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Introduction: A Sustainable Carbon Sink With Hydrogen
Production
The increasing anthropogenic CO2 emissions and possible global
warming have challenged the United States and other countries to
find new and better ways to meet the world’s increasing needs for
energy while, at the same time, reducing greenhouse gas emissions.
The need for sustainable energy with little greenhouse gas emissions
has lead to demonstration work in the production of hydrogen from
biomass through steam reforming of pyrolysis gas and pyrolysis
liquids. Our research to date has demonstrated the ability to produce
hydrogen from biomass under stable conditions (Day 2002).[1] Future
large-scale renewable hydrogen production using non-oxidative
technologies will generate co-products in the form of a solid
sequestered carbon. This char and carbon (“C”) material represent a
form of sequestered C that decomposes extremely slowly (Gavin et
al, 2003) [2] and retaining the bio-capture CO2 for centuries. The
limitation of the use of this form of carbon is a profit centric use. It
was apparent that additional value needed to be added to this material
that would justify large-scale handling and usage. In 1990s, C in the
form of CO2, accumulated at rates ranging from 1.9 to 6.0 Pg C/yr
and increasing CO2 levels by 0.9 to 2.8 ppm/yr.(IPCC 2001) [3]. The
volume of waste and unused biomass economically available in the
United States is over 314 gigatons per year (Walsh et al, 1999) [4].
Sequestering a small percentage as valued added carbon could
significantly reduce the atmospheric loading of CO2 while
simultaneously producing hydrogen. Normally hydrogen is referred
to as a zero emissions fuel, however from life cycle perspective it can
be viewed as a negative emissions fuel. In order to accomplish this
economically, the sequestered C must have a very large and
beneficial application such as use as a soil amendment and/or
fertilizer. The concept of utilizing charcoal as a soil amendment is
not new. Charcoal used as a component in many commercial soil
amendments. Man-made sites of charcoal rich soils intermingled
with pottery shards and human artifacts have been identified covering
50,000 hectares of the Central Amazon rainforest each averaging
20ha and the largest at 350ha (Glaser et.al, 2001). [5] The radiocarbon
dating of the sites have shown ages dating back 740–2,460 years BP

(Saldarriaga et al, 1986) [6] and 30% of the soil organic matter is
made up of pyrolytic black carbon which is 35 times higher than the
adjacent poorer quality soils (Oxisols)(Glaser et al, 1999) [7]. Most
terra preta sites are identified by their thick black layers of soil (4080cm) and some have been found in layers up to 2 meters thick
(Smith 1980) [8]. The mean total amounts of black carbon in terra
preta soils has been reported at 25±10 Mg ha –1 and 25±9 Mg ha –1
at 0–30 cm and 30–100 cm soil depths, respectively. This
corresponds to enrichment factor of 8±4 (P<0.05) and 73±28
(P<0.01) compared with surrounding soils at the same depths.(Glaser
1999). These soils are so rich and fertile that they are dug up and sold
as potting soil (Mann 2002) [9]. The current agricultural methods of
the Kayapó (an ancient people with little Europeans contact until the
19th century) has changed little and give evidence to the man-made
techniques (slow burning fields) for creation of this fertile and
sustainable method of agriculture which can be farmed intensively
for up to 11 years (Hecht et al, 1989) . [10] This ability to farm soils
without fertilization for many years is an anomaly in the rainforest.
Despite the abundance of rainforest growth, their red and yellow soils
are notoriously poor: weathered, highly acidic, and low in organic
matter and essential nutrients.
Experimental Project Description
The approach (Yeboah 2002) [11] in our research applies a pyrolysis
process that has been to produce charcoal like by-product and
synthetic gas (containing mainly H2, and CO2) from biomass, which
could come from both farm and forestry sources. In this novel
system (Day et al, 2002) [12], a portion of the hydrogen is used to
create ammonia where economical, or ammonia is purchased leaving
hydrogen for fuel utilization. The ammonia is then combined with
the char, H20 and CO2, at atmospheric pressure and ambient
temperature to form nitrogen enriched char. The char materials
produced in this process contains a significant amount of nondecomposable carbons such as the elementary carbons that can be
stored in soil as sequestered C. Furthermore, the carbon in the char is
in a partially activated state and is highly absorbent. Recent research
has shown that lower temperature charcoal produced at 500°C
adsorbed 95% of ammonia versus charcoal produced at 700°C and
1000°C, which had higher surface areas but only adsorbed 40%
(Asada 2002) [13]. The study noted that acidic functional groups such
as carboxyl were formed from lignin and cellulose at 400°C -500°C.
(Matsui 2000, Nishimaya 1998) [14,15]. Charcoals, regardless of
biological source, were found to form acidic functional groups at
these temperatures which will preferentially adsorb base compounds
such as ammonia and that the chemical adsorption plays the primary
role over surface area. This research points to the carbonization
conditions as a key ingredient in optimizing a charcoal as a nutrient
carrier and binding compound for ammonia. Thus when used as a
carrier for nitrogen compounds (such as NH4+, urea or ammonium
bicarbonate) and other plant nutrients, the char binding forms a slowrelease fertilizer that is ideal for green plant growth. A combined
NH4HCO3-char fertilizer is probably the best product that could
maximally enhance sequestration of C into soils while providing
slow-release nutrients for plant growth.
Research work has shown (Yelverton 1996) [16] that activated char
also provides the ability to capture farm chemical runoff. The
verification of this product’s capability as both a slow release
fertilizer and chemical sponge could lead to its use as an “Approved
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Management Practice” under the USDA Conservation Reserve
Program; a pollution prevention program that provides payment for
specific land management activities which reduce farm runoff
pollution. A flue gas scrubbing process (Lee et al, 2001), [17,18]
developed recently at Oak Ridge National Laboratory (ORNL)
allowed C to be sequestered from industrial greenhouse gas
emissions. This approach utilizes a chemical process, which can
directly capture greenhouse gas emissions at the smokestacks by
converting CO2, NOx, and SOx emissions into valuable fertilizers
(mainly NH4HCO3, ~98% and (NH4)2SO4 and NH4NO3, <2%).
These fertilizers can potentially enhance crop growth for
sequestration of CO2 into soil and subsoil layers, reduce NO3–
contamination of groundwater, and stimulate photosynthetic fixation
of CO2 from the atmosphere. As discussed above, the low
temperature charcoal forms surface acid groups, which allow
efficient binding of ammonia and provide a porous media for
nucleation of CO2. When used as a scrubbing agent with fossil fuel
exhaust, it creates a fertilizer-matrix with a commercially acceptable
amount of nitrogen and a high percentage of very stable C. In
addition, the inorganic carbon component (HCO3?) of the NH4HCO3
fertilizer is non-digestible to soil bacteria and thus can potentially be
stored in certain soil (ph > 7.9) and subsoil terrains as even more
sequestered C. This community-based solution operates as a closed
loop process, integrating C sequestration, pollutant removal, fertilizer
production, increased crop productivity and restoration of topsoil
through the return of carbon and trace minerals. The benefits of
producing a value added sequestering co-product from coal fired
power plants and other fossil energy producing operations, can help
bridge the transitions to clean energy systems that are in harmony
with the earth’s ecosystem (Lee et al, 2003). [19] The key step in this
technology is an NH3+CO2+H2O reaction system to form solid
NH4HCO3 process that can remove flue-gas CO2 emissions by
ammonia carbonation through out the porous physical matrix of
charcoal. An important benefit of this approach to the power industry
is that it does not require compressors or prior separation of the CO2.
The use of biomass in combination with fossil energy production, can
allow agriculture, and the agrochemical industry infrastructure to
assume a more holistic relationship of mutual support in helping each
meet Kyoto greenhouse gas reduction targets.
The goal of our research was the laboratory and pilot scale
demonstration of a slow release sequestering fertilizer, with
properties which could increase crop yields, soil carbon content,
water holding capacity, nutrient retention, cation exchange capacity
and microbial activity while decreasing farm chemical runoff,
nutrient leaching, and greenhouse gas emissions. The advantages of
an adsorbent charcoal provided many of the characteristics we
sought. An optimized porous structure with simple standard coatings
could hold a supply of nutrients and slowly release imbedded
nutrients continuously to the crops or forest during the growing
season was one of our first development goals.
Adding nutrients to soils does not mean that they become
immediately available for plant growth (Schleppi et al, 1999)[20].
Soluble nutrients can be leached from the soil, they can bind with
clay materials reducing availability, or escape through atmospheric
interactions. The first goal was to identify process parameters that
would produce a carbon material that could act as a nitrogen-nutrient
carrier and resist leaching. It appeared that charcoal addition from
even 2000 years ago is still providing significant soil fertility benefits

[21]

as farmers report up to three in research conducted on Brazilian
terra preta soils by Glaser, Lehman, Steiner, which included the
addition of charcoal to non terra preta soils (Wardle 1998) [22]. Figure
1 shows plant response of the Brazilian study. The left panel shows
the results of adding rice hull char to corn crop research field studies
conducted by the Food and Fertilizer Technology Center for the
Asian and Pacific Region in Taiwan (ICAF 2002). [23]

We first began our investigation by looking at charcoals made under
different process conditions. We had made a number of types of char
during a 100-hour hydrogen demonstration experiment conducted in
the summer of 2002 (Day 2002) [24]. The goal during the run was to
produce hydrogen with a co-product.

The co-product char was highly dependant on processing
conditions. The first 10 hours of our start up phase had significant
variations in operating conditions. The changes in gas flows, feed
rates and heat rates eventually smoothed out to stable run conditions
as we adjusted process parameters. However, these changes
in process gave us an opportunity to examine the materials that were
being made. After the run, we measured the density of each material
(Figure 2) stored in the sealed 55-gallon drums. Each barrel had been
labeled with a date and time so that we could match it up with the
corresponding production data. The physical measurements of
samples from each barrels char showed that three sets of charcoal
were produced. Most of the char was a low-density material produced
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during the long stabilized run conditions for the hydrogen
experiment. The high-density material represented only a small
portion of the total and due to multiple variations in process
conditions during that time pinpointing any specific set of parameters
proved difficult.
At this point, we decided to see if there were any attributes other than
density that made these three materials different. We ground 40
grams of each material to 30 mesh, making a small grainy powder
and then added two grams to 50ml water. In both the high and
medium density chars, the powders immediately sank to the bottom
of the flask. The low density floated and had to be stirred vigorously
before it sank. The higher temperature char easily adsorbed water.
We conducted bench scale experiments to reproduce these materials
under precise controls so we could accurately determine temperature
and conditions, which created the materials and the effects on the
performance of the material as a nutrient carrier. We produced 5
different chars, at different temperatures (900°C, 600°C, 500°C,
450°C and 400°C). A metal 560 ml stainless steel can with a press-in
top had a 6mm hole drilled in the lid. A 6.4 mm stainless tube 10cm
long was tapped in to fit firmly in the hole as an exhaust port. The
biomass samples (peanut hull pellets) were weighed and placed in the
can and the top sealed. A Thermolyne model 1400 box furnace was
preheated to each temperature for 10 minutes before the stainless
steel container was inserted. The exhaust tube was fed out through a
75 mm port in the back of the furnace. An external thermocouple
inserted into the free space between the can and the wall of the
furnace interior operated a separate controller to give precise control
of the temperature experienced by each sample. Within a few
minutes after placing the container in the furnace, the pyrolysis
vapors began to escape. At 10 min intervals, a 1.5 mm thermocouple
was inserted through the exhaust tube and a temperature of the
material taken directly. After several experiments, we were able to
gauge that until the high volatile gas evolution slowed, the readings
would not exceed 350°C in the material. Therefore, we changed our
method and began taking internal sample temperatures after the gas
flows had slowed to minimal amounts, generally around 370-380°C.
Once the temperature was within 50°C, the thermocouple would be
left in the sample. In each case, the samples were brought to the
target temperature for 1 minute.
After reaching the target temperature, we removed the container from
the furnace and turned it upside down on a smooth surface
metal table to cool. We found that the material still evolved some
CO2 and with the small tube, no oxygen can get to it until it had
cooled to a point where it will no longer oxidize. All our samples
were produced with this technique. Next the materials were ground
and sieved to a particle size less than 30 US mesh and greater than 45
US mesh and prepared 20.0-gram samples. We mixed an aqueous
solution of 48% NH4NO3 (ammonium nitrate). Each sample was
soaked for 5 minutes and then poured through cone filter paper and
allowed to air dry for 24 hours. We then poured rinses of 100 ml of
tap water (pH8) through the cone filter. The pH of each resulting
rinse was measured showing a decreasing pH commensurate with the
leaching rates of each material.
In these experiments, there was very little difference until the last
one. After three or four rinses, the materials would stabilize at the
pH 8 of the rinse material (Figure 3). The 400ºC char showed very
little change and it was only after the 9th rinse that it began to drop a

bit faster but even after 12 rinses it still had not stabilized. That
made the 400ºC chars a good candidate for further testing.

The material could be considered comparable to those that have been
made in a smoldering forest fire. Chars have been found to support
microbial communities.(Pietikäinen 1999) [25] The breakdown of
plant matter, the adsorption of these nutrients by a layer of char
below and a niche for microbes to grow, Pietikäinen suggests are the
reason for the success of microbial communities in char in her study.
However, char exposed to high temperature, as we have seen above,
may adsorb but may not provide the same levels of retention that
could offer a superior material for long term slow release of
nutrients.
If the hypothesis is that we want to adsorb, store (reduce leaching
effects) and provide a safe haven and an environment for microbial
communities to flourish, then an examination of the science of char
production may help.

An illustrative chart shows properties of char formation, which can
vary according to the composition of the originating biomass. In
Figure 4, the material is shown entering a phase from 280 to 500 oC
that is exothermic. Once started, it continues without additional
heat. If oxygen is present or if the material is left in its exothermic
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environment it will continue past the structural and chemical
reforming zone and become normal char. In certain temperature
ranges of pyrolysis, reactive low molecular weight products will
further react to form polycondensates (Runkel et al, 1951)[26], which
will eventually volatilize and leave the char as the temperature
increases. The deposition of condensables in a char bed is well
known and generally the issue has been how to keep these materials
from building up on downstream process. Our pyrolysis reactor was
designed and developed specifically for this reason. However, intraparticle condensation leads to increased char mass and a modification
of the surface structures. The deposition of these materials may
increase microbial activity. (Godsey 2001) [27]
Experimental Set-up and Results: SEM Investigation of a Low
Temperature Char
Figure 5 is a scanning electron microscope image (SEM) of the 400
o
C char. This picture is taken at 70x. As you can see in the bottom
right hand corner and the image below, the physical structure of the
cellulose material is apparent. The char particles are a hard carbon

char production, we selected 400 oC as the target temperature for the
char to reach before being discharged from our pyrolysis reactor.
The material was fed into the pre-heated reactor and the gases that
evolved were flared. No external heat source was needed and the
materials rapidly moved into an exothermic reaction. The continuous
process system was automatically fed material by a level indicator
and discharged into a nitrogen purged 55-gallon drum upon reaching
400 oC. The resulting char was cooled for 24 hours then fed through
a two-roll crusher and then sieved with a mechanized screen through
30 mesh and 45 mesh screens. The resulting fraction remaining
above the smaller screen was chosen as our starting material.

with more strength than the higher temperature chars, but grinds
easily. These particles are hydrophobic in nature and differ from char
made at high temperatures.

The next image (Figure 6) was taken at 350x and provides more
detail of the char's surface. The image reflects some of the biomass
origin as the physical structure had been broken up by the mechanical
actions of pelletizing. Its surface shows evidence of the cellulose
layers. The internal gases that escape from the material during the
charring help develop charcoals natural porosity. However, at this
level of magnification, the pore structure is not visible.
Figure 7 is taken at 3270x clearly showing pore structures. The
evolution of this adsorbent material provides a porous internal
structure as well. Using the parameters established in the bench scale

Experimental Set-up and Results: SEM Investigation of an
Enriched Carbon, Organic Slow-release Sequestering (ECOSS)
Fertilizer
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Bench scale demonstrations Oak Ridge National Laboratory recently
demonstrated the removal of flue-gas CO2 can be achieved via
formation of solid NH4HCO3 through ammonia carbonation in the
gas phase. [28] The results indicated that it is possible to use NH3+
H2O+CO2 solidifying process in gas phase to remove greenhouse-gas
emissions from industrial facilities such as a coal-fired power plant.

implementation. In this case, we used a mechanical fluidized bed
easily adaptable to any gas stream and injected CO2, and hydrated
ammonia.
A 250g charge of 30-45 mesh 400 oC char was fed in at regular
intervals varying from 15-30 minutes. A higher rotor speed increased
the fluidization and suspended the particles until they became too

heavy from the deposition of NH4HCO3to be supported by fluidized
gas flows. The longer durations produced significantly larger
particles.
A joint ORNL and Eprida, Inc. study of a specifically designed char
materials produced by Eprida, Inc. from a biomass pyrolysis process,
indicated that it might also be possible to use those char particles for
sequestration of power plant greenhouse gas exhaust. It was assumed
that the char could potentially be used as a catalyst (providing more
effective nucleation sites) to speed up the formation of solid
NH4HCO3 particles in the NH3-CO2-solidifying NH4HCO3
production process, thus potentially enhancing the efficiency of the
NH3-CO2-solidifying technology.
Furthermore, the integrated
process technology could produce a valuable NH4HCO3-char product
that could maximally enhance sequestration of carbon into soils and
remove SOx and NOx while providing an ideal “Enriched Carbon,
Organic Slow-release Sequestering” (“ECOSS”) fertilizer and
nutrient carrier for plant growth if the production of NH4HCO3 could
be developed inside the porous carbon media.
The affinity of low temperature charcoal (<500oC) for the adsorption
of ammonia has been shown by Asada. This work offered that the
formation of acidic functional groups at the lower temperatures rather
than surface area, porosity or raw material was the largest contributor
to adsorptive capability of low temperature char for ammonia. (Asada
2002) [29] The question of whether the NH4HCO3 fertilizer could be
created in the low temp chars ammonia saturated internal pore
structures in an environment similar to what might be produced in an
industrial environment required an experimental setup. A
preliminary design was built. While the process can apply to many
configurations, the development of a simple production technique
was important at this stage in our research efforts and commercial

The image on the left in Figure 10 is the initial char. The image in the
center is a material produced after 15 minutes and the one on the
right after 30 minutes.

Carbonized structures from the shell material are visible in the center
of the left panel of Figure 11. The development of the NH4HCO3
clearly has coated the char, but the next analysis was to determine if
predicted reactions occurred inside the carbon structures. We
crushed the ECOSS-15 minute material to examine any internal
formations.
SEM Investigation of the Interior of an ECOSS-15 Char Particle
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Figure 12 is a char particle at 422x, which has been crushed and a
piece was broken off in the process. The ammonium bicarbonate
formed in the fractured areas between the main body of the particle
and the broken piece.
Figure 13 shows where the very small molecules of NH3.H2O
(hydrated ammonia) are adsorbed into the char fractures and internal
cavities. As CO2 enters, it converts the NH3.H2O into the solid
NH4HCO3, trapping it inside the micro-porous material. The internal
flat-top volcano like structures demonstrate the impact of hydrated
ammonia and carbon dioxide meeting in a pore where the ammonia
bicarbonate builds up on the inside, closing the larger pore from the
inside.

Figure 14 is a closer look at the crushed material (2000x); we can see
small deposits beginning to form inside the carbon framework. There
appear to be plenty of open spaces for microbial interaction.

Additionally, reformation of polycondensates on the carbon
structures may contain nutrient sources for enhancing microbial
activity.

Figure 15 is a 1000x image of the interior of a crushed particle of
ECOSS produced with a 20-30 minutes residence time. The SEM
shows that the interior of the char is filled. A column of carbon is
shown broken off at the top of the picture. The exact duration for
ultimate delivery and release of nutrients solidified deep in these
internal pore structures need further testing both in bench scale and
soil plot testing. Future testing and analytical work will hopefully,
discover ways to enhance the process and material. Yet, the simple
physical solidification of a nutrient material and sequestered CO2
inside the char structure can be seen with the fibrous NH4HCO3
deposits. This demonstration of the process shows that we can
deposit nutrients inside the porous media using a low cost gas phase
application.
Production Chemistry Calculations and Carbon Utilization
Calculating the amounts of ECOSS and hydrogen that can be made
from a stand alone system would begin with a typical initial biomass
composition of: (Gaur et al, 1998) [30]
C 46.0%
H 6.3%
O 42.5%
N 2.2%
Ash 3.0%.
Yield of charcoal is 32% on dry biomass basis (ash and nitrogen are
totally sequestered in charcoal).
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Typical composition on ash and nitrogen free basis is
C 82%
H 3.4%
O 14.6%.
While charcoal production may go up or down, the above number
reflects a reasonable dry weight estimate.

3.66x3.69=13.5 kg CO2 / kg of hydrogen produced and used for
energy. From a power perspective, that is 13.5kg CO2 / 120,000 KJ
of hydrogen consumed as a renewable energy or 112 kg/GJ of
utilized and stored CO2.

ECOSS (containing 10% nitrogen from NH4HCO3) is a mixture of
56.4% NH4HCO3 (at 17.7%N so therefore the end ratio nets
0.1/0.177) and 43.6% charcoal. This actually produces a 12%+ N
fertilizer as char has approximately 2 - 4 % N trapped in the char.
However for the purposes of this analysis it is not utilized as its
availability is unknown and as the rate of release of this N have not
been verified. Based on the above, from 100 kg of biomass you can
produce (32/43.6)*100 = 73.4 kg ECOSS for which you need 41.4 kg
NH4HCO3. For 1 mole (79g) NH4HCO3 you need 5 g of hydrogen,
and for 41.4 kg you will need (5/79)*41.4 = 2.64 kg hydrogen
By pyrolysis of 100 kg of biomass, you will produce 32 kg charcoal
and 68 kg gas and vapor. Considering the composition of charcoal
the elemental balance in Table 1will be as follows:(Czernik 2003) [31]

Global Potential

The 22 kg of C represents the stable form or sequestered carbon we
use as the framework for building a new type of fertilizer.
Reforming (assuming total conversion of carbon to CO2) will require
(stoichiometrically) 28.35 kg steam and will produce 88 kg CO2 and
8.35 kg hydrogen. Because only 2.64 kg H2 is necessary for ECOSS
(using all charcoal available from the process) 6.78 kg (68.4% total
production) of hydrogen will remain per every 100 kg of biomass.
The amount of C, converted from atmospheric CO2 is equal to 12 kg
for each 79 kg of NH4HCO3 or 15.2% of the sequestered carbon as a
ammonium bicarbonate. Therefore for each 100kg of biomass, we
will produce (12/79)*41.4 kg or an additional 6.29 kg of C or a total
of 28.3kg of utilized carbon. In acid soils, this part of the carbon
will convert to CO2 but in alkaline soils, (pH>8) it will mineralize
and remain stable.
According to USDA reports, 60-70% of
worldwide farmland is alkaline, so conservatively allowing for 50%
of the bicarbonate to convert to CO2, this will leave us with
approximately 25 kg of stable carbon in our soils for each 100kg of
biomass processed. This carbon represents 91.5 kg of CO2 of which
88% is stored as a very beneficial and stable charcoal.
A different way to look at this is to compare the amount of energy
produced and the resulting CO2 impact. With 6.78 kg hydrogen extra
produced per 100 kg of biomass, then 25/6.78 = 3.69 kg C/ kg H or

The large majority of increases in CO2 will come from developing
countries as their burgeoning entrepreneurial populations
industrialize. A sustainable technology needs to be able to scale to
meet the growing needs of this large segment of the population.
Developing an economical size that offers a profitable platform may
require certain minimums and it may be that the lower limit of
economical production are larger than typical biomass conversion
systems. A 1-2 MW facility could be the lower limit yet there are two
factors that are important to note. The first is that the low relative
efficiencies required by both the hydrogen separation and the
ammonia production may allow a smaller foot print system to be
developed using new technologies. Future research efforts in
separations technologies and ammonia catalyst could offer
developments that lead to systems for even very small farming
communities.
The second point is that the total hydrogen is approximately three
times the maximum that can be utilized in one facility, so every third
facility could be designed to accept the charcoal that is produced by
two standalone energy systems. This special facility could process
all of its hydrogen and the carbon from two other locations and use
existing industrial ammonia manufacturing techniques to create the
carbon-fertilizer. If all hydrogen is converted to fertilizer then there is
an opportunity to acquire outside CO2 (34 kg required for each 100
kg biomass processed) and the opportunity to earn revenue from
SOx, NOx removal could provide it with another income stream and
help its economics. It would also fit closely into strategies of
developing areas that wish to attract and support GHG emitting
manufacturing.
The energy from a total systems point of view could create a viable
pathway to carbon negative energy as detailed in the IIASA focus on
Bioenergy Utilization with CO2 Capture and Sequestration (BECS)
(Obersteiner et al, 2002) [32]. The effects shown in the prior graph
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(Figure 16) (i.e. providing 112kg of CO2 removal for each GJ of
energy used) could allow major manufacturers to offset their carbon
costs. The graph in Figure 17 shows various materials used in
automobile manufacturing and the life cycle analysis of carbon
emissions per kilogram. The second bar in striped purple represents
the weight of biomass using this process, which would be required to
offset that carbon cost. The third bar, extending down in the red
checked pattern, shows the amount of sequestered carbon that would
be created if the process were used to produce all the energy required
for production and the last bar represents the amount of biomass
required to meet the energy needs of producing that amount of the
automotive material. In some materials, the amounts needed for
energy production are less than the amounts needed for carbon offset.
This illustrates that energy is just one aspect of GHG production
related to materials manufacturing and that methods for offsetting
CO2 release are essential.

(ORNL-2002)
The opportunity for economically developing areas with biomass is
to utilize their resources to help manufacturers reach carbon-negative
status. If the material leaves a factory with a net carbon negative
budget, then the behavior of consumerism becomes an agent of
climate mitigation and supports economies in side stepping fossil fuel
pathways.
How large could this method be applied and to what areas of the
earth could utilize a concerted effort to reclaim eroded land and
increase current farmland production are areas for future research.
The positive impact of an increased soil carbon content ultimately
leads to increased food and plant yields, further helping to reduce
CO2 buildup. There is very little information on the maximum rates
of utilization, though 10,000 kg/ha of char have been used with very
positive results and researchers have proposed that as little as 2000
kg/ha could prove beneficial for plant growth (Glaser et al, 2002)[33,
34]
.

For a quick test of reasonableness, we saw from above that 1GJ of
hydrogen produced and used will represent 112kg of utilized and
stored carbon dioxide. Therefore, taking the atmospheric rise of
6.1GT and dividing by 112kg/Gj = 54.5EJ. This number falls
amazingly along the 55EJ estimate of the current amount of biomass
that is used for energy in the world today. (Hall et al, 1993) [35] While
the potential reaches many times this for the future utilization of
biomass, this shows that there is a chance that we can be proactive in
our approach.
Discussion: Technical / Economic Overview and Global Impacts
A proper techno economic study has yet to be conducted of this
relatively new technique, only one year old. A simplistic economic
overview can at best bracket an evaluation using comprehensive
studies of constituent technologies. These include a study of the
economics of the ORNL process for NH4HCO3 production from
fossil fuel scrubbing was conducting by the University of Tennessee
(“UT Study”)(Athon et al, 2000) [36] in 2001 and the ongoing
economic evaluations of renewable hydrogen production from the US
National Renewable Energy Laboratory. Those studies can provide
the outer framework for this preliminary economic estimate, but
when a dedicated and comprehensive analysis is conducted, these
numbers will change.
The UT study in question, examined the economics of producing
ammonium bicarbonate in the exhaust stream of fossil fuel
combustion. It assumed the use of natural gas to produce ammonia
and the subsequent conversion to ammonium bicarbonate. Since this
was prior to the use of charcoal inclusion, it did not include any
economic gains, which could be attributed to charcoal. Some gains
benefit the fossil fuel user. These include a single system for
removal of CO2, SOx and NOx, no required drying of the final
product and offsetting income from fertilizer sales. Optimally, fossil
fuel users will partner with fertilizer manufacturers to use their
existing market penetration. Fertilizer manufacturing firms, which
have been relegated to the sale of commodity goods, can reinvent
their product offerings to include service-based delivery of soil
fertility and management of soil carbon content. Utilizing advances in
remote and satellite monitoring technologies and a more in depth
local delivery of site specific management techniques, these services
will offer a regional advantages which can withstand competition that
global commodity chemicals production cannot.
More gains accrue to farmers as these fertilizers can restore soil
carbon content, return trace minerals to degraded lands, increase in
cation exchange, water holding capacity, microbial activity and
decrease in nutrient leaching which all lead to increases in crop
yields. Assumptions of these increases and income derived cannot be
made until more detailed yield and cost analysis for the amounts of
ECOSS utilized, yields of specific crops on representative soils, type
of irrigation, and other factors essential to determine farm income.
The closed cycle begins with farmers entering into long term
contracts to supply energy crops (which can be grown on marginal
lands), forestry thinnings and other sources of biomass, which will be
required by this soil-food-energy-carbon management value chain.
These contracts will help establish revenue sources to support
effective land, forest and crop management strategies.
Seeing this from a global perspective, this technique simulates the
interdependence we find in among organic species in nature. Each
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role is essential and rewards are evolved through market mechanisms.
This diversity in economic gain offers to help restore the growth
opportunities to farming, forestry and small rural businesses. Instead
of a transfer of wealth, this is a grass roots development of income,
which has been literally going up in smoke for the last two centuries.
The development of opportunity and broad based growth in
entrepreneurial activity, farm operations and businesses that support
them, can lead to more stable predictable income for multinationals,
medium and small businesses plus increase the rural tax base. While
this is not a cure all, it moves the world to more sustainable growth
strategies.
The economic projections of the UT study were based on a market
value of the end-product at $2.63/lb atom of nitrogen based on 1999
prices of nitrogen fertilizer. Today’s prices are significantly higher
due to increased natural gas prices. However, with a target of 20%
CO2 removal, the study concluded that a 700 MW facility would be
optimally sized for the economical production of fertilizer and would
yield a after tax ROI of $0.33. The investment required to meet this
level of CO2 capture would be $229 million. The same amount of
carbon captured with ECOSS, where 88% of the target will be met by
the carbon contained in the char would only require a production unit
one-fifth the size. This should be considered one bracket in our
assessment.
While economics and scale may favor larger installations, Kyoto
reduction targets can be met through smaller facilities. The revenues
from fertilizers will drop as less fertilizer would be required to be
manufactured, however more hydrogen can be produced for fuel. In
the UT study, the world’s consumption and demand for nitrogen
became the limiting factor in how much carbon could be captured.
The total market for nitrogen in 1999 was 80.95 million tons (TFI
2003) [37], which then converted at the power plant targeting 20%
reductions in CO2, lead to the determination that 337 fossil fuel plants
of 237 MW each would meet world fertilizer demand. Their
calculations showed that this would reduce the global C output from
coal combustion by 3.15%. The study also assumed the use of
natural gas to make the ammonia. The total stochiometric calculation
for ammonia from natural gas and the conversion of 8lb-moles of
NH3 into NH4HCO3, captures 5lb-moles of CO2. With renewable
hydrogen to make ammonia, no fossil fuel based CO2 is release into
the atmosphere and the following is found:
8NH3+8CO2+8H20>8NH4HCO3
Therefore, renewable hydrogen allows a 1.6 times increase in CO2
captured per lb-mole of NH4HCO3 produced. Utilizing the study
above, a switch to renewable hydrogen would increase carbon
capture, 3.15 x 1.6 = 5.04%. However, carbon closure of biomass
energy is not zero but has been calculated (Mann et al, 1997) [38] at
95%. A more accurate number would be 5.04 x 95%= 4.79%
reduction in C from worldwide coal combustion if renewable H2 as
the source for producing ammonia and all the world's N requirements
are met from NH4HCO3 scrubbed from power plant exhaust.
As stated before, the total C captured in the combined ECOSS
material was 12% from fertilizer and 88% from char. Taking the
theoretical number of 4.79% and equating that to the 12% portion of
ECOSS, would mean that the total carbon capture at 1999 N levels
would be increased or leveraged 100 / 12 = 8.3 fold or reducing total

C from coal combustion by ~39.9%. This leveraged total theoretical
potential should be seen as a second bracket. This number is not the
true total. Only a more comprehensive analysis can accurately predict
what that number. The factors of increased biomass growth with the
addition of charcoal as found by Mann (2002) [39], Hoshi (2002) [40],
Glaser (2002)[41], Nishio (1999) [42], and Ogawa (1983)[43] show
increase biomass growth from 17% to as 280% with non-optimized
char. The direct utilization of an optimized char plus slow release
nitrogen/nutrients may allow the increase biomass growth targets
worldwide. A portion of this increased biomass growth will be
converted to soil organic matter, further increasing C capture
(especially if no-till management practices are adopted). Therefore,
another bracket in our assessment of this process is the increase in
non-fossil fuel CO2 capture from biomass growth in addition to the
leveraged total.
The ability to slow down the release of ammonia in the soil will
allow plants to increase their uptake of nitrogen. This will lead to a
reduction in NO2 atmospheric release. This potent greenhouse gas is
equivalent to 310x the impact of CO2. The fertilizer industry releases
CO2 during the manufacture of ammonia from methane.
4N2 +3CH4+6H20->3CO2 + 8NH3
The equation illustrates that for each ton of nitrogen produced, 0.32
tons of C are released, and the 80.95 million tons of nitrogen utilized
would represent 26 million tons of C. This is a small a small number
in relative terms to the amounts released by combustion of coal (2427
million tons) (EIA 2002) [44], however if we assume (Mosier et al,
1998) [45] 1.25% of our nitrogen fertilizer escapes into the atmosphere
as N2O, then 1.923 million tons of N2O are released, with an CO2
equivalence of 595.9 million tons or 162.5 million tons of C
equivalent. This has an impact equal to 6.7% of the all of the worlds
combustion of coal. Kaiser has measured N2O flux in sugar beets,
and two crops of winter wheat under three recommended fertilization
rates.(Kaiser et al, 1998) [46] His work found relative N2O from the
applied N fertilization ranged between 0.7% and 4.1%. The highest
level could equate to as much as a coal fired power plant in some
areas. While this high level is not the average, the fact that a typical
farm fertilizer application can represent the same emissions impact as
a small coal fired plant is one that many do not consider as they look
across the expansive green fields of modern agriculture. This bracket
then demonstrates that effective efforts, such as in the slow release of
nutrients, to reduce the distributed release of N2O from fertilizer can
play a substantial role just as will reductions sought from fossil fuel
combustion.
The economics of hydrogen from biomass has been addressed in the
2001 report by Spath[47]. Their conclusion was that pyrolytic
conversion of biomass offered the best economics due in part to the
opportunity for co-product production and reduced capital costs.
However, this assessment was based on using bio-oil for reforming
and acknowledged uncertainty in pricing for co-products. Their
analysis, at a 20% IRR, provided plant gate pricing of hydrogen from
$9.79-$11.41/GJ.
In the UT study, hydrogen production equipment represented 23% of
the total capital equipment costs and utilized a $4/GJ expense for
methane. This cost represented ~50% of total expenses and ~45% of
before tax profits. If we assume that other operational costs remain
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the same, with the increased cost of natural gas, the inside plant cost
of renewable hydrogen would no longer be 2.4-2.8 times the costs
from methane, but is approaching 1.6-1.9 times. Since net profits
were based on market price of nitrogen, then increases in natural gas
prices will change total income in the model as well. For simplicity
if we use $7/GJ, then total income would increase 1.75x and
expenses related to renewable hydrogen would roughly equal ~50%
of before tax profits. This represents a third bracket in assessment.
Intra plant usage of renewable hydrogen (i.e. no storage or transport
expense) becomes significantly more competitive at our current
natural gas prices.
The last bracket comes from a review of traditional ammonia
processing methods and how they compare to the ECOSS process.
Due to unfavorable equilibrium conditions inherent in NH3
conversion, only 20-30% of the hydrogen is converted in a single
pass (UT). From the section in this paper on Production Chemistry
Calculations, we determined that the ECOSS process could only
utilize 31.6% of the hydrogen as we were limited by the total amount
of char produced and the target 10% nitrogen loading. This means
that a single pass NH3 converter could be used and the expense of
separating and recycling unconverted hydrogen is eliminated. The
68.4% hydrogen is then available for sale or use by the power
company/fertilizer partnership. This last bracket shows that the
ECOSS process thus favors the inefficiencies of ammonia production
and reduces costs inherent in trying to achieve high conversion rates
of hydrogen
With increased biomass utilization for energy and increasing
demands for food production, the requirements for fertilization will
increase. The restoration and return of micronutrients could allow
substantive increases in overall soil amendment applications and the
potential needs for nitrogen may significantly increase. From a
global systems view, the combination of topsoil restoration, desert
reclamation, and the associated increases in biomass growth, could
allow the economics to be driven not by C capture but rather by value
creation of increased soil/crop productivity. Modeling of this
approach is needed to examine the long-term impacts. The brackets
listed above describe an area of possible economics and technical
performance. This area of probability is sufficient in scale, impact
and comparative advantage to other carbon management techniques
to lead research organizations toward a critical examination.
Conclusions
This concept of biomass energy production with agricultural charcoal
utilization may open the door to millions of tons of CO2 being
removed from industrial emissions while utilizing captured C to
restore valuable soil carbon content. This process simultaneously
produces a zero emissions fuel that can be used to operate farm
machinery and provide electricity for rural users, agricultural
irrigation pumps, and rural industrial parks. The use of value added
carbon while producing hydrogen (or energy) from biomass can lead
to energy with an associated carbon credit (ie negative carbon
energy). With this development non-renewable of carbon dioxide
producers can work with agricultural communities to play a
significant part in reducing greenhouse gas emissions while building
sustainable economic development programs for agricultural areas in
the industrialized and economically developing societies.
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