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Smokeless biomass pyrolysis for biochar and biofuel production is a possible arsenal for global carbon
capture and sequestration at gigatons of carbon (GtC) scales. The United States can annually harvest
over 1.3 Gt (gigaton) of dry biomass. Use of the smokeless (clean and efficient) biomass-pyrolysis
technology would enable the United States to converts its 1.3 Gt of annually harvestable biomass to
biochar products equivalent to 325 million tons of stable carbon plus significant amount of biofuels
including syngas and bio-oils. Currently, the world could annually harvest more than 6.5 GtC y1 of
biomass. The 6.5 GtC y1 of biomass could be converted to biochar (3.25 GtC y1) and biofuels (with
heating value equivalent to that of 6500 million barrels of crude oil). Because biochar is mostly not
digestible to microorganisms, a biochar-based soil amendment could serve as a permanent carbonsequestration agent in soils/subsoil earth layers for thousands of years. By storing 3.25 GtC y1 of
biochar (equivalent to 11.9 Gt of CO2 per year) into soil and/or underground reservoirs alone, it would
offset the world’s 8.67 GtC y1 of fossil fuel CO2 emissions by about 38%. The worldwide maximum
capacity for storing biochar carbon into agricultural soils (1411 million hectares) is estimated to be
about 428 GtC. It may be also possible to provide a global carbon ‘‘thermostat’’ mechanism by creating
biochar carbon energy storage reserves. This biomass-pyrolysis ‘‘carbon-negative’’ energy approach
merits serious research and development worldwide to help provide clean energy and control global
warming for a sustainable future of human civilization on Earth.

Introduction
The increasing anthropogenic CO2 emission and global warming
have challenged the United States and other countries to find
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new and better ways to meet the world’s increasing needs for
energy while reducing greenhouse gases. The mean global
atmospheric CO2 concentration has increased from 280 ppm in
the 1700s to 380 ppm in 2005 at a progressively faster rate1
because of: (i) CO2 emissions from fossil-fuel use; and (ii) the
CO2 flux from land-use change including land clearing such as
‘‘slash and burn’’, agriculture and intensive tillage. In certain
areas, agriculture and intensive tillage have also caused a 30 to 50
percent decrease in soil organic carbon (SOC) since many soils
were brought into cultivation more than 100 years ago.2 With the
CO2 emission from land-use change (1.5 GtC y1) remaining
nearly steady, the CO2 emissions from fossil-fuel use have been
rapidly growing and it reached 7.9 gigatons of carbon (GtC)
y1 in 2005. The growth rate of CO2 emissions from fossil-fuel
use had increased from 1.1% y1 for 1990–1999 to >3% y1 for

Broader context
Smokeless biomass pyrolysis for biochar and biofuel production is a possible arsenal for global carbon capture and sequestration at
gigatons of carbon (GtC) scales. Currently, the world could annually harvest more than 6.5 GtC y1of biomass. The 6.5 GtC y1of
biomass could be converted to biochar (3.25 GtC y1) and biofuels (with heating value equivalent to that of 6500 million barrels of
crude oil). Because biochar is resistant to microbial degradation, a biochar-based soil amendment could serve as a permanent
carbon-sequestration agent in soils/subsoil earth layers for thousands of years. By storing 3.25 GtC y1 of biochar (equivalent to 11.9
Gt of CO2) into soil and/or underground reservoirs alone, it would offset the world’s 8.67 GtC y1 of fossil fuel CO2 emissions by
about 38%. The worldwide maximum capacity for storing biochar carbon into agricultural soils (1411 million hectares) is estimated
to be about 428 GtC. It may be also possible to provide a global carbon ‘‘thermostat’’ mechanism by creating biochar carbon energy
storage reserves. This biomass-pyrolysis ‘‘carbon-negative’’ energy approach merits serious research and development worldwide to
help provide clean energy and control global warming for a sustainable future of human civilization on Earth.
This journal is ª The Royal Society of Chemistry 2010
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2000–2004.1 The latest data from US Department of Energy’s
Carbon Dioxide Information Analysis Center at Oak Ridge
National Laboratory show: the CO2 emissions from fossil-fuel
use in 2008 reached 8.67 GtC y1; and the atmospheric CO2
concentration increased to 385 ppm, which represents accumulation of about 3007 gigatons of CO2 (equivalent to 820 GtC) in
the atmosphere.3

Therefore, the world currently faces a systematic problem of
increased CO2 emissions, decreased soil-carbon content, and
global-climate change (global warming). Huesemann (2006)
provided a quite good critical review of the limitations and
challenges in dealing with this massive problem and pointed out
that, to stabilize atmospheric CO2 concentration at the current or
below current levels, it would require more than 20-fold
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reduction (i.e., $95%) in per capita carbon emissions in industrialized nations within the next 50–100 years.4 Improvement on
energy efficiency alone clearly could not achieve such a target.
Huesemann (2006) also stated, large amounts of CO2 can
potentially be removed from the atmosphere via sequestration in
geologic formations and oceans, but that type of CO2 storage is
not necessarily permanent and is likely to create many unpredictable environmental consequences. A serious question was
then raised: ‘‘can advances in science and technology prevent
global warming?’’ In the recent issue of Science, significant
efforts on carbon capture and geologic sequestration are reported with a special devoted section and a review article.5 To solve
the massive global energy and environmental sustainability
problem, it likely requires a comprehensive portfolio of R&D
efforts with multiple energy technologies. Here, we present
a perspective overview of the smokeless (clean and efficient)
biomass-pyrolysis ‘‘carbon-negative’’ energy approach6–9 for
biochar and biofuel production, which might also be able to
provide a positive answer to this question important to the well
being of all people on Earth.

Possible solution: the biomass-pyrolysis ‘‘carbonnegative’’ energy approach
As illustrated in Fig. 1 and 2, photosynthesis captures more CO2
from the atmosphere than any other process on Earth. Each year,
land-based green plants capture about 440 gigatons (Gt) CO2
(equivalent to 120 Gt C y1) from the atmosphere into biomass.10
That is, about one-seventh of all the CO2 in the atmosphere (820
GtC) is fixed by photosynthesis (gross primary production) every
year. However, biomass is not a stable form of carbon material
with nearly all returning to the atmosphere in a relatively short
time as CO2. Because of respiration and biomass decomposition,
there is nearly equal amount of CO2 (about 120 GtC y1) released
from the terrestrial biomass system back into the atmosphere
each year.11 As a result, using biomass for carbon sequestration is
limited. Any technology that could significantly prolong the
lifetime of biomass materials would be helpful to global carbon
sequestration. As shown in Table 1, a conversion as small as 7.2%
of the annual terrestrial gross photosynthetic products (120 GtC
y1) into a stable biomass carbon material such as biochar would
be sufficient to offset the entire amount (nearly 8.67 GtC y1) of
CO2 emitted into the atmosphere annually from the use of fossil
fuels. The approach of biomass pyrolysis provides such
a possible capability to convert the otherwise unstable biomass
into biofuel, and, more importantly, biochar which is suitable for
use as a soil amendment and serves as a semi-permanent carbonsequestration agent in soils/subsoil earth layers for hundreds and
perhaps thousands of years.
Low-temperature biomass pyrolysis is a process in which
biomass such as forest waste woods and/or crop residues (e.g.,
corn stover) are heated to about 400  C in the absence of oxygen
and, as a result, the biomass is converted to biofuel (bio-oils and
syngas) and charcoal (char)—a stable form of solid black carbon
(C) material (Fig. 3). Although its detailed thermo-chemical
reactions are quite complex, the biomass-pyrolysis process can be
described by the following general equation:
Biomass (e.g., lignin cellulose) / char + H2O + bio-oils + syngas
This journal is ª The Royal Society of Chemistry 2010

Since the char (charcoal), in this case, is created from pyrolysis
of biomass, it is commonly called ‘‘biochar.’’ Typically, biochar
contains mainly carbon (C) with certain amounts of hydrogen
(H), oxygen (O), and nitrogen (N) atoms, plus ash. As reported in
one of our previous studies,6 a typical composition of biochar on
an ash- and nitrogen-free basis can be 82% C, 3.4% H, and 14.6%
O. The chemical composition and the yield of biochar depend on
the feedstock properties and pyrolysis conditions including
temperature, heating rate, pressure, moisture, and vapor-phase
residence time.12 With certain refinery process, the organic
volatiles (bio-oils) and syngas (CO, CO2, and H2, etc.) from
biomass pyrolysis could be used as biofuels for clean energy
production.6 Typically, about 50% of the biomass C (carbon) can
be converted into biochar while the remainder 50% C going to
the biofuel fraction. Depending on the biomass materials, lowtemperature pyrolysis process can be slightly exothermic so that
once the process is started it could sustain itself with its own heat.
That is, the exothermic heat evolution from biomass pyrolysis
can elevate the temperature of the incoming (dry) biomass
feedstock sufficiently to initiate the carbonation reactions.12
Consequently, once initiated, it is possible to convert large
amounts of biomass into biochar and biofuel with minimal
exogenous energy cost.
According to a recent study13 using a pilot-scale pyrolysis unit
at Eprida, pyrolysis of 100 kg biomass (southern yellow pine
pellets) at 482  C can typically produce 26.3 kg of biochar. Based
on energy value calculation, the 26.3 kg biochar contains
528 million joules (MJ) (28%) of the 100 kg biomass energy (1859
MJ). The remaining biomass energy (1331 MJ) exists as pyrolysis
vapors (crude biofuel) and heat in the gas phase from the pyrolyzer. The addition of steam and the use of a steam-reforming
process (the water gas shift reaction) can convert the pyrolysis
vapors and water into syngas (126.6 kg) giving an average
composition of 47.6% H2 (6.66 kg), 18.3% CO2 (55.9 kg), 2.7%
CH4 (3.00 kg), 13.7% CO (26.6 kg), and 17.7% N2 (34.4 kg). The
significant amount of nitrogen in the syngas was due to the N2
used to purge the lines for the sensor equipment and for pressuring the biomass feed and char discharge systems. The higher
heating value (HHV) of this syngas is calculated to be 1403 MJ
and the total energy cost for the pyrolysis and steam-reforming
process is 787 MJ, assuming no heat recovery. The net biofuel
(syngas) energy production is 616 MJ (per 100 kg biomass),
which represents about 33% of the biomass energy (1859 MJ)
while the biochar product contains 28% of the biomass energy
(1859 MJ). The total process energy-conversion efficiency for
production of biochar and biofuel combined is 61% in this case.
With better process designs such as use of heat recovery techniques, the energy conversion efficiency may be further
improved. Nonetheless, this example demonstrates that it is
possible to produce both biochar and biofuel from biomass with
reasonable energy efficiency.
In perspective of the global carbon cycle, as shown in Fig. 1
and 2, this char-producing biomass-pyrolysis approach essentially employs the existing natural green-plant photosynthesis on
the planet as the first step to capture CO2 from the atmosphere;
then, the use of a pyrolysis process converts biomass materials
primarily into biofuel and char—a stable form of solid carbon
material that is resistant to microbial degradation. The net result
is the removal of CO2 from the atmosphere since the total process
Energy Environ. Sci., 2010, 3, 1695–1705 | 1697

Fig. 1 The potential benefits of the envisioned ‘‘carbon-negative’’ energy systems technology concept with biomass pyrolysis and ammonia carbonation
for carbon dioxide capture and sequestration. As illustrated by the major CO2 arrow pointing from the top, photosynthetic biomass production on Earth
(center) is the biggest process that can take CO2 from the atmosphere. Biomass pyrolysis (upper left) could produce biochar and biofuels (such as H2),
which could be optionally utilized to make NH4HCO3–char and/or urea–char fertilizers. Use of biochar fertilizers could store carbon into soil and
subsoil earth layers, reduce fertilizer (such as NO3) runoff, and improve soil fertility for more photosynthetic biomass production to provide more win–
win benefits including more forest, more fabric and wooden products, more food and feedstocks. It is also possible to create biochar/energy reserves
(bottom right) as ‘‘global carbon thermostat’’ to control global warming.

capturing CO2 from the atmosphere and placing it into soils and/
or subsoil earth layers as a stable carbon (biochar) while
producing significant amount of biofuel energy through biomass
pyrolysis. Therefore, this is a ‘‘carbon negative’’ energy production approach.
Currently, the United States can annually harvest over 1.3 Gt
(gigaton) of dry biomass, of which about 1.0 Gt is generated
from the croplands and over 0.3 Gt is from a fraction of
forestlands that are accessible by roads.14 If this amount of
biomass (1.3 Gt y1) is processed through controlled lowtemperature pyrolysis assuming 50% conversion of biomass C to
stable biochar C and 33% of the biomass energy to biofuels
(syngas and bio-oils), it could produce biochar (0.325 GtC y1)
and biofuels (with heating value equivalent to that of 1300
1698 | Energy Environ. Sci., 2010, 3, 1695–1705

million barrels of crude oil) to help control global warming and
achieve energy independence from fossil fuel. In 2008, the US
brought in 845 million barrels of crude oil, according to the
Energy Information Administration, an arm of the US Department of Energy. The heating value (equivalent to that of 1300
million barrels of crude oil) of the syngas/bio-oils from biomass
pyrolysis in this scenario exceeds that of the USA-imported
crude oils (845 million barrels). Even if a half of the syngas/biooils may be consumed to cover any other energy costs in handling
the biomass (such as biomass collection, drying and transport),
the remainder syngas/bio-oils (equivalent to that of 650 million
barrels of crude oil) is still quite significant as the net biofuel
output. Therefore, if a cost-effective biofuel-refinery technology
can be developed to convert the syngas/bio-oils from biomass
This journal is ª The Royal Society of Chemistry 2010

Fig. 2 The global carbon cycle and envisioned ‘‘carbon-negative’’
biomass-pyrolysis energy technology concept for biofuel and biochar
production, and carbon dioxide capture and sequestration.

pyrolysis into liquid transportation fuels, use of this approach
could significantly help reduce the imports of foreign oil. In the
immediate future before such a biofuel refinery technology is
available, the syngas/bio-oils from biomass pyrolysis could be
used for its heating energy by combustion to replace fossil fuels
including coal, natural gas and heating oils. In addition, application of the 0.325 GtC y1of biochar products as soil amendment and carbon sequestration agent in soil could stimulate the
agriculture economy and achieve major carbon sequestration for
the US to control global warming as well.
The world’s annual biomass-production capacity probably
exceeds 13 Gt of dry biomass, which is equivalent to about 6.5
GtC y1 since dry biomass typically contains approximately 50%
C by mass. If this amount of biomass (6.5 GtC y1) is processed
through low-temperature pyrolysis, it would produce 3.25 GtC
y1 of biochar and huge amounts of biofuel (syngas/bio-oils with
a heating value equivalent to 13 000 million barrels of crude oil)
since the pyrolysis typically converts about 50% of the biomass
carbon to biochar while the remainder 50% biomass C goes to the
biofuel fraction (bio-oils and syngas). Even if assuming only half
of the syngas/bio-oils as the net biofuel output, it could replace
fossil energy with a heating value equivalent to that of 6500
million barrels of crude oil for the world. By storing 3.25 GtC y1
of biochar (equivalent to 11.9 Gt of CO2 per year) into soil and/
or underground reservoirs alone, it would offset the 8.67 GtC y1
of fossil fuel CO2 emissions by about 38%, which probably
represents the upper limit of the capacity.

For the immediate future, application of this biocharproducing biomass pyrolysis approach to turn waste biomass
into valuable products could likely provide the best economic
and environmental benefits. Globally, each year, there are about
6.6 Gt dry matter of biomass (3.3 GtC) such as crop stovers that
are appropriated but not used.15 Development and deployment
of the smokeless biomass pyrolysis technology could turn this
type of waste biomass into valuable biochar and biofuel products. Even if assuming that only half amount of this waste
biomass is utilized by this approach, it would produce 0.825 GtC
y1 of biochar and large amounts of biofuel (with a heating value
equivalent to that of 3250 million barrels of crude oil). By storing
0.825 GtC y1 of biochar (equivalent to 3 Gt of CO2 per year)
into soil and/or underground reservoirs alone, it could offset the
world’s 8.67 GtC y1 of fossil fuel CO2 emissions by 9.5%, which
is still very significant. According to a recent life-cycle assessment,16 for each ton of dry waste biomass utilized through
biomass pyrolysis with biochar returned to soil, it could provide
a net sequestration of about 800–900 kg of CO2 emissions (per
ton of dry biomass). The life-cycle assessment also indicated that
the biochar-producing biomass pyrolysis technology could be
operated profitably when CO2 emission reductions are valued at
or above about $60 per ton of CO2 equivalent emissions.
Therefore, the envisioned photosynthetic biomass production
and biofuel/biochar-producing biomass-pyrolysis approach
(Fig. 1) should be considered as an option to mitigate the
problem of global greenhouse-gas emissions.

The need of a modern smokeless biochar-producing
biomass pyrolysis process
Development and use of a smokeless biofuel/biochar-producing
biomass-pyrolysis technology are essential for such a large (GtC)
scale operation to avoid negative impact on air quality. Biochar
can be produced by other processes including (1) ‘‘slash and
burn’’, (2) ‘‘slash and char’’, and (3) wild fires. All of these three
processes generate large amounts of hazardous smokes that can
impact air quality. In the practice of ‘‘slash and burn’’, trees,
bushes and other green plants are cut down and burned in the
field to clear the land for cropland. The burning of biomass in
open fields creates large amounts of hazardous smoke similar to
a wild fire; the biochar formed through the slash-and-burn
techniques represents only about 1.7% of the pre-burn biomass.17
‘‘Slash and char’’ is a practice to make charcoal from biomass by
use of conventional charcoal kilns,17,18 which is better than the
practice of ‘‘slash and burn’’, but would still produce large
amounts of smoke. Use of conventional charcoal kilns for
charcoal production at a GtC scale would produce large amounts
of smoke (pollutants including soot black-carbon particles) that

Table 1 World fossil-fuel CO2 emissions in comparison with the carbon fluxes of the terrestrial biomass system

World CO2 emissions from fossilfuel use

Amount of CO2 captured by landbased green plants into primary
photosynthetic products

Amount of CO2 released from the
terrestrial biomass system because
of respiration and biomass
decomposition

8.67 GtC per year

120 GtC per year

120 GtC per year

This journal is ª The Royal Society of Chemistry 2010

Percentage of terrestrial
photosynthetic products needed to
be converted into a stable form to
offset the world fossil-fuel CO2
emissions
About 7.2%
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Fig. 3 Photographs showing, from left to right, 10 g biochar from pyrolysis of corn stover, 10 g soil, and 10 g mixture of biochar (10% wt) and soil (90%
wt). The soil sample shown here is a surface soil from 0–15 cm deep at the University of Tennessee’s Research and Education Center, Milan, Tennessee,
USA (358560N latitude, 888430W longitude), which is also known as the Carbon Sequestration in Terrestrial Ecosystems site (CSiTE) supported by the
US Department of Energy.

are not acceptable to the environment and air quality, in addition
to allowing heat, energy and valuable chemicals to escape into
the atmosphere. A recent study indicates that black-carbon
aerosols which can directly absorb solar radiation might have
substantially contributed to the rapid Arctic warming during the
past three decades.19 Therefore, a smokeless and efficient modern
biomass-pyrolysis process is essential to achieve the mission of
annually converting gigatons of biomass into biochar and biofuel. Use of a modern biomass-pyrolysis biofuel/biocharproducing process6 would enable collecting of the ‘‘smoke’’
(organic volatiles and gases) into the biofuel fraction for clean
energy (e.g., hydrogen) production. Therefore, further development and use of this type of smokeless biofuel/biochar-producing
biomass-pyrolysis technologies are essential for the envisioned
large (GtC) scale mission in mitigating CO2 emissions, and, at
same time, ensuring good air quality.

Biochar fertilizers for soil amendment and carbon
sequestration
Biochar materials can be placed directly into soil to serve as
a carbon-sequestration agent and to improve soil fertility. To
serve as an effective biochar fertilizer and carbon-sequestration
agent, the biochar materials need to possess certain specific
properties such as the capacity in retaining fertilizer nutrients
that could be produced only under certain pyrolysis conditions.
According to preliminary studies, biochar materials that were
produced from biomass pyrolysis at a relatively low temperature
(400  C) appear to have a significantly higher capacity in
retaining fertilizer nutrients in comparison with those created at
high temperature (900  C).6 Therefore, use of biochar produced
from low-temperature (about 400  C) biomass pyrolysis is
probably better for this application.
Although proper application of biochar can improve soil
properties, the biochar C itself is not a crop nutrient except its
ash contents which can serve as mineral nutrients for crop
growth. Therefore, it is probably better to apply biochar along
with certain fertilizers such as NH4HCO3 and/or urea to achieve
maximal environmental and agricultural benefits.6,20 One of the
options is to produce a biochar–NH4HCO3 (or urea) compound
1700 | Energy Environ. Sci., 2010, 3, 1695–1705

fertilizer that may make the biochar materials more suitable to
stimulate plant growth and to maximally place the carbon of
biochar and bicarbonate (HCO3) into soils.7,21 The ammoniacarbonation process22 can provide an option to integrate biomass
pyrolysis with major industrial combustion facilities such as
a coal-fired power plant to solidify major flue-gas CO2 emission
and ppm levels of NOx and SOx emissions at the smokestacks
into valuable fertilizers (mainly, NH4HCO3 with trace amount of
other fertilizer species such as NH4NO3 and (NH4)2SO4) with
biochar particles to produce a biochar–NH4HCO3 and/or biochar–urea fertilizer (Fig. 1 and 3) which could not only benefit
agriculture, but also sequester carbon into soils for protecting the
global environment.7,21,23
Due to their alkaline ash contents, the pH of biochar material
can sometimes be as high as about 10, which would be unfavorable for use in alkaline soils (pH above 8) such as those in the
western part of the United States because addition of an alkaline
material could make the alkaline soil pH worse for plant growth.
NH4HCO3 can act as a pH buffer. For example, mixing (50/50 by
weight) with NH4HCO3 can neutralize the pH of biochar
material from 9.85 to 7.89 (unpublished data), which could make
the biochar fertilizer pH more favorable to use in many soils
including (but not limited to) the alkaline soils. On the other
hand, biochar can effectively adsorb ammonia (NH3) and other
nutrients to minimize fertilizer nutrient loss. This type of chemisorption property is typical of biochar since the biomass
pyrolysis thermochemical process involves the fracture of many
chemical bonds initially present in the biomass feedstock. The
product biochar carbon does not go through a fluid state during
the pyrolysis; consequently many of these bonds are left
‘‘dangling’’.12 As described by Antal and Gronli (2003),12 these
dangling bonds are believed to give rise to some of the chemisorption properties of biochar. In addition, certain polar functional groups such as hydroxyl (–OH) and carboxyl (–COOH)
groups of the biochar materials may give rise to the property of
cation exchange capacity, which is important also in helping
retain nutrients such as ammonium and potassium ions (NH4+
and K+) in soil. Therefore, co-application of biochar and
NH4HCO3 (or urea) can probably maximize the beneficial
effects. Furthermore, the bicarbonate (HCO3) of NH4HCO3 (or
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urea) that could be used in this manner may stay in the alkaline
soils. This could also provide an option to help solve the environmental problem of nitrate (NO3) run off from the current
use of ammonium nitrate (NH4NO3) as a fertilizer in USA.21
However, more research and development efforts are still needed
to test this option.
The recent discovery of ‘‘black carbon’’ in the pre-historic (preColumbian) ‘‘Terra Preta’’ soils in Amazonia24,25 has now
provided some excellent scientific support for the envisioned
application of biochar as a soil amendment and carbon sequestration agent.6,7 According to a recent analysis on the ‘‘black
carbon’’ found in the ‘‘Terra Preta’’ soils,26 polycyclic aromatic
structure and carboxylic groups on edges of the aromatic backbone may contribute to the nutrient-holding capacity of the
materials. Studies also indicated that black carbon increases
cation exchange capacity in soils27 and that the anthropogenic
enrichment with carbonaceous charred residues from biomassderived black carbon is likely to be the precursor of these
recalcitrant polyaromatic structures in the Amazonian Dark
Earths.28
Because biochar is not completely digestible to microorganisms, a biochar-based soil amendment could serve as a permanent carbon-sequestration agent in soils/subsoil earth layers for
thousands of years. As indicated by the recent discovery of
biochar particles in ‘‘Terra Preta’’ soils formed by pre-Columbian indigenous agriculturalists in Amazonia, biochar materials
could be stored in soils as a means of carbon sequestration for
hundreds and perhaps thousands of years. The longest lifetime of
biochar material that has been reported with scientific evidence is
about 38 000 years, according to the carbon isotope dating of
a prehistoric Cro-Magnon man’s charcoal painting discovered in
the Grotte Chauvet cave.12,29 The black carbon in a ‘‘Terra Preta’’
soil at the Acutuba site has been dated to be about 6850 years
old.30 At the Jaguariuna soil site in Brazil, some high abundance
of charcoal found in the summit soil was dated to occur about
9000 years ago.31 These carbon-isotope dating results all indicate
how stable and permanent the biochar carbon sequestration can
be. Through a 14C labeling study, the mean residence time of
pyrogenic carbon in soils has now been estimated in the range of
millennia.32 As recently commented by Lehman,9 although the
precise duration of biochar-storage lifetime is still debatable, ‘‘it
would be considered a long-term sink for the purposes of
reducing carbon dioxide emissions’’ whether biochar can remain
in soils for hundreds or thousands of years.
The capacity of carbon sequestration by application of biochar
fertilizer in soils could be quite significant since the technology
could potentially be applied in many land areas including croplands, grasslands and also a fraction of forestlands. The
maximum capacity of carbon sequestration through biochar soil
amendment in croplands alone is estimated to be about 428 GtC
for the world (Table 2). This capacity is estimated according to:
(a) the maximal amount of biochar carbon that could be
cumulatively placed into soil while still beneficial to soil environment and plant growth; and (b) the arable land area that the
technology could potentially be applied through biochar agricultural practice.
Using charcoal collected from a wildfire, Gundale and DeLuca
(2007) recently showed that amount of charcoal that can be
applied can be as much as 10% of the weight of soil to increase
This journal is ª The Royal Society of Chemistry 2010

Table 2 Calculated capacity of biochar carbon sequestration in world
agricultural soils

World region

Arable landa/
million hectares

Estimated capacity
(GtC) of biochar
carbon storage in soilb

North America
Europe
Asia
Africa
Oceania
Central America/Caribbean
South America
Total

215.5
277.5
504.5
219.2
45.6
36.2
112.5
1411

65.5
84.3
153.3
66.6
13.9
10.9
34.2
428.7

a

Arable land area (1 hectare ¼ 2.47 acres) from the 2007 database of the
Food and Agriculture Organization of The United Nations: http://
faostat.fao.org/site/377/default.aspx#ancor. b Calculated based on the
theoretical biochar carbon (C) storage capacity of 303.8 ton C per
hectare for the first 30 cm soil layer alone, assuming average soil
density of 1.3 tons per m3, maximally 10% biochar by soil weight, and
biochar material containing about 70% (wt) of its mass as the stable
carbon (C).

plant Koeleria macrantha biomass growth without negative
effect.33 The composition of a biochar material depends on its
source biomass material and pyrolysis conditions. Typically,
biochar material produced from low-temperature (about 400  C)
pyrolysis contains about 70% (wt) of its mass as the stable carbon
(C) and the remainder as ash content, oxides and residual
degradable carbon (such as bio-oil residue). The density of bulk
soil is typically about 1.3 tons per m3. With this preliminary
knowledge, we calculated that the maximum theoretical biochar
sequestration capacity is about 303.8 ton C per hectare
(1 hectare ¼ 2.47 acres; 123 ton C per acre) in a 30 cm soil layer
alone. Accordingly, about 51.6 GtC of biochar particles could be
sequestered in the first 30 cm layer of US cropland (170 million
hectares) soil alone.
Table 2 lists the world’s regional cropland areas and their
estimated capacities to store biochar carbon in the soils of
croplands. The worldwide potential capacity for storing biochar
carbon in agricultural soils (1411 million hectares) was estimated
to be 428 GtC. This estimate (428 GtC), which is somewhat
higher than that (224 GtC) estimated by Lehman et al.,34 probably represents an upper limit value. The maximal amounts of
biochar carbon that could be cumulatively placed into soil while
still beneficial to soil environment and plant growth are probably
dependent on a number of factors including the specific biochar
properties, topography, soil type, weather, and plant species.
Worldwide biochar soil field tests are needed to obtain more
accurate information on the capacity of biochar carbon sequestration in soils.
Table 3 lists the world’s capacity of biochar carbon sequestration in soils of all possible applicable lands. The world’s total
land areas are 13 000 million hectares,35 which consist of 1411
million hectares of croplands, 1250 million hectares of temperate
grasslands, 3937 million hectares of forestlands, and 6402 million
hectares of others lands. In principle, in addition to the soils of
croplands, it is also possible to apply biochar materials in soils
of other lands including grasslands and probably also a fraction
of forestlands. A maximum theoretical biochar sequestration of
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Table 3 Calculated world capacity of biochar carbon sequestration in
all possible land soils

Applicable
world lands

Land areaa/million
hectares

Estimated capacity
(GtC) of biochar carbon
storage in soilb

Croplands
Temperate grasslands
30% Forest lands
Total

1411
1250
1181
3842

428
380
358
1166

a
Land area from the 2007 database of the Food and Agriculture
Organization of The United Nations: http://faostat.fao.org/site/377/
default.aspx#ancor. b Calculated based on the maximal biochar carbon
(C) storage of 303.8 ton C per hectare for the first 30 cm soil layer
alone, assuming average soil density of 1.3 tons per m3, maximally 10%
biochar by soil weight, and biochar material containing about 70% (wt)
of its mass as the stable carbon (C).

303.8 ton C per hectare would calculate to 380 GtC globally for
the 1250 million hectares of temperate grasslands. There are 3937
million hectares of forestlands in the world. If the forestlands
could also be used to sequestrate biochar carbon, the capacity of
biochar storage in the 3937 million hectares of forest soils would
be 1196 GtC. If the entire world land areas could contribute to
biochar carbon sequestration on average of 303.8 ton C per
hectare, the global theoretical capacity for soil biochar carbon
sequestration in all the lands would be 3950 GtC, which would be
about sufficient to mitigate the additional carbon (4000 Gt) that
is expected to be released from the burning of the remaining fossil
fuel resources.4 However, for various reasons, not all the world
land areas could necessarily be used for biochar soil application.
Of the total land area on Earth, cropland accounts for about 11
percent, pastureland 27 percent, forested land 32 percent, and
urban lands 9 percent. Most of the remaining 21 percent is
unsuitable for crops, pasture, and/or forests because the soil is
too infertile or shallow to support plant growth, or the climate
and region are too cold, dry, steep, stony, or wet. At this point, it
is probably reasonable to assume that only a fraction (about
30%?) of the world lands could be considered for using this
technology in the 21st century, which would theoretically translate to a potential soil biochar carbon sequestration capacity of
about 1166 GtC for the world consisting of the following:
croplands (potential capacity: 428 GtC), grasslands (380 GtC),
and a fraction (30%?) of forest lands (1196 GtC  30% ¼ 358
GtC). More studies are needed to fully determine the total
potential capacity of soil biochar carbon sequestration for the
various lands in the world.
Biochar carbon sequestration in soil actually also occurs
naturally in the Earth’s carbon cycle, in which some biochar
generated from forest and grassland fires enters the soil.36 Certain
agricultural use and effect of biochar were noted in an American
Agriculture handbook more than 160 years ago.37 The recently
discovered terra preta do Indio38 probably represents the best
scientifically investigated prehistorical man-made soils with high
concentrations of carbon, which provide an excellent ‘‘living’’
demonstration that biochar carbon can be sequestrated in soils
for thousands of years with beneficial effects to soil fertility.39
Some of the farmers in certain parts of Asia including China and
Japan40,41 also have a tradition to place ashes and char powders
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(often collected from chimneys of biomass-burning stoves and
conventional charcoal-producing kilns) into soils to grow crops
including rice, wheat, corn, sweet potatoes, and vegetables. With
proper technical guidance and policy incentives, the envisioned
application of biochar for both soil amendment and carbon
sequestration could be quickly accepted around the world,
especially since some of the population is probably somewhat
familiar with this approach. Therefore, research for possible
implementation of biochar sequestration in soils of croplands,
grassland, and a marginal portion of forestlands should be
initiated now. Trial application of biochar fertilizer in agricultural soil is a logical place to start. As shown in Table 2, the
agricultural soils in all the world regions could contribute to
biochar sequestration. There are possibilities that application of
biochar might enhance certain soil–microbial activities including
the glomalin producer arbuscular mycorrhizal fungi,42 found
living on plant roots around the world.43 Glomalin has recently
been reported as a highly stable glycoprotein that permeates
organic matter, binding it to silt, sand, and clay particles. This
super ‘‘soil glue’’ was believed to represent a third of the world’s
stored soil carbon.44 Not only does glomalin contain 30 to 40
percent carbon, but it also forms clumps of soil granules called
aggregates that add structure to soil and keep other stored soil
carbon from escaping. Therefore, soil pot studies and field trials
of the biochar application in relation to soil fertility, and carbon
sequestration are needed in all of these world regions to further
demonstrate its feasibility.

Creation of biochar storage reservoirs as a possible
global carbon thermostat
One option is to create large biochar reserves for long-term
carbon storage. That is, to place large amounts of pure biochar
materials produced from biomass pyrolysis into long-term
storage places underground and/or above ground such as in used
mines, landfills, and/or even at sea. This option is probably also
essential in the long term, because the capacity (428 GtC) for
storing biochar carbon into agricultural soils alone is not enough
to take care of all the CO2 emissions (4000 GtC) that are expected
to be released from the burning of the remaining fossil fuel
resources on Earth.4 Even if other lands including grasslands and
a part of forestlands are considered, the total capacity of biochar
sequestration in soils is probably limited to about 1166 GtC
because not all the lands in the world could necessarily be used
for biochar soil application for various reasons.
On the other hand, the capacity of carbon sequestration by
putting concentrated biochar materials into underground and/or
above ground reservoirs in a distributed manner can be limitless
with the possibility of matching up or even exceeding the
required capacity of 4000 GtC to offset all the additional CO2
emissions (4000 GtC) that are expected to be released from the
burning of the remaining fossil fuel resources. Since the capacity
of biochar storage reservoirs could be so large, the envisioned
photosynthetic biomass production and biofuel/biocharproducing biomass-pyrolysis approach (Fig. 1) could be used for
many years to reduce the atmospheric CO2 concentrations to any
desired levels if the world population is mobilized to implement
the approach. With this approach, it is possible not only to stop
but also to reverse the trend of global warming if needed. That is,
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with this ‘‘carbon-negative’’ technology concept in conjunction
with other energy technologies, it is possible to build a sustainable future for the human civilization on Earth.
Another advantage of this biochar storage option is that it is
possible to recover the concentrated biochar materials from the
reservoirs later when needed for use of its energy by combustion.
This is different from the application of biochar as a soil
amendment where biochar particles are mixed with soil particles
in such a diluted manner (such as 10% by soil weight) that
recovering of biochar materials from the mixed soils would be
very difficult. The biochar materials in storage reservoirs are
preferably in a pure and concentrated form so that they could be
readily retrieved at any time when needed for use. Consequently,
global use of biochar reservoirs in a regulated manner could
provide a possible mechanism to control the atmospheric CO2
concentrations in a desirable manner. Therefore, this long-term
biochar storage option could probably provide a global carbon
‘‘thermostat’’ mechanism in protecting the human civilization
from the greenhouse-gas associated climate change on the planet
Earth.

Summary of future R&D opportunities
Smokeless biomass pyrolysis for producing biofuels and biochar
is a potentially revolutionary arsenal for global carbon capture
and sequestration at GtC scales. Currently, the world could
annually harvest more than 6.5 GtC y1of biomass. The 6.5 GtC
y1 of biomass could be converted to biochar (3.25 GtC y1) and
biofuels including syngas/bio-oils (with a heating value equivalent to that of at least 6500 million barrels of crude oil), which
could help achieve energy independence from fossil fuels.
Pyrolysis vapors can be burned directly as fuel for integrated
heat and power production and can be combusted in existing
boilers to produce heat, steam and electricity. Pyrolysis vapors
excluding the non-condensable gases, can be condensed to form
bio-oil which is a complex mixture of oxygenated hydrocarbons
and water that can be used as low grade heating fuel. The heating
value of bio-oil is about 40% to 50% of that for petroleum-based
fuels45 and about 60% of ethanol,46 but has a higher energy
density to compensate for the lower heating value.47 Bio-oil can
be refined to be used as a source of chemical feedstock for
gasoline, and can be added to petroleum refinery feedstock or
combusted in raw form.48 Biomass pyrolysis allows biomass to be
processed at dispersed locations where feedstocks are generated
and bio-oil can be transported to a central refinery or power
plant. Due to its high density, bio-oil is much more economical to
transport than either biomass or hydrogen.49
Utilizing steam reforming, pyrolysis vapors can be converted
to a syngas consisting of over 50% hydrogen, plus CO, CO2, and
small amounts of methane, which is a clean burning, mid BTU
fuel, similar to natural gas.49 This can be combusted in existing
engines, generators, boilers, and turbines to produce heat, steam
and electricity. Syngas is also suitable as a cooking fuel and can
substitute for propane or natural gas in uses such as home
heating. Hydrogen from syngas can be suitable for use in
production of ammonia fertilizers. The current largest use of
hydrogen in the world today is for the production of ammonia.
Utilizing pyrolysis to generate hydrogen could replace natural
gas as the primary feedstock required to manufacture ammonia
This journal is ª The Royal Society of Chemistry 2010

based fertilizers. The production of ammonia using natural gas
emits carbon dioxide into the atmosphere representing an
opportunity to further reduce anthropogenic CO2 emissions. It is
also possible to catalytically convert the biomass-derived syngas
into liquid transportation fuels through the Fischer–Tropsch
synthesis of hydrocarbons.50–52 However, so far, there is very
little progress on large-scale pyrolysis/gasification involving
biomass and there are significant hurdles here as in the conversion of pyrolysis oil to fuel. Large scale biomass to hydrocarbons
via gasification on Fischer–Tropsch synthesis of hydrocarbons
still has many significant technical issues to be resolved also.
Because biochar is mostly not digestible to microorganisms,
a biochar-based soil amendment could serve as a permanent
carbon-sequestration agent in soils/subsoil earth layers for
thousands of years. By storing 3.25 GtC y1 of biochar into soil
and/or underground reservoirs alone, it would offset the world’s
8.67 GtC y1 of fossil fuel CO2 emissions by 38%. The worldwide
maximum capacity for storing biochar carbon into agricultural
soils (1411 million hectares) is estimated to be about 428 GtC.
However, this technology concept is still in its early developing
stage. Much more research and development work is needed
before this approach could be considered for practical implementation.
To achieve the mission of biomass pyrolysis for energy
production and carbon sequestration, a number of technical
issues still need to be addressed. First, as mentioned before, the
process technology must be smokeless (clean and effective) to
avoid negative impact on air quality for such a large (GtC) scale
operation. In other words, it is essential to fully develop
a smokeless biomass-pyrolysis process to achieve the mission. A
lifecycle energy and environmental health analysis including
toxicology and ecology studies must also be carefully conducted
to fully evaluate the potential benefits and possible risks.
Second, there are significant R&D opportunities to improve
biofuel and biochar products. For example, more research is
needed to further balance the biochar cation exchange capacity,
volatile gradient within appropriate sized biochar particle and
optimal micro/nanostructures for localized microbial interaction. There are many factors to understand about this natural
process which can leverage the stable carbon biochar products as
a soil amendment and carbon sequestration agent. Meanwhile,
more studies are also needed on how to best utilize the biofuels
(the bio-oils and syngas) co-produced from the biomass pyrolysis
process. It is possible to convert the liquid bio-oils by different
refinery processes into biodiesel for use as a transportation fuel.
It is also possible to convert the syngas into hydrogen, electricity,
or liquid fuels. However, since most require expensive catalysts
and/or processing operations, other viable options (such as using
bio-oils as a heating oil and non-catalytic fuel production)
remain to be examined to determine trade-off between energy
efficiency and costs.
Third, the maximum capacity of carbon sequestration through
biochar soil amendment in world agricultural soils (1411 million
hectares) is estimated to be about 428 GtC. To verify this
potential capacity and demonstrate its feasibility, soil pot studies
and field trials of biochar applications in relation to soil fertility
and carbon sequestration are needed in all of the world regions.
For the immediate future, biochar should be used to revitalize
barren degraded land. This will improve the world’s capacity for
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growing biomass thus naturally removing more CO2 from the
atmosphere.
Another aspect is on the question whether it is possible to
provide a global carbon ‘‘thermostat’’ mechanism by creating
biochar carbon energy storage reserves. This is also a question
whether it is possible to mitigate all the additional CO2 emissions
(4000 GtC) that are expected to be released from the burning of
the remaining fossil fuel resources on Earth by creating large
reservoirs underground and/or above ground for any biochar not
immediately used for soil restoration. Since the capacity of biochar storage reservoirs underground and/or above ground could
be so large (limitless), the envisioned photosynthetic biomass
production and biochar-producing biomass-pyrolysis energyproduction approach (Fig. 1) could be used for many years to
reduce the atmospheric CO2 concentrations to any desired levels
with a flexibility to recover the concentrated biochar materials
from the reservoirs later when needed for use of its energy by
combustion. Consequently, global use of biochar reservoirs in
a regulated manner could provide a possible mechanism to
control the atmospheric CO2 concentrations in a desirable
manner as well. These aspects of biochar carbon and energy
storage also merit further studies.
As a conclusion, this smokeless biomass-pyrolysis ‘‘carbonnegative’’ energy-production approach merits a major program
support for serious research and development worldwide. With
further research and development, this approach could provide
more efficient and cleaner biomass pyrolysis technology for
producing biofuels and biochar from biomass as a significant
arsenal to help achieve independence from fossil energy and to
control global warming for a sustainable future on Earth.
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