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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 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.[ ]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 slow[ ]2  and retains 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. [ ]3 . 
The volume of waste and unused biomass economically available in 
the United States is over 314 gigatons per year [ ]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 a soil amendment and/or fertilizer. 

The concept of utilizing charcoal as a soil amendment is not 
new. 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. [ ]5  The radiocarbon dating of the sites have 
shown ages dating back 740–2,460 years BP[ ]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) [ ]7 .  Most 
terra preta sites are identified by their thick black layers of soil (40-
80cm) and some have been found in layers up to 2 meters thick[ ]8 .  
These soils are so rich and fertile that they are dug up and sold as 
potting soil[ ]9 . The current agricultural methods of the Kayapó (an 
ancient people with little European contact until the 19th century) has 
changed little and give evidence to the man-made techniques (slow 
burning fieldsand biomass) for creation of this fertile and sustainable 
method of agriculture which can be farmed intensively for up to 11 
years . [ ]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 [ ]11  in our 
research applies a pyrolysis process that has been developed 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 [ ]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 a nitrogen enriched char.  The char 
materials produced in this process contains a significant amount of 
non-decomposable 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%[ ]13 . Masada noted that acidic functional groups such as carboxyl 
were formed from lignin and cellulose at 400°C -500°C. [ , ]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 slow-release 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. 

A flue gas scrubbing process [ , ]16 17  utilizing hydrated ammonia 
was tested in combination with a low temperature char. This 
approach utilized a chemical process, to directly capture greenhouse 
gas emissions at the smokestacks by converting CO2, NOx, and SOx 
emissions into valued added fertilizers (mainly NH4HCO3, ~98% and 
(NH4)2SO4 and NH4NO3, <2%). These fertilizers can potentially 
enhance crop growth for sequestration of CO2 and reduce NO3

– 
contamination of groundwater.  As discussed above, the low 
temperature charcoal forms surface acid groups, which adsorbs and 
binds ammonia to the porous media for nucleation of CO2. When 
used as a scrubbing agent with fossil fuel exhaust, a mechanically 
fluidized cyclone 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. [ ]18  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 char component of the material acts to provide the same 
benefits as in terra preta sites reducing the leaching of soluble 
nutrients.[ ]19  This increases plant growth, nutrient uptake and reduces 
nitrogen runoff. One experimental goal of the project was to identify  
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process parameters that would produce a carbon material optimized 
for agricultural use.  Since it has been shown that the that charcoal 
addition from 2000 years ago is still providing significant soil 
fertility benefits [ ]20  and farmers report up to three times crop yields 
over immediately adjacent non-terra preta soils.  Recent research, 
conducted by Steiner, on the addition of charcoal to non terra preta 
soils [ ] 21 showed significant crop yield increases.  

Charcoal has been found to support microbial communities [ ]22  
even greater than activated carbon (which is charcoal processed at 
higher temperatures with steam).  Prior researchers assumed that the 
porous structure provided safe haven but we propose that it may be 
the availability of microbial nutrients.  The processes of pyrolysis 
create an intrapore deposition of organic polycondensates[ ]23 .The 
deposition of these materials may increase microbial activity. [ ]24

Experimental Set-up and Results: SEM Investigation of a Low 
Temperature Char  

The low temperature char particles are hydrophobic in nature 
and grind easily.  The internal gases that escape from the material 
during the charring help develop charcoals natural porosity.  The 
evolution of this adsorbent material provides a porous internal 
structure as well.  We selected 400 oC as the target temperature for 
the char before being discharged from the pyrolysis reactor.    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.   
Experimental Set-up & Results: SEM Investigation of an 
Enriched Carbon, Organic Slow-release Sequestering (ECOSS) 
Fertilizer   

Bench scale demonstrations by Oak Ridge National Laboratory 
recently demonstrated the removal of flue-gas CO2 via formation of 
solid NH4HCO3 through ammonia carbonation in the gas phase. [ ]25   
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.   A study of 
agriculturally optimized charcoal produced by Eprida were combined 
with the above process created via the sequestration of a CO2 stream.  
It was proposed that  the char could act as a catalyst (providing more 
effective nucleation sites) to speed up the formation of solid 
NH4HCO3 particles and enhance the efficiency of the gas phase 
process. A pilot demonstration was constructed to evaluate 
production and material characteristics of the NH4HCO3-char 
product.  The process also showed promise that it could remove SOx 
and NOx, enhance sequestration of carbon into soils; providing an 
ideal “Enriched Carbon, Organic Slow-release Sequestering” 
(“ECOSS”) fertilizer and nutrient carrier for plant growth.  The value 
would be enhanced if the production of NH4HCO3 could be 
developed inside the porous carbon media.   

To test the production of a charcoal- NH4HCO3 fertilizer, we 
used a mechanical fluidized cyclone, 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 NH4HCO3 to be supported by fluidized gas flows.  
SEM Investigation of the Interior of an ECOSS-15 Char Particle 

The material produced was evaluated by scanning electron 
microscopy. The examinations revealed 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 microporous material. The 
SEM’s of the original char and the resulting product clearly 
evidenced the intra-pore development of the fibrous NH4HCO3 inside 
the carbon-charcoal framework. The material accumulated as internal 

flat-top volcano like structures. This demonstration of the process 
showed that we can deposit nutrients inside the porous media using a 
low cost gas phase application.  We analyzed the required amounts of 
hydrogen, reformed from biomass, which would be required as 
ammonia and calculated that 31.6% of the H2 would be necessary for 
ECOSS production leaving (using all charcoal available from the 
process) leaving 68.4% of the hydrogen for use as a fuel. 

The amount of C, directly converted from exhaust CO2 is equal 
to 15.2% of the total sequestered carbon as a ammonium bicarbonate 
and for each 100kg of biomass, we will produce 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 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. 
Global Potential 

The large majority of increases in CO2 will come from 
developing countries and a sustainable technology needs to be able to 
scale to meet the growing population needs. The second point is that 
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) 

[ ]26 .  The effects (i.e. providing 112kg of CO2 removal for each GJ of 
energy used) could allow major manufacturers to offset their carbon 
costs. For a quick test of reasonableness, if we take the atmospheric 
rise of 6.1GT and divide 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. [ ]27  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. 
Economic projections of a study based on the ORNL process were 
compared to this process. Equivalent 20% CO2 reductions and credits 
needed to return a 33% ROI was estimated to cost $46 million for a 
700MW facility utilizing purchased ammonia.  However, if the 
market for nitrogen were an upper limit, and renewable hydrogen 
were used for producing the worlds ammonia, and all the world's N 
fertilizer requirements were met from NH4HCO3 scrubbed from 
power plant exhaust, then the total carbon capture at (1999 N levels) 
then coal combustion CO2 could be reduced by ~39.9%.  The factors 
of increased biomass growth with the addition of charcoal as found 
by Mann[ ]28 , Hoshi[ ]29 , Glaser[ ]30 , Nishio[ ]31 , and Ogawa[ ]32  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).   

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.  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) [ ]33 , however if we assume [ ]34  
1.25% of our nitrogen fertilizer escapes into the atmosphere as N2O,  
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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.   

                                                                                                                                 

The economics of hydrogen from biomass has been addressed in 
the 2001 report by Spath[ ]35 . Our analysis shows that inside plant use 
of renewable hydrogen would no longer be 2.4-2.8 times the costs 
from methane, but is approaching 1.6-1.9 times with the increase in 
natural gas prices. Since market price of nitrogen increases with 
natural gas prices and this process shows intra plant usage of 
renewable hydrogen (i.e. no storage or transport expense) becomes 
significantly more competitive at our current natural gas prices. A 
review of traditional ammonia processing, shows that due to 
unfavorable equilibrium conditions inherent in NH3 conversion, only 
20-30% of the hydrogen is converted in a single pass. 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. 
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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