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priority fromU.S. Provisional Application No. 61/077,009 entitled
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utility boilers, which are typical drumtype boilers, are widely used in
power plants, oil refineries, and petrochem cal plants for steam generation
to drive large turbines, producing -3- electricity. In many instances,
these boilers are coal-fired using coal at the burner to produce heated
gases used to heat water, thereby generating steam Several decades
ago, large utility boilers were fitted wth pul verized-coal burners
designed to fire pul verized coal using about Fifteen percent to about
twenty percent excess air. 5 Under such_gonditions, the anmount of unburned
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Level Oppapphchtinnd, namelyesh a feedstock for conventional but less polluting boilers; as a reburn fuel
to reduce NOx emissions; as a feedstock of gasification and Oxycoal units; and as a feed in
25 diesel and gas turbines. Further, coal cleaning processes are greatly enhanced by increasing
specific surface area, facilitating the extraction of polluting minerals and solid compounds.
Hereafter follows a description of these applications and the way they would benefit by using a
micronized coal.
Boilers are closed vessels in which water or other fluids are heated. The heated or
30  vaporized fluids exit the boiler for use in various processes or heating applications. In particular,
utility boilers, which are typical drum-type boilers, are widely used in power plants, oil

refineries, and petrochemical plants for steam generation to drive large turbines, producing



500 FW CFSF burners w th AOFA 313 ppm 5% Opposed wal | fired 500 FW CFSF
burners wi thout OFA 310 ppm 8% Single wall fired 160 DBRiley CCVII burners
and OFA 245 ppm 22-27% Tangentially fired 900 ABB LNCFS Level 111 275 ppm
8-12%

-3-
electricity. In many instances, these boilers are coal-fired using coal at the burner to produce
heated gases used to heat water, thereby generating steam.

Several decades ago, large utility boilers were fitted with pulverized-coal burners

designed to fire pulverized coal using about fifteen percent to about twenty percent excess air.

5  Under such conditions, the amount of unburned fuel normally was below two percent, although
NOx levels generated by such burners reached levels that are now unacceptable according to
current emission standards. In order to meet the current emission standards, low NOx burners
have been developed and most commercial coal-fired boilers have been retrofitted with these low
NOx burners. Low NOx burners operate to minimize NOx formation by introducing coal and its

10 associated combustion air into a boiler such that initial combustion occurs in a manner that
promotes rapid coal devolatilization in a fuel-rich (i.e., oxygen deficient) environment and
introduces additional air to achieve a final fuel-lean (i.e., oxygen rich) environment to complete
the combustion process. Using these low NOx burners reduces the NOx emissions up to about
fifty to about sixty percent.

15 An example of a low NOx combustion system, such as a boiler with a low NOx burner,
available from GE Power Systems is illustrated in Figure 1. Such a system can include a reburn
zone including reburn fuel injectors. The reburn zone is a technology that utilizes fuel and air
staging to reduce the NOx emissions by integrating low NOx burners and over-fire air systems.
Reburning is defined as reducing the coal and combustion air to the main burners and injecting a

20  reburn fuel, such as coal, gas or oil, to create a fuel-rich secondary combustion zone above the
main burner zone and final combustion air to create a fuel-lean burnout zone. The formation of
NOx is inhibited in the main burner zone due to reduced combustion intensity, and NOx is
destroyed in the fuel-rich secondary combustion zone by conversion to molecular nitrogen. A
summary of GE Power System’s technology is included in its publication entitled “Reburn

25  Systems” having reference number GEA-13207, which is incorporated herein by reference.

However, the use of low NOx burners increases the carbon content, or unburned coal, in
the boiler ash. Figure 2 depicts measurements taken from a utility boiler firing a ten percent ash
coal. The results show the increase of carbon in ash content after retrofitting the boiler with low
NOx burners. Although the increase of the amount of unburned carbon can also be boiler and

30 coal dependent, Table 1 shows a common trend toward the increase of carbon in ash data from

several boilers fitted with low NOx burners.



The di sposal of boiler ash with increased carbon content is becomng a
pressing issue within the power utilities markets and will continue to be
nore so in the future, as the cost of coal and other fuels continue to
rise. 100ne nethod of utilizing coal as a fuel for utility burners is to
create a slurry or dispersion of the coal. For exanple, the coal is

pul veri zed and m xed with an anmount of water in order to forma dispersion
or slurry of coal in water at a | ow enough viscosity so as to enable
transportation of the fuel via pipeline-#r the |ike. However, because the
pul verized or mcronized coal is only available at the particle sizes
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There remains a need for a "green" coal to be used as in a coal -in-water
slurry as a fuel for nultiple applications including | ow NOx burners,
gasification processes, gas turbine applications, diesel engine
applications, and the like. Such "green" coal should conpletely burn,

10l eaving no coal particulates in the downstream ash, products, and/or
byproducts. SUVMARY OF THE | NVENTI ON The present invention overcones
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bl 1 uePoRPEsebnen grofes S & AEOHEY WGBETaampgie | TOgaoLL By
applications and fuel cells. 25 BRI EF DESCRI PTI ON OF THE DRAW NGS F| gure 1
depicts a schematic of a utility boiler having a | ow NOx burner;

Figure 2 is a graph of the NOx em ssions and the carbon-in-ash percentage
in a conventional utility boiler and a utility boiler retrofitted with a
| ow NOx burner using a coal in 30water fuel of the prior art;



Figure 3 is a graph of the particle size distribution of coal-in-water

slurries according to enbodi nents of the invention. -8- Figure 4A is
a mcrograph depicting a coal in water slurry using mcronized coal,
according to the prior art; Figure 4B is a mcrograph depicting a

nano-di spersion of coal in water, according to an enbodi nent of the present
i nvention; S5Figure 5 is a graph conparing the flane tinme of a coal -in-water
slurry of the prior art to the coal-in-water slurry of the present
invention; and Figure 6 depicts a bl ock-§1 ow di agram of a conmerci a

gasificatipn process. The ahovi ry of the invention is not intended to
descri be é&?ﬁcﬂﬁlBéﬁPﬁYﬁﬁdéﬁﬁdgFﬁggggﬁﬁﬁBV@r9“?ﬁﬁl@Hbﬁ?g??ﬁnﬂﬁi t%é“ﬁwgsent
i nvent i on.cohhRrdidigUdvasaad tod Newdet auhRd plaes & Nowér QRlityhat con@lligiedTdngas
particularly exenplify these enbaodi ments, DETAILED DESCRI PTI ON.OF THE

| NVENTI ONbecause ofNgs Bregingp ef wityred gpal particlesypsirllars clqeging o dhe praticulasgs igithe a

rel evant ol Qtdal bOfBGLmPR FGCRALRLABN R0 LIDQMIRALS Ohsifidi@ok PidcBlentitled
i nventi on sol ves the above-nentioned deficiencies. 15 The coal -i n-wat er

sl ur ry5genBPAl Bije Eenhpploge Sapsubeot Texaga Gasifispiiansk weesyr hayingoetiraise £Sido et 04t -

m | | ed cOlsha b Akt 909) WRHE inolBBrafe BhrcRPhyl ofthitic. Navi ng @ large particle
popul ati on of sub-'m cron S|ze.n% coal -in-water slurry can further

conpri se a sur Thot amaisys neerhfohateres” parlitp balusad as if ercpaltiatveater dbponasi anigelon
t he type d rC f I C A S| Wry. ca se fue
for not oﬁ}ymt%ﬁ}éj’ler %Bﬁ}ﬁagﬁn / ic%lrC I@g}gn%@ ug&f \r@gn%Fsbvé’a%&%B)&r ré)lr':“)(,%s%t’JtgCL 5?‘?{? Yas
pot ent i al agpiohticnat diesekerigine appligdsnsf arclahée bke. Fuob Egsas’, coglashotldrecbimpletely o,

di esel engi nes. Because of th goal's sgg{l particle size, and therefore

| ar ger? sulfF4EE "8 /R4 PRTHTAFRH PoICHIHErR Al PYPUUTRaPYBt B PESHFSI n- wat er
slurries, a burning efficiency of the coal is near one hundred percent,

|l eaving virtually no coal particles in the ash qr the resulting gases. In

one enbodi nent of the inventﬁ%ﬂ%”%ﬂgﬁgfjﬁﬂiaﬁynggﬂ&rry conprises from

about fifty tOoThZHcRBPHveSRYENVEXohUPHERLEVH ABETHRE WefifbniRalIn Ghé RRILS@Fheht
water, and nore particularly from about sixty to about seventy weigh

t
percent off teanventipw aclé?éip'déﬁ@ﬁfsi%rﬂgrcp"};leins“iﬂ‘?fapé¢aéesc%§ieé’a@tcﬁ°ﬁ)‘éidag@@t@§ shuigy| |
such , i gni i ] i i . racht e.
The cosj BL oAIRUE sokd Al iy A0l B Qi Pl B Borc SR ARER Gk O
t hirty ansixtyitbtapowteseyéitty pesighe percgrd raf icotle sinhengi emepodinpat of dheeingéntionothe abalut
ten mcrons._or | ess,..an ast , about.. i erc . out
ei ghty me§§%¥hﬁ%?é&%1“%§P$%%+Z?ﬁﬁgbg%bhg&%§?@¥3*%'%?%%86%3g%%@%ggﬁggnﬁ@ron
to about MhPerkieboarfafy peecatsiatht eoqidnting lagmrieie dimsd, at Washlesshthamedeniofons,he
sub-m cron size bei ng abouyt. 200, nanonet er.s, t 0 ahout 300 nanoneters. A
Serson. of S AT 5n HRePR Ghing sl BRPREE PREls sl T 2B° PR Palgug Lo el <oa

subr apgescontdnhbNtHiSIESE o€ ¥edtivelyt nafrdWgRGicld Siz€ Bisfr®utdrakR hnatpgerdliait bif kiktyntot he
present -9- disclosure. In a preferrgd enbodi ment sub-m cron. si zed

[ . th :
Coal par t 1Y 880 S6iF Pesenapihe MisFsyy ob haiseeshmtie foousi P CBEPYTE W Fooa
coal partiqbgqsirés raRARRGf about 250 nanoneters. In one enbodi ment of the
invention, the particle size distribution is binodal, having one node of
about one mi cripanethen ashodimant ghthglinventiet thechcahdsartingenar beflearprsed pigrifiedndy,
the partig).e. si ' [ | j ' WL G ' of
about 112 RoRbER Lo LG o Ry MR by R, B B P
coal -2:n- viat @mbshiog thiegslewmt ovlthide fiacticarcoehtiady wih tdryolargeroal pavteaiesi arsling dhown

2 urry hagtts con gegielf y Pt RO e GEGe ol BTGB Wl Sk b BB S,
degrees Rahthénnedns, cofll Qe magfbe Giidi¢asal yp Bkdehdnty o dehentanwo weelght pek€ent with

recogni ze .t hat ranges and subranges within these.explicit panges_.ar

Cont St ST D B G E A GO CLtne B e B e The Giese bR o ietae

| ower endhagfcld keSconPil gBoud bl @85 §HQif tigttaialeallinfthesluky.anspor t at i on neans, such
as, for exanple, pipelining, tanker trucks, EEQShipS and harges. Further,

P ) . ! a ] .
by viikue of tmanqiperjenbodingnt offhe inveptiongihs deatiof gombustam eanplsq ke ingleagefl H¥| y
stabl e, WqliigU6Tie Lditih Qvab® MIBN SbIaBR- or [AtE-LRIATR] STEAOLT ABRAS, cthanol,
nano- di spersions of coal in water according to the present invention have a
maxi mum aenapel. bitagl apd plyedole gdic compenent ¢imalsodgep Q&R TEEiiswkle phase such as
nano-di s [ 0 j ; .0l .Chy LSk Cdiedi
W th coaﬁs%gr(ﬂ]g ggk’r Eﬁn‘drrlél)ér?googgfag g%ag%e%ﬁehei !r;:@{ ﬁg& %&P@Eﬂé’f dll? TJ%E’ ett er rﬁago%?)r e
coal is added. The upper bound of coal content depends on the way coal
particles arrange anong thensel ves which, in turn, depends on the 20
geonetry of the entire coal particle assenbly. This non-unique upper bound
is known as the maxi num packi ng fracti on. Wien the coal content approaches
this mass fraction, particle interactions are greatly increased because

. o S " o



30viscosity, as long as the size ratio of large particles to small
particles is greater than 100. I n one enbodi nent of the present

i nvention, about fifty eight to about sixty two wei ght percent

nano-di spersed coal in water slurry, as described above, is manufactured
foll owed by the addition of dry large coal particles or a concentrated
slurry of large coal particles, having -10- particles sizes in the range
of 150 to 400 grn. A person of ordinary skill in the art will recognize
that ranges and subranges within these explicit ranges are contenplated and
are within the present disclosure. This procedure gives way to nore
concent r abedieszbahd BllomrasrsyThwrganlabmmSCléie)Pﬁlyseeii piaferably diprsused s‘éﬂ) aptograpis or

wei ght percen Q d values within this range 5
cont enpl al'&gP %rﬂgl ﬁl g%nhlfmv(@ecf)hlﬁlﬁgt%?@gﬁﬁsgﬁosure and a broad particle size
di stributions, Ins:etnbthler havidagera of itlgninfdntiamtthe odal sluttzilalsbrind edes fironh aloub 56(tve s

o b S ol P BB o BB gHP g ok

sub- m gr opanaBd iéhi€ or afogRnRAr tThe | ioh wrfabuaartsIo;snemlnzta;ra’oedxme,upmnmeor
rel evant colloid fracti ate avrs ous o-f.lL.uid,that the
| ar ge par teepdssy ethaxyst ‘gf‘lcﬁé‘ﬁdé"‘ t'ha t8et ‘i}ﬁ) e?’gﬂ%gml%ﬁlaef)’e?rv&eg a;ee

coal part hglyesheadd wilawh 6 WAy bindkatk Oxjdeav@eduls e dinrrotiatintiting @bandludeess

than 10% preferably |ess than 5% and opt] rraILF 2(V or IesEP Thrfs egavr or
has an i n‘ﬁfd‘#‘tnar@tkyeéblf%% éotlwlqlbétsvlfwat% AlpRa © ulfpraies g @5t THfgtes
prevents §ﬁ§’1‘ {:&t %lfé’ﬁn tE@esrogluhrS sulPhode@shakk, éadaﬂlntt '1&1@5’!’1' cth&testilshate, GRapALRAS
to prevent se I ng ? ners, for exanple, that are necessary in

conveid i oammomlumr cliilosde, tbh@mdb,ymr auidedoligesaordbetiness dB fingraanec PG rTganicalt
way. 15Coal. s| urr.i of e e ion in which the coal content is
greater thaélﬁn anmceitld SOd%‘%CCEH%lﬁ%rg%%&rgﬁ%r est in gasification and oxy
combusti on pr d@e&smthet ambdithmentaam‘;ﬂter iseniioms, mdslid for preparpraatoal imsvatgrslugryr y

hi gh t hus et e, coal burnr i i cy
associ at eHla{Nnd‘fShoﬂt‘gE%B'g&xfn@rth%%m?potnerh%lnntge Hresetn%e edgrogg‘logggft\%gg%?gréégﬁbgg in
t he sl urr yhefi@l addhﬂvygetrhan@dté}ephaedt‘ﬁﬁdldasﬁmn ofiscitie andwelratnieocm,mmnwt awdhl &

wat er m sci bl e conponent, at 0 al.so has.co stion rt| es, can be
added!? o Wﬁ@?’é)&sf‘éhar'i‘é%t?m@ﬁn@g?%ﬁ?f agrglycp OQNHH%TJQLY[{%O%B ranr?n%%amdes

met hanol , ;6hhanRlss. THLARE] is ﬂftﬂedghwéﬁa&ﬁ’éarmrhaabhcarwhnaaltat@pnthetrﬁ@ftﬁé\mdr@ t he
opt i nmal am)unt of volatil'e conponent is dependent ulg%ws 2 éol atjl e heing

added, i ncagmonenth arthiretiphe piriived fsieinerees ol feeRafonFRIoRs; | e
conponent i g, h%?iﬁ 136 YncBittht Ok iR Leld &tex@%uﬁ iRQrSaR Rl inapbcski | |
inthe arl’ Wi %cognr ze trh ranges and subranges 25 within these

expl i ci t €adg1gsagamte, mmnd@rtprr@mmnameratp@pwmm pelew evanosaiont cutiel fhsgnixing
Met h ,t et Qr%ure and butanol are water soluble and volatile, and they can
be obfai n€G &8 SUb- products of biomass fernmentation. Biodiesel Pr oducti on
from veget abl dnahbthert anatrglasdntrthé caphin water siq;rrmsabavmgrmegrﬁtiﬁpela@eso ¢dabcan be

t f gl t th
doa 1o prsadL B aNRr R mPaGe Fort i of BB 411 5T BRER R pEo
enbodi mengro@dssdshg 4 AMERE died] efidife fpHitativhs,cadlor st fehincges talbie dpelicaioneasied

by adding to the coal water slurry, an organic liquid or oil that is
i mi sci bl Beisllwvat er . The organic liquid or oil would also be a

nano-44 spersion, this is, an oil-in-water nanoerrul sion. The organic or oil
phase can consi st of spent qurne oi |l or crude oil and bitunen,
di esel and -11- bi odi eseBRB¥ HﬁW%tprfé@Nt@%?H@aP%W ¥P6duct that is

emul sified i nﬂ%%\ﬁ\/%%ﬁf:ts@@@ﬁeﬁiatlg LBY LU bE@er%QﬁnEﬁWN@x‘Bﬁﬂte@f the coal

slurry. Ater el'y, the organic or oil phase can al so be combined with
t he previousl Figrepaned goph of thad¥@x esnisspran sindnthe | sprkoaripslh perpspi@esEhts,

t he preferred wei f [ t | ess
than' Lov% arER S T GPIGE b i GoRPRRbucd i £ 18 NOhy b RERBAE N o

t hese3ex plvited fuelrddnigesiobaitng cont enpl ated and within the present di scl osure.
I n anot her enhodi i nvention - rry,
finely di spepgé@‘rg I‘F8gf?é’ﬁ‘t‘t?élllee%ar?%%flz%thg%gﬁ%’u%f? °‘t‘}r‘%, &éé%lnﬂ{é IS%@%Cﬁg:drléaéée

t he heat @fvoapndnussdfitiinvddi@nori gin of the conbustible solid particles may
be bi omass, or alternatively petroleum coke. The 10 solid dispersion can
be the base for the preparation of coal slurry, or the solid particle
slurry can be the base for the incorporation of the coal into the slurry.
In certain enbodi nents that contain the finely dispersed solid conbustible
particles, the nano-di spersion of coal-in-water contains about fifty eight
to about sixty two weight percent nano-dispersed coal in water slurry, as
descrr bed above wth the remar n| ng wei ght percent of the partr cI es.
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-12- sulfonates, al pha olefin sulfates, alkyl benzene sul fonates, sodium
sul phosucci nates, sodium | auryl ether sul phate, quaternary amoni um

chl oride, quaternary ammoni um brom de, im dazolines, betaines, and

conbi nations thereof Cations of suitable inorganic and organic salts can

i nclude, for exanple, sodium calcium and/or magnesium 5In one enbodi ment
of the invention, a surfactant systemis present in the coal-in water-
slurry at about 500 to about 3000 parts per mllion (ppm). A person of
ordinaiy skill in the art wll recognizegthat ranges and subranges wthin
this explicit range are contenplated and are within the present disclosure.
I n anot her enb bﬁu%‘eﬁf‘ Hfatnﬂiémg'gggé]ﬁ?‘cﬁ‘?ﬁ/énct"ia]oﬂ’, Wé‘teétfﬁ‘?gcﬁﬂﬁ ’@ﬁ@?’éﬁ&@f’a’
about up ta@c&di&%icﬂﬂh& A&fHent is included in the nano-di spersion of

coal -i n-wat er when tﬁe slurry 10contains at | east ope volatile comnponent
and/ or at | eastIeyFRet igamigodririud@icsng ginane-disprstam ol coal in watgr, geqardpe o an
maki ng coalmpbMmbat SithShidédnt Bediidpdependent upon the mlling technol ogy in
order to produce coal particles in the sub-mcron range. In one enbodi ment
of theSinventi Bigurpliscegpleepnenaring theglamedime elce eqskrin-wolgt gucry ghthe pper gh i

surfactan ter gnﬁ N E{m of a suitable m xer, such as,
for exarrplt[}é%%tﬁlhlgl%ﬁs‘lhg ﬂ%g@,egegtvlg}“%g ’e%?rom the Primx 15 Corporation of
Osaka, Japan. Tigered depiatsa Nbskeflovadidgrancdmpamyiendaligasificabongiocess.- set forth in
U S. Patent No.. 5,582 484 entifl.ed." Netho . a . AG i ng
Treat ment Ui qur 85 ShorE; b dRos LA Ry if0eARpALE Bt a0
m xed i n théodihanber ewtyt mplemtititionhenthe lprdstratinemiins  &he iflguwresfantinbe dbtaredy
component s, and.creates a centrifugal field of about thirteen gs or nore.

St agn% i 0 eqﬁg@ﬁl%ﬁgaﬁfﬂﬁqmgom WF%SW‘H%&% Hlef%‘é‘ﬂgoggﬁ%rgﬁt rate the coal and
20 mll the coal in a wet-comm nution process, mlling the coal into the

m cron and subm cron particles as_previously disclose In a preferred
enbodi nment, the vvet-comﬁ%liLgP% glq)%]@lf%ﬁ&f?}g’%&;oﬁr ocess with the

source of coal NRRV iiRsErabRubs 3od1Gn-ARRY tshdHesS ARPNARtaRf aM@RVARNERIoldaMraction
optinmally about 9 seconds, with other ranges and subranges of these

explicit peneking topmberdimants of dhel cwiranhiinvephen prlessehe abpecnendioned dyfigiencies.

fo.r mag k OnTh@%ﬂM{erlglfr ggﬁrﬁlly%e‘ rise3 ac%ﬁoigg_@h%%héi&g?xblyanG—(af%lpHQQn%gﬁlri]ltle?i. to
mai ntain the water terrpe¥ ture”bel Ow evaporation. Coal particles mcronized
by mi |l i ngoahpenticids g waer,chermet pirtitley hatisnaldarge prrtde pspdatmneofshbwnicion sigegur e
4A I n Cmﬁlr gosali—in-\():\lg lrslBrafr tcéfg}u?tﬁerngolnlp% e 5? Ifla%Pam W%rs%ﬂq i itsI ?Jtl%ﬁlaﬁf f&gﬁl%e‘dbed
above are shown 1n |guré . Y “Comm R&ET on pr ocess al so
of f er s satigteydiaglvaicaggsardwenrce bfcaul.| Thegpal-rFyatdOsturty candpeaned gs sfwehfoasott hat
done in a Fuller mll, to a mcron or bmcro i ze .can cause the .coal
par £ o1 ot} e Rineaidis it QUeie St NERufieh: o 168 pp A b Lo 6 g
systeps, giigitatsn PBERES] Gashirings anddiesel 8:ifinds 0 Beuubd &ff thé fal’s emelapatiot sizhe
coal particl]es. However, the wet-comjnution Eﬁg rocess allows the coal
par ti cl esaothprsfss fRretisERtieticd FopRRESii SHmmeTei AYileble ORRIHAIST mEnS

i ntroduct @RinRlef@@cy BRiHel hIES nkdtloRe hiEdrad percent, leavidgWiMllyaOEAL particles in
enbodi ment of "the invention, if a volatile or conbustible conponent is
required the aghertheaxcsuliegapasefer at i ng, which nmay be an ignition problemwith

t he additional I Vi f i td may
require two mlgloﬁge;g}éltmé%g@gtlﬁt{l‘{]@gwggtgg{a‘gy Q\%ggt %al{r}ﬁ}l’ géd(‘:}%ﬁn%f ﬁé@%ﬁﬁhﬁ%oubl e
al cohtfl s glioneseyentettwanalight ptleemolf coaldiispersbditnawatkl) anhthoor payliqdahofromrtiowthen
coal and agqueous phase are . m xed d _proces in - ] i

opar at us TR IESDy e b R RaP L PRSRAR G bt SFARCEIR At s
t he coal fklbuc aaffoeexahipde, igiites outibinuiihas, phndess, arfdendrahitag Th@eoal particle
conbi nati on wi th an organic or oil ase, Qr .10 finely .dispersed solid
b onmoe. St PR Htirohroeesd DSt Sy b B Yo RhaaBB TG s
(organi ¢ Kvingid pRies 8)ze OF abel @HUSTRETHS 08 Nesk,ing Pe Ta kbSO twdntyi eiBR Serdeltab | S

| ater conmbined with coal water slurry that has %\I?go been.(ﬁr odu%ed by the
wet - cBhmi 340Gt St IStEERercqnhpaticiat et AgrriqlfeS i USBR OPRTUTPT BRCOPHID-150
nanoemul siRNfirseRiAdd GRS & BNVAM iHeNabdhX Bl HSinligrod SREBEAL aB4lE a0t ant
package, or by means of the wet-comm nution nethod and the special

sur f act arftanorpgeisde kebge, 3q0nnapameigisot £ drersan & erbrary, ekib b g aventll recogize that

Wet - Comm py| lithi 8% LQ1BE HYEEat | oftemblifed ARSI WidinOMe O
nanosuspelﬁlgge%)(r%?d g{rlllggxsg%gmngllsegl@%ga@ﬁ to %&F?r tche Iél al intom ér gn g%de}s%nrt
submi cron size in the nanoemnul si on or nanodi spersion. According to
one enbodi nent of the invention, the coal-in-water slurry with
nano- di spersed particles can be used as the nain fuel, the reburn fuel, or
both, in a boiler, such as a 20 low NOx boiler. The small particle size of
the coal particles in the coal-in-water slurry increases the surface area
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-14- previously referenced. Figure 6 depicts a standard gasification
process flow diagram The input oxygen to slurry ratio of the gasification
process nust be closely controlled in order to produce quality syngas. For
exanpl e, commercially available slurries often cause spikes in the syngas
due to fluctuations of the oxygen and slurry ratio. The |larger particle
size of the coal particulates 5 can cause clogging of particulates at the
input to the reaction chanber. However, because of the smaller particle
size of the coal particulates of the curgent invention, the slurry acts
nore closely to a fluid, followng a fluid path creating a consistent input
of coal palistioplresin oprefeered embbdioen( thersbBmicrbhsizebyoal paticencpraptizgabois forkes .
The result is a_higher quality. syngas, free of coal particul ates. The

i gher  qudt ARt S cageu B E ot 5 medt ohelb oSG AR e ndipesy

or 10synt Rebbdinfehedf (BOGAVEIREUEE Partidle dizb idGhution Bl bihydaleiakiah @bt ehody pf siduct s.
In yet another enbodi ment of the invention, the coal-in-wat r,slgrr% W th
nano- di spePSBEEHAPY 168y 8 A Aleat \esmPodineys of the ipyertion, tha ragtigls sigg disirfpption
exanpl e, mEGHAL@I witlBEH) partitle/ G2 & abBhit fARYmMIREIAS br RekdYl A aulti-mddel pryEO&2¢ bon
can be added to the slurry to create a water/al cohol or. polyalcohol mxture
wi th coal distibutien e§ coadrin-watey slurriegaseardiag than ephrdipgntnef the ypisptio jsyshown at
conpl et el o, 1p there are no coal particles in the resulting gases fromthe
conbust i on charber . Therefore, there is a little danger of damaging the

t ur bi ne bl adesln one embodineenyofrtheiiiversionntha godldnrwater ssg havvisedsih obabayib3F0
particles, | 0 j 0= er ri . .

ovent i on aftebl SoPaFRSS 0t o LS P LRl a Berthldr i LT PRERERIL
mar i neé0di esegnienttneges dnddepapdewithip dwes explidthasges sre(cbiRBhpldied and are mithinalg

and standard 2 i esel ,engines. The occurrencge,of damge to.th l,i pder
and/ or piBFﬁwtf@“gF8§t|9‘V@&ﬁﬁédﬂdgs‘PS@Eﬁa C%QQW ﬁﬂﬁﬁfﬁﬁ“%fmfﬁ%mééFtﬁ%fes.
I n yet anghhgbrtfishogdedentuchfast Re dxampR] pipalinihfietasiea | trucks, iat eships| aidr bargk. t he

present invention can used in any. l'i cati on enpl.oying a ki ne cycl e.
The Ranki Fgrtheydvevifae afb &’ﬁé?ﬂﬁoﬁﬂ?grﬁaﬁt@‘%% ﬂmﬁuewn&lgﬁw%ﬁa&%ﬂ@aﬂ%rw WP,
The heat |igleSsRREAGGbEXternally to a closed 25 |oop, which usually uses
water as a working fluid. There are four processes in the Rankine cycle,
each thangi ng Iphecrisitapmbedimerie, wiokdisngtsiangiad: cop) in RetaRorcRITARST fouthg Rresent
pumped 1 r i W H0c Bl RRE SRS oPdishRalcbl Abich Bhen! SiHlahed lcalell frelAge
the punp requires little input energy; 2) the high pressure liquid enters a
boi | er whéisgersion toslobeitt petudd-flaidrebaracterigsice Sdisr kas iy davidncoal pralicleferannisg guice
to become a dry;SAULAE OF BPRYfer aﬂnotré‘goaqrﬁ/ aﬁ@etd‘.”?ﬁeeg%p‘é?%%n(?)éf’@@aqgpoht'éﬁtough
a turbine, %ﬁ’genera I'hg power - I'S” decreases the nperature an

pressur e ddpeidseorvépoway esall psoicies @n@%dg@em@vmm&dm, imratndjlefichds wethe
vapor(ghen enterz g cqnden er ere it |snfooled.a% a cpgst%qt ressur.e and
t enpetht uPETEDY PELBHETHES So7 PRIl 0 hIS R BRSPS B S ABRPRAL I of
t he condepgg@muirs phdkidfribitiohheWheRey 3bdlr @nht bhigoshed thig need fiacts, tpaicfel ui d
i s undergoi ng a phase- _ -15- change. The Ranki%f cycl e %ﬁSﬁribes del of
the oper a¥fsstions ¥ easatldnsreaspdDRasmRRstclED MRHRI, ek ftfh Sihgo RRTe %e_ﬁ Hti on
plants. HWRNEE hIBEAMSR fRAbKihD BadlioRShb _sﬁ&pIdoq@ﬁgﬁpﬂ&amatkecaerrhidpsuta@ﬂﬂexea\é%d
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conventional grind wth a size distribution such that approximtely 70% of
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slurry was However arent that
convent i onhd;cl(sungr ﬂ“yxlsfmgbeduxﬁfg@ree may to more concentrated coal slurry, with about sixty eight to

about seventy two weight percent of coal, with sub-ranges and values within this range
5  contemplated and present within this disclosure, and a broad particle size distributions, still
having a significant colloidal fraction that behaves as a pseudo-fluid to the large particles. Since
this pseudo-fluid is more viscous than the continuous phase alone, sedimentation of both the sub-
micron and the large particles is virtually eliminated because the relevant colloid fraction creates
a viscous pseudo-fluid that suspends the large particles. In other words, the density difference

10  between the coal particles and the pseudo-fluid to prevent sedimentation is about less than 10%,
preferably less than 5%, and optimally 2% or less. This behavior has an important economic
implication. Since the viscous pseudo-fluid prevents sedimentation, there is no need of additional
chemical compounds to prevent settling (polymers, for example, that are necessary in
conventional slurries) thereby reducing additives cost in a significant way.

15 Coal slurries of the present invention in which the coal content is greater than sixty two
percent are of interest in gasification and oxy combustion processes. In these applications, boiler
temperatures are very high thus allowing corﬁplete coal burning while gaining thermal efficiency
associated with less boiler de-rating owing to the reduced water content in the slurry fuel.

In yet another embodiment of the invention, a volatile water miscible component, that

20 also has combustion properties, can be added to increase heat of combustion. The volatile
component can be methanol, ethanol, butanol and glycerol, or a combination thereof. While the
optimal amount of volatile component is dependent upon the volatile being added, in certain
embodiments the preferred weight percent of the volatile component is less than 10%, and
optimally 3-6%. A person of ordinary skill in the art will recognize that ranges and subranges

25  within these explicit ranges are contemplated and are within the present disclosure. Methanol,
ethanol and butanol are water soluble and volatile, and they can be obtained as sub-products of
biomass fermentation. Biodiesel production from vegetable oils transesterification implies, in
some cases, the generation of high volumes of glycerol solutions that can be combined with coal
to produce a higher heat value for the fuel slurry.

30 In another embodiment of the invention, the heat of combustion can also be increased by
adding to the coal water slurry, an organic liquid or oil that is immiscible in water. The organic
liquid or oil would also be a nano-dispersion, this is, an oil-in-water nanoemulsion. The organic

or oil phase can consist of spent engine oil or lube oil, crude oil and bitumen, diesel and
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the finely dispersed solid combustible particles, the nano-dispersion of coal-in-water contains
about fifty eight to about sixty two weight percent nano-dispersed coal in water slurry, as
described above, with the remaining weight percent of the particles dispersed in water

15  comprising the solid combustible particles of biomass, petroleum coke, or a combination thereof.
A person of ordinary skill in the art will recognize that ranges and subranges within this explicit
range are contemplated and are within the present disclosure.

In yet another embodiment of the invention, the coal-in-water slurry comprises a
surfactant system. Not all sources of coal have the same properties, but rather the surface

20 properties of coal can depend on the type and/or source of the coal being used. Therefore,
surfactant systems can be carefully tailored to each type and/or source of coal. Further, if a
volatile or combustible component is added to the slurry, the surfactant system has to ensure the
dispersability and stability of the coal particles in an aqueous phase that may have soluble
components (methanol, ethanol, propanol, butanol, glycerol), or oil droplets (spent engine and

25  lube oil, diesel and biodiesel, crude oil or bitumen) or a second type of combustible solid
particles (biomass).

A surfactant system according to embodiments of the invention can comprise a single
surfactant, a mixture of two or more surfactants, or mixtures of one or more surfactants and an
inorganic and/or organic salt. Suitable surfactants can comprise one or more nonionic

30  surfactants and/or one or more ionic surfactants. Nonionic surfactants can include, for example,
primary or secondary ethoxylated alcohols having two to thirty ethoxylate oxyde molecules,
and/or ethoxylated nonylphenols having two to thirty ethoxylate oxyde molecules. Ionic

surfactants can include, for example, sodium alkyl sulfates, sodium alkyl sulfonates, alpha olefin
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sulfonates, alpha olefin sulfates, alkyl benzene sulfonates, sodium sulphosuccinates, sodium
lauryl ether sulphate, quaternary ammonium chloride, quaternary ammonium bromide,
imidazolines, betaines, and combinations thereof. Cations of suitable inorganic and organic salts
can include, for example, sodium, calcium, and/or magnesium.

5 In one embodiment of the invention, a surfactant system is present in the coal-in water-
slurry at about 500 to about 3000 parts per million (ppm). A person of ordinary skill in the art
will recognize that ranges and subranges within this explicit range are contemplated and are within
the present disclosure. In another embodiment of the present invention, a surfactant system of
about up to 1 weight percent is included in the nano-dispersion of coal-in-water when the slurry

10  contains at least one volatile component and/or at least one organic liquid or oil component.

A method of making coal-in-water slurries is dependent upon the milling technology in
order to produce coal particles in the sub-micron range. In one embodiment of the invention,
pulverized or non-pulverized coal, water, and optional surfactant system are combined in a
chamber of a suitable mixer, such as, for example, the Filmics Mixer, available from the Primix

15 Corporation of Osaka, Japan. The Filmics Mixer and accompanying technology is set forth in
U.S. Patent No. 5,582,484 entitled “Method Of, and Apparatus For, Agitating Treatment
Liquid”, which is incorporated herein by reference. The slurry is mixed in the chamber with a
slit channel that spins a film of the slurry components and creates a centrifugal field of about
thirteen gs or more. Stagnation regions in the mixing flow field then concentrate the coal and

20  mill the coal in a wet-comminution process, milling the coal into the micron and submicron
particles as previously disclosed. In a preferred embodiment, the wet-comminution process is a
continuous process with the source of coal having about 3 to about 20 seconds of residence time,
optimally about 9 seconds, with other ranges and subranges of these explicit ranges
contemplated and within the present disclosure. The formation temperature of the slurry is

25  controlled by cooling agents to maintain the water temperature below evaporation. Coal
particles micronized by milling according to commercially standard processes are shown in
Figure 4A. In contrast, coal particles milled to submicron particles as described above are shown
in Figure 4B.

This wet-comminution process also offers safety advantages over dry milling. Dry

30  milling coal, such as that done in a Fuller mill, to a micron or submicron size can cause the coal
particles to be released into the air. Often times, costly sophisticated systems, such as magnetic

fields, are used to control the release of the coal particles. However, the wet-comminution
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process allows the coal particles to remain suspended in the water, reducing or eliminating the
introduction of coal particles into the air.

In yet another embodiment of the invention, if a volatile or combustible component is
required to decrease heat derating, which may be an ignition problem with the additional
5  dividend of reduced derating, the slurry preparation may require two mixing steps. In the first
step, water is combined with soluble alcohols (i.e., methanol, ethanol and/or butanol) and/or
glycerol and then coal and aqueous phase are mixed and processed in the wet-comminution
apparatus. Alternatively, the soluble alcohols and/or glycerol are added to the coal slurry after
the wet-comminution process. Regarding the combination with an organic or oil phase, or a
10 finely dispersed solid biomass, the wet-comminution process is used to produce a nanoemulsion
(organic or oil phase) or nanosuspension (dispersed solid biomass) that is later combined with
coal water slurry that has also been produced by the wet-comminution process. In a variant of
the present invention, the nanoemulsion is produced by a conventional mixer using a special
surfactant package, or by means of the wet-comminution method and the special surfactant
15 package. In yet another alternative embodiment, the wet-comminution process is used to
produce first the nanoemulsion or nanosuspension, and then used again to mill the coal into
micron and/or submicron size in the nanoemulsion or nanodispersion.
According to one embodiment of the invention, the coal-in-water slurry with nano-
dispersed particles can be used as the main fuel, the reburn fuel, or both, in a boiler, such as a
20  low NOx boiler. The small particle size of the coal particles in the coal-in-water slurry increases
the surface areca available for firing or burning, as compared to commercially available
micronized coal-in-water slurry. The increased surface area results in increased flame times
twice as long or more compared to commercially available slurries, and virtually complete or
clean burning of the slurry and coal particles, even in low oxygen atmospheres. A graph
25  comparing the flame times of commercial slurries and the slurries of the present invention is
illustrated at Figure 5.
Because of the clean burning characteristics of the nano-dispersion of coal-in-water
slurry of the present invention, there is virtually no coal present in the ash in boiler applications.
This clean burning application can therefote reduce the amount of coal needed for power
30 generation than the current low NOx burners, producing a savings of upwards of millions of
dollars a year on coal supplies.
In another embodiment of the invention, the coal-in-water slurry with nano-dispersed

coal particles can be used in gasification processes, such as the Texaco Gasification Process
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previously referenced. Figure 6 depicts a standard gasification process flow diagram. The input
oxygen to slurry ratio of the gasification process must be closely controlled in order to produce
quality syngas. For example, commercially available slurries often cause spikes in the syngas
due to fluctuations of the oxygen and slurry ratio. The larger particle size of the coal particulates

5  can cause clogging of particulates at the input to the reaction chamber. However, because of the
smaller particle size of the coal particulates of the current invention, the slurry acts more closely
to a fluid, following a fluid path creating a consistent input of coal particles to the reaction
chamber, thereby reducing syngas spikes. The result is a higher quality syngas, free of coal
particulates. The higher quality syngas can then be used to produce higher quality chemical or

10 synthetic fuel end products, and higher quality marketable byproducts.

In yet another embodiment of the invention, the coal-in-water slurry with nano-dispersed
particles can be used in gas turbine applications. For example, methanol, ethanol, glycerol or any
other similar fluid hydrocarbon can be added to the slurry to create a water/alcohol or
polyalcohol mixture with coal particles for a fuel. Because the coal burns essentially completely,

15  there are no coal particles in the resulting gases from the combustion chamber. Therefore, there
is a little danger of damaging the turbine blades.

The virtual elimination or mass reduction of coal particles in the combustion of the coal-
in-water slurries of the present invention also allows one to use them as fuels in diesel engines,
such as marine diesel engines, independent power producers (IPP) diesel engines, and standard

20  diesel engines. The occurrence of damage to the cylinder and/or piston is greatly reduced due to
the clean burning of the particles.

In yet another embodiment of the invention, the coal-in-water slurry of the present
invention can be used in any application employing a Rankine cycle. The Rankine cycle is a
thermodynamic cycle which converts heat into work. The heat is supplied externally to a closed

25  loop, which usually uses water as a working fluid. There are four processes in the Rankine
cycle, each changing the state of the working fluid: 1) the working fluid is pumped from low to
high pressure, as the fluid is a liquid at this stage the pump requires little input energy; 2) the
high pressure liquid enters a boiler where it is heated at constant pressure by an external heat
source to become a dry saturated vapor; 3) the dry saturated vapor expands through a turbine,

30  generating power - this decreases the temperature and pressure of the vapor, and some
condensation may occur; and 4) the wet vapor then enters a condenser where it is cooled at a
constant pressure and temperature to become a saturated liquid - the pressure and temperature of

the condenser is fixed by the temperature of the cooling coils as the fluid is undergoing a phase-
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change. The Rankine cycle describes a model of the operation of steam heat engines most
commonly found in power generation plants. However, because of the diesel applications that
can be achieved using the coal-in-water slurry, the boiler of the Rankine cycle can be replaced
with a diesel engine- Alternatively, the coal-in-water slurry can be used as the main fuel and/or

5  reburn fuel of the boiler of the Rankine cycle, as discussed above.

The development of a super green coal to be used as coal-in-water slurry according to
embodiments of the invention has the potential of massive savings in the applications as
described above, and particularly in the low NOx burner applications because less coal is needed
to produce the same amount of energy produced in today’s applications. Further, the virtually

10 complete burning of the coal reduces the amount of coal present in the waste streams, such as the

ash of a boiler.

EXAMPLE
Combustion characterization studies were performed comparing colloidal coal-in-water

15  slurries according to embodiments of the current invention to a slurry made with a conventional
coal grind. The slurries were used in pilot-scale reburning tests to highlight any performance
advantages to using a micronized coal water slurry product in terms of NOy reduction and carbon
burnout as a reburn fuel compared with conventional coal water slurry. Nine reburn tests were
conducted. Test variables included reburn zone residence time, reburn heat input, and initial

20 NOy concentrations. The complete study is set forth in “NDT Combustion Characterization
Studies,” October 27, 2008, which is incorporated herein by reference in its entirety. In the
study, the nano-dispersion of coal in water was referred to as “micronized.”

1. Equipment, slurry preparation, and test parameters
The reburning tests were conducted in a boiler simulation furnace (BSF) test unit that is

25  designed to simulate a coal-fired boiler. The BSF used has a firing rate range of 200,000 to
1,000,000 Btu/hr. The atomization air flow rate was held constant and the air-to-liquid mass
ration ranged from approximately 1.0 to 0.5 as reburn heat input varied from about 10-20%.

The conventional coal water slurry used as the reburn fuel for the test included a
conventional grind with a size distribution such that approximately 70% of the material passed

30 through a US 200 mesh sieve, typically used in US pulverized coal-fired boilers. The coal used

as the base for the conventional coal water slurry is shown in the table below:
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TABLE 3-1. ANALYSIS OF EASTERN BITUMINOUS COAL

Paraimeter Unit Yalue

Ultimate Analysis: As Received

Carbon Giwi, 70.30
Hydrogen G wi, 4.86
Nitrogen G wi. 1.37
Sulfur 56 Wi, 081
Oxygen Gewl. 7.63
Ash % wt, 9.70
Moisture o Wi, 533
Total 100,00
As Received Heating Value Bawib 12.584
Ultimate Analysis: Dry Basis
Cathon Sk wi, 74.26
Hydrogen G wi, 513
Nitrogen G WL 1.45
Sulfur % wi, 0.56
Oxygen G Wi, 8.06
Ash % wi, 10,25
Total 100,00
Dy Heating Value Bu/lb 13.292

The water content of both the nano-dispersion and the initial conventional coal slurry was
40% by weight. However, it was readily apparent that the conventional slurry had different
handling, pumping, and atomization characteristics than the nano-dispersion slurry. Specifically,

5  the conventional slurry with 40% water had poor atomization quality and tended to plug the
injection system.  Therefore, to qualitatively simulate the handling and atomization
characteristics of the nano-dispersion slurry, most conventional slurry reburning tests were
performed with slurry containing 45% water. It was observed that even after shipment and
storage for several weeks of the nano-dispersion slurry, the slurry did not settle in the containers

10 and maintained good condition. On the other hand, the initial conventional coal slurry with 40%
water by weight settled in the bottom of the storage container within a few hours.

Two series of reburning tests were performed, including one with nano-dispersion of coal
in water slurry and one with conventional coal water slurry. The slurry was the reburn fuel, with
natural gas as the main fuel. After stable emissions were verified during natural gas firing, slurry

15  was pumped and atomized into the BSF furnace zone. NO, emissions were measured throughout
the tests to determine the achievable NO, reduction, and for selected test conditions, ash samples
were collected from the convective pass of the BSF and loss of ignition (LOI) was measured.

Test variables included reburning heat input ranging from about 10% to about 20% and

varied by adjusting the reburn fuel flow rate, reburn zone residence time (240 to 590 ms) varied
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gr aph: 1.4 Micronized CWS 10 2550 240 400 Alr
1.5 Micronized CWS 13 2550 240 400 Air
1.6 Micronized CWS- 20 2550 240 400 Alr X
1.7 Micronized CWS 10 2550 240 250 Alr
LS Micronized CWS i5 2530 240 250 Air
1.9 Micronized CWS 20 2550 240 250 Air X
Couventional Shurry
2.1 Conventional CWS 10 2380 590 400 Air
2.2 Conventional C\WS 15 2380 560 400 Alr
2.3 Conventional CWS 20 2380 540 400 Alr X
2.4 Conventional CWS 10 2550 240) 4010 Al
2.5 Conventional CWS 15 258¢ 240 400 Al
2.6 Conventional CWS 20 255¢0 240 460 Alr X
2.7 Conventional CWS 10 2550 244 25360 Alr
2.6 Conventional CWS$ 15 2550 2443 250 Alr
2.9 Conventional CWS 201 2550 240 250 Alr X

BSF Conditions:
Primary Firing Rate; 712,500 BTU/
SRI:4LE, SR3:1.2
Primary Fuel: patusal Gas
Reburn Fuel Location: Port 2.5, Injection Temperature: 2760 F

5 2. Test results
At high initial NO, concentration (400 ppm) and long reburn zone residence time (590 ms),
reburn performance of the micronized or nano-dispersion slurry at 10% and 15% reburn heat

input is measurably better compared to the conventional slurry, as illustrated in the following

graph:



44744- M cronl zed- 109eRB 40 r ConveneonaelOOOR9 74771--r Moroni zed- CESCRI 7
40 - Corweritionnel6%d9B oroni zed-20V11: 1 Conventi onal r 203e00
20325000035040045( 'MM NOr Cniicenlrailon, PP71 1 igniin 4-4.
NOritictiirri "41 4cLiorl O initial NOconcim ration tit 24(1 ins re
siducr lime. -20- The effect of reburn zone residence tine on reburn
performance whil e keeping sane initial MX concentration (400 ppm was al so
nmeasured. The reburn performance of mcronized slurry appears to be better
conpared to that of conventional slurry gt 15% and 20% reburn heat input.
Reburn performance for both m cronized and conventional slurry is
conparable and 5 within the ¥gnme_r nggw%hrlUVOIEUUIH treat—Tnput, as
denonstrated in the foll ow ng g+eﬁﬂ@m & 0 4NO i dieetion ag a funclion or
11, Inro zone iesidenee |ime &f 40Ekdiiswae The curgent codl-water slurry
reburning results were also cgnpared in the cont of othegr reburning
fuel s that have been tested &t the BSF. Natu gas is the |nost reactive of
these fuels due to its ability to readily g¢Fsperse and react. However,
natural gas is also typical%§[the 10 nost/Expensive reburnijng fuel, and
thus there is commercial ingerfest in utifizing other fuels |such as coal for
reburning. The m cronized siﬁrry was erated using a bitdym nous coal that
on its own woul d not be ex cted to /highly reactive. Thg results are
illustrated in the foll owi ng®graph. +21- WOR10152025 FI gburn heat i nput,
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Three fly ash sanples were cBI[l ected and neasured for |oss [on ignition
(LA) at 20% r ebum heat |nput for both mcronized and convgntional slurry
to deternmine if the mcroni z&d slurry is different fromthg conventional
slurry in terns of carbon congent in ash.- The LO is Slightjly |ower for

m croni zed slurry reburn test's for aIJ test,gondltlgns, as.dllustrated in

t he grap h Reburn Heat Input, %

Figure 4-1. NOX reduction (5) at 300 ppm initial NOx and 590 ms residence time,
At high initial NOy concentration (400 ppm) and short reburn zone residence time (240

ms), the reburn performance for micronized slurry is slightly better compared to that of

conventional slurry, as illustrated in the following graph:
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Figwe 4-2. NOx reduction (56 at 400 ppm initial NOx and 240 ms iesidence time.
At low initial NO, concentration (250 ppm) and short reburn zone residence time (240
ms), the reburn performance of micronized 40% water slurry is comparable to that of 45%

conventional slurry, as illustrated in the following graph:.



bel ow. -22- 1,0000 1.7. C: onparison of loss on Ign Mon (LOU. The
followng table is a sunmary of all test results, in which it was observed
that for all the reburn test conditions, the mcronized coal water slurry
with 40% water perfornmed better than the conventional coal water slurry
with 45% water, and that for all reburn test conditions the 5 m cronized
coal water with 40% water perforned at |least as well as, and in sone cases
better than, the conventional coal water slurry with 45% water. NO

reducti on performance of m cronized sl uppy appears to have nore advant ages
at higher reburn heat inputs and | onger 'feburn zone residence tinmes. The

val ues of Loss on Ignitimo ebum tests with
m croni zed slurry than w | h serugsiiconal slurry. -23- TABLE[4-1. SUMVARY
TEST RESULTS Test RunReghim Fuel cw-at@yskontent Nit Heal Rh, ZoneNOx4t
| nput Res. Tinme 0% 02 Nox [Reuni oni st ] (14., no; ppin Mcronreed Slurry
1.1 Mcronized CW\5
50 |
240 Initial NOx: 250 ppm @ 0% O,
§ Residence Tima: 240 ms.
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Figure 4-3. NOx reduction (%) at 250 ppm initial NOx and 250 ms residence time.

The effect of initial NO, concentration on reburn performance while keeping the same
reburn zone residence time (240 ms) was also measured. The reburn performance of 40% water
micronized slurry appears to be better compared to that of conventional 45% slurry at 15% and

5 20% reburn heat input. Reburn performance for micronized and conventional slurry is

comparable and within the same range at 10% reburn heat input, as illustrated in the following

graph:

70
amepmmn Micronized-10%RB

= 0 » Corwentional-10%RB
s BAS1ONIZOA- 1 5% RB
v 0« Conventional-15%RB

€0

50 e Mictonized-20%RB
w e Conventional-20%RB

-
o

HOX Reduction, %
2

20

Residence Time: 240 ms.
Micronized CWS: 40% water
Conventional CW8: 46% water.

200 250 300 350 400 451
Initlal NOx Goncentration, ppm

Figune 4-4, NOx reduction as 4 function of initial NOX concentration at 240 ms residence
time,
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The effect of reburn zone residence time on reburn performance while keeping same
initial NOy concentration (400 ppm) was also measured. The reburn performance of micronized
slurry appears to be better compared to that of conventional slurry at 15% and 20% reburn heat
input. Reburn performance for both micronized and conventional slurry is comparable and

5  within the same range at 10% reburn heat input, as demonstrated in the following graph:
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Figuee 4-5. NOx reduction as i function of ieburn zone wesidence tine at 400 ppm initial
NOx.

The current coal-water slurry reburning results were also compared in the context of
other reburning fuels that have been tested at the BSF. Natural gas is the most reactive of these
fuels due to its ability to readily disperse and react. However, natural gas is also typically the

10  most expensive reburning fuel, and thus there is commercial interest in utilizing other fuels such
as coal for reburning. The micronized slurry was generated using a bituminous coal that on its

own would not be expected to be highly reactive. The results are illustrated in the following

graph.
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Figwe 4-6. Comparison of slurry rebum performance vs. other fuels

Three fly ash samples were collected and measured for loss on ignition (LOI) at 20%
reburn heat input for both micronized and conventional slurry to determine if the micronized
slurry is different from the conventional slurry in terms of carbon content in ash. The LOI is

5 lightly lower for micronized slurry reburn tests for all test conditions, as illustrated in the graph

below:
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Figure 4.7, Comparison of Loss on Ignition (LOY).

The following table is a summary of all test results, in which it was observed that for all

the reburn test conditions, the micronized coal water slurry with 40% water performed better
than the conventional coal water slurry with 45% water, and that for all reburn test conditions the

5  micronized coal water with 40% water performed at least as well as, and in some cases better
than, the conventional coal water slurry with 45% water. NOx reduction performance of
micronized slurry appears to have more advantages at higher reburn heat inputs and longer
reburn zone residence times. The values of Loss on Ignition results were slightly lower for

reburn tests with micronized slurry than with conventional slurry.



45 10 500 400 29.2 2.2 Conventi onal
CWS 45 20 590 400 54.5 2.4 Conventi onal
Conventi onal CWAS 45 15 240 400
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TABLE 4-1. SUMMARY TEST RESULTS

'S 590 400 45.5 2.3
CW5 45 10 240 400 25.4

TostRun  Rebuen Fuel Water  Rb. Heat Rb. Zone NOX@&  NOX
Content Input Res. Time 0% 02 Reduction
% % ms ppm i
Micrunized Stury
1.1 Micronized CWS 40 12 304 EHTH 27.9
1.2 Micronized CWS By 15 590 400 56.0
1.3 Micronized CWS 40 262 590 490 0.7
14 Micronized CWS 44} i0 240 El ) 229
1.5 Micronized CWS 40 i5 244 400 374
1.6 Micronized CWS$ 40 20 240 EIY 42.1
1.7 Mictonized COWS 40 0 248 250 4.4
1.8 Micronized CW$ 40 13 2440 250 13.5
1.9 Micronized QWS 40 203 240 250 17.6
Repeat L1 1.2and 15
1.1 Micronized CWS 45 Hy) SO0 400y 330
1.2 Micronized CWS 45 15 590 ELi 8 56,7
1.3 Micronized CW§ 45 20 590 S0 622
Conventional Sturry
2.1 Comventional CWS 45 10 560 4000 2.2
2.2 Conventional CWS 45 S 560 400 43.5
2.3 Conventional CWS 43 20 540 400 54.5
2.4 Conventional CWS 43 {0 240 400 254
2.5 Conventional CWS 45 15 244} 400 33.8
2.6 Conventional CWS 45 23 243 00 395
2.7 Conventional CW§ 43 16 240 250 5.6
2.8 Convencional CWS 43 i3 2490 250 15.5
2.4 Conventional CWS 43 20 240 250G 181
Repeat 2.} and 2.2
2.1 Conventional CWS 40 HY] 590 400 IR35
2.2 Conventional CWS 4¢ 15 390 400 37.6

Co
21

nv
5

enti onal

The development of a super green coal to be used as a coal-in-water slurry according to

embodiments of the invention has the potential of massive savings in the applications as

described above, and particularly in the low NOx burner applications because less coal is needed

to produce the same amount of energy produced in today’s applications. Further, the virtually

complete burning of the coal reduces the amount of coal present in the waste streams, such as the

ash of a boiler.

The invention therefore addresses and resolves many of the deficiencies and drawbacks

previously identified. The invention may be embodied in other specific forms without departing

from the essential attributes thereof; therefore, the illustrated embodiments should be considered

in all respects as illustrative and not restrictive.

The claims provided herein are to ensure

adequacy of the present application for establishing foreign priority and for no other purpose.



CWE 45 to 240 400 39.5 2,7 Conventional CA5 45 10 240

33.8 2.6 Conventi onal _
250 5.6 2.8 Conventional C W5 45 15 240 250 15.5 2.0 Conventional CW5 45 20
240 250 18.1 Repeat 2.1 and 2.2
24
CLAIMS
I. A colloidal slurry of nano-dispersed coal in water suitable for use as an efficient-burning

fuel, the slurry comprising:
coal particles dispersed in water, the coal particles comprising about 50 weight percent to

about 80 weight percent of the slutry, the water comprising about 20 weight percent to about 50
weight percent of the slurry, between about 30% to about 50% of the coal particles having a size
of about 10 microns or less, and about 20% to about 80% of the coal particles having a size of

one micron to about 100 nm with a size mode of about 200 nm to about 300 nm.

2. The coal-water slurry according to claim 1, wherein the coal particles comprise about 60

weight percent to about 70 weight percent of the slurry, and the water comprises about 30 weight

percent to about 40 weight percent of the slurry.

3. The coal-water slurry according to claim 1, the slurry further comprising at least one
surfactant system selected from the group consisting of a nonionic surfactant, an ionic surfactant,

an inorganic salt, an organic salt, and combinations thereof.

4, The coal-water slurry according to claim 3, wherein the at least one surfactant system is

present in the slurry in the amount of about 500 to about 3000 parts per million.

5. The coal-water slurry according to claim 1, the slurry further comprising large coal

particles having a size of about 150 pm to about 400 pm.

6. The coal-water slurry according to claim 5, wherein a size ratio of the large coal particles

to the coal particles is greater than 100,

7. The coal-water slurry according to claim 6, wherein the coal particles comprise about 58
weight percent to about 62 weight percent of the slurry, and the coal particles and the large coal

particles comprise about 68 weight percent to about 72 weight percent of the slurry.



2.1 Conventional CA5 40 10 590 400 110 2.2 Conventional COA5 40 15 590 400
37.6 The devel opnent of a super green coal to be used as a

coal -in-water slurry according to enbodi nents of the invention has the
potential of massive savings in the applications as descri bed above, and
particularly in the | ow NOx burner applications because | ess coal is needed
5 to produce the sanme anount of energy produced in today's applications.
Further, the virtually conplete burning4§f t he coal reduces the anmount of

coal present8in tlhecobsiry Btordad clabilt Whasinbi16asBSrRh oPhbRMESE replaced THE
t he deficiencies and

i nvention thgnef s es. and.resol ves many of t| 4
dr awbacks pr ovi ousal%leacggé(ﬁ’t%)?ftlﬁee‘éo.lg%cém‘i”?f\?‘étﬁ’fl?%‘% foa\thegouptapiagefi n ot her
speci fic for®ehitek pibasel, srepraelt hutagol, gipcefal omomhieateaswatdfal attri butes thereof;

therefore, the illustrated enbodi nents should be considered in all respects
as illustratjve % d not restrictive. The clainms provided herein are to
ensure adequacy OF¢ ©HeVas dudntcceipips fockim srvhesin aastsaidctishiig lirgr @itk

priority andikosal Rabdk 5% RSP ISE of the RAI coltlifhVBulky A cOl 1 0idal slurry of

nano- di spersed coal in water suitable for use as an efficient-burning fuel,
the slurry conprising: coal particles dispersed in water, the coa
particl es cdfipri BienglakerdurbcyRdighth cRBK S SMbretsheaQUloaBRrMRE Q.E us e%g ent of

t he slurry,hhpgb {§ﬁmﬁ9%$&13i9§ abfut_ 0O wei ght percent to abou wei ght
percent of the slurry, betweel 4bHFPENSSt 0 about 50% of the coal particles
havi ng a size of about 10 microns or |ess, and about 20%to about 80% of

the coal pafticlgs Havkag Lze.of one mcran . to about 100 rimwith a size
node of about 200 fun.fgga 83%%§8§t%%?n25“%ﬂ8n885“9 BEVSEIst¥ #y 24ccor di ng
to claim 1, 958t Eihrenieiidn bempeqrfebiue b Wseipnipr tb sloualoatesGfoissei ght percent to
about 70 wei ght percent of the slurry, and the water conprises about 30

wei ght percEpt t? about 40 wei ght percent of the slurry.
. I'he coal-water slurry according to claim 1, wherein the coal particles have a size less

than 100 microns.

13. The coal-water slurry according to claim 1, wherein a particle size distribution of the coal
particles is multi-modal, with a first mean particle size of about 200 to about 350 nanometers, a

second mean particle size of about 1 to about 2 microns, and a third mean particle size greater
than 4 microns.

14. The coal-water slurry according to claim 1, wherein a particle size distribution of the coal
particles is bimodal.

15. The coal-water slurry according to claim |, further comprising a nano-dispersion of an
organic liquid or oil.

16.  The coal-water slurry according to claim I, further comprising at least one alternative
fuel source selected from the gronp consisting of bicmass, petroleum coke, and combinations
thereof, wherein the 50 weight percent to about 80 weight percent of the slurry comprised of coal

particles is about 50% to about 60% coal particles and about 40% to about 50% alternative fuel
source.



3. The coal -water slurry according to claim1, the slurry further
conprising at |east one surfactant system selected fromthe group
consisting of a nonionic surfactant, an ionic surfactant, - an inorganic
salt, an organic salt, and conbinations thereof. 4. The coal-water slurry
according to claim3, wherein the at |east one surfactant systemis present
inthe slurry in the anount of about 500 to about 3000 parts per mllion.
5. The coal -water slurry according to ck&i m 1, the slurry further

conpri sing lar gE‘T}@GAéﬁofﬂﬁrcbél@a%?slm@/dc&gdlﬁ’gt%'cﬁﬁn le tﬁ@é?h‘&e }gﬂniﬂgl %‘? ghout 400
ma. 6. The aI eir slurrx according to c wh Ssize ratio
of the | argén %16184’ ’cf)t%ﬂ‘ £ eqeddrony ‘i$f%upc98%ﬂlsubfé?ftallw é‘@x P‘S}m@r?e@@léﬁamhancemo 7.
The coal - wakegss igbiue, ieadt eqid 4@ alRaniGhelyét.6, Wherein the coal particles
conpri se about 58 wei ght percent to about 62 wei ght percent of the slurry,
and the coal particles and the | arge coal particles conprise about 68

wei ght per céht tlbe edsbweterdRirpetaghtingpe cleignt, whéreih e cadl Pdrfidles are selcted om The
coal -slurry ej ortion of the water is
repl aced wi %hﬁglg%%?lgﬁnkgﬂgégﬁé rTl?b,'blttummtOHS glmé’f“&‘iuflag‘s @P(%Bﬁent sel ected from
the group consisting of net hanol et hanol , propane], butanol, glycerol or
conbi nati onp, thgrsg,gg,ofcogl_m%rg@m wpter slurry accor di ng to clainms,
wherein a mass [gxactlon of particle size coal is about 25%to
about 35% of th gﬁa?aépm“eﬂ%hawngm@ of pleput 150 migomFheahoniai00 wedrens sespededyin

accordi ng taxolididil fction ¥heaBd-BisgelPnloREAEInGRARE tRALLJ- (ﬁép@r%‘xo o?coﬁHF R@t@f{jed ina
rel evant cq}llmda fraction of the coal particles. e coa er slurry

accordi ng t6 & B SQp@priss qof aionied 903}11 8@‘%“v‘i"‘§€@$‘i‘1§ atgr complseslegr ee
Fahr enhei t abowt 2heeighn pgeenofo aBf10 B wagm 68t bR H8ryl BordhRR HbouY$39; 8RS POI S e

12. The coay ccording to claim1, wherein the coal particles
have a si ngl \gg{gg{nﬁ%on éoa ¥ (%i‘ ‘%f?‘.ze? Ogﬁdﬁ"cr\‘/\}éﬁoéll%%?‘i Ifjt Heedigi ng to

claim 1, whaoeized walpmrticies hevesisizeleshi tednrli hidioh 04th @ fnolid Wze @@ @ouPANhingb €S 1 S
mul ti - noda t [t Si of about 20Q to about 350
nanonet er shbogwgg?g?\ﬂurlrgengns ‘Zg?"t% 851@85%6‘1 ‘fré‘gfffc?u’f’prfuiggb%gﬁf"elﬁhtﬁr@%ns
a third melofbeppl Witk peicens Ogthedurar, artdrfbnlasge noat paptitses corltisinklabout DBweiat er
slurry accghéthingatont p;lvaél tﬁe:ce‘ﬁ@&*ﬂﬁe‘sihr particle size distribution of the
coal particles is binoda -water slurry according to claiml,
further conprising a nano-di spersion of an organic liquid or oil. 16. The

coal -wat er20sl u ﬂ"ﬁé/coalc\ﬁzﬁérciluﬂg d&fardﬁlg% Bhiln 19f Fﬁhﬁé}%smﬁ%mg ';1{ léésp&e%EIfJC%S t one

alternative
system selected from the group consisting of a nonionic surfactant, an ionic surfactant, an

and

inorganic salt, an organic salt, and combinations thereof.

21. A method for preparing a continuous nano-dispersion slurry of coal-in-water suitable for
use as an efficient-burning liquid fuel, coal particles in the nano-dispersion slurry of coal-in-
water comprising about 50 weight percent to about 80 weight percent of the slurry, water
comprising about 20 weight percent to about 50 weight percent of the slurry, between about 30%
to about 50% of the coal particles having a size of about 10 microns or less, and at least 20% of
the coal particles having a size of less than 1 micron with a size mode of about 200 nm to about
300 nm, the method comprising:
providing a source of water to a chamber with a slit channel;
providing a source of coal to the chamber to create an initial shurry of coal-in-water;
spinning the initial slurry of coal-in-water in a centrifugal field in excess of 13,000 gs to

create a film of the inijtial slurry of coal-in-water; and



fuel source selected fromthe group consisting of biomass, petrol eum coke,
and conbi nati ons thereof, wherein the 50 wei ght percent to about 80 wei ght
percent of the slurry conprised of coal particles is about 50%to about 60%
coal particles and about 40%to about 50% alternative fuel source. -26- ‘
17. The use of the coal-water slurry according to claim1 as the
efficient-burning liquid fuel in an application selected fromthe group
consi sting of a | ow NOx bur ner, a gasi fixation process, a gas turbine, a

di esel engi ne, | -water, slurr accor ding to
claiml, wherein tl#ggt?%% t%hg necgn‘gPtéatedépgﬁgt“a‘ﬂ’nf?W t“k?é”ebf%ﬂb’nﬁﬁ’ﬁm sting
of i gnl te, &raﬁssdprtahmtﬁ@mndsm étbgmnmmsquaﬂdmaﬂhe hmadispesionld coainsbatgiry of
coal - i n-wat elurgONPri si ng: | arge coal particles having a size of about
150 mcrons to about 400 mcrons suspended in a colloidal fraction of a
nano- di spersion of coal in water, the nano-dispersion of coal in water

havi ng nano-2i zedhe&ﬁbaﬁodlaadoidx |t@§a1§1r2d it erein the
wat er corrprlSe e (%gg&}‘ 28 WEIng ercent&{rg&%&ﬁqgﬁg@hlngﬁ‘k{a&%ﬁ%gﬁ? of the
slurry, betWweéh ¢ ZB9 8 SA’B% a@@}%l&fﬂf(ﬁﬁaﬂmmqnmprz‘@wntc@amozsamam es
have aI Si Zﬁ ap breaiosatt, abd mmmﬁSnsQHeréoﬁ&%i mﬂlng'ﬂ%@&ﬁ”ac%gt%y@m %ﬂ@%h@@dguﬁ,e%f zed coal
particles ess .t th a node size of about 200 rim
to about Soyﬁh&féhélgﬁ%%%o&wf aprz%‘g]drcﬁ’@’re(?é\%”?éﬂ coal particles conprising
about 58 wei ght percent to about 62 wei ght percent of the slurry, and the
| ar ge coal rei ent to abo t 14 wei ght
percent of t%e sllqlhrﬁréglgﬂmgtjdﬁ%’%gda?ggr eem sqg rldrey Et?é%?ﬁ‘&“?‘*é’ i m 19,
further conprising at |east one surfact ant system sel ected fromthe group
consi sting of. am@ﬂlbtggu&c&ggg r i nor gani c
salt, an organic sal '& and éé%}a%g%]; gﬁ@eltCﬁ%ﬁmfg%&?oglﬁqkom%{q%od for
preparing a RBHEH GHHSSIHENG mRiEe thsiamauns pfivatsr ewiporatert - i n- wat er sui t abl e f or
use as an efficient-burning liquid fuel, coal particles in the

nano-di spersion slurry of coal-inwat er corrpri si ng about 50 wei ght percent
to about 80 wei ght percent of the slurry, water conprising about 20 wei ght
percent to about 50 wei ght percent of the slurry, between about 30%to
about 50% of the coal particles having a size of about 10 microns or |ess,
and at | east 20% of the coal particles having a size of less than 1 mcron
with a size node of about 200 tun to about 300 nm the method conpri sing:
providing a source of water to a chanber with a slit channel; provi di ng
a source of coal to the chanber to create an initial slurry of

coal -in-water; spinning the initial slurry of coal-in-water in a
centrifugal field in excess of 13,000 gs to create a filmof the initial
slurry of coal-in-water; and mlling the coal that has been concentrated
in stagnation regions in a wet-conm nution process for about 3 seconds to
about 20 seconds to formthe nano-di spersion of coal in water slurry. 22.
The nethod according to claim?21, further conprising providing a surfactant
system sel ected fromthe group consisting of a nonionic surfactant, an
ionic surfactant, an inorganic salt, an organic salt, and conbi nations

t hereof, and m xing the surfactant systemw th the source of water before
the source of coal is provided to the chanber. 23. The nethod according to
claim21l, wherein the provided coal is in a pulverized form 24. The

met hod according to claim?2l1, further conprising controlling a formation
tenperature of the slurry to mnimze the anbunt of water evaporation.



