixing water. This reduces the amount of free
water available in the pores of the concrete matrix.87,89 The
moisture exchange between porous admixtures and the
cement paste plays a significant role in moisture regulation
and internal curing action. This exchange allows moisture
absorption and release, helping to maintain optimal moisture
levels within the concrete matrix. As a result, porous admix-
tures facilitate internal curing, which promotes hydration,
improves strength development, and reduces the potential for
cracking in the hardened concrete. However, it is suggested
not to replace more than 5% of the concrete mass with
biochar as it has been observed to negatively impact strength
development. For example, Sirico et al.90 found that the
addition of 10% waste wood-based biochar had no notable
impact on the densities of concrete specimens; however, it was
found that the inclusion of biochar led to a maximum
reduction of 5% in strength when compared to concrete
without biochar.

Previous results have highlighted biochar’s positive contri-
bution to the mechanical, thermal, and physical properties of
cement when appropriate quantities of biochar and cement
are combined.91 Moreover, vegetation concrete, primarily
composed of cement, water, and coarse aggregate, serves as a
foundational reinforcement layer and is covered with a soil
layer to support vegetation growth.92 This material is effective
for enhancing the landscape, reducing pollution, and protect-
ing the environment. To further enhance plant compatibility
with vegetation concrete, Zhao et al. suggest incorporating
biochar particles into the mix.93 Therefore buildings
designed and constructed with incorporated biochar have the
potential to serve as long-term carbon sinks and promote sus-
tainable practices.

3.2. Biochar for vertical greenery systems

Vertical Greenery Systems (VGS) are structures that use
various types of plants to create green walls, facades, and
roofs. They refer to structures that support vegetation growth,
whether they are attached to a building’s facade or interior
wall. These systems are designed to spread greenery in a verti-
cal direction, adding natural elements to urban environments
and enhancing the aesthetic appeal and environmental sus-
tainability of the surrounding areas.73 They have numerous
benefits, including improving air quality, increasing biodiver-
sity, and also helping to minimize the urban heat island
effect.94 However, the success of VGS largely depends on the
type of growing medium used. Plant growing media usually
comprises inorganic materials such as sand, expanded clay,
volcanic rocks, perlite, rockwool, and shale and organic com-
ponents such as peat, compost, or coconut coir. The substrate
blend used for growing media should possess a high capacity
for water retention and efficient drainage properties.
Additionally, fertilizers can be incorporated into the growing
media to ensure plants receive adequate nutrients.95,96

Traditional growing media, such as soil, can be heavy and
have limited water retention capabilities, making them unsui-
table for use in VGS. Contrarily, biochar, has been found to

have numerous properties that make it an ideal growing
medium for VGS.94

The use of biochar in the VGS substrate has multiple
benefits, such as improving filtration, porosity, and mechani-
cal load-bearing capacity. One of the main advantages of
biochar in VGS is its water-holding capacity.1,94,97 Biochar
has a high porosity, which allows it to absorb and retain
water for long periods. Biochar’s water-holding capacity
improves plant health and growth during the growing season.
Additionally, biochar has been found to increase plant water
use efficiency, which is essential in VGS, where water conser-
vation is critical. The high surface area, which allows it to
adsorb and retain nutrients such as nitrogen, phosphorus,
and potassium, is another advantage of biochar in VGSs. This
property is particularly beneficial in VGS, where traditional
growing media may not have sufficient nutrients to support
plant growth. The high nutrient retention capacity of biochar
means that less fertilizer is needed, reducing the environ-
mental impact of VGS. Additionally, the high surface area
of biochar creates a conducive environment for beneficial
microbes that can aid in nutrient uptake and disease
suppression.

3.3. Biochar application in green roofs

Recently, green roofs have gained recognition as an innovative
solution for managing urban stormwater due to their efficient
utilization of limited space and resources effectively and as a
strategy for mitigation and adaptation to climate change.
However, the success of green roofs largely depends on
growing medium used. The disadvantages of traditional
growing media discussed in section 3.2 also make them unsui-
table for use in green roofs. However, biochar’s unique pro-
perties make it an ideal growing medium for green roofs.98

These roofs are designed to mitigate stormwater by incorporat-
ing thin engineered soil profiles (substrates less than 20 cm
deep) that support vegetation. According to the research con-
ducted at Portland State University, green roofs incorporating
soil with 7% biochar by weight demonstrated notable improve-
ments in water retention capacity. Additionally, these green
roofs exhibited reductions in the discharge of nitrogen, phos-
phorus, and organic carbon.72 For practical applications of
biochar, Rob Lerner introduced a simple method to enhance
plant growth on flat rooftop gardens. The process involved
first screening the biochar through a 1 cm sieve to ensure uni-
formity followed by mixing with various ingredients in the
specified proportions: 16% biochar, 6% red pumice, 9% mixed
compost, 6% white pumice, 16% mushroom compost, 9% leaf
mold, 6% earthworm compost, 6% river silt, 9% goat manure,
6% decomposed bark, and 9% black earth.99 Apart from the
stormwater reduction capabilities, green roofs also contribute
to delaying peak runoff and improving the quality of
stormwater.100,101 This multi-functional approach enhances
the overall performance of green roofs, making them an attrac-
tive option for urban water management strategies.
Additionally, green roofs are gaining popularity in urban
environments because of their advantages in reducing urban
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heat island effects, enhancing air quality, and fostering
increased biodiversity.98

One of the main benefits of using biochar in green roofs is
its ability to retain water,97,102,103 and its low bulk density.104

Biochar has a high porosity, which allows it to absorb and
retain water for long periods. A study by Cao et al.105 revealed
that at a 40% green waste biochar concentration, an additional
2.3 cm of rainfall could be retained in substrates that were
10 cm deep. This increased water retention also resulted in
additional plant-available water, effectively delaying perma-
nent wilting by two days, particularly with a 30–40% biochar
concentration. In addition, substrates with a 40% biochar
content were lighter, allowing an extra 1.5 cm of substrate to
be installed per square meter. As a result, biochar not only
reduces the weight of green roof substrates but also improves
water supply to plants, making it a beneficial addition to green
roof systems. Sludge-derived biochar altered microbial com-
munity structure and adjusted temperature, increased sub-
strate moisture content, and promoted the growth of ryegrass
(Sedum lineare), and cucumber (Cucumis sativus). The optimal
application rate of 10–15% sludge biochar had the most ben-
eficial effects on microbial biomass and plant growth, forming
an ideal soil environment.103

Moreover, biochar does not readily ignite when mixed into
the soil, and its inclusion could enhance the fire resilience of
adequately planted and well-maintained green roofs. To
further mitigate the risk, the implementation of fire-activated
sprinkler irrigation systems can be beneficial. For those con-
templating the installation of green roofs or walls in regions

prone to bushfires, it is crucial to verify whether they comply
with the bushfire attack level regulations relevant to their prop-
erty as per the applicable standards.106 Green roofs possess
the potential to enhance urban ecological conditions by redu-
cing the heat island effect and absorbing harmful gases
(Fig. 3a). A study investigating the carbon capture and storage
(CCS) potential of green roofs, amended with both biochar
and sludge, revealed that biochar exhibited a significantly
higher carbon storage potential than sludge. Specifically, a
biochar green roof demonstrated carbon storage of 9.3 kg C
m−2, while a sludge green roof stored 7.9 kg C m−2. Biochar
derived from sludge has shown the ability to enhance carbon
content, thereby improving soil physical and chemical pro-
perties and promoting plant growth. Simultaneously, sludge
application has demonstrated effectiveness in improving soil
chemical properties. Moreover, biochar presented additional
advantages, including reducing roof weight, enhancing soil
moisture retention, and utilizing municipal sludge as a
resource. Consequently, biochar emerges as an effective
material for fostering carbon storage on green roofs.102 Green
roofs are also becoming popular in urban areas worldwide as
an ecological alternative. A study was conducted analyzing the
effects of biochar substrate on water quality, runoff retention
capacity, pollutants releasing characteristics, and pollution
load.97 Gan et al.1 found that a green roof incorporating 10%
biochar (w/w) exhibited superior comprehensive rainwater
management capabilities, demonstrating the highest peak
outflow reduction and the longest delay in rainwater outflow.
Conversely, a green roof with 5% biochar showcased the

Fig. 3 Role of biochar in green infrastructure. (a) Biochar as an additive in cementitious mixtures. (b) Biochar for vertical greenery systems. (c)
Biochar application in green roofs. (d) Biochar as an insulating material for walls. (e) Biochar for stormwater management.
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highest runoff reduction and the longest delay in peak
outflow. The coconut shell biochar substrate had a stronger
neutralizing capacity for pH. It effectively reduced the pol-
lution load of total nitrogen and chemical oxygen demand in
the runoff of green roofs.97 Hence, applying biochar to green
roof substrates could be a viable approach to mitigate the
impact of non-point pollution from urban areas on receiving
water bodies.97 These findings support a suitable selection of
biochar content for urban areas with varying degrees of rain-
water management demands. Additionally, biochar has been
found to increase plant water use efficiency, which is essential
in green roofs where water conservation is critical.

3.4. Biochar as an insulating material for walls

The use of porous carbon-rich biochar as an insulating
material for walls in building structures enhances the thermal
insulation in building materials.57,83 This application is
mainly associated with biochar’s high porosity and low
thermal conductivity, making it a promising option for
improving energy efficiency in buildings.107 At temperatures
surpassing 500 °C, there is notable variation in porosity
among different raw materials. Recent research indicates that
biochar generated at 350 °C generally exhibits an average poro-
sity of 10 µm or less.108 This highlights the application of
biochar as an innovative solution for enhancing the thermal
performance of walls and creating more energy-efficient and
environmentally friendly buildings. Moreover, studies reveal
that integrating evenly dispersed porous biochar into construc-
tion materials disrupts heat transmission in various direc-
tions, hindering the unidirectional flow of heat.109,110

Incorporating biochar in building materials offers the opportu-
nity to enhance hygrothermal performance. For example,
building materials infused with biochar exhibit improved
humidity control capabilities, allowing for better regulation of
moisture levels within the indoor environment. Furthermore,
the use of biochar in building materials contributes to energy
savings, as it assists in maintaining optimal moisture con-
ditions and reduces the energy required for cooling and dehu-
midification processes.111 Biochar has a low thermal conduc-
tivity, which means it is an effective insulator, keeping build-
ings cool in the summer and warm in the winter. This property
can lead to significant energy savings in buildings, reducing
heating and cooling costs and improving overall energy
efficiency (Fig. 3d). The feasibility of using LHSBC (latent heat
storage biochar composite) as a building material was assessed
based on its thermal properties. LHSBCs were created by
impregnating bio-based PCM (phase change material) into
rice husk biochar.57 Through a combination of experimental
and numerical analyses, the following insights were gained:
the exudation ratio of LHSBC stands at 4.87%, indicating
notable stability in both exudation and thermal aspects at
temperatures below 100 °C. Its thermal conductivity aligns
closely with that of a gypsum board. Chemical compatibility
was confirmed, as no chemical bonding occurred between the
rice husk biochar and PCM during impregnation. While the
latent heat of LHSBC tends to decrease compared to pure

PCM, it still contributes to a substantial reduction in the
maximum annual building energy consumption by 531.31 kW
h per year. These findings affirm the high thermal perform-
ance, robust thermal and exudation stability, and chemical
compatibility of LHSBC, positioning it as an excellent environ-
mentally friendly building material.

Researchers have been actively engaged in developing an
innovative bio-composite utilizing biochar in conjunction with
natural inorganic clay (NIC). This initiative aims to evaluate
the suitability of biochar for various applications in the con-
struction industry.112 Rice husk, coconut shell, and bamboo
biochar were prepared and mixed with NIC at various ratios (1,
2, 5, and 10 wt% of the NIC) to form a board. The TCi
(C-Therm thermal conductivity analyzer) analysis revealed a
maximum reduction of thermal conductivity by 67.2% due to
the presence of biochar. Dynamic heat transfer analysis
demonstrated that the bio composite exhibited low sensitivity
to thermal changes, attributed to the low thermal conductivity
of biochar. Further, an increase in water vapor resistance
factor of up to 22.3% was observed when biochar was mixed,
indicating reduced water vapor permeability. Another study
was conducted by Jeon et al.113 to evaluate the properties of
LHSBC as a novel material for latent heat storage insulation,
using biochar derived from a pinecone, pine sawdust, and
paper mill sludge was mixed with a bio-based phase change
material (PCM) – coconut oil – to create LHSBCs. The findings
revealed that LHSBCs exhibited a maximum latent heat
storage capacity of 74.6 J g−1 and a low thermal conductivity of
0.030 W m K−1 at its peak, indicating excellent latent heat
storage and thermal insulation properties. Furthermore, the
LHSBCs demonstrated a high specific heat of 1.69 J g−1 K−1,
indicating efficient sensible heat storage. The LHSBCs were
also found to be thermally and chemically stable. Overall,
LHSBCs have the potential to be utilized as materials with
strong thermal insulation performance and effective heat
storage characteristics.

In addition to its insulating properties, biochar can also
provide other benefits when used on walls. Biochar has been
found to have moisture-regulating properties, which can help
prevent mold growth and improve indoor air quality.114 The
high porosity of biochar also makes it an effective sound insu-
lator, reducing noise pollution in buildings. Cuthbertson et al.
observed that the incorporation of biochar (derived from dried
distillers grains (DDG), a co-product of corn bio-ethanol pro-
duction) into concrete significantly enhanced its sound
absorption coefficient within the frequency range of 200–2000
Hz by creating pore networks within the material.115

3.5. Biochar for stormwater management

With the increase in population and urban expansion, the
increase in impervious surfaces poses a significant risk to
water environments, highlighting the need for effective mitiga-
tion strategies. Urban growth alters hydrological dynamics,
leading to heightened runoff peak, increased runoff volume,
and accelerated time-to-peak flow. These alterations in the
hydrological cycle have implications for water management
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and can lead to challenges such as increased flooding,
decreased water availability116 and degradation of water
quality.117,118

Urban runoff is known to contain varying amounts of
organic compounds, inorganic compounds, metals, and sus-
pended solids. Effective stormwater management practices are
crucial for mitigating the impacts of urban runoff and redu-
cing the introduction of these pollutants into receiving water
bodies (Fig. 3e). Developers frequently utilize low-impact devel-
opment (LID) systems to handle stormwater effectively. These
systems are primarily designed to alleviate flooding by restor-
ing developed areas’ natural stormwater infiltration capacity,
aiming to match or approximate their pre-development con-
ditions.119 LID approaches emphasize sustainable stormwater
management practices that mimic natural hydrological pro-
cesses, such as rainwater harvesting, green roofs, permeable
pavements, bio-retention basins, and vegetated swales. By inte-
grating these strategies, LID systems help reduce the adverse
impacts of urban development on stormwater runoff and
promote sustainable water management practices.120 While
LID systems are effective in managing stormwater and redu-
cing flooding, it is important to note that they are not primar-
ily designed to exclude most stormwater contaminants.121 For
effective stormwater treatment, measures should also meet
certain criteria to be considered practical and efficient. These
measures should be economical,119 easily accessible, and
capable of removing a broad spectrum of stormwater pollu-
tants under the anticipated conditions during the intermittent
infiltration of stormwater.119,122,123 Biochar offers potential
benefits for stormwater treatment as it can adsorb pollutants,
enhance water retention in soil, slowly release nutrients for
plant uptake, improve soil fertility and support plant micro-
biota. Its ability to adsorb contaminants such as heavy
metals,124 and hydrophobic organic contaminants,125,126

improve water infiltration, and sustain beneficial microorgan-
isms can contribute to the removal of pollutants,127 sequester
carbon128 and enhance water quality in stormwater treatment
systems.119,129–132

Various factors, including the characteristics of the con-
taminants, properties of the biochar, type of feedstock and the
specific treatment conditions, can influence the effectiveness
of biochar in removing contaminants. For example, increasing
pyrolysis temperature during biochar production leads to the
formation of a more extensive pore structure, including
increased micropore volume and surface area,127,133 which
enhances the adsorption capacity. The high cation exchange
capacity (CEC) of biochar facilitates the adsorption of cations
such as metals (Cd, Cu, Pb, and Zn),28,134,135 while the high
anion exchange capacity (AEC) shows an affinity for anions
such as carbonate, phosphate, hydroxide and metalloids.119

Additionally, biochar with high ash content can raise solution
pH, reducing metal/metalloid solubility and enhancing their
removal.136 Moreover, the hydrophobicity of biochar,137 influ-
enced by its organic carbon content and properties, enhances
the adsorption of hydrophobic pollutants and biological con-
taminants such as fecal indicator bacteria, pathogens, and

viruses on its surfaces.138,139 Organic contaminants, including
herbicides, insecticides, oils, PAHs, PCBs, and flame retard-
ants, can be removed via sorption. Furthermore, biochar can
act as a redox control agent in LID systems, facilitating
microbial degradation of contaminants sensitive to reducing
conditions and enhancing treatment efficiency.140 Sorption
mechanisms involve π–π electron donor acceptor (EDA), hydro-
phobic attraction, hydrogen bonding, and electrostatic
attraction.119,127

A meta-analysis by Omondi et al.141 found that adding
biochar to soil reduced bulk density and increased soil poro-
sity, water-holding capacity, aggregate stability, and saturated
hydraulic conductivity. In bioretention media with sand, the
impact of biochar on hydraulic conductivity and clogging
varied based on particle size.142 Particle size of biochar is a
critical design consideration for maintaining high hydraulic
conductivity and reducing clogging risks in stormwater
treatment units. Nevertheless, the impact of biochar on
water retention and hydraulic conductivity in soils
exhibits inconsistency across various studies, with some
reporting improvements,143,144 and others observing deter-
iorations.145,146 Factors such as particle size, soil properties,
and biochar hydrophobicity contribute to these discrepancies.
As Mohanty et al. highlighted, the selection of geomedia for
stormwater treatment systems involves considering two critical
properties: high hydraulic conductivity to prevent overland
flooding and a substantial storage volume from decreasing
peak flow and improving contaminant removal.119 Traditional
choices like sand provide good hydraulic conductivity but
lack internal pores for storage.147 Adding fine media like
clay increases storage but decreases conductivity. However,
biochar, with its internal pore network, can offer both
increased storage and improved conductivity when properly
sized.119

A comprehensive understanding of the relationships
between these factors is crucial for optimizing LID system
design using biochar, maximizing contaminant removal and
system performance.119 Further research is needed to assess
the technical feasibility and cost-effectiveness of biochar
chemical modifications for long-term sustainability in storm-
water treatment.

Notably, numerous construction materials, such as sand,
gravel, stone, geotextiles/geomembranes, timber, and soil mix-
tures, have been utilized in developing green infrastructure
components. These components include rain gardens, filter
strips, swales, green roofs, asphalt paving, landscaping, and
infiltration systems.148 For instance, a study by Fini et al.149

indicated that porous pavements made from gravel and sand
allowed greater water infiltration and evaporation. However,
further research is necessary to understand the durability,
maintenance needs, and long-term impacts of porous pave-
ments on soil and plant characteristics. Rain gardens are
specifically engineered with beds made of porous substrates,
typically loamy sands, and planted with drought-resistant
species that can tolerate flooding.150 Flynn et al. investigated a
bio-infiltration rain garden constructed with materials such as
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silica sand, corrugated HDPE, cement, asphalt, grass seed,
stone, and bark mulch. The study identified significant
environmental, economic, and social factors related to the con-
struction, operation, and decommissioning phases of the
Villanova University bio-infiltration rain garden.151 Despite
these advancements, the incorporation of biochar into green
infrastructure elements has been limited (Table 1).

4. Case studies of biochar
application in green infrastructure

Many countries and regions have been promoting nature-
based solutions and rejuvenating urban areas through the Re-
Naturing Cities initiatives.182,183 For example, the EU has
adopted green infrastructure strategies to preserve biodiversity
and ecosystem services in both rural and urban settings.184,185

In 2014, Stockholm won the European Mayors Challenge
with its visionary plan to combat climate change by converting
plant waste into biochar, aligning with the city’s goal to
become fossil fuel-free by 2040 and carbon neutral by 2045.186

The city has pioneered the use of a biochar–gravel–soil mix to
enhance the vitality and resilience of urban trees, making trees
grow stronger and faster. This innovative approach is particu-
larly crucial for trees growing near pavement, where limited
oxygen and water pose threats to their health. Biochar’s
unique porous properties resist compaction and compression
while retaining essential water and nutrients, ensuring urban
trees thrive.187 Biochar offers a solution to maximize green
spaces’ environmental benefits in urban environments with
space constraints. From pocket parks to expansive green belts,
these extended areas support biodiversity and offer residents
opportunities to reconnect with nature amidst urban life’s
hustle.188 However, it should be noted that replicating the
success of a biochar project requires careful consideration and
planning. Key factors to be considered include identifying a
viable market for biochar, selecting appropriate biomass for
biochar production, securing a suitable site for the biochar
plant, adapting to new technologies, and anticipating chal-
lenges during site preparation and maintenance. Community
engagement also plays a vital role in biochar projects’ success.
The Stockholm project, provided opportunities for citizens to
learn about biochar and contribute to its effective implemen-
tation through initiatives such as museum exhibitions, public
launches, study visits, and open days.186

Building upon Stockholm’s success, Uppsala, Sweden, is
planning a groundbreaking new city district for 57 000 resi-
dents, slated for construction between 2025 and 2050. The
municipality aims to reduce the district’s environmental foot-
print by experimenting with innovative technologies such as
biochar. This project will assess the potential of biochar
carbon sequestration in urban settings.189 In Helsingborg, a
city of 100 000 residents in Sweden, biochar innovation has
reached new heights beyond Stockholm’s pioneering efforts.
This expansion is part of a larger initiative led by Bloomberg
Philanthropies involving seven cities worldwide, including

Helsingborg (Sweden), Darmstadt (Germany), Sandnes
(Norway), Helsinki (Finland) and Cincinnati, Lincoln, and
Minneapolis (in the U.S.).190 Moreover, it is advised that the
biochar used meets the European Biochar Certificate (EBC)
standards or equivalent to guarantee the quality and effective-
ness of the biochar, which is essential for achieving desired
outcomes.187

Helsinki, embarked on a project to enhance carbon seques-
tration, circular waste systems, and urban greenery by increas-
ing biochar usage across public green spaces. Through exten-
sive testing of organic waste materials as biochar feedstocks,
the project aims to raise awareness and provide practical
knowledge about biochar production and application to city
officials and residents.191 Furthermore, biochar application
extends to various sites in Helsinki, including a football field
in Siltamäki, park lawns, turf tram railroads, and street
parking spots. One notable case study is Kuninkaantammi, a
new residential area typifying high-density development in
Finland. Incorporating biochar into planting beds will poten-
tially store 330 000 tons of CO2 over 50 years, highlighting the
significant climate mitigation potential of biochar and green
planning initiatives.191,192

The NWE CASCADE project in France focuses on enhancing
stormwater management in urban settings, particularly in
Brittany, by integrating biochar into solutions. These efforts
target the improvement of rainwater infiltration, soil per-
meability, and groundwater recharge, aligning with the vision
of creating “sponge cities” while evaluating biochar’s potential
for carbon storage. The sustainable approaches include, using
biochar to enhance urban soil permeability and exploring
other innovative methods for optimized stormwater manage-
ment. The project is to be facilitated by establishing a dynamic
stakeholder network. Effective implementation of the plan
within the project is facilitated by the collaboration between
municipal administrations, scientists, private sector entities,
and stormwater management associations.193

In the USA, the City of Minneapolis, Minnesota, has con-
cluded a stormwater infrastructure project in collaboration
with Hennepin County. This initiative, conducted along State
Highway 55 (Hiawatha Avenue) in 2019, aimed to enhance
infiltration, reduce maintenance, and encourage vegetative
growth. The project team replaced the existing compacted soil
with a compost/biochar mix to achieve these goals.194

Furthermore, Minneapolis is actively incorporating biochar
into various urban applications beyond stormwater manage-
ment processes. It includes its utilization in infrastructure pro-
jects and community gardens, reflecting a broader trend in the
city’s environmental initiatives.195 Minnesota has even pub-
lished specifications for biochar use in stormwater manage-
ment, with Minneapolis spearheading city-wide programs after
drawing insights from successful projects in Stockholm,
Sweden. This momentum extends beyond Minneapolis, with
other municipalities across the USA exploring biochar’s poten-
tial in urban stormwater management. As a broader trend in
the USA, cities like Chicago have made significant investments
in stormwater treatment projects with the potential for biochar
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usage and demand for large quantities of biochar.196 As cities
continue to prioritize sustainability and resilience, biochar
emerges as a promising solution to address diverse urban
challenges where biochar’s versatility extends to various urban
applications, including tree planting, turf/parks management,
compost enhancement, bioremediation, construction
materials, and water treatment and filtration (Table 2).197

5. Role of biochar as an
environmental defendant

Including modified biochar in the green infrastructure sphere
marks an emerging, transformative solution to counter the
escalating environmental challenges within urban systems.
Sequestering atmospheric carbon dioxide, a prominent GHG,
offers a way to mitigate the impacts of anthropogenic climate
change.202 Such innovative strategies can transition our built
environment from a major carbon emitter into a significant
carbon sink (stable carbon stored in biochar), thus signposting
the route towards more sustainable, resilient, and carbon-
neutral urban environments. From a broader perspective,
biochar impacts carbon footprint mitigation, both directly and
indirectly, as discussed by Legan et al.31 Directly, biochar
retains carbon meant to be released into the atmosphere
through decay or combustion. Indirectly, biochar’s application
in energy-intensive building materials reduces associated
carbon emissions. The exploration of innovative feedstocks for
biochar production, such as a mixture of waste biomass203 or
invasive plant species,204 improves waste management and
reduces the ecological impacts of invasive species.

The employment of biochar in green infrastructure has
numerous environmental benefits, from boosting carbon
sequestration to enhancing soil fertility and augmenting eco-
system services.205 The versatile nature of biochar permits its
integration into many scenarios, such as urban parks,206 agri-
cultural landscapes,207 and ecological restoration projects.208

Beyond enhancing carbon sequestration, biochar also contrib-
utes to soil health,209 such as improving nutrient availability
and overall soil structure. The subsequent impact is an
increase in plant productivity and, subsequently, an expansion
of the biomass carbon pool, which drives further carbon
sequestration. Moreover, the capacity to modify biochar to
carry seeds or beneficial microorganisms could significantly
enhance ecosystem restoration efforts.210 By promoting the
growth of native plant species and rehabilitating degraded
habitats, biochar-assisted habitat restoration can create self-
sustaining ecosystems, as discussed by Ghosh et al.211 To
realize the potential of biochar in green infrastructure, there is
a need for commitment to continuous innovation, rigorous
research, and interdisciplinary collaboration.

In urban environments, the application of biochar can play
a pivotal role in mitigating the pervasive issue of urban heat
islands. These areas, characterized by higher temperatures
compared to surrounding rural areas, are primarily the result
of heat-absorbing built surfaces and a scarcity of vegetativeT
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cover. These elevated temperatures can have serious repercus-
sions, from adverse health effects to increased energy con-
sumption and escalated levels of air pollutants and green-
house gas emissions. By improving soil quality in urban land-
scapes, biochar fosters plant growth, thereby facilitating the
creation of green spaces that provide shade and offer evapora-
tive cooling.212 This, in turn, leads to a reduction in ambient
temperatures. Biochar also contributes to air quality improve-
ment213 through multiple avenues, especially in urban areas
that often grapple with high levels of air pollutants, including
volatile organic compounds, particulate matter, and nitrogen
oxides. Biochar’s porous structure and expansive surface area
is beneficial as an effective biofilter, adsorbing and retaining a
wide range of airborne pollutants.214 Its sequestration of
carbon and other greenhouse gases reduces atmospheric pol-
lutant concentration while promoting plant growth and enhan-

cing the natural filtration of particulate matter and other air
pollutants.103 Recent research has explored the potential for
modified biochar in green infrastructure to enhance pollutant
removal. For instance, biochar can be modified to incorporate
certain metals (or metal oxides)215 and nanohybrid
materials216 that can catalyze the breakdown of organic pollu-
tants in media, such as air and water pollutants. Additionally,
biochar’s ability to augment the soil’s water-holding capacity
supports the growth of certain plants known for their air-puri-
fying abilities, further contributing to an integrated, efficient
system for air quality improvement in urban locales.

The advent of biochar modifications through physical and
chemical treatments has broadened its functionality, opening
new avenues for advanced applications in green infrastructure.
These modifications encompass processes such as biochar
activation to increase surface area, thus providing more room

Table 2 Biochar-based green infrastructure projects

Country City Biochar usage Ref.

Sweden Stockholm One of the five winners of the 2014 European Mayors Challenge. The project utilizes a biochar–
gravel–soil mix to improve the health and resilience of urban trees, serving as a soil fertilizer to
foster plant growth

186

Sweden Uppsala Inspired from the Stockholm biochar project. The project uses the potential for biochar carbon
sequestration in urban settings and will explore the viability of district heating via biomass
pyrolysis

189

Sweden Helsingborg One of the seven cities selected by Bloomberg Philanthropies after the Stockholm biochar
project. Intends to expand its current biochar production and inaugurate a central hub for
biochar knowledge, fostering communication, research, and global engagement with local
communities and researchers

198

Finland Helsinki One of the seven cities selected by Bloomberg Philanthropies after the Stockholm biochar
project. The project aims to enhance carbon sequestration, circular waste systems, and urban
greenery by increasing biochar utilization in public green areas, intending to repurpose an
existing biochar facility to process green biomass sourced from city parks and residents’ gardens

198

Norway Sandnes One of the seven cities selected by Bloomberg Philanthropies after the Stockholm biochar
project. The project aims to increase biochar production fivefold, concurrently embarking on the
creation of educational resources regarding biochar and actively involving school children in the
process

198

France NWE CASCADE
project

The project aims to convert biomass into biochar to reduce fossil fuel usage, and biochar will be
integrated into stormwater management in urban settings by promoting rainwater infiltration,
soil permeability, and groundwater recharge

193

United
States

Minneapolis One of the seven cities selected by Bloomberg Philanthropies after the Stockholm biochar
project. Minneapolis is starting on a stormwater infrastructure project to improve infiltration,
minimize maintenance, and promote vegetative growth, with plans to construct a biochar
production facility utilizing regional green waste and utilizing the generated heat in a low carbon
district energy system

198

United
States

Chicago Inspired by the Stockholm biochar project. For stormwater treatment projects with the potential
for biochar usage for cost effective pollutant control

196

United
States

Lincoln One of the seven cities selected by Bloomberg Philanthropies after the Stockholm biochar
project. Lincoln plans to utilize biochar beyond agronomic enhancement, incorporating it into
landscaping, stormwater mitigation, and compost enrichment. Collaborating with the Nebraska
Forest Service, the University of Nebraska, and stakeholders, Lincoln will establish its inaugural
biochar production facility as part of the Lincoln Biochar Initiative, aiming to address climate-
related environmental challenges and promote soil health and water quality through community
wood waste utilization for various projects including tree plantings, urban agriculture, public
gardens, composting, and stormwater treatment

199

United
States

Cincinnati One of the seven cities selected by Bloomberg Philanthropies after the Stockholm biochar
project. Cincinnati aims to produce sufficient biochar for the annual planting of over 3000 trees,
utilizing it as a soil amendment to nurture new tree growth while sequestering carbon to bolster
climate resilience. The city plans to repurpose green waste from parks, enhance urban planting
initiatives, support tree canopy expansion in underserved areas, and integrate biochar into
stormwater management operations

200 and
201

Germany Darmstadt One of the seven cities selected by Bloomberg Philanthropies after the Stockholm biochar
project. Darmstadt aims to manufacture biochar for use in city parks, gardens, private
residences, and sports facilities, intending to showcase its potential to other cities across
Germany

198
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for interactions with soil components and pollutants, and the
incorporation of metal nanoparticles to augment reactivity.
Lee & Shin217 compared the heavy metal adsorption capability
of a vast range of biochar feedstock and different modification
approaches. These modifications significantly improve nutri-
ent retention and pollutant removal capabilities, thus broaden-
ing the environmental applications of biochar. Meanwhile, the
exploration of innovative feedstocks for biochar production,
such as waste biomass or invasive plant species, delivers dual
benefits. This not only provides an effective waste manage-
ment solution by diverting biomass from landfills but also
helps mitigate the ecological impacts of invasive species by uti-
lizing them as a resource rather than viewing them as a nui-
sance.218 This approach exemplifies circular economy prin-
ciples central to sustainable development in the future.219

While the potential of biochar in carbon sequestration and
ecosystem service provision is undoubtedly substantial, the
challenge lies in optimizing these modifications and feedstock
choices to maximize the benefits of biochar while mitigating
any potential negative impacts. This involves understanding
how different modifications and feedstocks influence the pro-
perties and performance of biochar in various environmental
contexts and how these can be optimized to meet specific
environmental objectives. This will require rigorous experi-
mental design, meticulous analysis, and increasingly applying
computational methods and machine learning to make sense
of complex, multi-factorial systems. The combination of big
data analytics, artificial intelligence (AI), and computational
modeling with traditional experimental studies promises to
accelerate our understanding of biochar and its potential
applications. For instance, AI-powered predictive models could
be utilized to simulate the behavior of biochar within different
environmental contexts,220 thereby facilitating the design of
bespoke biochar solutions tailored to specific settings and
objectives. An array of factors, including biochar
properties,62,221,222 feedstocks,62,223 and soil heavy metal224

generating predictions about biochar performance and
impacts, can be easily performed with an AI-embedded algor-
ithm. Such models could thereby guide the selection and
modification of biochar to maximize its environmental
benefits. Meanwhile, computational modeling can aid in
understanding and predicting the behavior of biochar in
different environmental systems, including its interactions
with soil, water, and pollutants. Extensive incorporation with
an optimization approach can balance a range of factors and
constraints. Such factors include carbon sequestration poten-
tial,225 biochar allocation in carbon management network,226

economic costs, and environmental impacts,227,228 used to
determine the best strategies for biochar use, the effect of
biochar on climate mitigation,229–231 which has been evaluated
in a vast collection of related research. Life cycle assessment
(LCA) is another useful approach to quantifying and opti-
mizing the carbon-saving potential of biochar applica-
tions.189,232–235 It allows for the systematic evaluation of the
environmental impacts associated with all stages of biochar’s
life cycle, from feedstock acquisition through production and

use, to disposal or recycling. This kind of holistic analysis can
provide critical insights into the environmental trade-offs
associated with different biochar applications, feedstocks, and
modifications, helping to guide decision-making towards the
most sustainable options while ensuring the application of
biochar in the use of green infrastructure (Fig. 4).

6. Concerns over biochar production
and usage
6.1. Technical challenges and economic feasibility

According to the 2023 Global Biochar Market Report, one of
the main challenges hindering the expansion of the biochar
market is limited awareness, estimated at approximately
50%.236 Furthermore, there is a significant lack of consumer
knowledge regarding biochar and its blended products com-
pared to traditional fertilizers or composts. Despite growing
research on biochar’s effectiveness in agriculture and its econ-
omic aspects, public familiarity remains relatively low.237,238

To tackle this challenge, it is crucial to launch extensive mar-
keting campaigns to educate consumers, policymakers, and
industries about biochar’s benefits and diverse applications.

Moreover, more than half of biochar producers do not
comply with any certification or standard for their production
practices.236,239 The European Biochar Certificate (EBC) rep-
resents a significant advancement in establishing quality and
sustainability benchmarks for biochar manufacturing. It pro-
vides a recognized framework for evaluating and certifying
biochar products, promoting trade and market expansion
within Europe and globally. This certification enhances trans-
parency in the market, empowering consumers to make well-
informed choices and driving the demand for biochar pro-
ducts.240 For example, At the end of 2023, product certification
had been achieved by nearly 70% of Europe’s total production
capacity, representing a significant increase from below 50%
in 2018.241

The availability and affordability of biochar production
equipment might present challenges, especially for smaller-
scale producers. Additionally, unclear or restrictive regulations
and policies can hinder biochar production and impede
market growth. A well-designed policy incentive tailored
specifically for biochar could catalyze the advancement of
reliable production technology, economic feasibility, and
market expansion. Although research on how urban planning
policies respond to climate change has been limited, it is on
the rise. Studies have also been conducted in fields related to
urban planning, such as water supply and coastal
management.242,243 Although there has been analysis of
climate change policies, there is limited published research on
the extent to which climate change actions are covered in
urban planning policy, particularly across different levels of
government and policy disciplines.243,244 For example,
Hurlimann et al. conducted a study providing significant
insights into how climate change is addressed in Victoria,
Australia’s planning policies. They examined the extent to
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which these policies consider greenhouse gas emission mitiga-
tion and climate change adaptation, contributing to the
limited body of research on this topic. Their analysis spans
multiple levels of government (local and state) and various
policy disciplines. Key findings reveal that climate change is
only minimally included in urban policy documents and that
there is insufficient integration of mitigation and adaptation
strategies.245 Government support in the form of financial
incentives like tax credits, subsidies, or loan guarantees could
significantly foster industry growth. This growth could, in
turn, facilitate standardization and learning-by-doing in both
production and application methods, resulting in economies
of scale and subsequent cost reductions.246–248

Additional challenges include insufficient demand for
physical biochar, limited access to capital, equipment avail-
ability and capacity, technological readiness and scaling, com-
petition and access to feedstock, transportation expenses,
environmental considerations, and a shortage of skilled
labor.236 Nematian et al.249 suggest that the local production
of biochar in rural areas using portable pyrolysis units is more
suitable than the use of centralized facilities. This approach
aims to improve production efficiency by reducing feedstock
transportation costs in agricultural regions. Moreover another
study suggested that, mobile or distributed biochar production
systems offer a promising solution by reducing biomass costs
through the use of locally generated waste biomass and
addressing local bioenergy and biochar needs.250 Although
slow pyrolysis is a common method for biochar preparation, it
has significant limitations. The process is energy-intensive

and time-consuming, which reduces its viability on a large
scale.251 A study by Vochozka et al.252 highlighted that biochar
production costs are approximately 30 times higher than other
methods, with a payback period extending over several
decades. They suggest that revising the production process is
necessary to lower these costs. In China, small and medium-
scale gasification systems have energy efficiencies between
15–20%, while large-scale systems achieve efficiencies of
26–30%. However, low system efficiencies and high costs for
biomass collection, transport, and pretreatment present sig-
nificant economic challenges.250 However, emerging markets
for biochar and the scaling up of production are expected to
lower the costs of new units and products.

Therefore, in summary, the successful commercialization
of biochar markets necessitates several key elements: pyrolysis
feedstock, quality control and standardization,253 secondary
uses for pyrolysis products, market diversification,254–257

lifecycle assessment and certification, policy support and
incentives.258

6.2. Potential negative impacts of biochar usage

While biochar offers numerous benefits, it is important to
acknowledge the potential hazards associated with its use.
Various studies have identified environmentally harmful sub-
stances in biochar, including heavy metals (such as Zn, Mn,
Cu, Pb, Ni, and Cr), polycyclic aromatic hydrocarbons (PAHs),
dioxins, environmentally persistent free radicals (EPFRs), per-
fluorinated compounds (PFCs), and volatile organic com-
pounds (VOCs). These substances can pose risks to ecosystems

Fig. 4 Role of biochar as an environmental defendant.
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and human health.259–261 For instance, research has shown
that heavy metals like Zn and Cu, prevalent in wood-derived
biochar, may exist primarily as monovalent and divalent
cations, leading to weak adsorption onto the biochar matrix
and potential release, especially under mild conditions such
as irrigation.262 Similar concerns arise with biochar derived
from various feedstocks, such as pig manure (Zn and Cu),263

municipal sewage sludge (Zn, Cu, Pb, and Fe),264 paper mill
sludge (Zn, Cu, Pb, Ni, and Cr),265 miscanthus (Zn, Cu, Pb, Ni,
and Cr),266 wicker (Zn and Pb),266 coconut shell (Zn, Cu, and
Mn),267 restaurant food waste (Zn, Pb, Fe, and Mn),266 and
agricultural biomass (As, Cd, Cr, Cu, Ni, and Zn).268,269

Furthermore, the application of biochar to soil introduces
complexities about its actual impacts due to the presence of
various influential factors such as soil type, pH, biochar appli-
cation rate and depth, and the type of crop or plant grown.
These factors interact to influence the plant–biochar–soil
relationship and its overall impact on GHG emissions and soil
health.270

As revealed by Llorach-Massana et al.,271 the distribution of
the average carbon footprint across different stages of the
biomass-to-biochar conversion process reveals that dry feed-
stock transportation accounts for 18%, grinding for 23%,
pyrolysis for 56%, and biochar transportation for 3%. While
the short distances traveled by both the feedstock and biochar
significantly minimize emissions during these transportation
stages, the production phase substantially impacts the overall
emissions balance. The concept of closing the loop in the
biochar circular economy, achieved through efficient manufac-
turing practices, is proving beneficial in various case studies
worldwide. For instance, employing complementary techno-
logies like anaerobic digestion and composting alongside
pyrolysis transforms previously disregarded materials into
valuable products. This approach conserves nutrients and
allows for the reuse of waste and heat energy, creating more
cost-effective and efficient systems and products.272

Optimizing heat losses in the pyrolysis plant, even in a
small-scale pilot setting, holds promise for significantly redu-
cing emissions during this critical stage. This approach aims
to mitigate the carbon footprint associated with biochar pro-
duction. Additionally, there are concerns about the environ-
mental impacts associated with biochar dust emissions during
application, including increased dust emissions, eutrophica-
tion, leaching of endogenous pollution, facilitation of pollu-
tant migration, and ecotoxicity to animals, plants, and micro-
organisms. Moreover, knowledge gaps exist regarding the de-
sorption of attached pollutants, inhalation risks to humans,
and the bioavailability of contaminants after entering the
human body.273

7. Summary and outlook

The properties of biochar can vary depending on the feedstock
used and the production process, which can lead to inconsis-
tencies in the applications such as a constituent in cement

mixtures, vertical greenery systems, green roofs, insulation
material in walls, and stormwater management. Moreover,
conditions and parameters such as pyrolysis temperature,
pyrolysis rate, and pressure can affect the structure of the
biochar produced via different methods. In addition, biochar
production can be expensive, and may not be feasible for some
building projects.

Apart from conventional methods such as slow pyrolysis
and fast pyrolysis, biochar can also be generated through flash
carbonization (produced biochar is ideal for water filtration
and adsorption of contaminants), hydrothermal carbonization
(where aquatic biomass and animal wastes can be processed
with 60–80% yields), and microwave-assisted pyrolysis (with
lower energy consumption, and shorter processing time), each
offering unique benefits and potential for cutting-edge
research. Additionally, traditional methods of biochar pro-
duction can be refined and scaled up for widespread use. For
example, traditional Korean biochar is made from sections of
Korean oak, wherein all moisture and vaporous elements are
removed through heat, resulting in a clean-burning product
via kiln burning. The slow-burning process, regulated by
airflow, persists for several days until the wood is fully carbo-
nized. The resultant biochar is renowned for its extended
burning time and low smoke emission.

Incorporating biochar into cement mixtures presents com-
patibility, strength, durability, standardization, and cost chal-
lenges. Achieving a compatible blend and homogeneous distri-
bution of biochar in cement is crucial. The presence of
biochar can impact hydration, affecting setting time, compres-
sive strength, and resistance to degradation. Standardized
guidelines for dosage, particle size, and quality control are
lacking. Addressing these challenges requires further research,
guideline development, and optimization of biochar properties
to ensure its effective and economically viable utilization in
cementitious materials.

One of the challenges of using biochar is the potential for
moisture accumulation in walls. The high porosity of biochar
can lead to moisture accumulation if not properly installed or
if the wall system does not have proper moisture management
strategies. This can lead to mold growth and other moisture-
related issues. Despite these challenges, the use of biochar as
insulation in walls has shown great potential in improving
energy efficiency and reducing environmental impacts in
buildings.

Future research can help address some of the challenges
associated with using biochar as insulation materials and
improving its performance in wall systems. However, it has
shown great potential as an insulating material for building
walls. Its high thermal resistance, fire-resistant properties, and
potential to reduce environmental impacts make it an attrac-
tive alternative to traditional insulation materials. Utilizing
biochar in stormwater management also comes with chal-
lenges. Proper biochar selection, considering factors such as
feedstock and properties, is crucial. In addition, determining
suitable application methods for optimal water filtration and
retention is important. Furthermore, maintenance is essential
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for addressing potential degradation or clogging over time. In
general, the effectiveness of biochar in various applications
depends on physicochemical properties and characteristics.
For example, when biochar is used as a soil amendment, it
improves the soil fertility, structure, and water retention
capacity. High-quality biochar with a well-developed pore
structure and a balanced nutrient profile tends to exhibit
better performance in improving soil health and plant growth.
Similarly, the performance of biochar in water treatment appli-
cations is influenced by factors such as pore size distribution,
surface chemistry, specific surface area, and functional groups
present on its surface. These properties determine biochar’s
capacity to remove pollutants from water, such as heavy
metals, organic compounds, and nutrients. Therefore, a com-
prehensive understanding of these properties and their impact
on biochar’s performance is imperative for optimizing its util-
ization across diverse sustainable green infrastructure
applications.

In conclusion, the potential of biochar for advancing green
infrastructure is vast and holds great promise for a more sus-
tainable and resilient future. However, it is essential to con-
sider factors such as feedstock selection, production methods,
and application techniques to maximize the effectiveness and
sustainability of biochar-based solutions. By leveraging
advanced technologies and computational tools, we can
enhance our understanding, optimize its applications, and
ultimately harness the full power of biochar to meet our sus-
tainability goals. The continued exploration, experimentation,
and innovation in this field will undoubtedly open up exciting
new avenues for research and application, driving us closer to
our vision of sustainable, resilient, and carbon-neutral urban
environments. By incentivizing the production and utilization
of biochar in green infrastructure, governments and organiz-
ations can drive the transition towards a low-carbon economy
and mitigate the impacts of climate change. Additionally,
creating robust markets for high-quality biochar products is
important for expanding the industry. Increasing awareness of
biochar’s versatility in various applications and establishing
clear quality standards and certifications such as the EBC
Certificate are essential. The cost, availability and scalability of
biochar-based systems may hinder their widespread use.
Therefore, consistent policies, regulatory frameworks and stan-
dardization need to be considered while observing sustainabil-
ity and ESG principles and working within particular policy
and social frameworks to fully harness biochar’s potential in
green infrastructure and develop resilient, resource-efficient
systems for the future.

Author contributions

Sachini Supunsala Senadheera: conceptualization, method-
ology, writing – original draft, writing – review & editing. Piumi
Amasha Withana: conceptualization, methodology, writing –

original draft, writing – review & editing. Juin Yau Lim: concep-
tualization, methodology, writing – original draft, writing –

review & editing. Siming You: writing – review & editing. Scott
X. Chang: writing – review & editing. Fang Wang: writing –

review & editing. Jay Hyuk Rhee: writing – review & editing.
Yong Sik Ok: writing – review & editing, investigation, supervi-
sion, project administration, funding acquisition.

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

The authors declare no competing interest.

Acknowledgements

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT)
(No. 2021R1A2C2011734). This research was supported by
Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of
Education (NRF-2021R1A6A1A10045235). This research was
supported by OJEong Resilience Institute, Korea University.
This work was carried out with the support of the Cooperative
Research Program for Agriculture Science and Technology
Development (Project No. PJ01475801) from the Rural
Development Administration, the Republic of Korea.

References

1 L. Gan, A. Garg, H. Wang, G. Mei and J. Liu, Influence of
biochar amendment on stormwater management in green
roofs: experiment with numerical investigation, Acta
Geophys., 2021, 69, 2417–2426.

2 S. Jones and C. Somper, The role of green infrastructure
in climate change adaptation in L ondon, Geogr. J., 2014,
180(2), 191–196.

3 F. Wang, J. D. Harindintwali, K. Wei, Y. Shan, Z. Mi,
M. J. Costello, S. Grunwald, Z. Feng, F. Wang, Y. Guo and
X. Wu, Climate change: Strategies for mitigation and
adaptation, Innov. Geosci., 2023, 1(1), 100015.

4 J. Wang and E. Banzhaf, Towards a better understanding
of Green Infrastructure: A critical review, Ecol. Indic., 2018,
85, 758–772.

5 P. Kumar, S. E. Debele, S. Khalili, C. H. Halios,
J. Sahani, N. Aghamohammadi, M. de Fatima Andrade,
M. Athanassiadou, K. Bhui, N. Calvillo and S. J. Cao,
Urban heat mitigation by green and blue infrastructure:
Drivers, effectiveness, and future needs, The Innovation,
2024, 5(2), 100588.

6 J. A. Jaeger, T. Soukup, C. Schwick, L. F. Madriñán and
F. Kienast, Landscape fragmentation in Europe, in

Critical Review Green Chemistry

10650 | Green Chem., 2024, 26, 10634–10660 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k


European Landscape Dynamics, CRC Press, 2016, pp.
187–228.

7 S. S. Lee, H. S. Shah, Y. M. Awad, S. Kumar and Y. S. Ok,
Synergy effects of biochar and polyacrylamide on plants
growth and soil erosion control, Environ. Earth Sci., 2015,
74, 2463–2473.

8 V. Abrol, M. Ben-Hur, F. G. Verheijen, J. J. Keizer,
M. A. Martins, H. Tenaw, L. Tchehansky and
E. R. Graber, Biochar effects on soil water infiltration
and erosion under seal formation conditions: rainfall
simulation experiment, J. Soils Sediments, 2016, 16,
2709–2719.

9 M. Hemath, S. Mavinkere Rangappa, V. Kushvaha,
H. N. Dhakal and S. Siengchin, A comprehensive review
on mechanical, electromagnetic radiation shielding, and
thermal conductivity of fibers/inorganic fillers reinforced
hybrid polymer composites, Polym. Compos., 2020, 41(10),
3940–3965.

10 J. Ni, X. Chen, C. W. W. Ng and H. Guo, Effects of biochar
on water retention and matric suction of vegetated soil,
Geotech. Lett., 2018, 8(2), 124–129.

11 G. Pardo, A. Sarmah and R. Orense, Mechanism of
improvement of biochar on shear strength and liquefac-
tion resistance of sand, Géotechnique, 2019, 69(6), 471–
480.

12 J. T. F. Wong, Z. Chen, C. W. W. Ng and M. H. Wong, Gas
permeability of biochar-amended clay: potential alterna-
tive landfill final cover material, Environ. Sci. Pollut. Res.,
2016, 23, 7126–7131.

13 Y.-X. Huang, X. Bao, H. Huang, A. Garg, W.-L. Cai and
A. Zhussupbekov, Exploring Biochar as Stable Carbon
Material for Suppressing Erosion in Green Infrastructure,
in Geotechnical Engineering and Sustainable Construction:
Sustainable Geotechnical Engineering, Springer, 2022, pp.
461–468.

14 S. Safarian, Performance analysis of sustainable techno-
logies for biochar production: A comprehensive review,
Energy Rep., 2023, 9, 4574–4593.

15 M. Verma, N. M′hamdi, Z. Dkhili, S. K. Brar and K. Misra,
Thermochemical transformation of agro-biomass into
biochar: simultaneous carbon sequestration and soil
amendment, in Biotransformation of Waste Biomass into
High Value Biochemicals, 2014, pp. 51–70.

16 S. Bolognesi, G. Bernardi, A. Callegari, D. Dondi and
A. G. Capodaglio, Biochar production from sewage sludge
and microalgae mixtures: properties, sustainability and
possible role in circular economy, Biomass Convers.
Biorefin., 2021, 11, 289–299.

17 A. Callegari, P. Hlavinek and A. G. Capodaglio, Production
of energy (biodiesel) and recovery of materials (biochar)
from pyrolysis of urban waste sludge, Rev. Ambiente Agua,
2018, 13, e2128.

18 F. Ronsse, S. Van Hecke, D. Dickinson and W. Prins,
Production and characterization of slow pyrolysis biochar:
influence of feedstock type and pyrolysis conditions, GCB
Bioenergy, 2013, 5(2), 104–115.

19 W. C. Choi, H. D. Yun and J. Y. Lee, Mechanical properties
of mortar containing bio-char from pyrolysis, J. Korea Inst.
Struct. Maint. Insp., 2012, 16(3), 67–74.

20 Z. Tan, J. Zou, L. Zhang and Q. Huang, Morphology, pore
size distribution, and nutrient characteristics in biochars
under different pyrolysis temperatures and atmospheres,
J. Mater. Cycles Waste Manag., 2018, 20, 1036–1049.

21 Y. Sun, B. Gao, Y. Yao, J. Fang, M. Zhang, Y. Zhou,
H. Chen and L. Yang, Effects of feedstock type, production
method, and pyrolysis temperature on biochar and hydro-
char properties, Chem. Eng. J., 2014, 240, 574–578.

22 J. Zhang, J. Liu and R. Liu, Effects of pyrolysis temperature
and heating time on biochar obtained from the pyrolysis
of straw and lignosulfonate, Bioresour. Technol., 2015, 176,
288–291.

23 A. Tomczyk, Z. Sokołowska and P. Boguta, Biochar
physicochemical properties: pyrolysis temperature and
feedstock kind effects, Rev. Environ. Sci. Bio/Technol.,
2020, 19, 191–215.

24 C. Fu, H. Zhang, M. Xia, W. Lei and F. Wang, The single/
co-adsorption characteristics and microscopic adsorption
mechanism of biochar-montmorillonite composite adsor-
bent for pharmaceutical emerging organic contaminant
atenolol and lead ions, Ecotoxicol. Environ. Saf., 2020, 187,
109763.

25 L. T. Vo and P. Navard, Treatments of plant biomass for
cementitious building materials–A review, Constr. Build.
Mater., 2016, 121, 161–176.

26 J. J. Manyà, Pyrolysis for biochar purposes: a review to
establish current knowledge gaps and research needs,
Environ. Sci. Technol., 2012, 46(15), 7939–7954.

27 K. N. Palansooriya, S. M. Shaheen, S. S. Chen,
D. C. Tsang, Y. Hashimoto, D. Hou, N. S. Bolan,
J. Rinklebe and Y. S. Ok, Soil amendments for immobiliz-
ation of potentially toxic elements in contaminated soils:
A critical review, Environ. Int., 2020, 134, 105046.

28 B. Liang, J. Lehmann, D. Solomon, J. Kinyangi,
J. Grossman, B. O’Neill, J. O. Skjemstad, J. Thies,
F. J. Luizão and J. Petersen, Black carbon increases cation
exchange capacity in soils, Soil Sci. Soc. Am. J., 2006, 70(5),
1719–1730.

29 J. Lehmann, A handful of carbon, Nature, 2007, 447(7141),
143–144.

30 H. Maljaee, R. Madadi, H. Paiva, L. Tarelho and
V. M. Ferreira, Incorporation of biochar in cementitious
materials: A roadmap of biochar selection, Constr. Build.
Mater., 2021, 283, 122757.

31 M. Legan, A. Ž. Gotvajn and K. Zupan, Potential of
biochar use in building materials, J. Environ. Manage.,
2022, 309, 114704.

32 L. Dai, Q. Lu, H. Zhou, F. Shen, Z. Liu, W. Zhu and
H. Huang, Tuning oxygenated functional groups on
biochar for water pollution control: A critical review,
J. Hazard. Mater., 2021, 420, 126547.

33 X. Li, C. Wang, J. Zhang, J. Liu, B. Liu and G. Chen,
Preparation and application of magnetic biochar in water

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 10634–10660 | 10651

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k


treatment: A critical review, Sci. Total Environ., 2020, 711,
134847.

34 N. Cheng, B. Wang, P. Wu, X. Lee, Y. Xing, M. Chen and
B. Gao, Adsorption of emerging contaminants from water
and wastewater by modified biochar: A review, Environ.
Pollut., 2021, 273, 116448.

35 M. Ahmad, A. U. Rajapaksha, J. E. Lim, M. Zhang,
N. Bolan, D. Mohan, M. Vithanage, S. S. Lee and
Y. S. Ok, Biochar as a sorbent for contaminant manage-
ment in soil and water: a review, Chemosphere, 2014, 99,
19–33.

36 A. E. Creamer, B. Gao and M. Zhang, Carbon dioxide
capture using biochar produced from sugarcane bagasse
and hickory wood, Chem. Eng. J., 2014, 249, 174–179.

37 H. Bamdad, K. Hawboldt and S. MacQuarrie, A review on
common adsorbents for acid gases removal: Focus on
biochar, Renewable Sustainable Energy Rev., 2018, 81,
1705–1720.

38 N. T. L. Chi, S. Anto, T. S. Ahamed, S. S. Kumar,
S. Shanmugam, M. S. Samuel, T. Mathimani,
K. Brindhadevi and A. Pugazhendhi, A review on biochar
production techniques and biochar based catalyst for
biofuel production from algae, Fuel, 2021, 287, 119411.

39 K. Velusamy, J. Devanand, P. S. Kumar, K. Soundarajan,
V. Sivasubramanian, J. Sindhu and D.-V. N. Vo, A review
on nano-catalysts and biochar-based catalysts for biofuel
production, Fuel, 2021, 306, 121632.

40 S. Sahota, V. K. Vijay, P. Subbarao, R. Chandra, P. Ghosh,
G. Shah, R. Kapoor, V. Vijay, V. Koutu and I. S. Thakur,
Characterization of leaf waste based biochar for cost
effective hydrogen sulphide removal from biogas,
Bioresour. Technol., 2018, 250, 635–641.

41 W. Zhao, H. Yang, S. He, Q. Zhao and L. Wei, A review of
biochar in anaerobic digestion to improve biogas pro-
duction: performances, mechanisms and economic
assessments, Bioresour. Technol., 2021, 341, 125797.

42 M. Kumar, S. Dutta, S. You, G. Luo, S. Zhang, P. L. Show,
A. D. Sawarkar, L. Singh and D. C. Tsang, A critical review
on biochar for enhancing biogas production from anaero-
bic digestion of food waste and sludge, J. Cleaner Prod.,
2021, 305, 127143.

43 A. K. Sakhiya, A. Anand and P. Kaushal, Production, acti-
vation, and applications of biochar in recent times,
Biochar, 2020, 2, 253–285.

44 V. Masson-Delmotte, P. Zhai, H. O. Pörtner, D. Roberts,
J. Skea, P. R. Shukla, A. Pirani, W. Moufouma-Okia,
C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews,
Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock,
M. Tignor and T. Waterfield, Global Warming of 1.5 °C.
An IPCC Special Report on the Impacts of Global
Warming of 1.5 °C above Pre-Industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in
The Context of Strengthening the Global Response to the
Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty, IPCC, 2018. http://www.ipcc.ch/
report/sr15.

45 IPCC, Climate Change 2022 Mitigation of Climate Change,
2022.

46 Carbonfuture Carbon Removal You Can Trust. https://
www.carbonfuture.earth/.

47 P. Biochar, Pacific Biochar is #1 in the world for durable
carbon removal deliveries in 2023. https://pacificbiochar.
com/pacific-biochar-is-1-in-the-world-for-durable-carbon-
removal-deliveries-in-2023/.

48 GreenBiz Seven biochar companies you should know.
https://www.greenbiz.com/article/seven-biochar-companies-
you-should-know.

49 J. Wang, L. Shi, L. Zhai, H. Zhang, S. Wang, J. Zou,
Z. Shen, C. Lian and Y. Chen, Analysis of the long-term
effectiveness of biochar immobilization remediation on
heavy metal contaminated soil and the potential environ-
mental factors weakening the remediation effect: A review,
Ecotoxicol. Environ. Saf., 2021, 207, 111261.

50 M. Z. Hossain, M. M. Bahar, B. Sarkar, S. W. Donne,
Y. S. Ok, K. N. Palansooriya, M. B. Kirkham, S. Chowdhury
and N. Bolan, Biochar and its importance on nutrient
dynamics in soil and plant, Biochar, 2020, 2, 379–420.

51 A. S. Basso, F. E. Miguez, D. A. Laird, R. Horton and
M. Westgate, Assessing potential of biochar for increasing
water holding capacity of sandy soils, GCB Bioenergy,
2013, 5(2), 132–143.

52 D. Y. Wang, D. H. Yan, X. S. Song and H. Wang, In Impact
of biochar on water holding capacity of two Chinese agri-
cultural soil, in Advanced Materials Research, 2014, Trans
Tech Publ, 2014, pp. 952–955.

53 S. Mandal, A. Kunhikrishnan, N. Bolan, H. Wijesekara
and R. Naidu, Application of biochar produced from bio-
waste materials for environmental protection and sustain-
able agriculture production, in Environmental Materials
and Waste, Elsevier, 2016, pp. 73–89.

54 S. Gul, J. K. Whalen, B. W. Thomas, V. Sachdeva and
H. Deng, Physico-chemical properties and microbial
responses in biochar-amended soils: mechanisms and
future directions, Agric., Ecosyst. Environ., 2015, 206,
46–59.

55 M. Santamouris, Cooling the cities–a review of reflective
and green roof mitigation technologies to fight heat
island and improve comfort in urban environments, Sol.
Energy, 2014, 103, 682–703.

56 T. Xiong, Y. S. Ok, P. D. Dissanayake, D. C. Tsang,
S. Kim, H. W. Kua and K. W. Shah, Preparation and
thermal conductivity enhancement of a paraffin wax-
based composite phase change material doped with
garlic stem biochar microparticles, Sci. Total Environ.,
2022, 827, 154341.

57 J. Jeon, J. H. Park, S. Wi, S. Yang, Y. S. Ok and S. Kim,
Latent heat storage biocomposites of phase change
material-biochar as feasible eco-friendly building
materials, Environ. Res., 2019, 172, 637–648.

58 W.-Y. Yang, D. Li, T. Sun and G.-H. Ni, Saturation-excess
and infiltration-excess runoff on green roofs, Ecol. Eng.,
2015, 74, 327–336.

Critical Review Green Chemistry

10652 | Green Chem., 2024, 26, 10634–10660 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

http://www.ipcc.ch/report/sr15
http://www.ipcc.ch/report/sr15
http://www.ipcc.ch/report/sr15
https://www.carbonfuture.earth/
https://www.carbonfuture.earth/
https://www.carbonfuture.earth/
https://pacificbiochar.com/pacific-biochar-is-1-in-the-world-for-durable-carbon-removal-deliveries-in-2023/
https://pacificbiochar.com/pacific-biochar-is-1-in-the-world-for-durable-carbon-removal-deliveries-in-2023/
https://pacificbiochar.com/pacific-biochar-is-1-in-the-world-for-durable-carbon-removal-deliveries-in-2023/
https://pacificbiochar.com/pacific-biochar-is-1-in-the-world-for-durable-carbon-removal-deliveries-in-2023/
https://www.greenbiz.com/article/seven-biochar-companies-you-should-know
https://www.greenbiz.com/article/seven-biochar-companies-you-should-know
https://www.greenbiz.com/article/seven-biochar-companies-you-should-know
https://doi.org/10.1039/d4gc03071k


59 C. Jin, X. Bai, T. Luo and M. Zou, Effects of green roofs’
variations on the regional thermal environment using
measurements and simulations in Chongqing, China,
Urban For. Urban Green., 2018, 29, 223–237.

60 F. Li, X. Liang, C. Niyungeko, T. Sun, F. Liu and Y. Arai,
Effects of biochar amendments on soil phosphorus trans-
formation in agricultural soils, Adv. Agron., 2019, 158,
131–172.

61 C. Li, C. Peng, P.-C. Chiang, Y. Cai, X. Wang and Z. Yang,
Mechanisms and applications of green infrastructure
practices for stormwater control: A review, J. Hydrol., 2019,
568, 626–637.

62 S. Li, S. Harris, A. Anandhi and G. Chen, Predicting
biochar properties and functions based on feedstock and
pyrolysis temperature: A review and data syntheses,
J. Cleaner Prod., 2019, 215, 890–902.

63 L. Schifman, A. Prues, K. Gilkey and W. Shuster, Realizing
the opportunities of black carbon in urban soils:
Implications for water quality management with green
infrastructure, Sci. Total Environ., 2018, 644, 1027–1035.

64 M. Novotný, M. Marković, J. Raček, M. Šipka, T. Chorazy,
I. Tošić and P. Hlavínek, The use of biochar made from
biomass and biosolids as a substrate for green infrastruc-
ture: A review, Sustainable Chem. Pharm., 2023, 32, 100999.

65 J. Lehmann and S. Joseph, Biochar for environmental man-
agement: science, technology and implementation,
Routledge, 2015.

66 R. Wallace, C. Su and W. Sun, Evaluation of biochar to
enhance green infrastructure for removal of heavy metals
in storm water, in Proceedings of the 10th Oklahoma
University international water conference, Norman, US, 2017,
2017.

67 M. Sang, M. Huang, W. Zhang, W. Che and H. Sun, A pilot
bioretention system with commercial activated carbon
and river sediment-derived biochar for enhanced nutrient
removal from stormwater, Water Sci. Technol., 2019, 80(4),
707–716.

68 B. A. Ulrich, M. Loehnert and C. P. Higgins, Improved
contaminant removal in vegetated stormwater biofilters
amended with biochar, Environ. Sci.: Water Res. Technol.,
2017, 3(4), 726–734.

69 P. De Rozari, M. Greenway and A. El Hanandeh, An inves-
tigation into the effectiveness of sand media amended
with biochar to remove BOD5, suspended solids and coli-
forms using wetland mesocosms, Water Sci. Technol.,
2015, 71(10), 1536–1544.

70 B. C. Scharenbroch, E. N. Meza, M. Catania and K. Fite,
Biochar and biosolids increase tree growth and improve
soil quality for urban landscapes, J. Environ. Qual., 2013,
42(5), 1372–1385.

71 W. C. Choi, H. D. Yun and J. Y. Lee, Mechanical properties
of mortar containing bio-char from pyrolysis, J. Korea Inst.
Struct. Maint. Insp., 2012, 16(3), 67–74.

72 D. A. Beck, G. R. Johnson and G. A. Spolek, Amending
greenroof soil with biochar to affect runoff water quantity
and quality, Environ. Pollut., 2011, 159(8–9), 2111–2118.

73 G. Pérez Luque, L. F. Cabeza, J. Coma Arpón and
I. Martorell, Vertical Greenery Systems (VGS) for energy
saving in buildings: A review, Renewable Sustainable
Energy Rev., 2014, 39, 139–165.

74 N. Donthu, S. Kumar, D. Mukherjee, N. Pandey and
W. M. Lim, How to conduct a bibliometric analysis: An
overview and guidelines, J. Bus. Res., 2021, 133, 285–296.

75 L. Proaño, A. T. Sarmiento, M. Figueredo and M. Cobo,
Techno-economic evaluation of indirect carbonation for
CO2 emissions capture in cement industry: A system
dynamics approach, J. Cleaner Prod., 2020, 263, 121457.

76 L. Wang, L. Chen, D. C. Tsang, B. Guo, J. Yang, Z. Shen,
D. Hou, Y. S. Ok and C. S. Poon, Biochar as green addi-
tives in cement-based composites with carbon dioxide
curing, J. Cleaner Prod., 2020, 258, 120678.

77 O. Canbek, S. Shakouri and S. T. Erdoğan, Laboratory pro-
duction of calcium sulfoaluminate cements with high
industrial waste content, Cem. Concr. Compos., 2020, 106,
103475.

78 X. Cheng, Q. Dong, Y. Ma, C. Zhang, X. Gao, Y. Yu, Z. Wen,
C. Zhang and X. Guo, Mechanical and thermal properties
of aluminate cement paste with blast furnace slag at high
temperatures, Constr. Build. Mater., 2019, 228, 116747.

79 A. Darsanasiri, F. Matalkah, S. Ramli, K. Al-Jalode,
A. Balachandra and P. Soroushian, Ternary alkali alumino-
silicate cement based on rice husk ash, slag and coal fly
ash, J. Build. Eng., 2018, 19, 36–41.

80 C. Hu, Microstructure and mechanical properties of fly
ash blended cement pastes, Constr. Build. Mater., 2014,
73, 618–625.

81 Y. Zhang, M. He, L. Wang, J. Yan, B. Ma, X. Zhu, Y. S. Ok,
V. Mechtcherine and D. C. Tsang, Biochar as construction
materials for achieving carbon neutrality, Biochar, 2022,
4(1), 59.

82 P. D. Dissanayake, S. You, A. D. Igalavithana, Y. Xia,
A. Bhatnagar, S. Gupta, H. W. Kua, S. Kim, J.-H. Kwon and
D. C. Tsang, Biochar-based adsorbents for carbon dioxide
capture: A critical review, Renewable Sustainable Energy
Rev., 2020, 119, 109582.

83 S. Gupta and H. W. Kua, Factors determining the poten-
tial of biochar as a carbon capturing and sequestering
construction material: critical review, J. Mater. Civ. Eng.,
2017, 29(9), 04017086.

84 X. Yang and X.-Y. Wang, Hydration-strength-durability-
workability of biochar-cement binary blends, J. Build.
Eng., 2021, 42, 103064.

85 C. Andrade and M. Á. Sanjuán, Carbon dioxide uptake by
pure Portland and blended cement pastes, Dev. Built
Environ., 2021, 8, 100063.

86 S. Gupta, H. Kua and S. Dai Pang, Biochar-mortar compo-
site: Manufacturing, evaluation of physical properties and
economic viability, Constr. Build. Mater., 2018, 167, 874–
889.

87 S. Gupta, H. W. Kua and H. J. Koh, Application of biochar
from food and wood waste as green admixture for cement
mortar, Sci. Total Environ., 2018, 619, 419–435.

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 10634–10660 | 10653

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k


88 S. Gupta, J.-M. Tulliani and H. W. Kua, Carbonaceous
admixtures in cementitious building materials: Effect of
particle size blending on rheology, packing, early age pro-
perties and processing energy demand, Sci. Total Environ.,
2022, 807, 150884.

89 S. Gupta, H. W. Kua and S. Dai Pang, Biochar-mortar com-
posite: Manufacturing, evaluation of physical properties
and economic viability, Constr. Build. Mater., 2018, 167,
874–889.

90 A. Sirico, P. Bernardi, C. Sciancalepore, F. Vecchi,
A. Malcevschi, B. Belletti and D. Milanese, Biochar from
wood waste as additive for structural concrete, Constr.
Build. Mater., 2021, 303, 124500.

91 Z. Zhao, A. El-Naggar, J. Kau, C. Olson, D. Tomlinson and
S. X. Chang, Biochar affects compressive strength of
Portland cement composites: a meta-analysis, Biochar,
2024, 6(1), 21.

92 M. A. R. Bhutta, K. Tsuruta and J. Mirza, Evaluation of
high-performance porous concrete properties, Constr.
Build. Mater., 2012, 31, 67–73.

93 M. Zhao, Y. Jia, L. Yuan, J. Qiu and C. Xie, Experimental
study on the vegetation characteristics of biochar-modi-
fied vegetation concrete, Constr. Build. Mater., 2019, 206,
321–328.

94 M. Kraus, K. Žáková and J. Žák, Biochar for Vertical
Greenery Systems, Energies, 2020, 13(23), 6320.

95 Y. M. Awad, S.-E. Lee, M. B. M. Ahmed, N. T. Vu,
M. Farooq, I. S. Kim, H. S. Kim, M. Vithanage,
A. R. A. Usman and M. Al-Wabel, Biochar, a potential
hydroponic growth substrate, enhances the nutritional
status and growth of leafy vegetables, J. Cleaner Prod.,
2017, 156, 581–588.

96 I. Hachoumi, B. Pucher, E. De Vito-Francesco, F. Prenner,
T. Ertl, G. Langergraber, M. Fürhacker and R. Allabashi,
Impact of green roofs and vertical greenery systems on
surface runoff quality, Water, 2021, 13(19), 2609.

97 Z. Qianqian, M. Liping, W. Huiwei and W. Long, Analysis
of the effect of green roof substrate amended with biochar
on water quality and quantity of rainfall runoff, Environ.
Monit. Assess., 2019, 191(5), 304.

98 K. L. Getter and D. B. Rowe, The role of extensive green
roofs in sustainable development, HortScience, 2006,
41(5), 1276–1285.

99 S. Joseph and P. Taylor, A farmer’s guide to the production,
use and application of biochar, ANZ Biochar Industry
Group (ANZBIG), 2024.

100 D. J. Bliss, R. D. Neufeld and R. J. Ries, Storm water
runoff mitigation using a green roof, Environ. Eng. Sci.,
2009, 26(2), 407–418.

101 J. Mentens, D. Raes and M. Hermy, Green roofs as a tool
for solving the rainwater runoff problem in the urbanized
21st century?, Landsc. Urban Plan., 2006, 77(3), 217–
226.

102 H. Chen, J. Ma, X. Wang, P. Xu, S. Zheng and Y. Zhao,
Effects of biochar and sludge on carbon storage of urban
green roofs, Forests, 2018, 9(7), 413.

103 H. Chen, J. Ma, J. Wei, X. Gong, X. Yu, H. Guo and
Y. Zhao, Biochar increases plant growth and alters
microbial communities via regulating the moisture and
temperature of green roof substrates, Sci. Total Environ.,
2018, 635, 333–342.

104 W. Liao, J. Drake and S. C. Thomas, Biochar granulation
enhances plant performance on a green roof substrate,
Sci. Total Environ., 2022, 813, 152638.

105 C. T. Cao, C. Farrell, P. E. Kristiansen and J. P. Rayner,
Biochar makes green roof substrates lighter and improves
water supply to plants, Ecol. Eng., 2014, 71, 368–374.

106 P. Downton, Green roofs and walls. https://www.your-
home.gov.au/materials/green-roofs-and-walls#:~:text=
While%20the%20%20soil%20bed%20could,as%20fuel%
20during%20a%20bushfire.

107 L. K. Lazzari, D. Perondi, V. B. Zampieri, A. J. Zattera and
R. M. Santana, Cellulose/biochar aerogels with excellent
mechanical and thermal insulation properties, Cellulose,
2019, 26, 9071–9083.

108 K. Weber and P. Quicker, Properties of biochar, Fuel,
2018, 217, 240–261.

109 D. Jiang, J. Qin, X. Zhou, Q. Li, D. Yi and B. Wang,
Improvement of thermal insulation and compressive per-
formance of Al2O3–SiO2 aerogel by doping carbon nano-
tubes, Ceram. Int., 2022, 48(11), 16290–16299.

110 S. Wu, D. Chen, G. Zhao, Y. Cheng, B. Sun, X. Yan,
W. Han, G. Chen and X. Zhang, Controllable synthesis of
a robust sucrose-derived bio-carbon foam with 3D hier-
archical porous structure for thermal insulation, flame
retardancy and oil absorption, Chem. Eng. J., 2022, 434,
134514.

111 J. H. Park, Y. U. Kim, J. Jeon, B. Y. Yun, Y. Kang and
S. Kim, Analysis of biochar-mortar composite as a humid-
ity control material to improve the building energy and
hygrothermal performance, Sci. Total Environ., 2021, 775,
145552.

112 H. Lee, S. Yang, S. Wi and S. Kim, Thermal transfer behav-
ior of biochar-natural inorganic clay composite for build-
ing envelope insulation, Constr. Build. Mater., 2019, 223,
668–678.

113 J. Jeon, J. H. Park, S. Wi, S. Yang, Y. S. Ok and S. Kim,
Characterization of biocomposite using coconut oil
impregnated biochar as latent heat storage insulation,
Chemosphere, 2019, 236, 124269.

114 J. Jeon, H.-i. Kim, J. H. Park, S. Wi and S. Kim, Evaluation
of thermal properties and acetaldehyde adsorption per-
formance of sustainable composites using waste wood
and biochar, Environ. Res., 2021, 196, 110910.

115 D. Cuthbertson, U. Berardi, C. Briens and F. Berruti,
Biochar from residual biomass as a concrete filler for
improved thermal and acoustic properties, Biomass
Bioenergy, 2019, 120, 77–83.

116 A. Goonetilleke, E. Thomas, S. Ginn and D. Gilbert,
Understanding the role of land use in urban stormwater
quality management, J. Environ. Manage., 2005, 74(1),
31–42.

Critical Review Green Chemistry

10654 | Green Chem., 2024, 26, 10634–10660 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://www.yourhome.gov.au/materials/green-roofs-and-walls#:~:text=While�%20the�%20%20soil�%20bed�%20could,as�%20fuel�%20during�%20a�%20bushfire
https://www.yourhome.gov.au/materials/green-roofs-and-walls#:~:text=While�%20the�%20%20soil�%20bed�%20could,as�%20fuel�%20during�%20a�%20bushfire
https://www.yourhome.gov.au/materials/green-roofs-and-walls#:~:text=While�%20the�%20%20soil�%20bed�%20could,as�%20fuel�%20during�%20a�%20bushfire
https://www.yourhome.gov.au/materials/green-roofs-and-walls#:~:text=While�%20the�%20%20soil�%20bed�%20could,as�%20fuel�%20during�%20a�%20bushfire
https://www.yourhome.gov.au/materials/green-roofs-and-walls#:~:text=While�%20the�%20%20soil�%20bed�%20could,as�%20fuel�%20during�%20a�%20bushfire
https://doi.org/10.1039/d4gc03071k


117 A. B. Boehm, C. D. Bell, N. J. Fitzgerald, E. Gallo,
C. P. Higgins, T. S. Hogue, R. G. Luthy, A. C. Portmann,
B. A. Ulrich and J. M. Wolfand, Biochar-augmented biofil-
ters to improve pollutant removal from stormwater–can
they improve receiving water quality?, Environ. Sci.: Water
Res. Technol., 2020, 6(6), 1520–1537.

118 C. J. Walsh, D. B. Booth, M. J. Burns, T. D. Fletcher,
R. L. Hale, L. N. Hoang, G. Livingston, M. A. Rippy,
A. H. Roy and M. Scoggins, Principles for urban storm-
water management to protect stream ecosystems, Freshw.
Sci., 2016, 35(1), 398–411.

119 S. K. Mohanty, R. Valenca, A. W. Berger, K. Iris, X. Xiong,
T. M. Saunders and D. C. Tsang, Plenty of room for
carbon on the ground: Potential applications of biochar
for stormwater treatment, Sci. Total Environ., 2018, 625,
1644–1658.

120 N.-B. Chang, Effects of urbanization on groundwater: an
engineering case-based approach for sustainable develop-
ment, American Society of Civil Engineers (ASCE), 2010.

121 N. R. Council, Urban stormwater management in the United
States, National Academies Press, 2009.

122 N. Ashoori, M. Teixido, S. Spahr, G. H. LeFevre,
D. L. Sedlak and R. G. Luthy, Evaluation of pilot-scale
biochar-amended woodchip bioreactors to remove nitrate,
metals, and trace organic contaminants from urban
stormwater runoff, Water Res., 2019, 154, 1–11.

123 B. A. Ulrich, E. A. Im, D. Werner and C. P. Higgins,
Biochar and activated carbon for enhanced trace organic
contaminant retention in stormwater infiltration systems,
Environ. Sci. Technol., 2015, 49(10), 6222–6230.

124 M. I. Inyang, B. Gao, Y. Yao, Y. Xue, A. Zimmerman,
A. Mosa, P. Pullammanappallil, Y. S. Ok and X. Cao, A
review of biochar as a low-cost adsorbent for aqueous
heavy metal removal, Crit. Rev. Environ. Sci. Technol., 2016,
46(4), 406–433.

125 S. A. Trowsdale and R. Simcock, Urban stormwater treat-
ment using bioretention, J. Hydrol., 2011, 397(3–4), 167–
174.

126 M. Inyang and E. Dickenson, The potential role of biochar
in the removal of organic and microbial contaminants
from potable and reuse water: A review, Chemosphere,
2015, 134, 232–240.

127 A. U. Rajapaksha, S. S. Chen, D. C. Tsang, M. Zhang,
M. Vithanage, S. Mandal, B. Gao, N. S. Bolan and Y. S. Ok,
Engineered/designer biochar for contaminant removal/
immobilization from soil and water: potential and impli-
cation of biochar modification, Chemosphere, 2016, 148,
276–291.

128 P. Brassard, S. Godbout and V. Raghavan, Soil biochar
amendment as a climate change mitigation tool: key para-
meters and mechanisms involved, J. Environ. Manage.,
2016, 181, 484–497.

129 G. H. LeFevre, R. M. Hozalski and P. J. Novak, The role of
biodegradation in limiting the accumulation of petroleum
hydrocarbons in raingarden soils, Water Res., 2012, 46(20),
6753–6762.

130 A. N. Afrooz and A. B. Boehm, Escherichia coli removal in
biochar-modified biofilters: effects of biofilm, PLoS One,
2016, 11(12), e0167489.

131 A. N. Afrooz and A. B. Boehm, Effects of submerged zone,
media aging, and antecedent dry period on the perform-
ance of biochar-amended biofilters in removing fecal indi-
cators and nutrients from natural stormwater, Ecol. Eng.,
2017, 102, 320–330.

132 A. Y. Lau, D. C. Tsang, N. J. Graham, Y. S. Ok, X. Yang and
X.-d. Li, Surface-modified biochar in a bioretention
system for Escherichia coli removal from stormwater,
Chemosphere, 2017, 169, 89–98.

133 X. Xiong, K. Iris, L. Cao, D. C. Tsang, S. Zhang and
Y. S. Ok, A review of biochar-based catalysts for chemical
synthesis, biofuel production, and pollution control,
Bioresour. Technol., 2017, 246, 254–270.

134 W. Gwenzi, N. Chaukura, C. Noubactep and
F. N. Mukome, Biochar-based water treatment systems
as a potential low-cost and sustainable technology for
clean water provision, J. Environ. Manage., 2017, 197, 732–
749.

135 M. S. Hasan, R. Vasquez and M. Geza, Application of
biochar in stormwater treatment: experimental and mod-
eling investigation, Processes, 2021, 9(5), 860.

136 D. Zhou, S. Ghosh, D. Zhang, N. Liang, X. Dong, M. Wu
and B. Pan, Role of ash content in biochar for copper
immobilization, Environ. Eng. Sci., 2016, 33(12), 962–969.

137 A. Mukherjee, A. Zimmerman and W. Harris, Surface
chemistry variations among a series of laboratory-pro-
duced biochars, Geoderma, 2011, 163(3–4), 247–255.

138 M. A. Rippy, Meeting the criteria: linking biofilter design
to fecal indicator bacteria removal, Wiley Interdiscip. Rev.:
Water, 2015, 2(5), 577–592.

139 S. K. Mohanty, M. C. Bulicek, D. W. Metge, R. W. Harvey,
J. N. Ryan and A. B. Boehm, Mobilization of microspheres
from a fractured soil during intermittent infiltration
events, Vadose Zone J., 2015, 14(1), 1–10.

140 J. M. Saquing, Y.-H. Yu and P. C. Chiu, Wood-derived
black carbon (biochar) as a microbial electron donor and
acceptor, Environ. Sci. Technol. Lett., 2016, 3(2), 62–66.

141 M. O. Omondi, X. Xia, A. Nahayo, X. Liu, P. K. Korai and
G. Pan, Quantification of biochar effects on soil hydrologi-
cal properties using meta-analysis of literature data,
Geoderma, 2016, 274, 28–34.

142 M. B. Ahmed, J. L. Zhou, H. H. Ngo, W. Guo and M. Chen,
Progress in the preparation and application of modified
biochar for improved contaminant removal from water
and wastewater, Bioresour. Technol., 2016, 214, 836–851.

143 S. Abel, A. Peters, S. Trinks, H. Schonsky, M. Facklam and
G. Wessolek, Impact of biochar and hydrochar addition
on water retention and water repellency of sandy soil,
Geoderma, 2013, 202, 183–191.

144 H. M. Ibrahim, M. I. Al-Wabel, A. R. Usman and A. Al-
Omran, Effect of Conocarpus biochar application on the
hydraulic properties of a sandy loam soil, Soil Sci., 2013,
178(4), 165–173.

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 10634–10660 | 10655

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k


145 Z. Liu, B. Dugan, C. A. Masiello, R. T. Barnes,
M. E. Gallagher and H. Gonnermann, Impacts of biochar
concentration and particle size on hydraulic conductivity
and DOC leaching of biochar–sand mixtures, J. Hydrol.,
2016, 533, 461–472.

146 T. Lim, K. Spokas, G. Feyereisen and J. Novak, Predicting
the impact of biochar additions on soil hydraulic pro-
perties, Chemosphere, 2016, 142, 136–144.

147 A. J. Erickson, J. S. Gulliver, W. A. Arnold, C. Brekke and
M. Bredal, Abiotic capture of stormwater nitrates with
granular activated carbon, Environ. Eng. Sci., 2016, 33(5),
354–363.

148 R. Hassan, N. H. A. Hamid, A. K. Arshad,
A. Alisibramulisi, M. N. M. Sidek, N. M. Bhkari and
E. Shaffie, Green Infrastructure: Materials and Applications,
Springer, 2022.

149 A. Fini, P. Frangi, J. Mori, D. Donzelli and F. Ferrini,
Nature based solutions to mitigate soil sealing in urban
areas: Results from a 4-year study comparing permeable,
porous, and impermeable pavements, Environ. Res., 2017,
156, 443–454.

150 R. Sharma and P. Malaviya, Management of stormwater
pollution using green infrastructure: The role of rain
gardens, Wiley Interdiscip. Rev.: Water, 2021, 8(2), e1507.

151 K. M. Flynn and R. G. Traver, Green infrastructure life
cycle assessment: A bio-infiltration case study, Ecol. Eng.,
2013, 55, 9–22.

152 S. Praneeth, L. Saavedra, M. Zeng, B. K. Dubey and
A. K. Sarmah, Biochar admixtured lightweight, porous
and tougher cement mortars: Mechanical, durability and
micro computed tomography analysis, Sci. Total Environ.,
2021, 750, 142327.

153 S. Muthukrishnan, S. Gupta and H. W. Kua, Application
of rice husk biochar and thermally treated low silica rice
husk ash to improve physical properties of cement
mortar, Theor. Appl. Fract. Mech., 2019, 104, 102376.

154 S. Gupta, H. W. Kua and C. Y. Low, Use of biochar as
carbon sequestering additive in cement mortar, Cem.
Concr. Compos., 2018, 87, 110–129.

155 A. Dixit, S. Gupta, S. Dai Pang and H. W. Kua, Waste
Valorisation using biochar for cement replacement and
internal curing in ultra-high performance concrete,
J. Cleaner Prod., 2019, 238, 117876.

156 R. A. Khushnood, S. Ahmad, L. Restuccia, C. Spoto,
P. Jagdale, J.-M. Tulliani and G. A. Ferro, Carbonized
nano/microparticles for enhanced mechanical properties
and electromagnetic interference shielding of cementi-
tious materials, Front. Struct. Civ. Eng., 2016, 10, 209–213.

157 S. Ahmad, R. A. Khushnood, P. Jagdale, J.-M. Tulliani and
G. A. Ferro, High performance self-consolidating cementi-
tious composites by using micro carbonized bamboo par-
ticles, Mater. Des., 2015, 76, 223–229.

158 S. Gupta, Carbon sequestration in cementitious matrix
containing pyrogenic carbon from waste biomass: A com-
parison of external and internal carbonation approach,
J. Build. Eng., 2021, 43, 102910.

159 S. Gupta, A. Kashani and A. H. Mahmood, Carbon seques-
tration in engineered lightweight foamed mortar–Effect
on rheology, mechanical and durability properties, Constr.
Build. Mater., 2022, 322, 126383.

160 X. Shu, D. J. Kotze, S. Timonen, S. Lehvävirta and L. Xie,
Improving runoff quality in vertical greenery systems:
Substrate type outweighed the effect of plant growth pro-
moting microbes, Sci. Total Environ., 2023, 904, 166718.

161 Y. J. Kim, J. Hyun, S. Y. Yoo and G. Yoo, The role of
biochar in alleviating soil drought stress in urban road-
side greenery, Geoderma, 2021, 404, 115223.

162 K. Kuoppamäki, M. Prass and M. Hagner, Crushed con-
crete and biochar: A sustainable solution for vegetated
roofs, Urban For. Urban Green., 2023, 88, 128082.

163 W. Xiong, J. Li, H. Wang, Y. Wu, D. Li and J. Xue, Biochar
Addition and the Runoff Quality of Newly Constructed
Green Roofs: A Field Study, Sustainability, 2023, 15(5),
4081.

164 J. Saade, S. P. Cazares, W. Liao, G. Frizzi, V. Sidhu,
L. Margolis, S. Thomas and J. Drake, Influence of Biochar
Amendment on Runoff Retention and Vegetation Cover
for Extensive Green Roofs, in Canadian Society of Civil
Engineering Annual Conference, 2022, Springer, 2022,
pp. 1117–1132.

165 W. Liao, M. A. Sifton and S. C. Thomas, Biochar granula-
tion reduces substrate erosion on green roofs, Biochar,
2022, 4(1), 61.

166 O. Das, A. K. Sarmah and D. Bhattacharyya, A novel
approach in organic waste utilization through biochar
addition in wood/polypropylene composites, Waste
Manage., 2015, 38, 132–140.

167 J. Jeon, J. H. Park, H. Yuk, Y. U. Kim, B. Y. Yun, S. Wi and
S. Kim, Evaluation of hygrothermal performance of wood-
derived biocomposite with biochar in response to climate
change, Environ. Res., 2021, 193, 110359.

168 U. Bordoloi, D. Das, D. Kashyap, D. Patwa, P. Bora,
H. H. Muigai and P. Kalita, Synthesis and comparative
analysis of biochar based form-stable phase change
materials for thermal management of buildings, J. Energy
Storage, 2022, 55, 105801.

169 D. Li, W. C. Hockaday, C. A. Masiello and P. J. Alvarez,
Earthworm avoidance of biochar can be mitigated by
wetting, Soil Biol. Biochem., 2011, 43(8), 1732–1737.

170 Y. M. Awad, E. Blagodatskaya, Y. S. Ok and Y. Kuzyakov,
Effects of polyacrylamide, biopolymer, and biochar on
decomposition of soil organic matter and plant residues
as determined by 14C and enzyme activities, Eur. J. Soil
Biol., 2012, 48, 1–10.

171 C. Wang and H. Wang, Pb(II) sorption from aqueous solu-
tion by novel biochar loaded with nano-particles,
Chemosphere, 2018, 192, 1–4.

172 M. Uchimiya, K. T. Klasson, L. H. Wartelle and I. M. Lima,
Influence of soil properties on heavy metal sequestration
by biochar amendment: 1. Copper sorption isotherms
and the release of cations, Chemosphere, 2011, 82(10),
1431–1437.

Critical Review Green Chemistry

10656 | Green Chem., 2024, 26, 10634–10660 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k


173 X. Cao, L. Ma, B. Gao and W. Harris, Dairy-manure
derived biochar effectively sorbs lead and atrazine,
Environ. Sci. Technol., 2009, 43(9), 3285–3291.

174 H. Cheng, L. H. Wartelle, K. T. Klasson and J. C. Edwards,
Solid-state NMR and ESR studies of activated carbons pro-
duced from pecan shells, Carbon, 2010, 48(9), 2455–2469.

175 J.-W. Ma, H. Wang and Q.-S. Luo, Movement-adsorption
and its mechanism of Cd in soil under combining effects
of electrokinetics and a new type of bamboo charcoal,
Huanjing Kexue, 2007, 28(8), 1829–1834.

176 L. Beesley and M. Marmiroli, The immobilisation and
retention of soluble arsenic, cadmium and zinc by
biochar, Environ. Pollut., 2011, 159(2), 474–480.

177 F. Debela, R. Thring and J. Arocena, Immobilization of
heavy metals by co-pyrolysis of contaminated soil with
woody biomass, Water, Air, Soil Pollut., 2012, 223, 1161–
1170.

178 T. Xu, L. Lou, L. Luo, R. Cao, D. Duan and Y. Chen, Effect
of bamboo biochar on pentachlorophenol leachability
and bioavailability in agricultural soil, Sci. Total Environ.,
2012, 414, 727–731.

179 W. Zheng, M. Guo, T. Chow, D. N. Bennett and
N. Rajagopalan, Sorption properties of greenwaste
biochar for two triazine pesticides, J. Hazard. Mater.,
2010, 181(1–3), 121–126.

180 P. Liu, W.-J. Liu, H. Jiang, J.-J. Chen, W.-W. Li and
H.-Q. Yu, Modification of bio-char derived from fast pyrol-
ysis of biomass and its application in removal of tetra-
cycline from aqueous solution, Bioresour. Technol., 2012,
121, 235–240.

181 B. Chen, Z. Chen and S. Lv, A novel magnetic biochar
efficiently sorbs organic pollutants and phosphate,
Bioresour. Technol., 2011, 716–723.

182 E. Commission, Nature-based solutions. https://research-
and-innovation.ec.europa.eu/research-area/environment/
nature-based-solutions_en.

183 IUCN Nature-based Solutions. https://www.iucn.org/our-
work/nature-based-solutions.

184 T. C. Communication from the Commission to the
European Parliament, The European Economic and Social
Committee and The Committee of the Regions Green
Infrastructure (GI)—Enhancing Europe’s Natural Capital,
2013.

185 E. Horizon, Urban Nature Atlas NATURVATION, Project
2017–2019. https://naturvation.eu/.

186 B. Philanthropies, Bringing biochar to your city. Lessons
from the Stockholm biochar project, 2017.

187 S. Stad, Plant beds in Stockholm city – a handbook 2017,
2017.

188 S. F. B. LLC, Urban Landscapes. https://sfbiochar.com/?p=
en.biochar_urban_landscapes.

189 E. S. Azzi, E. Karltun and C. Sundberg, Life cycle assess-
ment of urban uses of biochar and case study in Uppsala,
Sweden, Biochar, 2022, 4(1), 18.

190 J. H. University, Big lessons from a small city on borrowing—
and building upon—an idea. https://bloombergcities.jhu.

edu/news/big-lessons-small-city-borrowing-and-building-
upon-idea.

191 A. Univeristy, Helsinki Biochar Project. https://www.aalto.
fi/en/department-of-design/helsinki-biochar-project.

192 M. Ariluoma, J. Ottelin, R. Hautamäki, E.-M. Tuhkanen
and M. Mänttäri, Carbon sequestration and storage poten-
tial of urban green in residential yards: A case study from
Helsinki, Urban For. Urban Green., 2021, 57, 126939.

193 U. I. Polytechnique, Interreg NWE CASCADE project:
Improving the use of biomass. https://recherche.unilasalle.
fr/en/actualites/interreg-nwe-cascade-project-improving-
use-biomass.

194 C. Carbon, Biochar-Urban Forestry Strategy for the city of
Minneapolis, Minnesota, 2022.

195 M. C. o. Lakes, Biochar. https://www.minneapolismn.gov/
government/programs-initiatives/environmental-programs/
biochar/.

196 D. Partners, Biochar Use In Stormwater Management.
https://www.dovetailinc.org/portfoliodetail.php?id=61e9d
d17b1c45.

197 K. Draper and H.-P. Schmidt, Urban Bioenergy-Biochar: An
Opportunity Assessment for Municipalities, 2021.

198 B. Philanthropies, Bloomberg Philanthropies Announces
Mayors Challenge Winning Project to Combat Climate
Change Will Spread to Seven Global Cities. https://www.
bloomberg.org/press/bloomberg-philanthropies-announces-
mayors-challenge-winning-project-to-combat-climate-change-
will-spread-to-seven-global-cities/.

199 I. o. A. a. N. R.-I. N. University of Nebraska-Lincoln,
Lincoln Awarded $400 000 for Biochar Initiative. https://
ianrnews.unl.edu/lincoln-awarded-400000-biochar-initiative.

200 WVXU Cincinnati Parks invests $1.1 million in a carbon-
negative biochar project. https://www.wvxu.org/environ-
ment/2022-12-23/cincinnati-parks-invests-biochar-project.

201 S. News1, Cincinnati Parks, Great Parks of Hamilton
County joining forces to create biochar to reduce carbon
emissions. https://spectrumnews1.com/oh/columbus/news/
2022/12/21/local-park-systems-have-new-way-to-combat-
climate-change.

202 D. Woolf, J. E. Amonette, F. A. Street-Perrott, J. Lehmann
and S. Joseph, Sustainable biochar to mitigate global
climate change, Nat. Commun., 2010, 1(1), 56.

203 P. Jiang, G. Zhao, L. Liu, H. Zhang, L. Mu, X. Lu and
J. Zhu, A negative-carbon footprint process with mixed
biomass feedstock maximizes conversion efficiency,
product value and CO2 mitigation, Bioresour. Technol.,
2022, 351, 127004.

204 Q. Feng, B. Wang, M. Chen, P. Wu, X. Lee and Y. Xing,
Invasive plants as potential sustainable feedstocks for
biochar production and multiple applications: A review,
Resour., Conserv. Recycl., 2021, 164, 105204.

205 P. Smith, Soil carbon sequestration and biochar as nega-
tive emission technologies, Global Change Biol., 2016,
22(3), 1315–1324.

206 Z. s. Chen, T. Liu, J. f. Dong, G. Chen, Z. Li, J. l. Zhou and
Z. Chen, Sustainable Application for Agriculture Using

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 10634–10660 | 10657

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://research-and-innovation.ec.europa.eu/research-area/environment/nature-based-solutions_en
https://research-and-innovation.ec.europa.eu/research-area/environment/nature-based-solutions_en
https://research-and-innovation.ec.europa.eu/research-area/environment/nature-based-solutions_en
https://research-and-innovation.ec.europa.eu/research-area/environment/nature-based-solutions_en
https://www.iucn.org/our-work/nature-based-solutions
https://www.iucn.org/our-work/nature-based-solutions
https://www.iucn.org/our-work/nature-based-solutions
https://naturvation.eu/
https://naturvation.eu/
https://sfbiochar.com/?p=en.biochar_urban_landscapes
https://sfbiochar.com/?p=en.biochar_urban_landscapes
https://sfbiochar.com/?p=en.biochar_urban_landscapes
https://bloombergcities.jhu.edu/news/big-lessons-small-city-borrowing-and-building-upon-idea
https://bloombergcities.jhu.edu/news/big-lessons-small-city-borrowing-and-building-upon-idea
https://bloombergcities.jhu.edu/news/big-lessons-small-city-borrowing-and-building-upon-idea
https://bloombergcities.jhu.edu/news/big-lessons-small-city-borrowing-and-building-upon-idea
https://www.aalto.fi/en/department-of-design/helsinki-biochar-project
https://www.aalto.fi/en/department-of-design/helsinki-biochar-project
https://www.aalto.fi/en/department-of-design/helsinki-biochar-project
https://recherche.unilasalle.fr/en/actualites/interreg-nwe-cascade-project-improving-use-biomass
https://recherche.unilasalle.fr/en/actualites/interreg-nwe-cascade-project-improving-use-biomass
https://recherche.unilasalle.fr/en/actualites/interreg-nwe-cascade-project-improving-use-biomass
https://recherche.unilasalle.fr/en/actualites/interreg-nwe-cascade-project-improving-use-biomass
https://www.minneapolismn.gov/government/programs-initiatives/environmental-programs/biochar/
https://www.minneapolismn.gov/government/programs-initiatives/environmental-programs/biochar/
https://www.minneapolismn.gov/government/programs-initiatives/environmental-programs/biochar/
https://www.minneapolismn.gov/government/programs-initiatives/environmental-programs/biochar/
https://www.dovetailinc.org/portfoliodetail.php?id=61e9dd17b1c45
https://www.dovetailinc.org/portfoliodetail.php?id=61e9dd17b1c45
https://www.dovetailinc.org/portfoliodetail.php?id=61e9dd17b1c45
https://www.bloomberg.org/press/bloomberg-philanthropies-announces-mayors-challenge-winning-project-to-combat-climate-change-will-spread-to-seven-global-cities/
https://www.bloomberg.org/press/bloomberg-philanthropies-announces-mayors-challenge-winning-project-to-combat-climate-change-will-spread-to-seven-global-cities/
https://www.bloomberg.org/press/bloomberg-philanthropies-announces-mayors-challenge-winning-project-to-combat-climate-change-will-spread-to-seven-global-cities/
https://www.bloomberg.org/press/bloomberg-philanthropies-announces-mayors-challenge-winning-project-to-combat-climate-change-will-spread-to-seven-global-cities/
https://www.bloomberg.org/press/bloomberg-philanthropies-announces-mayors-challenge-winning-project-to-combat-climate-change-will-spread-to-seven-global-cities/
https://ianrnews.unl.edu/lincoln-awarded-400000-biochar-initiative
https://ianrnews.unl.edu/lincoln-awarded-400000-biochar-initiative
https://ianrnews.unl.edu/lincoln-awarded-400000-biochar-initiative
https://www.wvxu.org/environment/2022-12-23/cincinnati-parks-invests-biochar-project
https://www.wvxu.org/environment/2022-12-23/cincinnati-parks-invests-biochar-project
https://www.wvxu.org/environment/2022-12-23/cincinnati-parks-invests-biochar-project
https://spectrumnews1.com/oh/columbus/news/2022/12/21/local-park-systems-have-new-way-to-combat-climate-change
https://spectrumnews1.com/oh/columbus/news/2022/12/21/local-park-systems-have-new-way-to-combat-climate-change
https://spectrumnews1.com/oh/columbus/news/2022/12/21/local-park-systems-have-new-way-to-combat-climate-change
https://spectrumnews1.com/oh/columbus/news/2022/12/21/local-park-systems-have-new-way-to-combat-climate-change
https://doi.org/10.1039/d4gc03071k


Biochar-Based Slow-Release Fertilizers: A Review, ACS
Sustainable Chem. Eng., 2022, 1–12.

207 N. Jiang, H. Bah, M. Zhou, P. Xu, B. Zhang and B. Zhu,
Effects of straw and biochar amendment on hydrological
fluxes of dissolved organic carbon in a subtropical
montane agricultural landscape, Environ. Pollut., 2022,
296, 118751.

208 H. Lu, M. Yan, M. H. Wong, W. Y. Mo, Y. Wang,
X. W. Chen and J.-J. Wang, Effects of biochar on soil
microbial community and functional genes of a landfill
cover three years after ecological restoration, Sci. Total
Environ., 2020, 717, 137133.

209 M. He, X. Xiong, L. Wang, D. Hou, N. S. Bolan, Y. S. Ok,
J. Rinklebe and D. C. Tsang, A critical review on perform-
ance indicators for evaluating soil biota and soil health of
biochar-amended soils, J. Hazard. Mater., 2021, 414,
125378.

210 J. Kochanek, R. M. Soo, C. Martinez, A. Dakuidreketi and
A. M. Mudge, Biochar for intensification of plant-related
industries to meet productivity, sustainability and econ-
omic goals: A review, Resour., Conserv. Recycl., 2022, 179,
106109.

211 D. Ghosh and S. K. Maiti, Biochar assisted eco restoration
of coal mine degraded land to meet United Nation
Sustainable Development Goals, Land Degrad. Dev., 2021,
32(16), 4494–4508.

212 K. Tan, Y. Qin, T. Du, L. Li, L. Zhang and J. Wang, Biochar
from waste biomass as hygroscopic filler for pervious con-
crete to improve evaporative cooling performance, Constr.
Build. Mater., 2021, 287, 123078.

213 Z. Zhao, B. Wang, B. K. Theng, X. Lee, X. Zhang, M. Chen
and P. Xu, Removal performance, mechanisms, and influ-
encing factors of biochar for air pollutants: a critical
review, Biochar, 2022, 4(1), 30.

214 J. S. Cha, S. H. Park, S.-C. Jung, C. Ryu, J.-K. Jeon,
M.-C. Shin and Y.-K. Park, Production and utilization of
biochar: A review, J. Ind. Eng. Chem., 2016, 40, 1–15.

215 Q. Shi, S. Deng, Y. Zheng, Y. Du, L. Li, S. Yang, G. Zhang,
L. Du, G. Wang and M. Cheng, The application of tran-
sition metal-modified biochar in sulfate radical based
advanced oxidation processes, Environ. Res., 2022, 212,
113340.

216 Y. Zhao, S. A. Qamar, M. Qamar, M. Bilal and H. M. Iqbal,
Sustainable remediation of hazardous environmental pol-
lutants using biochar-based nanohybrid materials,
J. Environ. Manage., 2021, 300, 113762.

217 H.-S. Lee and H.-S. Shin, Competitive adsorption of heavy
metals onto modified biochars: Comparison of biochar
properties and modification methods, J. Environ. Manage.,
2021, 299, 113651.

218 V. Gunarathne, A. Ashiq, S. Ramanayaka, P. Wijekoon and
M. Vithanage, Biochar from municipal solid waste for
resource recovery and pollution remediation, Environ.
Chem. Lett., 2019, 17, 1225–1235.

219 Q. Hu, J. Jung, D. Chen, K. Leong, S. Song, F. Li,
B. C. Mohan, Z. Yao, A. K. Prabhakar and X. H. Lin,

Biochar industry to circular economy, Sci. Total Environ.,
2021, 757, 143820.

220 A. Kumar, T. Bhattacharya, W. A. Shaikh, A. Roy,
S. Chakraborty, M. Vithanage and J. K. Biswas,
Multifaceted applications of biochar in environmental
management: a bibliometric profile, Biochar, 2023,
5(1), 11.

221 J. C. Ang, J. Y. Tang, B. Y. H. Chung, J. W. Chong,
R. R. Tan, K. B. Aviso, N. G. Chemmangattuvalappil and
S. Thangalazhy-Gopakumar, Development of predictive
model for biochar surface properties based on biomass
attributes and pyrolysis conditions using rough set
machine learning, Biomass Bioenergy, 2023, 174, 106820.

222 B. Ke, H. Nguyen, X.-N. Bui, H.-B. Bui, Y. Choi, J. Zhou,
H. Moayedi, R. Costache and T. Nguyen-Trang, Predicting
the sorption efficiency of heavy metal based on the
biochar characteristics, metal sources, and environmental
conditions using various novel hybrid machine learning
models, Chemosphere, 2021, 276, 130204.

223 J. A. Ippolito, L. Cui, C. Kammann, N. Wrage-Mönnig,
J. M. Estavillo, T. Fuertes-Mendizabal, M. L. Cayuela,
G. Sigua, J. Novak and K. Spokas, Feedstock choice, pyrol-
ysis temperature and type influence biochar character-
istics: a comprehensive meta-data analysis review, Biochar,
2020, 2, 421–438.

224 K. N. Palansooriya, J. Li, P. D. Dissanayake, M. Suvarna,
L. Li, X. Yuan, B. Sarkar, D. C. Tsang, J. r. Rinklebe and
X. Wang, Prediction of soil heavy metal immobilization by
biochar using machine learning, Environ. Sci. Technol.,
2022, 56(7), 4187–4198.

225 R. R. Tan, Data challenges in optimizing biochar-based
carbon sequestration, Renewable Sustainable Energy Rev.,
2019, 104, 174–177.

226 B. A. Belmonte, M. F. D. Benjamin and R. R. Tan, Bi-objec-
tive optimization of biochar-based carbon management
networks, J. Cleaner Prod., 2018, 188, 911–920.

227 J. L. Field, C. M. Keske, G. L. Birch, M. W. DeFoort and
M. F. Cotrufo, Distributed biochar and bioenergy copro-
duction: a regionally specific case study of environmental
benefits and economic impacts, GCB Bioenergy, 2013, 5(2),
177–191.

228 E. Struhs, A. Mirkouei, Y. You and A. Mohajeri, Techno-
economic and environmental assessments for nutrient-
rich biochar production from cattle manure: A case study
in Idaho, USA, Appl. Energy, 2020, 279, 115782.

229 X. Xu, K. Cheng, H. Wu, J. Sun, Q. Yue and G. Pan,
Greenhouse gas mitigation potential in crop production
with biochar soil amendment—a carbon footprint assess-
ment for cross-site field experiments from China, GCB
Bioenergy, 2019, 11(4), 592–605.

230 L. Xia, W. Chen, B. Lu, S. Wang, L. Xiao, B. Liu, H. Yang,
C.-L. Huang, H. Wang and Y. Yang, Climate mitigation
potential of sustainable biochar production in China,
Renewable Sustainable Energy Rev., 2023, 175, 113145.

231 J. Dumortier, H. Dokoohaki, A. Elobeid, D. J. Hayes,
D. Laird and F. E. Miguez, Global land-use and carbon

Critical Review Green Chemistry

10658 | Green Chem., 2024, 26, 10634–10660 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k


emission implications from biochar application to crop-
land in the United States, J. Cleaner Prod., 2020, 258,
120684.

232 X. Zhu, C. Labianca, M. He, Z. Luo, C. Wu, S. You and
D. C. Tsang, Life-cycle assessment of pyrolysis processes
for sustainable production of biochar from agro-residues,
Bioresour. Technol., 2022, 127601.

233 K. G. Roberts, B. A. Gloy, S. Joseph, N. R. Scott and
J. Lehmann, Life cycle assessment of biochar systems:
estimating the energetic, economic, and climate change
potential, Environ. Sci. Technol., 2010, 44(2), 827–833.

234 M. Puettmann, K. Sahoo, K. Wilson and E. Oneil, Life
cycle assessment of biochar produced from forest residues
using portable systems, J. Cleaner Prod., 2020, 250,
119564.

235 Z.-H. Wang, L.-Q. Li, L. Zhao, C. Chen, S.-S. Yang and
N.-Q. Ren, Comparative life cycle assessment of biochar-
based lignocellulosic biohydrogen production:
Sustainability analysis and strategy optimization,
Bioresour. Technol., 2022, 344, 126261.

236 I. B. I. (IBI), Global Biochar market Report, 2023.
237 D. Zhang, G. Pan, G. Wu, G. W. Kibue, L. Li, X. Zhang,

J. Zheng, J. Zheng, K. Cheng and S. Joseph, Biochar helps
enhance maize productivity and reduce greenhouse gas
emissions under balanced fertilization in a rainfed low
fertility inceptisol, Chemosphere, 2016, 142, 106–113.

238 M. B. Ahmed, J. L. Zhou, H. H. Ngo and W. Guo, Insight
into biochar properties and its cost analysis, Biomass
Bioenergy, 2016, 84, 76–86.

239 A. B. I. Group, Australian Biochar Industry 2030 Roadmap,
2023.

240 B. Garcia, O. Alves, B. Rijo, G. Lourinho and C. Nobre,
Biochar: production, applications, and market prospects
in Portugal, Environments, 2022, 9(8), 95.

241 E. B. I. (EBI), European Biochar market report 2023/2024,
2024.

242 J. A. Ekstrom, L. Bedsworth and A. Fencl, Gauging climate
preparedness to inform adaptation needs: local level
adaptation in drinking water quality in CA, USA, Clim.
Change, 2017, 140, 467–481.

243 D. Reckien, M. Salvia, O. Heidrich, J. M. Church,
F. Pietrapertosa, S. De Gregorio-Hurtado, V. d’Alonzo,
A. Foley, S. G. Simoes and E. K. Lorencová, How are cities
planning to respond to climate change? Assessment of
local climate plans from 885 cities in the EU-28, J. Cleaner
Prod., 2018, 191, 207–219.

244 D. Guyadeen, J. Thistlethwaite and D. Henstra, Evaluating
the quality of municipal climate change plans in Canada,
Clim. Change, 2019, 152, 121–143.

245 A. Hurlimann, S. Moosavi and G. R. Browne, Urban plan-
ning policy must do more to integrate climate change
adaptation and mitigation actions, Land Use Policy, 2021,
101, 105188.

246 G. Pourhashem, S. Y. Hung, K. B. Medlock and
C. A. Masiello, Policy support for biochar: Review and rec-
ommendations, GCB Bioenergy, 2019, 11(2), 364–380.

247 N. A. Rashidi and S. Yusup, A mini review of biochar syn-
thesis, characterization, and related standardization and
legislation, in Applications of Biochar for Environmental
Safety, 2020, vol, 11.

248 S. Meyer, L. Genesio, I. Vogel, H.-P. Schmidt, G. Soja,
E. Someus, S. Shackley, F. G. Verheijen and B. Glaser,
Biochar standardization and legislation harmonization,
J. Environ. Eng. Landsc. Manag., 2017, 25(2), 175–191.

249 M. Nematian, C. Keske and J. N. Ng’ombe, A techno-econ-
omic analysis of biochar production and the bioeconomy
for orchard biomass, Waste Manage., 2021, 135, 467–477.

250 S. You, W. Li, W. Zhang, H. Lim, H. W. Kua, Y.-K. Park,
A. D. Igalavithana and Y. S. Ok, Energy, economic, and
environmental impacts of sustainable biochar systems in
rural China, Crit. Rev. Environ. Sci. Technol., 2022, 52(7),
1063–1091.

251 I. Wani, S. Ramola, A. Garg and V. Kushvaha, Critical
review of biochar applications in geoengineering infra-
structure: moving beyond agricultural and environmental
perspectives, Biomass Convers. Biorefin., 2021, 1–29.

252 M. Vochozka, A. Maroušková, J. Váchal and J. Straková,
Biochar pricing hampers biochar farming, Clean Technol.
Environ. Policy, 2016, 18(4), 1225–1231.

253 M. Hassan, R. Naidu, J. Du, Y. Liu and F. Qi, Critical
review of magnetic biosorbents: Their preparation, appli-
cation, and regeneration for wastewater treatment, Sci.
Total Environ., 2020, 702, 134893.

254 J. Maroušek, O. Strunecký and V. Stehel, Biochar farming:
Defining economically perspective applications, Clean
Technol. Environ. Policy, 2019, 21, 1389–1395.

255 Y. Van Fan, R. R. Tan and J. J. Klemeš, A system analysis
tool for sustainable biomass utilisation considering the
Emissions-Cost Nexus, Energy Convers. Manage., 2020,
210, 112701.

256 P. Grutzmacher, A. P. Puga, M. P. S. Bibar, A. R. Coscione,
A. P. Packer and C. A. de Andrade, Carbon stability and miti-
gation of fertilizer induced N2O emissions in soil amended
with biochar, Sci. Total Environ., 2018, 625, 1459–1466.

257 L. Kolář, S. Kužel, J. Peterka and J. Borová-Batt,
Agrochemical value of the liquid phase of wastes from fer-
mentem during biogas production, Plant, Soil Environ.,
2010, 56(1), 23–27.

258 E. NSW, The biosolids exemption 2014, 2014.
259 Y. Zhang, R. Yang, X. Si, X. Duan and X. Quan, The

adverse effect of biochar to aquatic algae-the role of free
radicals, Environ. Pollut., 2019, 248, 429–437.

260 H. Lyu, Y. He, J. Tang, M. Hecker, Q. Liu, P. D. Jones,
G. Codling and J. P. Giesy, Effect of pyrolysis temperature
on potential toxicity of biochar if applied to the environ-
ment, Environ. Pollut., 2016, 218, 1–7.

261 G. Visioli, F. D. Conti, C. Menta, M. Bandiera,
A. Malcevschi, D. L. Jones and T. Vamerali, Assessing
biochar ecotoxicology for soil amendment by root phyto-
toxicity bioassays, Environ. Monit. Assess., 2016, 188, 1–11.

262 K. von Gunten, M. S. Alam, M. Hubmann, Y. S. Ok,
K. O. Konhauser and D. S. Alessi, Modified sequential

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 10634–10660 | 10659

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k


extraction for biochar and petroleum coke: metal release
potential and its environmental implications, Bioresour.
Technol., 2017, 236, 106–110.

263 J. Meng, L. Wang, L. Zhong, X. Liu, P. C. Brookes, J. Xu
and H. Chen, Contrasting effects of composting and pyrol-
ysis on bioavailability and speciation of Cu and Zn in pig
manure, Chemosphere, 2017, 180, 93–99.

264 H. Lu, W. Zhang, S. Wang, L. Zhuang, Y. Yang and R. Qiu,
Characterization of sewage sludge-derived biochars from
different feedstocks and pyrolysis temperatures, J. Anal.
Appl. Pyrolysis, 2013, 102, 137–143.

265 P. Devi and A. K. Saroha, Risk analysis of pyrolyzed
biochar made from paper mill effluent treatment plant
sludge for bioavailability and eco-toxicity of heavy metals,
Bioresour. Technol., 2014, 162, 308–315.

266 P. Oleszczuk, I. Jośko and M. Kuśmierz, Biochar pro-
perties regarding to contaminants content and ecotoxico-
logical assessment, J. Hazard. Mater., 2013, 260, 375–382.

267 D. Castilla-Caballero, J. Barraza-Burgos, S. Gunasekaran,
A. Roa-Espinosa, J. Colina-Márquez, F. Machuca-Martínez,
A. Hernández-Ramírez and S. Vázquez-Rodríguez,
Experimental data on the production and characterization
of biochars derived from coconut-shell wastes obtained
from the Colombian Pacific Coast at low temperature
pyrolysis, Data Brief, 2020, 28, 104855.

268 A. Freddo, C. Cai and B. J. Reid, Environmental contextua-
lisation of potential toxic elements and polycyclic aro-
matic hydrocarbons in biochar, Environ. Pollut., 2012, 171,
18–24.

269 A. Venegas, A. Rigol and M. Vidal, Viability of organic
wastes and biochars as amendments for the remediation
of heavy metal-contaminated soils, Chemosphere, 2015,
119, 190–198.

270 Q. Zhang, J. Xiao, J. Xue and L. Zhang, Quantifying the
effects of biochar application on greenhouse gas emis-
sions from agricultural soils: a global meta-analysis,
Sustainability, 2020, 12(8), 3436.

271 P. Llorach-Massana, E. Lopez-Capel, J. Peña,
J. Rieradevall, J. I. Montero and N. Puy, Technical feasi-
bility and carbon footprint of biochar co-production with
tomato plant residue, Waste Manage., 2017, 67, 121–130.

272 S. Tayibi, F. Monlau, A. Bargaz, R. Jimenez and A. Barakat,
Synergy of anaerobic digestion and pyrolysis processes for
sustainable waste management: a critical review and
future perspectives, Renewable Sustainable Energy Rev.,
2021, 152, 111603.

273 L. Xiang, S. Liu, S. Ye, H. Yang, B. Song, F. Qin, M. Shen,
C. Tan, G. Zeng and X. Tan, Potential hazards of biochar:
The negative environmental impacts of biochar appli-
cations, J. Hazard. Mater., 2021, 420, 126611.

Critical Review Green Chemistry

10660 | Green Chem., 2024, 26, 10634–10660 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
8 

O
go

s 
20

24
. D

ow
nl

oa
de

d 
on

 1
3/

02
/2

02
6 

2:
13

:1
1 

PT
G

. 
View Article Online

https://doi.org/10.1039/d4gc03071k

	Button 1: 


