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Abstract

Biochar is no longer considered merely a substitute for conventional fillers in asphalt
materials; rather, it represents a multifunctional modifier that aligns with the goals of
sustainable road design and urban mobility in smart cities. Its application now extends
to the rheological modification of asphalt binders, mitigation of asphalt fume emissions,
improvement in aging resistance and interfacial adhesion, and assessment of carbon se-
questration potential. Biochar can improve the high-temperature stability, rutting and
aging resistance, and asphalt–aggregate adhesion of asphalt materials in a suitable dosage,
and at the same time reduce emissions of volatile organic compounds (VOCs), polycyclic
aromatic hydrocarbons (PAHs), hydrogen sulfide (H2S), and other fumes. However, the
above effects are highly dependent on the biochar feedstock, production process, physico-
chemical properties, particle size, dosage and degree of dispersion. An excess amount or
uneven distribution will reduce the crack resistance and fatigue life at low temperatures;
phase separation may also occur and VOC emissions will increase. Therefore, the main
problem in this area has shifted from whether biochar is effective to when it can be applied
for particular pavement performance goals, what pollutant control targets are aimed for,
and over what life-cycle periods. This review integrates evidence obtained at the binder,
mastic, and mixture scales and critically evaluates the influence of biochar on pavement
performance, fume emissions, aging, interfacial adhesion, and environmental safety. It also
argues that empirical dosage selection should be replaced by coordinated optimization of
biochar structure, material performance, emission mitigation, and life-cycle impacts. Verifi-
cation of the low-carbon benefits and environmental safety of biochar-modified asphalt will
ultimately require standardized assessment frameworks and consistently defined system
boundaries. Ultimately, this work provides a foundation for integrating biochar-modified
asphalt into eco-friendly and resilient road infrastructures, aligning with the goals of smart
urban mobility and sustainable transportation.
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1. Introduction
Sustainable road design and urban mobility are central to the development of smart

cities, demanding innovative materials and technologies that reduce environmental bur-
dens while enhancing performance. Asphalt pavements dominate modern road infrastruc-
ture because of their rapid construction, good ride quality, convenient maintenance, and
strong structural adaptability [1–3]. In Europe, for example, the road network extends for
approximately 5.2 million km, more than 90% of which is surfaced with asphalt [4]. At
this scale, resource consumption and the cumulative environmental burdens associated
with asphalt production, construction, maintenance, and rehabilitation have become major
challenges for the sustainable development of the road sector. Moreover, the demand for
road materials is unlikely to decline substantially even as the expansion of mature road
networks slows [5]. Aging infrastructure, increasing traffic loads, and deterioration associ-
ated with climate change will continue to drive maintenance and renewal activities [6]. At
different compositional and engineering scales, asphalt materials are generally classified
into three categories: asphalt binder, asphalt mastic, and asphalt mixture. Asphalt binder
refers to the bituminous phase that contains no mineral aggregate; asphalt mastic is the
binding phase formed by asphalt binder and mineral filler or other fine particles; and
asphalt mixture is the engineering composite formed when the binder or mastic coats and
binds to the coarse and fine aggregates [7]. Petroleum-derived asphalt binder depends
heavily on non-renewable crude oil resources, and its life-cycle environmental burden is
substantial [8]. A life-cycle assessment (LCA) conducted for the Canadian market reported
a carbon footprint of 826–1098 kg CO2-eq/t for petroleum asphalt binder, increasing to as
much as 2680 kg CO2-eq/t when fugitive emissions were included; crude oil extraction
was identified as a major contributor across most environmental impact categories [9,10].
At the mixture scale, a cradle-to-gate benchmark based on 606 asphalt mixtures identi-
fied reference greenhouse gas emissions of 41.2–66.7 kg CO2-eq/t and target values of
31.2–52.9 kg CO2-eq/t [4]. Even with the use of reclaimed asphalt pavement, warm-mix
technologies, and currently available best practices, the near-term potential for emission
mitigation remains limited, and achieving carbon neutrality will require more fundamental
innovations in both materials and production processes [11–16]. In smart cities, pavement
materials form the physical foundation of urban mobility, and their durability and envi-
ronmental performance directly influence road network availability, maintenance demand,
and resilience to climate- and traffic-related stress.

Beyond greenhouse gas emissions, the heating, mixing, paving, and compaction of
asphalt at 150–180 ◦C generate fumes containing volatile organic compounds (VOCs), poly-
cyclic aromatic hydrocarbons (PAHs), sulfur dioxide (SO2), hydrogen sulfide (H2S), and
particulate matter. During its service life, asphalt pavement may continue to emit alkanes,
monocyclic aromatic hydrocarbons, PAHs, and other pollutants when exposed to solar irra-
diation and elevated temperatures [17–20]. The environmental impacts of asphalt pavement
are therefore not confined to production and construction but extend throughout its service
life. Accordingly, the development of asphalt road materials is shifting from an exclusive
emphasis on mechanical performance toward the combined goals of resource conservation,
emission reduction, and improved life-cycle environmental performance [21]. The devel-
opment of asphalt modifiers that are renewable, environmentally less burdensome, and
functionally tunable has consequently become an important strategy for advancing greener,
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lower-carbon road engineering. In this context, biochar produced through the pyrolysis
of agricultural and forestry residues can promote the recovery and beneficial use of waste
biomass and partially replace petroleum-derived materials. Beyond these effects, biochar
may enhance pavement performance while curbing construction-related emissions and
reducing environmental burdens across the material life cycle. These combined benefits
have attracted growing interest in biochar as a functional constituent of sustainable asphalt
materials [22–25].

Biochar is a carbon-rich solid produced by pyrolysis, gasification or hydrothermal
carbonization of biomass in an oxygen-limited environment [26,27]. The porous structure,
aromatic carbon framework and surface functional groups of biochar promote the adsorp-
tion, molecular confinement and interfacial interaction of light, polar and aromatic fractions
of asphalt to alter its colloidal structure and rheological properties [11,28–30]. Early studies
of switchgrass-derived biochar showed that it could reduce the temperature sensitivity
of asphalt binders and improve their high-temperature rutting resistance [31]. Since then,
biochars prepared from waste wood, rice straw, corn stover, tea stems, coconut shells,
spent coffee grounds, oat hulls, oil palm fibers, industrial hemp, pine shavings, sewage
sludge and other waste biomass feedstocks have been added to asphalt binders, asphalt
mastics, hot-mix asphalt mixtures and semiflexible pavement systems [32–41]. Research
has subsequently expanded from conventional rheological and mechanical modification
toward aging resistance, interfacial performance, fume suppression, and life-cycle environ-
mental assessment. Biochar has been incorporated into asphalt systems through different
routes, including direct binder modification, partial replacement of mineral fillers, and
modification of aggregate surfaces, each involving different material scales and functional
mechanisms [42,43].

Researchers have also begun exploring the use of biochar to reduce pollutant emissions
during asphalt construction and service [44,45]. Existing research has found that the
inhibition of asphalt fumes is achieved through the combined action of biochar’s pore
size distribution, surface functional groups, metal- or mineral-based active sites, and the
molecular characteristics of the target pollutants [46–52]. Mousavi et al. found that iron-rich
biochar can selectively absorb some VOCs released at the surface of asphalt. Adsorption
and retention of these volatile fractions can help to improve air quality and reduce asphalt
mass loss by inhibiting the destabilization of the colloidal structure [45]. Duan et al. also
found that modifying the surface active sites can be more effective in capturing fume
components than increasing the amount of biochar alone; in fact, for various polarities
and reactivity strengths of pollutants, such as VOCs and H2S, different sites may need to
be targeted [32]. Based on the above results, the function of biochar in asphalt mixtures
is no longer limited to physical fillers and stiffness enhancers; other mechanisms, such
as modifications to pore structure, surface chemistry, mineral composition and molecular
changes of target pollutants, have also been proposed.

Biochar is not suitable for all applications in the asphalt system. Most studies have
reported that it can increase the stiffness and high-temperature deformation resistance of
binders, but excessive amounts or poor dispersion may reduce low-temperature cracking
resistance and fatigue life [33,53]. Some systems have also exhibited increased VOC
emissions, enhanced crystallization, or phase separation [54–57]. Future research should
focus less on reporting the results and more on exploring the structural and functional
reasons for these changes. The environmentally friendly traits of biochar are not due to
the raw materials for biomass alone. LCA studies have shown that the environmental
performance of biochar-modified asphalt is jointly affected by feedstock acquisition, energy
consumption in pyrolysis, transportation distance, coproduct utilization and the definition
of system boundaries. The production of biochar in some impact categories is itself a
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significant source of environmental problems [23]. Therefore, in evaluating the long-term
stability of biochar-modified asphalt, both the performance of the pavement and emissions
reduction should be considered together with all-round assessments of life-cycle impacts
and environmental safety.

Previous reviews have established the feasibility of using biochar in asphalt and
summarized its production routes, incorporation methods, rheological effects, and sus-
tainability potential [41,43], but have generally organized the evidence around biochar
type, conventional pavement performance indicators, or broad low-carbon benefits. This
review critically integrates evidence across binder, mastic, mixture, and aggregate interface
scales and different incorporation routes, with particular emphasis on cross-scale structure–
function relationships, the distinction between pollutant retention and degradation in fume
control, and the evaluation of environmental benefits within asphalt-specific life-cycle
boundaries. To support this synthesis, peer-reviewed studies available through July 2026
were identified primarily through Web of Science Core Collection and Scopus, using combi-
nations of “biochar”, “hydrochar”, or “biomass-derived carbon” with “asphalt”, “bitumen”,
“binder”, “mastic”, “mixture”, or “pavement”, together with terms related to rheology,
cracking, aging, emissions, and life-cycle assessment. Studies directly evaluating biochar
in asphalt binders, mastics, mixtures, fillers, or aggregate interface systems formed the
primary evidence base. This review defines the conditions under which biochar can deliver
reliable engineering and environmental benefits in asphalt systems.

2. Biochar’s Structural Characteristics and Compatibility with Asphalt
2.1. Matching Biochar Feedstock Composition with Asphalt Performance Requirements

Biochar can be produced from a wide range of feedstocks, including agricultural
residues, forestry wastes, food-processing by-products, municipal sludge, and animal-
derived wastes [26,58]. Variations in the cellulose, lignin, ash, heteroatom, and mineral
contents of these feedstocks produce biochars with distinct pore structures, degrees of
aromaticity, and surface active sites, which in turn influence their interactions and compati-
bility with asphalt [59]. The characteristic structures, functional effects, and performance
limitations of biochars derived from different feedstocks when incorporated into asphalt
systems are summarized in Table 1. Detailed study-level information on biochar pro-
duction conditions, particle size, dosage and dosage basis, asphalt type, material scale,
test methods, key findings, and study-specific limitations is provided in Supplementary
Table S1. From a pavement performance perspective, resistance to high-temperature de-
formation depends largely on the degree of carbonization, particle stiffness, and skeletal
reinforcement provided by biochar [25,31,33,35,60,61]. The capture of aromatic VOCs
and PAHs is more closely associated with aromatic carbon domains, nitrogen-containing
functional groups, metal sites, and the matching of pore size to pollutant molecular dimen-
sions [19,36,44,52,59,62,63]. In contrast, the capture of polar pollutants, including H2S and
nitrogen oxides (NOx), is more strongly influenced by oxygen-rich surfaces, phosphorus- or
calcium-containing sites, and other polar functional groups [32,59,64,65]. The suitability of
a given biochar for asphalt applications therefore cannot be reduced to generalized claims
of enhanced pavement performance or fume suppression; instead, it must be evaluated
against specific performance targets and associated environmental and engineering con-
straints. For urban road applications, feedstock selection should also account for local
biomass availability, regional climate, traffic intensity, and pollutant control priorities so
that biochar design is matched to the operating context of the road network.
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Table 1. Feedstock-dependent compatibility of biochar with asphalt.

Feedstocks
Principal Composition

and Structural
Characteristics

Reported Effects in
Asphalt Systems

Key Performance
Limitations and

Constraints

Representative
References

Herbaceous
crop residues
and fibrous
agricultural

wastes

Rich in cellulose and
hemicellulose, these
feedstocks generally
form porous carbon
frameworks during

pyrolysis while retaining
varying amounts of ash,

oxygen-containing
functional groups, and
mineral constituents.
Hydrochars typically

contain more
oxygen-containing

functional groups and
exhibit greater surface

polarity.

Improve asphalt’s
high-temperature

stability and rutting
resistance. Some

systems also show
reduced fume emissions,
changes in the aggregate
skeleton, and improved

mixture air-void
characteristics.

High dosages may
substantially increase
viscosity and stiffness

and impair
low-temperature

cracking resistance and
fatigue performance.

For hydrochar,
compatibility with
asphalt and storage

stability require
particular attention.

Pyrolysis temperature,
particle size, and dosage
should not be evaluated

independently.

[25,31,33,35,39,
40,53,60,61,66]

Woody biomass
and wood-
processing

wastes

Generally characterized
by rough, porous

surfaces and relatively
stable aromatic carbon
frameworks. Moderate
pyrolysis temperatures

can balance pore
development with the

retention of
oxygen-containing

functional groups, while
finer particles provide

greater interfacial
contact with asphalt.

Improve
high-temperature
rutting resistance,

interfacial adhesion, and
the mechanical

performance of asphalt
mixtures. They may also

retain light fractions,
VOCs, and H2S, thereby

providing some
resistance to asphalt

aging.

Excessively high
pyrolysis temperatures

reduce the abundance of
oxygen-containing
functional groups.

Performance is sensitive
to particle size, dosage,

and dispersion, and
excessive addition may
increase viscosity and

the risk of
low-temperature

cracking.

[32,37,38,48,54,
59,64,65,67]

Lignin-rich shell
and fruit pit

wastes

Contain relatively high
proportions of lignin

and aromatic structures
and tend to form highly

aromatic carbon
frameworks with

combined microporous
and mesoporous
structures after

pyrolysis. Ash content,
residual lipids, and
surface functional

groups vary
substantially among

feedstocks.

Improve
high-temperature

stability and promote
the retention of aromatic
VOCs and PAHs. Under

suitable conditions,
some feedstocks may

also preserve
low-temperature
performance and

improve the mechanical
properties of asphalt

mixtures.

An excessive proportion
of micropores may

restrict the diffusion of
larger molecules, while
high dosages may cause

excessive hardening.
Considerable differences
among shell and fruit pit

feedstocks limit direct
extrapolation between

systems.

[36,59,62,68–70]
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Table 1. Cont.

Feedstocks
Principal Composition

and Structural
Characteristics

Reported Effects in
Asphalt Systems

Key Performance
Limitations and

Constraints

Representative
References

High-ash and
siliceous

agricultural
residues

Characterized by high
ash contents and

silica-rich mineral
phases that provide

potential surface active
sites. Additional metal
loading can introduce

sites for selective
adsorption.

Enhance VOCs
adsorption and enable

more selective control of
specific pollutants.

Removal efficiencies
vary considerably

among VOC species,
requiring the pore size

distribution and surface
sites to be matched to
the target compounds.

[19,44,52]

Food-
processing

residues

Typically contain
aromatic carbon

domains, nitrogen- and
oxygen-containing

functional groups, and
porous structures.

Improve
high-temperature
stability and VOC

control. In bio-oil-based
rejuvenation systems,
they may compensate

for losses in
high-temperature
performance and

improve phase stability.

Excessive biochar
contents may promote

phase separation or
secondary

crystallization.

[34,68,71]

Microalgae

Rich in
nitrogen-containing

functional groups and
generally characterized
by high surface polarity

and abundant active
sites.

Biochars derived from
microalgae can enhance
the retention of VOCs

and PAHs and may
suppress free-radical

reactions and
photo-oxidative aging.

Long-term compatibility,
low-temperature
performance, and

applicability across
different asphalt
systems remain

insufficiently verified.

[63]

Municipal
sewage sludge

Contains high
proportions of ash,

inorganic minerals, and
metals and has a

comparatively complex
composition.

Offers potential for
mineral filling,

modification of alkaline
surface sites, and
replacement of

conventional fillers,
while providing a route

for the beneficial and
potentially low-carbon
use of sewage sludge.

Priority should be given
to assessing heavy-metal

leaching, biological
toxicity, and life-cycle

environmental impacts.

[26,29,58]

2.2. Matching Biochar Production Processes and Surface Structures with Asphalt
Performance Requirements

Pyrolysis, hydrothermal carbonization, and surface activation are the principal routes
for tailoring biochar structure and its compatibility with asphalt. Their significance lies not
only in producing carbonaceous particles from different feedstocks but also in controlling
biochar aromaticity, pore size distribution, surface functional groups, hydrophobicity, and
active sites, thereby influencing asphalt rheology, the adsorption of fume constituents, and
aging behavior (Figure 1) [65,72–74]. Pyrolysis temperature is a key process parameter
governing biochar aromaticity, pore development, and the retention of surface functional
groups [58]. In general, low-temperature pyrolysis preserves more oxygen-containing
functional groups, phenolic structures, and polar surface sites, which may favor the adsorp-
tion of polar constituents and strengthen interfacial interactions with asphalt. By contrast,
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high-temperature pyrolysis promotes dehydration, decarboxylation, and aromatic con-
densation, thereby increasing aromaticity, hydrophobicity, graphitization, and structural
stability while reducing the abundance of oxygen-containing functional groups [75–77].
The effect of pyrolysis temperature on asphalt systems therefore reflects a trade-off among
multiple structural attributes rather than a simple temperature-dependent improvement in
performance. For example, tea-stem biochar produced at 300–600 ◦C exhibited progressive
pore development and aromatization, accompanied by a decline in oxygen-containing func-
tional groups as the pyrolysis temperature increased. At a dosage of 1%, tea-stem biochar
produced at 500 ◦C reduced VOC and H2S emissions by 68.6% and 87.5%, respectively [32].
This result suggests that an intermediate pyrolysis temperature can provide a favorable
balance between pore development and the retention of oxygen-containing surface groups.

 

Figure 1. Relationships among biochar structural characteristics and asphalt performance responses.

Compared with conventional pyrolysis, hydrothermal carbonization is better suited
to agricultural residues with high moisture contents. It can produce hydrochar rich in
oxygen-containing functional groups under relatively mild conditions while reducing the
energy required for biomass predrying. Corn-stover hydrochar can substantially improve
the high-temperature stability of asphalt when applied at an appropriate dosage, but
increasing the dosage may impair low-temperature cracking resistance, fatigue perfor-
mance, and storage stability [53,66]. Hydrothermal carbonization therefore offers clear
advantages for the valorization of wet biomass. Nevertheless, the effects of hydrochar
on low-temperature performance, compatibility, and the long-term storage stability of
hydrochar–asphalt systems must be thoroughly assessed.

In recent years, green activation has extended biochar tailoring beyond pore structure op-
timization to include the deliberate modification of surface chemistry through the introduction
of specific functional groups and active sites [78,79]. Tannic acid activation introduces polyphe-
nolic groups, enabling biochar to combine fume adsorption with free-radical scavenging and
thereby substantially reduce VOC and H2S emissions, ozone formation potential (OFP), and
secondary organic aerosol formation potential (SOAP) [64]. Phytic acid-activated tea-stem
biochar enhances the capture of polar pollutants by introducing phosphorus-containing active
sites. At a dosage of only 0.5%, it reduced VOC and H2S emissions by 64.2% and 93.1%,
respectively, outperforming unmodified tea-stem biochar applied at a dosage of 2% [65].
These findings indicate that biochar production should not focus solely on increasing the
degree of carbonization, specific surface area, or application dosage. Structural tailoring
strategies should be selected based on the purpose of engineering or environment. Therefore,
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if the main goal is resistance to high-temperature deformation, carbon framework rigidity,
aromaticity and dispersion stability should be prioritized. To suppress target pollutants such
as VOCs, PAHs and H2S, the pore size distribution, polar functional groups, π-π interaction
sites, phosphorus-containing or iron-based active sites of biochar, etc., should be aligned with
the molecular characteristics of the target pollutants.

2.3. Matching Biochar Particle Size, Dosage and Dispersion State with Asphalt
Performance Requirements

The three primary reasons for varying performance in modifying the structure and
properties of asphalt are particle size, dosage, and dispersion state of biochar. In terms of
feedstock composition and the production process of biochar, these factors directly affect
how spatially distributed the biochar is in asphalt, how large the available interfacial contact
area and pore accessibility are, and whether a particle-based reinforcing skeleton forms.
Therefore, they are the links between material structure and pavement performance [80].

Finer biochar particles have a larger surface area for contact with asphalt and can
utilize the internal pore network more efficiently. It is not always the case that a higher
surface energy for ultrafine particles will lead to agglomeration. Agglomeration may
form a locally overly stiffened area, block otherwise open pores, and reduce compatibility
with the asphalt phase [31,54,81,82]. Thus, particle size selection needs to meet the two
contradictory requirements of maximizing interfacial area and preventing agglomeration.
Relative to flake graphite, biochar possesses a rougher surface and a more developed porous
architecture, which promote adhesion and mechanical interlocking and, in turn, yield
greater improvements in high-temperature rutting resistance and resistance to aging [67].
At a particle size of less than 75 µm and a dosage of approximately 4%, these benefits can
be achieved without substantially compromising low-temperature cracking resistance [67].
Comparable results were reported by Zhang et al., who found that waste-wood biochar
below 75 µm, added at 2–4%, provided a favorable compromise between high-temperature
rheological performance and fatigue cracking resistance [37]. Fine biochar is thus generally
more effective in reinforcing interfacial interactions and limiting aging, provided that the
dosage is appropriate and dispersion remains uniform.

Biochar content is a major determinant of modified-asphalt performance, yet the re-
sponse does not necessarily improve in direct proportion to the amount added [33]. At
low incorporation levels, pore-mediated adsorption, interfacial bonding, and micro filling
mainly contribute to gains in high-temperature stability, resistance to aging, and fume
control [32]. Further addition increases contact among biochar particles and may establish
a more continuous rigid framework, thereby providing additional resistance to rutting [83].
Once the dosage becomes excessive, however, the accompanying rise in viscosity and
stiffness can restrict asphalt flow and hinder construction. Cracking resistance, fatigue life,
and storage stability may consequently decline, and phase separation may occur [56,84].
Biochar dosage therefore has an appropriate application window, with a lower boundary
defined by the minimum content required to produce an effective modification and an up-
per boundary defined by the content at which performance begins to deteriorate. Reported
suitable dosages vary considerably among studies and are generally lower for asphalt
binder systems than for asphalt mixtures or composite filler systems [25,36,38,40,71,85].
These differences reflect variations in the dosage basis, material scale, and target perfor-
mance. Reported “optimal dosages” cannot be meaningfully compared without specifying
the material system, calculation basis, and performance criterion used for optimization.

The effect of particle size also depends on the dispersion of biochar within asphalt [70].
Uniform dispersion increases interfacial contact and facilitates the formation of a stable par-
ticle network, whereas agglomeration introduces localized defects and stress concentrations.
Agglomeration can offset the benefits associated with fine particles or an otherwise appro-
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priate dosage and may aggravate low-temperature cracking and fatigue damage [68,86].
Therefore, in designing biochar-modified asphalt, particle size, dosage and dispersion state
should be considered simultaneously to determine which combinations are suitable for
the intended engineering and environmental purposes, rather than optimizing any single
factor in isolation.

3. Pavement Performance Responses of Biochar-Modified Asphalt
The effects of biochar modification extend across multiple material scales, including

asphalt binder, asphalt mastic, and asphalt mixture. Because each scale is characterized
using different test indices, results obtained at one scale may not directly correspond to
the engineering performance observed at another. Penetration, softening point, rotational
viscosity, complex shear modulus (G*), and rutting parameter (G*/sinδ), as determined
using dynamic shear rheometry, primarily characterize the rheological behavior and high-
temperature stability of asphalt binders [87]. By contrast, the cracking tolerance index
(CT-index), indirect tensile strength, dynamic creep response, number of rutting cycles, and
maximum flexural tensile strain more directly reflect the mechanical and service-related
performance of asphalt mixtures [88]. Cross-study comparisons should therefore account
for both the material scale examined and the specific test conditions used. In addition,
binder-scale rheological improvements should be interpreted as material-level evidence
rather than direct evidence of pavement-scale or field performance.

3.1. High-Temperature Rheological Performance and Rutting Resistance

At the asphalt binder scale, most studies have shown that biochar decreases penetra-
tion while increasing the softening point, rotational viscosity, G*, and G*/sinδ, thereby
improving the binder’s high-temperature rheological performance [61,80,89]. This increase
in binder stiffness is also reflected at the mixture scale through improved resistance to
permanent deformation. A multiscale study of rice straw biochar showed that increasing
the biochar dosage from 0% to 15% raised the asphalt softening point from 51.9 to 60.3 ◦C
and the rotational viscosity from 450 to 1035 cP. At the mixture scale, the addition of 10%
biochar increased the resilient modulus at 35 ◦C from 1215 to 1737 MPa, increased the
number of rutting cycles from approximately 9600 to more than 20,000, and reduced the
dynamic creep strain from 3.10% to 1.77% [33]. Other studies have reported that biochar
modification increased the rutting resistance of asphalt mixtures by up to 68.6% and their
indirect tensile strength by approximately 22%, while improving performance after short-
and long-term aging by 17.6% and 11.2%, respectively [35].

Biochars derived from cherry and sour cherry wastes also substantially increased
asphalt viscosity and the high-temperature complex modulus. The maximum increases in
viscosity were 2.40- and 2.59-fold for cherry- and sour cherry-derived biochars, respectively,
while the complex modulus at 64 ◦C increased 1.94- and 1.83-fold, respectively [69]. Similar
improvements in high-temperature stability and resistance to permanent deformation have
been reported for biochars derived from coconut shells, oat hulls, pine shavings, oil palm
mesocarp fibers, and spent coffee grounds [34,36,38–40]. Overall, the beneficial effect of
biochar on high-temperature deformation resistance is relatively consistent across different
asphalt systems. These improvements are primarily attributed to reinforcement by rigid
biochar particles, pore-mediated adsorption, rough interfacial contact, and the restriction
of asphalt flow by a particle-based skeletal network. However, because enhanced high-
temperature performance is commonly accompanied by increased system stiffness, the
suitability and dosage of biochar must also be evaluated in relation to their potential effects
on low-temperature cracking resistance and fatigue behavior.
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3.2. Low-Temperature Cracking Resistance and Fatigue Behavior

Unlike the relatively consistent improvements observed in high-temperature deforma-
tion resistance, the effects of biochar on low-temperature cracking resistance and fatigue
behavior are more strongly dependent on material and processing conditions and remain
among the most debated aspects of current research. Differences among published findings
arise chiefly from two competing effects of biochar addition: reinforcement of the asphalt
structure and a loss of deformability at low temperatures [39]. The resulting increase in
stiffness and structural stability commonly strengthens resistance to high-temperature rut-
ting, yet the same reinforcement may restrict strain accommodation during cold exposure
or repeated loading [53].

In a multiscale assessment of rice straw biochar, increasing the biochar content pro-
duced a progressive reduction in the mixture CT index, which fell to 25.47 at 10% and 15.42
at 15%. Linear amplitude sweep testing revealed a different response at the binder scale:
fatigue life improved only with 5% biochar, whereas further increases in dosage impaired
fatigue performance [33]. These findings do not, however, imply that biochar necessarily
impairs low-temperature cracking resistance or fatigue performance. When particle size,
dosage, and production conditions are appropriately controlled, biochar may still provide
a favorable balance between high-temperature reinforcement and low-temperature tough-
ness. For example, coconut shell nano-biochar ash applied at a dosage of 6% was reported
to improve both rutting and cracking resistance [62].

Low-temperature cracking resistance and fatigue performance should therefore be
treated as critical design constraints when defining the appropriate dosage window for
biochar. Fine, moderately dosed, and uniformly dispersed biochar may enhance high-
temperature performance without sacrificing cracking resistance, whereas excessive addi-
tion or agglomeration can produce localized regions of high stiffness and associated stress
concentrations. For pavements exposed to cold climates, large temperature fluctuations,
or repeated heavy loading, the suitability of biochar modification should not be assessed
solely using high-temperature rutting indicators. This climate- and load-specific design
approach is especially relevant to urban resilience, where premature pavement failure can
intensify congestion, safety risks, and loss of network accessibility.

Within the literature reviewed here, field evidence on the cracking and fatigue perfor-
mance of biochar-modified asphalt remains scarce, with most findings derived from binder-
and laboratory mixture-scale tests. Whether these dosage- and scale-dependent responses
persist under long-term thermal cycling and traffic loading therefore remains uncertain
and requires test section validation.

3.3. Asphalt–Aggregate Interfacial Adhesion and Moisture Resistance

Adhesion and moisture resistance at the asphalt–aggregate interface determine
whether the benefits of biochar modification observed at the binder scale can be translated
into the in-service performance of asphalt mixtures. These properties are therefore central to
evaluating the engineering applicability of biochar-modified asphalt [90]. Rather than aris-
ing solely from binder stiffening, the interfacial effects of biochar are primarily associated
with changes in surface energy, reorganization of the asphalt surface microstructure, pore-
mediated mechanical interlocking, and resistance to moisture-induced damage. Studies
based on surface free energy analysis and atomic force microscopy have shown that biochar
increases the surface free energy of asphalt and its individual components, enhances the
work of adhesion between asphalt and aggregate, and reduces the work of debonding in
the presence of water. Together, these changes strengthen interfacial bonding and increase
resistance to moisture-induced damage [90]. Biochar can also alter the surface microstruc-
ture of asphalt by increasing the number of bee-like structures, decreasing their mean area,
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and reducing adhesion differences between bee-structured and non-bee-structured regions,
thereby producing a more uniform distribution of adhesion across the asphalt surface [90].
These findings indicate that the interfacial reinforcement provided by biochar does not
arise solely from particle filling or bulk stiffening but is closely associated with interactions
facilitated by its rough surface, porous structure, and surface functional groups.

It should be noted that aggregate surface modification represents a distinct technical
route from direct biochar addition to the binder. Further evidence from aggregate modifi-
cation studies shows that porous carbon layers derived from plant wastes can adhere to
aggregate surfaces through bonding or anchoring interactions involving C–O, C=O, and
Si–C functional groups. After being covered with asphalt, the above layers form a mechani-
cally interlocked structure that has been reported to increase the structural stability of acidic
aggregates in wet conditions by a factor of six compared with untreated acidic aggregates,
enhance stripping resistance about three times, and improve water intrusion resistance
by more than 78.9% [91]. Similarly, replacing mineral filler with biochar represents a filler
replacement strategy rather than direct binder modification. Research on asphalt mastics
where biochar replaced limestone filler on a volume basis also did not show a significant
reduction in the rheological properties of unaged mastics. After extended aging, the stiff-
ness of the biochar-containing mastics was lower than that of the corresponding reference
system; therefore, it can be assumed that biochar also acts as a low-carbon filler at the mastic
scale [92]. As shown in Figure 2, the function of biochar in modifying asphalt material bulk
stiffness is not the only one. A rough, porous surface and functional groups can be added
to improve the adhesion of asphalt with aggregate, strengthen mechanical interlocking,
and promote uniform distribution of interfacial adhesion. Biochar restrains the movement
of water at the interface, reduces the risk of damage to this interface, and thus enhances
adhesion, moisture resistance and the extended service life of asphalt concrete. Therefore,
at different scales of the binder, mastic, aggregate and mixture, the interfacial effect of
biochar-modified asphalt should be examined. In the future, multi-scale characterization of
asphalt interfaces and long-term assessments of mixture moisture resistance will be con-
ducted to determine whether the aforementioned benefits are maintained under different
aggregate mineralogizes, moisture conditions and environmental exposures. Improved
moisture resistance may therefore support more resilient urban roads by limiting premature
stripping, repair frequency, and service interruptions during heavy rainfall or flooding.

Figure 2. Mechanisms by which biochar modification affects asphalt–aggregate interfacial adhesion
and moisture resistance.
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4. Biochar-Mediated Regulation of Asphalt Fume Emissions
4.1. Asphalt Fume Constituents and Risk Assessment Indicators

Asphalt production and placement at high temperatures release various chemical fumes,
such as VOCs, PAHs, H2S, SO2, NOx and particulate matter. Some VOCs are harmful by
themselves and also serve as precursors for ozone and secondary organic aerosols [25,93,94].
Although initial investigations relied largely on total VOC measurements, subsequent studies
have established that individual compounds contribute very differently to ozone formation
potential, secondary organic aerosol formation potential, odor, carcinogenic risk, and non-
carcinogenic risk. The emission control performance of asphalt materials should therefore
not be assessed solely based on reductions in total pollutant emissions. Table 2 classifies the
indicators used to evaluate asphalt fumes according to total emissions, key inorganic and
sulfur-containing constituents, constituent-specific toxicity, secondary pollution potential, sen-
sory effects, human health risks, biological responses, environmental releases, and ecotoxicity.
This framework extends low-emission assessment beyond bulk emission reduction to include
changes in pollutant composition and the resulting implications for environmental and human
health risks. Within this framework, the relative performance of different fume-suppressing
materials varies depending on the indicator considered, including total VOC emissions, OFP,
SOAP, odor, and other risk-related metrics. Consequently, the performance of low-emission
materials cannot be reliably ranked using a single metric [93]. A study of corn-stover biochar
simultaneously evaluated VOC and PAH emissions, together with the aggregate carcinogenic
toxicity associated with 16 priority PAHs. A biochar dosage of 3% produced the greatest
reductions in both emissions and toxicity, whereas a dosage of 2% achieved a better balance
between rheological performance and fume toxicity across different temperatures [25]. The
simultaneous decrease in emissions and toxicity-weighted PAH profiles provides stronger
evidence of hazard mitigation than a reduction in total fume concentration alone. However, it
does not establish the fate of compounds no longer detected in the emitted phase or directly
demonstrate a decrease in occupational exposure. The low-emission performance of biochar-
modified asphalt should therefore be evaluated not only in terms of total emission reductions
but also with respect to the toxicity of individual constituents, secondary pollution potential,
health risks, and biological responses. Such a multidimensional assessment is necessary to
determine whether lower asphalt fume emissions produce meaningful reductions in envi-
ronmental and human health risks. A reduction in measured fume concentration indicates
emission suppression under the specific test conditions employed, but does not by itself
reveal whether the decrease results from adsorption and retention, chemical transformation,
or a meaningful reduction in human exposure. Cross-study suppression efficiencies should
therefore be interpreted with consideration of differences in heating temperature and duration,
ventilation conditions, sampling configuration, analytical coverage, and data normalization
procedures, because these factors influence both pollutant release and the fraction ultimately
captured and quantified.

Table 2. Regulatory effect of biochar on asphalt fume emissions.

Assessment
Category

Representative
Indicator Applicable Context Limitations Research

Significance References

Total
emissions Total VOCs

Preliminary
comparison of

volatile emissions
among different

materials, dosages,
and temperatures

Does not resolve
chemical

composition,
toxicity, or reactivity

and is highly
sensitive to

sampling conditions

Determines whether
biochar or other

fume-suppressing
materials reduce
overall volatile

emissions

[19,25,44,60,
93,95,96]
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Table 2. Cont.

Assessment
Category

Representative
Indicator Applicable Context Limitations Research

Significance References

Total
emissions Total PAHs

Assessment of PAH
emissions during

heating,
construction, and

aging

May obscure
differences in

constituent toxicity
and gas particle

partitioning

Evaluates overall
changes in highly

toxic organic
pollutants in asphalt

fumes

[25,63,94]

Key
inorganic or

sulfur-
containing

constituents

H2S

Evaluation of
high-sulfur- or

rubber-modified
asphalt and odor

control

Does not represent
all sulfur-containing

constituents and
may be lost during

sampling

Assesses the ability
of biochar to capture
polar and reactive
fume constituents

[32,59,64,65,
96]

Key
inorganic or

nitrogen-
containing

constituents

NOx

Evaluation of
nitrogen-containing

gas control by
mineral- or

metal-loaded
materials

Concentrations may
be low and are
susceptible to

interference from
combustion sources

and background
levels

Evaluates the
potential of

oxygen-rich surfaces
or mineral sites to

control polar
gaseous constituents

[59]

Constituent-
specific
toxicity

16 priority
PAHs

Assessment of key
carcinogenic PAHs

and associated
health risks

Does not include
alkylated,

oxygenated, or
nitrogen-containing

PAHs

Prevents changes in
highly toxic

constituents from
being obscured by

total PAH
measurements

[25]

Constituent-
specific
toxicity

Aromatic
hydrocarbons
and alkenes

Identification of
highly reactive or
highly toxic VOCs

Analytical coverage
may be limited, and

risks vary
considerably among

individual
compounds

Determines whether
high-risk

constituents remain
after total VOC
emissions have

decreased

[25,52,93,
97]

Constituent-
specific
toxicity

Sulfur-
containing

compounds

Assessment of
high-sulfur asphalt

and odor-active
constituents

Comprises
chemically diverse

and unstable
species; measuring

H2S alone may
underestimate risk

Evaluates the
selective control of

H2S and other
sulfur-containing
constituents by

biochar

[32,59,64,65,
96]

Secondary
pollution
potential

OFP

Comparison of
different VOC
profiles and

evaluation in
regions susceptible
to photochemical

pollution

Depends on
compound-specific

reactivity
coefficients and does
not represent actual

ozone formation

Determines whether
VOC reduction

effectively lowers
the risk associated

with ozone
precursors

[64,65,93,
96]

Secondary
pollution
potential

SOAP

Assessment of
secondary aerosol

formation from
semivolatile and

aromatic
constituents

Depends on yield
parameters and may

not adequately
represent

atmospheric
processes under real

conditions

Estimates the
contribution of fume

constituents to
secondary

particulate matter
formation

[64,93,96]
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Table 2. Cont.

Assessment
Category

Representative
Indicator Applicable Context Limitations Research

Significance References

Sensory
effects

Odor activity
value

Assessment of
mixing plants,

construction sites,
and short-range

exposure

Influenced by odor
thresholds and
masking effects
within complex

mixtures

Evaluates the effects
of low-emission
asphalt on the
construction

environment and
the comfort of

exposed workers

[93]

Health risk

Carcinogenic
risk or total
carcinogenic

toxicity

Long-term exposure
assessment for

PAHs and high-risk
VOCs

Depends on toxicity
parameters and

exposure
assumptions

Determines whether
reductions in PAHs
and high-risk VOCs
translate into lower

health risks

[25,93,94]

Health risk
Non-

carcinogenic
hazard index

Risk screening for
construction

workers and nearby
populations

Does not readily
account for

synergistic or
antagonistic effects

among mixed
pollutants

Compares the
effectiveness of

different
fume-suppressing

materials in
reducing

non-carcinogenic
health hazards

[93,94]

Biological
response Cell viability

Verification of
whether reduced

emissions are
accompanied by

lower overall
cytotoxicity

Influenced by cell
type, exposure dose,
and exposure route

Determines whether
reductions in

chemical
concentrations

correspond to lower
biological toxicity

[95]

Biological
response

Reactive oxygen
species and

inflammatory
mediators

Evaluation of
oxidative stress and

inflammatory
responses

Highly sensitive to
experimental

conditions, and
individual

biomarkers may
have limited

representativeness

Assesses the effects
of asphalt fume

reduction on
cellular-level health

responses

[95]

Environmental
release risk

Leachate pH,
total nitrogen,

and total
phosphorus

Assessment of
releases from porous

pavements under
rainfall or
immersion
conditions

Does not cover
metals or organic
pollutants, and

static tests may have
limited

environmental
representativeness

Prevents
environmental

assessment from
focusing solely on
construction-stage

fumes while
overlooking

operational-stage
risks

[98]

Ecotoxicity

Zebrafish
toxicity or
leachate

ecotoxicity

Evaluation of the
overall risks of

leachates to aquatic
organisms

Acute tests cannot
adequately

represent long-term
effects, and

extrapolation across
species is limited

Assesses the
long-term

environmental
safety of biochar

fillers used in
porous asphalt

[98]
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4.2. Structure-Dependent Selective Suppression of Asphalt Fume Emissions by Biochar

Direct studies using asphalt or asphalt fumes support emission suppression and,
in some cases, selective affinity toward particular fume constituents [32,44,52,59]. By
contrast, pore filling, hydrophobic partitioning, π-π interactions, and some surface reaction
pathways are partly inferred from adsorption studies conducted with dry biochar or in
gas- and aqueous-phase systems [46,48,50,51]. Once biochar is dispersed in asphalt, binder
wetting and pore occlusion may reduce the accessibility of its internal pore network. These
mechanisms should therefore be regarded as plausible contributors unless they have been
directly demonstrated under asphalt-relevant conditions.

The suppression of asphalt fumes by biochar cannot be attributed to a single physical
adsorption process [59]. VOCs, PAHs, H2S, and NOx in asphalt fumes differ substantially
in molecular size, polarity, aromaticity, and reactivity and consequently require biochars
with different structural and chemical characteristics for effective control [60]. For small
VOC molecules, pore filling and confinement within micropores are important retention
mechanisms [99]. As molecular size increases, however, excessively small pores restrict
diffusion into the internal pore network and reduce the effective utilization of available
porosity [100]. Rice husk biochar has been reported to suppress VOC emissions effectively,
although its removal efficiency decreases with increasing carbon number and remains
comparatively low for aromatic compounds [44]. Zhou et al. found that the smaller pores
of ZnCl2-modified biochar preferentially retained VOCs containing nine or fewer carbon
atoms, whereas larger pores were more suitable for compounds containing more than nine
carbon atoms [60]. Therefore, the decrease in VOCs cannot be explained by an increase in
large-surface-area material or an expansion of total pore volume alone; it is more likely that
the pore size distribution of biochar is in line with the molecular size of the pollutants.

Aromatic VOCs and PAHs are relatively nonpolar and contain π-conjugated systems.
Retention by these groups is primarily due to the aromatic carbon framework, graphitic do-
mains, π-π interactions, hydrophobic partitioning and pore connectivity [101]. Lignin-rich
biochars generally have a highly aromatic carbon structure and combined microporous
and mesoporous networks, making them more suitable for capturing aromatic fume com-
ponents [59]. However, if the pores are too small or not well connected, large aromatic
molecules will be unable to diffuse into the internal pore network and therefore will not
show this adsorption advantage. To remove polar and highly reactive components such
as H2S and NOx, hydrophobic pore structures are not sufficient. Instead, it depends more
strongly on oxygen-containing functional groups, phosphorus- or calcium-containing sites,
metal oxides, and acid–base reactive sites. Cellulose-rich biochars commonly possess rela-
tively well-developed microporous and mesoporous structures together with oxygen-rich
surfaces, which facilitate the diffusion, contact, and reactive adsorption of small polar
molecules [59]. Overall, small VOCs are retained primarily through micropore confine-
ment, whereas larger VOCs require wider and better connected pores. The retention of
aromatic VOCs and PAHs is governed more strongly by aromatic carbon structures and
π-π interactions, while H2S and NOx are captured mainly through polar functional groups
and metal- or mineral-based active sites (Figure 3).

Beyond pore structure and surface functional groups, metal-containing phases, het-
eroatom doping, and sites introduced through green activation can further enhance the
selective adsorption and reactive retention of asphalt fume constituents by biochar [97].
Iron-rich biochar reportedly reduced asphalt fume emissions by 76%, compared with a
reduction of 59% for low-iron biochar. This difference suggests that iron-containing active
sites strengthen interactions with VOCs relative to those occurring in biochar without iron
enrichment [45,102]. Zhou et al. further showed that iron (Fe)-, zinc (Zn)-, and copper (Cu)-
loaded biochars exhibited distinct affinities for different fume constituents. Fe and Zn were
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more likely to retain aromatic hydrocarbons and long-chain alkanes; Cu showed a stronger
affinity for low-molecular-weight alkanes [52]. The addition of phytic acid or tannic acid in
the activation step introduces phosphorus-containing functional groups and polyphenol
structures, converting biochar into a multi-functional material with chemisorption and
adsorption at polar active sites, as well as free-radical scavenging. These activated biochars
have shown good removal rates for VOCs and H2S at a relatively low dose [64,65]. Current
evidence indicates that biochar can reduce not only VOC and PAH emissions but also OFP,
SOAP, odor activity, and the relative contributions of highly toxic constituents. The reten-
tion of light volatile fractions may also partially limit compositional losses during asphalt
aging (Figure 3). These findings show that fume suppression does not necessarily increase
monotonically with either specific surface area or biochar dosage. Biochar design should
instead focus on matching its pore size distribution, surface functional groups, and active
sites with the molecular size, polarity, aromaticity, and reactivity of the targeted fume con-
stituents. At the same time, fume suppression must be balanced against constraints related
to asphalt viscosity, low-temperature performance, compatibility, and constructability to
ensure that emission reductions are not achieved at the expense of pavement performance.

Figure 3. Mechanisms underlying biochar-mediated suppression of asphalt fume emissions.

4.3. Synergistic Control of Asphalt Fumes Using Biochar-Based Composite Materials

A single type of biochar is often unable to simultaneously achieve effective retention
of low-molecular-weight VOCs, adsorption of larger aromatic compounds, capture of polar
sulfur-containing species, and reductions in secondary pollution potential [103]. The design
of composite materials can enhance fume control performance by integrating components
with complementary functions. For example, a tourmaline/biochar/diatomite composite
combines the pore-mediated adsorption capacity of biochar, the hierarchical pore structure
of diatomite, and the spontaneous polarization properties of tourmaline, reportedly reduc-
ing asphalt fume emissions by 65.84% over a 3 h period [104]. TiO2–biochar composites
further introduce photocatalytic degradation as a complementary pathway to pollutant ad-
sorption and retention. The reported decrease in VOC emissions was accompanied by lower
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oxidative stress and inflammatory responses at the cellular level [95], providing evidence
beyond concentration reduction alone. Nevertheless, evidence of photocatalytic degra-
dation should not be equated with complete pollutant destruction unless transformation
products or mineralization are characterized, and the observed cellular responses do not
directly quantify occupational exposure or long-term health risk. These findings indicate
that the assessment of low-emission asphalt should extend beyond reductions in measured
pollutant concentrations to determine whether pollutants are retained, transformed, or
released again and whether such changes ultimately translate into lower exposure and
health risks [94]. Biochar-based composite systems should therefore be functionally tai-
lored to the physicochemical characteristics of the target pollutants rather than designed
simply by increasing the number or dosage of their constituent materials. Future studies
should evaluate fume suppression alongside rheological performance, storage stability,
low-temperature cracking and fatigue behavior, and potential secondary environmental
risks. Such an integrated assessment is necessary to avoid excessive viscosity, reduced
compatibility, poorer constructability, or increased life-cycle burdens arising from overly
complex formulations or excessive material dosages.

5. Aging and Environmental Assessment of Biochar-Modified Asphalt
5.1. Retention of Light Fractions and Suppression of Oxidation During Aging

Under the combined effects of heat, oxygen, and ultraviolet (UV) radiation, asphalt
aging is primarily characterized by the volatilization of light fractions, the accumulation
of oxygen-containing functional groups, and increased molecular association within the
asphalt colloidal system (Figure 4). Progressive oxidation and volatilization lead to a
harder and less ductile asphalt binder, thus increasing its susceptibility to low-temperature
cracking and fatigue failure [105,106]. Biochar may mitigate these aging pathways through
three complementary mechanisms: retaining volatile light fractions, shielding asphalt
from UV radiation, and inhibiting radical-driven oxidation. The porous network depicted
in Figure 4 traps part of the volatile light fraction and thereby limits mass loss during
heating [107]. Protection against photo-oxidation is also provided by the aromatic, dark-
colored carbon matrix, which absorbs and scatters incident UV radiation [108]. A further
contribution may arise from surface functional groups, heteroatom-containing sites, and
deliberately introduced active structures that capture free radicals or disrupt oxidative
chain propagation, restricting the accumulation of carbonyl, sulfoxide, and hydroxyl
functionalities [63]. Consistent with this mechanism, lower carbonyl and hydroxyl contents
have been measured in biochar-modified asphalt after UV aging [108]. The importance
of surface chemistry is illustrated by nitrogen-rich microalgal biochar. Following 200 h
of UV irradiation, the high-nitrogen material outperformed its low-nitrogen counterpart,
reducing mass loss by 35% and improving the carbonyl/sulfoxide aging index by 12.9%,
compared with an improvement of only 3.1% for the low-nitrogen biochar [63]. Thus,
resistance to aging is governed not only by pore architecture but also by nitrogen- and
oxygen-containing functionalities and other surface active sites capable of moderating
oxidative reactions.

Preserving the lighter fractions is central to the stability of asphalt’s colloidal orga-
nization during aging. The material lost during high-temperature mixing, paving, and
subsequent service consists largely of light aromatic and aliphatic compounds that help
keep asphaltenes dispersed. When volatilization is widespread, asphaltene particles are
more likely to aggregate; thus, binder hardening occurs and the performance declines [107].
The effect of biochar-mediated VOC reduction may be to reduce construction-stage emis-
sions and, at the same time, lessen compositional loss and disruption of the colloidal system
during aging. In engineering terms, restraint of mass loss, oxidative product formation
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and asphaltene aggregation can reduce the stiffening caused by thermo-oxidative and
UV exposure, thus extending the service life and cracking resistance (Figure 4). However,
evidence for these benefits remains dominated by binder-scale studies and accelerated
laboratory aging. Their persistence under mixture production, long-term field aging, traffic
loading, and climatic exposure therefore remains uncertain and requires validation at the
mixture and field scales.

Figure 4. Mechanisms and engineering effects of biochar in mitigating asphalt aging.

5.2. Low-Carbon Benefits and Environmental Safety Within Life-Cycle System Boundaries

Neither biochar’s biomass origin nor its capacity for carbon sequestration is sufficient,
by itself, to establish a low-carbon advantage in asphalt applications; this benefit must be
quantified using explicitly defined life-cycle boundaries and functional units [109,110]. As
illustrated in Figure 5, the environmental assessment of biochar-modified asphalt should
encompass feedstock acquisition, biochar production, transportation, asphalt mixing and
construction, pavement service and maintenance, and end-of-life management. In addition
to accounting for energy and material inputs and the corresponding greenhouse gas and
pollutant emissions at each stage, the assessment should consider the potential benefits
of stable carbon storage, material substitution, construction-stage fume reduction, and
improved durability, together with potential leaching and ecological risks. These environ-
mental benefits should also be substantiated through standardized monitoring, reporting,
and verification (MRV), rather than being assumed solely because of the material’s biomass
origin or theoretical carbon storage capacity (Figure 5).

Within these system boundaries, the potential environmental benefits arise mainly
through four pathways: stable carbon storage in biochar and the associated carbon re-
moval potential; substitution of part of the petroleum-derived components or mineral
fillers; reduced maintenance and resurfacing requirements resulting from improved aging
resistance, rutting resistance, or moisture resistance; and improved air quality through
lower fume emissions during construction. However, this system primarily reflects the
potential contribution of biochar as a carbon-bearing engineering material and cannot be
directly equated with the actual emission reductions achieved after its incorporation into
asphalt pavements. For biochar-modified asphalt, the net carbon benefit also depends
on feedstock collection, the energy demand of pyrolysis or hydrothermal carbonization,
transportation distance, coproduct utilization, biochar dosage, the proportion of material
replaced, changes in pavement service life, and end-of-life treatment [111]. A life-cycle
assessment of biochar–bio-oil-modified asphalt showed that increasing the proportions of
biochar and bio-oil could reduce greenhouse gas emissions. However, material preparation
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remained a major environmental hotspot, with biomass pyrolysis identified as a key contrib-
utor to upstream energy consumption and life-cycle environmental impacts. [23]. Das et al.
reported that a biochar dosage of 10% reduced VOC emissions by up to 64% and lowered
impacts related to climate change, resource consumption, and toxicity by as much as 14%.
When the dosage was increased to 15%, however, VOC emissions rose and nonlinear stress
sensitivity emerged [54]. These findings demonstrate that the environmental benefits of
biochar-modified asphalt do not increase linearly with dosage. Its actual low-carbon value
can therefore be established only by evaluating life-cycle impacts in conjunction with the
appropriate dosage window, pavement performance, and emission response.

Figure 5. Life-cycle system boundaries and verification requirements for biochar-modified asphalt
systems.

Environmental safety is an essential boundary condition for low-carbon assessment.
Although biochar is encapsulated within the binder after incorporation into asphalt, its
ash, nutrient elements, alkaline constituents, and potential metal or mineral components
may still be released through exposure to rainfall, acid rain, pore water immersion, aging-
induced cracking, and pavement abrasion. Low-carbon material design must therefore
account for both leaching risks and ecological effects [112–114]. Leaching tests of biochar
fillers in porous asphalt showed pronounced fluctuations in alkalinity, total nitrogen, and
total phosphorus release during the first 1–2 days of immersion, while acid rain conditions
promoted total nitrogen leaching. After prolonged immersion, the pH of most leachates
stabilized at approximately 8, and the concentrations of total nitrogen and total phosphorus
in acidic leachates were approximately 0.2 and 0.04 mg/kg, respectively [98]. The same
study found that short-term leachates had relatively limited effects on zebrafish. Neverthe-
less, potential environmental risks warrant attention when either the damage degree or the
Nemerow pollution index exceeds 5 [98]. Environmental assessment of biochar-modified
asphalt should therefore extend beyond carbon mitigation or fume reduction and adopt
an integrated validation framework encompassing carbon benefits, pollutant emissions,
leaching behavior, ecotoxicity, and in-service durability (Figure 5).

Current LCA evidence for biochar-modified asphalt remains difficult to compare
because studies use different functional units, system boundaries, allocation methods,
and assumptions regarding biochar permanence and pavement service life [23,109,110].
Material-based functional units such as 1 kg of binder or 1 t of asphalt mixture are useful
for production-stage comparisons but cannot capture benefits arising from differences
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in durability and maintenance. Service-based comparisons should therefore consider an
equivalent pavement function, such as a specified pavement area or lane-kilometer over
a defined design life and traffic level. Future assessments should explicitly account for
feedstock counterfactuals, pyrolysis energy and coproduct allocation, grinding and activa-
tion, transportation, additional binder demand caused by biochar absorption, construction
energy, maintenance frequency, carbon permanence, and end-of-life recycling or disposal.
Sensitivity and uncertainty analyses are particularly important because assumptions re-
garding service life extension and stable carbon storage can dominate the estimated net
climate benefit.

6. Challenges and Future Perspectives
Biochar has the ability to improve the performance of asphalt pavements, reduce fume

emissions and slow down aging. However, most of the available evidence is still based on
laboratory-scale studies, and due to differences in feedstock, production conditions, asphalt
matrix, test methods and assessment scope, the reported results cannot be directly applied
to engineering design [115]. Future work should establish an integrated framework to ad-
dress issues such as material reproducibility, compatibility with asphalt, laboratory-to-field
translation, environmental safety and life-cycle accounting, rather than continuing to use
individual feedstocks, dosages or performance indicators for comparison. For smart-city
deployment, this framework should also connect material indicators with road condition
data, maintenance planning, climate risk scenarios, and mobility service requirements.

• The internal structural differences of biochar and its compatibility with asphalt are
still unresolved problems. Even with the same raw materials, changes in pyrolysis
temperature, residence time, particle size and post-treatment will all alter pore struc-
ture, aromaticity, ash content and surface functional groups to some extent. Different
origins and compositions of the feedstock will also affect the interaction between
biochar and the light fraction and resins and asphaltenes in the asphalt. In the future,
research should continue to investigate the above parameters, such as particle size,
pore size distribution, specific surface area, elemental composition, ash content and
surface chemistry. Several base asphalt binders are used for validation to establish a
general structure–function relationship among feedstock, production process, biochar
structure, asphalt compatibility and functional performance.

• The heating temperature, mixing time, ventilation conditions and fume collection
methods of the laboratory tests do not fully reflect the circumstances in plant mix-
ing, transportation, paving and compaction. Therefore, the laboratory method may
overestimate or underestimate the performance improvement and emission reduc-
tion. Future research will build a unified verification system covering laboratory tests,
pilot-scale mixing, test sections and extended-duration field observations. The concept
of a universal “optimal dosage” should be replaced with application-specific dosage
windows. Pavements exposed to high temperatures and heavy traffic require rutting
resistance that can be achieved by viscosity-related mixing and construction. Low-
temperature cracking resistance and fatigue performance should be the first design
constraints for cold regions. Pervious pavement needs to meet both moisture resistance
and leaching requirements at the same time, and rejuvenated asphalt systems require
evaluation for compatibility and storage stability. Particle size and dispersion state
should also be incorporated into the definition of each application-specific dosage
window. Field validation should further determine whether improved pavement dura-
bility reduces lane closures, congestion, and maintenance-related emissions across
urban road networks.
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• Environmental assessment requires standardized test protocols and clearly defined
life-cycle boundaries. Total VOCs, speciated VOCs, PAHs, OFP, SOAP and health risk
indicators are different environmental dimensions and cannot be used interchangeably.
We must standardize the heating conditions, sampling methods, and data normaliza-
tion techniques and lower the minimum reporting thresholds. For biochars produced
from municipal sewage sludge or those enhanced with metals and minerals, the poten-
tial release of heavy metals, salts, nitrogen, phosphorus and residual organic pollutants
under rainfall and run-off exposure, aging and abrasion processes, and end-of-life
management scenarios should also be evaluated. LCA studies should clearly state the
functional unit and whether they use a cradle-to-gate or cradle-to-grave system bound-
ary. These studies should also explicitly state whether construction-stage emission
reductions, pavement service life extension, stable carbon sequestration and end-of-life
management are included, thus avoiding contradictory conclusions arising solely from
differences in the scope of accounting.

Overall, future research should establish an integrated framework encompassing stan-
dardized material characterization, compatibility testing across different asphalt matrices,
field-relevant laboratory and pilot-scale testing, test section validation, environmental
safety screening, and harmonized life-cycle accounting. Biochar-modified asphalt can
develop into an engineerable, quantifiable, and scalable technology only when its perfor-
mance is shown to be reproducible across production batches and asphalt systems and
when pavement performance, emission reduction, and environmental safety are concur-
rently validated under representative construction and service conditions. Only under
these conditions can biochar-modified asphalt become a credible component of sustainable,
resilient, and people-centered urban mobility infrastructure.

7. Conclusions
Biochar has evolved from a simple filler substitute into a multifunctional component

of asphalt materials, but its benefits are strongly dependent on how the material is de-
signed and incorporated. Across the available evidence, appropriately selected biochar
can improve high-temperature rheological stability, rutting resistance, aging resistance,
and asphalt–aggregate adhesion, whereas low-temperature cracking and fatigue responses
remain more sensitive to feedstock, production conditions, particle size, dosage, disper-
sion, and material scale. Biochar can also suppress several asphalt fume constituents,
yet lower measured emissions should not be equated with irreversible pollutant removal
or reduced health risk, and several proposed adsorption mechanisms still require direct
validation under asphalt-relevant conditions. Likewise, the low-carbon advantage of
biochar-modified asphalt cannot be inferred from biochar carbon storage alone, but must
be demonstrated using consistent functional units and life-cycle boundaries that include
production, construction, maintenance, durability, environmental release, and end-of-life
treatment. Overall, future development should shift from empirical dosage selection toward
application-specific, structure–performance–emission–life-cycle optimization supported by
standardized testing and field validation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/infrastructures11090305/s1, Table S1: Study-level characteristics,
key findings, and limitations of biochar-modified asphalt studies.

Author Contributions: Conceptualization, Y.K., E.P. and X.Z.; methodology, Y.K., E.P. and X.Z.;
formal analysis, Y.K., E.P., W.G. and H.C.; investigation, Y.K., E.P., B.G., Y.S. and W.L.; resources,
X.Z. and F.H.; writing—original draft preparation, Y.K. and E.P.; writing—review and editing, W.G.,
B.G., H.C., Y.S., W.L., X.Z. and F.H.; visualization, Y.K. and E.P.; supervision, X.Z. and F.H.; project

https://doi.org/10.3390/infrastructures11090305

https://www.mdpi.com/article/10.3390/infrastructures11090305/s1
https://www.mdpi.com/article/10.3390/infrastructures11090305/s1
https://doi.org/10.3390/infrastructures11090305


Infrastructures 2026, 11, 305 22 of 26

administration, X.Z.; funding acquisition, X.Z. and F.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (42477518) and
the Science and Technology Program of Zhejiang Xinzhi Lingtan Tech nology Co., Ltd. (H20260167).

Data Availability Statement: No datasets were generated or analysed during the current study.

Conflicts of Interest: Author Enqi Pang and Bi Gu was employed by the company Zhejiang Xinzhi
Lingtan Technology Co., Ltd. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict
of interest.

References
1. Magar, S.; Xiao, F.; Singh, D.; Showkat, B. Applications of reclaimed asphalt pavement in India—A review. J. Clean. Prod. 2022,

335, 130221. [CrossRef]
2. Anupam, B.R.; Sahoo, U.C.; Chandrappa, A.K. A methodological review on self-healing asphalt pavements. Constr. Build. Mater.

2022, 321, 126395. [CrossRef]
3. Wang, H.-P.; Guo, Y.-X.; Wu, M.-Y.; Xiang, K.; Sun, S.-R. Review on structural damage rehabilitation and performance assessment

of asphalt pavements. Rev. Adv. Mater. Sci. 2021, 60, 438–449. [CrossRef]
4. Moins, B.; Hernando, D.; Seghers, D.; van den Bergh, W.; Audenaert, A. Establishing greenhouse gas emission benchmarks for

the asphalt industry—Are short-term reduction targets feasible using current practice or are more extensive measures needed?
Resour. Conserv. Recycl. 2025, 212, 107994. [CrossRef]

5. Huang, S.-L.; Hsu, W.-L. Materials flow analysis and emergy evaluation of Taipei’s urban construction. Landsc. Urban Plan. 2003,
63, 61–74. [CrossRef]

6. Liu, T.; Yang, S.; Liao, B.; Yang, E.; Jiang, X. Contribution of climate change and traffic load on asphalt pavement carbon emissions.
J. Clean. Prod. 2024, 434, 140553. [CrossRef]

7. Bao, B.; Liu, J.; Li, S.; Si, C.; Zhang, Q. Laboratory Evaluation of the Relationship of Asphalt Binder and Asphalt Mastic via a
Modified MSCR Test. Coatings 2023, 13, 304. [CrossRef]

8. Samieadel, A.; Schimmel, K.; Fini, E.H. Comparative life cycle assessment (LCA) of bio-modified binder and conventional asphalt
binder. Clean Technol. Environ. Policy 2018, 20, 191–200. [CrossRef]

9. De Bortoli, A.; Rahimy, O.; Levasseur, A. Environmental life-cycle impacts of bitumen: Systematic review and new Canadian
models. Transp. Res. Part D Transp. Environ. 2024, 136, 104439. [CrossRef]

10. Khasawneh, M.A.; Sawalha, A.; Khasawneh, A.A. Life Cycle Assessment of Asphalt Pavement Materials: Methods, Environmental
Impacts, and Future Perspectives; Springer Nature: Singapore, 2026; pp. 337–356.

11. Zhang, Y.; He, M.; Wang, L.; Yan, J.; Ma, B.; Zhu, X.; Ok, Y.S.; Mechtcherine, V.; Tsang, D.C.W. Biochar as construction materials
for achieving carbon neutrality. Biochar 2022, 4, 59. [CrossRef]

12. Cao, R.; Leng, Z.; Yu, H.; Hsu, S.-C. Comparative life cycle assessment of warm mix technologies in asphalt rubber pavements
with uncertainty analysis. Resour. Conserv. Recycl. 2019, 147, 137–144. [CrossRef]

13. Vidal, R.; Moliner, E.; Martínez, G.; Rubio, M.C. Life cycle assessment of hot mix asphalt and zeolite-based warm mix asphalt
with reclaimed asphalt pavement. Resour. Conserv. Recycl. 2013, 74, 101–114. [CrossRef]

14. Zhan, Q.; Yuan, Y.; Yang, X.; Shan, B.; Cao, X.; Tang, B.; Zhang, X. A performance evaluation framework for asphalt rejuvenators
based on the rheological properties of recycled asphalt. Dev. Built Environ. 2025, 24, 100807. [CrossRef]

15. Yao, Y.; Yang, J.; Gao, J.; Xu, J.; Zhang, Y.; Yu, S.; Muhammad, N.S. Blending behavior of reclaimed asphalt and virgin asphalt in
recycled asphalt mixtures: A comprehensive analysis on material composition and mixing process. Constr. Build. Mater. 2025, 465,
140229. [CrossRef]

16. Mattinzioli, T.; Sol-Sánchez, M.; del Barco Carrión, A.J.; Moreno-Navarro, F.; Rubio-Gámez, M.D.C.; Martínez, G. Analysis of the
GHG savings and cost-effectiveness of asphalt pavement climate mitigation strategies. J. Clean. Prod. 2021, 320, 128768. [CrossRef]

17. Jia, M.; Li, H.; Zhang, X.; Cordeiro, I.M.D.C.; Bo, L.; Yeoh, G.H. Asphalt pavement emission behavior under solar radiation during
in-service period. J. Hazard. Mater. 2025, 488, 137268. [CrossRef]

18. Shi, K.; Ma, F.; Falchetto, A.C.; Fu, Z.; Yuan, D.; Song, R.; Dai, J.; Wang, H. Comprehensive review on the composition, influence,
and inhibition of asphalt fumes. J. Traffic Transp. Eng. Engl. Ed. 2025, 12, 926–964. [CrossRef]

19. Mousavi, M.; Park, K.-B.; Kim, J.-S.; Fini, E.H. Metal-rich biochar as an asphalt modifier to improve sustainability and reduce
VOC emissions. Sustain. Mater. Technol. 2024, 40, e00903. [CrossRef]

20. Mousavi, M.; Emrani, J.; Teleha, J.C.; Jiang, G.; Johnson, B.D.; Shamshiripour, A.; Fini, E.H. Health Risks of Asphalt Emission:
State-of-the-Art Advances and Research Gaps. J. Hazard. Mater. 2024, 480, 136048. [CrossRef]

https://doi.org/10.3390/infrastructures11090305

https://doi.org/10.1016/j.jclepro.2021.130221
https://doi.org/10.1016/j.conbuildmat.2022.126395
https://doi.org/10.1515/rams-2021-0030
https://doi.org/10.1016/j.resconrec.2024.107994
https://doi.org/10.1016/s0169-2046(02)00152-4
https://doi.org/10.1016/j.jclepro.2023.140553
https://doi.org/10.3390/coatings13020304
https://doi.org/10.1007/s10098-017-1467-1
https://doi.org/10.1016/j.trd.2024.104439
https://doi.org/10.1007/s42773-022-00182-x
https://doi.org/10.1016/j.resconrec.2019.04.031
https://doi.org/10.1016/j.resconrec.2013.02.018
https://doi.org/10.1016/j.dibe.2025.100807
https://doi.org/10.1016/j.conbuildmat.2025.140229
https://doi.org/10.1016/j.jclepro.2021.128768
https://doi.org/10.1016/j.jhazmat.2025.137268
https://doi.org/10.1016/j.jtte.2024.09.006
https://doi.org/10.1016/j.susmat.2024.e00903
https://doi.org/10.1016/j.jhazmat.2024.136048
https://doi.org/10.3390/infrastructures11090305


Infrastructures 2026, 11, 305 23 of 26

21. Wang, J.; Zhang, R.; Zhou, H.; Huang, W.; Feng, D.; Li, X. Optimization of asphalt mix design considering mixture performance,
environmental impact, and life cycle cost. J. Clean. Prod. 2025, 512, 145618. [CrossRef]

22. He, L.; Tao, M.; Liu, Z.; Cao, Z.; Zhu, J.; Gao, J.; Bergh, W.V.D.; Chailleux, E.; Huang, Y.; Vasconcelos, K.; et al. Biomass valorization
toward sustainable asphalt pavements: Progress and prospects. Waste Manag. 2023, 165, 159–178. [CrossRef]

23. Zhou, X.; Moghaddam, T.B.; Chen, M.; Wu, S.; Adhikari, S.; Xu, S.; Yang, C. Life Cycle Assessment of Biochar Modified Bioasphalt
Derived from Biomass. ACS Sustain. Chem. Eng. 2020, 8, 14568–14575. [CrossRef]

24. Ghasemi, H.; Yazdani, H.; Rajib, A.; Fini, E.H. Toward Carbon-Negative and Emission-Curbing Roads to Drive Environmental
Health. ACS Sustain. Chem. Eng. 2022, 10, 1857–1862. [CrossRef]

25. Chen, X.; Cheng, P.; Li, Y.; Wang, H.; Zheng, C.; Ma, R.; Nian, T.; Wang, M. Application of corn straw biochar in pavement asphalt:
Suppression of hazardous fume emissions and maintenance of rheological properties. Constr. Build. Mater. 2025, 481, 141635.
[CrossRef]

26. Yaashikaa, P.R.; Kumar, P.S.; Varjani, S.; Saravanan, A. A critical review on the biochar production techniques, characterization,
stability and applications for circular bioeconomy. Biotechnol. Rep. 2020, 28, e00570. [CrossRef]

27. Jiang, M.; He, L.; Niazi, N.K.; Wang, H.; Gustave, W.; Vithanage, M.; Geng, K.; Shang, H.; Zhang, X.; Wang, Z. Nanobiochar for
the remediation of contaminated soil and water: Challenges and opportunities. Biochar 2023, 5, 2. [CrossRef]

28. Zhou, Q.; Wu, D.; Ye, C.; Du, J.; Qiu, L.; Jin, M.; Wu, W. Carbon sequestration potential of biochar-modified building materials: A
critical review. J. Build. Eng. 2026, 117, 114687. [CrossRef]

29. Osman, A.I.; Fawzy, S.; Farghali, M.; El-Azazy, M.; Elgarahy, A.M.; Fahim, R.A.; Maksoud, M.I.A.A.; Ajlan, A.A.; Yousry, M.;
Saleem, Y.; et al. Biochar for agronomy, animal farming, anaerobic digestion, composting, water treatment, soil remediation,
construction, energy storage, and carbon sequestration: A review. Environ. Chem. Lett. 2022, 20, 2385–2485. [CrossRef] [PubMed]

30. Li, W.; Yang, X.; Chen, Z.; Lv, T.; Wang, X.; Qiu, J. Synthesis and structure regulation of armor-wearing biomass-based porous
carbon: Suppression the leakage current and self-discharge of supercapacitors. Carbon 2022, 196, 136–145. [CrossRef]

31. Zhao, S.; Huang, B.; Ye, X.P.; Shu, X.; Jia, X. Utilizing bio-char as a bio-modifier for asphalt cement: A sustainable application of
bio-fuel by-product. Fuel 2014, 133, 52–62. [CrossRef]

32. Duan, H.; Liu, Q.; Mao, S.; He, Y.; Han, X.; Yu, J.; Xu, S. Effect of tea stalk biochar derived from pyrolysis at different temperatures
on adsorption capacity of asphalt fume. Constr. Build. Mater. 2025, 481, 141523. [CrossRef]

33. Gandem, A.K.; Gowda, S.; Bharath, G.; Raju, S.G.; Behl, A.; Bhaskar, T.; Kumar, J. A multi-scale rheological and mechanical
assessment of biochar-modified asphalt binders and mixtures. Constr. Build. Mater. 2026, 535, 146915. [CrossRef]

34. Li, H.; Dang, S.; Liu, L.; Zhang, G.; Liu, Z.; Li, J.; Shi, Z. Valorization of spent coffee grounds into biochar for sustainable asphalt
pavements: A combined molecular dynamics and experimental study. Constr. Build. Mater. 2026, 511, 145314. [CrossRef]
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