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Introduction and Abstract
Carbon dioxide (CO2) emissions from fossil fuel combustion directly contribute to ris ing atmospheric CO2 levels, which in
turn are likely linked to global climate change. The need for efficient and economical technologies to rapidly sequester point
source production of carbon dioxide has become both an urgent and widespread technical need. The significant adoption of
any mitigation technology requires a measurable return to end-users. An example is coupling enhanced oil recovery (EOR)
with deep well injection of CO2, though to be economically viable, the carbon dioxide source must be co-located with the oil
fields. We propose an integrated sequestration approach in which agricultural waste products are used to produce hydrogen, a
renewable fuel, and a carbon sequestering soil amendment (char) as a valuable co-product. The dual function char,
derivitized with ammonium bicarbonate (2NH4 HCO3 ) (“ABC”) obtained from treating power plant CO2 emissions, acts both
as an enriched carbon, organic slow release fertilizer and a long-lived carbon storage medium in soils or ECOSS™.

This project had the following objectives:

?To verify a hydrogen co-product could be produced that would offer sufficient value for high volume application
?Test a simply production process that would allow the co-product to be produced from the exhaust of fossil fuel
combustion,
?Analyze the material for characteristics needed of a large volume co-product.

The ammonium bicarbonate technology, developed through the collaboration of Oak Ridge National Laboratory (ORNL), the
National Renewable Energy Laboratory (NREL) and Eprida Scientific Carbons, Inc. (E-SCI), operates at ambient temperature
and pressure and does not require carbon dioxide separation or energy intensive compression. Chars generated from
agricultural waste pyrolysis have been derivitized with the ammonium bicarbonate. This research provides results that point
toward the utilization as a time-release fertilizer while concurrently sequestering stable charcoal in soils and producing an
excess of hydrogen. This hydrogen manufacturing and sequestration strategy utilizes the largest existing market for hydrogen
(i.e. the production of fertilizer) and leverages the existing farm fertilizer infrastructure to restore soil carbon lost by erosion
and extensive tillage. An ancillary benefit of this process is the accrual of carbon credits from capturing power plant
emissions, producing a long-lived carbon soil amendment, and enhancing plant growth. If this integrated strategy ultimately
proves successful, then the agricultural sector can play an inte gral role in developing the hydrogen economy and restore soil
carbon, sequestering vast amounts of carbon, while increasing available nitrogen and sustained natural sequestration will
occur through enhanced plant growth. Implementation could allow hydrogen production to work synergistically with fossil
fuel emission reductions. A global economic stimulus is possible through profitable sequestration, increased farm
productivity, local energy production, rural income opportunities, small business development and offer hope for a positive
and sustainable future.
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Step 1. Hydrogen Production Leveraging Photosynthesis
Extract Hydrogen From Organic Matter

Catalytic Steam
Reforming
60% H2
20% CO2
7% CO
3% CH4

100-Hour Field Demonstration of
Hydrogen From Biomass Catalytic Steam
Reforming (August 2002)

Plus 20% (by weight) Charcoal

But why produce charcoal?
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Step 2: Evaluation of Charcoal as a Sequestration Media and
Carrier for Plant Nutrients
A Valuable Co-Product?
We began to investigate the use of the material as a soil amendment and nutrient
carrier after employees mentioned that a mound of char, used to supply char for
start-up operations was covered in vegetation and more specifically turnips.
Someone had tossed some turnip seeds, on the two year old, chest high, char pile.
It was comprised only of char with no soil, yet on plants completely covered the
mound. The plants appeared healthy with roots that enveloped each char particle.
The turnips, unfortunately could not be inspected as they already had been eaten,
but it was reported they were “Good!”.

The
missing
turnips

Charcoal Background
? Forest fires have been sequestering carbon in the
soil in as charcoal for billions of years
? The half-life of charcoal in the soil is measured in
1000’s of years (Skjemstad)
? Charcoal even in weathering environments can be
found as old as 11,000 years old (Gavin)
Charcoal is a natural part of all soil carbon content

Carbon in the Soil
?Char is a pyrogenic carbon, often lumped under the classification of black carbon
? Black carbon is a term widely used for soot, an amorphous residue of combustion and a
contributor to global warming. Char is not soot.
? Char found in soils from forest and range fires has a carbon framework remaining after
the pyrolysis of volatile organics.
? Charcoal has proven itself with over 2000 years of testing as a soil amendment in terra
preta soils.

The Terra Preta Soil Experiment,
2000 Years Old
Terra Preta refers to black high carbon (9%) earth-like anthropogenic soil with
enhanced fertility due to high levels of soil organic matter (SOM) and nutrients
such as nitrogen, phosphorus, potassium, and calcium. Terra Preta soils occur
in small patches averaging 20 ha. These man-made soils are found in the
Brazilian Amazon basin, also in Western Africa and in the savannas of South
Africa. C14 dating the sites back to between 800 BC and 500 AD. Terra Preta
soils are very popular with the local farmers and are used especially to produce
cash crops such as papaya and mango, which grow about three times as rapid
as on surrounding infertile soils.
(Map reprinted by permission: Steiner, 2002)
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Current Research

The images above were provided for this poster by Christoph
Steiner, who has been recreating Terra Preta soils in Brazil since
1999.
•Amount of applied organic matter (25% increase of Corg in
0-10 cm
• Increased the soil C content ~ 0.75%
•Applied Charcoal 11 t / ha
•Mineral fertilizer: N (30), P (35), K (50), lime (2100 kg/ha)
International Workshop on Anthropogenic Terra Preta Soils,
(July 2002 Brazil)

Pyrogenic Carbon Benefits
•

Terra Preta soils contain 15-60 Mg/ha C in 0-0.3m but 1-3Mg/ha may be
sufficient to enhance plant growth (GLASER et al.)

•

Surface oxidation increased cation exchange capacity (GLASER)

•

Char decreased leaching significantly (LEHMANN)

•

Char traps nutrients and supports microbial growth (Pietikainen)

•

Char increased available water capacity by more than 18% than
surrounding soils (GLASER)

•

Char experiments have shown up to 266% more biomass growth
(STEINER) and 324% (Kishimoto and Sugiura)

Characteristics of an Optimized Pyrogenic Fertilizer
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Low leaching rates
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2.

Leaching Examination of Different Chars
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A source for microbial
energy

pH

1.

100ml Rinse - Char Sample 20.0g

Intra-particle volatile fatty acids deposits (Runkle et al.) occurring inside exothermic zone of pyrolysis are an
excellent microbial energy source (Westjohn et al.) for processing nitrogen compounds. We speculated that near the
dew point temperature a suitable material might require no outside fuel.
Leaching experiments were conducted of materials from different temperatures. Crushed and sieved (US #30
mesh), 20g samples was soaked for 5 minutes in 48% NH 4 NO 3 solution and allowed to dry for 24 hours. Samples
were leached with 100 ml rinses ( 8.0 pH). The 400C sample displayed very low leaching rates and was chosen as a
starting material.
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Step
Process
Step
3: 3:
Process
MapMap
An additional benefit of the process is its ability
to combine with SOx and NOx from fossil fuel
exhaust. Both of the molecules are scrubbed
from the exhaust to form value added nutrients.

Process Flow : H2 Production w/ECOSS (Patent Pending)
Forest Residue / Energy Crops
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Multistage Release
ECOSS Fertilizer

Step 4:
4: Bench
Bench
Step
Scale Reactor
50 kg of char was prepared at 400C.
After initial heat up, no additional heat
was added and the pyrolysis unit ran
exothermically. The high temperature
rotary value discharged the char into a
closed container where it cooled. The
granular material was ground and
sieved to a uniform particle range. (2030 US Mesh)

The reactor was fed powdered char, ammonia (saturated
with water), and CO2. A variable speed rotor suspended the
particles and as the ammonia and CO2 derivitized
ammonium bicarbonate, they would gain mass and move
down the cyclone until reaching the discharge cyclone. The
speed of the rotor controlled average residency time. The
sand like material formed within 5-15 minutes and the
larger granules (Nitrogen >10%) between 15-30 minutes.

Step 5:
Analysis

The exterior images show the visible build
up on the outside of the particles. After
crushing a particle, the formation of the
ammonium bicarbonate inside the fractures
and interior cavities can be clearly identified.

Exterior
Formation of ABC in
Fractures

Char

Sand like

Granular

Slow Release
Mechanisms

Volcano like
Structures
around pores

Exterior Buildup as Expected

Sizable Interior Cavities

Interior View 422x
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The SEM to the left is of the sand like material
and was taken of the crushed interior. The
charred carbon framework of the plant cell
structure is visible, appearing like plastic. The
volatile organics inside this char provide the
needed energy source for microbial action. The
ammonium bicarbonate appears as cotton-like
fibers.

Interior Image (Sand Like - 2000X)

Charred
Plant
Framework

The image below shows ammonium
bicarbonate has filled the interior of the
large granular particles.

ABC Deposits

Granular Interior – 1000X

Step 6: Potential Impacts Evaluation
Carbon Dioxide per Million BTU
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Current energy use ~400Ej/yr (Lysen) and CO2 is increasing by 6.1 Gt/yr
(IPCC). Each 1.0 MBTU H2/ECOSS represents 91kg (as measured, not
calculated) of sequestered CO2, then 6.1Gt/91kg equals 0.07Ej or 0.01.8% of
the current world consumption of energy.
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Conclusions
Material Balance and Production Limits (Energy is not the limiting factor) At theoretical
maximum H2 –CO2 conversion there would only be enough CO2 to convert 61% of H2 to
ABC and since our target nitrogen content for the pyrogenic carbon is 10%, (requiring 45%
carbon by weight), our limit becomes the 20% carbon char (wt. 12) vs the 56% of ABC
(mol.wt. 79). The limit is therefore the carbon char as a carrier utilizing only 27% of available hydrogen but sequestering 91kg of carbon dioxide (as measured experimentally) per
million BTU of hydrogen utilized for energy. In addition, there is more than 91kg when the
carbon sequestered in the form of additional plant growth and CO2 equivalents from reduced
greenhouse gas emissions from lower power plant and fertilizer NOx release.
?

Hydrogen and carbon sequestration can be economically combined.

?

Production of a valuable sequestering co-product during hydrogen production has a

potentially large volume application
?

The material displays characteristics which will reduce nutrient leaching and loss

?

Production of a nutrient inside carbon pores for physical slow release mechanism possi-

bly enhancing plant uptake and reducing fertilizer GHG emissions.
?

Physical micro pore structure offers safe haven for enhanced microbial activity and in-

creased soil fertility
?

Intra-particle deposition of volatile fatty acids offer microbial energy source and enhance-

ment of nitrogen compound processing.
?

Increased cation exchange and water holding capacity provide better plant-soil efficien-

cies.
?

Provides a stable sequestration method where existing fertilizer business infrastructure

can profit
?

Offers forestry and agriculture a method to enhance carbon sequestration and fiber/crop

yields
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