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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 y ' of
biomass. The 6.5 GtC y~' of biomass could be converted to biochar (3.25 GtC y~') 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 carbon-
sequestration agent in soils/subsoil earth layers for thousands of years. By storing 3.25 GtC y~' of
biochar (equivalent to 11.9 Gt of CO, per year) into soil and/or underground reservoirs alone, it would
offset the world’s 8.67 GtC y ' of fossil fuel CO, 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 CO, 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 CO, concentration has increased from 280 ppm in
the 1700s to 380 ppm in 2005 at a progressively faster rate
because of: (i) CO, emissions from fossil-fuel use; and (ii) the
CO, 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.> With the
CO, emission from land-use change (1.5 GtC y~') remaining
nearly steady, the CO, emissions from fossil-fuel use have been
rapidly growing and it reached 7.9 gigatons of carbon (GtC)
y~'in 2005. The growth rate of CO, emissions from fossil-fuel
use had increased from 1.1% y~' for 1990-1999 to >3% y' 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 y'of biomass. The 6.5 GtC y'of
biomass could be converted to biochar (3.25 GtC y!) 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 y ' of biochar (equivalent to 11.9
Gt of CO,) into soil and/or underground reservoirs alone, it would offset the world’s 8.67 GtC y~! of fossil fuel CO, 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.
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2000-2004." The latest data from US Department of Energy’s
Carbon Dioxide Information Analysis Center at Oak Ridge
National Laboratory show: the CO, emissions from fossil-fuel
use in 2008 reached 8.67 GtC y'; and the atmospheric CO,
concentration increased to 385 ppm, which represents accumu-
lation of about 3007 gigatons of CO, (equivalent to 8§20 GtC) in
the atmosphere.?

Therefore, the world currently faces a systematic problem of
increased CO, 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 CO, 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 indus-
trialized nations within the next 50-100 years.* Improvement on
energy efficiency alone clearly could not achieve such a target.
Huesemann (2006) also stated, large amounts of CO, can
potentially be removed from the atmosphere via sequestration in
geologic formations and oceans, but that type of CO, storage is
not necessarily permanent and is likely to create many unpre-
dictable 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 repor-
ted with a special devoted section and a review article.’ 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 approach®® 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 “carbon-
negative” energy approach

As illustrated in Fig. 1 and 2, photosynthesis captures more CO,
from the atmosphere than any other process on Earth. Each year,
land-based green plants capture about 440 gigatons (Gt) CO,
(equivalent to 120 Gt C y~!) from the atmosphere into biomass.'®
That is, about one-seventh of all the CO, 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 CO,. Because of respiration and biomass decomposition,
there is nearly equal amount of CO, (about 120 GtC y~!) released
from the terrestrial biomass system back into the atmosphere
each year.' 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
y~ ') into a stable biomass carbon material such as biochar would
be sufficient to offset the entire amount (nearly 8.67 GtC y ') of
CO, 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 carbon-
sequestration 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 + H,O + bio-oils + syngas

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,® 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.'> With certain refinery process, the organic
volatiles (bio-oils) and syngas (CO, CO,, and H,, etc.) from
biomass pyrolysis could be used as biofuels for clean energy
production.® 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, low-
temperature 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.'?
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 study®? 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 pyro-
lyzer. 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% H, (6.66 kg), 18.3% CO, (55.9 kg), 2.7%
CH, (3.00 kg), 13.7% CO (26.6 kg), and 17.7% N, (34.4 kg). The
significant amount of nitrogen in the syngas was due to the N,
used to purge the lines for the sensor equipment and for pres-
suring 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 tech-
niques, 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 essen-
tially employs the existing natural green-plant photosynthesis on
the planet as the first step to capture CO, 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 CO; from the atmosphere since the total process
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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 CO, arrow pointing from the top, photosynthetic biomass production on Earth
(center) is the biggest process that can take CO, from the atmosphere. Biomass pyrolysis (upper left) could produce biochar and biofuels (such as H,),
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(bottom right) as “global carbon thermostat” to control global warming.

capturing CO, 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 produc-
tion 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.'* If this amount of
biomass (1.3 Gt y ') is processed through controlled low-
temperature 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 y ')
and biofuels (with heating value equivalent to that of 1300

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 Depart-
ment 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/bio-
oils 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
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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, appli-
cation of the 0.325 GtC y'of biochar products as soil amend-
ment 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 y ! since dry biomass typically contains approximately 50%
C by mass. If this amount of biomass (6.5 GtC y') is processed
through low-temperature pyrolysis, it would produce 3.25 GtC
y~! 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 y~!
of biochar (equivalent to 11.9 Gt of CO, per year) into soil and/
or underground reservoirs alone, it would offset the 8.67 GtC y !
of fossil fuel CO, emissions by about 38%, which probably
represents the upper limit of the capacity.

For the immediate future, application of this biochar-
producing 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.'® Development and deployment
of the smokeless biomass pyrolysis technology could turn this
type of waste biomass into valuable biochar and biofuel prod-
ucts. Even if assuming that only half amount of this waste
biomass is utilized by this approach, it would produce 0.825 GtC
y~! 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 y ! of biochar (equivalent to 3 Gt of CO, per year)
into soil and/or underground reservoirs alone, it could offset the
world’s 8.67 GtC y~! of fossil fuel CO, emissions by 9.5%, which
is still very significant. According to a recent life-cycle assess-
ment,’s 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 CO, emissions (per
ton of dry biomass). The life-cycle assessment also indicated that
the biochar-producing biomass pyrolysis technology could be
operated profitably when CO, emission reductions are valued at
or above about $60 per ton of CO, 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.'”
“Slash and char” is a practice to make charcoal from biomass by
use of conventional charcoal kilns,'”*® 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 CO, emissions in comparison with the carbon fluxes of the terrestrial biomass system

Amount of CO,; captured by land-
based green plants into primary
photosynthetic products

World CO, emissions from fossil-
fuel use

Percentage of terrestrial
photosynthetic products needed to
be converted into a stable form to
offset the world fossil-fuel CO,
emissions

Amount of CO, 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 About 7.2%

This journal is © The Royal Society of Chemistry 2010
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