NOVEL PROJECT ON TOTAL PLASMA BASED TREATMENT OF WASTE
G. Van Oost', M. Hrabovsky’, J. Pieters’, M. Tendler’, J. Verstraeten’

'Department of Applied Physics, Ghent University,Rozier 44, B-9000 Gent, Belgium;
’Institute of Plasma Physics AS CR, Za Slovankou 3, Prague 18211, Czech Republic;
Biosystems Engineering, Ghent University, Coupure Links 653, B-9000 Gent, Belgium;
‘Alfvitn Laboratory, Royal Institute of Technology, Stockholm, Sweden;

’Envitech S.A. Belgium

An experimental plasmachemical reactor has been started at IPP Prague for the innovative and environmerntally
friendly total plasma treatment of waste streams, biomass and low grade fuels, with a view to their sustainable energetic
and chemical valorisation and to a reduction of the emission of greenhouse gases. Existing incineration and biological
waste elimination processes cannot always fulfil the objectives of sustainable development, i.e. maximum recovery of
energy and materials from the waste streams in an environmentally friendly manner. Moreover, these processes often
generate residues which are concentrates of hazardous material and need to be landfilled.

Plasmas offer an alternative and superior solution for the treatment of waste streams. Plasma torches have the unique
capability of increasing the energy of the process gas compared with conventional combustion equipment. They
therefore offer several distinct advantages over traditional methods where the energy content of the waste is used as the
heat source. Since the process energy is provided by direct heat transfer from an electric arc, gases of widely varying
chemical composition may be used; use of electrical energy also reduces the gas flow needs and on-site off-gas
production, and offers control over the chemistry. The very high heat conditions in a plasma reactor trigger a dual,
simultaneous reaction process: organic materials are converted into synthesis gas (syngas) without formation of toxic
products such as dioxins and furans, while inorganic materials are converted into a non-leaching, vitrified, inert slag
which has industrial applications. The quality of the syngas can be controlled by non-thermal plasmas, using new
generations of gas cleaning corona plasma technologies.

A plasmachemical experimental reactor has been commissioned in Prague in August-September 2004, using the novel

IPP-CAS hybrid gas-water stabilized torch (160 kW).
PACS: 52.77.-j; 52.75.Hn; 81.20.Ka

1. INTRODUCTION

A new research and development project has been started
at IPP-AS Prague, together with the academic partner
Ghent University and the private partner Envitech S.A.
(both from Belgium). The increasingly stringent
legislation on treatment of waste streams and the
limitations of conventional technologies such as thermal
incineration, catalytic oxidation and adsorption render
plasma technologies more and more attractive. The
driving force behind the project is to give priority to
environmental quality at affordable cost, and to contribute
to sustainable development in general and to solving the
ever increasing world energy problem in particular [1].
Thus, the investigation of ways to increase the efficiency
of the plasma based treatment processes is very important.
The paper presents the concept of a fully plasma based
system for the investigation of the feasibility of the
treatment of a wide range of possible feedstocks: in the
first phase waste from mainly industrial and consumer
activities; in a second phase fossil fuels like high-sulfur
brown coal, bituminous coal and oil shale presently
considered to be of insufficient quality for conventional
combustion processes [1].

In most industrialised countries, integrated solid waste
management is mainly governed by the so-called Ladder
of Lansink. This ladder specifies a generally accepted
hierarchy of preferred methods for dealing with waste.
The highest rung is occupied by waste prevention,
followed (in that order) by re-use (of the object as it is),
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recycling (material re-use without loss of quality) and
down-cycling (material re-use with loss of quality). A still
lower rung is the energy recuperation from waste (by
incineration, gasification or pyrolysis), followed by
incineration and / or destruction of waste without energy
recuperation, while the least preferred option is
landfilling. Although re-use and recycling are still
preferred, energy recuperation and landfilling are still key
aspects with respect to waste management, since health
aspects and the precautionary principle often overrule the
technical possibilities

Since plasma treatment of waste gives rise to some
vitrified product on the one hand and releases energy on
the other hand, this technology has potential in waste
recycling (incl. down-cycling), energy recuperation and
also as a pre-treatment to landfilling. Since the inert
fraction is vitrified and since harmful substances can
hardly leach from the lava, this product can be used for
road construction, or even better as a building material
(e.g., as bricks made from the ashes from a classic
incinerator). The leaching characteristics make this
technology especially suitable as a pre-treatment when
landfilling hazardous substances. In some national or
regional regulations (like for instance in Flanders -
Belgium) hazardous waste may only be landfilled after
solidification and provided leachability of e.g. heavy
metals is below strict thresholds.

The organic fraction on the other hand can be used as an
energy source. Using a gasification or a pyrolysis process,
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the organic fraction of waste can be converted into a fuel
gas, which can substitute fossil fuels.

The concept of the present project concerns thermal
plasma gasification and vitrification, i.e. a dual
simultaneous disintegration and fusion process. The
feedstock is treated by plasma torches in a reactor
chamber, whereby organic components are converted into
a synthetic gas of high caloric value, and inorganic
components are converted into a non-leachable vitrified
lava. The quality of the syngas will be controlled by non-
thermal plasmas using new generations of gas cleaning
plasma technologies, which can of course also be used in
other industrial processes generating large volumes of
polluted waste gases. Optimization of the treatment of
feedstocks, i.e. optimization of the quality of the synthetis
gas (or syngas) according to criteria determined by the
end use, will be investigated. These criteria can be: the
maximum energy content of the syngas for electricity or
heat production (thermal conversion), or the production
or recovery of a valuable by-product from the syngas such
as methanol, respectively hydrogen for fuel cells (
chemical conversion).

The major steps in the project are: the realization of an
efficient system for clean and efficient plasma based
waste treatment using thermal and non-thermal plasmas
and the testing of an integrated system for various
feedstocks.

2. GASIFICATION AND VITRIFICATION
BY PLASMA TORCHES

Since the 1980s applications of thermal plasmas
experienced an important increase. In the 1990s
fundamental research led to great progress in the
understanding of the basic phenomena involved, and to a
renewed interest in applying thermal plasmas to material
processing and waste treatment [2]. The application of
plasma torches for environmental purposes is a relatively
new process.

Plasma torches operate simultancously as a
plasmachemical and a thermal apparatus. The electrical
energy of the torches goes into the plasma which transfers
its energy to the substances to be treated, thereby
triggering a dual simultaneous reaction process in the
plasmachemical reactor: the organic compounds are
thermally decomposed into their constituent elements
(syngas with more complete conversion of C into gas than
in incinerators), and the inorganic materials are melted
and converted into a dense, inert, non-leachable vitrified
slag, that does not require controlled disposal. Therefore,
it can be viewed as a totally closed treatment system.

The use of thermal plasmas for gasification allows:
*  Far higher temperatures than can be reached by

conventional heat generators.
*  Highly reactive and reducing environment.
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e High energy density and high heat transfer
efficiency, allowing shorter residence times and
large throughputs.

¢ Low thermal inertia and easy feedback control .

* Lower plasma gas input per unit heating power
than the gas flow of a classical burner and thus
lower energy loss corresponding to the energy
necessary for heating of gas to reaction
temperature; also lower amount of off-gases to
be treated.

e Absence of combustion gases generated by
conventional incinerators.

*  Smaller plants than for incinerators due to high
energy densities, lower gas flows, volume
reduction.

*  Heat source is electricity and thus independent of
the treated substances, providing flexibility and
fast process control.

e Optimal control of the composition of reaction
gases.

The heat source is electrical energy rather than energy
liberated from combustion, and is therefore independent
of the treated material, providing more options in process
chemistry, including the possibility of generating valuable
co-products. The process temperature can be readily
maintained or instantly varied to select optimal
conditions.

A special novel type of plasma torch with electric arc
stabilized by water vortex in combination with gas flow
has been developed at the IPP Prague [3,4, 5 ]. This torch
generates an oxygen-hydrogen-argon plasma jet with
extremely high plasma enthalpy and temperature. The
hybrid gas/water stabilization provides the possibility of
controlling the parameters of the plasma jet and the
plasma composition in a wide range from high enthalpy,
low density plasmas typical for water stabilized torches to
lower enthalpy, higher density plasmas generated in gas
stabilized torches. Both the high temperature and the
composition of the plasma generated in argon/water
torches are highly advantageous for waste treatment
process. The other characteristic feature of this hybrid
torch is very low mass flow rate of plasma. As a low
amount of plasma carries high energy, the power needed
for heating of plasma to reaction temperature is very low
and the efficiency of utilizing plasma power for waste
destruction is extremely high. The torches with water
stabilization have been utilized at industrial scale for
plasma spraying. Due to the physical characteristics of the
generated plasma the spraying rates and powder
throughputs achieved with these torches are several times
higher than with classical gas stabilized torches.

The experimental plasmachemical reactor with closed
water cooling system is designed to operate at 1700 C and
to treat about 50 kg/h. The waste container with a content
of 30 kg ( first phase) is hermetically closed and equipped
with a continous waste supply system. Measuring
equipment for the reactor vessel and gas analysis are
provided.



3. SYNGAS CLEANING

An important drawback of conventional gas cleaning
techniques is that separate processes are needed for each
type of contaminant. Most difficult to control are mercury
vapor and dioxins. Non-thermal(cold) plasma techniques
represent a new generation of gas cleaning technology
that will treat a number of different pollutants
simultaneously [6]. During the last decade or so,
worldwide investigations and industrial trials have
demonstrated the effectiveness against a wide range of
compounds, such as: dioxins, mercury vapor, HCI, H,S,
NO,, SO,, VOC’s, tars, heavy hydrocarbons, CFC’s and
odours. Plasma systems combine removal mechanisms
that vary from oxidation, reduction/decomposition,
scrubbing/adsorption (wet systems), to aerosol formation
followed by particle removal [7].

Since most of the electrical energy input in a non-thermal
plasma goes into the production of energetic electrons
rather than into gas heating, the energy cost for cleaning
diluted VOC (Volatile Organic Components) laden gas
streams is drastically lower than in thermal incineration.
The decomposition mechanism in non-thermal plasmas is
based on radical production through electron-molecule
collisions and is therefore non-selective, allowing for
treatment of mixed gas streams.

In spite of the apparent advantages, non-thermal plasma
technology has not yet been deployed on an industrial
scale. The generation and stable operation of non-thermal
plasmas at atmospheric pressure on an industrial scale
indeed remains a challenging problem. Furthermore, our
knowledge of the plasmachemical kinetics that govern
VOC decomposition and by-product formation has to be
improved. With the present status of technology, another
problem for industrial implementation is the difficulty to
avoid the formation of by-products. The combination of a
cold plasma with catalysts is considered to be a promising
approach to achieve complete oxidation at reduced energy
cost [8].

The syngas generated from a torch operated gasifier
leaves the plasmachemical reactor at a temperature of 800
to 1000° C. It has been demonstrated that pulsed corona is
well fitted for gas conditioning at these temperatures in
biogas-like mixtures[10]. Depending on the further
development and upgrading of pulse power sources for
industrial applications, a corona operated cylcone is
planned to be installed directly behind the reactor to
charge/cluster and remove aerosols and to perform
temperature enhanced cracking of heavy hydrocarbons.
As a second process, behind the heat exchanger/quench, a
non-thermal plasma (scrubber) cleaning system will be
used.

The proposed high-temperature pulsed corona plasma
cyclone offers a unique solution to combine removal of
gaseous and particulate pollutants:

*  The high gas velocity and turbulent conditions in
a cyclone greatly improve the mixing of the
plasma-induced radicals. Modeling shows that

by good mixing, the energy efficiency of plasma
processing can be improved substantially.

* Combined centrifugal and electrostatic forces
can drastically enhance particle collection. Pulse
energization of the plasma leads to a very high
ion density. We therefore expect that up to 10
nm particles can be collected. Moreover, the
energy consumption for pulsed energization is
low, typically less than 1 J/L.

® High temperature plasma processing leads to a
large reduction of the energy consumption. For
example: a reduction with a factor 8 is possible
for the removal of heavy hydrocarbons in
producer gas (typically 400 J/L at low
temperature of 200 °C).

¢ Collected products are recycled back into the
vitrification/gasification process.

4. DISCUSSION

In evaluating the opportunities of plasma treatment in
waste management, comparison should be made with
classical chemical-thermal conversion technologies, such
as (grate) incinerators, gasification and pyrolysis units.
Whereas the latter two are still relatively new and mainly
suitable for small-scale applications, the incinerator can
presently be considered to be a BAT (best available
technology) for common waste streams, such as
municipal solid waste. Incinerator ashes can be easily
upgraded to a road construction material, while energy
recuperation via steam and power production is
commonly applied. Consequently, it is clear that for these
waste streams, plasma treatment will not be a viable
option in the near future. However, the increasingly
stringent legislation on treatment of waste streams and the
limitations of conventional technologies render plasma
technologies more and more attractive. Hence,
opportunities are presently to be found for those waste
streams where the performance of grate incinerators is
insufficient, while the superior performance of plasma
reactors compensates for the higher costs (capital and
operational expenses). Apart from relatively easy process
control and the small footprint required, the major
advantage of plasma treatment is certainly the good
hygienisation of the end products, as a result of the very
high temperatures in the process and the vitrification. As a
result, opportunities for plasma treatment of waste are
most likely situated in the destruction or size reduction of
difficult, hazardous waste streams (medical and toxic
waste, etc.), combined not only with energy recuperation
but also with recycling of materials, that are otherwise to
be landfilled after solidification. Because of the volume
reduction of the inert fraction, other applications could be
situated in handling radio-active waste, which needs to be
stored for hundreds of years or more.

A procedure of CO2 dissociation in a plasmachemical
reactor has been patented and will be tested soon in

Prague in view of the Kyoto protocol.

It can therefore be concluded that further research into
waste treatment using plasmas is justified and required.
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char.acterisation of s.ide streams needs to be addressed. In O.Chumak// IEEE Trans. on Plasma Science, TPS0333
particular, the required (flue) gas cleaning needs to be (to be published)

investigated, since this is by far the highest cost factor for
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HOBBIN MPOEKT MOJIHOM IVIA3SMEHHOMW OFPABOTKH OTXO/IOB
I'. Ban Oocm, M. Xpaboeckuit, /Iorc. Ilumepc, M. Tononep, /[oc. Bepcmpemen

B HO®II B Ilpare 3anymieH 3KCIEPUMEHTAIbHBIA NMIa3MOXMMHUYECKHHA PEaKTOp € HCIOJIB30BaHHEM HOBEHINX
9KOJIOTMYECKH YUCTHIX TEXHOJOTMH il TOJHOHM IIa3MEHHOM 0OpaOOTKM OTXOZ0B, OMOMacchl W HHU3KOCOPTHOTO
TOIUIMBA C YYETOM COXpaHEHHs MX HHEPreTHYeCKOW M XMMHUYECKOW IIEHHOCTH W CHYIKEHHS BBHIOPOCOB MapHHKOBBIX
ra3oB. CyIIecTBYIOIIE MPOLECCH YHUYTOKEHUSI OTXOJIOB ITYyTEM CXKHI'aHUsl U OMOJIOrHYecKoi o0paboTKH He Bcerna
o0ecreunBaOT MaKCHMaIbHOE BOCCTAHOBJICHUE SHEPTHMM M MaTEpHAlOB M3 OTXOJOB 0Oe3 ymepba I OKpy:Karoluei
cpensl. Kpome Toro, st mporueccsl 4acTo MPHUBOAAT K 0Opa3OBaHUIO OCTATKOB, COAEPXKAIIMX ONAcHbIC BELIECTBA U
TMOJUTE)KAIINX 3aXOPOHEHHIO.

[Tna3MeHHBIE TEXHONOTHH NPEUIAaraloT aJbTEPHATHBHOE U JydIlee pElIeHHe 3aJadd nepepaboTku oTxoxos. [1o
CPaBHEHHIO C OOBIYHBIM 00OPYZIOBaHUEM /ISl COKUTAHUS TUTa3MEHHbIE (haKessl 00J1a1aloT YHUKATBHON CIIOCOOHOCTHIO
TIOBBINIATH SHEPTHUIO Ta3a, BBLACIAIONIErocs IpH nepepadorke. [103ToMy OHM JalOT HEKOTOpPHIE SIBHBIE MPEHMYIECTBa
HaJ TPaJULHMOHHBIMU METOJaMH, B KOTOPBIX YHEPIHUs, COEpKaIlasics B OTXOJaxX, UCIONb3YeTCsl KaK UCTOUYHUK Tera.
Tak kak mpolecc BBIIEJICHHS SHEPrUu oOecrieunBaeTcsl NPsSMON Iepeiaveil Temsa OT JJIEKTPUYECKOH JTyTr'H, MOXKHO
HCIIONIb30BaTh Ta3bl Pa3sHOOOPA3HOTO XMMUYECKOTO COCTaBa. VICIOIb30BaHME 3IEKTPUUYECKOM SHEPTUH I03BOJSET
YMEHBIIHUTh NOTpeOJIeHHE Ta3a U €ro COIYTCTBYIOIIEE BbIICIECHHE U OCYIIECTBUTh XMMUYECKHH KOHTPOJb. CHIIbHBIN
HarpeB B IUNTa3MEHHOM PEAaKTOpE 3aIlyCKaeT /IBa OJHOBPEMEHHBIX MpOIEcca - MPEBPALICHUE OPTaHWIECKUX BEIECTB B
CHUHTETHUYECKHi Ta3 (cmHra3z) 0e3 o00pa30BaHUS TOKCHYECKHX IPOMYKTOB, TAaKMX KaK IHOKCHHBI W (ypaHbl, a
HEOPraHUYECKUX BELIECTB — B HEBBINIEIOYEHHBIM CTEKIOBUAHBIA WMHEPTHBIA IIJIAK, MMEIOMMHA MPOMBIIIICHHOE
npuMeHeHne. KauecTBo cuHrasa MOKHO KOHTPOJIMPOBATH C MOMOIIBIO HETEIUIOBOM IJIa3MBI IO HOBBIM IUIa3MEHHBIM
TEXHOJIOTUSIM OUUCTKH Ta30B € MCIOJIb30BaHUEM INIa3MEHHON KOPOHBI.

[11a3MOXMMHYECKMH DKCIIEPUMEHTAJbHBI PEaKTOp C HCIOJIb30BAHUEM HOBOI'O THOPHIHOTO Ta30BOZSHOTO
ctabunnsupoBanHoro gaxena [IPP-CAS (160 kBT) nmpunsT B 3kciutyaraiuio B [Ipare B aBrycre-centsiope 2004 r.

HOBUI MPOEKT MMOBHOI IIJIA3BMOBOI OBPOBKH BIJIXO/IIB
M. Ban Oocm, M. Xpaboecvkuii, /Ic. Ilimepc, M. Tenonep, /Irtc. Bepcmpemen

B I®II B Ilpasi OyB 3amynieHui eKcriepUMEHTAIBHUH IUIa3MOXIMIYHHH PEakToOp 3 BUKOPUCTAHHAM HaWHOBIIINX
€KOJIOTIYHO YHCTHX TEXHOJIOTiM AJIsi MOBHOI IUIa3MOBOi OOpPOOKHM BigXomniB, 0iOMacw Ta HH3BKOCOPTHOTO MAlMBa 3
ypaxyBaHHIM 30€peKCHHS 1X CGHEPreTHYHOI 1 XiMiYHOI IIHHOCTI 1 3HMKCHHS BUKHUIB NMapHUKOBHX Ta3iB. [cHyroUi
MPOIECH 3HUIIECHHS BIiXOIIB 3aCO00M CHANIOBaHHS Ta 010J0TIYHOI 0OpPOOKH HE 3aBXKIU 3a0e3MeUyI0Th MAKCUMAIIbHE
BIJJHOBJICHHSI €Heprii i marepianiB 3 BiIXOXiB 0e3 3aBlIaHHS IIKOAM HAaBKOJIMIIHLOMY cepenoBuily. Kpim Toro, i
IPOIIECH YaCTO IMPU3BOAATH 10 CTBOPEHHS 3JIHIIKIB, 1[0 MICTATh HEOE3MEeYHI PSUYOBHHHU 1 MiUIATAI0Th TOXOBAHHIO.

[Ima3mMoBi TeXHOJOTII TPOMOHYIOTh aJbTEPHATHBHE W Kpalle PillleHHS 3aJadi TMepepoOKH pIiIKHX BiIXOIB.
[NopiBHAHO 31 3BHYATHUM O0aJHAHHSAM /IS CTIATIOBAHHS, IJIa3MOBI (paker MaloTh YHIKaIbHY 3/110HICTh TiABHUIYBaTH
CHEprif0 Ta3y, M0 BUIUIIETHCS MiA 9ac mepepoOkud. ToMy BOHH JalOTh JesKi SIBHI MEpeBard Haj TPaTUIlifHAMHU
METOJJaMH, JI¢ €HEPrO3MICT BiJXOMiB BHKOPHUCTOBYETHCS SK JKepeno Teruia. OCKUTBKH TpOIeC BHIUICHHS €Hepril
3a0e3Meuy€eThesl MPSIMUM TIepEeIaBaHHIM TeIla Bijl CICKTPUYHOI TyTH, MOXKIIUBE BUKOPUCTAHHS ra3iB Pi3HOMaHITHOTO
XIMIYHOTO CcKJaxy. BHUKOpHCTaHHS EJICKTPUYHOI EHEprii J03BOJISE 3MEHIIUTH BHUTPATH Ta3y Ta WOT0 CYHpPOBiIHE
BUJUICHHS 1 3[IMCHUTH XiMIYHUM KOHTpOib. CHUIBHHMI HarpiB B IUIa3MOBOMY DEaKTOpi IHIIIIOE J[Ba OJHOYACHHX
npoiieca - NePETBOPCHHS OPraHiYHUX PEYOBHH Yy CHUHTCTUYHHU ra3 (cuHras) 0e3 CTBOPCHHS TOKCHYHHX IMPOMYKTIB,
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TaKMX SIK TIOKCUHM Ta (DypaHH, a HEOPraHIYHMX PEUOBHMH — Y HEBUIIY)KEHHH CKIIONOJIOHMN THEPTHHUH NIIaK, M0 Mae
NPOMUCIIOBE 3aCTOCYBaHHS. SIKICTh CHHra3y MO)KHA KOHTPOJIIOBATH 32 JIOMIOMOTOI0 HETEIUIOBOI IIa3Mbl 32 HOBHMH
TUTa3MOBHMMH TEXHOJIOTISIMU OYHIIEHHS Ta3iB 3 BYKUBAHHAM IUIa3MOBOI KOPOHH.

[Ina3mMoxiMigHIIA eKCIIEpUMEHTAIBHUI PEaKTOp 3 BUKOPHCTAHHSIM HOBOTO TiOPHIHOTO Ta30BOJSHOTO CTA01Ii30BaHOTO
¢axena [PP-CAS (160 xBT) npuiinsaTuii B excrutyaTanito B [Ipasi B ceprai-Bepecni 2004 p.
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