WO 01/ 23806 PCT/ AUO0O/ 01199 Process and System for Recovering Energy from
Carbon Containing Materials Technical Field The invention relates to
processes and systens for converting carbon-containing s -materials, in

particul ar vﬁ?ﬁz‘ésdgﬁt erials containing organi c substances,pdrfiihesfAgPusti bl e
fuel s and thereby recovering energy fromthe carbon-containing materials.

Background of the Invention The di sposal of ever-increasing quantities of
waste materials is a significant chaljenge in many parts of the world and
i's becoming a nore significant problemas the 10 world' s .popul ation
becones i ncr ed¥iongss apdhystam forReeprsring EnergyfrarmsCatbolnan

popul ation and increasing | evegtgniiniHd WISfrfalgr e resulting in larger
guantities of waste materials of various kinds being generated. D sposal

strategies currently utilised forTechaigalfigldy t h wastes include landfill,

bi ol ogi cal degr eRAfveRtidAeMRE {PHOCARANAG sysepiHyS EdnQHting BAlbYREIRAIBing hem cal
.treatnent processes. However, each of these nethods is suffers from one or
mor e diss adRAlETIakSy BY partighlats wasts, materials jcoptaimipe ergaig sybstiantesolto cmbustiblese

pol | uti on fudlPahdiRerEh)Erebivetifg EtsdyPom Be caFhinREntiiami latriaf | im ted resources
such as land. Additionally,_ many waste materials constitute a source of

useful energy if efficient Biekgtoysd pbtha/Bventign  hat energy can be

devi sed. For ex@hedRposabof @vérlatreRingt quntiide eMwastd imatkial s wasigaificalcr easi ng

the bulk o te material for di al, byt typically the at 2
gener;t ed cﬁvﬂ?%’emilﬁﬁ‘?yn%alrﬂét‘ﬁfgﬁ ‘?’%’5451 S‘F E‘B"‘/‘g?%ﬁ?é‘%lé‘?ﬂg‘?'ﬁc EIBWQH%B’naSt process

can | ead twarldhepopgRatici Bédofies Gcrdasihgly tuabiinsed U BlirtiBmare] the fiifeasing damannd

di oxi ns, d.th t . f | titi.es. . He
there s Bombut SR Frbeutiis s of efendd Rl bRE ilecely SRR BLRABE" 1 on
are envi r exatezialsadfl yarioes i kimdsdreihgnenetatade s Disposah strategiescomeatly utifisedufoef ul
energy fr he S 25 1t i obi ec f resent i.oyention to
provi de a.% Iéraeqt‘!]]gi (‘:%ﬁ@ntw%ﬁ h%‘&f“f’ %rﬁf‘%{eh’ rgieog%ﬁ/ceair)ydeg%%ﬁtgo of U é’ﬁlléérh\géy %e?%n
car bon- corbmbuwsting, amdtveridus chemiabirakmerit paovesses | Joweyer, padofdhesamethods

envi ronme LS i g&&i | ] m ni mal
adver sg e%é?érr%}rﬁrr?eﬁﬁ@gio&?%%c ) @%?‘é'lr"'y Eg? e{g%epq‘{’ ﬁggﬁlﬁﬁe gn gﬂnghlgd%tragt -
enbodi mentcaust poliwionnmey be energyhistensive opmay ibel sdstefubefdimited résurcgesushasi ng

heat fromg cal ﬂi%hﬁﬂ&‘]&;?dnp 'WASte alsHon¥tithic sbx?}ﬁé HEGen Bfer &‘%?ﬁc?{n’t (a)
pyrolysing said materi'al fn a pyrolysis zone of a reactor &t an elevated

t enper at umeanpofpeenygorofthaianergy cambe derdseds dlor example, avaste itrirarativngds gaseous

product; WgQie %%?Q:@ dEcrEMple b Wéste material for disposal, but typically the heat . :

20  generated by the incineration is not recovered, and in addition the process can lead to the
generation of pollutants such as nitrogen oxides and dioxins, and the generation of large
quantities of greenhouse gases. Hence there is a need for improved waste treatment or
disposal processes which are environmentally benign and which result in the recovery of
useful energy from the wastes. '

25 It is an object of the present invention to provide an efficient method for the
recovery of useful energy from carbon-containing materials, and simultaneously to

 provide an environmentally acceptable way of disposing of waste materials with minimal
adverse environmental impact.
| Summary of the Invention

30 In a first embodiment of the invention there is provided a process for generating
heat from a carbon-containing material which includes the steps of:

(a) pyrolysing said material in a pyrolysis zone of a rcactor at an elevated

temperature to produce a carbon-enriched solid and a combustible gaseous product;



2 (b) burning a first part of said conbustible gaseous product to produce a
first gaseous conbustion product and to heat said pyrolysis zone so as to
mai nt ai n sq@ o1 k vated 't enperature; (c) renoving a secompgrRapbo@d sai d
.conbusti bl e gaseous product fromsaid reactor; (d) burning said second
part of said conmbustible gaseous product to generate heat and produce
second gaseous conbustion products; amd (e) returning said first and second
gaseous conbustion products_ to said _pyrolysis zone. 1Q Thus, the process
of the first efPodi mBwhingaofisteat of ﬁl@&%@%rﬁéﬁ%%ﬁﬂﬁt to PFRUGS 2ray  be

r ecover edhk{ ffbdus BrBAsHoR PRidattind o MetehidapyrolPdid zoMais6 s 6 @AURASR said
substantially no gaseous em ssions, since substantially all of the gaseous
product s SHRBGIEBRFT™ISE he process are returned to the process after they
have been burnggh | nrexieinpar steerld paeofaiaceapusibld fi8edus pidduenbadisamant of the
invention, the carbon- is enriched solid may be contacted with steamat a
tenperhtd?@“@ﬁ whi ch the water gas reaction occurs, so as to produce
therefroma m xfure bawingi sHidGedondr peeiof asaid canlstible ngasevas dgrodudaus, i n a

second enbodi nent of, t invention there s provided a process for

gener at i n%enﬁ’é‘gﬁtehef‘tr%péoﬁgﬁersﬁﬁ%[&c%?ﬁoﬁ? ?ﬂ%”%lg?‘?"ﬁ#’%ﬁl ch includes the steps
of 2(a) pyrol ye) ng smurdingehidrfiral andsetond igadeyad sonisustiorn produdts s tsaidl evat ed
tenperature ta %oduce a carbon-enriched solid and a first conbustible
gaseous pPSEE % a ) transferring said carbon-enriched solid and said
first \weonbusti Whes, thepeses girtbel fict etnbodimestiptovitles 2 gnasess( Wherelmaoselfdg sai d

bon- i | 1 ..Sal ctli : 45 at a
cecond of oo cbe decthvrty F e ARG RGBSy b hrick® phlEesTt 1
cont ai ni nipbbiyaifaligere gassoum dmissioh® rsinasnenbistdutially call iokirthé imgsequs iprestuctsar t of
sai d seco d&&ggtlttﬁ& bR)’c%s tg%stﬁtﬁfh%d N 19? gg)ECSE 3t GEbdeh bifnedaseous

conbusti o pro S an eat at st Sal. eact|.on z_one SO as to
mai ntai n sai d Jeephira|ofthe mecesepiibe first embodimeytdf theaimyrntioy, the ewberhd part of

sai d_§eCofgich QIR kY Be BRI with QtAGT at 4 tHPeRME of SAGdH BB WAk zas( €)
burni ng said second part of said second conbusti bl e gaseous product to

gener at e 1agtionAeEUIS.c0A§ o Prrdust therediopa mivirerantaining hydiegen\god earbess o6
PCTJAUOCO R3188%e.

Thus, in a second embodiment of the invention there is provided a process for

generating heat from a carbon-containing material which includes the steps of:
20 (a) pyrolysing said material in a pyrolysis zone at a first elevated
temperature to produce a carbon-enriched solid and a first combustible gaseous product;
(a) transferring said carbon-enriched solid and said first combustible
gaseous product to a reaction zone;
(b) reacting said carbon-enriched solid with water vapour in said reaction
25 zone at a second elevated temperature to produce a second combustible gaseous product
containing hydrogen gas and carbon monoxide;
(c) burning a first part of said second combustible gaseous product to
produce first gaseous combustion products and to heat at least said reaction zone so as to

maintain said sccond ¢levated temperature;

30 ()] removing a second part of said second combustible gaseous product
from said reaction zone;
(e) burning said second part of said second combustible gaseous product to

generate heat and second gaseous combustion products; and



3 (f) returning said first and second gaseous conbustion products to said -
pyrolysis zone. In a further formof the process of the invention, a part
of conbusti bl e gaseous products produced by pyrol ysis. of

car bon- cont aY‘Pl?l%”“Frat erial, and/or produced by 5 reactioﬁéﬂgu‘\l/‘\]gfleg? vapour -
wi th the carbon-enriched solid, are renoved fromthe reactor as a

conbusti bl e gaseous fuel which nmay be transported if desired to a |ocation
renote from the reactor and from whi (?h energy may be recovered by any
conveni ent met hell. Trmrmidgosad fasttdnilrsdcondigasions combimtion iprathicison seidovi des a
process for qonverti ng a carbon-containing material to a conmbustible
gaseous f FEFOHT TR%i ncl udes the steps of: 10 (a) pyrolysing said nmateri al
in a pyrol ysis bonéurter forhiof $he mbessnioftie inventisar apyt of cambwslle gasegus

car bon-enrjched i o : tori | i d

car bon- envErReiigd Rpee: Bf Byl o 6o Tash oy lseralnd BEBIUISANY
second sel avationof watpryapowrwith e garborenichedssolidrage tpanawed Fomrthe| TRastor #ont ai ni ng
hydr ogen - il Shay be tdfshorlted'ipl fd losdtioR¥rhotefrod ) Sai d
first gas%%%?%g%gﬁa?%%f ﬁ}l%?%%ﬂgmgégond ogéggggﬁgeﬁoodd%%mor (i) a mxture
t her eof sdhersatter and Somavhithoensteysaaycherecouerrd by sy renveient mgthad-ai n sai d second
el evat ed tenper §hytre 3Rfrd(HlboBRRERY e Gnvielion REMEGRAGS0REs foRicBnVettingta and

second gaseous products as, said copbustibl e gaseous fuel. 20 I.n a fourth
embodi rrentcarbpnich@alme@Fﬁqr'@htotaw@m@“?@lepﬂaﬁ?Pﬂﬁ‘S‘g‘ﬁl“%@@P]@ﬂ?sft g sters@€over i ng
ener gy, f rom car pgn- C Qik@ydihg) GaidBitetial in ta pylsisesdrenal wdifing: elavataact or
vessel having an'exterior and an.i néerj or %%i{d react%{ bei ng equi pped

Wi th meandemprraisite Prodves acarbgmsnichad solidiand 2 Hiey 8aspos F¥VEL § vessel and
heating neans t @) heatackifg suidsédeban-ehbickpdssolifif witlk avatsr avepoap rr at secerdy

associated with the reactor vessel to permt .conbustihle erated
in the ved&Hon gongeat, & fFFOR e{eﬁﬁtf‘gf 'ﬁefrp? produce d s%‘é’ﬁgﬁafgﬁgﬁ)\?\%%gpsai d gas
of f t ake NeRAGInAdhyaRgeh g8 ahd cgborranxide; transfer a first part of said
gases generated,in said.vessel, to saji.d h ' 1y ORIV da N ns
adapt e% to ignif®@ saﬁ’d"'ﬁ%%%?ﬁftnpaga?@hﬂ%aé‘flﬁ%%grrsggﬁs??l%%%éé’ gg %{r?\iesregﬁﬁi recovery -
nmeans opergabdous pyodact 9o (i henixwire kheredof sgas toohdat akleastsaid gedction zergadery of
energy from.a secqnd ] S generated in said vessel. In one
form of t HBHEGLH S%CTOH?%%%?J&}? ‘%Q.%tr%%b%l%rrpnt, the first gas conduit
i ncl udes gas sefdyr at iremovingthe xeiainder of saidhfitst andosecand) gasaeysRfodCY Bast part
of any hyds%%%%ﬂxtbhs%ﬁ S0ud flef Ne gases generated in the vessel from other
ere

gases present, produci ng a ) ) . .
20 In a fourth embodiment of the invention there is provided a system for

recovering energy from carbon-containing material, the system including:

a reactor vessel having an exterior and an interior, said reactor being equipped
with means to admit said carbon-containing material to said vessel and heating means to
heat the vessel;

25 gas offtake means operatively associated with the reactor vessel to permit
combustible gases generated in the vessel to be removed therefrom;

a [irst gas conduit between said gas offtake means and said heating means to
transfer a first part of said gases generated in said vessel to said heating means;

ignition means adapted to ignite said gases in said heating means; and

30 _ energy recovery means operatively associated with the gas offtake means for
recovery of energy from a second part of said gases generated in said vessel.

In one form of the system of the fourth embodiment, the first gas conduit
includes gas separation means which is capable of separating at least part of any hydrogen

present in the gases generated in the vessel from other gases present, thereby producing a



il WD 01/ 23806 PCT/ AUOO 01199 4 hydrogen-rich stream and a hydrogen
depl eted stream and neans to transfer the hydrogen-depleted streamto the
heat i ng ”Eaﬂﬁn3$R€ system of the fourth enmbodi nent may f getAteEIPri se a
second gas conduit between said heating nmeans and said reactor vessel, to
“transfer gaseous conmbustion products fromsaid heating neans to the
interior of said vessel. The energy rgcovery neans typically includes a

hi gh pressure boiler wherein the second part of the gases generated in the
react or \ydeagen-igh |stream  andpp dvidigser Heplpted; sireamy and eqog ropiansfaicthgdes a

further gaardpendeplétedstrnmas thehehtindiidaf$. gaseous conbustion products from
the energy recqvery neaftﬁgioo he ié’lteri or of the reactor vessel. jo Brief

Description of HA&FHY Gbedimentdnay FREPESS AP At SndBl of a
syst em f Qfetw @G 04RT Yedbing Qfi€ing Yandl Is@id reScddrOCdRsel, Ot Riridfen aB@LE cbmbastidhi | | sing a
process in (?cco danc‘f wi.th the t&igr.d enb&?di,grent of the present invention.
Fi gur e* 2 hredugtsdpom,spidf heatipg meansdp theinteripr of said ¥6588lem £ or recovery of ener gy
from in T dpefgyceddivadythedgs Bpically fichide 4 high ipRgsie Poilee &dereimnthagesndance wit h
t he second (Ee;n@odi ment of ﬁ;ihe resent inxen iop.h/g’i%?recﬁﬁ i\%‘ea &i agram of a
sui t abl e PP B 2% EEAFPT A TEUFAEo YeSee A OF Y MO PEAREE F SF e

I nvent i onfurthérgticladed d Butherdgr poadainidapted ep trassfrt gikéons combuastive poddactsused i n

| aboratory scale 2(3 trials af.a.proce according to the invention.
Figure 5 g%mghese@ﬁrgr’lrg?ﬁogeryéﬁr ﬁgﬁlfea"?tie%?{o ?‘ea{e%cy%tvg used in |laboratory scale
trial g0 of a process accoBd'eﬁQescrinﬂm ofrtherDrawringd-i gure 6 is a schematic
representation ppf, . ap ;al E@I{eﬂﬁ{i% Yﬁ%reign%n%ﬂ‘off%rs LEE Rl %Fé},%gﬁyﬁ% om

car bon- cont ai ni materials utifFIsing a progess I'n""accaor dance”w t he
third 25cadmbodhntaining whteridle uplisitgemproresy énadcordandecyigi the dhifbersbdadpmensn of t he
I nvent i Onoﬂtﬁ‘eérlé‘énﬁw g5es of the invention, the carbon-containing naterial
usual |y contains carbon in chemcally bound form and may contain other

el ements. Usualfligare 2 hva sehemptie reprasentation of al system dr eecorsry pleensrayniom  hydr ogen
in chem calloh-dRiAhe Ghteridid mingl 50prafess O BcBorBate e Wit N fHeO se@nlier

el ements. The material is typically a waste material, but it need not be.
Thus, mt@b@}f&%eﬂhﬁe@mﬁmﬁr@% ocess of the invention nmay also include
conventional sigwe BUR 8 Baifdin &T & Yitabld Mabror 0 BaRfihd But B prebdsequs coal

peat etc, or .other . .
accordance with the invention.

Figure 4 is a diagrammatic representation of a reactor used in laboratory scale
20 trials of a process according to the invention.
Figure 5 is a schematic representation of a system used in laboratory scale trials
of a process according to the invention.
Figure 6 is a schematic representation of an alternative system for recovery of
energy from carbon-containing materials utilising a process in accordance with the third
35 embodiment of the present invention.
Detailed Description of the Invention
In the processes of the invention, the carbon-containing material usually contains
carbon in chemically bound form, and may contain other elements. Usually, the material
additionally contains the element hydrogen in chemically bound form. It may also
30 contain oxygen and/or other elements. The material is typically a waste material, but it
need not be. Thus, materials for use in the process of the invention may also include
conventional solid fuels such as coal, coke, anthracite, bituminous coal, peat etc, or other
materials such as timber, paper, cardboard, etc. However, advantageously the carbon-

containing material is a waste material, which may be any organic waste such as sewage;



materials such as tinber, paper, cardboard, etc. However, advantageously
the carbon- containing material is a waste material, which nmay be any
organi ¢ waste such as sewage; WD 01/23806 PCT/ AUCO 01199 5 nunicipal solid
wast e; agri ouoeursssé products and waste of various kinds iHeEV4E8§%00d

wast e, bagasse, rice hulls, prunings, abattoir waste and ranure; industrial’

wastes of various kinds including pulping liquor from paper pulp mlls,
solids and sludges from waste water tYeatnment, plastics, coal washing

sol i ds, shalfeipaRehl valkVaRtSturaigrodutls sl Whste WA hifsus KB tidMdidd R8od i | S,
car tyres and so on. The conposjtion of the waste is not critical .to the

process ofWastfe bagasst rfice; llanprupines, AYAttqin; waste andnanprs dadustriph Mesteghever |
typi cal Iy Jahgus\Rsle inbdivding Faindd Bidr Bo8C B&pRE Pulb nifls,Piofilld HAdSHaYgeS tidn t O
remove gross quantities o‘fa wat er ere E),r e;‘?&t, b oTe or lgrorie net hods
whi ch ar ¢ WHFVaFT {eRiGHnplrsics, (el wrihingosalidh P, sAsh wheptsn ot gefinery
centri fugiviitesf édnt@hihAe sdils] caritfigs akl &P 6i.atThe RomPbsitionl§F theavasterielngsi s

reaction in_the processes .of the present invention typically.pccurs at a
t enper atur“é‘“l"‘g tpifae ProgEsS oft %B‘SEWP%S'&"’POH%‘O’G W‘@yﬁpﬁfﬂ?"@gl V¥t he range

200C to A4@gicallyGheewastd will havet beeniroessed df 0 prelilninasie swp do aesioteh gross

enbodi nents the pyrolysi,s reaction occurs i he .sane react as.reaction
step (b) Hipottes (‘%Watﬁg hipreipresgnt by one OF more '83@?%‘%“%‘ 4% 5%‘%“'5%‘?’?‘3‘??“9 Thxygen
free at noshéat foritimt pyrposeatdhyas gemefugingfiliening.Iskinpying) eygpasatibnlete.one by
conducting the [ IS LA Gl i S ' L.ch the
vessel ' cont ai né e?#ﬂsglr%gui‘%sﬁctg%gucﬁ%i%gkﬁeeég%%hvﬁgggﬁ%%ﬂ? ot

car bon- corut aitevapregetura irethe sdnge of abeit 200°@ ke6ORC anors dypieally imthermge 200%er at ur e
of 1he DYNGUYSIS EaRfity /bl HalkebYmt Sohl b %k SmbbRE BR ARGy be

t en- arb

initially purged wth an oxyg ree gas, such as nitrogen, on
di oxi de, srsmign OFcur$ ¥t t]lpésr_nt? meactopfas reagtiorestepri)ebut iihcanRecyr We SHEISf t he _
second angldy.f dg %ﬂn%silﬁggﬁrdé%éﬁ-ﬁe@atﬂﬁﬁheﬁfis ififcallg SeRbtSed i Gyrdipger ated in

reaction step (b pasSed. fromthe reaction zone far, step (b) into
the pyrol yoneby eendurting the puolyss isa elgsed yegss! snthat anyyreeen wikeh %rvawlsi s
reacti on r@sidnes idiftalfOk ichgumed B adatbtichOwit tHeltarboa chRtainih@ thaériul,ng wight er i al

to produce_a carbon-enriched solid terial, and sigultaneoysl ener at es
| ow 25 moicoeantah carher i theppsratires ?amg@lsvm%h%%& Sl;‘e\}% Y$e at the

It _egper at grr@acﬁf)n Lo rnga@r sdhm&iaﬂy mrgedl { vith m%&@h—ﬁb&ﬁglik;rsuélﬁasa:hiﬁ'ﬁg?y&m@i ly
i-berated as  steam t he pyro S rocess, unless e carbon-.cont ai ni ng
mat eri al id§°’ﬂ$"y5tﬁﬂﬁ° WB‘“&’&&%B’ ‘-’%c/?ﬁf é’faﬁ'ﬂ’ n é‘ﬁBﬁ‘%ﬁﬁﬁse‘gi%ség‘gﬁtaHa%i nly
hydr ocar basholinntsexgipofahdigaebus produstrgendrated in tehaionatepeb) maybepassed wi | | be
necessary to add steamor.water,to the reaction zone in th . es of
Che”~ secotPraiy ERIPR b e e e PiisPls SR afng o6 BisBE 887

car bon- enroxgpgend solid material. and a vapour

The pyrolysis reaction results in coking or charring of the carbon-containing
material to produce a carbon-enriched solid material and simultaneously generates low
»s  molecular weight organic substances which typically vaporise at the temperature of the
pyrolysis reaction. Water vapour is also typically liberated as steam by the pyrolysis
process, unless thc carbon-containing material is dry and the carbon-containing
substances present are mainly hydrocarbons (for example used car tyres). In the latter
case, it will be necessary to add steam or water to the reaction zone in the processes of the

s second and third embodiments.
The pyrolysis reaction produces a carbon-enriched solid material and a vapour
phase. Optionally, the vapour phase may be cooled to liquefy any condensable materials
which it contains before the remaining gas, or part of it, is sent either to the reaction zone

for step (b) (in the processes of the second and third embodiments) or for burning (in the



.phase. Optionally, the vapour phase nmay be cooled to |liquefy any
condensabl e materials which it contains before the remaining gas, or part
of it, is §Ry¢isdkher to the reaction zone for step (b)erCimAubdnrigor ocesses
of the second and third enbodi ments) or for burning (in the WO 01/23806 '
" PCT/ AUCO 01199 6 process of the first enbodiment). However usually the
vapour phase is directed to its destg nati on w thout cool I ng and

ehoal modteoil B A0 R oS BRROCR ‘Rt ANE BPBTYLR S one. and

expl oi t ededtipbtion withoer @pling A oindeiksaticty GdRuAtiveyt invihy prédessehaf thase, it

wll be ar, rovi.de water or s eact 1on zone. I n one
f orm of PT‘Fé’ng ci@gg)ég#’o‘%l ‘PﬂFvap% % F Mt e?% ngrsofn aPYrO orrhe vapour
phase fr and tekplojisd fiir)itsi enepyn@ntest ircamy eshvenienn waye iredet caseaitdwidl por tion of
It is burned t r he heat necessary to maintain
the fi’ rslne?fﬁ%ff)gf'ol’gg@gen‘gg orSteaﬁgéh}eg%ﬁé?na%o %es. In this form part or all

of the conbust Imenepiounl ot the rgesves aif thel tind dmbrodinmyt, 10 ldabtepavtagfche vaivase renoved
fromthe [ | | el de at

| cast  partisiofh b8 R Buble bRl doh hp Rab GPELY LA L8 bolle 2 B
the processerap at keastipartrad tharheat inpesssanys togpaifitain thgrfsstsmé/oofsecom:phmtgd a first
part of t t eouUS

P oduct , REF, B nl B, fo o e Bl R B R et s of
step (oc) the vappyr phase reveqyed drophthe pyealysis zosg d provided ito dhe m@tonpm% 19 hr ough
the car b%‘ggydt@gggq,aﬁgmgwa&rg,gfomfeaggggdligps &g before leaving the reactor.

Usually in this formof the process of the third enbodinment, the first
part of the niJa anchesiform of theyprosess of she Shind: erabrdiment stap Ghseesiss obr oduct i s

typi cal | Youghi2h TR fabtOfh & nfiffre SENAE Frdt ‘%lse%ﬁ? Brdﬁ’ﬂ@cr ﬁxta}’thé tsedo%d rebedti vel y
enriched in carbon_npbnoxide and/or car di oxi de, npared to the m xture

of first PEfct e EteRlBomghis dorms ofyths gercess the C%mbsﬁs%mw ehtey R gas
separ at | Qitufk@ o the @€HdR Sudh thitakdyl Mkt @ﬁssttﬂauglfﬁhé {chifbBn-Shridhb@ sdlid mtthgaseous

product and.the sec asequ rod whi ch _fract con
subst ant iTSACHR ?i‘meeb ?r‘i ]ﬁg‘"ﬁ%l&’ﬁd cf%ngﬁp*ﬁlé( 1 thys formid ﬁhﬂPrB%"rsEIQ}\g‘feéé‘é‘i‘\t in the
m Xt ure @mbbdinfht, ARdfisepandf grstixtife Bf ekl ghstous Plodudt raad Istcdhd Wasedlis cont ai ns

subst ant i al bon nonoxi.de and .carban, di.oxi de is
combust ed™® Jé‘ﬁ'd“@?é°a@m§§§'€§3' 895, e w}feé"thé'r'ﬁ’édelf‘%"‘:? Emfch?‘grl or of
t he reactimearbon mioadxide amlgo:tchmbn tlfm;demwﬁpaﬁﬂszs the Mixtutg lof fikse afid sstbhdn zone
and contact the gak ar bon- iclhed ol j d react i an.Z9 e | eaving
The 1 Bhc tareobt aSRiCRA Rl Hgita0P heeas fepanfioh 56 blodies Bcngivatthf on L he
anount ofmistuyeg efi ther firsi gasclousoprodustiand iy sdeend) gaseowsr prpdudt,swoich tireetial he
gases WhicGlal Sub&IINRT o FThE DL R0E0LAE M Aol PRUT Sidser Sn e

ric or su Oi Phat T

stoi chi one chiometri ¢ anount, oustTon
mixture of frist and second gaseous products. This fracnon which contains substantlally

all of the carbon monoxide and carbon dioxide is then combusted, and the combustion
25 products are returned to the interior of the reactor in such a way that they must pass
through the reaction zone and contact the carbon-enriched solid in the reaction zone
before leaving the reactor once again.
Typically, in the processes of the invention, the amount of oxygen provided for
burning the part or parts of the of the gases which are removed from the reactor and
30 combusted, is a stoichiometric or sub-stoichiometric amount, so that the combustion
products which are returned to the reaction zone typically contain substantially no oxygen
gas.
Condensable products obtainable by cooling the vapour phase removed from the

pyrolysis zone depend on the nature and composition of the carbon-containing material.



products which are returned to the reaction zone typically contain
substantially no oxygen gas. Condensabl e products obtai nable by cooling

t he vapour phase renoved fromthe pyrolysis zone depend %??Q#@ ure and
conposition 01fzﬂ’@‘carbon-containing material. WO 0112380 Q 0/ 01199

7 For exanple, the carbon-containing material may contain essential oils or

relatively volatile natural oils which may be recovered by cooling the
vapour phase renoved from the pyrolysis zone to a suitable tenperature.
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car bon monekalyetus o iea ttesod dnd e dikf-de may be produced in this reaction
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Addi tionall.y,..it an y ' ) £l | | owi ng
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however, C%hg}g icHP P tbfiGvst S pernitted to accunulate in the reactor by
recycling to the reactor _all conbustion Er oducts after burning
C+H0 CO+H; ¢))]
CO+Hx0 _ — CO;+H; 2
20 COo+C <= 2C0 3)

Additionally, if any oxygen is present in the reaction zone, the following

reactions can occur:

C+0,; — CO, ()]
2C+0;, —>= 2CO (5)
25 Hence, if sufficient steam is available and carbon monoxide is removed from the

reaction zone, carbon in the carbon-enriched solid tends to be consumed and converted
into oxides of carbon. Further charring/coking of the carbon-enriched solid may also
occur in the reaction zone. Advantageously, however, carbon monoxide is permitted to
accumulate in the reactor by recycling to the reactor all combustion products after burning
30 the first and second gaseous products, as in the process of the second embodiment.

In another form of the processes of the invention, gases produced in the reactor
may be removed from the reactor and at least part of the carbon dioxide and carbon
monoxide may be at least partially separated from hydrogen by conventional means. In

this form. the separated carbon monoxide and carbon dioxide (which may also contain



30 the first and second gaseous products, as in the process of the second
enbodi nent. In another form of the processes of the invention, gases

pr oduced irkghragzsrs&actor . may be renoved fromthe react or rITAGNOI18KSt part
of the carb I'0X1 de and carbon nonoxide may be-at |east partially
-separated from hydrogen by conventional neans. In this form the separated
carbon nonoxi de and carbon di oxi de (Wg ch may al so contain gill WO 01/23806
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countercurrent to the | i yel. AP BIm 1RAB§roREEt Of the
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enbodi nent readiion angyaretcandeddo Mowtthrongtothe pytelysis:aone andreagter 7906 thessaPer ol ysi s
zone and the. .gaseo L : Sl IHBssbd @hrbugh tEEE! bORt FRREflowny be

r enoved fr%ﬁﬁcy‘%‘esargetggt%?%ghﬁhgﬂﬂ%% andthe conbtisti on roduc'?s may then
be suppl i echuntercutrentrte skemi.oAltpmaévely, enaoted sayer 3tdeast part eHBA VAP PPESS:t " to t he

direction Bm'IPé’@I&lgéis 06 nelil Teb RN oGRS RiPBiFRhE ok @lpart Wbh eniktuRisfal | y,
t he conmbustion roducts are supplied to the reactlorétlzone dlsuﬁ%it hat, t hey
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whi ch the GaLbAGHRO ma?ibe irovER 8 thd reiRMEmd bafhedimdIRCRtbusion Abdts
tenperature 1s typically a tenperature ip the rangﬁ of about tZgo aend
upwar ds. Ty tlkappes suRped fio; thentsagtipn Zong, e1her) SP-Gugrefit, ot PORAETCUIER’ & Ueh; <

range, tyRi&abh ¥f AbRienBdake é@bohRHainthOhaterdifl) Moeagpitallyfthervarbystion
conservation and to | gwer _the strength of the g@%@fépﬁuce% from.the

car bon- conPednitheye Fernlied i the jeagtinn Zpeiatbattheypas FRTBRZH G ash
strengt hs gaatibeBshokite Bithd difedtisn iaswhidhithe cstonroemmiihg materialmieyes. 25 react or .
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order to mapgrtadRpivids. The temperature is, however, usually to the lower end of this range,
typically about 315°C to about 480°C, for reasons of energy conservation and to lower
the strength of the ash produced from the carbon-containing material by the processes of
the invention. High ash strengths can lead to difficulties with ash removal from the
25  reactor.
| Since at least reaction (1) and forward reaction (3) above are endothermic, an
external source of heating must be provided to the reaction zone in order to maintain the
reaction. Except when the process of the invention is first started up, the heat necessary
to sustain step (b) in the processes of the second and third embodiments is provided by
3 burning a part of the water gas generated in step (b) and/or a part of the gaseous product
generated in the pyrolysis step. More typically, substantially all of the gaseous product
generated in the pyrolysis step is passed to the reaction zone for step (b), and hence the
gaseous product containing hydrogen and oxides of carbon gencrated by step (b) is mixed

with gaseous products obtained during the pyrolysis step. It will be appreciated, however,
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the a~ conbustion step. Advantageous ere the gaseous product renoved

fromthe Pigeabedimentsithismaypowide adunther souigs pf tater vapous feeraeiioaotep (b
gener at i Ntk 'cofmbhstion $R9¥E aff rehfifdd to the reactor, in order to avoid build up of

nitrogen in the process, it is more typical to utilise pure oxygen, rather than air, for the

25 combustion step. Advantageously, where the gaseous product removed from the process
of the invention is combusted for the purpose of generating electricity, some of that
electricity may be used for the electrolysis of water to generate oxygen for use in the
combustion of the gaseous product(s) of the process. In one form of the process of the
third embodiment, a further portion of the first and/or second gaseous product is

i combusted to provide thc heat necessary to sustain the first elevated temperature for the
pyrolysis step, step (a).

In one form of the processes of the invention, flue gases may be supplied to the
pyrolysis zone or the reaction zone, or both, for remediation. The flue gas may derive, for
example, from combustion of a fossil fuel such as coal, coke, fuel oil or natural gas in a
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of the process of the third embodiment when carbon oxides are returned to the interior of

the reactor. if there is no bleed of gases from the system, tends to be inhibited by reaction

25 (3) represented above, which is driven to the left by a tendency_ of carbon monoxide to

accumulate. and to the right by a tendency of carbon dioxide to accumulate. Thus, under

steady continuous operation conditions the carbon monoxide and carbon dioxide

concentrations reach steady levels (given a constant rate of feeding carbon in the carbon-

containing material) and substantially all of the carbon which enters the reactor leaves it

30 as elemental carbon (soot) which is removed from the reactor with ash from the carbon-

containing material. It will be appreciated that under these conditions the carbon-

containing material must contain at least hydrogen (in chemically bound form) in addition

to carbon. and the energy recovered from the process derives substantially from the

hydrogen which is present in the material.
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vessel for Use with a process of the présent invention nay conveniently be
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includes two chambers, one above the other, the upper of which is a hopper for holding a

quantity of carbon-containing material, and the other chamber is a reactor chamber. The
25 hopper is separated from the reactor by a relatively narrow neck which is capable of being’
closed by a bell-shaped valve. Similarly, the hopper is closeable at its upper end by a
similar bell-shaped valve. In operation, the hopper compartment is charged with the
lower bell valve in the closed position and the upper one in the open position, whereafter
the upper bell is closed and the lower one opened so as to cause the hopper contents to
30 discharge into the rcactor. The lower bell is then closed while the reactions proceed. In
this way, charging of the reactor may be completed without substantial interruption to the
reactions taking place and without the admission of unlimited quantities of air. The
hopper vessel may be purged of air before it is discharged into the rcactor, if so desired.

Typically. purging of air is achieved using steam or carbon dioxide, more usually steam.

e



25 hopper is separated fromthe reactor by a relatively narrow neck which
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Ref er ri ngofitbe piegant inventionh éieiﬂ}mgam Rignse dobe Sym inghudes@acapn 109 which ishar ged
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carbon-enriched materials react with water vapour to tgroduce hydr ogen and
oxi deg? of reackiopane 230 dn yhich; the carbgagnriched materialy 1AGLCIItA ¥taFe¥APRIE tor enpved

into ash 8@k hfdrodehund GRRIePEchAKE. 26 139 iPdrPish 96k, HOmMARGH Ah nidle f O

removed into ash receiver 135. Gas offtake 133 is provided to reactor 100, for

transferring gases from reactor 100 to boiler 140 for recovery of heat contained in the
gases, and thence to gas cooler 150 via air/oxygen preheater 145. Gas cooler 150 is

25 connected to gas storage vessel(s) 160, which is equipped with water off-take 165. The
gas outlet of preheater 145 is also connected to burners 170, 171.

In use, reactor 100 is charged with carbon-containing materials 105 near its top
which pass through pyrolysis zone 110 and reaction zone 120 into ash zone 130 prior to
removal from the reactor 100 into ash receptacle 135. That is, as ash is removed from

30 reactor 100, successive charges of carbon-containing material 105 move down reactor
100 through zones 110, 120 and 130. Gaseous products 115 of pyrolysis move
downwards through reactor 100 into reaction zone 120 where carbon present in carbon-
enriched material produced in pyrolysis zone 110 reacts with water vapour generated in

that zone or introduced into it, to produce a gaseous product 125 enriched in hydrogen



transferring gases fromreactor 100 to boiler 140 for recovery of heat
contained in the gases, and thence to gas cooler 150 via air/oxygen
preheater 145. Gas cooler 150 is 25 connected to gas storage vessel (s) 160,
which is eqwoppedsodi t h water of f-take 165. The gas out| eRCTAUWOMER At er 145
I's al so connected to burners 170, 171. In use, reactor 100 is charged with
carbon-containing materials 105 near its top which pass through pyrolysis
zone 110 and reaction zone 120 into akh zone 130 prior to renoval fromthe
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gaseous stream exiti n_g(;) prehea _Organi c cond bl es may be separated
fromio water iFiguterZeism sthanatiadepresentptinngol asystenfos recovay ofguerdy famgas ‘

storage vesnsh odnink HakAkis YuilisROW RASHELSY if ORcBldioeC RO TMITIREBtIC,
hydr ogen an aseous_organi cs, an may be_renoved from st or&ge vefssel (s)
160 for cembedmenirfiheirresat yentiono s systam Jiysgated nsFigure 2inclydes all o
represent glel Qindherts o She Bystet iBEANE iy Fitfure N &dndyadditiofallyc sichides ipht ai ni ng
materials utilising. a proce?{i in accordanCﬁ gltbh hhe S aon lﬁ%fegbodi ment
of the pr&senre pojles 189 somestedtosgas Storage | viessel(3) 400 pn ﬁ“l—”i“% rEHOPIE des all
of |th§ CO%EQﬁQﬂS'&nOMGt ﬂ@n%y]ﬂ&aealiéosl UBiHaadt Elthei 185 Hir@nl highlpressare dabilert ils?n?l |1 %0
i ncl udes hig ressure hoil.er onnect ed ,£L0 gas storage vessel (s
and provi 6%‘8“’9\?‘5)?? ﬁ?ﬁ%ﬁﬁ)&ﬁd ‘%fqu?Fg &'\E}d’é‘h'eclj%%’ ‘f"gdfn ?8%'8%?‘8‘? V’fjgl.e Exhaust
line 185 fisDm dak gbol@rionsLine 18Dislequippesl wittovuhect89d Gas cocdaxd OB is chfectedd i s
equi pped with val.ve, 188 I's al so connected via line 1o 187 to gas
cool er 19@°%W§‘T%#$‘§a§glgg'pped with valve 189. Gas cooler 190 is
connected to chrisenthdisysterddllstratedigee Fighte 2 is operated in the same way as the

system illustrated in Figure 1, as described above, except that gas stored in gas storage

vessel(s) is not removed for combustion but is sent to high pressure boiler 180 for

»s  combustion. Exhaust from boiler 180 typically contains predominantly carbon dioxide
and water vapour and is normally returned via line 185 to reactor 100. That is, normally
valve 188 is open and valve 189 is closed. If it is desired to remove carbon dioxide from
the system, valve 188 may be closed and valve 189 opened, to direct exhaust from boiler
180 to gas cooler 190 and thence to carbon dioxide storage 195.

30 Figure 3 is a diagram of a suitable reactor for carrying out a process in
accordance with the invention. As seen in Figure 3, reactor 200 includes hopper 210 and
reaction chamber 220 below hopper 210. Hopper 210 and reaction chamber 220 are
separated by neck region 215 which is closeable by first bell valve 240. Second bell
valve 230 permits the upper end of hopper 210 to be closed to the atmosphere. Above



In use, the systemillustrated in Figure 2 is operated in the sanme way as
the systemillustrated in Figure 1, as described above, except that gas
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to high pressure boiler 180 for 2; conbustion. Exhaust from boiler 180
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suf fi ci enghabfdeP20AR DY yedlydlaidxw 230 kb réalaﬁo@wne e and 2hheneer0. Ah0. Val ves
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carbon-enriched material from carbon-containing material 245 reacts with steam
generated in pyrolysis Zone 250 or present in gases introduced into reaction chamber 220

25 (for example from firebox 285 via vents 288 or through gas return 295) and produces
hydrogen and mixed oxides of carbon. These gases are removed into gas off take
manifold 293. Some gases in gas off-take manifold 293 are returned to firebox 285
(connection not shown) or returned to gas supply manifold 290 and thence via gas return
295 to reaction chamber 220. However, thc majority of gases are taken off for

30 combustion and rccovery of useful energy therefrom. With further charges of carbon-
containing material into reaction chamber 220 and progressive removal of ash 270 via ash
removal valve 275, material in reaction zone 260 eventually reaches ash zone 270 and is
ultimately removed from reactor 200.



into reaction chanber 220 and ash is renoved from ash zone 270, material in
pyrolysis zone 250 progresses through reactor into reaction zone 260. In
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equi ppesl wi0h condensabl es offtake 345 and pi pe 346 which connects gas

scr ubber systemcﬁﬁﬁnélﬁf. 8 hesi RBAER OF @8k reM¥ FAEFOnS RACIONSVICHNYR YEREa 383 from
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300 fof recovery of energy from other carboh-containing materials.

Gas separation system 350 is typically a gas decant system but may include any

suitable means for separating hydrogen, at least partially, from other gases present,
predominantly oxides of carbon, and nitrogen. Thus, gas separation system 350 is
2 connected to two gas storage units 351, 352 to permit gascs separated in separation unit
350 to be passed to, and stored in, storage units 351 and 352 for hydrogen-rich and
hydrogen-depleted gases respectively.
Gas storage unit 352 is connected to furnace 360. A supply of air and/or oxygen
is also connected to furnace 360 (not shown). Exhaust from furnace 360 is connected via
30  line 365 to heater jacket 370 which is provided to reactor 300. Line 365 is also equipped
with valve 368, an outlet of which is connected to exhaust 369, which is open to the
atmosphere.
Gases leave heater jacket 370 and are led to the interior of reactor 300 via pipes

375, 375a. Pipes 375, 375a may be equipped with an exhaust vent to atmosphere

m



300 for recovery of energy from other carbon-containing materials. Gas
separation system 350 is typically a gas decant system but may include any
sui tabl e neans for separating hydrogen, at |east parti al t her
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20 310 with the generation of carbon-enriched solids and gaseous pyrolysis products. Also

introduced into reactor 300 are combustion gases produced in furnace 360 and passed into
reactor 300 via heater jacket 370 and pipes 375, 375a. These combustion gases mix in
zone 305 with gaseous pyrolysis products produced in pyrolysis zone 310 and the mixture
passes through downcomers 386 and up through reaction zone 320 before entering risers
25 386 and leaving reactor 300 via manifold 380 and gas offtake 333. In reaction zone 320,
water vapour generated predominantly in pyrolysis zone 310, and carbon dioxide, react
with carbon-enriched material in reaction zone 320 to produce gaseous products enriched

in hydrogen and carbon monoxide.
From gas offtakc 333, the mixed gases pass via pipe 338 to gas scrubber system
30 340. Gas scrubber system 340 may comprise any suitable means for separating gases
from condensable substances, such as oils volatilised from carbon-containing materials
305 in pyrolysis zone 310. For example, gas scrubber system 340 may comprise a water
scrubber for separating gases from less volatile substances, equipped with a decanter for

scparating oils from water. Reactor gases separated in gas scrubber system 340 are



Car bon-containing materials 305 are pyrolysed predom nantly in pyrolysis
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operated as essentially a closed system, or at least one in which the quantity of gaseous

effluent is substantially decreased compared to processes which rely on total combustion
of organic materials in waste, they are processes with little or no adverse impact on the
25 environment. Although a process in accordance with the third embodiment of the
invention may releasc carbon dioxide to the atmosphere, it provides a process whereby
useful energy can be recovered from waste materials with a net reduction in the volume
and other problems associated with disposal of the waste. However, as noted above, the
process of the third embodiment may be operated essentially as a closed system with
30 regard to oxides of carbon, so that any carbon introduced into the reactor in the waste
material or other carbon-containing material, leaves the system not as carbon dioxide, but
as elemental carbon. Other major byproducts of the process are water and ash, which
may be utilised as a soil substitute or soil conditioner. Thc other major by-product of the

process, namely water. is in increasingly short supply in many parts of the world, and the



.fuel oil, natural gas or simlar, or may conveniently include oils renoved
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20 height of the reactor, not including its legs, is 3.9 m. Downcomer 420 has a diameter of
0.6 m and annular space 410 has a thickness of 0.3 m. Firebox 400 has a height of 2.0 m

and an outside diameter of 1.2 m, the upper end of firebox 400 being 3.15 m above the

lower end of downcomer 420. Downcomer has length 3.0 m and opens at its lower end
just above a 0.4 m deep tapered end of reactor body 450. At a height of 1.5 m above its
25 lower end, reactor body 450 is equipped with gas outlets 430.

Four gas ring burners were installed at 90-degree rotation intervals at the 0.25m
elevation from the bottom of the firebox and with the tip of the flame impinging on the
heating surface of reactor body 450. Four more gas ring burners were placed at 45 degree
rotation from the first set and again 90 degrees rotation between the burners at the 1.25m

30 elevation. Each bumer ring was individually equipped with an isolation valve. 0.5”
(12mm) sockets at 4 locations served as inlets for compressed air.

The complete outside surface of the apparatus was insulated with asbestos

cement fibre and coated with phenolic resin. The internal surface of the external walls of

the firebox was coated with vermiculite refractory paste.



As seen in Figures 4 and 5, the reactor consists of a firebox 400
surroundi ng the upper part of the reactor body 450 which consists of an
annul ar space 410 defined in part by the firebox 400 and by central
downconer 4%@ 01B3806box 400 opens into the reactor body 4B3/AWPBLISH

openi ngs 405, just above the top of downcomer 420. The overall 20 hei ght of
the reactor, not including its legs, is 3.9 in. Downconer 420 has a

di ameter of 0.6 mand annul ar space 480 has a thickness of 0.3 m Firebox

400 has a hei ghtpigf dési f@sulﬁrlﬂ aam b@hﬂ?ﬂﬂé@ﬂﬁhﬂf sﬁicele%eréhmig&ﬁu&tﬁper end
of firebox 400 bein 15 m above e | ower end of ﬁwncorrer 42
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schematical ly i rf‘g?t{:}g‘i ﬁl‘?&m ﬁ@ggéstr%ﬁéﬁ\?é%‘é%‘ﬂ‘eﬁ‘ég\’fgﬁ’%aﬁ‘ cﬂgggt%gt GP&am t rap,
fitted » t burder feianagfolleck” water draw. Further it is fitted with 100- psi
(689kPa) pressure gauge, pressure relief valve, gas purge and product

ef fl uent val ves. The effluent val ves are
CH YV

Volume of waste zone

Outer diameter 0.6 m
Inner diameter 0.3 m
Length 2 m
Volume annular space 0424 m’
Volume of carbon zone

Outer diameter 0.6 m
Inner diameter 0.3 m
Length 1 m
Volume annular space 0212 m?



.15 joined together by way of a manifold and then connected to a second
conpressor 480 by way of a pipe section containing a rupture disc. The
second conpﬁggﬁekmg80 is then connected to the burner fepcaveioimbd. Air
conpr essor O supplies air for conbustion to firebox 400. A bottled LPG
"manifold 3 set up as the initial heat source is also connected to the 20
burner feed manifold. CHARGE VOLUME CABCULATI ON Vol une of waste zone Quter
dianeter 0.6 m Inner dianeter 0.3 m Length 2 m Vol une annul ar space
0.424 nB Vol ume of carbon zone Quter dianeter 0.6 m Inner diameter 0.3 m
Length 1 m Vol umglameof 8hzegeace 0.212 nB8 ill~~ WO 01/ 23806 PCT/ AU00O/ 01199
20 Vol une of ash,zone, Cone vol une chﬁﬁigf Height 0.4 m D aneter 0.6 m
INITIAL CHARGE VORECS™S574 n8  DESI GN"EBAREE/ HR 0.4 nB  DESTRUCTI ON -
PRI NCI PLES | NVOL\HERhtOn filling the reéadtor mmhe waste feeds into the
annul ar space betyeen the firebox and,the central down coner. On entrance
to this space th WHEPE is in the coki% (69rolysis) stage. Stage | - THE
COKI NG STAGE The coki ng stage of the process takes place in the top 2m of

t he reactor mherquﬁgﬁg%géRE§%%§L§B%§gyg?pdgﬁare br oken down by heating

themto tenperatures a 0 produce carbon or char, |ow
nol ecul ar wei ght organics (which 10 volatilise), water (which is converted

to steam) and silphEAGREHARSEAFRI C ashggAl | fFXcept

DESTRUC =P E ED

On filling the reactor the waste feeds into the annular space between the firebox

and the central down comer. On entrance to this space the waste is in the coking
5 (pyrolysis) stage.

The coking stage of the process takes place in the top 2m of the reactor where
complex organic compounds are broken down by heating them to temperatures above
400°F (205°C) to producc carbon or char, low molecular weight organics (which

10 volatilise), water (which is converted to steam) and silica and inorganic ash. All except
the carbon, silica and inorganic ash exit the reaction in the gas phase. The residual solid
is coke or char.

The gas and vapours pass down through the centre co-axial pipe (the path of least
resistance) to exit and migrate back up through the coke residue where they take part in

15 the Stage II reactions in which water vapoin' is converted to water gas.
Stage I1 - WATER GAS PRODUCTION

WATER GAS (or Blue gas) is produced when steam is blown through an
incandescent bed of Carbon.

The gas production reactions are primarily:

w0 C+ H,O=CO + H,
C +2H,0 = CO, + 2H;

These reactions occur when the water from the waste (steam) is passed back

through the residual coke or char in the bottom 1-m of the reactor. Both of these

reactions are endothermic. Therefore, the temperature of the bed of carbon through which



t he carbon, silica and inorganic ash exit the reaction in the gas phase.
The residual solid is coke or char. The gas and vapours pass down through
the centre co-axial pipe (the path of |east resistance) to i d
m grate bacRAP2#MPough the coke residue where they take e 2’(‘19}811%] s the
Stage Il reactions in which water vapour is converted to water gas. Stage
Il - WATER GAS PRODUCTI ON WATER GAS (% Bl ue gas) is produced when steamis
bl own through an incandescent bed of ¢arbon. The gas production reactions
are pri nartihl:yr:ammmim HBﬂdzb@@Weréd?qnﬁ‘ckly Bld3idire whel nb redddion wesld ocargifi ons
occur when_ the water omt waste (steam) is passed back through the
resi dual c%atwere ddEdtOH{ %s‘?%%ttom 1-mof the reactor. Both of these
reacti ons QPERABIDN hermi c. Therefore, the tenperature of the bed of carbon
t hr ough mﬁn@g}_@%&g&/ 23806 PCT/ AUOQ 01199 21 the steamis blown would be
| owered ¢ a point where no reaction would occur, if no heat were
added to the syJthesystadPFRyonguctedand assemigdhdagjs FigursBdand st em was
const ruct and 43 I xtraction and
feed i ne?to theégggs%r?n&wgr%gaﬁe %ygééu?%g%@&ggg{e%dmgﬁ@gg&r gact or was
filled with cocdﬂmreagmwa%f l{«dveﬂa)comtshﬁus (Ot and thezeagtonvascrealed,, The
system wasy pur g&gle Wdtdh ShETEedIvithdamC 00! I N water system was started and
valves in the gas extraction line to tank 10 1 were opened. 6. The LPG gas
fl ow and alr coﬁﬁ?é@‘&@gé’v%ﬁﬁt"@%Hﬁ%ﬂﬁeﬁﬁﬁpYﬂ%ﬁsg%@eﬁ&%emgﬁ}%éﬂ toptankphen t he
react or, prg@&@rogeﬁgad risen to 60- psi the exhaust conpressor was started
with feed to storage tank 1. 8. Wien the reactor pressure fell away gas to
the burner® was TngB @&Sﬂowambalrmr?fﬁggwewmﬁpnwps@wg%ﬁened and t he
system shut, dO\MWheltheﬂéstﬁo ﬁr@ha&ﬁ&nebwpﬂme%;ﬁﬂﬁt&n@a&s&v&s@au&d not step
4) were r ‘B%tt?e‘g if the depth was bel ow 2m fromthe top cl ose val ve.

If the ove 2-m ash was renoved to this |evel by
Openl ng the bommmﬂi&aﬂeﬁﬂ‘hor pressure fell away gas to the burners was stopped.

15 9. The dipstick ball valve was opened and the system shut down.
10. The reactor was dipped. Steps 3 and 5-9 (but not step 4) were repeated if the bed
depth was below 2m from the top close valve.

11. If the bed depth was above 2-m, ash was removed to this level by opening the
bottom hatch.
20 ds —
1. Three consccutive charges of 0.4-m> of each of the following were sequentially
added to the reactor.
. | Municipal Garbage
. Rubber tyres
i e Wet Bagasse
. Saw Dust
L Oil Sludge
2. The reactor was filled with the respective charge (0.4m>) and the reactor was
sealed.
o 3. The cooling water system was started and the valves in the gas extraction line to

tank 1 were opened.
4. The gas flow was started from the previous gas storage tank and the air
compressors and the gas was ignited. If no gas was available the LPG gas valve was

opened.



211 Methods - Testing Procedures 1. Three consecutive charges of 0.4-n8 of
each of the followi ng were sequentially added to the reactor. Muini ci pal
Gar bage %Ws ‘ﬁyres ,; Wt Bagasse Saw Dust G| Sl gegauvdeniidte reactor
was filled w ? e respective charge (0.4m and the reactor was seal ed.
"3u 3. The cooling water systemwas started and the valves in the gas
extraction line to tank | were opegged. 4. The gas flow was started from
the previous gas storage tank and the air conpressors and the gas was

ignited5 | f n¥hgasthoesacierapreatyre reasked 66 pd s(abeut v 5wkBa), dhe rrxbaust\0 01/ 23806

PCT/ AUOQLAIAID: wadopened WRR fdell & the Bateaf sibiagsank e reached 60 psi (about 415
kPa), the exhaust ‘conpressor was opened wth feed to the current storage

tank. 6.6 \WhenWhsa theBateF PIspwes fRlleaway the gagjo theebusness mgs sipppeflyther s was

st opped.difshigk ball Rbleivedé opdtiel alPih¥ SyshasstaP8i@fl and the system shut down. 7.
The reactor wg%g dia‘gped. 8. Steps 1-7 were repeated for the next charge.
RESUETS 7Fi r ed I B§readtonkasddpped.. Gar bage LPG depth at end of previous charge

220 cm gept h Biepend vitke epdatedTor tBOAE@Ehat@) Cm residual fromthis charge 0.1
m vol umzm n8 2 Charge 2-Garbage Produced gas depth at end of

previou 230 cm depth at end of current charge 240 cm residual from
this charge 0.1 m Volune 0.021214 n8
Fired by

1 Charge 1-G LPG
depth at end of previous charge 220 cm
depth at end of current charge 230 cm
residual from this charge 0.1 m
volume 0.021214 m?

2 Charge 2-Garbage Produced gas
depth at end of previous charge 230 cm
depth at end of current charge 240 cm
residual from this charge 0.1 m
Volume 0.021214 m®

3 arge 3- e Produced gas
depth at end of previous charge 240 cm
depth at end of current charge 255 cm
residual from this charge 0.15 m
volume 0.031821 m’

4 Charge 4- Tyres Produced gas
depth at end of previous charge 255 cm
depth at end of current charge 300 cm
residual from this charge 0.45 m
volume 0.095464 m®

wn

Charge 5- Tyres LPG



3 Charge 3-Garbage Produced gas depth at end of previous charge 240 cm
depth at end of current charge 255 cm residual fromthis charge 0.15 m

vol une 0.031821 nB 4 Charge 4- Tyres Produced gas depth previ ous
charge 255 WRUEBIM at end of current charge 300 cm re&%ﬂ?ﬂ'ﬂfogln?thl S
charge 0.45 m volune 0.095464 nB8 5 Charge 5- Tyres LPG WD 01/ 23806

PCT/ AU00O/ 01199 23 depth at end of rT,{ew ous charge 300 cm depth at end of
current charge 350 cm residual fro %his charge 0.5 mvol une 0.106071 nB8
ash renoved dépth dtichd 6fpredidusth@® c300 6 Charge 6- | _ue-s LPGinitial dip 205
cm depth at%spglg of cprrent charg %60 cm re5|dual fromthis charge 0.55 m
vol une 0. 116 é"éﬁ;ﬁ bagas e LPG initial dip 260 cm depth
at end of curasﬂnﬂﬁbhaﬂlge:h&gs cm rQa§| dualmfromthis charge 0.15 m vol une
0.031821 n8 § rge 8 - wet bagas ed gas, qin I p 27 dept h
at end of currgég1 charge 280 cm r@?@zg?ﬁ’?r omthflsé1 C étére%eng SLI%%
0.010607 nB 9 Charge 9 - wet bagasse Produced gas initi aI 9612560280311&m

6 Charge 6- € LPG

initial dip 205 cm
depth at end of current charge 260 cm
residual from this charge 0.55 m
volume 0.116679 m’

7 h, - wet e LPG
initial dip 260 cm
depth at end of current charge 275 cm
residual from this charge 0.15 m
volume 0.031821 m’

.8 Charge 8 - wet bagasse Produced gas
initial dip 275 cm
depth at end of current charge 280 cm
residual from this charge 0.05 m
volume 0.010607 m’

9 e9-we e Produced gas
initial dip 280 cm
depth at end of current charge 295 cm
residual from this charge 0.15 m
volume 0.031821 m’

10 Charge 10 - saw dust Produced gas
initial dip 295 cm

depth at end of current charge 310 cm
residual from this charge 0.15 m



.depth at end of current charge 295 cm residual fromthis charge 0.15 m
vol unme 0.031821 nB8 10 Charge 10 - saw dust Produced gas initial dip 295 cm
depth at eRgp@insgeér rent charge 310 cm residual fromthi pcrhaogai® 15 m
il WO 01/23806 PCT/ AUCO 01199 24 Vol unme 0.031821 nB 11 Charge 11 - saw
dust Produced gas initial dip 310 cmdepth at end of current charge 320 cm
residual fromthis charge 0.1 M vg4une 0.021214 nB 12 Charge 12 - saw
dust Produc &ﬁs initial dip 313 ﬁ%ﬂe%gh at end of current charge 320 cm
residual froff™Afs charge 0.1 m Y9 021214 nB 13 Charge 13 - oi
sl udge Produced gas initial dip 320 cmdepth at end of current charge 325
cm residual fromthis cQarge 0.05 m volune 0.010607 14. Charge 14 -
oi | sl udge %&P@%@i&i nitial dip 325 cm dcpt it St Eh& of current charge
340 cm resiintialldifrom thi s charge300 15 nmemvol une 0.031821 n8 15 Charge 15 -
oi | sludge Produce s initial dip 340 cm depth at end of current charge
R et S g o S 15

355 cm resi rge

residual from this charge 0.1 m
volume 0.021214 m’

12 Charge 12 - saw d Produced gas
initial dip 310 cm
depth at end of current charge 320 cm
residual from this charge 0.1 m
volume 0.021214 m’

13 Charge 13 - oil sludge Produced gas
initial dip 320 cm
depth at end of current charge 325 cm
residual from this charge 0.05 m
volume 0.010607 m®

14 Ch 4 - 0il sludge Produced gas
initial dip . 325 cm
depth at end of current charge 340 cm
residual from this charge 0.15 m
volume 0.031821 m®

15 Charge 15 - oil sludge Produced gas
initial dip 340 cm
depth at end of current charge 355 cm
residual from this charge 0.15 m
Volume 0.031821 m’
residual at end of test 355 cm

0.75 m®



Vol ume 0.031821 nB8 residual at end of test 355 cm 0.75 nB WO 01/ 23806 ;
PCT/ AUOO' 01199 25 total through put 6.6 n8B % ash 11.41 waste converted to
gas 5.8 nB The above results indicate that the destructi %ﬂfm& Ber tyres
does not su¥PAAGas production. This is to be expected given the carbon
content and | ack of water. It could be expected that if it were mxed with
a high water waste it would effect very good yield of water gas. G ven
the results of the tyre destructiont was decided to continue tyre
destructi on thal dsagbput he- gas prodift i onm’lt was found that a further 5
charges of tyr was possi bl e befqrg the produced gas was exhausted and
the systemr@ red the supplenment” " 6f LPG The above results indicate that
there is excess gas production fromthe ~n destruction of nbst wastes,
conpared to &Qs?e&#@éﬁl t“ygé}f gas whjgh is pequired for the destruction of
the waste. In particular”municipal garbage could be effectively disposed in
this manner. [Thelabp\G reguits indicate thpypheiestgtion of mblgrityres fogsnof sw%m AU00/ 01199

¥ 26 dg Hoduct 0 QltedBNET Bl Afboh @aiterdt AT AL GRS dpNnt ai ni ng
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car bon- ey i hgd oSwaitrdbagnd a conbusti bl e gaseous product; (b) burning a
first paéh':o ﬁﬁs%i d cxf)hnbusti bl e gasepus product E)q%gi%écgduce a irst gaseous

f
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The above results indicate that there is excess gas production from the
1 destruction of most wastes, compared to the quantity of gas which is required for the
destruction of the waste. In particular municipal garbage could be effectively disposed in

this manner.



.(e) returning said first and second gaseous conbustion products to said
pyrol ysis zone. 15 2. AU"'&ENMMIHWQ to claim1 wherein said

car bon-ean‘ﬁ& I idi teamin said reaggpavbgippoduce a
_mxture co ing hydrogen and daron® nonoxide. 3. A process for _
generating heat froma carbon-containing material which includes the steps
of 20 (a) pyrolysing said material jgn a pyrolysis zone at a first el evated
tenperature to produce a carbon-enriched solid and a first conbustible
gaseousClptmyuct: (a') transferring said carbon-enriched solid and said
first cpnbustA BlRessIoSERALAIRY B Ebmi OcaBoonfRfiindly BABRA! wilidh incladési Ng sai d
carbon-enriched solid with water vapour in said reaction 25 zone at a
second BesERs el tenperature to produce a second conbusti bl e gaseous product
cont ai ni ng hygy 0ge pyfsing keidGAstERdD iR PPONER; zoh€ df Hreabiongt @ élevatdd part of

sai d second conbustlble seous ct.to roduce first seous
conbmstfeﬁﬁ’eﬁ‘ﬁﬁf?d{r%d‘ﬁﬁﬂc °‘h%‘§’c"h§{ q?ggg@ag%i st a&mwf%dd’g@o as to

mai nt ai n sai dbyecondmalgey fitse gart @fMesid btabestibROzakeblus peodovt uogaradm:e(aond part of

sai d segond conbus |ble eous, pr.oduct, fromsaid re ctl on zon (e)
bur ni ngﬁgsasaeg@c Ig?ﬁ E%ﬂdd‘%ﬁ%?%d BRI 295 % ajagé’b%a‘ﬁlr uct to
gener at ele{?aaiteﬁ;pefammzond gaseous conbustion products; and ii!l1111j1111!!

11121112112112111 WO 01123806 L. M CT{ A 1499 ng said
first and sec&iﬁd g AT %5%‘3%’{’?{??1&6?%% & oS8sT rﬁgo%}%ctofrg%ﬁtgsaﬂzone 4. A
processraewonrdi ng to cI aim3 wherein said pyr oI ysing step (a) and said
reacting ste P(b) b C%ﬁ's%gon%ubaﬂ rbft .Q:?d %gﬂguﬁlﬁfécéﬁgous 8roéu&r RCess
according to aim efel n sal d wat ér vapour I'n said

pyr ol ys gengrai¢ bqat grad)prodsice Rcm@?@mﬁmbmmmdmtﬁga@d car bon- cont ai ni ng
material to aﬁegonblﬂétﬁﬁlﬂlg saﬂﬁﬁ?s?‘iﬁd sgébﬁh g?tl:'oﬁp cbilbis ?r&ﬁ?tsstkesgﬁl of. (a)
pyrolysing said materia a pyrolysis Zzone at a t elevated 10

t enper apwolysisgops oduce a car bon-enriched solid and a first gaseous product;

_( b) feasling 3i6te6hdRBRifg o iiR01 Sbkeicth Wid BarbBl-EfrickedP 98Hd isredetqiecond

with steam in said reactor to produce a mixturc containing hydrogen and carbon

monoxide.
3. A process for generating heat from a carbon-containing material which includes
the steps of: '

20 (a) pyrolysing said material in a pyrolysis zone at a first elevated

temperature to produce a carbon-enriched solid and a first combustible gaseous product;

(a") transferring said carbon-enriched solid and said first combustible
gaseous product to a reaction zone;

(b) reacting said carbon-enrichcd solid with water vapour in said reaction

2s  zone at a second elevated temperature to produce a second combustible gaseous product
containing hydrogen gas and carbon monoxide;

(©) burning a first part of said second combustible gaseous product to
produce first gaseous combustion products and to heat at lcast said reaction zonc so as to
maintain said second elevated temperature;

30 () removing a second part of said second combustible gaseous product
from said reaction zone;

(e) burning said second part of said sccond combustible gaseous product to

generate heat and second gaseous combustion products; and
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reaction zone at a secon r_"a'tture to produce a second gaseous .
product containing hydr m U wﬁﬁfon nonoxi de; (c) burning a first
L ) 'y %

part of (i) said first gaseous ii) said second _J S
product or Q2386 yt.ure thereof so as to heat at IeastPéé?‘%ﬂ?’glggtion
zone and nmmintain said second el evated tenperature; and (d) renoving the
remai nder of said first and second gaseous products as said conbustible
gaseous fuel. 7. A process according to claim6 wherein conbustion products
fromburning s@ d 2€umingssaidofirst and) secoed ghspuscembustion peodutts teaaid r eact i on
zone. 8. according to claim6 wherein step (c) consists of

bur ni ng gﬁfgsg'%g%zrt of said second gaseous product. 9. A process

accordi ng§- t o ch afoeess aggeadieg i9 claiind whezein saidhpyrolysing stepi(a) and saidrepgtinghe  range
of about A process according to claim®6 wherein
step (c) S%%Eog%%tcgngptogﬁi?gl%n%&}%??gt part of a mxture of said first
gaseods produch prasasssasrerding de slaing dswhierein s2id gvater vaponr is\predueeddB saidcor ding to
claimé®6 rising passing into said reaction zone conbustion
gases prg%%gygﬁléftreg@bur ning said first part of a mxture of said first
gaseous Produch peasessde epnyertingy sarpermepméaining, matepl 1o @)combystible gasequs ocess
accor di ngef AhRRihcRiass @é stepsd™ 1, 3 or 6 wherein said carbon- containing
mat eri al i ncludes mmi@i al ste,r@ie,wa e or. a mxture there?f.ﬁés. A
system for red8veri RYFOBIEEGAY BHFEeh BoA- BB 7RG FHabehishiclevelkd system
i ncl ugi Ngmpeiature tolptddutd 4 dakBanldntitAellsblid dnldlalfirdtlghde o podGet 3806 * C L M

PCT/ AUCO' 01199, 28 a reactor vessel 'ﬂa in]gdan exterior and an interior,
said reactor BBl ng é"ﬁﬁ?’ﬁp%‘i\fﬁ"ﬁﬁm splid yth water, vapqur g o, Se9Rd ai ni ng
mat er i al réa@idnhony @6 acdecanddelvasidi tegperamiestot profwata sdeend gaseow progms of f t ake
means operati.vel y. associ ated . wth the reactor vessel to permt i

conbust afARag hrdragen gps qud carbn monoxide: o) 't o be renpved therefrom a first

gas conduit bdtweenbwaing gfisst phrt oK) saidofirst gasebus gircluot i) sedd s&and t o
tr ans'li er & c];uisr %cgdugtarrt in fa ?n%':tgrquésrg F saHIG5 %teﬁdtilenasts %‘1 re\égﬁo%e%ong(&n&ai d
heati'ng KE ne P gni i% nmeans a ap(fe 0 igniat

means; amdintairesaigsecandelevatpd temparatuogi@ndit i vel y associated with the gas

of ftake means (Ii)or removing the remainder of said first and second gaseous products as
said combustible gaseous fuel.
7. A process according to claim 6 wherein combustion products from burning said
20 first part in step (c) are returned to said reaction zone.
8. A process according to claim 6 wherein step (c) consists of burning a first part of

said second gaseous product.

9. A process according to claim 6 wherein said reaction zone is at a temp in the
range of about 315° to about 450°C.
3 10. A process according to claim 6 wherein step (c) consists of burning a first part of

a mixture of said first gaseous product and said second gaseous product.
1. A process according to claim 6 further comprising passing into said reaction
zone combustion gases produced from burning said first part of a mixture of said first
gaseous product and said gaseous product in step (c).

30 12, A process according to any one of claims 1, 3 or 6 wherein said carbon-
containing material includes municipal waste, sewage or a mixture thereof.
13. A system for recovering energy from carbon-containing material, the system

inchuding:

€ Sald gases Tn said heating -



.10 recovery of energy f mﬁm of said gases generated in said
vessel. 14. A system a m‘“ﬂ“ﬁ‘ml\‘ 13, wherein the first gas conduit
i ncl udes gap 01gB@Br at i o msans whi ch i's .capabl e of separ acirAgo@eid9east part
of any hydrogen present in the gases generated in the vessel from other

gases present, thereby producing a hydrogen- rich stream and a hydrogen
depl eted stream and neans to trans2&r the hydrogen depleted 15 streamto

t he heati ng sie acccrdl ng nprising a
second 65% 5Hfﬂfslthav%1§ vvg’gg n% (F: Firéeaﬁ&’rg%‘}@s ‘ﬁ%’e#(e"ké@t%g)eraﬁé\iessel to
t r ansf eno gz sagi cmhcbuemtaunng matedulctosthé msaels andd héatiag inmgnsrem heat tthe t he

interi orves%&_sai d vessel.

gas offtake means operatively associated with the reactor vessel to permit
s combustable gases generated in the vessel to be removed therefrom;
a first gas conduit between said gas offtake means and said heating means to
transfer a first part of said gases generated in said vessel to said heating means;
ignition means adapted to ignite said gases in said heating means; and
energy recovery means operatively associated with the gas offtake means for
10 recdvery of energy from a second part of said gases generated in said vesscl.
14. A system according to claim 13, wherein the first gas conduit includes gas
separation means which is capable of separating at least part of any hydrogen present in
the gases generated in the vessel from other gases present, thereby producing a hydrogen-
rich stream and a hydrogen depleted stream, and means to transfer the hydrogen—dcpieted
15 stream to the heating means.
15. A system according to claim 14, further comprising a second gas conduit
between said heating means and said reactor vessel, to transfer gaseous combustion

products from said heating means to the interior of said vessel.



