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Abstract

Upon ratification, the recent climate treaty negotiated in Kyoto, Japan, would require the United States and other
developed nations to reduce their emissions of greenhouse gases below 1990 levels by the year 2010. Because most
anthropogenic greenhouse-gas emissions (particularly CO,) come from the use of fossi| energy, thisagreement hasthe
potentia to affect the entirefabric of society. Here, we present apractical and revolutionary method that can sequester
greenhouse-gas emissionsand at the sametime benefit both agriculture and the economy. The proposed Strategy utilizes
aninnovativeapplication of chemical processesto convert CO,, NO, and SO, emissonsinto vauablefertilizers[mainly,
NH,HCO; and (NH,),CQO] that can enhance sequestration of CO, into soil and subsoil earth layers, reduce NO;~
contamination of groundwater, and stimulate photosynthetic fixation of CO, from the amosphere. This sysemdic
technology concept (Fig. 1) could contribute importantly to globa CO, sequestration and environmenta protection.

I ntroduction

Thecurrent CO, problem fromfossil fuel consumption. Foss| fues—cod, oil, and natural gas—have long been
a prime “engine’ of our industridized society. They supply abundant energy at low cost. At the same time, most
anthropogenic emissons are related to the use of thesefuels. At present, 22 gigatons (Gt) of CO, per year (equivalent
to 6 Gt Clyr) is emitted as a result of the use of foss| fuds® Cod isthe fud most widdy used for the generation of
electricity worldwide becauseit is readily available, easly transportable, and relatively inexpensive. Today 70% of dl
eectricityinthe United Statesis generated from cod and natura gas, while oil-derived products dominate transportation
fuds. Worldwide, cod-fired power plantsaloneresult in 1.8 of the 6 Gt Clyr CO, emission, whiletherest (4.2 Gt Clyr)
isfrom the use of foss| fuelsin trangportation, industry, and private homes. Theincreasing anthropogenic CO, emisson
and globa warming (thus climate change) have challenged the United States and other countriesto find new and better
way's to meet theworld' sincreasing needsfor energy while reducing greenhouse gases.? An effective strategy isneeded
to solve thisincreasingly urgent problem.

Enhancement of global photosynthetic activity as a viable solution. Photosynthesisis the biggest CO, sink on
Eath. Each year, the land-based green plants remove about 403 Gt CO, (equivadent to 110 Gt C) from the



atmosphere, while the oceans draw
goproximately 385 Gt CO, from the
atmosphere.® Therefore, an enhancement
as smdl as 6% for terrestrid or oceanic
photosynthes's is sufficient to remove the
22 Gt CO, (6 Gt C) that is emitted
annualy into the atmosphere from the use T rortiizer e,
of fossil fuds To mest the stipulations of ©©- / Jrorage for Long- Term
the recent Kyoto Treaty for a 22% ' e ==
reduction of globd CO, emissons by the
year 2010, an increase in annual global
photosynthetic biomass productionof only
0.62% isrequired if theincreased biomass
isinastableform such aswoody products.

Aquatic
Photosynthesis

Enhancement of global photosynthetic
productivity by fertilization. In large
parts of the world, such as many African
nations, land-based photosynthesis in the
form of crop production is gtill limited by
the lack of fertilizers. Nitrogen (intheform
of ammonium, NH,") is often the most-
needed fertilizer gnce it is an essentid
subgtrate for synthesis of dl amino acids
(thus proteins), chlorophylls (thus
photosynthetic reaction centers), and many
membrane lipid molecules.  All  ae Fig. 1. A systematic technology concept forglobal CO, sequestration and clean air
important components of the protection.

photosynthetic membranes.  An increase

in the use of fertilization could dramaticaly enhance photosynthetic activity by syntheszing more of the “green
mechinery,” resulting in the capture of more sunlight energy and the fixation of more CO,. On nitrogen-deficient lands,
fertilization could probably increase crop (biomass) production hundreds of percents. An increase in agricultura
productivity per unit area (land) could make it possible for some of the farm lands to return to forests, which can be a
postive contribution to globa CO, sequestration.  Another important contribution could come from fertilization of
forests. Urea fertilizer is being increasingly used in forest aress, resulting in dramatic increases in tree growth ° and
sometimes in an increase in carbon content of the soil.® Oceans are dso “big photosynthetic bioreactors.” At
the present time, the primary productivity throughout most of the world oceansislimited by the avalability of inorganic
fixed nitrogen.” Whentechnol ogiesare sufficiently advanced toinexpensively producelarge quantitiesof environmentally
friendly fertilizers, development of sea farming in a controllable and ecologicaly well-managed way with advanced
oceanographic technologies may be possble. This could be implemented probably near the end of this century and
become a vita dternative to sequester CO, and support the world' s growing human population.

Currently, agricultura productsand nitrogen fertilizersare dlill dearly in demand in many African nations; alarge
part of Ada, such asIndiaand China; and partsof Europe, including alargeareacf the Former Soviet Union. Thelarge
market for fertilizers and agricultural products could serve as a natura economic force for the globa enhancement of
photosynthesis by fertilization.
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Proposed strategy

The drategy isto effectively convert CO,, NO, and SO, emissons into vauable fertilizers—mainly, NH,HCO; and
(NH,),CO—that could enhance sequestration of CO, into soil and subsoil terrain, reduce the problem of NO;™ runoff,
and stimulate photosynthetic fixation of CO, from theatmosphere. Thisisasystematic concept that consists of four key
components, described as follows.

(). Integration of combustion facilities with
NH,HCO;and (NH,),CO production reactionsfor
CO, solidification. As mentioned before, a sufficient
supply of nitrogen fertilizersisimportant to enhance the
globa photosynthetic CO, fixation. Development of an
environmentally compatible, cost-effective, and efficient
nitrogen-fertilizer production technology is essentid to
the successof themission. AsillugtratedinFig. 2, when

the chemical processfor production of NH,HCO, and NH4HCO,3
(NH,),CO iscoupledtoaCO, emisson sourcesuch as |

afossl fud—fired power plant or astedmaking factory, ”

the process can convert flue gas (CO,, N,) into HaN—C—NH;

fertilizers usng water and renewable H,. The
production  of NH,HCO, and (NH,),CO is Fig. 2. A proposed CO,-solidifying technology for fossil fuel—fired

L . lants.

summarized in reactions (1) and (2): power plants
2CO, + N, + 3H, + 2H,0 <+ 2NH,HCOA ).G°=-86.18 k¥moal (@)
CO, + N, + 3H, = (NH,),COl + H,0 ) G°=-31.34kImoal 2

Cdculations using published thermodynamic data®° showed that the standard free energy change ) ,G°) is—
86.18 and — 31.34 kImoal for reactions 1 and 2, respectively. Since both reactions have a negative vaue for ), G°,
thermodynamicaly these reactions shoul d be ableto occur spontaneoudy at ambient temperatureand pressure. By high-
tech catalyss and use of waste hest from flue gas, these reactions should be able to occur very rapidly.

The NH,HCO; production reaction (1) indicatesthat the use of three H, moleculescan fix oneN, moleculeand
lidify two CO, molecules, producing two molecules of the fertilizer. The use of three H, in the urea production
reaction (2) can fix one N, and one CO,. Therefore, CO, solidification by NH,HCO; productionistwice as effective
asthat of urea production. Hydrogen, which has been commonly regarded as an important source of energy for the
future,®*! could be generated by photosynthetic and solar photovoltaic water splitting.*>*2 Therefore, this concept of
CO, solidification by innovativegpplication of theNH,HCO; and (NH,),CO reactions (1) and (2) could havelong-term
drategic importance. Based on our analysis, this chemica process has the potentia to remove as much as 90% of the
CO, from flue ges.

Currently, the most cost-effective means of H, production is by gas-reforming reactionsof natural gas(CH,).*
Therefore, natura gas can adso be used to produce CO,-containing fertilizers such as the falowing NH,HCO;
production:

5CO, + 4N, + 14H,0 + 3CH, = 8NH,HCOA} ),G° = —5.44 k¥mol 3)



This reection is more environmentally sound than the current ammonium nitrate production process which emits 3
molecules of CO, for the same amount of nitrogen-valued fertilizer:

3CH, + 4N, + 2H,0 + 80, +~ 4NH,NO; + 3CO,8 4

By comparison, you can seethat the two fertilizer production reactions use the same amount of naturd gas (3CH,) and
produce the same nitrogen-fertilizer vaue (each has 8 N atoms). However, theresult on carbonisvery different. The
NH,HCO; production reaction (3) does not emit any CO,. Instead, it can solidify 5 net CO, molecules and thus has
the potential to be used as an effective CO, removal process (3).

The United States has an abundant supply of natura gas (CH,). Therefore, this CO,-solidifying technology
could enter the market immediately after its
development. In 2000, the industria price of
quality natural gas (containing over 90% CH,) was
$3.47/1000 ft2 in the United States. Production of o

1000 kg NH,HCO; requires only $15.81 of \

natura gas. Currently, nitrogen fertilizer is sold at

about $500/1000 kg N, and NH,HCO; contains CH,or HZLH 3Luo HHCO Yor (NH)CO V
+H,

17.7% N by weight. For the vaue of nitrogen Catalysis

aone, 1000 kg NH,HCO; could be sold for a

least $38.50, in addition to providing the benefits

of CO, emission remova and reduction of NO;~ Catalysis

runcff since thiss technology essentially does not NO, +S0, 7—>HN03 +H,SO,2NHNO ¥ (NH)SO ¥
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produce nitrate (NO;") (see detailed discussion

later). Clearly, this CO,-solidifying technology H.0

could be profitable to the power plants and Fig. 3. Simultaneous removal of major CO, and the ppm levels of NO, and

beneficia to the farmers and our environment. SO, emissionsby innovativeapplication of thefertilizer productionreactions
Furthermore, CH, is dso a form of

renewable energy that can be produced through ?
anaerobic biomass fermentation by 3 2
methanogen.*>1¢ In some parts of the world, such

as India and China, CH, has dready been

produced in dgnificantly large quantity from Fertilizers, Mainly

biomass fermentation and sewage treatment and NHHCO,

has served as an important source of renewable Electricity (NH).CO

energy for many homes. Therefore, development T T

of the CO,dlidifying technology based on gg
rection (3) has both immediate and long-term air —p | Boiler |—"Y2%% 3 |chem Tech L caned B \)\,§
importance, CO, NO, SO, Meets EPA ReX
(2). Simultaneous and/or selectiveremoval of T T

NO,, SO,, and CO, emissions by conversion Coal Flexible H,

s . . or CH,Supply
to ferthers que ges of combustion fac'“t_'es Fig. 4. Development of clean energy systems by integration of existing
suchasfoss| fud—fired power plantsaso contains combustion power systems with the proposed chemical technology to
sgnificant amounts of NO, and SO, emissions at convert maor CO, and the ppm levels of NO, and SO, emissions into

ppmlevels, which could contributeto acid rainand Tetlizers



NHNO,—> NO; + NH,"
NHHCO;—»HCO ;" +NH,*

NG,

Emission

Groundwater containing [CaOHI\s—>CaC03hH 3
and other alkaline species

Groundwater
NGO, Contamination

Fig. 5A. Sequestration of CO, into soil and subsoil earthlayersby

enhanced carbonation of earth minerals and groundwater using Fig. 5B. Groundwater NO,' contamination and NO, emission
.. L. . ' . . 3 X

CO,-containing fertilizers. Bicarbonate(HCO;’) fromNH,HCO;can o \aq by the current use of ammonium nitrate (NH,NO.).

neutralizedkdinespeci%and resultin permanent seguestration of Neither NH,HCO, nor (NH,),CO causes such environmental
CO, and reduction of salt content by forming stable and harmless problems (see Figs. 5A and 5B). Therefore, useof theinvention

species like water and calcium bicarbonate (CaCO,). can also help to solve these nitrate (NO,') problems.

cause environmental damage. By use of proper catalysts
such as platinum and nickel, NO, and SO, can be converted into HNO; and H,SO, (Fig. 3). Theseacid speciescan
then be removed by an acid-base reaction with NH;, an intermediate of the proposed NH,HCO; and (NH,),CO
productionprocess, toformadditional fertilizer species, NH,NO; and (NH,),SO,. Therefore, the proposed technology
can be further advanced to achieve smultaneous remova of mgjor CO,, the ppm level of NO, and SO, emissonsfrom
flue gas and produce useful fertilizers (Fig. 4). It could contribute significantly to global CO, mitigation and dean ar
protection.

(3). Reducing the problem of NO;™ runoff and enhancing sequestration of CO, into soil and subsoil earth
layers by innovative use of NH,HCO; and (NH,),CO. It is known that carbonates can react with akaine earth
minera's such as cacium and magnesium and be deposited as carbonated minerds. For an example, in dkaine soils
suchasthosein thewestern United States, which may contain highlevelsof dkaine minerdssuch asCa*, typicaly from
the rising or cumulative use of groundwater, the bicarbonateHCO;~ from NH,HCO, can neutraize dkaline speciesand
reduce sdt content by forming stable species like water and calcium carbonate:

HCO, + Ca&* + OH' + H,O + CaCO,9 (5)



Solid products like CaCO; are aperfectly stableform co, /-f;-_“l ( sun
of sequestered CO, (Fig. 5A). Furthermore, soils ’"‘/_ff —_—
could potentially serve asa*smart” screening material " ;/gé &2
that will retain NH," but allow HCO;™ to percolate GO KL+ HOOS

with naturd rainfal and/or irrigation down int0 . co . 2ho —anm; s con
groundwater, which is often rich in adkaine minerd
speciessuchasCa?*. Therefore, the carbonatescould
potentidly react with the dkaine species in
groundwater and be deposited as carbonated minerads )
in the subsoil earth layers (Fig. 5A). Thereasonthat | = | _ N
s0ils commonly have much higher retaining affinity for | = = cao;
postivey charged ions such as NH," than for

negatively charged species such asHCO;™ isthat soil

particles carry mostly negative surface charges, which
attract pogtively charged ions but repd negatively
charged species.

uonezijuad "HN
uonezuas {00

= = [CaOH]' = =
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For this reason, when NH,NO; is used as afetilizer, =
its NO;~ can easlly “run off” with weter from soils, pies” &
resuiting in not only the lossof thefertilizer but asothe |
NO;  contamination of groundwater (Fig. 5B).
However, if NH,HCO; and (NH,),CO are used as Gf°“”“ﬁf°;”;‘i%H - TN
fertilizers, the result can be very different—and highly % . g‘vc.-fia 0 ii-g?uiaihw X
beneficid. Un“keNOS_’ carbonates (e.g., COSZ_ and Fig. 6. Sequestration of CO, into soil and the subsurface by enhanced
HCO;— ) are harmless species, and carbonated carbonation of earth minerals and groundwater using carbonate-

groundwater would not cause hedlth problems. containing fertilizers.

Furthermore, movement of groundwater can carry

carbonates further down to the earth subsurface as deep as 500 to over 1000 meters, where they can be deposited by
the carbonation reaction with minerals (Fig. 6). More importantly, in many geologica aress, the resdence time of
groundwater could be on the order of hundreds—even thousands—aof years.l’ Oncethe carbonatesfrom thefertilizers
enter this type of groundwater, they would not return to the atmosphere for hundreds of years even if they are not
deposited as carbonated minerds and remain as free carbonates in the groundwater. Therefore, this groundwater-
mediated CO, sequestration (Fig. 6) could potentialy occur in many land aress, aslong asthe carbonates can effectively
percolate from soil with rainfalls and/or irrigation down into groundwater and the earth subsurface.

(4). Enhancing global photosynthetic fixation of CO, from the atmospher e through the technology-driven
production of NH,HCO; and (NH,),CO. Both NH,HCO; and (NH,),CO are water soluble and can provide
nitrogen (NH,") and CO, fetilization for plant photosynthess. When NH,HCO; is dissolved in water, it forms
ammonium ion and bicarbonate. Both are perfect plant foods that are immediately available for utilization:

NH,HCO; + NH,* + HCO; (7

When (NH,),CO is gpplied to soils, soil microorganisms will convert it into ammonium ion and carbonate:

(NH,),CO + 2H,0 = 2NH,* + CO;> (8)



Soils commonly have strong binding affinity for anmoniumion(NH,"), which preventsitsloss. At thesametime, NH,*
can be absorbed directly by plants, primarily through their root system, for synthesis of amino acids, chlorophylls, etc.
Since nitrogen fertilizer generaly dlows photosynthetic organismsto synthesize more “green machines’ (photosynthetic
reaction centers and enzymes), supplying NH,HCO, and (NH,),CO to crops not only sendsthe solidified CO, into the
field whereit is supposed to be but aso * catdyzes’ plant photosynthesisto fix many additiona molecules of CO, from
the atmosphere (Figs. 1, 5A, and 6). Use of nitrogen fertilizer can typicaly produce about 50 kg dry biomass/1 kg N
through herbaceous plant photosynthesis.*® For the nitrogen value of NH,HCO; done, this is equivaent to 23.3
moleculesof CO, sequestered in biomass per molecule of NH,HCO; used. Production of one molecule of NH,HCO,
requiresonly 3/8 moleculeof CH,. Therefore, input of one CH, moleculecould result in fixation of 62 moleculesof CO,
by herbaceous biomass production. Much higher efficiency of CO, sequestration could comefrom fertilization of woody
plants. Wood has a C:N ratio of about 140:1 and is a more stable form of biomass. With a moderate fertilization
efficency (e.g. 60%), input of one CH, molecule through this technology could result in sequestration of 224 molecules
of CO, into wood. Therefore, to sequester 1000 kg of CO, into wood by this combined chemical and photosynthetic
technology requires only $0.34 of CH, (Table 1).

I nadditionto theenhancement of CO, sequestration in soils, both NH,HCO; and (NH,),CO havethe potentia
to provide CO, fertilization for crop production. Cells of many photosynthetic organisms such as green agae can
directly absorb and photoassimilate essentidly dl forms of CO, including bicarbonates (HCO;— and CO;%). Higher
plants absorb CO, mostly through their leaves. However, roots of certain crops such as rice plants and Phaseulus
wulgaris can also absorb CO,.*?° Studies have demonstrated that the yield of photosynthetic CO, fixation can be
improved by an increase in the supply of CO,.2+%? Asaresult of CO,-enhanced photosynthesis, the C/N ratio of plant
hiomass can increase significantly.  This phenomenon isknown asthe* CO,-fertilizationeffect.”* Because NH,HCO,
and (NH,),CO contain not only NH," but also CO,, use of these fetilizers can provide both nitrogen and CO,
fertilization for crop production and/or agquetic photosynthess (Fig. 1).

Therefore, an increasein globd use of NH,HCO; and (NH,),CO could significantly enhance the sequestration
of atmospheric CO, into the biomass, resulting in aricher steady-state volume of biomass. Aslong asthe sequestration
is maintained as an enhanced carbon storage (such as CaCQOs) in soil and subsoil earth layers (Figs. 5A and 6) and/or
as an increase in the steady-state volume of the globa biomass (Fig. 1), the CO, problem can be solved.

Table 1. Economics of CO, Sequestration by the Proposed Technology*

The Chemical Process Alone Chemical and Photosynthetic
Processes Together
8
3 NH, HCO, 224 CO, Sequestered into Wood
Maximum 1 CH, Input 1 CH, Input
Efficiency
1000 kg CO, Solidified 1000 kg CO, Sequestered
(1800 kg NH,HCO3) into Wood
$28.38 CH, $0.34 CH 4
282 Million Tons 3960 Million Tons
Possible of CO, peryear of CO, per year
Capacity
16.6% Reduction of CO, Emissions 18% Reduction of CO, Emissions
from Fossil Fuel-Fired Power Plants |from Worldwide Fossil Fuel Use (6 GtC)
in U.S.A. (461 MtC)

*The economic analysis is based on the 1997 industrial price of quality natural gas
($3.47/1000 ft3) and C:N ratio of 140:1 for wood and 60% fertilization efficiency.



Unique features and benefits

The chemical CO,-solidifying process generates no waste but yields valuable products, using primarily
components from air and water. The chemica CO,-conversion reactions (1-3) clearly show that no toxic materids
and no minera substratesarerequired for thistechnology. The production reaction occursmainly in the gasphase, using
principaly componentsfrom air and water, which areinexpensve and inexhaudtible. Thisisimportant sncegloba CO,
issuchamassive problem. If minerals such asNaOH (or magnesium) were used asasubstrate to solidify CO,, it would
soon exhaust the minera resource and generate mountains of waste, making the problem probably even worse. Both
CH, and H,, which are proposed for useinthis technology, can be generated from renewable solar and biotechnology
sources (Fig. 1). The proposed chemical technology can use waste heat from the flue gas (Fig. 4). The energy input
fromH, or CH, islargely conserved in the formation of NH; through nitrogen fixation(Fig. 3). The CO, solidification
isachieved by asmart acid (HCO;") and base (NH,") reaction, whichrequireslittieenergy. The productsof thisCO,-
lidifying processare useful fertilizers—NH,HCO; and (NH,),CO—withamarket that dready exists. Therefore, the
cost of this CO, capture will be much
lower than that offered by any currently -
existing technology. Useof thistechnology i

Tertorst ombing.

The Current Situation:

CO, NO, and SO,
Emission

can be profitable to the fossl energy
industry. Effectively, this technology can
transform the two industrid greenhouse-
gas emitters (the fosdl energy system and
the present fertilizer industry) into an

CO,Emission

PP Fertilizer

Power Plants
Conventional Fertilizer
Factories

environmentally remedying, economic, and tof U NG,
. . . . % of U.S.
productive indudtrid system (Fig. 7). Electricity \

NQ,Loss

Because NH,HCO; and (NH,),CO are
physiologically effective,
environmentally friendly, and socially
acceptablefertilizers,they aresuitable
for large-scale production. In addition”™ =~ ~ ;Dr'o;);s'e; 'Téc;wao'lo'g;: """""""""""""
to the CO,-sequestering capability of the o

proposed technology, there are other ]

Groundwater
CH, Contamination

NO,4

Fossil Fuel

reasons that NH,HCO; and (NH,),CO
will be preferredto NH,NO;. First, NH,*
is a better form of nitrogen fertilizer than
NO;~. Wha green plants need for
gynthesis of amino acids and chlorophylls
to make enzymes and photosynthetic
reection centers is NH,", which
NH,HCO; and (NH,),CO can both
supply.  If NO; is supplied, as in

NH,NOj;, plants have to use hydrogen Fig. 7. Comparison of the current situation and the proposed technol ogy, showing
(energy) to reduce NO;~ to NH,* before that application of the invention can transform the two industrial greenhouse-gas
it can be used in the synthesis of amino emittersinto an environmentally remedying and productive system. Thetechnol ogy
can also reducetheproblemsassociated withNH,NO,: NO,' loss and groundwater

acids. Thisisan unnecessary physologica
burden to the plants. Second, NH,HCO,

70% of U.S.
Electricity

contamination.

Power Plants

Fossil Fuel

Novel Technology
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and (NH,),CO can aso supply CO,, which isthe subgtrate for plant photosynthesis. Therefore, as discussed before,
they can provide “CO, fertilization” for crop production and/or aquatic photosynthesis, in addition to their NH,*-
fertilization effect. Third, soils commonly have much higher retaining affinity for NH," than for NO;~. When NH,NO,
is used, its NO;~ could easily “run off” with water from soil. This resultsin not only theloss of the fertilizer but aso the
NO;~ contamination of groundweter (Fig. 5B). Fourth, if NH,NO; is used in anagrobic soil and/or in a water
environment such asrice paddy fields, its NO;~ could be lost by denitrification as NO, emissons into the aamosphere
(Fg. 5B). Findly, NH,NO; isexplosive, whereas both NH,HCO;and (NH,),CO are completely safe (nonexplosive).
Because NH,NOj; is currently marketed asfertilizer, it is practicaly impossible to prevent terrorists from having access
toit.* Had NH,NO; not been marketed asfertilizer in this country, the horrible 1995 Oklahoma City bombing would
not likdy have happened (Fig. 8). Therefore, NH,HCO; and (NH,),CO should be physiologicaly, environmentaly,
economicaly, and socidly preferred to NH,NOs.

Asillugtrated in Figs. 7 and 8, the proposed technol ogy will not only transform thetwo industria greenhouse-gas
emittersinto an environmentaly remedying, economic, and productiveindustrid system but aso reduce and/or eiminate
the problems of terrorist bombing, NO;~ loss, and groundwater contamination that have been caused by the current use
of NH,NO; asafertilizer.

A new mechanism for CO, sequestration by enhanced carbonation of soil and subsoil earth layers using
carbonate-containing fertilizers. The proposed strategy makes effective use of socia economicsand natural forces
such as rainfal and the soil’s sdlective screening effect to send the carbonates of the CO,-containing fertilizers into
groundwater and the earth subsurface—a new mechanism for CO, sequestration. Asillugtrated in Figs. 4, 7, and 8,
use of the CO,-solidifying technology will enable the combustion power systems to remove greenhouse-gas emissons
(to satisfy EPA requirements) and produce valuable products that can be sold to farmers.  Asshown in Table 1, use
of $28.38 CH, can convert 1000 kg CO, to 1800 kg NH,HCO;. For itsnitrogen vaue done, 1800 kg of NH,HCO,
should sdll for at least $159.30. Farmers need fertilizers to grow crops, and the growing world population needs
agriculturd products. Therefore, the application of this technology—from solidification of CO, into fertilizers a the
combustion power plants to the use of the CO,-containing fertilizers to enhance sequestration of CO, into soil and the
earth subsurface and stimulate photosynthetic fixation of CO, from the atmosphere—can occur spontaneoudy with its
natural socid economic force. Thet is, oncethis systematic technology is devel oped, its operation does not require tax
dollars. Therefore, thisinvention is better than the aternatives such as injection of CO, into the bottom of oceans, a
concept that would require tax dollars to implement even if such atechnology could be devel oped.
Whenfarmersusethe carbonate-containing fertilizers, they essentialy dispersethe carbonatesinadiluted fashion
(& mM concentretion levels) into soil. Natura rainfal and/or irrigation could then bring the carbonates down into the
subsoil terrain—a potentidly huge underground reservoir for CO, sequedtration. Since this carbon depositionisina
diluted fashion and over avast land area, the underground reservoir probably will not be saturated by this carbonation
process for the next hundreds of years. That is, this technology (CO,-solidifying fertilizer production and its product
gpplication with soil-groundwater-mediated sequestration of CO,) should be able to be used for the next hundreds of
years. Currently, theworld consumes about 75 million tons of nitrogen fertilizer annudly.® Onemay assumeamoderate
(e.g. 20%) increase in the use of nitrogen fertilizer (from 75 to 90 million tons per year) when the proposed
CO,-s0lidifying NH,HCO; production technology is in worldwide use because of its high efficiency and the carbon
credit. Since NH,HCO; contains 55.7% CO, and 17.7% N by weight, consumption of 90 million tons of nitrogen
fertilizer from smokestacks could trandate into 282 million tons of CO, per year (equal t016.6% of the CO, emissons
from fossl fue—fired power plantsin the United States) being placed into soil by the use of this technology (Table 1).

The technology can alsoconvert NO, and SO, emissionsinto fertilizersto achieve clean air. Asillugraed in
Figs. 3 and 4, the integrated technology can smultaneoudy and/or selectively remove CO,, NO,, and SO, emissons
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fromflue gas and produce useful fertilizers: Therefore, use of thistechnology will enablefoss| fue—fired facilities such
as the combustion power industry to satisfy both the foreseegble regulation on CO, emissions and the existing U.S.
Environmenta Protection Agency (EPA) requirement on reduction of NO, and SO, emissons,

The conventiona postcombustion technology for remova of NO, emissonislargely based on sdlectivecataytic
reduction withammonia(e.g., BNO, + 8NH; 6 7N, + 12H,0).2°?" Since the conventiond technology hasto consume
NH; (an expensive feedstock) and produces nothing valuable (N, + H,O), its operation is a financid burden on the
power industry. Our proposed technology (Figs. 3 and 4), however, can ded with the same emission problemin a
postive and productive way by converting NO,, SO,, and CO, emissons into vauadble commercid
products—NH,NO3, (NH,)SO,, and NH,HCO,—which can be sold to a worldwide market. The sales of these
products could make the use of this air-cleaning technology profitable. Therefore, thistechnology can lift the financid
burden and provide new product opportunity for the power industry. The cgpability of removing SO, emissonsby this
technology (Figs. 3 and 4) will aso endble the power industry to use high-sulfur cod—a sgnificant energy resourcein
the United States.

Furthermore, gpplication of this ORNL DWG 99C.85
technology does not have to be limited 0 Expected Benefits from the Proposed Technology
fossl fud—fired power plants. It could be
applied to any fossil fuel— and/or biomass-
fired indudrid facilities. For an example, the
iron and stedmaking industry, which aso
needs to remove CO,, NO,, and SO, o O h‘COz

Y %

emissions, dready has a H-rich flue gas N; €O, NOy SO
known as the blagt furnace gas which
contains about 40% CO and 6% H, that are
perfect to be used as a H, source by this Hz0r CH,
technology. Therefore, this technology can
have a wide gpplication and contribute
sgnificantly to globa CO, sequestration and
clean air protection.

More forests

More Photosyn
Biomass Pro

More CO32'
and humus
in soil

The fertl_llzer-enhanced a_grlcultural H,CH, CHCHOH, etc.
productivity could provide more more biofuels to

substitute for fossil fuels

renewable biomass energy to substitute
for fossil fuels. A fertilizer-enhanced
agriculture could obvioudy produce more Vore food

More carbonates
enter subsurface

biomass, manly in the forms of grans, plant and feedstocks Lesscg%a%%lgt\%vr\]later
gaks, roots, and leaves. As illudtrated in
Hg. 8, biomass can have many useful More fabric, paper,

wooden furniture,

houses, and buildings

goplications. Plant stalks and straws, for
examples, are important cdlulose materids
for the paper industry. With the current
biochemicd engineering and technology,  [faa
sugar and/or grain starch such as cornstarch

7 i\
Terrorist bombing
due to use of NHNO;

can easily beconverted to ethanol. InBrazil, Fig. 8. A systematic strategy that can convert CO,, NO,, and SO, emissionsinto

fertilizers that can enhance sequestration of CO, into soil/earth subsurface and

ethanal produced from sugarcane has now stimulate photosynthetic fixation of CO, from the atmosphere.

replaced one-hdf of the gasoline used by
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automobiles (about 200,000 barrels of ethanol per day).® All plant maerids including stalks, straws, roots, and leaves
can be fermented to produce methane, an important gaseous fuel and feedstock, which is proposed for use in this
technology. Theresdue of the biomassfermentationislargely humus, which isastable organic carbon materid that can
be used asavauable additive to improve soil quaity. Since humusis much lessdigestible by microorganisms, itslifetime
is much longer than that of other biomassin soil. Addition of humus not only improves soil quality (such as the ability
to retain water and nutrients) but al so serves as a carbon storage for global CO, sequedtration (Fig. 8). Therefore, with
proper biomass management, a fertilizer-enhanced agriculture can provide more dternative fuels to reduce the
consumption of fossi| fuels and, at the same time, benefit the soil and the environment.

Thistechnology could lead to areduction of deforestation and/or anincreasein reforestation. Afforestation
or reduction of deforestation can aso contribute Sgnificantly to global sequestrationof CO,. Eachyear, 1.6 Gt Cinthe
form of CO, is discharged into the atmosphere due to the deforestation of land.® Because of limited agricultural
productivity with insufficient fertilization in large parts of the world, forests have been cut down to create more
agriculturd lands to support the increasing human populations. A higher agricultura productivity per unit area (land)
accomplished by better fertilization could reduce the need of creating more agricultura lands to support the human
population. Thiswould aso makeit possible to have more spare lands for woody crops? and/or reforestation (Fig. 8).
Therefore, an increase in agricultural productivity per unit area could lead to the return of some agricultura land back
toforedt. Infact, thishasdready happened inthe United States. Because of theimproved agricultura productivity owing
to the “green revolution” (including biotechnology, use of fertilizers, and etc.), many active farm lands haf century ago
inmany parts of the United States (such as New Y ork, New Hampshire, Massachusetts, New Jersey, and Tennessee)
have now become forest areas. Proper enhancement and /or extension of this type of successto the rest of the world
could have paositive contribution to globa CO, management. More contribution could comefrom fertilization of forest.
If theincreased N fertilizer (90— 75 = 15 million tons per year) from the worldwide use of this CO,-solidifying chemica
technology is used to fertilize treesin forest with moderate fertilization efficiency (e.g. 60%), 15 million tonsof N could
trandate into 1080 million tons of carbon being sequestered into wood (C:N = 140:1), which is equivdent to a 18%
reduction of CO, emissons from the current world use of al fossl fuels (Table 1). Therefore, the
NH,HCO4/(NH,),CO—enhanced agricultural and forest productivity could contribute importantly to globad CO,
sequestration.® 3t

The technology could also lead to increased U.S. export of fertilizers and agricultural products and,
consequertly, a better U.S. economy. Thus far, little research has been conducted concerning flue CO,
sequestration by NH,HCO; and (NH,),CO formation reactions (1-3). The current U.S. fertilizer industry produces
mostly ammonium nitrate (NH,;NO;).3* Certainly, the NH,NO; production process® cannot sequester any CO..
Instead, it emits CO,, withintensve energy consumption (reaction4). Therefore, such afertilizer-manufacturing practice
is not the best for the environment. Our proposed technology will provide the industry a better way to produce large
quantities of fertilizersin harmony with the environment (Fig. 4). Application of thistechnology could then lead to more
U.S. export of fertilizers and agricultural products, benefitting the U.S. economy (Fig. 1).

Thisinvention can also help thedeveloping nationsto comply with ther eduction of greenhouse-gasemissions.
The third-world countries, such as African nations, India, and China, cannot currently afford expensive processes for
reduction of greenhouse-gas emissons. However, these countries could readily use this technology to remove the
emissons, Snceit can generate useful products and createa profit (Table 1). Greenhouse gasisagloba problem, and
sequedtration of 1 ton of CO, in Africaor Indiais the same as sequestration of 1 ton of CO, inthe United States. In
fact, if the United States can take the leadership to fully devel op thistechnology, she may be able to sdll thistechnology
to the developing countries for carbon credit.
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Use of thetechnology would not only reduce CO, emission but alsoimproveagricultural productivity and the
quality of human lifeworldwide. Better fertilization obvioudy improves agricultura productivity. A richer volume of
globa biomass dso means a richer society worldwide—more foods and feedstocks, more milk and animas, more
cotton and sk for clothing; and more paper and woody products including wooden furniture, houses, and buildings.
All of these are perfectly sequestered forms of CO, and free of the greenhouse effect. Some of them, such as cotton
and gk clothing, papers, wooden furniture, houses, and other structures, can remain for tens and even hundreds of
years, maintaining their useful functions for human society (Fig. 8). Therefore, this strategy aso takes advantage of the
potentid for biosystems (photosynthesis) to benefit socia economics.

Future Activities

This systematic technology concept for globa CO, sequestration and clean air protection was devel oped by the authors
at Oak Ridge Nationd Laboratory during the last severa years. Our latest andysis showed that  with the current
technologies of CH,-steam reforming and NH; synthesis, it is dready possible to run the CO,-solidifying NH,HCO;
production process from flue-gas CO, N,, H,O, and naturd gas with nearly 60% efficiency of the ided reaction (3).
That is, if acod-fired power plant isintegrated with the current technol ogies of CH,-steamreforming and NH; synthess
for solidification of CO, by NH,HCO; production, it can surely achieve net remova of CO, emissons from the
smokestacks as aresult of the overall chemical engineering process. Therefore, this technology concept for integration
of indudtrid combustion facilities with CO, sequestrationisproved vaid. AnU.S. patent application hasrecently been
filed to protect this comprehensive technology concept.

Withateam of seven students and Professor Robert Counce at the University of Tennessee, Knoxville, wehave
now completed a computer modeling and economic study on industrial CO, remova for cod-fired power plants. The
study showed that this concept of CO, sequestration is technicaly possible and economicaly attractive®* Some
independent and preliminary researchin Asiahas now aso demonstrated the correctness and potentid of this concept.®

Thusfar, however, the United States has not provided significant funding support to explore this new concept. We
hope, the U.S. Department of Energy and/or the Environmental Protection Agency can provide some significant funding
support for usto further explore this new technology concept at ORNL. We need to demongtrate both the chemical
engineering and the soil/biogeologica aspects of this technology concept. The success of this project can have a
sgnificant impact on carbon management and clean air protection worldwide.
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