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Energy is an essential factor in many activities. The need to generate adequate
energy from various sources is becoming increasingly crucial to meeting the
rising needs of the world’s population. Nevertheless, energy storage plays a
vital role in meeting the energy demand, notably since affordable yet eco-
friendly sources should meet it. Several recommendations were provided to
overcome this limitation, with an increasing emphasis on energy sources.
However, ecologically sustainable, and effective energy storage systems are
the primary focus. Carbonaceous substances produced by pyrolyzing biomass,
such as biochar, have recently gained attention as a sustainable material with
the potential to be used in electrochemical energy storage technologies. It
is an attractive option for electrode materials in supercapacitors, batteries,
and hydrogen storage devices due to its abundant availability and distinct
physicochemical characteristics, which include, excellent electric conductivity,
tuneable surface functional groups, a densely porous structure, a high surface
area, porosity, chemical stability, and pore volume. This review addresses the
electrochemical performance, production, and characterization of materials
based on biochar for energy storage developments. It investigates the
choice of feedstock, various preparation routes, various controlling parameters
for producing biochar, the biochar activation process, and post-treatment
techniques that affect the electrochemical and structural characteristics of
biochar for energy storage device fabrication in detail. Additionally, it reveals that
recent developments in biochar modification methods like doping, activation,
and hybridization have improved the material’s capacity for energy storage.
Furthermore, an in-depth discussion on the environmental impacts of biochar-
based energy storage devices is elaborated, along with the opportunities and
challenges presented in this study.
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1 Introduction

Most nations greatly rely on fossil fuels due to the great global demand for electricity,
which surpasses the current supply, so producing notable carbon emissions. Given its
several environmental benefits and capacity, biochar-based energy storage has become
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a potential option among the several methods under discussion
(Bi et al., 2019). This innovative approach to energy storage has
gained significant attention and recognition. With these emerging
technologies on energy storage application devices, it is possible
to store energy sustainably. These technologies aim to address
energy storage challenges, such as efficiency, cost-effectiveness,
and environmental impact. Several promising advancements have
been made using biochar, including lithium-air batteries, solid-state
batteries, flow batteries, hydrogen storage, thermal energy storage,
and supercapacitors (Usha Rani et al., 2020). Non-renewable energy
sources have traditionally played a significant role in meeting
global energy demands. They have been used extensively for power
generation, transportation, commercial and domestic heating, and
industrial processing. Serious concerns such as greenhouse gases,
climate change, and severe air pollution call non-renewable energy
sources’ viability into question. To address these issues, various
countries are working together to increase the share of renewable
energy sources in total energy production. Renewable energy
sources, such as solar, hydro, wind, and geothermal energy, can be
used instead of non-renewable energy sources since they are cleaner
and more abundant (Rahman et al., 2022). Figure 1A depicts the
increased power energy consumption in various countries over time,
whereas Figure 1B depicts the energy sources and their growing
consumption percentage. Renewable energy sources began to play
a major role in addressing global energy demand. Despite their
ubiquity, these sources’ inconsistent reliability, high maintenance
costs, geographical and temporal changes, and unpredictable
natural events make finding practical applications challenging. For
example, solar energy generation requires regular exposure to direct
sunshine, which presents issues owing to geographical and temporal
fluctuations worldwide (Gupta et al., 2019). In Gulf Arab states like
Oman, oil and gas sources provide for 99% of electrical energy
output. In Oman, the reliance on gas and oil for energy generation
is even higher, at 99.4%. By 2040, it is expected that Oman’s usage of
gas for energy grid will increase by 28% (Al-Sarihi Aishaand Bello,
2019). Over the millennia, the use of non-renewable minerals for
energy generation has caused significant environmental damage.
Choosing renewable energy sources such as solar and hydropower-
based techniques is quite helpful. Several countries throughout the
world have started to adopt renewable energy sources. Regardless
of the source of energy, a good energy storage device is critical
for overcoming the restrictions of the power grid, energy waste in
transmission lines, and associated costs.

Off-grid energy storage technologies, such as smart grids, are
required to reconcile these gaps. On-grid energy generation and
storage systems are also required (Chakraborty et al., 2022). Every
year, the installation of energy storage devices becomes increasingly
demanding.Meeting this rising needwill require the development of
specialized devices and systems dedicated to efficient energy storage
(AL Shaqsi et al., 2020). Various sorts of energy storage systems,
such as mechanical, chemical, thermal, electrical, superconducting
magnetic, and so on, are already in use (Rawat et al., 2023). Figure 2
depicts the present trends and innovations of the energy storage
devices technology. Among these devices, electrochemical energy
storage devices (EESDs) have the most potential to contribute
to sustainability. EESDs operate mainly through energy or power
density. Most EESDs rely heavily on carbon materials. These
substances are frequently coal or petroleum-based, necessitating a

lot of energy and complex synthesis techniques. As a result, eco-
friendly renewable carbon compounds with high performance are
being investigated. In this context, biomass-based carbon, known
as biochar, has numerous surface functional groups and varies in
porosity, making it a promising long-term carbon source.

Biochar is currently being extensively explored by researchers
all over the world due to its applications in a range of disciplines,
including waste management, soil amendment, water purification,
and so on, as shown schematically in Figure 1C. It is further
emphasized by biochar-related articles published during the last few
decades, as seen in Figure 1D. Biochar’s flexible surface chemistry
and porositymake it an ideal energy storage and conversionmedium
(Liu et al., 2019). Biochar has a range of functional groups and
heteroatoms that increase the electrode’s electrochemical activity
and capacitance, making it appropriate for potential energy storage
and conversion applications such as batteries, supercapacitors, fuel
cells, and hydrogen production. It can be modified and adjusted
to satisfy a wide range of energy applications and performance
requirements (Liu et al., 2019).

The growing demand for renewable and sustainable carbon
sources that can replace traditional graphite and activated
carbon is encourages biochar’s innovation and expansion in
the energy sector. Biochar offers numerous advantages as an
electrode material for energy storage devices, including high
porosity, huge surface area, a diverse variety of functional groups,
and heteroatom doping. Biochar can also be easily tailored to
meet the needs of various energy applications and performance
specifications. Biochar can be transformed into a highly efficient
electrochemical energy storage system by utilizing the relevant
modification techniques (Zhang et al., 2022). Hence, in terms of
cost-effectiveness and ecologically friendly substitutes, biochar will
be a good competitor in the search of sustainable electrochemical
energy storage. Particularly this kind of environmentally friendly
electrochemical energy storage systems have a separate market and
great demand. By 2024, biochar is predicted to be a developing and
exciting area of research and development as well as a practical and
long-term fix for adaption and mitigating of climate change. Some
estimates place the worldwide biochar market at USD 2538 million
by 2030, rising at 13.9% compound annual growth rate between
2024 and 2030 Biochar2024 | US Biochar Initiative (biochar-us.org).

In this framework, the present review study addresses right from
historical developments of biochar, its preparation pathways, and
critical factors for adapting biochar into electrochemical energy
storage devices (EESD) in detail. Moreover, the application of
the biochar and its composites as an EESD, storage capacity, and
performance evaluation tool noted in the literature also expands.
At end, the present review addresses the life cycle evaluation, long-
term sustainability, environmental implications, and future research
opportunities.

2 Biochar: preparation routes and
processes parameters

Ancient Amazonian civilizations developed dark and rich soils
known as terra preta by smoldering agricultural waste in pits or
trenches, resulting in biochar. In 2005, Peter Read coined the
term biochar to describe a substance that resembles charcoal but
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FIGURE 1
(A) Year-on-year change in electricity demand by region, 2019–2025 (World Energy Outlook, 2022, n.d.), (B) Percentage of energy consumption by
source in the World (Energy Institute Statistical Review of World Energy, 2023) (C) Applications of biochar in various fields (Xiang et al., 2021). (D) The
keyword “biochar” contains publications per year (Kumar et al., 2023).

is intended to improve soil performance and reduce greenhouse
gas emissions. Biochar, sometimes known as “black gold,” holds
a unique place in the history of human-nature interaction. Its
origins are millennia old, with evidence of its deliberate use in
agriculture by archaic tribes dating back to 9,000 BC in the Amazon
Basin. From improving African soils to lowering carbon emissions
in prehistoric China, biochar demonstrates our forefathers’ keen
grasp of environmental management. Unlike traditional graphite
and activated carbon, it is derived from abundant and renewable
biomass sources (Kong et al., 2014; Sudhan et al., 2016). Gasification,
hydrothermal carbonization, torrefaction, flash carbonization, and
fast and slow pyrolyzed biomass are among the several methods
used in biochar production. Production techniques and factors
like pressure, temperature, heating rate, particle size, residence
time, catalysts, feedstock composition, carrier gas flow rate, reactor
structure, and moisture content determine the physicochemical
processes yield of biochar (Rathnayake et al., 2021) and varying

combinations of feedstock (Jerry Antal, et al., 2003). The several
methods of preparing biochar are described in this part. Figure 3
illustrates the key process parameters and the several pyrolysis
techniques used in the manufacture of the biochar.

Carbonaceous materials such as biomass, coal, or organic
waste can be gasified via a thermochemical process known as
gasification (Molino et al., 2018). It involves partial oxidation of
the feedstock at high temperatures of approximately 700°C–900°C
in the presence of a precisely controlled amount of oxygen or
steam to produce solid residue, also known as char and syngas. The
gasifying medium can be oxygen, air, or supercritical water. During
gasification, a series of processes occur that include drying, pyrolysis,
combustion, and reduction to produce biochar. The drying process
serves to generate steam from the biomass’s limited water supply.
Pyrolysis is a process that converts bigmolecules into hydrocarbons,
which is used to create charcoal, gas, and oil. To obtain biochar, the
gasification process should be completed at 573 K. The combustion
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FIGURE 2
Top 10 energy storage trends and innovations in 2023.

FIGURE 3
Biochar Preparation methods and the important parameters.

zone produces bothCO andCO2.The final reduction zone promotes
gas generation rather than biochar production. Torrefaction aids
in the conversion of biomass into char for use as solid fuels.
Torrification of biomass typically occurs in inert environments at
temperatures ranging from 200°C to 300°C. Torrefaction is classified
as dry or moist. Dry torrefaction occurs when a carrier gas such
as nitrogen or carbon dioxide is present. Wet torrefaction involves
heating solid biomass to 180ºC-260°C after treating it with dilute
acids and hot compressed water. The acids and hot compressed
water help derivatives of furfural compounds develop as aldehydes,

resulting in humins. Typically, this technique allows fuels to have
higher calorific values. However, a higher ash percentage in the
produced biochar restricts the process’s utility.

Pyrolysis is a thermochemical, non-oxidative process that
usually occurs at 400°C–600°C without oxygen (Bridgwater, 2007)
and it has the versatility to convert any carbon-containing
organic material into biochar (Zaman et al., 2017). During the
pyrolysis process, the product is separated into three fractions:
solid biochar, non-condensable syngas, and condensable biooil.
Biomass pyrolysis includes multiple concurrent and sequential
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events, including depolymerization, dehydration, isomerization,
decarboxylation, aromatization, and charring (Vamvuka, 2011).
Typically, the pyrolysis of biomass occurs in three steps, including:
(i) the evaporation of free moisture, (ii) the decomposition process,
followed by (iii) secondary reactions including oil cracking and
depolymerization (White et al., 2011; Kan et al., 2016). The initial
decomposition that takes place at a temperature ranging from 200°C
to 400°C to form a solid char, where a large amount of biomass
gets degraded (Fisher et al., 2002). As the temperature continues
to rise, secondary reactions continue to occur within the solid
matrix of the biomass. This further results in the disintegration
of materials formed due to the limited thermal stability of
chemical bonds (Vamvuka, 2011). The produced liquids and gases
are unstable which further causes cracking reactions. During the
cracking reaction, the dissociatedmolecules recombine with volatile
molecules to form a stable secondary product, known as char.

The heating rate is another critical parameter in the preparation
of biochar. The composition of pyrolytic products is influenced by
the heating rate (Al-Rumaihi et al., 2022). Typically, the pyrolysis is
classified into slow, intermediate, fast, and flash pyrolysis. Among
the two processes, the slow pyrolysis process helps in the formation
of biochar (Wang et al., 2020). Slow pyrolysis usually occurs between
300ºC and 550°C, at a very slow heating rate (0.1–0.8 C/s) with
extended residence time from 5 min up to 35 h. The highly organic
carbonaceous biomass produces a high-yield biochar whereas the
mineral-rich biomass produces low-yield biochar. The intermediate
pyrolysis occurs between 450ºC and 550°C and little bit faster
than slow pyrolysis. This process helps in converting the biomass
which is bigger like pellets. The fast pyrolysis and flash pyrolysis
process is a rapid process that occurs in temperatures ranging from
10°C–1,000°C, and >1000°C, at a residence time of 0.5–2 s, and
<0.5 s, respectively.Thebiochar yield is generally less in fast and flash
pyrolysis process (Zhou et al., 2021; Wang L. et al., 2023). A longer
period of residence time results in higher production of biochar
since it allows for a greater chance of polymerization (Chen et al.,
2021a). Cycling stability and capacitance retention are essential
parameters for supercapacitors in applications. The carbonization
temperature has a significant influence on graphitization and
hard carbon interlayer spacing. The reversible intercalation of
sodium ions (Na+) requires a rising graphitization degree and
decreasing interlayer distance with temperature.The ideal interlayer
spacing for effective sodium ion storage is around 0.4 nm at
temperatures ranging from 1,000°C to 1,600°C, with the greatest
capacity seen at 1,400°C (Huang et al., 2023). The lignin-derived
carbonmonolith (LSCM)with active carbonyl groups and increased
interlayer spacing. This oxalate pyrolysis process demethylates
methoxyl groups and cleaves carboxyl groups to create C-O
groups and CaC2O4 degrades at 480°C and 700°C, producing CO
and CO2 in a staged-uniform manner that results in the largest
interlayer spacing. This indicates a high lithium storage capacity,
improved rate capability, and improved cycle performance. With
an impressive energy/power density of 78 Wh kg−1/100 W kg−1,
the developed lithium-ion capacitor device exhibits exceptional
longevity, as seen by its capacitance retention of 84.6% even after
20,000 cycles (Wang C. et al., 2023). At 700°C, generated CaO
combineswith cyanamide units of graphitic carbon nitride (g-C3N4)
to form an edge-nitrogen rich lignin-derived carbon nanosheet
framework (EN-LCNF), which is then incorporated into the

meso-/macropores of the carbon nanosheet framework via sp3-
hybridized C-N linkages. The high edge-nitrogen level (7.0 at. %)
results in a high-rate capability of 126.4 mAhg−1 at 50 mAg−1, a large
capacity of 310.3 mAh g−1, and an extended cycle life. EN-LCNF.
The built potassium-ion hybrid capacitors (PIHCs) with EN-LCNF
anode and commercial activated carbon cathode exhibit outstanding
capacitance retention of 98.7% at a power density of 100 W kg−1 and
a high energy density of 110.8 Wh kg−1 (Wang et al., 2024).

A new technology attracting attention for its effective method of
converting biomass into biochar with minimal energy is microwave
pyrolysis. Uniform heating of biomass helps to make biochar
by way of effective heat transfer rate during the microwave
pyrolysis process. Unlike conventional pyrolyzes, microwave
pyrolyzes the heat from biomass’s surface and helps biomass
to be successfully transformed into biochar. Comparatively to
the biochar formed by classical pyrolysis, the biochar generated
by microwave pyrolysis has a higher surface area (∼800 m2/g)
and numerous functional groups, according a study (Naji and
Tye, 2022). Among various methods, pyrolysis-mediated biochar
preparation is gaining interest due to its ability to minimize the
carbon footprint (Li et al., 2021). Furthermore, the scalability and
low economics of pyrolysis make it a preferred technique for the
biochar production process (Rodriguez-Narvaez et al., 2019).

3 Tailoring of biochar towards the
electrochemical energy storage
applications

Biochar alone would be ineffective as an energy storage device.
With adequate biochar characterisation, such as surface, intrinsic,
and external changes, it has the potential to be an outstanding
electrical energy storage device. This is a current trend of creating
hierarchical biochar electrodematerials for supercapacitors (Li et al.,
2021). In most circumstances, biochar will inherit the unique
structure of the precursor, such as that of the fibers (Zhao et al.,
2020), and carbon skeleton structure (Wang et al., 2017). These
techniques include activation, functionalization, the production
of composites, and others (Cheng et al., 2017). Lower pyrolysis
temperatures result in the production of low-energy biochar. It
produces a product that is heavier but has less carbon in it. Higher
pyrolysis temperatures result in the production of high-energy
biochar. A product with a higher carbon content is the outcome
(Sajdak et al., 2022). Lower temperature-produced biochar often
has lower pH, less porosity, less developed specific surface area,
and a larger proportion of volatile substances and capacity for
cation exchange (CEC). The synthesis of biochar with a highly
developed specific surface area, high porosity, greater pH, and
higher ash and carbon content is encouraged by high pyrolysis
temperatures. Nevertheless, its volatile matter content and CEC
values are lower (Tomczyk et al., 2020).

3.1 Activation

Activation mainly increases biochar’s surface area and porosity,
enabling it to store and release energy more efficiently by the charge
and discharge mechanism of static double-layer capacitance or
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electrochemical pseudo-capacitance (Senthil et al., 2019). Different
biochar activation processes can be employed to enhance its
characteristics (Sakhiya et al., 2020). This can lead to an increase in
the energy density of the biochar. Several methods can be employed
to achieve this, including activation through physical, chemical, or
impregnation processes (Mehdi et al., 2022). Physical activation
takes place in two stages. Initially, the biomass is carbonized at an
appropriate temperature (400°C–450°C) in an inert environment
with activators consisting of either air (600°C), steam, or carbon
dioxide (up to 1200°C) (Senthil et al., 2019). The biochar created
by the mentioned thermochemical methods frequently needs to be
physically or chemically activated to increase its surface properties,
as well as other characteristics like specific surface area or porosity
that eventually improve its use in charge storage applications
(Chu et al., 2022). With ammonia, steam, CO2, or a small amount
of air while maintaining temperatures between 600°C and 900°C,
biochar is physically activated (Rawat et al., 2022).The air-activation
method resulted in carbon sheets having a significantly higher
specific surface area of 2,396 m2 g−1 (Ding et al., 2015). In one
study, grape seeds were treated to cyclic oxidation and desorption
to create biochar. The oxidants used included air, ozone, and
nitric acid. The produced carbon material’s pore size and pore
volume distributions can be changed using the right operational
parameters, such as the oxidation process and the number of
oxidation/desorption cycles (Jiménez-Cordero et al., 2014). Even
extremely high temperatures are required for physical activation, the
diversity of activators used in the process makes it simple to run and
environmentally friendly.

Emphasizing the flexibility and probable application of these
materials in energy storage uses, Supplementary Table S1 shows
a spectrum of feedstocks and process conditions. The variety of
activators and electrolytes used, as well as the many applications.
Engineers and researchers may find significant utility in this table
on energy storage. Table shows cattle bones have the highest
capacitance of any foodstuff at 1230 Fg−1. This feedstock consists of
hydroxyapatites to promote self-activationwhich a process requiring
1 hour at 1100°C. Used in lithium-ion batteries, the final product
is Greater capacitance a capacitor will be able to store more energy
than a smaller capacitance capacitor as the charge a capacitor can
store is exactly proportional to its capacitance. Thus, increasing
the capacitance of a capacitor allows it store more energy, which
can be favourable in usage including energy storage systems where
high energy density is needed. Still, it is crucial to stress that the
capacity of energy that might be stored also depends much on
the voltage across the capacitor. The capacitance of a capacitor
essentially determines its capacity for energy storage; so, it is
essential to enhance this value to maximize the performance of
energy storage devices.

Although both supercapacitors and batteries are energy storage
devices, they operate in fundamentally different ways and have
different strengths. Supercapacitors store energy in an electrostatic
field, whereas batteries store energy through a chemical reaction.
Batteries have a higher energy density, which means they can
hold more energy per unit mass. This makes batteries valuable for
applications that require sustained power for an extended period.
Because supercapacitors have a higher power density, they can
deliver or absorb energy faster than batteries. As a result, they
are well-suited for applications that require rapid charge/discharge

cycles. Supercapacitors charge and discharge much faster than
batteries. They do, however, tend to release their stored energy
more quickly when not in use. When compared to batteries,
supercapacitors typically have a longer lifespan and can withstand
more charge/discharge cycles (Zhang et al., 2023). The standard
batteries lifecycle varies from 300 to 30,000 cycles depends upon
the type and usage conditions of the batteries. Whereas the
supercapacitors can withstand up to one million cycles generally
(Rashid Khan and Latif Ahmad, 2024; Xing et al., 2024). In the
circumstance of chemical activation, the biochar is pre-combined
with a chemical agent before undergoing thermal treatment, which
is typically performed at temperatures ranging from 400° to 900°C
(Cheng et al., 2017). Chemical activation can occur in either one
step or two steps. The biomass precursors are combined with the
proper activator during a single-step chemical activation process.
Direct heating at temperatures ranging from 450°C to 900°C
in an oxygen-free atmosphere is required to produce activated
carbon (Senthil et al., 2019). Potassium chloride (KCl) has a
substantial impact on the activation process of carbon derived from
tobacco stems. It changes into potassium carbonate (K2CO3), which
plays a critical role in building porous structures, increasing the
oxygen content, facilitating crosslinking, and producingmicropores.
These aspects contribute to the exceptional performance of the
final carbon material in supercapacitors. The authors reported the
specific capacitance and energy density achieved as 320 Fg−1 and
10.68 Wh/kg with 98.88% capacitance stability after 10,000 cycles
(Li et al., 2024). The 3D honeycomb structure of hemp-derived
activated carbon resulted in a very wide surface area with decreased
surface functional groups, resulting in a high specific capacitance
of 240 Fg−1 at 1 Ag−1 and was discovered to be highly reversible
with an excellent retention rate of 98%. The obtained pore sizes are
highly efficient in double-layer production and correspond closely
to the size of hydrated ions (Minakshi et al., 2024a). The study
reported that the honey dew (Cucumis melo Inodorous group) fruit
peel-derived activated carbon had been effectively synthesized at the
optimal combination of carbonized honey dew fruit peel to H3PO4
ratio (1:4) and activation temperature of 500°C. The insertion of
hetero atoms (Phosphorous) and oxygen surface functions into the
cellulose enables for the tailoring of electrochemical performance in
supercapacitors (Minakshi et al., 2024b).

The biomass precursor is first subjected to a two-step process
that involves pre-treatment at 400°C–450°C. Following that, pre-
carbonized material is combined with chemical activators, and the
mixture is heated inertly at 650°C–900°C.The result of the chemical
activation processes is the products being cleaned with pristine
water. When contrasting the advantages of chemical and physical
activation, chemical activation is superior due to its shorter higher
yields, activation times, lower activation temperatures, (meso- and
macro-) pore networks, and larger surface area (Senthil et al., 2019).
However, it can be corrosive and harmful to nature because of its
harsh chemical usage. Chemical activation, when compared to the
physical activation method, has some disadvantages, such as high
costs associated with chemicals and it poses challenges in recovering
these chemicals (Cheng et al., 2017). Multiple activating agents or
activators can be used for the process. Among several activation
agents, KOH is favorable because of its advantages, including higher
yields, a lesser activation temperature, and the production of a
higher surface area and pore volume (Senthil et al., 2019). Chemical
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activation improves the surface properties of the sludge biochar used
in electrode manufacture, but at the expense of decreased electrical
conductivity, wettability, and carbon and nitrogen concentrations
(Liu et al., 2019). Research reveals that hard carbon created from
waste hemp through mild chemical activation with KOH at 450°C
demonstrates outstanding electrochemical performance as an anode
in hybrid supercapacitors.The biomass hemp powder activated with
melted KOH solution serves as both a deoxidant and an activating
agent, lowering the demand for high temperatures that permit
molecular-level activation of hemp during the subsequent one-step
calcination at 450°C (Minakshi et al., 2024a).

Physicochemical activation is a process that combines physical
and chemical activation to produce biochar with a large surface
area and pore volume. It is a two-step process that includes, the
impregnation of the biochar with a chemical activating agent and
thermal treatment of the impregnated biochar. The most common
chemical activating agents used in physicochemical activation are
acids (such as H2SO4 and HCl), bases (such as NaOH and KOH),
and salts (such as ZnCl2 and FeCl3). The biochar undergoes a
reaction with the chemical activating agent, which results in the
formation of pores and an increase in surface area. After that,
the biochar that has been impregnated is heated to a very high
temperature (typically between 400°C and 600°C) in a vacuum.
Because of the heat, the chemical activation agent degrades, leaving
pores and increasing the biochar’s surface area. Physicochemical
activation outperforms physical or chemical activation in terms
of creating biochar with a large surface area and pore volume.
This is since the chemical activating agent produces smaller and
more uniform pores than physical activation. The smaller and more
regular pores increase the sorption capacity of the biochar, making
it more appropriate for applications such as water filtration and gas
adsorption (Do et al., 2023). Figure 4 depicts the various biochar
activation methods.

3.2 Surface modification
methods/functionalization

Surface modification via functionalization is another useful
method that involves introducing specific functional groups or
coatings onto the biochar surface (Usha Rani et al., 2020). To
meet specific application requirements, biochar is functionalized
to enhance surface area, altering the surface characteristics
with new functional groups, and thereby producing biochar
matrix composites (Li et al., 2020). This modification enhances
its electrochemical properties, improving energy storage and
conversion capabilities (Li et al., 2021). Biochar has inherent surface
functional groups, particularly oxygenated groups, in contrast to
other carbon-based substances such as activated carbon, graphene,
and carbon nanotubes (Cheng et al., 2017). Numerous research has
demonstrated that adding heteroatoms to carbon-based materials’
surfaces can increase the capacitance of supercapacitors. The
presence of atoms such as nitrogen, phosphorus, and oxygen on the
surface of an electrode promotes the combination of the electrode
with the ions in an electrolyte solution. This presence also has the
potential to raise the wettability of the electrodematerial concerning
the electrolyte solution. Post-synthetic surface functionalization and
doping are being performed on biochar in the research literature

to customize biochar for a variety of applications. The synthetic
porous carbon quasi-nanosheet has a notable mesopore volume
that improves charge storage and ion transport, along with a high
specific surface area of 1069 m2/g and a total pore volume of
1.375 cm³g−1 (Fu et al., 2020).

3.2.1 Surface loading of metal oxides/hydroxides
Materials that function as pseudo-capacitors include transition

metal oxides and hydroxides like MnO2, NiO, and Co(OH)2,
amongst others. Biochar can be utilized as a substrate to anchor
nanoscale metal oxides and hydroxides, and it possesses electric
double-layer capacitance and pseudo-capacitance properties
(Li et al., 2021). For example, Wan et al. (2016) employed biochar
generated from wood as a substrate to grow nanosheets of
manganese dioxide (MnO2) by performing an in-situ redox reaction
between the biochar and potassium manganese dioxide (KmnO4).
The formed MnO2 was evenly dispersed on the biochar’s surface,
creating a core-shell structure. The MnO2/biochar composite
unveiled a higher specific capacitance (101 Fg−1) compared to
biochar alone (19 Fg−1) and exhibited excellent cyclic stability,
retaining 85% of its capacitance even after 10,000 cycles. Common
transition metal oxides utilized in hybrid capacitors include V2O3,
RuO, NiO, FeO, Fe2O3, Co3O4, CoO, MnO, and VO. Among the
transition metal oxides utilized in batteries and supercapacitors,
MnO2 possesses several advantages, including its abundance
on Earth, cost-effectiveness, environmental acceptability, and a
high theoretical capacitance of 1370 Fg−1 (Wickramaarachchi and
Minakshi, 2022). Techniques such as surface oxidation, amination,
and sulfonation have been used to adjust the surface functionality.
These modifications have shown promise in enhancing biochar’s
adsorption capacity, catalytic performance, and nitrogen doping for
various applications, including wastewater purification and catalysis
(Li et al., 2021). In a study that was carried out by Yang et al., the
nitration and reduction procedure was devised to manufacture
amino-modified biochar. This biochar demonstrated improved
adsorption of copper ions from synthetic wastewater. FTIR analysis
reveals that biochar possesses amino groups, as expected given
its composition (Yang et al., 2019). Nitrogen doping considerably
improves the electrochemical activity of carbon compounds.
Nitrogen molecules with higher electrochemical activity, like N-6
and N-5, enable faster Faradic reactions and consequent charge
storage. As a result, the pseudo-capacitance of nitrogen-doped
porous carbons is increased (Fu et al., 2022).

3.2.2 Surface recombination of functional
nanomaterials

Asmentioned earlier, functional groups have favorable reactivity
towards various nanostructures, enabling the formation of high-
performance composites. For instance, biochar can act as a substrate
to help solve the problems of aggregation and solubility that
are associated with carbon nanotubes (CNTs). By using bamboo
char as a substrate, CNTs were grown through chemical vapor
deposition (CVD) resulting in a CNTs/biochar composite with
higher adsorption capacity. It is also possible to combine biochar
with layered double hydroxides, often known as LDHs. These
LDHs serve as host materials for anion exchange intercalation
processes. A fine dispersion of LDH flakes on the surface of
the biochar was seen after the composite materials consisting of
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FIGURE 4
Advantages and disadvantages of different activation methods (Xu et al., 2021; Panwar and Pawar, 2022).

biochar and MgAl-LDHs had been created employing liquid-phase
deposition and self-assembly. These composites demonstrated a
supreme acceptance capacity of 410 mg/g for phosphate surpassing
other LDH adsorbents (Li et al., 2021).

3.3 Functionalization of biochar to form
composites

Another approach is composite formation, where biochar is
combined with other materials to enhance its overall performance.
For instance, incorporating biochar with nanotubes or graphene
can boost its conductivity and improve charge/discharge rates
(Wang et al., 2017). These characterization techniques not only
unlock the potential of biochar as an energy storagematerial but also
pave the way for enhanced efficiency and effectiveness in various
energy storage applications. The incorporation of heteroatoms
into carbon structures through self-inclusion or self-doping from
biomass sources is advantageous from both an economic and a
structural point of view (Senthil et al., 2019).The specific capacitance
that supercapacitors exhibit should, according to the theory, be
proportional to the specific surface area (SSA) of the carbon
material, and the higher the SSA, the greater the specific capacitance
that the carbon material possesses. According to the findings of
many studies, a rise in SSA can effectively lead to an increase in
the number of active sites (Guo et al., 2021). However, contrary to

what one might expect, the specific capacitance of biochar material
does not increase linearly with increasing SSA. Electrolyte ions
with a large diameter are unable to pass through these extremely
small holes, which are principally to blame for the SSA. Numerous
studies have demonstrated that materials with a high fraction of
micropores do not perform electrochemically as well as they could
because the ions, especially those from organic electrolytes, cannot
be transported easily via the micro pores between the electrode
materials. Electrolyte ions with a high diameter cannot penetrate
these tiny holes, which are primarily responsible for SSA (Li et al.,
2021). Numerous studies have demonstrated that materials with a
high percentage of micropores do not perform electrochemically as
well as they should because the micro pores do not allow for the
efficient passage of ions between the electrodematerials (Chen et al.,
2021b). By implementing these characterizations andmodifications,
biochar can be transformed into a more effective and efficient
energy storage device. These enhancements broaden its potential
for sustainable energy storage applications while capitalizing on its
environmentally friendly nature and other inherent benefits.

The porous structure and surface functional groups of biochar
contribute to its hydrogen storage capacity (Sakhiya et al., 2020).
Biochar can serve as an electrode material in fuel cells. Its
high surface area and electrical conductivity make it suitable
for this application. Biochar-based materials have been tested in
electrocatalytic oxygen reduction and methanol oxidation in fuel
cells (Cheng and Li, 2018; Liu et al., 2019). While there is limited
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information available on the specific application of biochar in redox
flow batteries, biochar’s high surface area, electrical conductivity,
and adaptable structure make it a promising candidate for use
in these batteries. Redox flow batteries are a type of rechargeable
battery where energy is stored in liquid electrolytes. The energy
density and power generation capability of these batteries can be
decoupled, making them flexible and cost-effective for large-scale
applications (Anitha and Ramila Devi, 2023).

4 Biochar in electrochemical energy
storage applications

To understand the usefulness of biochar for energy storage,
several significant properties must be considered, including energy
density, power density, scalability, lifespan/cycle, cost, porosity, and
surface area, among others. Energy density is the amount of energy
that can be stored in a given space depending on its volume
or mass, whereas power density is a system’s ability to rapidly
deliver or absorb energy (AL Shaqsi et al., 2020). While biochar
may not currently match the energy density of some conventional
energy storage technologies, its potential lies in its abundance, low-
cost production, and potential for carbon sequestration benefits.
Biochar functions as an anode material, it will be enhancing
lithium-ion intercalation and deintercalation when charging and
discharging cycle in the lithium-ion batteries (Norouzi et al., 2019).
Figure 5D depicts the general schematic of the battery charging
and discharging mechanism. In the supercapacitor, the capacitive
charge storage approach depends on the electrostatic adsorption of
ions on the biochar surface, which is regulated by its hierarchical
porous structure. Figure 5B shows that the electric double layer
effect and Figure 5C depicts the faraday process. Based on the
pore structure the connected 3D pore network in biochar promotes
the ion transport, minimizing resistance and improving the rate
charge and discharge (Cuong et al., 2021). Figure 5A shows that the
schematic of the supercapacitor. The functional groups give a key
impact on ion binding and electrochemical activity, and also boost
the energy storage capacity (Liu et al., 2019).

4.1 Capacitors

The terms “electrochemical double-layer capacitors” (EDLCs)
and “pseudo capacitors” are both terms that can be used to refer
to supercapacitors. By applying an external voltage, electrolyte ions
were physically adsorbed and desorbed on the electrode surfaces of
EDLCs. Because of this, EDLCs often make use of materials that
have a large specific surface area (SSA), fine pore structures, high
electrical conductivity, and superior chemical stability (Cheng et al.,
2017). Components of electrodes that are typically found in EDLCs
include activated carbon, mesoporous carbon, carbide-derived
carbon, graphene, and carbon nanotubes (Hall et al., 2010). Redox
interactions between the materials that make up the electrodes and
the electrolytes allow for the operation of PCs. These reactions take
place on the surface of the electrodes. The primary factors that
determine the capacitance performance of PCs are the in-built redox
reaction, as well as the huge contact surface area that exists between
the electrode and the electrolyte. When compared to EDLCs, PCs

often have significantly greater charge storage capacity, but they
have inferior rate capabilities and cycle stability (Cheng et al., 2017).
According to the findings of the study, lotus leaves were pyrolyzed
in a tube-shaped furnace at a temperature of 700°C. Excellent
electrochemical performance is exhibited by the biochar material
that is produced (Lu et al., 2020). The biochar produced at 800°C
demonstrated a rate capability of 84.1% and a specific capacitance
of 228 Fg−1 at 1 Ag−1 in 1 M H2SO4 when the current density was
increased to 5 Ag−1, which is 191.9 Fg-1. The unusually high energy
density of 7.91 Wh kg−1 in 1 MH2SO4 electrolyte and the good cycle
stability of the biochar-800 were both proved by the biochar-800,
88% capacitance retention for a lifetime of 5,000 cycles at a high
current density of 10 Ag−1 (Husain et al., 2022).

The researchers created functional biochar from the grass
Desmostachya bipinnate to produce electrodes for supercapacitors
and microbial fuel cells. They showed that biochar electrodes
have excellent capacitance, power density, and energy density in
supercapacitors, as well as high power output and coulombic
efficiency in microbial fuel cells. They ascribed the biochar
electrodes’ better performance to their increased surface area,
porosity, and heteroatom doping (Mehrotra et al., 2023). Biochar
is a strong contender for use in supercapacitors due to its
hierarchical porous structure and heteroatom surface functionalities
(Rawat et al., 2023). Micro pores that have a small pore size
are the primary contributors to the SSA. Electrolyte ions that
have a big diameter are unable to penetrate micropores because
of their size. Numerous studies have demonstrated that materials
that include a high percentage of micropores do not have perfect
electrochemical performance. This is because the micro pores do
not promote the movement of ions between electrode materials,
particularly organic electrolyte ions. For biochar to effectively store
hydrogen, the material must have a sizable surface area, a structure
that is dominated by micropores, and oxygen-rich functional
groups (Rawat et al., 2023). Micro pores that have a small pore
size are primarily responsible for SSA, and electrolyte ions that
have a big diameter are unable to enter micropores with a small
pore size (Li et al., 2021).

Figure 6 indicates that the curve for the EDLCsmaterial presents
a rectangular-type cyclic voltammetry (CV) curve and galvanostatic
charge-discharge (GCD) curve with a linear potential relative to
time, where b = 1, as mentioned in Figure 6A. Pseudocapacitive
materials are expected to display nearly rectangular cyclic
voltammograms, possibly demonstrating inflections, but not flat
curves, with b nearly equal to 1, as seen in Figure 6B. Conversely,
in batteries, CV generally reveals redox peaks, whereas GCD
demonstrates plateaus (b = 0.5) refer to Figure 6C.

4.2 Batteries

Battery performance depends on effective ion movement made
possible by the microporous structure of biochar (Bartoli et al.,
2024).The reasonable surface area of the biocharmaterial is excellent
for electrochemical processes in Li-ion batteries to improve the
diffusion of Li-ion because of the large electrolyte gap in Li-ion
batteries (Wang et al., 2016). Puffed rice carbon (biochar) and
commercial Sn and Se powder were utilized to create SnSe/PRC
anodes for lithium-ion batteries using a high-energy ball grinding
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FIGURE 5
(A) Super capacitor structure diagram. (B) Electric double layer effect schematic. (C) Faraday process schematic. [Adopted from (Dai et al., 2016) http://
creativecommons.org/licenses/by/4.0/] (D) charging and discharging schematic of battery.

process for 48 h in an inert argon environment at 600 r/m.
Puffed rice carbon, Sn, and Se powder were extruded together by
high energy mechanical force to construct an alloy/carbon inlaid

structure, which increased electrical conductivity, buffered the huge
volume expansion effect, and improved structural stability (Su et al.,
2019). The porous biochar synthesized showed increased specific
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FIGURE 6
A typical electrochemical behavior that distinguishes the (A) EDLC, (B) pseudocapacitance and (C) batteries. Reproduced with permission copyright
2019 John Wiley and Sons (Jiang and Liu, 2019).

surface area and well-developed porous structure, with moderate
heteroatom doping. This enhanced specific capacitance and energy
density, making it 1.6 and 6.0 times higher than samples carbonized
directly by molten salt and inert reduction methods. The assembled
two-electrode symmetric supercapacitor showed excellent stability
after 10,000 cycles (Lei et al., 2021). The biochar-based electrodes
shows that the higher charge storage capacity up to 14.14 m2g−1

from the results from increased surface area (Naseem et al., 2024). A
three-dimensional network in some biochar lets electrons flow and
fits volume changes during cycling (Yang et al., 2024).

4.3 Crucial properties for the biochar based
electrochemical energy storage devices

The life cycle is another critical property, denoting the number
of discharge-charge cycles a storage system can endure while
maintaining its performance. A longer cycle life ensures the
durability and longevity of the device, reducing the need for frequent
replacements (Trahey et al., 2020). Cost is an influential aspect
that must be considered, encompassing factors such as materials,
manufacturing processes, and overall market competitiveness.
Scalability is a crucial property, signifying the adaptability of
the energy storage technology to various scales, from small-
scale residential applications to large-scale grid-level deployments
(Hunt et al., 2022). The pyrolysis process cost is much higher
when comparing bioprocess, it’s around 36% of the total cost, and
the feedstock collection cost is around 12%, also the transport
cost maybe 9% of the total cost (Homagain et al., 2016). Lastly,
safety is of utmost importance, encompassing the stability of

the storage system and its capacity to handle high currents or
temperatures without compromising security (Trahey et al., 2020).
By meticulously evaluating these properties and employing suitable
characterization techniques, researchers, engineers, and industry
experts can develop efficient and reliable energy storage devices
that meet the demands of specific applications, considering factors
such as intended purpose, constraints, and desired performance
characteristics (Poulose et al., 2018; Thomas et al., 2021). In
the environmental safety aspect, biochar employing plentiful and
sustainable biomass as the raw material lessens the impact on the
environment and the need for fossil fuels. After usage, they may
be readily recycled or biodegraded, which eliminates the issue of
pollution and waste disposal (Parsimehr et al., 2023).

The sample reportedly attained a specific mesopore volume of
1.198 cm³g−1. This volume makes up around 87.1% of the total pore
volume, indicating that mesopores primarily affect the material’s
structure. The mesopore generation and overall textural quality
of the carbon material are enhanced by the templating action of
ZnO nanoparticles during the synthesis process, which accounts for
the high mesopore volume. Supercapacitors’ enormous mesopore
volume and surface area give them increased specific capacitance
and rate capability. The three-electrode device shows that a high-
performance in supercapacitor since reports state that its specific
capacitance should reach 320 Fg−1 at a current density of 1.0 Ag−1

(Fu et al., 2020). The biochar produced has a large surface area,
a three-dimensional hierarchical porous structure with micropores
and mesopores, and strong electrochemical properties. The biochar
electrode has a capacitance of 428 Fg−1, a rate capability of 82.9%
at 30 Ag−1, and 96.7% retention after 10,000 cycles in a 6 M KOH
aqueous electrolyte (Zhang et al., 2019). The SEM images reported
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by various researchers of pine lignin before activation (Figure 5A)
and pine lignin biochar after activation (Figure 7B) (Li et al., 2018);
Figure 7C shows raw biochar without any reduced graphene oxide,
and Figure 7D shows biochar loaded with 3.74 weight percent
reduced graphene oxide (Rui et al., 2020); biochar made from corn
straw (Figure 7E) and porous biocharmade from corn straw that has
been activated by potassium hydroxide (Figure 7F) (Qu et al., 2021);
and the pore structure of biochar (Figure 7G) are presented.

5 Environmental impacts of
biochar-based electrochemical
energy storage devices

Biochar production stands out among the different technologies
available as one of the most environmentally beneficial and
accessible ways to create electricity. Biochar can be made from
a variety of biomass sources, allowing waste materials to be
used to generate electricity. This procedure not only helps to
reduce waste but also creates energy (Sutar et al., 2022). However,
the sustainability of biochar synthesis is greatly dependent on
the methods used. It is critical not to neglect the prospective
destructive environmental influences of biochar use, considering
parameters such as hazardous components, structure, and particle
size (Selvam S and Paramasivan, 2022). This section focuses on
discussing the mechanisms that contribute to these adverse effects.
In 2016, biochar made from sugarcane in Brazil absorbed up to 31%
of carbon (2.35 ± 0.4 tons of CO2) (Lefebvre et al., 2020). It is widely
acknowledged that biochar has the potential to reduce greenhouse
gas emissions, help remove CO2 from the atmosphere, andmake the
environment more sustainable.

Biochar-based electrochemical energy storage devices require
biomass fuel, chemicals, and metals. Biochar-based electrochemical
energy storage devices’ major environmental impact is chemical use.
Biochar synthesis, activation, and functionalization with chemicals
can harm the environment. If mismanaged, these compounds can
pollute water and soil and destroy ecosystems. These resources can
damage habitats, pollute water, and use energy. Heavy metals in
biochar vary by feedstock type. Leaching of heavy metals from
biochar generated from biomass containing high concentrations
of those metals could cause an increase in the levels of those
metals in the environment (Xiang et al., 2021). At higher pyrolysis
temperatures, Devi and Saroha observed that biochar had a greater
amount of copper, lead, and zinc. These three metals showed
increases of 61%, 73%, and 65% respectively as the pyrolysis
temperature was raised from 200°C to 700°C (Devi and Saroha,
2014).The decomposition of biomass’s organic components releases
heavy metals due to rising temperatures. Thus, biochar heavy metal
content varies on pyrolysis temperature.The feedstock used tomake
biochar affects the process’ environmental impact, as mentioned.
One example is bio-toxic polycyclic aromatic hydrocarbons (PAHs).
In many environments, PAHs can harm plants and microbes (Devi
and Dalai, 2023).

The feedstock and manufacturing temperature affect biochar
PAH levels. Hemp-derived biochar has more mutagens than wood-
derived. Biochar may also produce dioxins and the preparation
parameters affect dioxin emission (Alipour et al., 2021).The research
team investigated several dioxins in different forms of biochar.

The team discovered biochar, which is produced by a process
called slow pyrolysis at temperatures of 250°C and 900°C and has
concentrations between 84 and 92 mg/kg. The study found that
when food waste is utilized as biomass for biochar, the number of
dioxins increases due to the salt concentration. The development
of dioxins is influenced by temperature, and it is well known
that at high enough temperatures, dioxins are rendered useless
above 1000°C (Yaashikaa et al., 2020). To prevent the production
of dioxins that may be detected, the initial biomass feedstock
should have a chlorine concentration that is as low as possible.
High temperature could be utilized to eliminate dioxins, however,
as was already indicated, the pyrolysis method used to create
the biochar that would be employed for electrochemical energy
storage calls for gradual pyrolysis and lower temperatures. Waste
productionmay have an additional effect.These devices’ production
processes may produce waste materials, including used electrodes,
electrolytes, and packaging (Wiedner et al., 2013). Effective waste
management is critical to preventing contamination and reducing
the harmful impact of various waste streams on the environment.
Lifecycle analysis, supply chain effect, and end-of-life management
are all indirect environmental repercussions. Lifecycle analysis
considers the environmental effects of raw material extraction,
manufacturing, transportation, use, and recycling or disposal.
The supply chain repercussions should be investigated because
procuring and shipping raw materials for biochar-based energy
storage devices may have indirect effects and result in significant
carbon emissions.

The LCA considers not only the amount of energy and resources
that are consumed but also the amount of waste and emissions
that are produced when the product is being assembled. The
manufacturing stage in the LCA helps to identify opportunities for
improving energy efficiency, reducing resource consumption, and
minimizing environmental impacts throughout the entire life cycle
of supercapacitors. The last part is the End-of-life management of
the device. At this time, the environmental consequences connected
with the disposal or recycling of the device’s components, such
as biochar, electrodes, and other materials, are being evaluated.
There are key aspects considered in the LCA of end-of-life
management, such as disposal options, recycling, material recovery,
and waste management (Klöpffer and Birgit, 2014). According
to the study, each kilogram of biochar applied as a conductive
element in lithium-ion batteries has a carbon imprint comparable
to 1.2 kg CO2. while employing petroleum-derived carbon black
as a conductive component it is 2.4 kg CO2 equivalents per kg
of carbon black (Kane et al., 2022). Disposal options include
landfilling, incineration, or other waste management practices.
The environmental impacts associated with each option, such
as emissions, leachate generation, and potential soil or water
contamination, are evaluated (Klöpffer and Birgit, 2014).The choice
of disposal method can significantly affect the overall environmental
footprint.

6 Future trends and conclusion

The scientific community’s emphasis on sustainable energy
generation provides a hopeful peek into a green and secure
future. Numerous studies have identified biochar as a fantastic
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FIGURE 7
SEM images of biochar samples. (A) Pine lignin biochar, (B) pine lignin activated carbon (Li et al., 2018). (C) Raw biochar without reduced graphene
oxide, (D) biochar loaded with 3.74 wt% reduced graphene oxide (Rui et al., 2020). (E) Corn straw biochar, (F) Porous corn straw biochar
activated by KOH (Qu et al., 2021). (G) The pore structure of biochar.
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energy source with numerous applications. However, optimization
of pyrolysis process parameters for various feedstock remains a
challenge. Another significant challenge is the use of activation
materials, because using chemicals may cause corrosion of devices
as well as potentially dangerous impacts on humans. The research
is opening on the optimization of the activation process and
additives. The nanomaterials have not yet met the need for
energy storage efficiency of biochar-based devices. The research
on biochar-based energy storage devices’ cost-effectiveness and
safety aspects is still ongoing. The performance, scalability, and
affordability of energy systems based on biochar are being worked
on with continued attention to research and development projects.
Unlocking the full potential of biochar for reducing climate change
and encouraging sustainable landmanagement practices depends on
further study and innovation in this area. These initiatives establish
the groundwork for a more resilient and sustainable energy system,
where biochar can be crucial in meeting our energy requirements.

Using sustainable solutions for the growing worldwide energy
consumption is vital. Derived from biomass, biochar with its
carbon-negative methods and carbon sequestration potential shows
promises in sustainable energy storage. Rapid modernization and
the recent explosion in electric vehicles are predicted to cause
notable increase in the worldwide energy storage market. Between
2023 and 2033, the 15.8% Compound Annual Growth Rate
worldwide need for energy storage will rise. For energy storage
systems, biomass-based carbon compounds as activated carbon
show good characteristics. Essential in the pyrolysis process of
biochar creation are parameters like temperature, heating rate,
residence duration, and feedstock properties. Temperature effects
physicochemical characteristics and biochar yield. Production of
biochar with required characteristics for particular applications
depends on optimizing these factors.

Future usage of biochar-based supercapacitors seems indicated
by their great specific surface area, mesoporous content, and
hierarchical pore structure. Several techniques exist to activate
biochar from a range of feedstocks and produce a valuable
product. While pseudo-capacitors use materials that allow redox
reactions, EDLCs rely on materials including activated carbon,
mesoporous carbon, and graphene. Physical, chemical, and co-
activation mechanisms produced biochar as a capacitance material.
Thanks to improving advancements, biochar has become a magical
material for uses in enhanced energy storage. Though there are
certain negative consequences, biochar will be a more ecologically
friendly substitute for the now utilized conventional materials for
uses in energy storage. More study and development in these areas
is needed to realize the full possibilities of biochar-based energy
storage systems considering their environmental consequences. All
things considered; biochar-based energy storage systems present a
viable path for environmentally friendly energy source. By using
sustainable methods all through their lifetime and optimizing their

environmental benefits, biochar systems can help to promote a better
and more resilient future.
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